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Preface

The 10" International Conference on Sustainable Energy and environmental Protection —
SEEP 2017 was organised on June 27 — 30% 2017 in Bled, Slovenia, by:

e Faculty of Chemistry and Chemical Engineering, University of Maribor,
Slovenia,
e  University of the West of Scotland, School of Engineering and

The aim of SEEP2017 is to bring together the researches within the field of sustainable
energy and environmental protection from all over the world.

The contributed papers are grouped in 18 sessions in order to provide access to readers
out of 300 contributions prepared by authors from 52 countries.

We thank the distinguished plenary and keynote speakers and chairs who have kindly
consented to participate at this conference. We are also grateful to all the authors for their
papers and to all committee members.

We believe that scientific results and professional debates shall not only be an incentive
for development, but also for making new friendships and possible future scientific
development projects.

General chair
Emeritus Prof. dr. Jurij Krope

| EEREN VA
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Plenary Talk on
The Relation between Renewable Energy and Circular
Economy

ABDUL GHANI OLABI - BIBLIOGRAPHY

Prof Olabi is director and founding member of the Institute of
Engineering and Energy Technologies (www.uws.ac.uk\ieet) at the
University of the West of Scotland. He received his M.Eng and Ph.D.
from Dublin City University, since 1984 he worked at SSRC,
HIAST, CNR, CRF, DCU and UWS. Prof Olabi has supervised
postgraduate research students (10 M.Eng and 30PhD) to successful
completion. Prof Olabi has edited 12 proceedings, and has published
more than 135 papers in peer-reviewed international journals and
about 135 papers in international conferences, in addition to 30 book
chapters. In the last 12 months Prof Olabi has patented 2 innovative
projects. Prof Olabi is the founder of the International Conference on Sustainable Energy
and Environmental Protection SEEP, www.seepconference.co.uk

He is the Subject Editor of the Elsevier Energy  Journal
https://www.journals.elsevier.com/energy/editorial-board/abdul-ghani-olabi, also
Subject editor of the Reference Module in Materials Science and Materials Engineering
http://scitechconnect.elsevier.com/reference-module-material-science/  and board
member of a few other journals. Prof Olabi has coordinated different National, EU and
International Projects. He has produced different reports to the Irish Gov. regarding:
Hydrogen and Fuel Cells and Solar Energy.

CORRESPONDENCE ADDRESS: Abdul Ghani Olabi, Ph.D., Professor, University of the West of
Scotland, School of Engineering and Computing, D163a, McLachlan Building, Paisley, United
Kingdom, e-mail: Abdul.Olabi@uws.ac.uk.
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Plenary Talk on
Energy Footprints Reduction and Virtual Footprints
Interactions

JIRI JAROMIR KLEMES & PETAR SABEV VARBANOV

Increasing efforts and resources have been devoted to research during environmental studies,
including the assessment of various harmful impacts from industrial, civic, business,
transportation and other economy activities. Environmental impacts are usually quantified
through Life Cycle Assessment (LCA). In recent years, footprints have emerged as efficient
and useful indicators to use within LCA. The footprint assessment techniques has provided a
set of tools enabling the evaluation of Greenhouse Gas (GHG) — including CO,, emissions
and the corresponding effective flows on the world scale. From all such indicators, the energy
footprint represents the area of forest that would be required to absorb the GHG emissions
resulting from the energy consumption required for a certain activity, excluding the proportion
absorbed by the oceans, and the area occupied by hydroelectric dams and reservoirs for
hydropower.

An overview of the virtual GHG flow trends in the international trade, associating the GHG
and water footprints with the consumption of goods and services is performed. Several
important indications have been obtained: (a) There are significant GHG gaps between
producer’s and consumer’s emissions — US and EU have high absolute net imports GHG
budget. (b) China is an exporting country and increasingly carries a load of GHG emission
and virtual water export associated with consumption in the relevant importing countries. (c)
International trade can reduce global environmental pressure by redirecting import to products
produced with lower intensity of GHG emissions and lower water footprints, or producing
them domestically.

To develop self-sufficient regions based on more efficient processes by combining
neighbouring countries can be a promising development. A future direction should be focused
on two main areas: (1) To provide the self-sufficient regions based on more efficient processes
by combining production of surrounding countries. (2) To develop the shared mechanism and
market share of virtual carbon between trading partners regionally and internationally.

CORRESPONDENCE ADDRESS: Jifi Jaromir Klemes, DSc, Professor, Brno University of Technology
- VUT Brno, Faculty of Mechanical Engineering, NETME Centre, Sustainable Process Integration
Laboratory — SPIL, Technicka 2896/2, 616 69 Bmo, Czech Republic, e-mail:
klemes@fme.vutbr.cz. Petar Sabev Varbanov, Ph.D., Associate Professor, Brno University of
Technology - VUT Brno, Faculty of Mechanical Engineering, NETME Centre, Sustainable Process
Integration Laboratory — SPIL, Technicka 2896/2, 616 69 Brno, Czech Republic, e-mail:
varbanov@fme.vutbr.cz.
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JIRI JAROMIR KLEMES - BIBLIOGRAPHY

Head of “Sustainable Process Integration Laboratory — SPIL”, NETME
Centre, Faculty of Mechanical Engineering, Brno University of Technology
- VUT Brno, Czech Republic and Emeritus Professor at “Centre for Process
Systems Engineering and Sustainability”, Pazmany Péter Catholic
University, Budapest, Hungary.

Previously the Project Director, Senior Project Officer and Hon Reader at
Department of Process Integration at UMIST, The University of Manchester
and University of Edinburgh, UK. Founder and a long term Head of the

: Centre for Process Integration and Intensification — CPI2, University of
Pannoma Veszprem Hungary. Awarded by the EC with Marie Curies Chair of Excellence (EXC).
Track record of managing and coordinating 91 major EC, NATO and UK Know-How projects.
Research funding attracted over 21 M€.

Co-Editor-in-Chief of Journal of Cleaner Production (IF=4.959). The founder and President for 20
y of PRES (Process Integration for Energy Saving and Pollution Reduction) conferences.
Chairperson of CAPE Working Party of EFCE, a member of WP on Process Intensification and of
the EFCE Sustainability platform.

He authored nearly 400 papers, h-index 40. A number of books published by McGraw-Hill;
Woodhead; Elsevier; Ashgate Publishing Cambridge; Springer; WILEY-VCH; Taylor & Francis).

Several times Distinguished Visiting Professor for Universiti Teknologi Malaysia, Xi’an Jiaotong
University; South China University of Technology, Guangzhou; Tianjin University in China;
University of Maribor, Slovenia; University Technology Petronas, Malaysia; Brno University of
Technology and the Russian Mendeleev University of Chemical Technology, Moscow. Doctor
Honoris Causa of Kharkiv National University “Kharkiv Polytechnic Institute” in Ukraine, the
University of Maribor in Slovenia, University POLITEHNICA Bucharest, Romania. “Honorary
Doctor of Engineering Universiti Teknologi Malaysia”, “Honorary Membership of Czech Society
of Chemical Engineering", "European Federation of Chemical Engineering (EFCE) Life-Time
Achievements Award" and "Pro Universitaire Pannonica" Gold Medal.

CORRESPONDENCE ADDRESS: Jifi Jaromir Klemes, DSc, Professor, Brno University of Technology
- VUT Brno, Faculty of Mechanical Engineering, NETME Centre, Sustainable Process Integration
Laboratory — SPIL, Technickd 2896/2, 616 69 Bmo, Czech Republic, e-mail:
klemes@fme.vutbr.cz.
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Plenary Talk on
Renewable energy sources for environmental protection

HAKAN SERHAD SOYHAN

Development in energy sector, technological advancements, production and consumption
amounts in the countries and environmental awareness give shape to industry of energy.
When the dependency is taken into account in terms of natural resources and energy,
there are many risks for countries having no fossil energy sources. Renewable and clean
sources of energy and optimal use of these resources minimize environmental impacts,
produce minimum secondary wastes and are sustainable based on current and future
economic and social societal needs. Sun is one of the main energy sources in recent years.
Light and heat of sun are used in many ways to renewable energy. Other commonly used
are biomass and wind energy. To be able to use these sources efficiently national energy
and natural resources policies should be evaluated together with the global developments
and they should be compatible with technological improvements. Strategic plans with
regard to energy are needed more intensively and they must be in the qualification of a
road map, taking into account the developments related to natural resources and energy,
its specific needs and defining the sources owned by countries. In this presentation, the
role of supply security was evaluated in term of energy policies. In this talk, new
technologies in renewable energy production will be shown and the importance of supply
security in strategic energy plan will be explained.

CORRESPONDENCE ADDRESS: Hakan Serhad Soyhan, Ph.D., Professor, Sakarya University,
Engineering Faculty, Esentepe Campus, M7 Building, 54187 - Esentepe /Sakarya, Turkey, e-mail:
hsoyhan@sakarya.edu.tr.
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HAKAN SERHAD SOYHAN - BIBLIOGRAPHY

Professor at Sakarya University, Engineering Faculty. 50 % fot teaching
and the rest for reasearch activities.

Teaching, courses taught:
Graduate courses:

e Combustion technology;
e Modelling techniques;

Undergraduate courses:

e  Combustion techniques;
e Internal combustion engines;
e  Fire safety.

Tehnical skills and competences professional societies:

e 25 jurnal papers in SCI Index. 23 conference papers;

e  Editor at FCE journal. Co-editor at J of Sakarya University;

e Head of Local Energy Research Society (YETA);

e  Member od American Society of Mechanical engineers (ASME);
e  Member of Turkish Society of Mechanical Engineers (TSME).

CORRESPONDENCE ADDRESS: Hakan Serhad Soyhan, Ph.D., Professor, Sakarya University,
Engineering Faculty, Esentepe Campus, M7 Building, 54187 - Esentepe /Sakarya, Turkey, e-mail:
hsoyhan@sakarya.edu.tr.
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1 Introduction

By 2020, EU aims to get the 20% of energy consumption from renewable resources, 10%
coming specifically from biofuels [1], [2]. Biogas con be used as a car fuel, as a
replacement of natural gas, or in fuel cells [3].

Paper and cardboard account for 25-30% of municipal solids waste (MSW); the biggest
source of waste paper is industry and businesses with the 52% of the total [4]. Anaerobic
digestion of waste paper was usually studied as part of the anaerobic digestion of MSW,
in some cases the study was carried out about the MSW different fractions that resulted
in methane yields for newsprint paper from 58 to 100ml/gVS [5], [6]; for office paper
208-369ml/gVS [5]-[9] and for cardboard 96 and 217ml/gVSs [5], [9].

The ratio carbon/nitrogen (C/N) is one of the most important factor in anaerobic digestion
nutrients balance. Carbon is the source of energy for the process and nitrogen is needed
for the formation of enzymes that perform metabolism. A high C/N ratio is an indication
of rapid consumption of nitrogen by methanogens and results in lower gas production,
while a low C/N ratio causes ammonia accumulation and pH rises excessively. Most
authors consider an optimal C/N ratio needs to be in the range 10-30 [10]. Paper materials
have a carbon-to-nitrogen (C/N) ratio ranging from 173/1 to greater than 1000/1 [11],
these values are very high for anaerobic digestion so a balance of nutrients can be
achieved through co-digestion with biomass that contains nitrogen and lower the C/N
ratio.

Co-digestion is the simultaneous digestion of a mixture of two or more substrates and
offers many advantages, including ecological, technological, and economic benefits,
compared to digestion of a single substrate [12]. The purpose of co-digestion is usually
to balance nutrients (C/N ratio and macro- and micronutrients) and dilute inhibitors/toxic
compounds. Moreover, the co-digestion of two or more complementary substrates may
induce a synergetic effect on their biodegradability, causing an increase in the methane
yield and production rate [13]. Successful examples of co-digestion include: cow dung
and water hyacinth [14]; algal sludge and waste paper [15]; cattle manure and crude
glycerine [16]; grass and sludge and [17]; municipal sludge, microalgae and waste paper
[10]; algae biomass residue and lipid waste [18] and hay and soybean [12].

The innovation in this study is that it is the first to assess the optimised conversion of
waste paper to biogas through co-digestion with macroalgae (P. Canaliculata) as a source
of nitrogen to balance the C/N ratio in the process. Both feedstock were previously
mechanically pretreated in a Hollander beater according to [19]-[21]. The study was
planned to check different levels of feedstock/inoculum ratio (F/) and waste
paper/macroalgal (WP/MA) mixing percentages.
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2 Materials and Methods

2.1 Feedstock and inoculum

Pelvetia Canaliculata, a brown macroalgae commonly known as channelled wrack, was
collected on-shore in Rothesay (Isle of Bute, Scotland) in March 2016 and store in a
fridge at 4°C and used within 4 days. Waste paper was collected from recycle bins at the
School of Computing and Engineering at the University of West of Scotland (UWS) in
Paisley, Scotland. The sludge used as inoculum was provided by the Strathendrick Biogas
Plant (Balfron, Scotland).

2.2 Biomethane potential test

Erlenmeyer flasks of 500ml with a working volume of 400ml were used as bioreactors;
the biogas was collected in airtight Linde PLASTIGAS bags. Nitrogen was flushed into
the headspace of each reactor to preserve the anaerobic conditions and clear up any trace
of oxygen from the system. The bioreactors were placed in a water-bath to maintain the
mesophilic temperature at 37°C. Average results were reported in this paper from
duplicated tests. Methane yields are given for a dry gas in standard conditions of
temperature (0°C) and pressure (1 atm).

2.3 Kinetics modelling

The methane production is simulated with a first order model as described as follows:
M(t)=F(1-e™) (€

where M(t) is the cumulative methane yield (ml/gVS), F is the maximum methane
production (ml/gVS), k is the methane production rate constant (d-1), and t is the time

(d).
24 Methane production potential
Buswell equation provides stoichiometric calculation on the products from the anaerobic

breakdown of a generic organic material of chemical composition C,HiOpNnSs,
calculated based on the yield estimates of carbohydrates, lipids, and proteins [22]:

CcHROoNRSs +%(4cfh720+3n+25)H20 —
%(4cfh+20+3n+2$)CH4+ 2

%(4(: +h220—3n —2s5)CO, +NNH3 +NnSyN
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The equation is derived by balancing the total conversion of the organic material mainly
to CH4 and CO2 with H20 as the only external source as under anaerobic conditions.
From this equation, the biodegradability index could be determined. The biodegradability
index (BI) is defined as the ratio of the experimental methane yield to the theoretical
methane yield (from the Buswell equation).

3 Results and Discussion
3.1 Methane production rate and yield

The experiments were carried out at three different feedstock/inoculums (F/I) ratios (0.2,
0.3 and 0.4) and five mixing condition of waste paper and macroalgae (WP/MA ratio),
0:100 (mono-digestion of macroalgae), 25:75, 50:50, 75:25 and 100:0 (mono-digestion
of paper). The experimental conditions of the assays are shown in Table 1. Reactor with
a WP/MA ratio 50:50 produced the highest methane yields for the three F/I ratios studied
over a 28-day period, with a maximum value of 386ml/gVS for an F/I 0.2 which
represents an increase of 30% compare with mono-digestion of algae and 22% with
mono-digestion of waste paper. At higher F/I ratios the increase in methane yield of
WP/MA 50:50 compared with digestion of single substrates is even higher (48% and 50%
compared with WP/MA 0:100 and 100:0 respectively for an F/I ratio 0.4). Although the
effect of 50:50 co-digestion is more noticeable at higher F/I ratios, the methane yield
increased with decreasing F/I ratios regardless the ratio of substrates mixture. An
optimum F/I ratio ensures the presence of the groups of microorganisms required for the
complete anaerobic digestion. Knowing the optimum F/I ratio allows a better exploitation
of the feedstock. Feeding the reactor with high quantities of biomass that the inoculum is
not able to process lead to a loss of feedstock, that is not digested [23]. Similar results
were achieved on the anaerobic degradation of sunflower oil cake, with methane yield
decreasing considerably from 227 to 107 ml/gVS when the F/I increased from 0.33 to 2,
showing a marked influence of this parameter on methane yield [24]. A decrease in
methane yield in the range of 4% (WP/MA 50:50) to 22% (WP/MA 100:0) was found
when comparing F/I 0.3 with F/I 0.2. Results from kinetic modelling of waste paper and
macroalgae co-digestion are shown in Table 1; faster degradation rates, indicated by
higher methane production rate (k) were achieved for co-digestion test compared with
mono-digestion. WP/MA of 50/50 achieved the highest methane production rate for the
three different F/I ratios with a maximum k of 0.23d* at a F/I ratio of 0.2. Higher methane
production rate constants were achieved from WP/MA of 15/75 and 25/75 compared with
the mono-digestion test even though the increase in methane yields was not significantly
high. Constant rates increased with decreasing F/I ratios for feedstock mono-digestion
and co-digestion at 50:50. For WP/MA ratios of 25:75 and 75:25, no evident trend can
be noticed on kinetic constants with F/I variation, the values maintains constants around
0.16+0.2 s-1.
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Table 1. Experimental results obtained at the end of the biodegradability tests
CH, yield

-1

Fl WPIMA - CN e k (s9)
0:100 15 297 0.16

25:75 18 341 0.18

0.2 50:50 26 386 0.23
75:25 42 325 0.13

1000 123 316 0.17

0:100 15 250 0.10

25:75 18 294 0.15

0.3 50:50 26 370 0.18
75:25 42 280 0.15

100:0 123 247 0.14

0:100 15 163 0.11

25:75 18 207 0.16

0.4 50:50 26 257 0.16
75:25 42 185 0.15

1000 123 193 0.08

3.2 Feedstock elemental composition

In Table 2 is detailed the characterization of the macroalgae and the waste paper. The
contents of elemental carbon, nitrogen and hydrogen were measured by elemental
analysis while the oxygen content of the samples was estimated by subtracting carbon,
hydrogen, nitrogen and ash content from the total solids [25]. Carbon content is similar
for both feedstocks, macroalgae contents 52% more hydrogen and 776% more nitrogen
than waste paper, note than nitrogen in waste paper is almost a trace material. Optimum
levels of C/N ratio for anaerobic digestion are in the range 20 to 30 [15]. Digestion of
nitrogenous substrates (C/N ratio less than 15) can lead to problematic digestion caused
by excess levels of ammonia, increasing the pH levels in the digester leading to a toxic
effect on methanogens population. C/N for macroalgae mono-digestion was 15 while for
waste paper the C/N ratio was 123 (Table 1). Highers methane yields were obtained at
WP/MA 50:50 (386 ml/gV'S for F/I 0.2, 369 ml/gVS for F/I 0.3 and 357 ml/gVS for F/I
0.4) which correspond to a C/N ratio of 26, these findings corroborate the optimum levels
given for anaerobic digestion process.

Table 2. Feedstock and co-digestion ratio elemental composition

Parameters MA WP
Total Solids (%) 6.17 2.55
Volatile Solids (% of TS) 80.18 97.30
Ash content (%) 19.82 2.70
Carbon (% of TS) 38.15 36.87
Hydrogen (% of TS) 5.48 3.61
Nitrogen (% of TS) 2.63 0.30

Oxygen (% of TS) 34.32 56.52
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Methane vyields form reactors at WP/MA 25/75 and 75/25 (C/N ratios 18 and 42
respectively) are similar with differences less than 13%. C/N ratio of 18 (correspondent
WP/MA 25/75) achieved 15% and 27% extra methane than mono-digestion of algae for
F/1 ratios of 0.2 and 0.4 respectively, compared with waste paper digestion these values
were around 8%. Smaller increases were found for C/N ratio of 45 (correspondent
WP/MA 75/25), where for the lowest F/I ratio, the increase on methane yield compared
to macroalgae digestion was 9% and for the highest F/I ratio was 13%. Compared with a
C/N of 123 (waste paper), a C/N of 42 achieved similar methane yields.

3.3 Synergistic or antagonistic effect

Co-digestion can result in a positive effect (named synergistic effect) on the degradation
of each individual substrate in the mixture and/or an increase in the methane yield kinetics
[26]. This improvement may arise from the contribution of additional alkalinity,
nutrients, enzymes and trace elements that a feedstock by itself may lack and an increased
buffering capacity in. Evenly allocated nutrients in co-digestion would support microbial
growth for efficient digestion, while increased buffering capacity would help maintain
the stability of the anaerobic digestion system [27]. Synergistic effect is evaluated based
on the weighted methane yield from the mixture co-digestion (Equation 3), calculated as
the sum of the products of the methane yield of each individual substrate multiplied by
its percentage in the mixture.

Wieghted CHy yield = CHy, yield (WP) * %WP
+ CHy yield (M A)* %M A ®)

Table 3 summarizes this analysis for co-digestion mixtures of waste paper with
macroalgae P. Canaliculata, showing the differences between the methane yields from
co-digestion samples and the weighted methane yields calculated from Equation 3. A
synergistic effect was found for co-digestion ratio of WP/MA 50:50 at the three different
F/1 ratios, with an improvement of 44% on methane yield for high F/I ratio while a 15%
on low F/I ratio. The increase of cellulase activity when waste paper is present in the
mixture is a possible reason of the increased methane yield. Cellulose hydrolysis is
considered the rate-limiting step in the anaerobic digestion of high cellulosic content
biomass. It was suggested that the presence of waste paper in the digestion might induce
cellulase excretion by bacteria such as Clostridium themocellum [28].
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Table 3. Co-digestion effect for waste paper and macroalgae and biodegradability index

Theoretical CH,4 Weighted Increasing on

Il WPIMA - yield (Buswelleq) ' CHiyield  CHa yield (%) Effect
0:100 436 0.68 297 0 n/a
25:75 441 0.77 302 11 Synergistic
0.2 50:50 446 0.87 307 21 Synergistic
75:25 450 0.72 311 4 Synergistic
100:0 455 0.69 316 0 nla
0:100 436 0.57 250 0 n/a
25:75 441 0.67 249 15 Synergistic
0.3 50:50 446 0.83 249 33 Synergistic
75:25 450 0.62 248 12 Synergistic
100:0 455 0.54 247 0 nla
0:100 436 0.37 163 0 n/a
25:75 441 0.47 171 17 Synergistic
0.4 50:50 446 0.58 178 31 Synergistic
75:25 450 0.41 186 0 n/a
100:0 455 0.42 193 0 nla

Smaller increases in methane yield were found on samples WP/MA 25:75 and 75:25
compared with their weighted methane yields. Increasing in methane yield and the
synergistic effect increased with increasing F/I ratio for WP/MA 25:75 (11% increase on
methane yield for F/I1 0.2 and 17% for F/1 0.4). While for WP/MA 75:25 the synergistic
effect was null for F/I ratios of 0.2 and 0.4 and an increase on methane yield of 12% was
achieved for F/I 0.3. Similar synergistic results were found on the co-digestion of primary
sludge and paper pulp reject with an improvement of 32% on methane yield [43] and the
co-digestion of Taihu blue algae with corn straw (up to 60% extra methane) [40].

3.4 Theoretical methane yield

Table 3 summarizes the theoretical methane yields obtained from the Buswell equation
(Equation 3) the BI for the co-digestion of waste paper and macroalgae. Biodegradability
index increases with decreasing F/I ratios, with a maximum percentage of degradation of
87% at a F/1 0.2 and WP/MA 50:50. Studies have shown that the Buswell formula does
not account for around 12-15% of the organic matter fed to the reactor as this is consumed
by the cell protoplasm [41], [44], so the 87% of degradation for a 50% mixture waste
paper and macroalgae means a complete degradation of the substrate. For a F/I of 0.3, the
Bl of WP/MA 50:50 reactor is still high (0.83), but a big decreased is found for F/I 0.4
(0.58). For mono-digestion of macroalgae, Bl range from 0.68 for low F/I and 0.37 for
high F/I. Similar values were found for mono-digestion of waste paper, with a Bl of 0.69
for 0.2 F/l and 0.42 for 0.4 F/l. Reactors with WP/MA of 27:75 and 75:25 showed
comparable behaviour on their BI, ranging from 0.44+0.3 for high F/I to 0.744+0.02 for
low F/I.
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Conclussion

Mixing rate of 50:50 achieved a maximum methane yield of 386 ml/gV'S for a F/I of 0.2.
The biodegradability index of 0.87 indicates a complete conversion of the feedstock at a
C/N ratio of 26. The anaerobic biodegradability of the mixture decreases with increasing
F/I ratio, which indicates a better performance of the process and better exploitation of
the biomass. Synergistic effect was found for 25:75, 50:50 and 75:25 mixing ratios
compared with the mono-digestion of waste paper and macroalgae. These results showed
that co-digestion of waste paper with macroalgae P. Canaliculata at low F/I ratios is an
efficient option for methane production and waste management.

References

(1]

(2]

(3]

(4]

(5]

(6]
[7]
(8]

(9]

[10]

[11]

[12]

Council of the European Union, “Directive 2009/28/EC of the European Parliament and of
the Council of 23 April 2009 on the promotion of the use of energy from renewable sources
and amending and subsequently repealing Directives 2001/77/EC and 2003/30/EC,” 2009.
T. Wilberforce, A. Alaswad, A. Palumbo, M. Dassisti, and A. G. Olabi, “Advances in
stationary and portable fuel cell applications,” Int. J. Hydrogen Energy, vol. 41, no. 37, pp.
16509-16522, 2015.

T. Wilberforce, A. Al Makky, A. Baroutaji, R. Sambi, and A. G. Olabi, “Computational
Fluid Dynamic simulation and modelling (CFX) of flow plate in PEM fuel cell using
aluminum open cellular foam material,” in 2017 IEEE Texas Power and Energy
Conference (TPEC), 2017, pp. 1-6.

The Bureau of International Recycling, “Ten questions on paper recovery and recycling.”
[Online]. Awvailable: http://www.bir.org/industry/paper/ten-questions-on-paper-recovery-
and-recycling/. [Accessed: 13-Feb-2015].

J.P.Y.Jokela, V. A. Vavilin, and J. A. Rintala, “Hydrolysis rates, methane production and
nitrogen solubilisation of grey waste components during anaerobic degradation.,”
Bioresour. Technol., vol. 96, no. 4, pp. 501-8, Mar. 2005.

J. M. Owens and D. P. Chynoweth, “Biochemical methane potential of Municipal Solid
Waste (MSW) components,” vol. 27, no. 2, Jan. 1993.

W. Xiao and W. W. Clarkson, “Acid solubilization of lignin and bioconversion of treated
newsprint to methane,” Biodegradation, vol. 8, no. 1, pp. 61-66.

W. E. Eleazer, W. S. Odle, Y.-S. Wang, and M. A. Barlaz, “Biodegradability of Municipal
Solid Waste Components in Laboratory-Scale Landfills,” Environ. Sci. Technol., vol. 31,
no. 3, pp. 911-917, Mar. 1997.

X. Yuan, Y. Cao, J. Li, B. Wen, W. Zhu, X. Wang, and Z. Cui, “Effect of pretreatment by
a microbial consortium on methane production of waste paper and cardboard.,” Bioresour.
Technol., vol. 118, pp. 281-8, Aug. 2012.

A. Ajeej, J. V Thanikal, C. M. Narayanan, and R. Senthil Kumar, “An overview of bio
augmentation of methane by anaerobic co-digestion of municipal sludge along with
microalgae and waste paper,” Renew. Sustain. Energy Rev., vol. 50, pp. 270-276, Oct.
2015.

P. Stroot, “Anaerobic codigestion of municipal solid waste and biosolids under various
mixing conditions—I. digester performance,” Water Res., vol. 35, no. 7, pp. 180418186,
May 2001.

J. Zhu, Y. Zheng, F. Xu, and Y. Li, “Solid-state anaerobic co-digestion of hay and soybean



10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL | 9
PROTECTION (JUNE 27TH—30™, 2017, BLED, SLOVENIA), BIOENERGY AND BIOFUELS
C. Rodriguez, Z. El-Hassan & A. G. Olabi: Enhanced Methane Production from Waste
Paper Through Anaerobic Co-Digestion with Macroalgae

processing waste for biogas production.,” Bioresour. Technol., vol. 154, pp. 240-7, Feb.
2014.

[13] J.V.Oliveira, M. M. Alves, and J. C. Costa, “Design of experiments to assess pre-treatment
and co-digestion strategies that optimize biogas production from macroalgae Gracilaria
vermiculophylla,” Bioresour. Technol., vol. 162, pp. 323-330, 2014.

[14] M. O. L. Yusuf and N. L. Ify, “The effect of waste paper on the kinetics of biogas yield
from the co-digestion of cow dung and water hyacinth,” Biomass and Bioenergy, vol. 35,
no. 3, pp. 1345-1351, Mar. 2011.

[15] H.-W. Yen and D. E. Brune, “Anaerobic co-digestion of algal sludge and waste paper to
produce methane,” Bioresour. Technol., vol. 98, no. 1, pp. 130-134, 2007.

[16] L. Castrillon, Y. Fernandez-Nava, P. Ormaechea, and E. Maraiion, “Optimization of biogas
production from cattle manure by pre-treatment with ultrasound and co-digestion with
crude glycerin.,” Bioresour. Technol., vol. 102, no. 17, pp. 7845-9, Sep. 2011.

[17] F. Wang, T. Hidaka, and J. Tsumori, “Enhancement of anaerobic digestion of shredded
grass by co-digestion with sewage sludge and hyperthermophilic pretreatment.,” Bioresour.
Technol., vol. 169, pp. 299-306, Oct. 2014.

[18]  S.Park and Y. Li, “Evaluation of methane production and macronutrient degradation in the
anaerobic co-digestion of algae biomass residue and lipid waste.,” Bioresour. Technol., vol.
111, pp. 42-8, May 2012.

[19] C. Rodriguez, A. Alaswad, Z. El-Hassan, and A. Olabi, “Optimization of Anaerobic
Digestion for Mechanically Pretreated Waste Paper,” in 11th Conference on Sustainable
Development of Energy, Water and Environment Systems, SDEWES, 2016, p. 0678 1-13.

[20] C. Rodriguez, A. Alaswad, Z. El-Hassan, and A. Olabi, “Optimization of the anaerobic
digestion process of mechanically pretreated algae,” in 11th Conference on Sustainable
Development of Energy, Water and Environment Systems, SDEWES, 2016, p. 0679 1-12.

[21] C. Rodriguez, A. Alaswad, T. Prescott, and A. G. Olabi, “Effects of Mechanical
Pretreatment on Biogas Production from Waste Paper,” in Proceedings of the 8th
International Conference on Sustainable Energy & Environmental Protection - Part 1,
2015, no. August, pp. 1-6.

[22] A. M. Buswell and H. F. Mueller, “Mechanism of Methane Fermentation,” Ind. Eng.
Chem., vol. 44, no. 3, pp. 550-552, Mar. 1952.

[23] F. Ali Shah, Q. Mahmood, M. Maroof Shah, A. Pervez, and S. Ahmad Asad, “Microbial
ecology of anaerobic digesters: the key players of anaerobiosis.,” ScientificWorldJournal.,
vol. 2014, p. 183752, 2014.

[24] F. Raposo, R. Borja, B. Rincon, and A. M. Jimenez, “Assessment of process control
parameters in the biochemical methane potential of sunflower oil cake,” Biomass and
Bioenergy, vol. 32, no. 12, pp. 1235-1244, 2008.

[25] P.P.Nieto, D. Hidalgo, R. Trusta, and D. Kraut, “Biochemical methane potential (BMP) of
agro-food wastes from the Cider Region (Spain),” Water Sci. Technol., vol. 66, no. 9, p.
1842, Aug. 2012.

[26] J. Mata-Alvarez, J. Dosta, M. S. Romero-Giiiza, X. Fonoll, M. Peces, and S. Astals, “A
critical review on anaerobic co-digestion achievements between 2010 and 2013,” Renew.
Sustain. Energy Rev., vol. 36, pp. 412-427, 2014.

[27] W. Zhong, Z. Zhang, Y. Luo, W. Qiao, M. Xiao, and M. Zhang, “Biogas productivity by
co-digesting Taihu blue algae with corn straw as an external carbon source,” Bioresour.
Technol., vol. 114, pp. 281-286, 2012.

[28] M. Suto and F. Tomita, “Induction and catabolite repression mechanisms of cellulase in
fungi,” J. Biosci. Bioeng., vol. 92, no. 4, pp. 305-311, Jan. 2001.



10 | 10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL
PROTECTION (JUNE 27TH—30™, 2017, BLED, SLOVENIA), BIOENERGY AND BIOFUELS



10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND
ENVIRONMENTAL PROTECTION (JUNE 27T — 30™, 2017, BLED, -ﬁ-
SLOVENIA), BIOENERGY AND BIOFUELS

- - .y v University of Maribor Press
J. Krope, A.Ghani Olabi, D. Gori¢anec & S. Bozi¢nik

Biogas Production from Three-Phase Olive Mill Solid
Waste in Lab-Scale Continuously Stirred Tank Reactor

RAFAT AL AFIF & BERND LINKE

Abstract Biogas production of three-phase olive mill solid waste
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1 Introduction

One major environmental concern in Mediterranean countries is the management of olive
mill waste generated by the olive oil producing industry. Olive oil production is a very
important economic activity, particularly for Spain, Italy, Greece and Syria. Waste from
production is also contributing to substantial environmental problems of current concern
in the Mediterranean basin. The traditional three-phase continuous centrifugation process
generally yields an oily phase (20%), a solid residue (30%), and an aqueous phase (50%).
Large quantities of water, needed for carrying out the three-phase process, generate a
high volume of olive mill wastewater. In some countries, the “ecological friendly” two-
phase process was developed. The quantity of water required to carry out the two-phase
process is much lower than for the three-phase process and thus a considerable reduction
in two-phase olive mill wastewater is achieved. However, the two-phase process led to a
slight increase in solid waste. The amount of two-phase olive mill solid waste (2POMSW)
is 60% larger than that from the three-phase system (3POMSW). Currently, both
elaboration systems, three- and two-phase, coexist in the Mediterranean area [1]. Spain,
the largest producer of olive oil in the world, currently uses the two-phase system in 98%
of its olive mills. In other olive oil producing countries such as Cyprus, Portugal and Italy,
only around 5% of the mills use the two-phase system [2]. Other large producers such as
Greece, Turkey, Tunisia and Syria have continued using mainly the three-phase system,
but the two-phase system is introduced slowly. The high quantities of waste produced in
both systems makes a sustainable treatment necessary.

Yet there is still no established environmentally acceptable treatment and recycling
method available for the waste generated during olive oil production, not only due to
technical and economical limitations, but also due to the scattered nature of olive mills
across the Mediterranean basin [3]. Traditional methods such as composting and
incineration are not suitable to process the solid organic waste for different reasons: On
the one hand, solid waste contains too small concentrations of nitrogen for composting
and too large amounts of solid grain for complete decomposition. On the other hand,
smoke and exhaust emission from incineration cause environmental pollution. Therefore,
the utilization of potential anaerobic treatments for biogas production appear to be
particularly interesting. As a renewable and sustainable source of energy, several
countries have used biogas as a preferred option [4]. Furthermore, use of sludge on arable
land can provide both N, P and other nutrients and therefore contribute to the recycling
of nutrients in agricultural production, which is consistent with the aim of developing a
circular economy, and can also contribute to maintaining the concentration of soil
organic carbon (SOC) [5]. The solid waste from three-phase olive oil industry
(3POMSW) is rich in carbohydrates and organic matter, and thus it could be an ideal
substrate for production of energy in the form of hydrogen and methane [6]. Recently, Al
Afif and Amon demonstrated that 3POMSW is a very suitable substrate for methane
production with approximately 139 L kg-1 VS /60 d [7], also they indicated that there is
a possibility to obtain more methane from 3POMSW, since the coefficient of anaerobic
energy turnover was 22.6%. Thus additional experiments are necessary to further
improve the methane production potential from 3POMSW. It is worth noting that special
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emphasis for biogas reactor processing is given to the organic loading rate (OLR) for both
mono-substrate and co-substrate. In case of higher OLRs, the accumulation of volatile
fatty acids (VFA) results in inhibition of anaerobic digestion because of pH drop [8]. On
the other hand, some studies have indicated that high olive mill waste digestion
efficiencies can be achieved by pre-treating the waste [9]. In recent studies on improving
biogas production within continuously stirred tank reactors (CSTR), co-fermentation of
two-phase olive mill solid waste with food waste [10] or pig slurry [11] were analysed.
However, the anaerobic digestion of olive pulp from three-phase olive mill industries
with specific enzymes utilizing CSTR has not been studied before. Reviewing previous
works emphasized that anaerobic digestion in CSTR will be one of the preferred
processes and it was generally considered that for degradation of 3POMSW hydrolysis is
the rate-limiting step. The objective of this study is to investigate the effects of
temperature and specific enzymes on biogas production from 3POMSW in continuously
stirred tank reactors.

2 Material and Methods
2.1 Raw material

Three-phase olive mill solid waste (3POMSW) from various Syrians olive—mills was
used as sun-dried material. Before digestion, the 3POMSW was milled into particle size
in the range of 0.1-0.3 cm and stored in air tight containers at room temperature until used
for experiments.

Nutrient compositions of 3POMSW and inoculum were determined by analyzing the
following ingredients: Total solids (TS), volatile solids (VS), total Kjeldahl nitrogen
(TKN), crude fat (XL), crude fibre (XF), and starch (XS). These analyses were performed
according to the German standard methods [12]. The results of the chemical analyses are
presented in Table 1 (3POMSW: three-phase olive mill solid waste; TM: dry matter; VS:
volatile solids. All amounts, except pH and VS are expressed in g kg-1. VS are expressed
in percentage % of fresh mass).

Table 1. Chemical analysis of inoculum and three-phase olive mill solid waste

Parameter Inoculum  3POMSW
DM / fresh mass 32.8 941
VS % DM 60.6 97.9
pH 8.02 5.28
Total Kjeldahl nitrogen 2.71 8.65
Crude fibre - 485
Starch - 26.6

Crude fat - 59.0
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2.2 Supplemental enzyme

Obtaining maximum methane yield from solid substrates requires some form of
optimization process of biodegradation. The breaking up of long-chain molecules, either
physical or biochemical, is essential for biogas production.

There are many advantages of using supplemental microbial enzymes in the process of
biodegradation, when they have been specifically selected on the basis of each enzyme’s
unique characteristics [13]. The enzyme, which has been tested in the experiments, was
MethaPlus®. This enzyme was provided by Biopract GmbH and chosen on its ability to
be catalysed at mesophilic and thermophilic temperature. MethaPlus® belongs to the
group of cellulose enzyme complexes of Trichoderma Reesei for application in biogas
plants and has its major impact on cellulose degradation into glucose, cellobiose and
oligomeres groups.

2.3 Operation of CSTR

All lab-scale experiments regarding the anaerobic digestion of 3POMSW with and
without enzyme were carried out in continuously stirred tank reactors (CSTR) with a total
volume of 8 litres for each reactor.

Over a period of 100 days, the reactors were operated in a daily fill, draw mode, and
mixed slowly by a stirrer at ca. 100 min-1 for 15 min every 2 hours. The constant
temperatures of 35 and 55 °C were maintained by a thermostat controlled heated water
jacket. The biogas was collected in a gasbag, measured daily by a multi-chamber rotor
gas meter (Ritter, Bochum, Germany), and normalized at the standard temperature and
pressure (0 °C, 1013 mbar). The methane content of the biogas was analysed twice a
week by a gas analyser (Pronova, Berlin, Germany). The experiments of anaerobic
digestion were carried out in accordance with VDI standard 4630 [14].

Description of start-up phase

For acclimation of micro-organisms to 3POMSW, two CSTRs, R-35 and R-55, were
filled with inoculum (digested from animal slurry and plant material) and processed at 35
and 55 °C, respectively, for 40 days, starting with OLR of 0.5 g VS L—1 d—1 with a
stepwise increase to 1.5 g VS L—1 d—1 (Fig. 1).
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Fig. 1 Reactor performance during start-up phase: O y 35°C, @ y 55°C, [J VFA 35°C,

B VFA 55°C, ORL: - - -

Due to the high TS content of the 3POMSW, two parts of water (w/w) were added to
each part of 3POMSW. Results showed high biogas yield at 35 °C at the beginning of
acclimation. After three weeks, the biogas yield of the thermophilic reactor was about
twice as high as the yield of the mesophilic reactor. Volatile fatty acids (VFA) and pH
were observed in a normal range and did not indicate any process failure. After 40 days,
the digested material of the two reactors was used to start the experiments to investigate
the effect of supplementing enzyme to 3POMSW on biogas yield. The operational
conditions applied to reactors R-35, R-55, R1-35, R2-35, R3-55, and R4-55 are presented
in Table 2. (SU: start-up phase; CF: continuous feeding phase).
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Table 2. Experimental conditions of the anaerobic digestion at different OLRs
(*: addition of enzyme after 48 days).

Pha- Reac- T Feed OLR time
se tor °C Flow Rate  (gVS (days)
(gvSd™?) Ltd?

3B 4 05 0-14
R35 35 ¢ 1 15-28

su 35 12 15 29-40
55 4 05 0-14

RS 55 g 1 15-28

55 12 15 29-40

3B 12 15 0-20

RI-35 35 2 2 21-48*

35 22 2 49-102

35 12 15 0-20

S ) 2 21-102
55 12 15 0-20

R3-55 55 16 2 21-48*

55 16 2 49-102

55 12 15 0-20

RA-SS 55 22 2 21-102

The two reactors R1-35 and R2-35 were filled with mesophilic, and two reactors R3-55
and R4-55 were filled with thermophilic digestate. In order to get 8 L reactor volume
each reactor was filled up with 4 L inoculums which were used in the start-up phase.
Afterwards, under mesophilic and thermophilic conditions, the 3POMSW was applied as
mono-substrate without enzymes in the R2-35 and R4-55 reactor. Beginning with an OLR
of 1.5 g VS L—1 d—1 in the first three weeks, then the daily input was increased to an
OLR of 2.0 g VS L—1 d—1. Also, anaerobic digestion experiments of 3POMSW with
enzyme were applied under mesophilic and thermophilic conditions in the reactors R1-
35 and R3-55. The OLR was increased in the range of about 1.5 to 2.0 g VS L—-1 d—1;
the addition of enzyme to 3POMSW of 0.5 mg g-1 VS 3POMSW was started after seven
weeks of digestion.

The reactor effluent was measured weekly for pH, TS, VS, VFA, total N, electrical
conductivity (EC), and ammonium-N (NH4-N).
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3 Results and Discussion

3.1 CSTR performance under mesophilic temperature

In figures 2, 3 and 4 the variation of CSTR performance data in the course of time for the
3POMSW with and without enzyme are plotted. Special emphasis was given to biogas
yield, VFA concentration in the effluent, pH, EC, TS (% FM), VS (% FM), total N, and

NH4-N under OLRs 1.5-2.0 g VS L-1

d—1 at 35°C.
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Fig. 2: Reactor performance data at 35°C for control (R2-35: & TS, A VS, O TKN, O
NH4-N) and enzyme reactor (R1-35: ¢ TS, A VS, B TKN, @ NH4-N); OLR: - - -

Total VS and TS of the effluents rose with increase of OLR. The decreases of total N and
Ammonium-N were observed when OLR increased from 1.5t02.0 g VS L—1 d—1 (Fig.2),
caused by removing parts of nitrogen while adding water to the substrate. The
approximately parallel decrease of N and NH4-N could refer to a low turnover of organic
nitrogen during the fermentation process.

As shown in Fig. 3, the range of pH values obtained during these experiments (7.9 - 7.5)
are within the optimal pH for methanogenic processes [15]. There was a slight decrease

in electrical conductivity over time from 18.3 to 13.8 mS cm-1.
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Variations of biogas yield in standardized litres per g of volatile solids added, and volatile
fatty acids obtained during anaerobic digestion of 3POMSW with and without enzyme
after 50 days of HRT at 35°C are shown in figure 4.
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Fig. 4: Reactor performance data at 35°C for control (R2-35: O y, O VFA) and enzyme
reactor (R1-35: @ y, @ VFA); ORL: ---

After the start-up phase of the experiment at an OLR of 1.5 g VS L™* d%, biogas yield
and VFA decreased for both 3POMSW fermentation with and without enzyme.
Increasing of OLR to 2 g VS L™t d™* resulted in continued decrease of VFA concentration
in the effluent, but the VS-biogas yield increased slightly from 0.13 to 0.2 Lg'VS.
Addition of enzyme to 3POMSW after 50 days of processing time did not have an effect
the biogas yield and volatile fatty acids concentration in the effluent.

It is worth noting that after 70 days of processing time a sharp decrease of biogas yield
and small increase of VFA were observed for all experiments. These results indicate the
beginning of reactor failure. Under the presented technology of processing 3POMSW in
CSTR, it has to be presumed that substantial amounts of phenolic compounds, which can
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inhibit the degradation of biodegradable organic fractions and their own biodegradation,
were probably accumulated with increasing OLR to 2 g VS L—1 d—1 for 3POMSW during
the fermentation time. These phenolic compounds were not detected, but it is expected
that increasing their concentration in the substrates will result in an increment in toxicity
of methanization, since previous studies indicated that the major limitation of anaerobic
digestion of olive mill waste is the inhibition of methanogenic bacteria by simple phenolic
compounds and polyphenols [16]. Others reported that the 50% inhibition of
biodegradation of biomass during the anaerobic digestion was in the range of 120 to 594
mg of compound/g VS [17].

3.2 CSTR performance under thermo-philic temperature

When the reactor were fed with 3POMSW with and without enzyme, after 50 days of
processing time OLRs of 1.5 -2.0 g VS L—1 d—1 at 55 °C provided a biogas yield of 0.03
- 0.3 Lg-1VS (50-57.6% CH4) and a VFA concentration in the effluent of 1.00 - 1.79 ¢
L—1 (Fig. 5). Other reactor performances were as following: acid pH (7.7 - 8.2), electrical
conductivity (12.5 - 15.0 mS cm-1), total VS (2.5 - 4.5% FM), total N (2.5 - 2.57 g kg-
1), and NH4-N (0.99 - 1.37g kg-1).

0,5 25

|j t=50 d adding of enzymes
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time t (days)
Fig. 5. Reactor performance data at 55°C for control (R4-55: Oy, [0 VFA) and enzyme
reactor (R3-55: @ y, B VFA); ORL: - - -

As can be seen ( Fig.5), in the first 20 days at OLR 1.5 g VS L—1 d—1 the biogas
production was increased from 0.08 to 0.27 Lg-1VS. Increasing OLR to 2.0 g VS L—1
d—1 resulted in stability of biogas production, after 70 days of HRT a sharp decrease of
biogas yield was observed. Addition of enzymes (MethaPlus®) to 3POMSW after 50
days of HRT helped in continuing the process stability until 70 days of HRT and
increased the cumulate biogas production. The results confirmed that the thermophilic
conditions led to an increase of biogas yield of about 8% compared with the yields under
mesophilic temperature.
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3.3 Quality of biogas

The analyses show that the methane concentrations (by volume) in biogas under
mesophilic and thermophilic temperature were between 51.7 - 57.8% and 50.0 - 57.6%
respectively; the remainder was mostly CO2. It is clearly shown that the temperature and
the addition of enzyme to 3POMSW had no significant effect on methane content during
the periods of biogas production. It is worth noting that the quality of biogas produced by
digestion of 3POMSW under mesophilic and thermophilic temperature was satisfactory.

4 Conclusions

The aim of this study was to investigate the feasibility of mono-fermentation of
3POMSW in CSTRs. On the basis of the obtained experimental results, it can be
concluded that thermophilic anaerobic digestion of 3POMSW is the preferred
temperature scenario; because the VFA, pH, N, and NH4-N were observed in a normal
range and did not indicate any process failure. Furthermore, thermophilic treatment
results in an increase of biogas yield of about 8% compared to mesophilic temperature.
Adding of enzyme to 3POMSW under thermophilic condition helped to stabilize the
process and increased the cumulative biogas production. It was also observed that the
addition of the enzyme under mesophilic condition did not have a significant effect on
biogas yield and reactor performance. It is worth noting that the temperature and the
addition of enzyme to 3POMSW had no significant effect on methane content during the
different periods of biogas production. The quality of biogas was satisfactory (50.0—
57.8% CH.). However, in long term lab-scale experiments it could be demonstrated that
mono-fermentation is not applicable for treatment of 3POMSW from olive mill
processing. After 70 days of processing time, beginning reactor failure was observed for
all experiments due to the sharp decrease of biogas yield. It is suggested, that
accumulation of phenolic compounds in the 3POMSW is responsible for such reactor
failure.
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Abstract Cotton stalks (CS) are an abundant, renewable lignocellulose
residue, which is usually burnt on fields to prevent propagation of vegetal
diseases, causing economic costs and environmental concerns. As an
alternative, production of biogas is considered. This work aims to improve
the biogas production from CS by steam or organosolv plus supercritical
carbon dioxide (scCO2) pre-treatment. All samples were pre-treated in a
500 mL autoclave for 140 minutes at 180°C and fermented in 1 L
eudiometer batch digesters for 42 days at 37.5°C. Biogas and methane yield
achieved from untreated CS were 250 and 137 norm litres per kg of volatile
solids (IN kg-1 VS), respectively. The pre-treatment of CS samples with
steam or organosolv plus scCO2 process increased the methane yield up to
20% compared with the untreated samples. The highest methane yield of
177 IN kg-1 VS was achieved by organosolv plus scCO2 pre-treatment at
100 bars and 180°C for 140 minutes. Moreover, the pre-treatment of CS
led to a significant reduction in the optimal retention time for biogas
production down to 20 days from 30 days for untreated CS.
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1 Introduction

Agricultural by-products and waste from agro-industrial processes such as bio-refineries
are expected to gain importance as a source of energy supply in the near future. Cotton
stalks (CS) is one of the most dominant harvestable crop residues that can be used for
bioenergy applications. At present, CS is mulched with soil or removed from the cropland
or burnt on fields to restrict future pest infestations, causing economic costs and
environmental concerns. Therefore, cotton waste must be utilized if sustainable
agriculture is targeted. Usage of cotton waste for energy production became a subject of
many studies in the last years. Researchers generally focused on the production of ethanol
or the production of fuel pellets or briquettes. There were only few studies on the subject
of biogas production from cotton wastes. Isci and Demirer [1] studied the biogas
production potential of cotton wastes. They indicated that cotton wastes can be digested
anaerobically yielding 65 to 86 Iy CH4 kgt VS (24 d). A two-stage digestion technique
for biogas production from co-fermentation of organic wastes (rice, maize, cotton) was
also investigated [2]. These studies indicated that under anaerobic conditions from the
main components in CS the cell wall carbohydrates were well preserved, while the level
of soluble carbohydrate was low. Pre-treatment of lignocellulosic biomass is a necessary
step to overcome the hindrance of lignin and to increase solubilisation [3]. The
organosolv process is considered as thermo-chemical method for pre-treatment of
biomass for bio-refinery as it is effective for cleaving alkali-labile ester bonds between
monolignols and hemicelluloses [4]. It is worth mentioning that supercritical carbon
dioxide (scCO2) explosion of pure cellulose or pre-treated cellulosic materials with
addition of aqueous buffer solutions improved the glucose yield from the enzymatic
cellulose hydrolysis [5]. Another important pre-treatment process is the steam explosion
process. Krapf et al. [6] studied the effect of organosolv plus scCO- pre-treatment of rye
straw on biogas production. They indicated that this combined pre-treatment (160 bars,
180°C for 140 minutes, 11% solid content and 50%v/v ethanol content in the solvent)
increased the methane yield up to 13% compared with the untreated samples. Here, steam
explosion and organosolv process is combined with scCO,, which results in the steam
and the organosolv plus scCO- processes. Presently, there are no systematic studies
known about pre-treatment of cotton stalks for biogas production with both processes,
steam and organosolv plus scCO,. Therefore, some form of optimization process of pre-
treatment is required. This work seeks to improve the biogas production from CS by
steam or organosolv plus scCO; pre-treatment.

2 Materials and Methods
2.1 Raw materials and inoculm

Cotton stalks (shredded and baled) were harvested in early October 2010 from the
Research Station of Cotton Bureau in Syria. The moisture content of the cotton stalks was
4.8% (DM: 95.2%). The samples were chopped to a length of 1-3 mm, and stored in air
tight containers at room temperature until used for experiments. Active sludge from a
commercial biogas plant in Austria was used as inoculum. The specific methane potential
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of the inoculum was measured as well. The inoculum showed low specific methane
potential of only 15 Iy kg™ VS.

2.2 Analytical Methods

Nutrient composition of CS was analysed (dry matter DM = 95.2% FM (fresh material),
volatile solids VS = 91.6% DM, crude protein XP = 6% DM, crude fibre XF = 45.7%
DM, crude fat XL = 0.7% DM, and ash XA = 1.25% DM) according to standard
procedures [7]. N-free extracts (XX = 43.9% DM) were calculated and constitute that
part of the DM not incorporated in XP, XF, XL and XA. The elemental analysis (carbon
C =55.8% VS, hydrogen H = 6.4% VS, nitrogen N = 0.95% VS, sulfur S = 0.06% VS,
oxygen O = 36.8% VS) was performed ac-cording to standard procedures [8].

2.3 Pre-treatment of cotton stalks

For steam or organosolv plus scCO; pre-treatment, 40 g of milled, air-dry CS with
specific amount of either pure water or water-ethanol solution were placed in a 400 ml
glass bead-packed high-pressure vessel. ScCCO, was delivered to the high-pressure vessel
by a supercritical fluid control and delivery system [6]. The high-pressure vessel was
heated to a desired pre-treatment temperature by an electric heater. The pressure was kept
on a constant level during the process (Figure 1).

Chiller
Outlet valve
Pump Reactor
el.
] < I <}—
CO02-bottle Heater Inlet valve Bleeder valve

Figure 1. Pre-treatment scheme for CS

After pre-treatment, one sample of the autoclaved CS was filtered by a fluted filter
(Rotabilo, 150 mm, through-put time 30s) and washed with 1 litre of a water-ethanol
(80:20, v/v) mixture to remove parts of the solvent which might contain inhibitors. The
pulp was oven-dried at 120°C for 24h. The liquid phase containing dissolved organic
compounds, water and ethanol, is distilled in order to recycle ethanol [6]. After distillation
the water insoluble lignin crystallizes in the water phase and is separated by
sedimentation. The recycled ethanol can be reused for the washing process [9]. All
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samples were kept in a refrigerator until being used for anaerobic digestion. The
experimental design of the pre-treatment of cotton stalks is shown in Table 1.

2.4 Anaerobic digestion experiments

Anaerobic digestion experiments to measure the biochemical methane potential were
conducted by the anaerobic digestion laboratory of the University of Natural Resources
and Life Sciences, Vienna. The experiments were carried out in accordance with VDI
[10]. Eudiometer batch digesters of 1 litre capacity were used. The temperature was set
to 37.5°C. Analysed samples and inoculum were weighed out in a ratio of 1:3 (based on
DM). The produced amount of biogas was monitored on a daily basis. Biogas and
methane production is given in norm litres (273 K and 1013 mbar) per kg of volatile
solids (In kg™ VS). The determination of biogas composition (CH4, CO>) is determined
with GC-SRI instruments model “Multiple Gas Analyzer #2” using a separating column
(FS-FFAP-CB, df. = 0.5 um). It is equipped with a helium ionization detector (HID) in
addition to a thermal conductivity detector (TCD).

Table 1. Design of pre-treatment process
CS HXO CyHsOH p t time

Tl [ g bar °Cmin
A 40 - - - - -
B 40 90 - 72 180 140
Cc 40 40 - 100 180 140
D* 40 40 - 100 180 140
E 40 20 16 100 180 140

* washing with H,O+ C,HsOH (20:80, v/v)

Results of the elementary analysis can be utilized for estimating theoretical biogas and
methane yields as well as concentrations of the trace gases ammonia and hydrogen
sulphide. The estimated methane yield according to Boyle's equation is given by [11]:

d e
CaH, 0. N S+\a - 5+Jf —JH;O
27402

b
[0 0, 1N By ety

‘@ b ¢ _d e
—>£— ————3———JCH4
2 8 4 78 4

278 4

This equation is used to balance the carbon converted into methane during anaerobic
fermentation. Therefore, the methane yield measured in batch-fermenter experiments is
compared to the estimated methane yield.
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25 Statistical data analysis

Data given in tables and figures present mean and standard deviations of performed
experiments. Statistical analysis was carried out using SPSS Version 15. Data were
analysed by one-way ANOVA, followed by Tukey’s test for post hoc comparison. The
level of significance was set at p < 0.05.

3 Results and Discussions
31 Biogas and methane production from pre-treated cotton stalks

To find the effect of the pre-treatment on methane and biogas production, the CS samples
pre-treated under different conditions (Table 1) were anaerobically digested. Table 2 and
3 show the accumulated biogas and methane yield in normal litres per kg of volatile
solids, obtained during anaerobic digestion of untreated and pre-treated cotton stalks,
which ranged from 221-308 and 129.8-177.4 I kg VS, respectively. It is worth noting
that the final methane productivity of untreated cotton stalks reached up to 137.5 Iy kg*
VS, whereas, Krapf et al. [6] reported that methane yield from rye straw was 262 Iy kg
VS. The difference in yield can be attributed to the difference in biochemical
compositions. To explain this, we should consider that the high concentration of lignin
(21 wt% DM) in CS, compared to its concentration in rye straw (17 wt% DM) [12], yields
to poor degradation during anaerobic digestion. Ohgren et al. [13] showed that the
presence of lignin is considered as major hindrance to enzymatic hydrolysis. Due to the
existence of lignin-carbohydrate complexes, the polysaccharides are chemically linked to
lignin. The cellulose fibrils are physically encased by surrounding lignin, which
constitutes a barrier against enzymatic degradation of the polysaccharides in the cell walls
[14]. This shielding effect reduces the rate and extent of lignocellulose hydrolysis and
therefore limits the transformation of polysaccharides into biogas.

Biogas and methane production from untreated and pre-treated CS samples with two
different liquid to CS ratios (90 g H20/40 g CS - organosolv variant E - and 40 g H.O/40
g CS -steam variants B, C and D) are shown in Table 2 and 3. The methane yield for B,
C and D was 137.5, 147.1, and 163.0 Iy kg™* VS, respectively. This means that the steam
plus scCO; pre-treatment with two different moisture contents increased the specific
methane yield between 7 and 20.5% compared to untreated samples. Furthermore,
increasing the pressure for the scCO; from 72 to 100 bar showed an improvement in
methane yield by 11%. The primary reason for these facts is that 72 bar is still subcritical.
It was reported that water and scCO; could form weak carbonic acid at a high pressure
[15]. Also Gao et al. [16] concluded that scCO, pre-treatment rendered fibres relatively
fluffy and soft, which enhanced cellulose enzymatic hydrolysis.
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Table 2: Specific biogas yield of untreated (A) and pre-treated CS
biogas yield
sample [In kgt VS]
Av. SD P
251.0 8.7 -
264.8 13,7 0.18
286.0 20.7  0.998
221.0 6.6 0.308
295.0* 21.2  0.037

mgooOw>
WWwWwww| S

Table 3: Specific methane yield of untreated (A) and pre-treated CS as well as the
biogas methane concentration in %
methane yield

sample [In kgt VS]

n Av. SD P %
A 3 1375 4.8 - 54.8
B 3 1471 9.0 0.28 55.5
C 3 1630 13.0 0.074 57.0
D 3 1298 3.9 0.877 58.7
E 3 177.4* 12.8 0.007 60.1

The effect of washing pre-treated samples with water-ethanol mixture (20:80, v/v) on
biogas and methane yield was determined for the extraction of lignin. Washing of pre-
treated samples resulted in the decrease of methane yield by 26% comparing with the
same samples without washing. Nevertheless, removal of lignin from cotton stalks should
increase the hydrolysis, as lignin limits the rate and extension of (enzymatic) hydrolysis
by acting as a shield, preventing the digestible parts of the substrate to be hydrolysed
[17]. The decrease of methane yield from washed pre-treated samples was probably
caused by removing parts of soluble carbohydrates during the washing process. This
assumption refers to an investigation made by Krapf et al. [6] who stated that the
separation process of the pre-treated straw, which included steps of washing, distillation,
lignin precipi-tation, and drying negatively affected the microbial fermentation process.

The significantly highest specific methane yield of 177.4 In kg VS (Tukey’s test, p <
0.05) was found for organosolv plus scCO, pre-treated CS (Table 2, variant E) at 100 bar
and 180°C for 140 min. To explain this result, it should be considered that ethanol acts
as a co-solvent in the supercritical phase, drastically increasing the solubility of water and
other volatile compounds. Water is transported much better into the solid matrix with
scCO». Also ethanol helps to keep the lignin solved in the liquid phase and prevents re-
precipitation to the solid after depres-surisation. Montafiés et al. [18] reported that the
solubility of tagatose, galactose, lactulose and lactose in scCO;, with ethanol-water
mixture was in the range of 0.02 - 1.09 mg g%
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3.2 Quality of biogas

The quality of biogas produced from different pre-treated samples is illustrated in Table
3. The methane concentration (by volume) in biogas was between 55.5 and 60.1%, the
rest of the gas mostly consisted of CO.. The highest methane concentration was obtained
from the organosolv plus scCO; pre-treated cotton stalks (variant E). These results show
that the quality of biogas produced by digestion of pre-treated and untreated cotton stalks
was good. Nevertheless, further process optimisation is needed.

3.3 Energy turnover

Specific methane yield from untreated CS and from the variants B, C, D and E of pre-
treated samples measured in the eudiometer batch digesters were compared with the
values estimated with a theoretical calculation [11]. As shown in Table 4, the estimate
differed considerably from the measurements.

The coefficients of anaerobic energy turnover 1 ranged between 23.1 and 31.5 %. These
results have shown the principal possibility to obtain more methane yield from pre-treated
CS. Addi-tional experiments are necessary to further improve the methane production
potential from CS. Future investigations need to focus on:

e Optimization of physical-thermal or biochemical pre-treatment, which breaks
up the long-chained molecules and solid components of cotton stalks.

e Optimization of the enzyme use, co-fermentation and the organic loading rates
that would enhance methane production.

Table 4. Comparison between experimental results and theoretical estimates
samples  Specific methane yield

experiment estimate n
In k(f1 VS In kg1 VS
A 137.5 562.9 24.4
B 147.1 562.9 26.1
C 163.0 562.9 29.0
D 129.8 562.9 23.1
E 177.4 562.9 315
34 Retention time

The effect of pre-treatment of CS under different conditions on retention time (RT) was
investigated. As seen in Figure 2 during the first two days of digestion, specific methane
yields per hour of pre-treated samples increased between 1.9 and 2.8 Iy kg™ VS ht, while
the methane yield per hour from untreated sample A increased to 0.6 Iy kg™ VS h'in the
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first five days. After that observed rise, methane production per hour from all samples
decreased exponentially and at the end of the 20™ day the digestion reached the stationary
phase. The pre-treatment decreased the digestion period to 27 days, when the minimum
methane yield was approximately 0.03 (Ix kg™ VS h'1). The amount of methane produced
from pre-treated samples during the first 20 days, equalled 89% of the whole methane
amount produced during 42 days. On the other hand, 90% of methane production received
from the untreated samples was achieved during the first 30 days.

As shown in Figure 2, a longer RT would be detrimental to a higher methane production
yield. Besides, the cost of the reactor capital was basically considered the major
investment in the anaerobic digestion [19]. Therefore, introducing shorter RT to minimize
the reactor volume required could be a good choice for having an economical competitive
digestion process. Therefore, the necessary RT to achieve a high rate biodegradation is
recommended to be about 20 days for CS pre-treated by oganosolv plus scCO2, and about
30 days for the untreated CS.

w

—=—(A) Untreated
-a-(B) Treated, 72 bar
4-(C) Treated, 100 bar
-=-(D) Treated,100 bar and washed

—=(E) Treated with Ethanol, 100 bar

JMethane production per hour [Ly kg VS]

T T . : T " "
0 5 10 15 20 25 30 35
Time [days]

Figure 2. Specific methane yields per hour.

4 Conclusions

Aim of this study was to investigate the feasibility of the steam and the organosolv plus
scCO; pre-treatment of CS for methane produc-tion. Experimental results are already
promising. Nevertheless, pre-treatment conditions have to be optimized to maximize
methane production, as the coefficient of anaerobic energy turnover is not high and
ranged between 23.1 and 31.5 %.

Based on the results, it can be concluded that both, the steam and the organosolv plus
scCO, pre-treatment of CS increased the methane yield with 20 and 29%, respectively,
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compared to the untreated sample. On the other hand, washing pre-treated samples of CS
led to a decrease in methane yield with 6%. But the quality of biogas was always good
(55 — 60 % CHya).
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Abstract Chemical looping combustion (CLC) is a low-cost CO2 capture
technology with a low energy penalty. The use of biomass as a fuel
combined with carbon capture and storage (BECCS) creates a potential for
negative CO2 emissions. The oxygen needed for combustion in CLC is
supplied by a solid oxygen carrier circulating between the fuel reactor (FR)
and air reactor (AR). In this work, the combustion of pine sawdust is
studied in a continuous 1.5-kWth CLC unit. A Cu-Mn mixed oxide was
used as the oxygen carrier. This material releases gaseous oxygen when it
is reduced by chemical looping with oxygen uncoupling (CLOU). The
released oxygen reacts with both the volatiles and char generated from
biomass in the FR. The oxygen carrier is reoxidized in air inside the AR.
High CO2 capture and 100% combustion efficiencies were achieved. The
02 concentration inside the AR did not affect CO2 capture efficiency.
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1 Introduction

According to the Paris Agreement (2015) [1], in order to limit global temperature increase
to 2 °C or less, it is necessary to reduce COz emissions into the atmosphere, and even to
obtain negative CO, emissions in the course of this century. Carbon capture and storage
(CCS) technologies enable CO, capture from large stationary combustion sources. If
biomass is used in these processes as fuel, then these technologies are known as bio-
energy with carbon capture and storage (BECCS) technologies [2]. Biomass is a CO»-
neutral fuel. Therefore, BECCS technologies allow CO; to be removed from the
atmosphere, making the concept of negative CO emissions possible [3].

One of the CCS technologies with the lowest associated energy penalty and cost is
chemical looping combustion (CLC) technology [4]. The basic principle behind CLC is
the avoidance of contact between fuel and air during the combustion process. Therefore,
inherent CO, capture is obtained in the process. In CLC, the oxygen needed for
combustion is supplied by a solid oxygen carrier, normally a metal oxide,

circulating between two interconnected reactors: the fuel and air reactors. The fuel is
burnt inside the fuel reactor to CO and H,O as the oxygen carrier is reduced. The reduced
oxygen carrier is then transferred to the air reactor where it is reoxidized in air before a
new cycle begins. Certain oxygen carriers are able to release gaseous oxygen as they are
reduced. This is known as chemical looping with oxygen uncoupling (CLOU). The
gaseous oxygen is able to burn the volatiles and char generated once the solid fuel has
been introduced into the fuel reactor.

The feasibility of the CLC of biomass under CLOU mode has already been demonstrated
by Adanez-Rubio et al. [5] using a Cu-based oxygen carrier, in which high CO, capture
and combustion efficiencies were achieved. No more works on CLOU of biomass have
been found in the literature to date. Therefore, the aim of the present work is to further
analyse this process. A new oxygen carrier was used in the present experiments that
allowed fuel reactor operation at even lower temperatures (up to 850 °C).

2 Experimental

2.1 Materials

A Cu-Mn mixed oxide was used as the oxygen carrier for the CLOU process. The oxygen
carrier was prepared by spray granulation in a spouted bed system at ICB-CSIC. The CuO
content of particles was 34 wt% and the remaining 66 wt% comprised Mn3zO.. The

particles were calcined for 2 h at 1125 °C. The active phase in the mixed oxide was
Cu1sMn1504. Reaction (1) describes the release of gaseous oxygen by the oxygen carrier.

2 Cu1sMny 504 <> 3CuMnO; + O, (1)
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Table 1 shows the main properties of the oxygen carrier. The particle size used was +100-
300 pm. The oxygen carrier is subsequently referred to as Cu34Mn66-GR.
Table 1. Properties of the oxygen carrier.

Oxygen transport capacity, Roc (wt%) 4.0
Crushing strength (N) 1.9

Real density (kg/m®) 3900
Porosity (%) 12

Specific surface area, BET (m?/g) <0.5

XRD main phases Cu1.5Mn1.504, Mn3O4

A pine sawdust biomass was used for the combustion experiments. The properties of this
biomass are given in Table 2. The particle size used for this study was +500-2000 um.

Table 2. Properties of the biomass.

Proximate Analysis (wt%) Ultimate Analysis (wt%)
Moisture 4.2 C 51.3
Ash 0.4 H 6.0
Volatile matter 81.0 N 0.3
Fixed carbon 14.4 S 0.0

o* 37.8
LHV (kJ/kg) 19186

*Calculated by difference.
2.2 The experimental set-up

A schematic view of the plant is shown in Figure 1. The set-up basically comprised two
interconnected fluidized bed reactors — the air and fuel reactors — joined by a loop seal, a
riser for solids transport from the air reactor to the fuel reactor, a cyclone, and a solids
valve to control the solids circulation flow rate in the system. A diverting solids valve
located below the cyclone allowed the measurement of the solids flow rates at any time.
Therefore, this design allowed the solids circulation flow rate between both reactors to
be controlled and measured.

The fuel reactor consisted of a bubbling fluidized bed with an inner diameter of 5 cm and
a bed height of 20 cm. The fuel reactor was fluidized with N for an accurate analysis of
the results. The gas flow was 250 Ln/h, corresponding to a gas velocity of ~ 0.15 m/s at
900 °C. Biomass was fed by a screw feeder at the bottom of the bed, directly above the
fuel reactor distributor plate, in order to maximize the time that the fuel and volatile
matter were in contact with the bed material. A small N, flow (24 Ln/h) was introduced
at the beginning of the screw feeder to avoid any possible reverse gas flow. The oxygen
carrier was reduced in the fuel reactor and burnt the fuel. Reduced oxygen carrier particles
overflowed into the air reactor through a U-shaped fluidized bed loop seal with an inner
diameter of 3 cm, to prevent gas mixing between the fuel and air. A N flow of 90 Ln/h
was introduced into the loop seal.
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Figure 1. Schematic view of the ICB-CSIC-s1 unit.

Oxidation of the carrier took place in the air reactor, consisting of a bubbling fluidized
bed with an inner diameter of 8 cm and a bed height of 10 cm, followed by a riser. The
air flow was 2100 Ln/h. In addition, a secondary air flow (600 Ln/h) was introduced at
the top of the bubbling bed to assist particle entrainment. N2 and unreacted O, left the air
reactor and passed through a high-efficiency cyclone and a filter before reaching the
stack. The oxidized solid particles recovered by the cyclone were sent to a solids
reservoir, leaving the oxygen carrier ready to start a new cycle. Moreover, these particles
would act as a loop seal to prevent the leakage of gas between the fuel reactor and the
riser. The regenerated oxygen carrier particles were returned to the fuel reactor by gravity
from the solids reservoir through a solids valve, which controlled the flow rate of solids
entering the fuel reactor.

The total oxygen carrier inventory in the system was 3 kg, with about 1 kg in the fuel
reactor. The concentration of CO, CO., Hz, CH, and O; at the fuel reactor outlet, and that
of CO, CO; and O from the air reactor were continuously recorded. A non-dispersive
infrared (NDIR) analyser (Siemens Ultramat 23) was used to measure CH4, CO and CO;
concentrations; a paramagnetic analyser (Siemens Ultramat 23 and Oxymat 6) was used
to measure O, concentrations; and a thermal conductivity detector (Siemens Calomat 6)
was used for Ho.
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2.3 Experimental planning

Table 3 provides a summary of the main variables used in each test. In total, the same
batch of oxygen carrier particles was used during 21 h of hot fluidization conditions, of
which 14 h corresponded to biomass combustion.

Table 3. Operating variables in CLOU tests.
Test Ter L[O2nfR 1 moc  Power Meg

°C) (vol.%) (kglh) (W)  (kg/MWq)
Tol 775 21 39 225 740 1200
TO2 800 21 39 225 740 1200
TO3 825 21 39 225 740 1200
TO4 850 21 39 225 740 1200
TO5 800 10 39 225 740 1200
TO6 800 10 3.4 285 1000 900
TO7 800 10 2.6 285 1330 715

Pine sawdust biomass was fed into the fuel reactor, allowing analysis of the combustion
efficiency of biomass in the CLOU system. The fuel reactor temperature was varied
between 775 °C and 850 °C (Tests T01-T04). The temperature in the air reactor was
maintained at around 800 °C. The solids circulation rate (mhoc) was 22.5 or 28.5 kg/h. The
biomass feeding rate was in the range of 0.140-0.250 kg/h, which corresponds to a power
input range of 740 to 1330 W (Tests T05-T07). The oxygen concentration available in
the air reactor and its effect on combustion and CO; capture efficiencies was also studied.
The oxygen carrier to fuel ratio, ¢, defined by Equation (1), varied between 2.6 and 3.9.

The oxygen carrier to fuel ratio (¢) was defined by the following equation:

Oxygen supplied by the oxygen carrier

1)

- Oxygen demanded by the fuel for full combustion

To analyse the performance of the CLOU process, both combustion efficiency in the fuel
reactor and CO; capture efficiency were calculated. Calculations are based on the molar
flow of every gas analysed, Fi, which is determined from the measured concentrations.
Mass balances were performed and a carbon balance closure of about 95% was found.

Combustion efficiency in the fuel reactor was calculated by means of the ratio between
the oxygen required to fully burn unconverted gases (CH4, CO and H,) at the fuel reactor
exit and the oxygen demanded by the biomass converted in the fuel reactor. Thus, the

oxygen demanded by the carbon bypassed to the air reactor, FCO2 AR + Is subtracted from

the oxygen demanded by biomass in the denominator. Therefore, the combustion
efficiency in the fuel reactor was calculated as:
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4FCH4,FR - FCO,FR + FHZ,FR

MNeomb,FR =1- 1 (2)
ZQSFmSF - ZFCOZ,AR
0,

where Qgr is the stoichiometric mass of the O, required to convert 1 kg of biomass
(kg/kg); msr is the mass-based flow of biomass fed into the fuel reactor (kg/s); and Mo>
the molecular weight of O, (kg/mol).
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Figure 2. Evolution of the gas composition in the air and fuel reactors as temperature in
the fuel reactor was varied. Tests TO1-T04. moc = 22.5 kg/h; msr = 0.140 kg/h.

The CO; capture efficiency, ncc, was defined as the fraction of carbon initially present in
the fed-in biomass which is actually at the outlet of fuel reactor as CO,. This is the actual

CO, captured in the CLOU system; the rest exits together with nitrogen at the air reactor
outlet.

F

ncc — 1 _ CO,,AR (3)
FCOZ,FR + FCO,FR + FCHA,FR + FCOZ,AR

Carbon capture efficiency depends on the conversion of char in the fuel reactor. The char
conversion in the fuel reactor, Xchar, Was calculated considering the carbon contained in
the fed-in biomass remaining in the char, i.e. fixed carbon, and the carbon not converted
in the fuel reactor, which exits as CO; from the air reactor.
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Xchar _ X mSF'Mc FCOZ,AR @

Xfc mSF

where Xt is the mass fraction of fixed carbon in biomass and Mc is atomic weigh of C
(kg/mol).

3 Results

To investigate the combustion of biomass by a CLOU system, different tests were
conducted under continuous operation in the ICB-CSIC-s1 experimental rig. The
composition of the gases exiting the fuel and air reactors was determined. N> was used as
the fluidizing gas instead of CO, in order to improve accuracy for calculating the C burnt
in the fuel reactor. The effect of the fuel reactor temperature and power input on the
combustion and CO; capture efficiencies were investigated. A total of 14 h of biomass
combustion was carried out without agglomeration of the oxygen carrier.

The composition of the exit gases from the fuel and air reactors was determined for every
experimental condition. An example is given in Figure 2, which shows the concentration
of gases (dry basis) measured as a function of the operating time, where the fuel reactor
temperature was varied between 775°C and 850°C, and each temperature was
maintained at a steady state for at least 60 min.

When the temperature was varied, a transition period appeared and stable combustion
was reached usually in less than 20 min. The steady state was reached when the oxygen
transferred from the oxygen carrier to the fuel was equal to the oxygen transferred from
the air to the oxygen carrier. At the steady state, the gas outlet concentration and
temperature remained uniform throughout the entire combustion time. It can be seen that
even at low temperatures (775 °C) no CHy, CO or H; were detected in the gases exiting
from the fuel reactor, only CO- and H,O. Therefore, volatiles were fully converted into
CO; and HyO in the fuel reactor by reaction with the oxygen released from the
Cu34Mn66-GR decomposition.

Figure 3 shows combustion, CO, capture efficiency and char conversion as a function of
fuel reactor temperature (Tests T01-T04). The complete combustion of biomass to CO;
and HO was achieved in the fuel reactor for all the experiments, i.e. 1comprr = 100%.

The specific solids inventory in the fuel reactor, m’,ZR ,was about 1200 kg/MWy, in all

tests. Nevertheless, complete combustion could be expected even with a lower solids
inventory. The pine sawdust used contained 81% volatile matter; therefore, even with this
high volatile matter content, the results show full combustion of the biomass in all tests.
Note that unburnt compounds are always present at the fuel reactor outlet when materials
without oxygen uncoupling properties are used, even if they are highly reactive materials
or a high solids inventory is used [6].
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Figure 3. Effect of fuel reactor temperature on the CLOU process performance.
Tests TO1-TO4.

On the other hand, CO; capture efficiency in the CLOU system is determined by char
conversion in the fuel reactor, because the unburnt char is transferred to the air reactor
where it is burnt and the resulting gases released into the atmosphere. High values of CO,
capture efficiency are seen to have been obtained in all cases (>90%) with temperatures
higher than 800 °C.

Figure 3 shows the positive effect of fuel reactor temperature on CO; capture efficiency.
The CO; capture efficiency increased from 86% to 95% with an increase of 50 °C in the
fuel reactor temperature. When the fuel reactor temperature reached 850 °C, the value of
the CO- capture efficiency increased to 98%. At these conditions, CO, capture efficiency
showed a value as high as 98%, without the presence of a carbon separation system, e.g.
use of a carbon stripper could be avoided. This high value of CO, capture efficiency is
particularly remarkable given the relatively low temperature in the fuel reactor. With a
Cu-based CLOU oxygen carrier in the same continuous unit and using the same biomass
as fuel, temperatures higher than 920 °C were needed to achieve the same CO capture
efficiency value [5]. The high CO; capture efficiencies with Cu-Mn mixed oxides are due
to the fact that these carriers are able to produce high gaseous O, concentrations at lower
temperatures, between 800 °C and 900 °C [7], and therefore there is a faster conversion
of char in the fuel reactor.
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Figure 4. Effect of power input on the CLOU process performance. Tests TO5-T07.

Figure 3 also shows how char conversion values increased with the temperature. By
increasing the fuel reactor temperature, char combustion rates were higher, thus reducing
the amount of unburnt char transferred to the air reactor.

The biomass feeding rate (power input) had a lower effect on CLC performance than fuel
reactor temperature (Tests TO5-T06). However, an effect on the CO, capture efficiency
could be appreciated that was directly related to char conversion in the fuel reactor, see
Figure 4. However, when the biomass feeding rate was increased, CO- capture efficiency
became lower as a result of the decrease in char conversion in the fuel reactor. When the
biomass feeding rate increases, the value of ¢ and the oxygen carrier inventory decreases;
see Table 3. A decrease in this value increases oxygen carrier conversion in the fuel
reactor, and decreases the O release rate of Cu-Mn mixed oxides. Thus, char conversion
depends on oxygen carrier conversion [7]. We would point out that even with a power
input of 1330 Wy and at such a low fuel reactor temperature as 800 °C, there was
complete combustion of the biomass. Higher CO, capture efficiency can be obtained by
increasing the temperature to 850 °C, an optimum temperature at which to operate the
fuel reactor when using the Cu34Mn66-GR oxygen carrier.

Moreover, Tests T05-T07 analysed the effect of the oxygen concentration available to
regenerate the oxygen in the air reactor on CO; capture efficiency and char conversion.
It can be seen that with a 10 vol% of O, at the inlet flow to the air reactor (O:
concentration of 4 vol% in the outlet stream), the CO capture efficiency and char
conversion were stable at around 92% and 0.89 respectively, when comparing tests T02
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and TO5. It can be concluded that it is possible to oxidize in the air reactor with an inlet
oxygen concentration of 10 vol.%.

4 Conclusions

Combustion of pine sawdust biomass in a 1.5 kW CLOU system was carried out during
a period of 14 h using a Cu-Mn mixed oxide as an oxygen carrier. With a temperature as
low as 775 °C in the fuel reactor, unburnt compounds were not present in the fuel reactor
outlet; CO,, H,O and O, were the only products. In most cases the CO; capture efficiency
was higher than 95% at fuel reactor temperatures as low as 850 °C.

Char combustion was improved at higher temperatures, with a conversion of 96.6%
achieved at 850 °C. At this condition, CO> capture efficiency showed a value as high as
98%, avoiding the need of a carbon stripper.

On the other hand, higher ¢ values produce higher char conversion rates in the fuel reactor
due to the fact that the oxygen generation rate of this carrier depends on reduction
conversion. The lower the reduction conversion, the higher the oxygen generation rate,
giving higher char conversion rate and CO; capture efficiency.

The effect of the oxygen available to regenerate the oxygen carrier in the air reactor was
also analysed. It was concluded that it is possible to oxidize in the air reactor with an
oxygen concentration of 10 vol% at the inlet (4 vol% at the outlet) to achieve high CO,
capture efficiencies.
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Abstract In this study, biodiesel production from castor oil has been
analysed. Response Surface Methodology (RSM) via Central Composite
Design (CCD) has been used to evaluate the main reaction variables
affecting biodiesel yield. The optimum conditions have been concluded
using numerical optimisation for maximum production of biodiesel at
minimum reaction conditions, reaching 97.82% biodiesel yield at methanol
to oil (M:0O) molar ratio of 5.4:1, KOH concentration of 0.73%, reaction
temperature of 640C, reaction time of 2.5h and mixing rate of 320 rpm.
Predicted optimum conditions have been validated with 0.59% relative
error from the experimental results. Moreover, a case study investigating
the performance and emissions of a direct injection (DI) diesel engine of
single cylinder and four strokes with biodiesel/petro-diesel blends (5, 10,
15 and 20% v:v) has been performed at a rated engine speed. Brake specific
fuel consumption (bsfc) and fuel conversion efficiency (nf) have been used
to analyse the engine performance. Emission analysis has been also
performed for different exhaust components including carbon monoxide
(CO), carbon dioxide (C0O2), hydrocarbons (HC), nitrogen oxides (NOXx),
Oxygen (02) and liquid particulates emissions.
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1 Introduction

The steady increase of the prices of petroleum-based fuels and the environmental
concerns regarding their pollutant effect are boosting the attention towards alternative
fuels as replacement for fossil fuels. In addition, the increase of the global energy demand
has recently widened the gap between the fuels availability and demand while stressing
on the fact about the shortly depletion of petroleum-based fuels. These factors have
directed the research toward searching for alternative sustainable, renewable and
environmentally benign sources of energy [1].

Biodiesel has been considered a promising diesel fuel substitute since it is a clean
renewable fuel which could be used for direct conventional diesel engines without any
modifications [2]. Biodiesel is a renewable, biodegradable, non-toxic, eco-friendly,
environmentally friendly and economically competitive fuel. Biodiesel is defined as a
mixture of alkyl esters of long chain fatty acid derived from vegetable oils or animal fats.
It is synthesised through transesterification and esterification of triglycerides and free
fatty acids (FFA). Biodiesel offers many benefits including reduction of the greenhouse
gases emissions, regional development and social structure for developing countries.
Moreover, biodiesel improves the lubrication of biodiesel-diesel blend reaching 66%
better than pure diesel fuel [3]. Biodiesel feedstocks have been categorised into two main
categories; first generation feedstock and second generation feedstock. First generation
feedstock including fresh edible oils and fats are the most commonly used for biodiesel
production. About 95% of the biodiesel productions process are based on edible vegetable
oils which presents an intense competition with the food industry resulting in global
imbalance between market demands and supply. Accordingly, second generation
feedstocks including non-edible oils and waste cooking oils have gained large interest
from the researches in the recent years [2].

Non-edible oils as a type of second generation feedstocks represent potential resource for
future energy supply. Non-edible oils are gaining global attention due to their availability
and their ability to grow in degraded lands which are not suitable for edible crops thus,
having benefits of lowering the feedstock price and redevelopment of unused lands [4].
Castor oil plant (Ricinus communis) is originally a shrubby or tree like plant depending
on the cultivated variety. In Egypt, it has been observed under different climatic and soil
conditions in the Nile Delta and desert regions [5]. Castor oil seed contains 40-55% which
is very high oil content compared with the most commonly used crops. In addition, the
plantation cost is estimated to be 50% and 25% lower than the cost of planting rapeseed
and jatropha plants, respectively [4].

Castor oil composition is mainly 80-90% ricinoliec acid (12-hydroxy-9-cis-octadecenoic
acid), which is a very unique composition. This composition leads the viscosity of castor
oil to be 7 times higher than other vegetable oils. Accordingly, produced biodiesel
viscosity will be higher than the usual biodiesel produced from other vegetable oils.
Blending biodiesel produced from castor oil with petro-diesel is one of the methods to
overcome the mentioned problem [4].
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The main objective of this research is to conclude the optimum conditions for biodiesel
production from castor oil; in addition, to analyse the effect of reaction variables, i.e.
M:O molar ratio, catalyst concentration, reaction temperature, reaction time and mixing
rate, on the biodiesel yield; finally, to examine the effect of different biodiesel/petro-
diesel blends on diesel engine performance and analyse the variation in the emissions.

2 Materials and Methods
2.1 Materials used

Castor oil has been purchased from Egyptian local market. Methanol (MeOH) 99% and
potassium hydroxide (KOH) were purchased from Morgan Chemical Ltd., Egypt.

2.2 Experimental setup

The batch reaction took place in a 500-mL 3-neck round glass reactor. KOH with a
specific weight has been mixed with methanol to produce potassium methoxide. Then,
oil and potassium methoxide have been mixed in the reactor and heated through
controlled hot plate to the desired temperature with continuous stirring by a magnetic
stirrer. The reaction time starts when the reactor reaches the required reaction
temperature. After reaching the prescribed reaction time, the mixture was transferred to
separating funnel where glycerol in the bottom layer was separated from biodiesel.
Unreacted methanol has been recovered using simple distillation. Biodiesel was then
washed with warm water to remove the dissolved KOH. Finally, biodiesel weight has
been measured for yield calculations using Equation (1) [6].

Yield (%) = (weight of biodiesel / weight of Oil) x100 (D)
2.3 Experimental design

RSM has been recognised to achieve the optimum conditions for biodiesel production.
CCD has been used to generate the uncertainty matrix for analysing the relationship
between the reaction variables and reaction response. Five independent variables have
been chosen for the analysis including M:O molar ratio, KOH concentration, temperature,
time and mixing rate, which were labelled as A, B, C, D and E, respectively. Three levels
for each variable have been coded as -1, 0, 1 as shown in Table 1. Biodiesel and glycerol
yields have been selected as reaction responses. Twenty-six experiments have been
performed in a randomised order where the responses have been calculated for each
experiment.
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Table 1. Experimental Design Variables

Factor Code |Levels

-1 0 1
M:O (molar ratio) A 3 6 9
KOH concentration | B 0.3 0.6 0.9
(Wt%)
Temperature (°C) C 50 60 70
Time (h) D 1 2 3
Mixing rate (rpm) E 200 300 400

2.4 Statistical analysis

The general quadratic equation has been used to define the model. Statistical significance
has been investigated using ANOVA by calculating the Fisher’s F-test at 95% confidence
level. Statistical significance of the results has been presented by p-value, where the result
is considered to be significant when p-value is less than 0.05.

Numerical optimisation of the reaction variables has been constructed based on certain
goals. The goals were identified by maximising the biodiesel yield and minimising the
glycerol yield at minimum M:O molar ratio, KOH concentration, temperature, time and
mixing rate of the reaction.

Design of experiments, regression analysis, graphical analysis and numerical
optimisation have been performed using Design Expert 10 software (Stat-Ease Inc.,
Minneapolis, MN, USA).

25 Analysis of physicochemical properties

The raw castor oil, final pure biodiesel at the concluded optimum conditions and the
blended biodiesel/petro-diesel samples have been analysed for investigating their
chemical and physical properties. Analysis results have been compared to the European
standard of biodiesel, EN14214. The analysed properties have been replicated twice and
the final results have been obtained as an average of the two results. Table 3. showed the
properties of the crude castor oil.

Kinematic viscosity, standard density, Total acid number (TAN), Calorific value of the
analysed samples have been calibrated according to ASTM D445, ASTM D4052, ASTM
D974 and ASTM D-5865, respectively.
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Table 2. Raw Castor Qil Properties

Test Unit Castor Qil
Standard kg/m3 963.4
Density
Kinematic cSt 248
viscosity
TAN mg KOH/ g oil 0.1

2.6 Diesel engine test

The performance and emissions of a direct injection (DI) diesel engine of single cylinder
and four strokes with biodiesel/petro-diesel blends have been studied. Different levels (5,
10, 15 and 20 vol%) of biodiesel at the rated engine speed of 1500 rpm, have been used
throughout the study. Brake specific fuel consumption (bsfc) and fuel conversion
efficiency (nf) have been used to analyse engine performance. Emission analysis has been
performed for different exhaust components including carbon monoxide (CO), carbon
dioxide (COy), hydrocarbons (HC), nitrogen oxides (NOx), Oxygen (O2) and liquid
particulates emissions.

3 Results and Discussion
3.1 Predicted model validation

Using the reduced CCD has concluded relatively few combination of variables while
covering wide range of their levels. The number of experiments have been reduced to 26
experiments instead higher number of experiments are required in case full factorial
design is used. However, CCD would possibly conclude higher relative error, where
adequacy checking of the predicted model would analyse it. For simplicity, this paper
represents only the analysis and results for biodiesel yield response. A polynomial
quadratic model as shown in Equation (2) has been concluded to fit the experimental
results where Y is the dependant variable (biodiesel yield); A, B, C, D and E are the
independent variables; M:O molar ratio, KOH concentration, temperature, time and
mixing rate, respectively.

Y=86.28 + 1452 A +8.79 B+ 10.71C + 1041 D + 6.10 E—-0.85 AB + 2.7TE-3 AC +
0.5AD + 1.27 AE + 3.07 BC + 0.87 BD - 1.07 BE + 4.42 CD + 2.48 CE + 0.28 DE —
8.06 A2-5.18 B2—5.97 C2? -5.8 D? -3.65 E? (2)

The proposed model has been examined for adequacy to identify any errors associated
with the normality assumptions. ANOVA has been applied to the model using F-test and
p-value tests, these values have been concluded as 36.33 and 0.0004, respectively which
prove that the developed quadratic model is statistically significant with 95% confidence
level. The determination coefficient values, R?and R%g;, which measure the reliability of
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the model fitting, have been calculated to be 0.9932 and 0.9658, respectively. These
values indicate the high significance of the model, where only 0.68% of the total variation
was not explained by the model. The “Adeq precision” measures the signal to noise ratio
where ratios greater than 4 are desirable. For the predicted polynomial model the ratio is
21.8 indicating a satisfactory signal. Figure 1 illustrates the relation between predicted
values generated by the model and actual experimental values.
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Figure 1. Predicted Data Verses Experimental Actual Data
3.2 Effect of process variables
Effect of M:O molar ratio

M:O molar ratio is an important variable for biodiesel production. From the stochiometric
balance of the transesterification reaction, three moles of methanol are required for every
mole of triglycerides. Accordingly, M:O molar ratio have been chosen within range of
3:1to0 9:1 as shown in Table 1. in order to investigate the effect of wide range of excess
methanol on the biodiesel yield. From the ANOVA results, it has been concluded that
M:O molar ratio has highly significant effect on biodiesel yield with p-value of 0.0001
and F-value of 116.32. M:O molar ratio has a directly proportional relationship with
biodiesel yield from range of 3:1 to 7:1. Then, the effect of increasing M:O molar ratio
has no valuable effect on biodiesel yield. Figure 2 illustrates the effect of M:O molar ratio



10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL | 51
PROTECTION (JUNE 27TH—30™, 2017, BLED, SLOVENIA), BIOENERGY AND BIOFUELS
O. Aboelazayem, N. Sh. EI-Gendy, F. H. Ashour & M. A. Sadek: Complete Analysis of
Castor Oil Methanolysis for Biodiesel Production

and KOH concentration on biodiesel yield where the other variables were constant at their
centre points.

Effect of KOH concentration

The low TAN of the crude castor oil (0.1 mg KOH per g oil) has boosted the use of
alkaline catalyst through the transesterification reaction. Catalyst concentration has been
measured as a weight percent from the weight of oil used. Analysing the effect of catalyst
concentration is important for optimisation step. Minimising catalyst concentration
would reduce the cost the process separations. ANOVA result showed that catalyst
concentration has significant effect on biodiesel yield where p-value was concluded to be
0.0013 and F-value was 42.56. It is clearly shown in Figure 2. that increasing KOH
concentration affects biodiesel yield positively from the range between 0.3-0.65%. While
at higher concentration, it has no substantial effect on biodiesel yield.
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Figure 2. 3-D Plot Showing The Effect Of M:O Molar Ratio and KOH Concentration
on Yield
Effect of reaction temperature

Ricinoleic acid, which is the main component of castor oil, includes hydroxyl group
which shows special physical and chemical properties. These properties include high
density, high viscosity, high hygroscopicity, low iodine value and high solubility in
alcohols [2]. Its high solubility in alcohols tolerates its ability to perform the
transesterification reaction at low temperatures. According to the ANOVA results,
reaction temperatures showed highly significant effect on biodiesel yield with p-value of
0.0005 and F-value of 63.22. As shown in Figure 3 increasing temperature has direct
increasingly effect on biodiesel yield from range of 50°C to 65°C. However, the effect is
not significant at temperature higher than 65 °C.
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Effect of reaction time

According to the ANOVA results, reaction time showed highly significant effect on
biodiesel yield with p-value of 0.0006. This significant effect is clearly shown in Figure
3 where increasing time has positive effect on biodiesel yield from time range between
1-2.5 h. Then, reaction time more than 2.5 hrs has no effect on biodiesel yield.
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Figure 3. 3-D Plot Showing the Effect of Temperature and Time on Yield

Effect of mixing rate

Mixing rate has significant effect on biodiesel yield. It has been concluded from the
ANOVA results that its p-value is 0.006 and F-value of 20.4. Figure 4 illustrates the effect
of mixing rate on biodiesel yield.
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Figure 4. 3-D plot showing the effect of KOH concentration and mixing rate on yield
3.3 Optimisation of reaction conditions

Optimisation of the transesterification reaction conditions has been carried out to
conclude the optimum reaction variables resulting in maximum biodiesel yield. The
optimum conditions have been concluded using numerical optimisation at M:O molar
ratio of 5.4:1, KOH concentration of 0.73%, reaction temperature of 64°C, reaction time
of 2.5h and mixing rate of 320 rpm resulting in 97.82% and 2.05% for biodiesel and
glycerol yields, respectively.

34 Predicted optimum conditions validation

In order to validate the proficiency of the predicted model and its predicted optimum
conditions, experiments have been performed at the concluded optimum conditions.
Predicted optimum conditions have been validated with 0.59% relative error from the
experimental results. The similarity between the experimental response results and the
predicted optimal response confirms and verifies the accuracy and adequacy of the
predicted quadratic model.

35 Physicochemical properties

The physicochemical properties of the final biodiesel product have been analysed and
compared to the European Biodiesel Standard, EN14214. Table 3. shows the concluded
properties in comparison with the standard limits of EN14214. Density and viscosity of
the produced biodiesel exceeds the limits of biodiesel standard due to the existence of the
hydroxyl group in ricinoleic acid as previously mentioned. Accordingly, blends between
biodiesel and petro-diesel have been analysed.
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Table 3. Produced Biodiesel Properties

Test Unit Produced Biodiesel
biodiesel (EN14214)
Density kg/m3 935 860 - 900
Kinematic cSt 18.6 35-5
viscosity
TAN mg 0.15 <05
KOH/ ¢
oil
Calorific MJ/kg 35.2 >32.9
value
3.6 Diesel engine test

As a confirmation step of the physical properties of the blended biodiesel/petro-diesel
fuel, diesel engine performance and emissions test has been performed. Four different
blends have been prepared by adding 5, 10, 15 and 20 volume% of biodiesel to petro-
diesel. Table 4. Illustrates the gas emission analysis for each blended sample.
Concentration of CO,, CO and O gases has been represented by %volume while for
hydrocarbons (HC) and NOX, it has been represented by part per million (ppm). Table. 5
shows the performance analysis of the blended sample where it is clearly shown that the
fuel conversion efficiency decreases and fuel consumption increases with the increase of
biodiesel percent in the blended samples. These results are in agreement with other
research that analyse the performance with canola oil based biodiesel [7].

Table 4. Diesel Engine Emissions Analysis
Blend | CO CO, | HC | O, L NOXx
BO 0.048 | 361 |36 | 16.09 |6.17 229
B5 0.043 | 323 |32 |16.4 5.32 250
B10 0.036 | 286 |29 | 16.82 |5.035 | 265
B15 0.033 | 262 |24 |16.9 4.43 303
B20 0.032 | 231 |21 | 1749 | 4.056 | 344
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Table 5. Diesel Engine Performance Analysis

Blend bsfc Fuel Efficiency
BO 858.71 9.4892
B5 968.71 8.6065
B10 1030 8.1435
B15 1051.4 8.064
B20 11184 7.6626
4 Conclusions

Castor oil is a competitive second generation feedstock for biodiesel production. It has
been concluded that the optimum reaction conditions are at M:O molar ratio of 5.4:1,
KOH concentration of 0.73%, reaction temperature of 64°C, reaction time of 2.5h and
mixing rate of 320 rpm resulting in 97.82% biodiesel yield. Predicted optimum conditions
have been validated with 0.59% relative error from the experimental results. Diesel
Engine test for biodiesel/petro-diesel blends shows effective reduction in greenhouse
gases and confirms the reliability of biodiesel derived from castor oil.
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Abstract In this study, biodiesel production from a typical Egyptian waste
cooking oil (WCO) with high acid value content (18 mg KOH/g oil) has
been analysed by studying the main factors affecting biodiesel and glycerol
yields. Response Surface Methodology (RSM) via Central Composite
Design (CCD) has been used to analyse the effect of four independent
variables, i.e. methanol to oil (M:0) molar ratio, temperature, pressure and
time on the reaction responses. A quadratic model for each response has
been concluded representing the interrelationships between reaction
variables and reaction responses. In addition, the predicted models’
adequacy has been evaluated through Analysis of Variance (ANOVA)
method. Numerical optimisation technique has been applied to conclude
the optimum reaction conditions for maximum production of biodiesel
resulting in 98% and 2.05% for biodiesel and glycerol yields at M:O molar
ratio, temperature, pressure and time of 25:1, 2650C, 110 bar and 20
minutes, respectively. Experimental validation has been analysed for the
predicted optimum conditions resulting in 98.82% biodiesel yield with
0.83% relative error.
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1 Introduction

The unstable price and depletion of world’s crude oil reserves are the main reasons for
searching for alternative fuels, specifically for the transportation sector. Biofuels have
been considered as effective replacement for fossil fuels including biodiesel, bioethanol,
biohydrogen and biogas. Biodiesel has been observed as an efficient replacement for
petroleum based diesel fuel (petro-diesel). It is biodegradable, nontoxic, provide better
engine lubricity and produced cleaner combustion compared to petro-diesel with
significant reduction in carbon monoxide, unburned hydrocarbons and particulates.
Biodiesel could also be blended with petro-diesel in various proportions for cleaner
exhaust and to avoid engine modification requirements [1].

Biodiesel is defined as a mono alkyl ester of long chain fatty acid derived from vegetable
oil or animal fats. It is mostly produced by esterification and/or transesterification of
various feedstock with methanol or ethanol [2]. Biodiesel production form first-
generation feedstock including fresh edible oils (palm oil, sunflower oil, corn oil and
soybean oil) and animal fats (beef tallow, lamb and chicken fats) has been considered as
an intense competition with food industry resulting in the increase of prices for these
edible oils and fats due to the high demand from both food and biodiesel industries.
Accordingly, researches have been directed towards utilisation of second-generation
feedstocks including nonedible oils and waste cooking oils (WCO). Their advantages
over the first-generation feedstocks that they are lower in cost and most importantly they
do not affect food security [3]. WCO has been considered as an ideal feedstock for
biodiesel production since it adds to the benefits of second-generation feedstocks
advantages that it contributes in waste reduction and utilisation. Moreover, it reduces the
cost of waste water treatment plants since most of the residences get rid of their waste
oils through the sewage causing severe problems for the treatment plants [4].

However, WCO has some disadvantages as a feedstock including the high free fatty acids
(FFA) and water content results from the cooking process. Accordingly, pre-treatment
for the WCO feedstock is essential for alkaline homogenous catalyst processes to avoid
saponification reaction by two steps production including esterification of FFA then
transesterification of triglycerides [4]. Currently most of the biodiesel production
processes use homogenous acidic and/or alkaline catalysts for biodiesel production from
WCO. These homogenous catalysts have number of drawbacks including equipment
corrosion, generation of significant amount of wastewater, existence of side reactions and
the high production cost due to difficulties of catalyst separation and recovery [1].

The use of heterogenous catalyst has proven simpler production and separation processes
for biodiesel production compared to homogenous catalysts since they can be easily
separated by settling. However, heterogenous catalysts are very sensitive for waste
content which then requires effective water removal pre-treatment for the feedstock [5].

Non-catalytic supercritical methanol production technique is a special method for
biodiesel production without considering any of the previously mentioned restrictions.
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This technique has proven efficient production of biodiesel from low quality feedstock
with high FFA and water contents. It tolerates esterification and transesterification
reactions at the same time resulting in one step production of biodiesel [6].

The main goal of this research is to investigate the applicability of supercritical methanol
technique for biodiesel production from a typical Egyptian WCO with high total acid
value (18 mg KOH/g oil). In addition, to optimise the reaction conditions including M:O
molar ratio, temperature, pressure and time to maximise biodiesel yield.

2 Materials and Methods
2.1 Materials used

WCO collected from Egyptian random local restaurants and industries were exported to
the UK. Methanol 99% (MeOH) was purchased from Fisher Scientific, UK. The standard
methyl esters used for preparing calibration curves and the heptadecanoic acid methyl
ester used as an internal standard were purchased from Sigma-Aldrich, UK. The liquid
CO; cylinder (99.9%) equipped with a dip tube was purchased from BOC Ltd., UK.

2.2 Experimental setup

WCO have been filtered in order to remove the cooking process residuals. The reaction
took place in a 100-mL high pressure reactor made of stainless steel (model 49590, Parr
Instrument Company, USA) which washas been fitted with a thermocouple (type J),
heating mantle, controller (model 4848) and a mechanical stirrer. Oil was heated to 30°C
to convert it to the liquid state. Then, it was weighted and mixed with methanol (based
on specific ratio) to the reactor and heated with continuously stirring at constant rate of
300 rpm to the target temperature. Then, supercritical fluid pump (model SFT-10,
Analytix Ltd., U.K) was used to compress CO, to the targeted pressure from the cylinder
to the reactor. The reaction time starts when the reactor reaches the required reaction
temperature and pressure. After the reaction time, the reactor was quenched using an ice
bath to stop the reaction and then the reactor was then depressurised. Unreacted methanol
has been recovered using simple distillation. The reaction products were separated using
a centrifuge (1500 rpm, 3 min per cycle) to biodiesel and glycerol. Finally, biodiesel and
glycerol weights were measured for yields calculations. Yields have been calculated by
Equation (1) [6].

Yield (%) = mass of Product / mass of Qil 1)

2.3 Experimental design

RSM has been established to conclude the optimum conditions for biodiesel production
by analysing the relationship of reaction parameters with reaction responses. Four

independent variables have been chosen for the analysis including M:O molar ratio,
temperature, pressure and time, which were labelled as A, B, C, D respectively. Three
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levels for each variable have been coded as -1, 0, 1 as shown in Table 1. Biodiesel and
glycerol yields have been selected as reaction responses. Thirty experiments have been
performed in a randomised order where the responses have been calculated for each
experiment.

Table 1. Experimental Design Variables

Factor Code Levels
-1 0 1
M:O (molar ratio) A 20 30 40
Temperature (°C) B 240 260 280
Pressure (bar) C 85 135 185
Time (min) D 7 22 27
2.4 Statistical analysis

The general quadratic equation has been used to define the model. Statistical significance
has been investigated using ANOVA by calculating the Fisher’s F-test at 95% confidence
level. Statistical significance of the results has been presented by p-value, where the result
is considered to be significant when p-value is less than 0.05.

Numerical optimisation of the reaction variables has been constructed based on certain
goals. The goals were identified by maximising biodiesel yield and minimising glycerol
yield at minimum temperature, pressure and time of the reaction.

Design of experiments, regression analysis, graphical analysis and numerical
optimisation have been performed using Design Expert 10 software (Stat-Ease Inc.,
Minneapolis, MN, USA).

2.5 Physicochemical properties analysis

The final pure biodiesel at the concluded optimum conditions has been analysed for
investigating its chemical and physical properties. Analysis results have been compared
to the European standard of biodiesel, EN14214. The analysed properties have been
replicated twice and the final results have been obtained as an average of the two results.
Total acid number (TAN), standard density and kinematic viscosity of the produced
biodiesel have been calibrated according to ASTM D974, ASTM D4052 and ASTM
D445, respectively.

2.6 Gas chromatography analysis

Fatty acids composition of the WCO was analysed according to BS EN ISO 12966-
2:2011 by converting them to methyl esters as shown in Table 2. WCO and biodiesel
samples were analysed using gas chromatograph (GC) (Thermo- Scientific, Trace 1310)
equipped with a capillary column (TR-BD 30 m x 0.25 mm X 0.25 um) and flame
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ionisation detector (FID). Both injector and detector temperatures have been adjusted at
250°C. Helium was used as the carrier gas. The temperature programme started from
60°C and held for 2 min. Then it ramped with 10°C/min to 200°C and directly ramped
with 1°C/min to 210°C. Finally, the temperature was increased to 240°C with a ramp rate
of 20°C/min and remained for 7 minutes.

Table 2. Fatty Acids Compositions in WCO

Fatty Acid Weight (%)
Methyl Oleate 48.2
Methyl Palmitate 41.6
Methyl Linoleate 9.3
Methyl Myristate 0.8

3 Results and Discussion

3.1 Model adequacy checking

After performing the 30 experiments generated using CCD and calculating the responses
for each run, two regression equations representing an empirical relationship between
reaction variables and each response have been concluded. For simplicity, this paper will
represent only the analysis and results for biodiesel yield response. The polynomial model
as shown in Equation (2) has been used to fit the experimental results where Y is the
dependant variable (biodiesel yield); A, B, C and D are the independent variables (M:O
molar ratio, temperature, pressure and time respectively).

Y=88.64-131A—B—065C+0.32D—234AB—0.17 AC — 1.54 AD — 1.04 BC —
0.17BD - 0.86 CD — 0.18 A2 + 0.32 B2 + 2.23 C2 + 1.28 D2 )

The proposed model has been examined for adequacy to identify any errors associated
with the normality assumptions. ANOVA has been used to model using F-test and p-
value tests, these values have been concluded as 121.52 and <0.0001, respectively which
prove that the developed quadratic model is statistically significant with 95% confidence
level. Lack-of-fit test has been applied for the model concluding p-value of 0.088, which
has successfully represented most of the experimental data. The determination coefficient
values, R? and RZ%g;, which measure the reliability of the model fitting, have been
calculated to be 0.9913 and 0.9831, respectively. These values indicate that only 0.087
of the total variation is not well clarified by the developed model, which ensure the model
fitting to the experimental data. Figure 1 illustrates the relation between predicted values
generated by the model and actual experimental values.
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Figure 1. Predicted Data Verses Experimental Actual Data

3.2 Effect of process variables
Effect of M:O molar ratio

One of the drawbacks of using supercritical methanol technique for biodiesel production
is the usage of large excess of methanol where, it is very important to investigate it’s
effect of the biodiesel yield for optimisation considerations. Experimental runs have been
carried out at M:O molar ratio between 20:1 and 40:1. The ANOVA results for M:O
molar ratio with p-value less than 0.0001 indicates that it has highly significant effect on
biodiesel yield. Figure 2 illustrates a 3-D plot for M:O molar ratio and temperature verses
biodiesel yield where the other two variables, i.e. pressure and time, are kept constant at
their centre points. At constant temperature of 250°C, it is clearly shown that there is a
direct proportional relationship between M:O molar ratio and biodiesel yield. However,
at higher temperatures its effect decreases to constant at 260°C reaching negative effect
at higher temperatures.

Effect of reaction temperature

Reaction temperature is an important parameter for supercritical production of biodiesel.
Since the critical temperature of methanol is 240°C, the studied temperatures ranges have
been chosen between 250°C and 270°C. It has been concluded from the ANOVA results
that reaction temperature has significant effect on biodiesel yield with p-value less than
0.0001. Figure 2 demonstrates the effect of temperature on biodiesel yield where the



10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL | 63
PROTECTION (JUNE 27TH—30™, 2017, BLED, SLOVENIA), BIOENERGY AND BIOFUELS
O. Aboelazayem, M. Gadalla & B. Saha: Optimising Bidiesel Production from High
Acid Value Waste Cooking Oil Using Supercritical Methanol

relation showed increase of biodiesel yield while increasing temperature at low M:O
molar ratio range. The temperature has negative effect with an increase M:O molar ratio.
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Figure 2. 3-D Plot Showing the Effect of M:O Molar Ratio and Temperature on Yield
Effect of reaction pressure

Carbon dioxide gas has been used to pressurise the reaction to the targeted pressure using
a high-pressure pump. In addition, carbon dioxide acts as a co-solvent where it enhances
the solubility of methanol in oil [7]. According to the ANOVA results, reaction pressure
showed highly significant effect on biodiesel yield. As shown in Figure 3 the pressure
has inversely proportional relationship with the yield from pressure range of 110 bar to
130 bar then, the yield increases slightly by increasing the pressure more than 130 bar.

Effect of reaction time

According to the ANOVA results, reaction time showed significant effect on biodiesel
yield with p-value of 0.005. This significance effect is clearly shown in Figure 3, where
increasing time has negative effect on biodiesel yield from time range between 12 min to
16 min. Reaction time more than 16 min has no effect on biodiesel yield.
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Figure 3. 3-D Plot Showing the Effect of Pressure and Time on Yield
3.3 Optimisation of reaction conditions

Optimisation of supercritical methanol production of biodiesel has been studied to
conclude the optimum values of the independent variables (M:O molar ratio, temperature,
pressure and time) affecting the dependant response variables (biodiesel and glycerol
yields). Numerical optimisation technique has been carried out using Design Expert
software. In order to conclude the optimum conditions, a set of targets must be defined
on the software to guide the optimisation process. Targets of the independent variables
have been set based on environmental and economic considerations. Reaction
temperature, pressure and time have been set to be minimised in order to optimise energy
consumption. Responses targets have been set to maximise the biodiesel yield while
minimising glycerol yield.

The numerical optimisation technique has concluded that according to the set goals the
optimum conditions for production of biodiesel is at 25:1, 265°C, 110 and 20 minutes for
M:O molar ratio, temperature, pressure and time, respectively. These optimum conditions
has concluded biodiesel yield of 98% and glycerol yield of 2.1%.

34 Optimum conditions validation

In order to validate the efficiency of the predicted model and it’s predicted optimum
conditions, experiments have been performed at the concluded optimum conditions. The
experimental results showed similar response value to the predicted optimal response of
98.82% with relative error of 0.83%. The similarity between the experimental response
results and the predicted optimal response confirms and verifies the accuracy and
adequacy of the predicted quadratic model.
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35 Physicochemical properties

The physicochemical properties of the final biodiesel product have been analysed and
compared to the European Biodiesel Standard, EN14214. Table 3. shows the concluded
properties in comparison with the standard limits of EN14214. The agreement of the
biodiesel’s properties with the biodiesel standard properties insures the quality of the
produced biodiesel.

Table 3. Produced Biodiesel Properties

Test Unit Produced Biodiesel
biodiesel (EN14214)
Standard
Density at | kg/m® | 884 860 - 900
15°C
Kinematic cSt 4.62 35-5
viscosity  at
40°C
TAN mg 0.3 <05
KOH/
g oil
4 Conclusions

Using supercritical methanol technique has been proved to be an efficient technique for
biodiesel production from high acidity feedstock in single step reaction. Both
esterification and transesterifications reactions have been achieved in parallel through the
reaction time. The optimum biodiesel yield has been found to be 98% at M:O molar ratio
of 25:1, reaction temperature of 265°C and reaction pressure of 110 bar in 20 minutes.
The optimisation results have been validated experimentally resulting in biodiesel yield
of 98.82%, which shows the adequacy of the predicted optimum conditions with 0.83%
relative error from the experimental results. The main properties of the produced
biodiesel have been analysed and compared to the European Biodiesel Standard
(EN14214) showing excellent agreement with the standards specified range, which insure
the quality of the produced biodiesel.

Acknowledgements

The authors acknowledge The British University in Egypt (BUE) and London South Bank
University (LSBU) for funding this research.

References

[1] S. Z. Abidin, K. F. Haigh, and B. Saha, “Esterification of free fatty acids in used cooking
oil using ion-exchange resins as catalysts: An efficient pretreatment method for biodiesel



(2]
(3]

(4]

(5]

(6]

[7]

66

10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL
PROTECTION (JUNE 27TH—30™, 2017, BLED, SLOVENIA), BIOENERGY AND BIOFUELS

O. Aboelazayem, M. Gadalla & B. Saha: Optimising Bidiesel Production from High
Acid Value Waste Cooking Oil Using Supercritical Methanol

feedstock,” Ind. Eng. Chem. Res., vol. 51, no. 45, pp. 14653-14664, 2012.

J. Van Gerpen, “Biodiesel processing and production,” Fuel Process. Technol., vol. 86, no.
10, pp. 1097-1107, 2005.

L. K. Ong, A. Kurniawan, A. C. Suwandi, C. X. Lin, X. S. Zhao, and S. Ismadji,
“Transesterification of leather tanning waste to biodiesel at supercritical condition: Kinetics
and thermodynamics studies,” J. Supercrit. Fluids, vol. 75, pp. 11-20, 2013.

M. Hajjari, M. Tabatabaei, M. Aghbashlo, and H. Ghanavati, “A review on the prospects
of sustainable biodiesel production: A global scenario with an emphasis on waste-oil
biodiesel utilization,” Renew. Sustain. Energy Rev., vol. 72, no. November 2016, pp. 445—
464, 2017.

S. Semwal, A. K. Arora, R. P. Badoni, and D. K. Tuli, “Biodiesel production using
heterogeneous catalysts,” Bioresour. Technol., vol. 102, no. 3, pp. 2151-2161, 2011.

S. M. Ghoreishi and P. Moein, “Biodiesel synthesis from waste vegetable oil via
transesterification reaction in supercritical methanol,” J. Supercrit. Fluids, vol. 76, pp. 24—
31, 2013.

H. Han, W. Cao, and J. Zhang, “Preparation of biodiesel from soybean oil using
supercritical methanol and CO2 as co-solvent,” Process Biochem., vol. 40, no. 9, pp. 3148—
3151, 2005.



10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND

)
ENVIRONMENTAL PROTECTION (JUNE 27T — 30™, 2017, BLED, -ﬁ-

SLOVENIA), BIOENERGY AND BIOFUELS i
. . ™ eu - niversity of Maribor Press
J. Krope, A.Ghani Olabi, D. Gori¢anec & S. Bozi¢nik

Ampelodesmos Mauritanicus Pyrolysis Biochar in
Anaerobic Digestion Process: Evaluation of the Biogas
Yield

FABIO CODIGNOLE Luz, STEFANO CORDINER, ALESSANDRO MANNI, VINCENZO
MULONE, VITTORIO Rocco, ROBERTO BRAGLIA & ANTONELLA CANINI

Abstract Biogas production through the use pyrolysis biochar as direct
substrate for anaerobic digestion at laboratory scale has been analyzed.
Biochar obtained from the Ampelodesmos Mauritanicus pyrolysis at 450
°C, 500 °C and 550 °C in an experimental reactor has been used for this
purpose. The intermediate pyrolysis process can allow a better substrate
bioavailability, reducing the process initial lag phase while maintaining the
biochar positive effects on the anaerobic digestion. Three reactors have
been setup with 5 g of biochar and continuously monitored for 15 days at
37 °C. Both the cumulated and gVS specific methane productivity have
been evaluated: a higher conversion efficiency for biochars produced at
lower temperature has been observed per mass of substrate. Conversely, a
greater conversion efficiency in terms of gVS has been measured for higher
temperature biochars. A modified Gompertz equation has been used to
describe the experimental campaign: the higher the biochar production
temperature, the shorter the lag phase.
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1 Introduction

The sustainability of current energy scenario is critical, and thus energy-economic
environmental models have been applied to support states policies in order to plan carbon
mitigation strategies towards alternative energy solution [1] such as bioenergy from
thermochemical [2] or biochemical processes. As a result, intense research activities have
been done worldwide to support the utilization of renewable sources and generate electric
[3] and thermal [4] power to cope up with the continuously increasing demand for energy
with limited emissions. In this context, biomass conversion into gaseous products such
as biogas from anaerobic digestion processes is one of the most assessed conversion
options. Biogas is most commonly produced by using animal manure, although the
interest in wastes to biogas conversion has been growing leading toward the design of
highly integrated system concepts. The integration among processes, as for example
pyrolysis by-products [5], is an effective way toward the improvement of sustainability.
From this perspective, biochar, a solid by-product of the pyrolysis process, can promote
the production of biomethane by means of different mechanisms [6]. Thus, system
integration of biogas and biochar is able to give profitable synergies. At the same time,
water soluble species obtained from thermochemical processes, and mostly cellulose
derivates, may be proper substrates for the biomethanation process. In the given scenario,
the usage of biochar in the anaerobic digestion process may be of utmost importance; this
paper aims at studying the biogas yield potential given by intermediate pyrolysis biochar
obtained from Ampelodesmos Mauritanicus in an experimental facility [7, 8] by means
of a fifteen days digestion in batch reactors.

2 Experimental Setup and Method

The reactors, described in [9] (figure 1),have been fed with Ampelodesmos Mauritanicus
intermediate pyrolysis biochar produced at three different temperatures, 450, 500 e 550
°C. Another reactor has been charged with inoculum only to evaluate the reference gas
production characteristics. The reference has been removed to take into account the effect
of biochar only to the production of biogas. The reactors have then been divided into
three groups: RB1450, RB,500 and RB3550.

01 Data Acquisition
02 Reactor

03 Thermocouple
04 PH Meter

05 Gas Exit

Figure 1 - Integrated analysis system
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An amount of 5 g for each biochar has been used as substrate mixed with 1.5 | water. An
average inoculum ratio of 0.9, in terms of g volatile solids (VS) substrate per gVS of
inoculum has been added according with the optimal values reported in [10]. All the
reactors have been inoculated with digested food waste 4% VS. The reactors have been
maintained at a constant temperature of 37° C for fifteen days. The amount and
composition of biogas produced has been measured daily. As reported in table 1, the pH
has been measured at the beginning of the experiments shoving a value of 7 and then has
been continuously monitored during operation with a final value of 7.5 with no major
oscillations.

Table 1. Simulation parameters

Component Biochar | Biochar | Biochar Inoculum
450°C | 500°C | 550°C

C (%) 64.56 66.9 70.75 41.65

H (%) 3.35 291 2.52 5.81

N (%) negligible 1.91

S (%) 0.047 0.05 0.005 0.27

O (%) 32.04 30.13 26.68 49.46
C/IN - 21.8
TS (9) 5 5 5 14
VS (%) 68 62 56 30
Moisture (%) 2 86

LHV (kJ/g) 21.86 2241 23.69 14.75

Initial-Final pH 7-7.5

The experiment has been repeated at same operating conditions and biomass
characteristics for assessment. Substrates and Inoculum have been analyzed by means of
ultimate and proximate measurements respectively with an Elementar vario MACRO
cube and a Leco TGA 701 . The values shown in the table are averages of several analyses
performed according to the international standards. All the parameters have been then
evaluated on a dry basis.

3 Biomethane Theoretical Potential Evaluation

The biomethane theoretical evaluation is a method used to predict the potential
biomethane production BMP (Bo) of a specific organic substrate. It can be calculated by
the amount of organic material removed or by the chemical oxygen demand COD
[11].That calculation, expressed in mICH. , can be performed using an empirical formula
based on the elemental analysis (C-a, H-b, O-c, N-d); assuming the complete conversion
of organic matter to methane and carbon dioxide, the Boyle-Buswell equation [11] has
been widely used to calculate the ideal methane production. In general, this theoretical
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calculation takes into account the whole organic matter. According to [12], the biomass
Volatile fraction, if known, can be otherwise considered to have a more reliable
evaluation. Then the CH,4 theoretical limit for gVS can be evaluated as:

(g+§—§)x22.400

L
By = VSy, R €

12a+b+16c
Values of CHj, yield, range from 40 to 880 ml CH4/ gVS added.
4 Batch Digestion Analysis by Modified Gompertz Equation

In this paper, the cumulative methane yield for all the three cases has been checked for
the alignment to the modified Gompertz equation [13, 14]. That equation assumes that
the rate of gas production is proportional to the bacterial growth and metabolic activity.
The Gompertz correlation [15],has been firstly chosen in order to determine the lag phase
A and the methane production rate «:

B(t) = B,exp {—exp [(BLO) A—1t)-et+ 1]} )

Where B(t) is the cumulative methane production expressed in mICH4/gVS, B, the
ultimate methane yield , k the methane production rate, A the lag phase expressed in days
and e the Euler’s or Napier’s constant. Since the main objective and results corresponds
from the first 15 days, the evaluation has been done over a reduced time and consequently
the constant B, has been assumed coherently with the theoretical one evaluated with the
VS fraction. The constants k and A have then been evaluated by means of a nonlinear
regression by the MATLAB fit toolbox.

5 Energy balance

The global energy balance considers the whole all initial substrates and final products by
means of their energy content as also sketched in the graphical abstract. The input energy
%;n then takes into account both the initial total biochar mass ggc and the inoculum M;
masses with their lower heating values and the thermal energy E;, required to maintain
the system at 37°C. The last value has been evaluated as an average value from
literature[16]. Thus, the total input energy per gram of biochar added can be evaluated
as:

Ei, = (LHVBc*gpc)+(LHV;*My) +E¢p [g] 3)

8BC

Where LHVp and LHV; are respectively the biochar and inoculum lower heating values
evaluated by their elemental analyses reported in table 1. Then, the specific total energy
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recovered by the process Egjogas Can be evaluated multiplying the volume of biogas
produced Vy;gas With the respective LHV,, averaged over i-volume, as:

_ Vbiogas XLHVg [kl] @)

Eg; =
logas 8BioChar

The apparent energy conversion efficiency can be finally evaluated as:

EBiogas
— _Biogas 5
B (®)

6 Analysis of Results

In Figures 3-5 gas production profiles of the three reactors RB1450, RB2500 and RB3550
are reported. These trends, which on average (Figure 6) present methane fractions
between 50 and 60% and CO2 between 30 and 40%, show comparable gas heating values
between 25.8 and 28.6 kJ / g. It's evident that, between 450°C to 550°C, the first peak
of methane production increases with the biochar temperature production.

BIOCHAR 450
70,00

60,00

50,00

—~-CH4 -»-C02 —+H2

40,00 N2 -—-CO -02

S
30,00 W

20,00

10,00

| . > —
000 | ae——r e
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Day

Figure 3 Biogas composition biochar 450°C
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Figure 6 Biogas average composition and LHV

Such methane production peak, occurring for all the cases approximately at the seventh
day, presents a quantitative peak for the biochar B450 of about 62%, 67% for B500, and
70%. for the B550. The biochar produced at 450 ° C shows a second peak at nearly 69%,
that is a very interesting result. This peak can be justified assuming the occurrence of a
slower hydrolysis of some components not available in the early stages of the digestion
process. This can then be considered as a sign of dependence between the availability of
the biochar organic content and its production temperature. In figures 7-9 are then shown
the single methane production profiles expressed in mL / gVS. The experimental data
were interpolated through a Gompertz curve where the upper limit value has been fixed
in according to the previous comments.
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Figure 11 Energy balance

The theoretical production of methane is reported in table 3 with the cumulated
experimental value and the total energy input. Once this value has been assumed, the
parameters of specific productivity rate k and the lag time A have been set.

Table 3 Energy input, B and experimental methane yield
Biochar Biochar Biochar

Component 450 °C 500 °C 550 °C Inoculum
Energy Input (kJ) 168 171 177 59
CHaTh Sg')—CH“’g' 58451  600.82  637.83 158.65
CH4EXp\Sg”)'—CH4’ 9 4065 540.4 547.6 147

n 61% 45% 34% -
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As shown in the figures, all the interpolating curves showed a R? greater than 0.99 which
implies reliable data regression reliable. It’s evident that increasing the biochar
production temperature a corresponding reduction of the lag time can be observed. This
fact, as already highlighted, describes a faster digestion first phase, for the biochar reacted
at a higher temperature. Comparing B450 and B550 A in fact, this value is more than
halved. According to this conclusion, the value of k production rate increases with the
production temperature as well, indicating a more rapid growth of the bacterial population
thanks to a greater availability of nutrients. The values of the two constants were then
reported along with BO in Figure 10 where, by means of a linear interpolation, the close
correlation between k A and temperature supported by R2 values higher than 90% is
highlighted. These considerations do not necessarily mean that the biochar produced at a
higher temperature is necessarily better for anaerobic digestion purposes than others. In
fact, the TGA analysis shows an edible fraction in B450 of Volatile Solids greater than
the other two cases. This implies a virtually greater available energy content of that
biochar if compared to the other produced at higher temperature. This energy, on the other
hand, is limited in the low residence time apparatus by the speed of the whole digestion
process. In Figure 11 the energy balances for the three cases at the end of 15 days are
then shown, evaluated per gram of biochar added. The total energy content of each
column is clearly represented by the sum of energy inputs. It’s evident that the fraction
of energy recovered from the B450 is greater, although the specific production per gvVS
is lesser. The residual sludge energy content has been evaluated through the energy
balance.

7 Conclusions

The production of biogas from mixing of intermediate pyrolysis biochar with activated
food waste as inoculum has been studied in this paper. Three reactors, and namely
RB1450, RB2500 and RB3550 depending on the biochar production temperature, have
been charged with 5g of Ampelodesmos Mauritanicus biochar and maintained at a
constant temperature of 37°C for fifteen days. The experiments have been repeated
keeping same operating conditions and biomass characteristics. The following synthetic
conclusions may be stated:

e The lower the biochar temperature production is, the higher the biogas
production results according to the amount of gVS available: RB1450 showed
a 25% higher yield than RB,500 and 19% higher than RB3550.

e The RB1450 showed an efficiency 26% greater than RB2500 and 45% greater
than RB3550 for gTS added.

e The higher the biochar production temperature is, the higher the gVS specific
methane production results. RB3550 showed 547mL/gV'S vs 496 mL/gVS of
RB1450.

e On the given data, a regression analysis following the modified Gompertz
equation has been done to highlight the parameters controlling the process.
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e The analysis showed an estimated lag phase of 1.8 days for RB1450, 2.2 days

for RB2500 and 3.8 days for RB3550, that is inversely proportional to the
biochar production temperature.

Graphical abstract
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BIOCHAR
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1 Introduction

In recent decades the problem of biomass processing has been of great interest [1]. The
complexity and variability of biomass composition do not allow solving the problems of
effective complex processing of biomass for energy production [2]. The difficulties of
biomass processing are also determined by the differences in physical chemical
characteristics, biomass origin, storage conditions and biomass harvesting methods.
These factors strongly affect the initial humidity, ash content and as the result heat-
generation.

The thermal treatment conducted in inert medium is the most promissing method of
biomass utilization to produce heat, electricity, liquid fuels and sorbents. Fast pyrolysis
is the most effective and ecologically justified method leading to the maximum yield of
valuable products [3-5]. Among the advantages of the fast pyrolysis, continuous process
cycle, high yields of gaseous and liquid products, low probability of secondary processes
decreasing the quality of the obtained fuels can be highlighted. The use of catalysts during
fast pyrolysis increases gaseous and liquid products yield, the amount of branched
hydrocarbons in a liquid fraction and aromatic compounds concentration. Thus the
development of novel catalysts for biomass fast pyrolysis is the centre of attention [2, 6].

Fast pyrolysis is widely used for electricity generation from plant-based biomass waste.
Such technologies are focused on the increase in the conversion of the initial raw material
to the combustible gases with high heat value and low resin content [7, 8].

Thermocatalytic refining of gaseous products of fast pyrolysis is a technological method
directed at the reducing of high-boiling fractions content and resins. According to the
technology, the pyrolysis gas flows through the catalyst layer which provides thermal
destruction of high-molecular components. The significant amount of gaseous
hydrocarbons is forming during the thermocatalytic destruction of gaseous products. The
addition of the refining stage also increases the heat value of the gaseous products.

However the main problem of the catalysts of the thermal refining of gaseous products is
the high cost and fast activity loss due to the carbonization of catalyst surface [9]. Thus
the development of the cheap and effective catalysts of the thermal refining of pyrolysis
gaseous products is one of the main challenges for the researchers. Therefore the study
of fast pyrolysis process involving the stage of gas refining is one of the ways of
renewable feedstock processing for energy generation.

2 Experimental

In this work we studied low-temperature fast pyrolysis of flax shive. The samples of flax
shive with 30% decomposition degree and 5% ash content were used as the feedstock.
Both natural aluminosilicate (bentonite clay, kaolin clay, clay mergel, cambrian clay) and
synthetic zeolites (H-Mord-20, H-Beta-25, HY, H-ZSM-5 and H-Beta-150 purchased
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from "Zeolyst International” (USA)) were used as the catalysts. H-ZSM-5 was modified
with different metals (Fe, Ni, Co) and was also used as a catalyst for the refining process.

The investigation of the thermal stability of biomass samples was carried out by
thermogravimetric analysis method. Thermogravimetric analysis was performed on the
thermoanalyser NETZSCH 2000. The samples were heated at a constant rate (10 °C/min)
under nitrogen in the temperature range 50-600 °C.

The fast pyrolysis of flax shive was performed under inert atmosphere (nitrogen) in the
laboratory reactor equipped with gaseous product catalytic refining system. The
feedstock mass loaded into the reactor was 500 g. The residence time of the feed in the
reaction zone of fast pyrolysis reactor was less than 5 seconds. The temperature was
varied in the range 450-650 °C. Gaseous pyrolysis products were passed through the
discharge hopper to remove solid products and were transferred to catalytic column. The
gaseous samples were taken before and after the catalytic column to estimate the catalytic

activity.

The gaseous products analysis was performed by the gas chromatography method. The
analysis of the fast pyrolysis gaseous products which consisted of Ci-C4 hydrocarbon,
carbon oxides and hydrogen content definition, as well as the express analysis of the
lower specific heat value. The chromatographic analysis of the gaseous products was
performed on the base of chromatograph “Kristallux” 4000M and modified

chromatograph “Gasochrom 2000”.

3 Results and Discussion

To evaluate the temperature range for flash pyrolysis process, thermal stability of flax
shive was studied using Differential Scanning Calorimetry. Two weight loss peaks can
be observed in Figure 1: temperature 105 °C corresponds to the dehydration process,
while 349 °C characterises thermal destruction of biomass components — hemicellulose,

cellulose and lignin [10].

DTG /(2%/min)

0{r— Bt

-1

{ 349.00°C, -7.15 %/min

100 200 300 400 500

Temperature, °C

Figure 1. DTG data of flax shive sample
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As the heating time of the feedstock in the fast pyrolysis process is short, the higher
temperature range 450-650 °C was chosen for the study to reach the higher conversion of
the feedstock.

The influence of temperature on the fast pyrolysis product distribution is shown in Figure
2.

4 N

Temperature, °C
- %

Figure 2. Temperature effect on flax shive pyrolysis (residence time — 2 sec)

The optimal process temperature was found to be 600 C. As it can be seen, the increase
in temperature in the range 450-600 C decreases the formation of solid carbon residue
while the temperature further increase does not lead to the growth in gaseous and liquid
product yield. Moreover the experiments showed that at 600 °C the highest heat value of
gaseous mixture (17.14 MJ/m®) was observed, while at a temperature above 600 °C the
heat value of gaseous products decreases due to the formation of low molecular weight
gases — hydrogen and carbon monoxide (11).

The reaction time is also an important parameter in fast pyrolysis process. We studied the
influence of the feedstock residence time on the formation of pyrolysis solid residue
(Figure 3). It was found that the increase in reaction time above 2 second does not affect
the solid residue yield.
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Figure 3. Solid residue yield dependence on fast pyrolysis time

Thus the further experiments were conducted at the chosen conditions: temperature
600 C, residence time of feedstock in the reactor zone — 2 second, flax shive particle size
0.5 mm.

The gaseous mixture obtained after flax shive fast pyrolysis was catalytically destructed
to reduce resin content. The initial gaseous products contained 0.75 wt. % of resins.

The experiments on fast pyrolysis gases refining were conducted at 600 C in the presence
of natural aluminosilicates (bentonite clay, cembrian clay, caoline clay and clay mergel)
and synthetic zeolites (H-Beta-25 and H-Mord). The influence of the catalyst type and
loading on the heat value of the obtained gases is shown in Figure 4.
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Figure 4. Influence of the catalyst type and loading on the heat value of gaseous
products
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It was found that the addition of 2 wt. % of natural aluminosilicate either does not affect
the gas calorific value (for bentonite clay) or decreases that one (in the case of cembrian
clay, caoline clay and clay mergel). At the same time, the increase in aluminosilicate
loading (up to 30 wt. %) leads to the increase in heat value up to 24 MJ/m? in the case of
bentonite clay. The addition of zeolites leads to the increase in gas heat value in both
cases (2 and 30 wt. %), however 2 wt. % additive were the most effective. It is noteworthy
that zeolite type does not affect the heat value of the resulting gaseous mixture (20.5
MJ/md at 2 wt. % of catalyst).

The use of the catalyst allows obtaining higher content of hydrocarbons in the resulting
gaseous mixture. The increase in the heat value of gaseous products is caused by the
higher content of alkanes and alkenes.

In this work we also studied the influence of iron subgroup metal-promoted H-ZSM-5
zeolite on the catalytic refining of fast pyrolysis gaseous products.

The following metals (5 wt. %) supported on zeolite H-ZSM-5 were used as catalysts:
Fe, Co, Ni. The optimal catalyst size was chosen according to the unit capacity of the
gaseous product formation and the system pressure. Figure 5 shows that the minimal resin
content of the resulting gaseous mixture was obtained while using 5%-Co-ZSM-5
catalyst.
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Figure 5. Resins concentration of fast pyrolysis gas after the refining process

The use of Me-zeolite catalyst in gas refining stage leads to the changes in gas volume
and heat value. It is caused by the changes in hydrogen, C:-C4 hydrocarbons and carbon
oxides concentration compared to non-refining process.

Figure 6 shows the effect of metal type on the distribution of gaseous products. The
concentration of C1-C4 hydrocarbons increases by 1.39; 1.66 and 1.52 times when using
5% Fe-ZSM, 5% Co-ZSM and 5% Ni-ZSM catalysts respectively compared to a non-
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catalytic process. Hydrogen concentration also grows from Fe to Ni catalysts compared
to a non-catalytic process.
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Figure 6. Influence of metal H-ZSM-5 supported catalysts on gas composition

Thus Co-H-ZSM-5 was found to be the most effective catalyst for the refining of gaseous
products of flax shive fast pyrolysis.

4 Conclusions

The influence of the studied catalysts on fast pyrolysis gas composition can be explained
by the catalyst high activity during the high temperature destruction processes and
thermal decomposition of tars and high-boiling fractions of the pyrolysis liquid products.
The catalysts studied also affect the carbon oxides (II) and (1V) yields. The use of zeolite
catalysts on the base of iron subgroup metals led to the decrease in tars content in the
thermolysis gas as well as to the increase in C1-C4 hydrocarbons amount, hydrogen and
carbon monoxide (1) concentration compared to non-catalytic process.
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1 Introduction

Heat generation from biomass is traditionally a very important source, making up more
than 80 % of renewables worldwide and in Germany (the silent giant) [1]. This, despite
there is being no or only little support for biomass-to-heat concepts. How the use of
biomass for heat provision is shaped in the future depends on several factors, with policies
playing a significant role. Such policies include the Energy Saving Ordinance (EnEV,
[2]), which regulates energy use requirements in new and renovated buildings, the
Renewable Energy Heat Act (EEWarmeG [3]) which targets a 14 % share of renewables
in the heating of buildings by 2020, the Heat and Power Cogeneration Act (KWKG [4]),
which is designed to increase combined heat and power (CHP) generation in Germany to
120 TWh by 2025, and the Technical Instructions on Air Quality Control [5], which sets
requirements for heat plants. In addition, the German government’s energy concept
“Energieckonzept” [6] aims to cut GHG emissions by 80 - 95 % by 2050. In this regard,
the Climate Action Plan 2050 [7] provides guidance towards achieving the climate goals
set forth in the Paris Agreement in all areas of activities and measures, especially for the
2030 interim target. The study concludes that, by 2030, the energy sector will have to be
the primary contributor to climate change activities, cutting GHG emissions by 61 - 62%
over 1990 levels.

However, a thorough analysis and assessment of the comparison of the influences of such
different GHG goals on the bioenergy sector has yet to be carried out. Therefore, this
work sets out to assess the implications of the set goals, especially those of the GHG
reduction targets, with regard to bioenergy with a special focus on the heating sector.

2 Methods

To achieve this goal, first relevant studies have been selected that deal with an 80 %
reduction, a 95 % reduction, or both. Further criteria when selecting studies included a
relevant impact on policy, the inclusion of long-term scenarios until 2050, and
publication in the past 5 - 6 years. Relevant drivers of the biomass-to-heat sector were
identified in the form of expert and policy workshops and questionnaires. Finally, the
studies were analysed using the criteria and to identify possible correlations between the
parameters. This paper analyses the six most relevant studies dealing with future
scenarios of an 80 % GHG reduction, 95 % reduction or both. Table 1 summarises the
most important parameters of these studies.
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Table 1. Selected studies and long-term scenarios with 80 — 95 % GHG reduction

targets

Title/ Climate scenario | Climate-neutral

commissioner/ | 2050/BMUB/2015 building  stock

publication 2050/

year UBA/2016

Authors 01, IS1 Ol, ISE

GHG goal | 80-95 % 80 %

2050

Scenarios KS80, KS95 KIliNeG (80)

Reference [8] [9]

Title/ Greenhouse gas | Long term

commissioner/ | neutral Germany in | scenarios

publication 2050/UBA/2014 /BMU/2012

year

Authors DLR, IWES.
IFNE

GHG goal | 95 % 80-95%

2050

Scenarios THGND (95 %) LS2011 (80 %);
LS2011 (95 %) -
achieved in 2060

Reference [10] [11]

Title/ Interaction renewable | Development of

commissioner/ | power, heat and | energy markets

publication transport/BMWi/2015 | — energy

year reference
forecast
/BMWi/2014

Authors IWES, IBP, IFEU Prognos, EWI,
GWS

GHG goal | 80 % 80 %

2050

Scenarios RS (80 %), KraftS (80 | ERP goal (80 %)

%), BS (80 %)
Reference [12] [13]

The following parameters were selected in order to analyse the impacts of the different
scenarios on bioenergy and heat, especially on conversion technologies and concepts:
GHG targets (main parameter), biomass potential, heat demand (influenced by the GHG
targets), and power demand (influenced by the GHG targets).
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3 Results: Possible Impacts of the Scenarios on the Bioenergy and Heating
Sector

3.1 GHG targets

Possible Impacts On The Bioenergy Technologies And Concepts In The Heating
Sector

If the target is an 80 % reduction in GHG emissions, then about 10 % of the GHG
emissions for all energy purposes in 1990 are still allowed in 2050. About 15 — 20 % of
the required energy could be generated by, for example, natural gas, which would be
available to compensate for the fluctuation in energy demand and supply. As a
consequence, the task of bioenergy would be to optimise economic and energetic
efficiency and contribute to decreasing environmental impacts. In this case, existing
technologies should be further developed, e.g. optimised firing, emission control systems
and measuring technologies. In most cases heat would only be generated with high full-
load hours, possibly combined with electrical surplus heating. The decision in favour of
hybrid systems — a combination with other renewables - or flexible operation would only
occur if there were economic incentives or other advantages and thus a clear economic
advantage over natural gas. For objects with a high yearly heat demand, solid biomass
CHP plants would gain in relevance for each scale. Biowaste disposal would probably
focus on big centralised plants.

On the other hand, if the policy aims for a 95 % GHG reduction, all the sectors where
decarbonisation is possible must fully contribute. Due to massive fluctuations in the
energy system, supply security and supply stability will become even more important
than today. In addition to power accumulators, heat buffer tanks and all options of power-
to-x (PtX), flexible biomass utilisation will have to contribute in both the short and long
term in the form of flexible heat and power generation systems and innovative control
concepts.

3.2 Biomass potential
In addition to goals for reducing GHG emissions, biomass potential has been identified

as being a critical driving force for the bioenergy sector. However, among the analysed
studies (see Figure 1) there is a wide range in biomass potential in Germany by 2050.
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Figure 1. Biomass potential in Germany in 2050 (abbreviations as per Table 1)

All revised studies agree that biomass will be used in large part - in some cases uniquely
- for energy in the form of residues and by-products. Should cascade use gain in
importance, new biomass types, qualities and amounts will be available at the end of a
cascade used for energetic purposes. Among the investigated scenarios, no direct
correlation can be found in terms of the amount of available biomass; however, in the 95
% scenarios a higher emphasis on cascade use and residues can be assumed (e.g. the
THGND mentions a high potential of cascade use in the industrial sector (p 76)). In all
cases, biomass is expected to be of lower quality in cascade use than in the case of first-
time energetic use.

Impacts On The Bioenergy Technologies And Concepts In The Heating Sector

If the target is an 80 % reduction in GHG emissions, the decision to heat with biomass is
mainly influenced by economic reasons. The utilisation of available wood resources for
heating purposes (wood chip boilers, pellet boilers and wood stoves) are expected to
increase. Improved material handling and preparation can contribute to high-quality
wood fuels. In order to increase the biowaste market, incineration CHP plants that are
integrated into (existing) district heating systems could help to handle the waste problem.
Primary technological developments have to take place with regard to flue gas cleaning,
also in small and medium scale conversion units. When approaching the 80 % rate of
renewable energies in the system there might be some emphasis on storage concepts for
solid biomass including storing biowaste for six months to up to one year in order to
bridge heat and power supply gaps in winter time. In the 95% scenarios there will be an
increased demand to upgrade biomass resources to storable quality fuels and a need for
more flexible conversion technologies due to a growing necessity for energy storage and
capacity back-up. Therefore, mechanical sorting, cleaning, washing, hydrothermal
carbonisation and torrefication could become more important. In order to guarantee a
certain biofuel quality, online analysis technologies have to be improved and adapted to
industrial production. Appropriate sensors and control systems are needed to adjust fuel
quality and conversion units to meet fluctuating demand. It is likely that more
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decentralised and specialised value chains will be developed and adjusted to local waste
and by-product biomass resources and local heat (and power) demand.

3.3 Heat demand

The analysed studies show that heat demand will decrease in the next decades in all
scenarios (see Figure 2).
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Figure 2. Final energy demand for heat in Germany by 2050 based on the scenarios
(* excluding industry)

Most of the 80 % studies assume a heat demand of around 800 TWh in 2050 and a
reduction by one third over 2015 levels; in the 95% scenarios even less demand is
expected. This can be explained by the very strong efficiency measures used to
significantly reduce energy demands. In addition to looking at the total amount of heat
demand, it is also important to examine the specific demand of space heat or process heat,
as well as the division between the different sectors households, industry, trade, etc. For
example, the use of biomass for high process heat in industry as well as buildings that are
hard to renovate are expected in the scenarios [12] and for stationary heat production and
CHP plants in the [11] study.

For household heating, there is a trend towards a lower heat demand per square metre of
living space in all cases; however, some buildings will continue to have high heat
demands due to insulation restrictions.
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Impacts On The Bioenergy Technologies And Concepts In The Heating Sector

There are two base cases where heat from biomass can be economically feasible. Either
for a base load with a high number of yearly full load hours in combination with cheap
biofuels, or for supply security to fill gaps and heat demands with no other renewable or
waste heat options including electricity. In the 80 % scenarios, solid biomass is probably
only used for heat in cases with the lowest heating costs, such as base load boilers, base
load CHP, or monovalent boilers (e.g. pellet boilers). As renewable power from wind and
solar increases, there might be hybrid systems that combine solid biomass conversion
with power heaters (PtH) for excess power. In addition to minimising the size of biofuel
and conversion technologies, solid biomass will be increasingly used for buildings with
less insulation or district heating grids.

In the 95 % scenarios, heat pumps, electrical heating (air conditioning), waste heat
utilisation, solar-thermal and geothermal technologies will gain in relevance to ensure
security of supply when there are low heat demands per unit of space. Heat from biomass
will probably become one of the most expensive and the only secure source of heat.
Depending on the development of electrical accumulators, it could become reasonable to
develop very flexible operating heat sources from solid biomass in all power dimensions
— ideally as CHP technologies to lower power demand and simultaneously produce the
required power, which requires very constant biofuel qualities. Utilisation of biomass for
heat will be in conjunction with other renewables and in sectors where other options are
scarce: the building sector, as high-temperature (above 500 °C) industrial process heat
(in addition to electricity or waste incineration), and to replace coal in production
processes.

3.4 Power demand

Figure 3 shows the development of power demand in Germany by 2050. Reasons for the
deviation in results may be caused by the different assumptions about the choice of
technologies, productivity or the role of PtX concepts. It is expected that, due to
efficiency measures, power demands will decrease by 2030. However, an increase in
consumption will occur later on when PtX technologies are available on the market: a
moderate increase in the 80 % scenarios and a remarkable one in the 95 % scenarios,
since there will be a greater push towards climate friendly solutions.
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Figure 3. Power demand in Germany by 2050 based on the scenarios
Impacts On The Bioenergy Technologies And Concepts In The Heating Sector

CHP technologies, also for solid biomass, have advantages over systems that solely
produce heat. Thus, in both cases, the ratio of CHP systems will increase in the future so
that, by 2050, almost all new installations will probably be CHP systems. Nevertheless,
in an 80 % scenario, the biomass CHP should have as many full load hours as possible
so that operation is economically feasible. If possible, intelligent control systems can be
implemented to adjust to the availability of wind and solar power to mirror today’s
shifting of power generated by biogas plants within a day. 95 % scenarios need to use all
renewable options to stabilise the power grid as well as the supply of heat. Hence biomass
CHP has to be very flexible and will only operate based on power demands and price
signals from the power exchange, storing the heat for utilisation timeframes.

4 Summary and Recommendations

As aresult of this analysis, the following statements can be made: 1) There is a significant
difference between 80 % and 95 % reduction scenarios in terms of the development and
implementation of biomass heating technologies. 2) 80 % scenarios go on like today,
searching for the most economical cases: base load and monovalent production. 3) 95 %
scenarios require power grid stabilisation and heat supply security in combination with
other renewable technologies in almost all cases. 4) In both scenarios buildings with high
heat demand per unit of space and high temperature requirements are promising cases for
biomass utilisation. 5) In all cases CHP, also using solid biomass, will increase in
importance. 6) In all cases the quality of the biomass raw material will decrease, but high-
tech preparation will probably only become reasonable in the 95 % scenario. 7) In the
long run, even in the 80 % scenario, further development will lead to most of the
technologies used in the 95 % scenario.
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After Germany signed the latest global climate agreement in Paris, the country started to
revise its energy policy and develop and adopt long-term energy scenarios. Heat demand
and supply has many driving forces, such as the development of the building stock (incl.
insulation), policy framework and technology development (e.g. the role of CHP or the
intelligent transformation of electric energy into heat (power-to-heat)).

Based on the current revision, some questions are still open, for example, the future heat
demand in different long-term scenarios does not show a clear correlation with GHG
goals (stricter GHG reduction goals do not lead in every case to lower heat demands).
The picture is even more complex when it comes to future heat provision from biomass.

This can partially be explained by the uncertainties surrounding the potential for available
biomass, the allocation of other final energy supply options (power, heat or transport
fuels), and the lack of an agreed bioenergy strategy. This heterogeneous picture is
reflected in the scenarios as well [14]. Furthermore, scenarios are often only optimised
for cost and overlook other hurdles or opportunities such as innovations from outside the
energy system which affect energy demands, consumer behaviour, acceptance etc. In
order to deal with these constraints, research and development that is open to different
technologies is very important.

To make use of the biomass-to-heat options for GHG reduction, the current uncertainties
surrounding the availability and future role of bioenergy need to be reduced. Long-term
bioenergy scenarios are urgently needed and a coherent bioenergy strategy with goals and
milestones has to be developed. With this in mind, heat scenarios have been developed
for Germany until 2050 as part of the research project Bioplan W, with the participation
of research, industry and policymakers [15] [16].

Heat from biomass can offer comparable economic options for reducing GHG emissions.
Scenarios for the provision of power and transport fuels based on biomass have
additionally concluded that there is a high persistence of heat provision from biomass in
future energy systems [17]. Biomass-to-heat systems can also contribute to the German
“Energiewende” close to the final energy user e.g. by upgrading heat to CHP systems
with local grid stabilisation functions, through integrated heat provision from biomass,
and other renewables in buildings with a remarkably specific heat demand.

However, the current policy and support framework does not support the development
and integration of such strategically important concepts into the energy system.
Adjustments are necessary, especially to the Renewable Energy Heat Act, where support
for the combination of different renewables has yet to be considered.

The ongoing adjustments and debates also show that there will be no single best solution
in the future. Instead a wide range of smart technologies and concepts are necessary to
provide integrated solutions for future energy supply.
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1 Introduction

The use of lignocellulosic biomass provides an opportunity to obtain liquid biofuels and
chemical products from a renewable source, while significantly reducing the negative
impact of petrochemical processes on climate change. Its use also contributes to the
sustainable management of a regional or local raw material such as forestry debris, to job
creation, and to the application of subproducts with no added value. It is in this context
that the development of small-scale production units capable of processing a few tonnes
of biomass per day is attracting great interest. These could efficiently produce a bio-oil
of a higher energy density compared to that of the starting biomass, which would
significantly reduce the costs associated with the handling and transportation of biofuel.

The main challenge faced by the scientific community is that of improving the quality of
bio-oil obtained from biomass by means of conventional pyrolysis processes. Despite
bio-oil being environmentally friendly, its fuel characteristics are lower than those of
fossil fuels because of its high oxygen content, the results of which are a low calorific
value, corrosion problems and instability [1]. Many studies have been undertaken to
achieve this goal by means of upgrading techniques. Among these, numerous studies
have focused on the co-pyrolysis of biomass with plastic wastes [1, 2]. This approach has
proved that it is possible to obtain bio-oils with improved quality, while synergetic effects
have even been found in the yield to liquids, water content, and heating value compared
to those results found for the pyrolysis of the separate components [3]. These synergetic
effects are linked to the promotion of interactions between radicals released from both
substances during the devolatilisation process. For instance, results obtained from the co-
pyrolysis of different mixtures of lignocellulosic biomass and waste tyres [3] showed
positive synergetic effects in both bio-oil yield and various bio-fuel chemical and
physical properties such as acidity, viscosity and oxygen content.

For the purpose of accelerating the study of different biomass/plastic mixtures, it would
be of great interesting to have a kinetic model of the co-pyrolysis process in order to
identify those plastics that can enhance the quality of bio-oil at relevant heating rates for
pyrolysis processes, because they release radicals at the same time as biomass does [1].
The Distributed Activation Energy Model (DAEM) is considered an accurate and
versatile approach in this regard [4, 5]. Varhegyi et al. [6] pointed out that the DAEM is
the best method available for mathematically representing the physical and chemical
heterogeneity of biomass during a devolatilisation process.

The present study applied the DAEM in order to predict the behaviour of different
biomass/plastic mixtures under flash pyrolysis conditions. Six different waste plastics
(waste tyre (NFU), polylactic acid (PLA), polystyrene (PS), polyethylene terephthalate
(PET), polypropylene (PP) and high density polyethylene (HDPE)) were evaluated as
potential promoters during the flash pyrolysis of lignocellulosic biomass obtained from
pine forestry residues (PINE). First, data from the thermogravimetric analysis of pure
feedstocks were used to obtain the Kinetic parameters of the model. By using these data,
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the model allowed important aspects of the co-pyrolysis process to be studied at high
heating rates such as the possibility of radical interactions and optimum pyrolysis
temperature.

2 Experimental
2.1 Feedstocks

Pine woodchips (PINE-15 mm nominal size) and waste tyre crumb (NFU-5 mm nominal
size) were used for the experiments. The PINE sample consisted of Aleppo pine (Pinus
halepensis), containing bark, from forestry debris. It was dried, crushed and sieved to a
particle size of less than 250 [Im prior to the experiments. The NFU sample consisted of
rubber crumb from waste tyres after removal of the steel thread and the textile netting.
The biopolymer PLA, PP and HDPE samples came in granulated form. The PS and PET
samples were obtained from used packaging. All the NFU and plastic samples were
subjected to cryogenic crushing and sieved to a particle size smaller than 250 [Jm. The
moisture, ash and volatiles contents of the samples were determined according to the ISO-
589-1981, 1SO-1171-1976 and 1SO-5326-1974, standards, respectively. Ultimate
analyses were carried out in a Thermo Flash 1112 analyser device. The higher heating
value was measured in a IKA C-2000 calorimeter and determined according to UNE
164001EX, for the biomass, and 1SO-1929-76, for the plastic samples. Table 1 shows the
feedstock characterisation.

Table 1. Proximate and ultimate analyses (wt%) and calorific value (kcal/kg) of
stabilised samples.
PINE |PLA |[NFU |PS |PET |PP |HDPE
Moisture |6.3 |04 |11 |05 |04 |02 |0.1
Ash 06 (00 |81 |03 |01 |0.1 |0.0
Volatiles |77.6 |99.3 [62.5 |99.0 |89.2 |99.8 |100
Fixed 155 (0.3 |28.2 |0.2 (10.3 0.0 |0.0
carbon

Carbon 49.7 |51.1 |84.6 |97.9 |62.7 |854 |85.5
Hydrogen |66 |58 |7.7 |83 |44 |145 |145
Nitrogen |0.1 0.0 |04 |0.0 |0.0 |0.0 0.0
Sulphur |00 |00 |12 0.0 |0.0 [0.0 |0.0
Oxygen |44.4 144.0 |43 |[0.0 [32.8 |[0.0 |0.0

HHV 4.6 44 |88 |98 |55 110111
LHV 4.2 41 |84 |94 |53 ]103]103
HHYV. Higher heating value
LHV. Lower heating value
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2.2 Thermogravimetric analysis

Thermogravimetric analyses were performed in a Netzsch Libra F1 Thermobalance. All
the tests in this study were run at a constant nitrogen flow of 50 ml,/min in a reactor with
a 13 mm internal diameter. The sensitivity of this apparatus was 0.1 [1g. The samples
were placed in an alumina crucible forming a small fixed bed with an initial mass of
approximately 9 mg. Sets of experiments at different heating rates of 5, 10, 20 and 100
°C/min were performed for every sample.

The fraction of mass remaining (X) was calculated according to equation (1):

1)
where Mg is the initial sample weight at 150 °C and M(t) is the sample weight at any time.
3 Results and Discussion

3.1 Kinetic study for pyrolysis of pure solids

The DAEM was applied to study the devolatilisation of the different raw materials. This
model assumes that each solid is a mixture of components that decomposes during
pyrolysis into a variety of chemical groups following a distribution of first-order reactions
with characteristic activation energies [7]. There are several developments of the DAEM
depending on the form of activation energy distribution applied, the approach proposed
to solve the double integral of activation energies and mass fractions, the conditions for
measuring devolatilisation, the number of data sets used, etc. The algorithm developed
by Scott et al. [7] was used in this work to describe the devolatilisation of the pure samples
with the basic equation (2):

t — Ei
X =w+ Z fio exp{— A _[0 exp( T (t)Jdt} @)

where, w is the fraction of inert material, fio, is the fraction of Mo that decomposes with
an activation energy E; (kJ/mol), pre-exponential factor Ai(s™) t is time (s), T is
temperature (K) and R is the ideal gas constant (kJ/mol-K). The algorithm is intended to
solve the problem of determining the kinetics for a material using two test curves at low
heating rates. The accuracy of fit was studied by comparing the experimental and
calculated data at these two heating rates. The applicability of the model to higher heating
rates was assessed by comparing the calculated and experimental data at higher heating
rates.
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103

Figure 1 shows the results obtained for selected samples as an example of the notable
comparison between experimental and calculated data. A very good fit of the model is
observed for heating rates of 5 °C/min and 10 °C/min. It is also observed that the model
with the fitted kinetic parameters accurately predicts the shift to higher temperatures of
the devolatilisation curves with increasing heating rates of 20 °C/min and 100 °C/min.
Moreover, the model simulates the entire range of experimental fractions of mass
remaining and the final residual mass with differences less than 5%.
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Figure 1. Fraction of mass remaining vs Temperature. Comparison of experimental data
(points) and curves generated (lines) with the DAEM algorithm at 5 °C/min, 10
°C/min, 20 °C/min and 100 °C/min.

This good comparison allows a projection to be made of results at higher heating rates.
Figure 2 shows the results corresponding to 1000 °C/min, which is a heating rate closer
to those found in flash pyrolysis processes.
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Figure 2. Rate of mass loss vs Temperature. Comparison of curves generated at 1000
°C/min heating rate

The results of all the samples were compared by rate of mass loss (dx/dt), which allows
the observation of the main decomposition temperatures with higher values of dx/dt for
all the samples. The interaction of radicals from the different samples is favoured when
the dx/dt curves of the solids overlap. As shown by a previous study [9], wood
decomposition mainly takes place, in three steps: the slow decomposition of lignin, which
lasts up to 500 °C, followed by the rapid decomposition of hemicellulose and, finally, the
also rapid decomposition of cellulose. It can be observed that working temperatures lower
than 500 °C could lead to the incomplete pyrolysis of the pine sample, depending on the
reaction time.

It is observed in Figure 2 that the major overlap with the curve generated for the PINE
sample was obtained with the devolatilisation of the PLA biopolymer, which points to its
renewable plant origin. The overlap occurs in the middle region of PINE devolatilisation,
where devolatilisation of cellulose should be taking place. Thus, major interaction
between the devolatilisation of polylactic acid and cellulose molecules can be expected
during the co-pyrolysis of both materials. An overlap can also be observed between the
PINE and NFU curves, mostly in the region of cellulose and lignin from the PINE sample
and additives and natural rubber from the NFU sample [10]. Finally, an overlap of
devolatilisation curves is observed with PS in the latter part of the region of cellulose and
lignin devolatilisation. The other plastics produced from fossil sources — PET, PP and
HDPE — have barely commenced their pyrolysis at the temperatures required for
pyrolysis of the PINE sample at a heating rate of 1000 °C/min. Therefore, no major
interaction can be expected during their co-pyrolysis processes.

3.2 Kinetic study for the co-pyrolysis of mixtures

The results obtained for pure solids were introduced into the previously described and
implemented model [8] suitable for feed mixtures comprising two components. In this
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last development, a coefficient that takes into account the fraction of mass allocated for
every reaction for every component was introduced in order to calculate the evolution of
total mass remaining with temperature in the following equation (3):

X =aw, + ) af,;, exp| - j exp (a') dt

+bw, +Z:bfb o exp{ A I exp( E( )jdt} ®3)

where, a and b are the fractions of components a and b in the feed mixture. Equation 3
considers an additive effect of pure components at low heating rates to calculate the
devolatilisation of the mixture at different proportions and at higher heating rates. The
accuracy of this assertion was verified in this work with mixtures of PINE and plastics in
different proportions and at different heating rates. Figure 3 shows the results obtained
for mixtures of PINE with PLA, NFU and PS, respectively.

With regard to the results for mixtures of PINE and PLA given in Figure 3, the small
difference (less than 5%) observed between the experimental and the simulated data
means that it is possible to apply the model to the study of the mixture. However, it is
should be noted that the model predicts both a slightly higher temperature needed to reach
each conversion value and a lower value for the residual fraction of mass remaining, and
that those differences increase with the proportion of PLA in the mixture. The
experimental results obtained from the PINE/NFU mixture showed comparable results to
those obtained by simulation with accuracy higher than 95 % for all the tests performed.
Neither the increase in the proportion of NFU nor in the heating rate modified the
remarkable fit found between the experimental and the simulated results. Therefore, the
model perfectly reproduces the devolatilisation process of the mixture, supporting the
additive behaviour of the components with regard to the fraction of mass remaining.
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Figure 3. Fraction of mass remaining vs Temperature. Comparison of experimental data
(points) and curves generated (lines) with the DAEM algorithm at 5 °C/min, 100 °C/min
and 1000 °C/min
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In the case of the PINE-PS mixture, a different trend is observed from that shown by the
previous samples (Figure 3). At the lower heating rate of 5 °C/min, the experimental
fraction of mass remaining at temperatures between 380 °C and 450 °C is higher than the
simulated fraction, while the residual mass was correctly predicted by the DAEM. From
the results given by the pure components (Figure 1), it is seen that PS decomposition
mainly takes place in this temperature range. Thus, the pyrolysis of the PINE/PS mixture
between 380 °C and 450 °C can be mainly attributed to the contribution from the
devolatilisation of PS, the reactivity of which is reduced in the mixture. It should be noted
that the differences between the experimental and simulated results are significantly
reduced at the higher heating rate of 100 °C/min. The fact that increasing the heating rate
reduces the discrepancies between experimental and simulated data supports the
reliability of the model to be applied at high heating rates, although an interaction is
observed between PINE and PS samples during their co-pyrolysis at low heating rates.
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Figure 4. Rate of mass loss vs Temperature. Comparison of curves generated for
biomass/plastic mixtures of 80:20 wt% at 1000 °C/min heating rate

The model has demonstrated its ability to produce close projections at high heating rates
regardless of minor differences between the additional behaviour of components
simulated by the model and the experimental results obtained for some samples. Thus,
the calculated rates of mass loss in Figure 4 were compiled at a heating rate of 1000
°C/min for the different biomass/plastic mixtures (80:20 wt%). It is observed that PLA
highly increases the rate of mass loss for the pure PINE. It can therefore be assumed that
the devolatilisation of both materials takes place simultaneously. Similarly, the rate of
mass loss of the PINE/NFU mixture is also mainly produced in the same temperature
range as that of pure PINE. With regard to the plastics synthesised from fossil sources,
only the devolatilisation of PS is cohabitant with the devolatilisation of PINE, but the
final pyrolysis temperature should be increased (550 °C) to assure the total decomposition
of both components. The main decomposition temperatures of the PET, PP and HDPE
lay outside of the temperature range of PINE pyrolysis. Therefore, the presence of radical
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interaction is only expected for three of the initially proposed plastics, PLA, NFU and
PS, which in turn, could lead to a bio-oil with improved properties.

In summary, the DAEM has been successfully applied to the study of the co-pyrolysis of
mixtures comprising lignocellulosic biomass and plastics. The notable comparison
between experimental and simulated results allows the reliable application of the model
under flash pyrolysis conditions from the results obtained from pure materials at low
heating rates. The potential presence of radical interaction between biomass and three
different plastics (PLA, NFU and PS) has been reported
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Abstract Steryl glucosides (SG) causes precipitation in biodiesel. In this
study, SG was removed from palm oil biodiesel (PO-B100) by adsorption
using diatomaceous earth (DE). Effects of adsorbent loading and
temperature on the efficiency of DE in SG removal were investigated in the
ranges of 0.5 — 3 wt% and 65 — 80 °C, respectively. Using PO-B100
containing 97.6 mg/kg of SG as a feedstock, adsorption of SG reached its
equilibrium within 1 h. DE showed the best performance at 3 wt% and 80
°C, where 70.4 % of SG was removed, with the maximum selectivity
towards SG adsorption of 43.3 %, with respect to mono-, di- and
triglycerides. The spent DE was regenerated by desorption at 65 °C using
several organic solvents (e.g. methanol, ethanol, isopropanol, hexane-
isopropanol (Hex-IPA) and acetone). Based on the amount of SG desorbed
from the spent DE, Hex-IPA was considered as the best solvent for the
regeneration step.
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1 Introduction

Biodiesel is widely used as renewable fuel. In commercial scale production, it is generally
produced from transesterification of vegetable oils and by-products from vegetable oil
refinery plants with methanol using a basic catalyst and is obtained as a mixture of fatty
acid methyl esters (FAME). After the transesterification, crude biodiesel is obtained from
gravimetric phase separation between glycerol and FAME. In order to remove
contaminants, including catalyst, glycerol, soap, salts and methanol, the crude biodiesel
is then washed with hot water. In the last step, the washed biodiesel is then heated under
vacuum in order to remove the remaining water. To be used as an alternative fuel,
biodiesel (B100) must have the amount of minor contaminants within the specification
according to ASTM D 6751 or EN-14214.

Many researchers reported observation of white solid precipitates in high quality
biodiesel produced from various types of vegetable oil [1-6]. This white precipitate make
biodiesel became turbid and can be observed within an hour after storing the biodiesel at
room temperature. The amount of the precipitate and the speed of its formation depend
on raw material as well as the conditions used in the production process.

In the case of palm oil derived biodiesel (PO-B100), this precipitation is mainly due to
steryl glucosides (SG) and might be accelerated by the co-existing monoglycerides and
diglycerides [6-8]. Since this white precipitate leads to laborious maintenance of
production lines in biodiesel plants and causes plugging in diesel engine system, SG must
be removed from PO-B100, even there is no standard to control the amount of SG in PO-
B100.

Adsorption was reported as a promising post-treatment method using to remove SG from
PO-B100 [9-10]. To design an adsorption process with reasonable operating cost, it is
necessity to find a cheap adsorbent which has high efficiency in SG removal and can be
easily regenerated.

Diatomaceous earth (DE) is widely used as a cheap natural adsorbent for many
applications. Therefore, this study aimed to investigate the feasibility DE for removing
SG from PO-B100. Performance of DE in SG removal and effects of two important
operating parameters of adsorption treatment (adsorbent loading and adsorption
temperature) on the efficiency of DE in SG removal were investigated. Regeneration of
the spent DE was performed by desorption using several organic solvents and the
efficiencies of the organic solvents in desorption of SG were comparatively evaluated.
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2 Experimental
2.1 Chemicals

Palm oil based biodiesel (PO-B100) obtained from a commercial biodiesel production
plant in Thailand was used as received. The temperature of PO-B100 was carefully
maintained above 70 °C in order to prevent the formation of solid particles before
adsorption test. DE was dried in an oven at 110 °C for 24 h before being used in the
adsorption test. Commercial grade methanol, ethanol, isopropanol, hexane and acetone
purchased from local suppliers were used as received, for regeneration of the spent DE.

2.2 Characterization of DE

Composition of DE was analysed using X-ray Fluorescence Spectrometer (SRS3400;
Siemens). Morphological structure of DE was analysed by a scanning electron
microscope (EVO®MAL0; ZEISS). N, adsorption-desorption isotherm was performed
using a BELSORP-max (BEL Japan, Inc.). Specific surface area, total pore volume and
mean pore diameter were calculated using Brunauer, Emmett and Teller (BET) method.

2.3 Batch Adsorption

PO-B100 was heated and continuously stirred in a hot oil bath to attain the desired
temperature for adsorption test. 80 ml of the hot PO-B100, transparent without presenting
of any solids, was mixed with DE in a 250 ml Erlenmeyer flask and shaken in an orbital
shaker (4000ic; IKA) at 220 rpm. Adsorbent loading was varied from 0.5 to 3 wt% and
adsorption temperature was varied from 65 to 80 °C. The amounts of SG in PO-B100
before and after adsorption were quantified using a gas chromatograph equipped with
flame ionized detector (GC-FID).

Efficiency of DE in SG removal was evaluated from reduction amount of SG (Rsg, EQ.
(1)), selectivity towards SG removal (Ssc, EQ. (2)) and SG adsorption capacity (gsc, EQ.
(3)). Amounts of monoglycerides (MG), diglycerides (DG) and triglycerides (TG)
adsorbed on DE were calculated from Eq. (3).

Ceso—C
Ry = —22 561100

SG,0 (1)

S, = Gsc %100
Gss + Aus + Gos + Ore 2
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Methanol, ethanol, isopropanol, a mixture of equal volume of hexane and isopropanol
(Hex-IPA) and acetone were used to desorp SG from the spent DE. In order to compare
the desorption efficiencies of these organic solvents, adsorption of SG in PO-B100 was
performed (65 °C, 3 wt% and 2 h) and the spent DE was then separated from PO-B100
by vacuum filtration through a filter paper (pore diameter of 0.2 um). The solid cake
remaining on the filter paper, the spent DE, was mixed with the solvent (0.25 wt%) and
the mixture was shaken at 65 °C for 2 h. Then, vacuum filtration through 0.2 pum filter
paper was used to separate the solvent from the regenerated DE and the organic solvent
was removed from the filtrate by heating at 60 °C in a vacuum oven. Total amount of SG
desorbed from the spent DE was quantified using a GC-FID.

2.5 Analytical methods

Amounts of FAME, glycerol, MG, DG, TG and SG were quantified using a GC-FID.
Equipment and conditions used were the same as previous work [9]. Quantification of
SG was performed by the method adapted from ASTM D6584, similar to the one used in
the previous work [9]. Tricaprin (8 mg/ml in pyridine) was used as an internal standard
(ISTD2). Calibration curve of SG in PO-B100 matrix was made. 250 pl of a mixture of
biodiesel (130 ul), ISTD2 (20 pl) and SG (5-50 pg) in pyridine was prepared. The
mixture was silylated with N-Methyl-N-trime-thylsilytrifluoroacetamide (MSTFA, 350
ul) at 60 °C. After complete silylation, heptane (6 ml) was added to the vial. 1 ul of
silylated solution was injected to the GC-FID. The obtained calibration curve was a
straight line expressed as Wsg = 119.2(Asc/Aistoz); R? = 0.992. For quantitative analysis
of SG in samples, pyridine (200 pl) and ISTD2 (20 pl) were added to 130 ul of each
sample. It was silylated and analyzed with the same procedure used in the preparation of
calibration curve

3 Results and Discussion
3.1 Properties of diatomaceous earth

Composition analysis by XRF revealed that DE consisted of SiOz (75.13 wt%), Al.O3
(12.12 wt%), Fe,03 (9.25 wt%) with trace amount of K,O (2.25 wt%). Figure 1 shows
that DE has a flake-like broken structure. DE contains nearly regular array of submicron
pores with diameters in the order of about 0.5 — 1 um. The result obtained from N,
adsorption-desorption isotherm revealed that DE had adsorption isotherm of Type IV
according to IUPAC system and DE had BET specific surface area, total pore volume
and mean pore diameter of 25.4 m?/g, 0.0298 cm?®/g and 4.69 nm, respectively.
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Figure 1. SEM image of diatomaceous earth

3.2 Properties of PO-B100

Quantitative analysis using GC-FID revealed that the composition of PO-B100 fulfilled
the requirements of ASTM D 6751 and EN-14214. It contained FAME, glycerol, mono-,
di- and triglycerides with the amounts of 97.1, 0, 0.7, 0.18 and 0.02 mass%, respectively.
Quantitative analysis of SG confirmed that PO-B100 contained SG with very low
concentration (97.6 mg/kg). Moreover, it was found that PO-B100 became highly turbid
due to the formation of fine particles within 1 h after the temperature of PO-B100 was
reduced to the room temperature, about 30 °C.

3.3 Efficiency of DE in adsorption of SG

Adsorption of SG on DE was investigated in the temperature range of 65-80 °C. Firstly,
time required to reach the equilibrium of adsorption was measured at the lowest
temperature (65 °C). At this temperature, after PO-B100 was treated with DE (1 wt%),
the concentration of SG decreased rapidly in the first 10 min and it became constant at
around 64.9 mg/kg within 1 h. Accordingly, time to reach the equilibrium of SG
adsorption was considered as 1 h and the performance of DE evaluated at 1 h will be used
for further discussion in this work.

Effect of Adsorbent Loading

Figure 2(a) shows the amount of SG removed from PO-B100 (Rsg) by DE when PO-
B100 was treated with various amounts of DE. Rsg increased with the increase of
adsorbent loading from 0.5 to 3.0 wt%. However, the effect at higher temperature (80°C)
was slightly more significant comparing with the effect in the lower range of temperatures
(65-75 °C). Figure 2(b) shows that the amount of SG adsorbed on DE (gsg) decreased
with the increase of adsorbent loading. The effect in the range of lower adsorbent loading
(0.5-1.0 wt%) was more significant comparing with the effect in the range of higher
adsorbent loading (1.0-3.0 wt%). The lowest concentration of SG (28.9 mg/kg) in PO-
B100 was obtained after adsorption at 80 °C and 3.0 wt%, corresponding to Rsg = 70.4%.
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Figure 2. Effects of adsorbent loading on efficiency of DE in SG removal at T ( ) 65,
(O) 70, (A) 75, (x) 80 °C; Csc,0 = 97.6 mg/kg

Effect of adsorption temperature

Figure 3 reveals that effect of temperature on gsc was significant at low adsorbent loading
(0.5-1.0 wt%) and the effect became insignificant when the adsorbent loading was 2.0
wt% and higher. At low adsorbent loading, gsc reached the maximum values at
temperature around 70-75 °C. This similar characteristic was also observed when
magnesium silicate or bleaching earth was used as adsorbent for removing SG from PO-
B100 [9]. This characteristic implied that some other minor components presenting in
PO-B100 were simultaneously adsorbed on DE while SG adsorption occurred.
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Figure 3. Effect of temperature on efficiency of DE in SG removal at Wags = ( ) 0.5,
(O) 1, (A) 2, (x) 3wt%; Csco =97.6 mg/kg

34 Effect of DE on other components

Since biodiesel has many minor components and quantification of all the minor
components is difficult, MG, DG and TG, which are strictly controlled according to
ASTM D 6751 and EN-14214, were quantified and their effects on SG adsorption by DE
were further discussed in this study. Figure 4 shows the reduction amounts of SG, MG,
DG and TG when PO-B100 was treated with DE (1 wt%) at various temperatures. At
these conditions, more than 30 % of SG was removed whereas less than 4 % of MG, DG
and TG were removed from PO-B100. As shown in Figure 5, the selectivity of DE
towards SG adsorption (Ssc) at temperatures in the range of 65-75 °C was small (around
11.0-15.2 %). This small value of Ssg indicated that DE was mostly occupied by MG,
DG and TG. This result suggested that to obtain high efficiency of DE in SG removal in
this range of adsorption temperature, the amounts of MG, DG and TG in biodiesel
feedstock must be low enough, to reduce competitive effect from MG, DG and TG
adsorptions. In contrast, when the adsorption was performed at the higher temperature
(80 °C), Ssc was as high as 43.3%.

#5G MG DG &TG
50 10

or B4 (%)

30 - + 6
2 204 14 &
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10 A T2 ¥
-/ -
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Figure 4. Effect of adsorption temperature on reductions of SG, MG, DG and TG (Csg,0
= 97 mg/kg, adsorbent loading = 1 wt%)
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Figure 5. Selectivity towards SG adsorption; Wags = 1 wt%, Csc0 = 97.6 mg/kg

35 Regeneration of spent DE

Since SG is one derivative of sterol and it has high value, desorption of SG from the spent
DE should be challenged. As presented in Table 1, Hex-IPA was the best solvent that can
be used to desorb SG from the spent DE in the regeneration step. However, desorption at
this condition could desorb only 4.4 % of the adsorbed SG. Since it is well known that
SG has very specific molecular structure and has extremely low solubility in commonly
used solvents, the low efficiency in SG desorption was considered as a result of the low
solubility of SG in Hex-IPA. To increase the amount of SG that can be recovered in the
regeneration step, continuous desorption should be performed.

Table 1. Desorption of SG (Wads = 0.25 Wt%, Tges = 65 °C, tges = 2 h)

Solvent Wse, des (19)
methanol 66.8
ethanol 86.4
isopropanol 185.9
Hex-IPA 253.2
acetone 19.7

4 Conclusions

Diatomaceous earth was used as adsorbent to reduce the amount of steryl glucosides (SG)
in palm oil based biodiesel. At 80 °C and 3 wt%, it could remove up to 70.4 % of SG
presenting in a feedstock containing 97.6 mg/kg of SG and it had the selectivity towards
SG adsorption, with respect to mono-, di- and triglycerides, of 43.3 %. A mixture of equal
volume of hexane and isopropanol was the best solvent for regeneration of the spent
diatomaceous earth
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Nomenclatures

Asc  area under the peaks of SG (uV-s)

Aistp2 area under the peaks of ISTD2 (nV:-s)
Ci,o initial concentration of “i" (mg/kg)

Cit  concentration of “i" at any time (mg/kg)
Qi amount of “i" adsorbed on DE (mg/g-DE)
Rse  reduction amount of SG (%)

Ssc  selectivity to SG removal (%)

T adsorption temperature (°C)
Taes  desorption temperature (°C)
t adsorption time (h)

tdes desorption time (h)
Wags  weight of DE (g)
We100 weight of PO-B100 (g)

Subscript

DG  diglycerides

MG  monoglycerides
SG steryl glucosides
TG triglycerides
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1 Introduction

This study was carried out in collaboration with ThinkEco Agri, an Italian company that
owns a 1 MWy biogas plant in Abruzzo Region, approximately 100 km East of Rome.
That plant is fed with around 50%wt of maize silage, 10% of poultry manure and the rest
is composed of seasonal material from food industry like potato, fennel and carrot waste.
As known, biogas is a gaseous mixture mainly consisting of 55% to 70%vol methane and
30% to 45%vol carbon dioxide, produced by anaerobic digestion of organic matter. CO;
can be separated from CH. in order to produce biomethane, that can be used as
transportation fuel or, alternatively, injected in the national distribution network.
Moreover, the separated CO- can be stored and treated in order to get food- or technical-
grade COg, that could be an interesting alternative method considering that the geological
CO; extracted in Italy is going to end in the incoming years. Alternatively, raw CO; could
also be used to grow autotrophic algae in photo-bioreactors or raceway open ponds.
Several techniques for separation of CO; already exists, some of those already well
established in full-scale plants [1]. The aim of this paper is the separation of CO; for the
upgrading of biogas to biomethane by pressure swing adsorption (PSA): in particular,
molecular sieves like zeolites were synthesized from spent fly ash, in order to give new
life to a waste produced in huge amounts in the World. Fly ash is an agglomerate of
microspheres, called cenospheres, that are mainly composed of Si and Al with minor
amounts of Fe, Na, Mg, K, Ca, P, Ti, and S. The major mineral compound is amorphous
aluminosilicates but other crystalline minerals are also present, such as mullite, quartz,
hematite, magnetite, lime, anhydrites, and feldspars. Some authors have already studied
the adsorption capacity of zeolites produced from spent fly ash [2-14]. A synthetic biogas
was used in the adsorption tests. The performance of these zeolites were also compared
to those of commercial sorbents like zeolite 13X, activated carbon and silica gel. The
results of the best zeolite were used to develop a profitability analysis of the upgrading
PSA process, in order to add the CO; capture plant to the existing biogas plant operated
by ThinkEco Agri.

2 Materials & Methods
2.1 Synthesis of zeolites

Two different synthesis procedures were applied, adapted from [13,14]: procedure A
involved the following stages: (1) washing of the original fly ash with 10%vol HNO3
solution, with a solid to liquid ratio of 100 g/L, under mechanical stirring in a water bath
(Dubnoff, ISCO) for 1 h at room temperature; (2) vacuum filtration of the suspension by
a paper filter and washing of the solid with distilled water until neutral pH is achieved;
(3) drying overnight at 110°C; (4) addition of solid NaOH to the powder with a ratio of
1.2 g NaOH/g fly ash; (5) roasting at 600°C in a muffle oven for 1 h; (6) after cooling,
addition of 6 mL distilled water/g of the roasted fly ash in a closed flask, with mechanical
stirring for 8 h at room temperature; (7) further hydrothermal reaction at 80°C for 24 h in
the same closed flask; (8) vacuum filtration of the suspension by a paper filter and
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washing of the solid with distilled water until neutral pH is achieved; (9) drying at 110°C
for 24 h.

Procedure B, instead, was carried out in the following way: (1) washing of the original
fly ash with 10%vol HNOj3; solution, with a solid to liquid ratio of 100 g/L, under
mechanical stirring in a water bath for 1 h at room temperature; (2) vacuum filtration of
the suspension by a paper filter and washing of the solid with distilled water until neutral
pH is achieved; (3) drying overnight at 110°C; (4) addition of solid NaOH to the powder
with a ratio of 1.2 g NaOH/g fly ash; (5) roasting at 560°C in a muffle oven for 1 h; (6)
after cooling, addition of 10 mL distilled water/g of the roasted fly ash in a closed flask,
with mechanical stirring for 12 h at room temperature; (7) further hydrothermal reaction
in an autoclave (pressure reactor 4540, Parr) at 110°C for 6 h; (8) vacuum filtration of the
suspension by a paper filter and washing of the solid with distilled water until neutral pH
is achieved; (9) drying at 110°C for 24 h. The zeolites and the three commercial materials
tested in this research are listed in Table 1.

2.2 Characterization of zeolites

The grain size distribution of the samples was carried out by the optical instrument
Mastersizer 2000 (Malvern). The element concentration of the spent fly ash and
synthesized zeolites was determined by X-ray fluorescence (XRF, Spectro, Xepos).
Brunauer-Emmet-Teller (BET) and Barrett-Joiner-Halenda (BJH) are two methods used
to determine the specific surface area (SSA) and pore size of powder samples. This
analysis was carried out by a NOVA 1200e (Quantachrome) porosimeter. The
mineralogical analyses were performed by X-ray diffraction (XRD) with PANalytical
X’Pert PRO apparatus using CuKa radiation (A= 0.154 nm). The SEM-EDS analysis was
performed by a 20 kV Philips XL30 CP microscope.
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Table 1. List of tested materials

Synthesis | Pressure
Test | Sample r¥1etho q (barg) Notes

1 Blank - 2-4-5-6 | -

2 Al A 2-4-5-6 | -
Without HNO3
washing

3 A2 A 2-4-5-6 (started  from
point (4))
Addition  of
1%wt* of

4 A3 A 2-4-5-6 | pulverized
activated
carbon
With 1.0 g

5 A4 A 2-4-5-6 | NaOH/g  fly
ash in point (4)

6 B1 B 2-4-5-6 | -
Without HNO3
washing

! B2 B 2-4-5-6 (started from
point (4))

8 S;;:I:a Commercial | 2-4-5-6 | -

9 GAC | Commercial | 2-4-5-6 | -

10 Zigl;(te Commercial | 2-4-5-6 | -

11 Al - 6 5 cycles

12 A2 - 6 5 cycles

13 B2 - 6 5 cycles

(* with respect to the fly ash's weight)
2.3 Adsorption tests

Continuous dynamic tests have been performed in order to evaluate the sorption capacity
under industrial relevant conditions, in particular using a synthetic biogas CH4/CO- with
composition of approximately 53/47%vol. The detailed experimental apparatus and
procedure for conducting the adsorption tests are described in [15]. The best samples, i.e.
Al, A2 and B2 underwent cyclic tests with CO,/CHs mixture at 6 barg and room
temperature. Cyclic tests were carried in order to determine if any hysteresis occurs with
a resulting decrease in the adsorbing capacity of zeolites. The mathematical model
proposed in this work to determine the amount of the adsorbed CO, is a first-order model
with dead time flow distribution [16]. CO- is the recovered gas during desorption,
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whereas CHy is the purified gas recovered during the adsorption phase. Recovery and
purity are calculated as follows:

t
Jo % (viaouyrdt

Purity; = (Ties

ey

qioyTat

where yi is the concentration of the specific gas (%vol), g is the total gas flow measured
by the mass flow meter MFM (mL/min) and t is time. Purity of each gas component is
defined by its own quantity at the outlet during the materials saturation period divided by
the total quantity of the gas at the outlet for the same period. The gas recovery rate is
defined by the ratio of the quantity of gas recovered at the outlet over the quantity
introduced:

¢
Jo%S(viapour dt

Recovery; = 2%
JodeS (gD dt

(2)

where yi is the concentration of the specific gas (%vol), g; is the total gas flow measured
by the mass flow meter MFM (mL/min) and t is time.

3 Results & Discussion
3.1 Characterization of zeolites

From XRF analysis, it can be inferred that there is no significant difference between
original and washed fly ash samples, except for a small decrease in Al, Si and Fe
concentration that were leached by the strong nitric acid solution. From BET analysis, it
was found that the washed fly ash has a superficial area of 0.886 m?/g instead of 0.480
m?/g measured in the original one. Hence, the surface is partially vitrified. Regarding
XRD analysis, the main crystalline phases found in the original and washed fly ash
samples were mullite and silica. The Sauter's diameter D[3,2] of the original and washed
fly ash was 95.6 and 87.0 pm, respectively. XRD spectra of the zeolites are shown in Fig.
1, where the spectrum of the commercial zeolite 13X is also reported. 13X is taken as
reference since is a very efficient molecular sieve for CO, capture. As it can be inferred
from such spectra, a full synthesis into zeolite 13X was never achieved; nevertheless, a
very good synthesis was obtained in sample Al, A2 and A3 where the 13X phase was the
prevalent crystalline structure, followed by 4A phase. The Reference Intensity Ratio
(RIR) method gave the following relative concentrations for 13X/4A phases: 83/17%wt
in sample Al, 84/16% in sample A2 and 87/13% in sample A3. Zeolite 4A is another
type of small pore zeolite that is largely applied for purification of gases like air, nitrogen,
methane, natural gas and hydrogen as well as removal of COs.
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Figure 1. XRD patterns of zeolites. (Legend: 1-Zeolite 13X; 2-Zeolite 4A; 3-Zeolite P1;
4-Mullite; 5-Sodalite).

The greatest BET surface areas were achieved in sample Al, A2 and A3 (255, 329, 315
m?/g, respectively). In all the SEM pictures octahedral crystals can be easily detected:
this is the typical octahedral crystal structure of Na-faujasite zeolites like 13X. Moreover,
cubic crystals can also be recognized: this is the typical morphology of zeolite A particles
(Fig. 2). A needle-shaped crystalline structure is also present: such crystals belong to
mullite and are acicular particles not converted during the hydrothermal process.

gy D =10
";% KV,

%
Figure 2. SEM images of zeolites A2 (1) and B1 (2).

3.2 Adsorption tests
All the results obtained in CO, adsorption tests are shown in detail in [15]. Among all

zeolites from fly ash, the best sample was A2, that showed the best recovery rates and
purities of CO, and CHa. Table 2 lists some of the aforementioned results.
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Table 2. Results of A2 adsorption tests

Pressure | 2barg | 4 barg | 5barg | 6 barg
Q CO,
(mol COukgads) | 0191 | 0294 | 0334 | 0371
(mol SHC 4/'1‘5 ags) | 0000 | 0032 | 0.052 | 0058
Selectivity - 9.21 6.62 6.40
Purity
- (ool 996 | 791 | 769 | 756
2
Rei%ery 981 | 979 | 983 | 980
Purity
o ovol) 980 | 969 | 97.4 | 96.9
4
Rei%ery 952 | 669 | 635 | 608

As an example, the adsorption curves of CH4 and CO; as a function of time at 6 barg are

shown in Fig. 3.

0,0030 +

CO., CH, (mol/min)

Sample A2 - Blank, CO,+CH,, 6 barg

—— CO02 (mol/min) blank
—— CO2 (mol/min) sample A2

CH4 (mol/min) blank
—— CH4 (mol/min) sample A2

—t—t
7 8

Time (min)

9 10

11 12 13

Figure 3. Adsorption curves of sample A2

The higher the pressure, the greater the delay in releasing the gas mixture, since the gas
is obviously hold inside the reactor to keep the pressure constant and only 50 mL/min are
released by the pressure controller downstream the reactor. In fact, this effect takes also
place with the blank sample, that obviously does not adsorb neither CO, nor CH..
Regarding CO,, a sigmoid-shaped pathway was observed for each sample at all the
pressure levels. Instead, the behaviour of CH4 (violet curve, Fig. 3) was very different
due to the fact that when the CO; is adsorbed, the CH4 concentration, and thus its flow-
rate, automatically increases, starting decreasing to its set-up concentration once the bed
is exhaust, i.e. when the concentration of CO; rises to the set point. The results, in terms
of CO, adsorption per unit of sorbent are lower than those obtained from other authors,



128 | 10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL
PROTECTION (JUNE 27TH—30™, 2017, BLED, SLOVENIA), BIOENERGY AND BIOFUELS
F. Ferella, K. Gallucci & P. Ugo Foscolo: Upgrading of Biogas to Biomethane:
Experimental and Process Analysis Applied to an Industrial Plant

both with single gases, CO2/N2 and CO2/CH, mixtures [2,12]. The main reason is that our
investigation was based on a continuous dynamic study and the equilibrium batch results
cannot be compared; moreover, regarding synthesized zeolites, a full conversion to
zeolite 13X was never obtained, so that other crystalline phases were not, or partially,
active in the adsorption process, resulting in a further reduction of the amount adsorbed.
Regarding COy, its recovery and purity has to be evaluated during the regeneration phase,
when the pressure is suddenly decreased to the atmospheric value. Considering the set-
up of the experimental system used in this research, such measurement was not possible.
Hence, CO; recovery was computed indirectly using the total amount of CO; adsorbed,
and thus released ideally during the desorption, compared to the total amount entered the
reactor. As regards CO; purity, it was calculated taking into account the small amount of
CHj, adsorbed in the bed, determined as difference between the total amount of CH4
entered the reactor and the amount of the same gas actually released from the bed during
the adsorption of CO,. Zeolite A2 gave the lowest amount of CH4 adsorbed, that
obviously resulted in the best selectivity. Selectivity of a sample to CO2 can be expressed
as:

. molco,/kg 1
Selectivity = ——2——2"P= 3)
molcy, /K9sample

3.3 Cyclic tests

Samples Al, A2 and B2 underwent cyclic tests with CH4/CO, mixture at 6 barg. Fig. 4
shows the results for sample A2. Some sort of material degradation occurred from the
second cycle forward. In fact, the greatest adsorption capacity of CO, and CH, took place
in the first cycle, although such decrease was 13% only. Purity and recovery rate of both
CH, and CO; were constant in each cycle. After the tests, it seems that the surface area
increased: such effect can be attributed to the pressure of 6 barg that could have broken
small particles.

4 Techno-Economic Analysis

A techno-economic analysis was developed with the best zeolite sample, i.e. A2, taking
into consideration the investment for the CO; capture plant, its operating cost and green
incentives provided for biomethane to use as transportation fuel or injected in the
distribution network.
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Figure 4. A2 adsorption-desorption curves

The aim is to understand if the use of such zeolite in PSA can be profitable to ThinkEco
Agri s.r.l. as an alternative PSA method to separate CO, from biogas and produce
biomethane. For such purpose, the minimum biomethane grade must be >95%vol, with
CO;, concentration not greater than 3%vol.

Zeolite A2 expressed its best performance at 2 barg, when it adsorbed 0.191 mol COz/kg
zeolite, whereas CH,4 adsorbed at the same time was negligible. This also results in a
cheaper compressor and lower operating costs for compression work. It is easy to reckon
that at higher pressure the specific adsorption of CO; increases, i.e. mol CO/kg zeolite.
Instead, recovery of methane with a fixed purity will be lower, since it is simultaneously
adsorbed together with CO2: the latter, in the same manner, would be contaminated by
CHa in case one would reuse it for commercial purposes. Once stripped, such high-grade
CO2 (>99%vol) has a wide market (beverage, fire extinguishers, raw material in chemical
industry, refrigeration, metal inert gas welding, etc..), so that it represents an additional
revenue of the plant. The biogas flow-rate of the ThinkEco's plant is 11500 m%day, with
a CH4/CO; ratio of 53/46%vol and impurities like H,S (150 ppm), N2(<1%), O
(>0.6%vol). In this plant, the biomethane grade was set at 98%vol, so that CO; is <3%vol.
When the biomethane grade decreases below 98%, the control system automatically
switches the flow-rate to another column, and the first one undergoes regeneration by
decreasing the pressure to 1 bar or lower values.

The plant is composed of one biogas compressor (one spare), four columns, one vacuum
pump for the regeneration phase, a chiller and one heat exchanger to cool biogas to 20°C.
Moreover, there are other devices like one methane spherical storage tank and one
compressor (one spare) to pressurize it to 6 bar, one horizontal buffer tank for storage of
CO2 during regeneration and one insulated tank to store liquid CO; at 20 bar and -25°C.
Hence, there is a small liquefaction plant with a multistage compressor and an ammonia
chiller. Another water chiller is used for intercooling of the compressor. CO; is also
dehydrated by a water separator and a desiccant column.
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The switching time of each column was set at 15 min. Four columns were provided in
order to have a good flexibility of the system. The dimensions of each carbon steel
column are D= 1.8 m and H= 7 m, with a net zeolite bed height and volume of 6 m and
15.2 m®, respectively. The total equipment purchase cost (TEPC) is estimated to be
around 1.74 ME, including small and auxiliary equipment like valves, pumps etc..
Considering all the other items (installation, piping, instrumentation/automation,
insulation, electricals, buildings and equipment foundations, yard improvement,
engineering and construction) the direct fixed capital (DFC) invested is 2,658,617 €.
Regarding raw materials, zeolite was calculated to be 12.5 tonnes/column (zeolite
adsorption capacity of 8.4 g CO2/kg zeolite), and under the hypothesis of one replacement
per year the total amount required is 50 tonnes/year. The purchase cost of such zeolite
was set at 800 €/tonne. Obviously, the production cost of biogas has to be considered as
it takes into account the investment and all the operating costs of the biogas plant
upstream the CO; capture section: this cost is equal to 0.39 €/m®. There are two main
revenues from the plant: selling of biomethane with the relevant market price and green
incentives, and selling of food-grade CO;, according to the food-gas directive 96/77/EC.
CO:; selling price is 300 €/tonne. Its overall recovery was estimated to be 97%wt with
respect to the amount contained in the biogas (46%vol). The overall recovery of
biomethane was set at 95% as a percentage of the amount contained in the biogas. The
market selling price of biomethane is 0.80 €/Nm®. Green incentives are calculated
according to the guidelines provided by the Italian regulation DM 5/12/2013 [17]: one
green certificate corresponds to 5 Geal (20.9 GJ) put into the national energy market,
with a relevant price of 296.15 €/certificate. Hence, the revenue from biomethane is
1,690,753 €/year plus 1,046,097 €/year as green incentives, whereas the revenue from
CO; is 1,056,329 €/year. Depreciation is equal to 265,862 €/year, considering a
depreciation period of 10 years. Annual operating costs include raw materials, labour-
dependent, facility- dependent, laboratory, R&D and analyses, consumables, waste and
wastewater treatment/disposal, utilities, ordinary maintenance, insurances, licences,
royalties and miscellaneous. Other hypotheses are project lifetime 20 years (duration of
green incentives), interest rate 5%, continuous operating mode of the plant. Table 3 lists
all the economic items involved in the investment. Net present value (NPV) is 5,338,229
€ (7% interest rate) and the internal return rate (IRR) is 22.3%.
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Table 3. EER of the CO; capture plant

Item Value
Direct Fixed Capital 2,658,617 €
Working Capital 1,900,475 €
Start-up cost 10,000 €
Up-front R&D 10,000 €
Up-front royalties - €
Total investment 4,579,092 €
Revenues 3,793,180 €/y
Annual operating cost 2,174,171 €y
Gross profit 1,619,009 €/y
Taxes (40%) 647,603 €/y
Net profit 971,405 €y
Gross margin 42.7 %
Return on investment 212 %
Payback time 4.7 years
NPV (7%) 5,338,229 €
IRR 223 %

Fig. 5 shows the cash flows of the investment. From the profitability analysis it is inferred
that the upgrading of biogas to biomethane is a very interesting investment, as biomethane
is currently strongly subsidized in Italy. Nevertheless, from the 1% to the 10" year, the
subsidy is increased by 50%. Moreover, PSA with zeolite also leads to recovery of food-
grade CO; that is valorised as an additional revenue, i.e. as by-product, of the capture
plant.

Cash flows

B Cumulative cash

10 flow

M Actualized cash
flow

2 I|||
2 I tiS67B5101112131415161?18192021

Million Euro

-6

Year

Figure 5. Cash flows of the capture plant
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5 Conclusions

PSA tests were carried out by zeolites produced from fly ash and commercial materials
like zeolite 13X, activated carbon and silica gel. Two different hydrothermal syntheses
were applied. Synthesis procedure A was more efficient in conversion of fly ash into
zeolite 13X molecular sieve. The best results were achieved at 2 barg with zeolite sample
A2: 98.1% of the incoming CO: in the biogas mixture was recovered with a grade of
99.6%vol: at the same time, 95.2% of CH4 was separated with a purity of 98%vol,
suitable to be injected in the distribution network or, alternatively, used as transportation
fuel. Zeolite A2 was produced without preliminary washing of fly ash by nitric acid: this
is an additional advantage since lowers the operating costs of the synthesis process.
Moreover, treatment of an acid waste stream is avoided. The three best zeolites (Al, A2
and B2) underwent five adsorption-desorption cycles that demonstrated that no loss of
capture yield occurred, so that the zeolites can be regenerated with a simple
depressurization to ambient pressure. A profitability study demonstrated that the
upgrading of a 1MEg biogas plant with a CO, capture plant by PSA based on zeolite
synthesized from fly ash is a very good investment, considering the green incentive
provided for biomethane and selling of food-grade CO,. The gross margin would be
42.7%, ROI 21.2%, IRR 22.3% with a payback time of 4.7 years. Additional work is
needed to test the best zeolites produced in this research activity by using real biogas, in
order to understand whether and how the performance of such sorbents is affected by
impurities like H.0, H,S and possible minor compounds. Afterwards, more reliable data
would be available to refine the profitability study and go on with the construction of a
pilot and thus a full-scale plant
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1 Introduction

Cassava is one of the most plentiful carbohydrate resources suitable for biofuel
production in Asia Pacific region, especially in Thailand. Apart from its high availability,
it is cheap and has well established supply chain and logistic management for
industrialization [1]. Typical mature cassava roots are composed of two main parts, peel
and parenchyma. Peel consists mostly of lignocellulose while parenchyma contains high
amount of starch component and small amount of cellulose known as fibers. Both parts
of cassava usually consist of glucose repeating units connected through a-1,4 and B-1,4
glycosidic linkages for starch and cellulose, respectively. Thus, cassava roots are
considered to be inexhaustible raw material for sustainable production of chemicals and
fuels via sugar platform [2]. To produce ethanol from cassava root, liquefaction and
saccharification prior to fermentation are required. Overall process efficiency of ethanol
production from cassava could be enhanced by several approaches e.g. shorten the
process duration, reduce energy utilization, chemical costs, and reduce wastewater
treatment cost, etc. Although mineral acids and enzyme are most common used catalysts
for the hydrolysis reaction of polysaccharides but mineral acid catalytic reaction possess
a series of problems such as reactor corrosion, wastewater treatment, and poor
recyclability. Enzyme catalytic reaction although achieves high selectivity but low
process reliability as the cost of enzyme depends solely on companies having genetic
engineering knowhow. Apart from that, low process efficiency was obtained as long
reaction time for more than two days is needed [2]. To solve the mentioned troubles,
recent development of starch hydrolysis catalysed by heterogeneous catalysts has been
widely investigated. Yabushita and coworkers [3] reported that the mixed-milling of
cellulose and catalyst (K26) with alumina balls was more active than the single-milling
of cellulose. From mixed-milling pretreatment and subsequent dilute hydrochloric acid
hydrolysis, 98.0% cellulose conversion was achieved at 180°C for 20 min. For more
selective catalytic hydrolysis reaction, carbonaceous solid acid catalysts have been
recently used in starch hydrolysis process owing to their high catalytic activities,
recyclability, ease to separate and economic impact [4]. However, the solid-state reaction
between heterogeneous catalyst having high amount of sulfonic acid groups in the
chemical structure and starch molecules requires specific interaction between active sites
in catalyst and a,1-4 glycosidic bonds in starch. To enhance the possible contact between
substrate and catalyst that leads to an increased catalytic conversion, the effect of mixed-
milling process was used to investigate in pre-hydrolysis step of cassava mash in glucose
production for biorefinery process. Kinetic models to predict the rate of reaction were
also investigated.
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2 Experimental
2.1 Chemical reagents

Lignin (Alkali lignin, low sulfonate content), standard glucose, xylose, maltose,
maltotriose and dextrins were purchased from Sigma—Aldrich. Standard formic acid and
acetic acid were purchased from Ajfa Aesar and EMSURE®), respectively. Concentrated
sulfuric acid was purchased from RCI Labscan Co., Ltd. Hydrochloric acid was
purchased from Ajax Finechem. Cassava roots and cassava starch were contributed from
Corn Products (Thailand) Co., Ltd.

2.2 Preparation of catalysts

Carbonaceous solid acid catalysts were synthesized using hydrochloric acid (HA) dipping
and sulfonation (-SOsH) techniques represented as HA-X-SOsH catalyst where X could
be L for lignin in the present study. For HA-L-SO3H catalyst, lignin was dipped in 10%
HCI, stirred for 30 minutes and subjected to filtration. Subsequently, sulfonation of HCI-
pretreated substrate (HA-L) was performed by 98% sulfuric acid at 170°C for 18 h. The
obtained catalyst was sequentially rinsed using deionized water until the pH of washing
liquid was neutral. The HA-L-SO3zH catalyst was then re-washed with hot deionized
water at 90°C and dried in an oven at 105°C overnight.

2.3 Catalyst characterization

To measure surface area and total pore volumn of catalyst, Brunauer-Emmett-Teller
(BET) was performed by 39-point BET analysis using HK method (Quantachrome
AUTOSORB 1-AG, USA). Morphology of the catalysts has been analyzed by scanning
electron microscopic image analysis (SEM, Quanta 450 FEI) at an accelerating potential
of 5 kv. The total amount and distribution of acid sites of synthesized catalyst were
analyzed by ammonia-temperature programmed desorption (NHs-TPD) using
Chemisorption analyser (BEL JAPAN Inc.). X-ray photoelectron spectroscopic analysis
(XPS, AXIS Ultra) was performed on microprobe with a monochromatized 75 micro-
focused Al X-ray source. The binding energy was calibrated by C 1s as reference energy
(C 15 284.8 eV) to characterized surface atomic concentration of catalyst.

2.4 Ball-milling and Mixed-milling reaction

Dry cassava root was ground to 100-150 mesh (10 g) and subjected to ball-milling in 250-
mL plastic bottle containing 33% v/v alumina balls (5 and 10 mm in diameter) at 170 rpm
rotor speed for 24 h. Milling of cassava root and solid catalyst so called mixed-milling
was carried out in the same condition for 10 g dry cassava root and 6 g solid catalysts
[substrate/catalyst (S/C) ratio of 1.67]. The morphology of cassava root after ball and
mixed-milling was analyzed by SEM. The pre-treated cassava roots were analyzed by
powder X-ray diffraction (XRD; Rigaku MiniFlex, Cu K a) at 40 kV, 30 mA with two
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theta angle ranged between 3 and 40 degrees. Crystallinity was quantified by integrating
the area under the crystalline peaks (15, 17, 18 and 23) where I and l.m are the integral
area of crystalline phase amorphous phase respectively.

%Crystallinity = 4" x100 1)

Cr

Hydrolysis reaction of ball-milled and mixed-milled cassava root

After milling, the thermal hydrolysis of ball-milled and mixed-milled cassava root was
conducted at 140°C in a stainless steel reactor in the presence of deionized water. Kinetic
study of thermal hydrolysis was carried out for 1 g of ball-milled or mixed-milled cassava
root, 0.6 g of synthesized HA-L-SO3H catalyst and 10.7 mL of deionized water. During
reaction, liquid phase was taken every 15 minutes within first 2 h and every 6 h until 12
h of reaction. After 12-h hydrolysis reaction, the solid phase and liquid phase were
separated by vacuum filtration. Amount of unreacted cassava root was weighed to
calculate the starch conversion. The amount of total reducing sugar (TRS) in liquid phase
was measured using DNS method. Glucose, oligomers (maltose, maltotriose and
dextrins) and by-products were analyzed by high performance liquid chromatography
(HPLC) using 300 mm x 7.8 mm Aminex HPX-87H lon Exclusion Column (BioRad) at
column temperature of 65°C. Percentage of glucose yield, oligomer yield and selectivity
were calculated based on dry basis of substrate weight.

Table 1 Physical and chemical properties of HA-L-SO3H catalyst in comparison with
other studies

Catabvst Surface atomic concentration Acid sites Surface Total pore  References
(%) densitvimmol g') area volumn

C 0 1 5 Total ~SOuH (m'g ") (em’g ™)
HA-L-504H 615 1330 010 045 17.23 15.53 130 165 100" I thas work
LC-50nH" = . : : : - T.62 1.85 x 107 [4]
HA-CC-50:H 8815 1144 014 027 - - - [5]
Sulfonated- 15 - 05 5]
cellulose catalyst B i §
IC5-500H - - - - 1254 6.57 12 40 0,51 71
Sulfonated-waste R 3 ré
vegetahle . ) 18 18]

@ L.C-SOsH defined as lignin which was synthesized by carbonization and subsequent
sulfonation by fuming sulfuric acid.

® ]CS-SO3H defined as incomplete carbonization of starch and subsequent sulfonation
process.

3 Results and Discussion
3.1 Characterization of carbonaceous solid acid catalyst

XPS analysis for surface atomic concentration of HA-L-SOsH catalyst was shown in
Tablel. The results of catalyst analysis demonstrated that hydrochloric acid dipping
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process (HA) apparently increased the content of chorine atom in catalyst. When
compared with synthesized catalysts from other work, amount of -Cl group on carbon
carrier derived from carbonized cellulose (HA-CC-SO3H) was slightly higher than HA-
L-SO3H from derived lignin in the present study [5]. This was possibly due to higher
temperature of HA-CC-SO3H synthesis that affected the efficiency to adding the —Cl onto
carbon support. However, HA-L-SOsH also showed higher amount of sulfur groups on
catalyst surface compared with HA-CC-SOsH [5]. The main reason was due to different
synthesized methods and structure of lignin which contains high amount of phenolic acid
group. For chemical structure of lignin, the existence of —-OH and -COOH groups
significantly provides hydrophilic chemical structure accessible for sulfuric acid to react.

BET results of HA-L-SO3H in Table 1 shows a high surface area and total pore volumn
of 7.30 m?g? and 1.697 x 10 cm3g™, respectively. An increase of pore volumn and
surface area of synthesized HA-L-SO3H catalyst corresponded to SEM images as shown
in Figure 2(d), 2(e) and 2(f). Similar surface area was found in a previous work [4] when
lignin was used to synthesize carbonaceous solid acid catalyst (LC-SOsH) having 7.62
m?g! surface area by sulfonation in fuming sulfuric acid (15 wt% SO3) at 100°C for 18
h. The synthesized LC-SOsH catalyst gave 96.5% TRS yields when cassava starch was
hydrolyzed at 140°C for 3 h [4]. This suggested that high surface area and pore volumn
of catalyst led to more possibility to increase solid—solid contact efficiency between
cassava root and catalyst to achieve high yield of glucose.

3.2 Ball-milling, mixed-milling of cassava root and thermal hydrolysis reaction

The predominant role on the crystallinity of cassava root after ball-milling and mixed-
milling on catalytic thermal hydrolysis reaction was investigated. As shown in Figure 1,
the spectrum of untreated starch and untreated cassava root samples showed a typical A-
type pattern associated with four strong reflections at 26 of about 15.28°, 17.32°, 18.10°
and 22.98° that indicated crystalline regions in starch [3]. After ball-milling treatment for
24 h, the definite diffraction peaks of sample were partially decreased, and all the
diffraction peaks of mixed-milling sample almost disappeared
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Figure 1. XRD patterns of mixed-milling of samples containing cassava mash and the
solid catalysts

Figure2 SEM images of ) untreated cassava rt, (b) 24-h ball-milled csvaroot,
(c) 24-h mixed-milled sample containing cassava root and HA-L-SO3H catalysts, and
(d) to (f) HA-L-SOsH catalyst at 200, 1000 and 2000 magnifications.
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Crystallinity of untreated starch, cassava root, ball-milling and mixed-milled cassava
root were 23.59, 23.20, 17.85 and 14.21%, respectively. It was suggested that crystalline
structure of starch was substantially destroyed and substrate becomes amorphous. This
crystallinity reduction approach is a promising pre-treatment technique for promoting
the hydrolysis efficiency of cassava root. From SEM image analysis (Figure 2(a)),
untreated cassava granules were oval or polyhedral in shape, and have some smooth or
some porous surfaces. When compared with the surface morphology of cassava root
treated by ball milling and mixed-milling process as shown in Figure 2(b) and 2(c),
respectively, mixed-milled starch granules were disintegrated into smaller particle sizes
and become more flat shape with the catalyst coated on granular surfaces. In accordance,
XRD patterns, crystallinity and SEM image analysis, it can be pointed out that mixed-
milling of cassava root in the presence of HA-L-SO3H catalyst was apparently more
effective than the ball-milling of solely cassava root for promoting subsequent thermal
hydrolysis reaction. The proof of this hypothesis was confirmed by the reaction
selectivity, catalytic yield and starch conversion.

3.3 Kinetic study of mixed-milling pre-treatment of cassava root

Kinetic study of ball-milling and mixed-milling of cassava root, and subsequent thermal
hydrolysis at 140°C was conducted. Figure 3 (a) and 3(b) show the product yield over
time-course of the thermal depolymerization of ball-milled and mixed-milled cassava
root, respectively. In the initial reaction period, remaining mixed-milled cassava root
decreased while oligomers namely dextrins, maltotriose and maltose increased. The
yield of oligomers was maximum at 2 h (80.66%) and then gradually decreased as
oligomers were further decomposed to glucose. Production of glucose was observed in
good accordance with reduction of oligomers. Thermal hydrolysis of cassava mash
from mixed-milling gave 93.72% conversion with 37.45% glucose yield and 83%
selectivity at 6 h of reaction, as shown in Table 2. The yield of by-products from mixed-
milling such as formic acid and acetic acid was less than that from ball-milling and it
started to increase after 6 h due to further degradation of sugar as shown in Figure 2(a).
In comparison, mixed-milling gave significantly higher %conversion and glucose
selectivity relative to ball-milling.
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Figure 3 Yield and remaining substrate during time course of cassava mash hydrolysis
at 140°C of (a) ball-milled and (b) mixed-milled cassava mash containing HA-L-SO3H
catalyst, and first order Kinetic reaction of cassava mash to oligomers conversion during
2 h using (c) ball milling and (d) catalyst mixed-milling respectively.
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Where [Starch]o is the initial concentration of starch, ki # k2 # ks and X is conversion of
starch

%Conversion(X) = <M> x 100 (11)

Mgtarch,0

Yieldgygar

% Selectivity = 100 (12)

Conversion

Theoretically, hydrolysis of cassava mash consists of three steps as shown in equation
(2). Rate constants (ki, k2 and ks) of reaction were calculated based on equation (3) to (6)
where [Starch], [Oligomer], [Glucose] and [By-product] are concentration of respective
compounds and t is time. The integration of these formulae gives equation (7) to (10),
respectively. Rate constant of starch-to-oligomers conversion (ki) was assumed as
pseudo-first order reaction and determined from curve fitting of starch conversion during
first 2 h as shown in Figure 3(c) and 3(d). From mathematical computation, three step
rate constants of mixed-milling using HA-L-SO3H namely starch-to-oligomers (Ka),
oligomers-to-glucose (k) and glucose-to-by product (ks) were 1.15, 0.14 and 0.059 h™?,
respectively. The ratio of rate constant of cassava mash-to-soluble oligosaccharides and
oligosaccharides-to-glucose conversion (ki/kz) from mixed-milling was 7.97 indicating
that the rate-determining step of the overall cassava hydrolysis was starch-to-
oligosaccharides conversion. Concentrations of remaining cassava mash, glucose,
oligomers and by-product were converted to %yield and plotted in Fig. 3(b) where solid
lines represent the mathematical models from equations (7) to (10) and scatter plots
represent experimental data.

Table 2 Effect of pre-treatment process of substrate and catalyst on hydrolysis under
hydrothermal condition at 140°C for 6 and 12h
Yield (%) Glucose

Substrate  Catalyst Il(':)es tre:tr:l_enl :0lg  Glucose "By Con(‘:;or)smn selectivity "felz?
product (%)
Cassava HA-L- Idividual 65.38 26.73 7.34 71.69 78.21 7510
mash SO:H P milled cassava
mash
Mixed-milling  54.78 37.45 7.63 93.72 83.00 76.81
Tdividual 48.58 32.01 76.9 5917 76.32
12 milled cassava  17.90
“ mash
Mixed-milling  9.12 66.48 2424 86.53 73.15 82.46

aWater-soluble oligosaccharides included maltose, maltotriose and dextrins.
®By products included formic acid and acetic acid.

Ball-milled cassava root and subsequent thermal hydrolysis in the presence of HA-L-
SOsH catalyst provided rate constants of ki, ke and ks about 0.65, 0.15 and 0.016 h™*
respectively. Interestingly, the result of ki was prominently lower when compared with
mixed-milling process while the values of k, and ks were not significantly different
between two milling methods. From the result, the ratio of ki/k, from ball-milling was
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4.3 which was also smaller than that from mixed-milling. This suggested that the
hydrolysis of cassava mash to soluble oligomers was the rate-determining step. In
comparison, it can be pointed out that mixed-milling gave superior starch hydrolysis
efficiency due to more effective solid—solid contact area between catalytic active sites in
catalyst (Cl- and SOsH) and a,1-4 glycosidic bonds in starch [2]. Drastically increased
first order kinetic rate constant (ki) of cassava mash to oligomers reaction using mixed-
milling was about 1.77-folds higher than using ball milling in the solid state reaction.

4 Conclusion

Selective cassava mash hydrolysis was achieved when using HA-L-SOsH catalyst. High
glucose yield depended greatly on suitable solid acid catalyst synthesis method which
provided catalysts with superior physical properties and chemical structure. Moreover,
the predominant role of mixed-milling was to improve solid—solid contact area between
cassava mash and catalyst which was in accordance to mechanocatalytic hydrolysis
reaction. This indicated that to achieve complete conversion of cassava mash to glucose
in thermal hydrolysis, mixed-milling with effective catalyst critically enhanced reaction
selectivity, hydrolysis efficiency as well as the rate of starch depolymerization reaction.
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1 Introduction

Fossil fuels are believed to be an important factor in climate change, prompting interest
in the development of renewable energy sources. Biomass, which is high in organic
carbon content, could be a renewable resource to produce valuable biofuel and useful
materials [1].

Biosludge, which is produced from biological wastewater treatment, could be a candidate
for renewable energy while also solving the waste problem of sludge. However, the
intrinsic characteristics of sludge, such as high moisture content, inconvenient storage,
microorganisms, decomposition, odor, low thermal efficiency and high treatment cost,
could limit its applications [2]. Based on the concept of high potential energy recovery
for renewable strategy and technology, sewage sludge has the potential for sustainable
development in the future [3]. Sewage sludge can be regarded as a biomass resource
because of its considerable organic content such as proteins, lipids, or fats, and
carbohydrates, [4],[5] and its organic fraction could be a source of energy, oil and gas
fuels or valuable chemical products after suitable treatment [6],[71,[8],[9].

Sludge is a product of urban and industrial wastewater treatment plants, and it should be
carefully disposed of to reduce the release of contaminants into the environment.
However, due to its rapidly increasing amount and potential risks to human health and
the environment, the disposal of sludge can be a real challenge in biological wastewater
treatment procedures. The treatment and disposal of waste sludge can represent more than
50% of the operating costs of wastewater treatment plants [10]. Reduce, reuse, and
recycle are the basic concepts of sludge treatment and disposal [11].

For the pyrolysis process, the sludge undergoes thermal degradation [12], and the sludge
volume reduction is similar to that achieved with incineration or gasification. Pyrolysis
technology has many benefits, but the high moisture content in sludge could reduce the
efficiency of pyrolysis. Therefore, a microwave technique has been developed for sludge
pyrolysis over the past decade to improve energy efficiency [13],[14],[15],[16]. Sludge
was obtained from a wastewater treatment plant of the chemical industry and treated by
microwave heating pyrolysis technology.

2 Experimental
2.1 Materials

Sludge samples were obtained from the wastewater treatment facility of a chemical plant
in Taiwan.

In addition, sludge contains microorganisms obtained from an activated sludge process
of wastewater treatment plants. A total of more than 300 kg of sludge cake was sampled
for all experiments to ensure consistent sludge characteristics during the experiment.
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Sludge was stored at 40C until it was pyrolyzed. One hundred grams of the sludge sample
were put into the reactor for each run.

2.2 Microwave pyrolysis

Sludge drying and pyrolysis was carried out in an integrated single process using a
multimode-microwave oven. The wet sludge (~100 g) was put into a quartz reactor,
which was placed inside the microwave heating oven. Nitrogen flowed through the
reaction bed at a rate of 200 mL/min for 30 min to maintain an inert atmosphere during
treatment.

2.3 Elemental analysis
2.3.1  Major element constituents

An element analyzer (Heraeus CHN-O Rapid Element analyzer, USA) was employed to
determine the carbon, hydrogen, nitrogen and oxygen constituents in the raw material and
sludge oil. Sulfur and chloride concentrations were measured with the Tacussel
Coloumax 78 (USA) element analyzer. Sulfanilic acid and 1-chloro-2, 4-dinitrobenzene
were selected as standards of the elemental analyzer.

24 Chemical composition of liquid oil

The sludge oil was separated from the primary pyrolysis liquid product by distillation
technology. The distillation temperature program of liquid products was conducted as
follows: heating to 120°C (200C min-1) for 10 min to remove water and then heating to
250°C (10°C min) for 15 min to collect liquid oils. After that, the temperature was
increased to 350°C (10°C min) for 10 min, which volatilized most of the liquid and left
some char in the bottom of the distillate bottle. Over 80% of the liquid oil was collected
at 200-250°C [17]. Gas chromatography with mass spectrometry was employed to
analyze the constituents of the pyrolysis oil.

The composition of oil products was analyzed by a gas chromatography apparatus
coupled with a mass spectrometer (GC-MS, model QP-2010; Shimadzu, Japan). The
temperature program using the DB-5 column (0.25 mmx30 m, 0.25 um film thickness,
Agilent J&W) was as follows: 600C for 10 min, then raised to 325°C at a rate of 5°C per
min; injector and detector temperatures 250°C; carrier gas nitrogen (2 mL min-1);
detector dual FID; split ratio 1:30; and injection of 0.5 uL. GC peaks were identified by
comparing the MS fragmentation pattern and relative retention time with those of the
reference compounds available. The relative proportions of the liquid constituents were
expressed as percentages obtained by FID peak-area normalization.
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3 Results and Discussion
3.1 Raw material

The microwave heating system was set at 100-1100C to dry the sludge raw material. An
elemental analyzer was employed to determine the carbon, hydrogen, nitrogen, sulfur,
and chlorine content in the dried sludge material. Results indicated that the element
contents in the dried sludge were carbon 46.7%, hydrogen 5.80%, nitrogen 6.81% and
sulfur 1.34%. Chloride content was less than the detection limit (<0.01%).

3.2 Pyrolysis mass distribution

Sludge cakes containing 34.5% water were obtained from the wastewater treatment plant
of the chemical industry. The sludge content was 58.3% combustible constituents and
41.7% ash. The microwave-dried sludge was pyrolyzed to gain the fraction of products
in the gas phase, liquid phase, and solid residue, which were 18-38, 16-24, and 42-65%,
respectively, at pyrolytic temperatures from 400-800°C (shown in Table 1). High
temperature reduces the yield of residues and enhances the gas products. The liquid
product reached a high yield at 500°C, after which, increasing the temperature reduced
the yield of liquid product because some liquids volatilize at high temperature.

Table 1 Mass fraction distribution of sludge pyrolysis under different temperatures

Temperature (°C) Gas Liquid Residue
400 0.18 0.16 0.65
500 0.25 0.24 0.51
600 0.33 0.22 0.45
700 0.31 0.22 0.47
800 0.38 0.20 0.42
3.3 Chemical constituents of liquid oil

The microwave heating sludge pyrolysis process was employed to produce 16-24 wt% of
oil based on the dried sludge cake. The average main elemental components of sludge oil
were carbon (71-74%), hydrogen (5.6-8.2%), nitrogen (5.5-8.5%), and sulfur (0.11-
0.17%) with the pyrolytic temperature at 400-800°C (shown as Table 2). Chlorine content
was less than 0.01% in pyrolysis oil. The heat values of liquid oils were 7600-8300 kcal
kg*. High temperature could lead the hydrogen and nitrogen species to volatilize into the
gas phase.
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Table 2 Major elemental constituents of

Biosludge Pyrolysis by a Microwave Heating System

pyrolysis oil for different temperatures

Elements 400 500 600 700 800
C 72.5 71.24 717 72.10 74.49
N 5.54 6.36 8.52 6.68 7.90
H 5.63 7.94 8.19 8.07 7.14
S 0.11 0.14 0.080 0.17 0.16
34 Organic constituents of sludge oil

Complex organic compounds with a wide variety of chemical groups present in oils were
produced from the microwave heating of sludge pyrolysis. Table 3 shows the detailed oil
constituents in terms of the percentage of the gas chromatographic peak area for different
compounds. Based on the carbon number fraction of oil products, C9 species account for
11-27%, C10 for 14-21%, C11 for 8.5-11%, C12 for 5.7-8.0% and C15 for 2.8-6.9%. The
peak area fraction of C13 was 2.2-5.4%, C14 was 0.65-2.2%, and C16 was in trace
amounts in this work. At high temperature, the organic molecules could crack and
reformulate, which may be the reason for the variation of the composition fraction of

liquid biofuel.

Table 3 Carbon number of sludge-derived oil under different temperatures
Carbon 400 500 600 700 800
number

C7 9.25 2.67 5.14 5.17 5.06

C8 4.99 2.74 4.44 5.83 4.89

C9 26.97 11.07 23.35 26.14 22.8

C10 20.41 13.66 20.51 20.7 18.97
Cl1 9.62 8.43 11.17 10.63 9.76
C12 5.74 5.72 5.94 7.89 7.98
C13-16 8.14 15.77 7.23 7.49 7.01
Sum 85.12 60.06 77.78 83.85 76.47

4 Conclusions

Sludge from a chemical industry was used to produce oil by a microwave heating reactor.
At temperatures from 400-8000C, the fraction of pyrolysis products was 18-38% in the
gas phase, 16-24% in the liquid phase, and 42-65% in solid residue. The heat values of
liquid oils were 7600-8300 kcal kg-1.
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Abstract Pyrolysis characteristics of anaerobic fermented Saccharina
japonica (AFSJ) were investigated using a thermogravimetric analyzer, and
fast pyrolysis carried out that of sample pyrolyzed in a bubbling fluidized-
bed reactor. The pretreated S. japonica samples (AFSJ-1d, AFSJ-2d, AFSJ-
4d and AFSJ-6d) were prepared by anaerobic fermentation for 1-6 days.
The differential thermo-gravimetric analysis (DTG) curves of the AFSJ
samples have three extensive peaks between 75 and 355 °C. The second
peak intensity related to fermentable carbohydrates of AFSJ-4d and AFSJ-
6d decreased compared to AFSJ-1d and AFSJ-2d. This result implies that
the anaerobic fermentation for volatile fatty acid (VFA) production is
completed for 4 day. The yields of pyrolysis product such as bio-oil, bio-
char, and gas were significantly influenced in the conditions of different
fermentation period. The yield of bio-oil from AFSJ-6d sample was
maximal 40.12 wt% at 375 °C and 4.0 Umf in a bubbling fluidized-bed
reactor. The chemical composition of the bio-oils from AFSJ-1d and AFSJ-
2d exhibited abundant dianhydromannitol as carbohydrate derivatives
compared to one of AFSJ-4d and AFSJ-6d. It is attributed to the presence
of unfermented carboxylates for 2 fermentation day.
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1 Introduction

Many researchers have investigated the thermochemical process of fast pyrolysis for bio-
oil and bio-char production [1-4]. The pyrolysis process offers a flexible and attractive
way of converting organic matter to liquid products (also known as bio-oil), a solid
residue (also known as bio-char), and several light gaseous compounds (i.e., carbon
dioxide, carbon monoxide, hydrogen, and light hydrocarbons) [3, 4]. The fast pyrolysis
of raw Saccharina japonica (i.e., untreated) has been carried out in a micro-tubing reactor
[5], packed tube reactor [6], fixed-bed reactor [4], and bubbling fluidized-bed reactor [3,
7].

For large-scale pyrolysis oil production, the fluidized bed reactor system is regarded as
the one with the greatest potential for commercialization. However, during long-term
operation of the bubbling fluidized-bed pyrolysis using raw S. japonica, ash fouling and
segregation by fluidizing char and mineral particles in the fluidized-bed reactor, may be
caused by gelation and/or carbonization of sticky organic polysaccharides (e.g., alginate,
fucoidan, laminarin, mannitol) with inorganic minerals, and it is difficult to operate the
process continuously [8]. Thus, a pretreatment of anaerobic fermentation with volatile
fatty acid (VFA) by-product can be considered as one potential solution to reduce
minerals and sticky polysaccharides in the S. japonica biomass [2, 9].

In this study, the fast pyrolysis of anaerobic fermented S. japonica (AFSJ) for different
fermentation period was investigated using a bubbling fluidized-bed reactor.

2 Experimental
2.1 Anaerobic fermentation pretreatment

The aquacultured S. japonica by high-density production method was obtained from
Institute of Cleaner Production Technology of Pukyong National University in South
Korea [7, 10], and was collected in August 2015 near Cheong-San Island, between
Wando and Jeju Islands. After collection, the wet S. japonica biomass was directly
crushed into particles in the size range of 1-3 cm, using a twin-screw shredder on site.
The pretreatment of anaerobic fermentation was performed by the addition of nutrient
medium and sewage sludge into the wet S. japonica with 100 L working volume [9, 11].
Tap water was also added to adjust the substrate concentration. The concentration of
macroalgae substrate (g of dried alga/L) was 75 g/L. lodoform (0.2 g/L) was used as
methanogen inhibitor. NaOH solution was added to control the pH between 6.5 and 7.0.
The pretreated S. japonica samples (AFSJ-1d, AFSJ-2d, AFSJ-4d and AFSJ-6d) were
prepared by anaerobic fermentation for 1-6 days.
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2.2 Bubbling fluidized-bed pyrolysis

The fast pyrolysis of the fermented S. japonica samples was carried out in a bubbling
fluidized-bed reactor. A schematic diagram of the experimental equipment is shown in
Fig. 1. The reactor consisted of a 3.3-cm-schedule stainless steel pipe that was 55 cm high
(including a 10-cm pre-heating zone below the gas distribution plate) and was equipped
with a 100-pum porous metal gas distributor. The system used silica sand (particle size
180-250 pm) as the fluidizing bed material and nitrogen as the fluidizing carrier gas. The
reactor was externally heated with a three-zone electric furnace. The connecting tubes
from the reactor to a cyclone and condensers were maintained at 300 °C using heating
tape to avoid vapor condensation of the product bio-oil within the tubes. The particles of
the biomass sample (average size 400 um) were loaded into a feed hopper (batch-wise)
and conveyed into the reactor by a screw feeder. The temperature of the fluidized bed
reactor was controlled by measuring the temperature in the sand bed and in the reactor
using K-type thermocouples. The bed material was weighed before each reaction and
then fed into the reactor. After the fast pyrolysis reaction, the solid product (char and bed
material) was collected from the cyclone and the reactor. The weight of char product was
calculated by the weight difference. The condensable vapors exiting from the reactor and
the cyclone were collected in a series of two condensers that were cooled to a temperature
of —20 °C using a circulator with ethylene glycol as the cooling solvent. The non-
condensable vapors passing through the condensation system were collected in an
electrostatic precipitation unit. After reaction, the solid, liquid, and gas products were
analyzed to determine their composition.

1. Fluidized Bed Reactor 6. Screw Faeder 11, Condenser
2. Furnace 7. Controller 12. Electrostatic Precipitator
8 Heating Taps  13. AC Power Supply

d 3. Thermocouple
M 4. Mass Flow Congroller 9. Cyclone 14 Filter

3. Hopper 10. Reservoir 13. Gas Chromatograph

Figure 1. Schematic diagram of a bubbling fluidized-bed reactor

Under all of the reaction conditions, the experiment and analysis were conducted at least
twice and the average value was used. The product yields of liquid, char, and gas were
determined using the mass balances of reactant and products according to the following
equations:
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Char yield (wt%) = Te= 100

m,., )
- H - rnliquid

Liquid yield(w%) = —— x 100 @)
feed

Gas yield (wt%) = 100—Char yield-Liquid yield 3

where Meeeq i the mass of the biomass, and mcnar and my;q are the masses of the solid and
liquid products, respectively, after fast pyrolysis.

The compositions of the gas products (e.g., Hz, CO, CO», and hydrocarbon gases C1—Cy)
was analyzed by using gas chromatography (YL 6500 GC) equipped with TCD
(Molecular sieve 13x column) and FID (Porapak N column) detectors. The YL 6500 GC
was equipped with a methanizer (packed with Ni catalyst) which allows to detect low
concentrations of CO and CO; by the FID detector. The GC was operated under the
following conditions: the TCD detector was set up at 150 °C, using high-purity argon
(99.999%) as a carrier gas with flow rate of 20 mL/min. The FID detector was set up at
250 °C, using high-purity nitrogen (99.999%) as a carrier gas with flow rate of 20
mL/min, and a mixture of hydrogen-air to keep the flame lit. The flow rate was 30
mL/min for hydrogen and 300 mL/min for air.

The moisture and ash content of the biomass and bio-char products were determined
using ASTM E 1756 and ASTM E 1755, respectively. The C, H, and N contents of the
biomass and bio-char were determined using an elemental analyzer (Flasg EA1112, CE
Instrument) and the O content was given by difference. Thermogravimetric (TG) analysis
of anaerobic fermented S. japonica samples was carried out using a TGA (TA Instrument,
Q50). A sample mass of 20.0 £ 1.0 mg from each experiment was used for
thermogravimetric analysis. Nitrogen was used as a carrier gas at a flow rate of 25
mL/min. The heating rate was controlled at 10 °C/min, and from 30 to 800 °C.

The H Fourier Transform Nuclear Magnetic Resonance Spectrometer (FT-NMR) spectra
for organic phases of bio-oils were determined using a JEOL JMS ECP-400 spectrometer
at 400 MHz by dissolving 0.1 g of bio-oil in 1.0 mL of dimethyl sulfoxide-ds (DMSO-
de).

3 Results

Figure 2 shows thermogravimetric analysis results of different fermentation period from
S. japonica in nitrogen atmosphere at a heating rate of 10 °C/min. Thermogravimetric
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analysis results of the biomass can be expressed as a function of the conversion X, which
is defined as follows:

o - Wo-W .
W, —W, 1)
where W is initial mass of the biomass sample, W is mass of the pyrolyzed sample, and
W., is final residual mass. Differential thermo-gravimetric analysis (DTG) data of the
biomass sample at a heating rate of 10 °C/min were obtained from the differential rate of
conversion, dX/dt. The DTG curves of the AFSJ samples have three extensive peaks
between 75 and 355 °C. The first broad peaks in the temperature range of 75 to 220 °C
were attributed to moisture reduction adsorbed on the sample surface. The second peaks
of thermal decomposition were observed in the range between 225 and 295 °C, and were
mainly attributed to decomposition of alginate and fucoidan, while the third peaks
between 395 and 355 °C mainly corresponded to the decomposition of laminaran,
mannitol and protein [4-8]. The slow decomposed peaks over a wide temperature range
from 355 to 600 °C are related to lipid and remaining char, which were structurally
complex and more difficult to break down [10]. The patterns of the AFSJ samples showed
different trends of second and third peaks. The second peak intensity of AFSJ-4d and
AFSJ-6d decreased compared to AFSJ-1d and AFSJ-2d. This result exhibits that the

anaerobic fermentation for VFA production is completed for 4 day [9, 11].

1.1 S.5.j:
- 2.1 day fermented S. japonica
=== .= 3.2dayfermented S. 5. japonica —_—
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Figure 2. TG conversion and DTG curves illustrating results for fermented S. japonica
samples at heating rates of 10 [1C/min.

Fast pyrolysis temperature for the AFSJ samples in a bubbling fluidized-bed reactor was
determined at 375 °C based on the TG and DTG data (Figure 2). The effect of
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fermentation days on product distribution was shown in Figure 3 (a). When the
fermentation days increased from 1 to 6 days, the char and gas yield decreased, while the
bio-oil yield increased from 31.89 to 40.12 wt%. As discussed for the TG curves, this
was attributed to the thermal decomposition of carbohydrate, protein and lipid at between
230 and 375 °C [4-8]. The increased bio-oil yields during increased fermentation days
were attributed to decreased ash content in fermented biomass. Choi et al [7] reported
that the pyrolysis of the brown alga S. japonica at a higher decomposition temperature
exhibited an exothermic reaction by minerals in biomass. Li et al. [12] and Ross et al.
[13] mentioned that the macroalgae of L. japonica and S. pallidum at above 400 °C
appeared the charring decomposition of inorganic materials to metal carbonate with
exothermic effect. The high bio-oil yields (31.04-31.27 wt%) of 4-6 days fermented S.
japonica at 375 °C were high in comparison with the results from raw S. japonica
pyrolysis reported in other studies [3, 4, 6]. The yield of bio-oils from AFSJ-1d and AFSJ-
2d at pyrolysis temperature 375 °C was lower than for bio-char, whereas the yield of bio-
oils from AFSJ-4d and AFSJ-6d was higher than for char and gas. The high char
formation is attributable to the ash remaining after pyrolysis of S. japonica, due to
minerals fixed within the structural components [13]. As described in Figure 2, the
different chemical compositions of fermentation pretreated biomass may lead to different
product distributions as well as to different product compositions.

The main components of the pyrolysis gas from fermented S. japonica were CO, CO,,
H,, and hydrocarbon gases (C:—Ca) [3, 4, 6, 7]. The mole percent of CO- in the gas
products decreased with increasing fermentation days, while that of CO, H; and C1—C4
increased (Figure 3 (b)). The CO. composition was attributed to the reduced
decarboxylation from a decrease of fermentable carbon sources [3, 7].
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Figure 3. Effect of fermentation days from S. japonica on (a) Product yields and (b) Gas
composition in a bubbling fluidized-bed reactor with feeding rate 100 g/h and nitrogen
flow rate 4 Upf.

The chemical functional groups of bio-oil product were analyzed by *H NMR. Figure 4
shows the 'H NMR spectra of the bio-oils from fermented S. japonica samples at 375 °C.
Among the main functional groups in bio-oils, alkanes, aliphatics, anhydrosugars,
phenols, and aromatics were identified [3, 7]. The protons on alkane and aliphatic carbon
atoms related to heteroatoms or unsaturated groups, were detected in the range 0.5-3.0
ppm from all of fermented S. japonica samples. The proton region between 3.0 and 4.5
ppm was assigned to hydroxyl and methoxy groups on anhydrosugars or alcohols [3, 7],
the source of which was attributed to carbohydrate derivatives (e.g., dianhydromannitol).
This spectral range was quite different depending on the fermentation days of biomass,
exhibiting the high intensity on AFSJ-1d and AFSJ-2d. The peak is attributed to
unfermented carbohydrates for two fermentation days [9, 11]. The peaks between 4.5 and
6.0 ppm represent hydrogen bonding in phenolic —OH and non-conjugated olefin groups
[3, 7, 14], and showed the lowest intensity in the entire proton region. Unlike the
lignocellulosic biomass, macroalgae do not contain lignin, and have very few phenolic
compounds in their bio-oils. Mullen et al. [14] reported that most of the lignin-derived
molecules in bio-oil were phenolic compounds, showing high peaks at 4.5-6.0 ppm. The
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proton peaks between 6.0 and 8.5 ppm represent the hydrogen atoms in benzenoids and
heteroaromatics containing O and N components. Ly et al [3] and Choi et al [7] reported
that the nitrogen-containing heteroaromatics (pyridinone, indole, and amines) on the
pyrolysis bio-oils of macroalgae were mainly derived from the decompasition of proteins.

4 Conclusions

Pyrolysis characteristics of AFSJ samples for different fermentation period were
investigated in a bubbling fluidized-bed reactor. In the DTG curves of AFSJ-1d, AFSJ-
2d, AFSJ-4d and AFSJ-6d, the amount of fermentable carbohydrates from AFSJ-4d and
AFSJ-6d decreased by the anaerobic fermentation for VFA production. The yields of
pyrolysis product such as bio-oil, bio-char, and gas were significantly influenced in the
conditions of different fermentation period. The maximum yield of bio-oil from AFSJ-6d
at 375 °C was considered with reducing ash content in biomass. The chemical
composition of the bio-oils from AFSJ-1d and AFSJ-2d exhibited abundant
dianhydromannitol as carbohydrate derivatives compared to one of AFSJ-4d and AFSJ-
6d. It is attributed to the presence of unfermented carboxylates for two fermentation day.



10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL
PROTECTION (JUNE 27TH—30™H, 2017, BLED, SLOVENIA), BIOENERGY AND BIOFUELS
J. Hyung Choi, H. Chul Woo, J. Kim & S.-Soo Kim: Fast Pyrolysis of Brown Alga

Saccharina Japonica in a Bubbling Fluidized-Bed Reactor: Effects of Anaerobic

1.5e+6 4

1-day fermented S. japonica at 375 °C

1.0e+6

Intensity

5.0e+5

0.0

Fermentaion Pretreatment

1.5e+6 3° 9 8 7 6

2-day fermented S. japonica at 375 °C

1.0e+6

Intensity

5.0e+5 )
Aromatics (including heteroaromatics)

0.0 —

Phenols, Olefins
-

o

5 4 3 2 1

m
PP Aliphalics ~ Alkanes

Anhydrosugars, Alcohols, Ethers

1506 2 ° 8 7 &

4-day fermented S. japonica at 375 °C

1.0e+6 -

Intensity

5.0e+5 -

0.0 —

10 9 8 7 6
1.5e+6

6-day fermented S. japonica at 375 °C

1.0e+6 o

Intensity

5.0e+5

0.0 -

10 9 8 7 6

5 4 3 2 1 0
ppm

161

Figure 4. '"H NMR spectra of bio-oils derived from different-day fermented S. japonica.
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Effect of Dolomite Catalyst on Bio-Oil Production During
Pyrolysis of Tulip Tree (Liriodendron) in Fluidized-Bed
Reactor

SEUNG-S00 KIM, JINSOO KIM & HOANG VU LY

Abstract In this study, the fast and catalytic pyrolysis of tulip tree was
performed in bubbling fluidized-bed reactor under various reaction
conditions (pyrolysis temperature, gas flow rate of fluidizing medium,
biomass particle size) to investigate the effect of these parameters on the
product yields and the qualities of bio-oil. The results showed that the
highest yield of bio-oil was obtained at pyrolysis temperature of 450 oC
with gas flow rate of 2 x Umf, feeding rate of 100 g/hr, and biomass particle
size of 1.0 mm. The gas compositions were determined by GC with FID
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1 Introduction

As lignocellulose biomass, tulip tree (Liriodendron) composed of hemicellulose,
cellulose, and lignin, which can be converted into fuels by pyrolysis.

Fast pyrolysis is a thermal conversion process at high temperature (400~600 °C) in the
absence of oxygen, and at short vapor residence time [1]. Fractional catalytic fast
pyrolysis is an updated pyrolysis method in which the biomass can be converted into
higher quality bio-oil by upgrading the pyrolysis vapor before its condensation via a
series of reaction at atmosphere pressure [2, 3].

In this study, the fast and catalytic pyrolysis of tulip tree was performed in bubbling
fluidized-bed reactor under various reaction conditions using silica sand and dolomite as
fluidization material to investigate the effect of these parameters on the product yields
and the qualities of bio-oil.

2 Experimental
2.1 Woody biomass

The woody biomass sample, tulip tree (Liriodendron), was used in this study. Before
pyrolysis, this sample was ground with a knife mill and sieved to the average particle size
of 100 um for experiment. The contents of C, H, O, and N in the biomass were determined
by an elemental analyzer (Flash EA1112, CE Instruments) and the moisture and ash
contents were determined according to ASTM E 1756 and ASTM E 1755, respectively

[1].

Dolomite catalyst was used in this study in order to determine the effects of catalyst
species on fast pyrolysis of biomass. The natural dolomite (Seungshin Corp., Korea) with
particle size of 50-80 mesh were activated at 900°C for 3 hours.

2.2 Fluidized bed reactor

The non-catalytic and catalytic fast pyrolysis of tulip tree were performed in a bubbling
fluidized-bed reactor. A schematic diagram of the experimental equipment is shown in
Figure 1. The reactor consisted of a 5.5 cm schedule stainless steel pipe that was 50 cm
high (including a 25 cm pre-heating zone below the gas distribution plate) and was
equipped with a 100 um porous metal gas distributor. The system used silica sand and
dolomite (particle of 180~250 um) as the fluidizing bed material and nitrogen as the
fluidizing medium. Biomass sample (0.5~1.5mm) was loaded into a feed hopper (batch-
wise) and conveyed into reactor by a screw feeder with a feeding rate of 100 g/h. The
temperature of reactor was ranged from 400 to 550°C for the pyrolysis reaction.
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Figure 1. Schematic diagram of the bubbling fluidized-bed reactor

The nitrogen flow rate was controlled to get the residence time of pyrolysis condensable
vapour in reactor less than 2s. The temperature of bed material and reactor were
controlled by K-type thermocouples that were inserted into the fluidized bed reactor.
After the fast pyrolysis reaction, the solid product included char and bed material (sand
and/or dolomite) was collected from the cyclone and the reactor. Most of the liquid
products were condensed in a series of ethylene glycol-cooled condensers that were
maintained at -20°C. The aerosols, which were not condensed in condenser, passing
through the condensation system were collected in an electrostatic precipitation unit. The
outlet of filter unit was directly connected to the gas chromatography for gases online
analysis. The product yields were determined by mass balances of reactants and products
by the following equations:

Char yield (wt%) = Maa 100 (1)
mieed

. . . rnliquid

Liquidyield (wt%) = —— x 100 )
mfeed

Gas yield (wt%) =100 - Char yield - Oil yield 3)

Where Mreq is the mass of the biomass, and mchar and miiq are the masses of the solid
product and the liquid product, respectively.
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3 Results and Discussion

3.1 Material characterization

The moisture and the ash contents of tulip tree were 6.56 wt% and 2.13 wt%, respectively.
The elemental analysis showed that the tulip tree biomass consisted of 46.91 wt% C, 7.18
wt% H, 0.45 wt% N and 45.46 wt% O on dry, ash free basis (d.a.f).

The higher heating value (HHV) of biomass can be calculated according to the Demirbas
method [4]. It was determined to be 18.87 MJ/kg.

3.2 Effect of pyrolysis conditions on product distribution

Temperature is one of the most important factors that affect the product distribution. The
product distributions derived from the fast pyrolysis of tulip tree at different temperatures
(between 400 °C and 550 °C) are shown in Figure 2a. The highest liquid yield was
49.03%, which was obtained at 450 °C.

The effect of particle size on product yields in pyrolysis of tulip tree was also investigated.
This influence is related to heat and mass transfer as well as the extent of secondary
reactions inside the particles that affect the product distributions [5]. The experiments
were conducted at 450 °C, with different biomass particle size of 0.5, 1.0, 1.5 mm,
respectively, as shown in Figure 2b. The liquid product reached the highest yield, 49.03
wt%, using biomass sample size of 1.0 mm.
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Figure 2. Effect of pyrolysis conditions on product distribution. (a) Effect of
temperature. (b) Effect of biomass particle size. (c) Effect of nitrogen gas flow rate.
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The nitrogen was used as the carrier gas to transport pyrolysis vapours from the high-
temperature reaction region to the product-collecting zone [1, 6] and it was also used for
fluidization of biomass in the reactor. The flow rate of nitrogen (fluidization velocity) is
another important factor that affects gas and bio-oil yields. The influence of nitrogen gas
flow rate on product distribution of tulip tree pyrolysis was examined and illustrated in
Figure 2c. The pyrolysis of tulip tree was conducted at 450 °C at a fluidization velocity
of 1.5 Umf, 2.0 Umf, 2.5 Unms, 3.0 Ums, and/or 4.0 U, which corresponded to a residence
time 0f 1.59s,1.25,0.96 s, 0.82 sand/or 0.6 s, respectively. ). The bio-oil yield decreased
from 49.03 wt% (2.0 Uny) to 40.01 wt% (4.0 Uny).

3.3 Effect of dolomite on product distribution and properties of bio-oil

In this study, the dolomite catalyst is used as the fluidizing bed material in reactor. The
fast pyrolysis of tulip tree was performed in a bubbling fluidized-bed reactor using
dolomite to investigate the catalytic influence on product yield and bio-oil quality. The
product distributions derived from the fast pyrolysis of tulip tree under catalytic influence
of dolomite at different temperatures (from 400 °C to 550 °C) are shown in Figure 2a.
The bio-oil yield was between 30.38 and 44.83 wt%. Compared to silica sand, applying
dolomite in fast pyrolysis of tulip tree showed a remarkable decrease in liquid yields at
the high temperature.

34 Characterization of gas product

The compositions of gas products were analyzed by GC with FID and TCD detector. The
gas product from the both pyrolysis processes of tulip tree showed similar gas species
with different compositions depending on the reaction conditions, as presented in Figure
3. The gaseous products released during the reaction consisted of CO, CO,, H, and
hydrocarbon gases (C1-Ca).

35 Bio-oil analysis

The bio-oils obtained from pyrolysis of tulip tree samples were diluted in methanol before
GC-MS analysis. Table 1 shows the major compositions in the bio-oils derived from
catalytic pyrolysis and pyrolysis of tulip tree samples at reaction temperature of 450°C
and fluidization velocity of 2xUny, respectively. The components in the pyrolysis bio-oil
include levogluosan, phenolic compounds and their derivatives. Among these species,
levoglucosan was the dominant compound and showed the highest selectivity.
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Figure 3. Effect of pyrolysis conditions on gas composition. (a) Effect of temperature.
(b) Effect of biomass particle size. (c) Effect of nitrogen gas flow rate.
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Table 1. Composition of bio-oil produced from fast pyrolysis of tulip tree with and
without catalyst, at 450°C, nitrogen flow rate of 2xUmf, and biomass particle size of 1.0

mm.
Composition of bio-oil from Sand  Dolomite

pyrolysis of tulip tree at 450°C Area %
2-Butenoic acid 1.24 -
Furfural 1.49 4.6
2-Methyl-2-cyclopentenone - 1.96
3-Methyl-2-cyclopentenone 0.77 271
Phenol 0.37 2.15
eyclopentenone 182 254
2,3-Dimethyl-2-cyclopentenone 0.49 2.84
2-Methyl phenol - 241
3,5-dimethyl phenol 0.46 2.57
2-Methoxy- phenol 1.54 2.69
2-methoxy-4-methyl-phenol 1.58 341
3-methyl-1,2-Benzenediol 1.4 1.82
2-methoxy-4-ethyl-phenol 1.14 3.35
2,6-dimethoxy-Phenol 4.47 5.82
(3;?“3;3:g);)ggimethoxybenzoic acid 512 559
2-methoxy-4-(1-propenyl)-Phenol 3.46 5.13
Levoglucosan 10.76 -
2,6-Dimethoxy-4-allyl phenol 9.66 8.85

4 Conclusions

The fast pyrolysis performance of tulip tree was investigated in a bubbling fluidized-bed
reactor at temperature between 400 and 550 °C and atmospheric pressure using silica
sand and dolomite as fluidization materials. The effect of dolomite catalyst on the product
yield and the quality of bio-oil were also studied. When the pyrolysis temperature
increased from 400°C to 550°C, the bio-oil yield was between 30.38 and 44.83 wt% with
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dolomite catalyst compare to those of 40.07 wt.% and 49.03 wt.% without catalyst. The
HHYVs of bio-oil from catalytic pyrolysis were in the range of 21.58-27.15 MJ/kg. Using
dolomite catalyst resulted in a reduction in levoglucosan and a formation of aromatic
compounds (Cs-C11), compared to the fast pyrolysis in the absence of catalyst.
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Abstract Utilization of forest and agricultural residue for the production of
cellulosic bioethanol is vital to reduce the load from food crops. Since
lignocellulosic biomass resists enzymatic hydrolysis, it is crucial to
deconstruct biomass to separate cellulose and hemicellulose from lignin for
production of cellulosic bioethanol. Various techniques have been
developed for economical and efficient biomass pretreatment. Application
of reagents such as acids, alkali, ionic liquids, catalysts etc. are some of the
emerging techniques that have shown promising results. Microwave
heating is a rapid and energy efficient techniques that has been explored in
combination with other methods for delignification for bioethanol and
biogas production. In this paper we present a comprehensive review
describing the application of advanced microwave technology for biomass
pretreatment applied to cellulosic bioethanol and biogas production. We
discuss the role of microwave chemistry in delignification and attempt to
provide insights in to the chemical and physical changes of biomass
brought about by microwave irradiation.
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1 Introduction

Blending bioethanol with gasoline has proven to be an effective way to reduce
greenhouse gas emissions. First generation bioethanol was mainly produced from sugars
derived from food crops such as corn, sugarcane and maize. Bioethanol production from
cellulosic biomass has gained popularity due to the fact that it does not compete with food
crops. Enzymatic saccharification is a cheaper and effective method of converting
cellulose to ethanol. However, one of the main challenges of the process is low cellulose
accessibility. This results in high production cost making cellulosic bioethanol less
competitive. Biomass pretreatment is a crucial but costly step that involves disruption of
crystalline cellulose structure and break down the lignin bonds, making cellulose more
accessible for hydrolysis.

Various physical and chemical pretreatment methods have been reported on wide variety
of feedstocks. Since biomass pretreament is second most cost intensive process in
bioethanol production, costing about 30% of the total production cost, development of an
economic and effective pretreatment method is vital. Major factor that need to be
considered during pretreatment includes low chemical toxicity, high cellulose
digestibility, better feedstock applicability, and energy efficiency.

Microwave heating has been extensively reported to be effective for biomass
pretreatment [1-6]. Microwave process is a physio-chemical pretreatment process due to
both thermal and non-thermal effects. Microwave heating has found to increase the
cellulose saccharification by up to 30% compared to conventional techniques [4]. Over
the years, microwave processing has been used in combination with other methods to
obtain higher yields and energy efficiency. Extensive review of different biomass
pretreatment techniques is available in literature. However, most of these reviews briefly
cover microwave processing. The purpose of this paper is to review different microwave
based pretreatment methods for bioethanol production and to discuss the role of
microwave chemistry in delignification and attempt to provide insights in to the chemical
and physical changes of biomass brought about by microwave irradiation.

11 Biomass pretreatment mechanism

Pretreatment of lignocellulosic biomass is a critical step in biofuel production. Cellulose
is digested using enzymes and broken down to constituent sugars. These sugars are then
fermented to produce bioethanol [5, 7]. However, the accessibility of cellulose for
digestion is limited due to various structural, chemical and compositional limitations.
Lignocellulosic biomass typically consists of cellulose, lignin and hemicellulose in a
tightly bound structure (fig. 1). Deconstruction of these components is an essential step
in biofuel production in order to make cellulose more accessible for enzymatic
hydrolysis. Pretreatment also ensures reduced cellulose crystallinity, making it easier to
breakdown. Various state of the art technologies have demonstrated promising
pretreatment pathways.
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LIGNIN y— CELLULOSE
|

AMORPHOUS PRETREATMENT
REGION

CRYSTALLINE
REGION

Some of the common pretreatment methods can be categorized as follows: physical
pretreatment (grinding, milling), chemical (acid, alkali, solvent) and physio-chemical
(steam explosion, wet oxidation, microwave and ultrasound in combination with
chemical pretreatment). Physical pretreatment methods are cheaper and less energy
intensive, however, the sugar yields and degree of delignification is lower. Chemical
methods such as alkali and acid pretreatment have shown to increase cellulose
approachability; however, residual acid and alkali could be toxic to enzymes, reducing
the overall sugar yields. Milder acid and dilute alkali methods have shown to address this
issue.

Microwave heating is a physio-chemical process and is generally used in combination
with one of the above physical or chemical processes.

2 Microwave Heating Mechanism

Microwaves are electromagnetic waves in the frequency range of 300 MHz to 300 GHz.
Microwave heating is also known as dielectric heating and is mainly governed by two
phenomena namely, dipole rotation and ionic conduction. Polar molecules when
irradiated with microwave energy oscillate in the direction of the incident wave. These
rotating molecules generate friction between the adjacent molecules, leading to
microwave heating. In case of ionic conduction, presence of free ions generates heat.
lonic molecules tend to move in the direction of incident wave and collide with polar
molecules on the way thus losing their kinetic energy in the form of heat energy.
Microwave heating depends on various factors such as material properties, power of
operation, frequency and mode of operation. Microwave heating offers various
advantages over conventional heating mechanism such as faster heating rates, shorter
reaction time, volumetric heating at molecular level, high energy efficiency, low heat loss
due to direct heating and product selectivity [1]. However, major drawback associated
with microwave heating is non-uniform heat profiles which can be controlled with proper
system design.
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2.1 Pretreatment Mechanism Using Microwave Heating

When lignocellulosic biomass is irradiated with microwaves, selective heating of polar
molecules is observed due to the dipolar polarization effect. Cellulose molecular chains
have polar structures which respond to the imparted electric field. This leads to formation
of hotspots within the structure which leads to partial disruption of cell structure. This
selective heating also decreases the cellulose crystallinity [1]. In presence of polar
solvent, the hot spots generated could lead to rupture or explosion of some of the
lignocellulosic structure, giving the solvent better access to cellulose [1].

Presence of moisture within the cell structure could also lead to cell disruption [1].
Moisture is a dielectric material that readily heats in the microwave region. When
biomass is imparted with microwaves, the water molecules absorb this energy and
expand, generating pressure within the cell structure which leads to the partial disruption
of biomass cellular structure.

2.2 Microwave pretreatment of biomass

Microwave heating is generally used in combination with other pretreatment methods.
Various types of biomass have been studied using microwave pretreatment for bioethanol
production (Table 1). Some of the commonly studied biomass types are cellulose based
grasses such as switchgrass, coastal Bermuda grass, Sorghum Bagasse, Sugarcane
bagasse, Rice straw, Corn stover etc.
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Table 1. Pretreatment methods in combination with microwave irradiation
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Microwave assisted alkali pretreatment has been vastly studied mainly due to
encouraging results obtained by alkali solvent compared to acid solvent. Lai et al., studied
the microwave-alkali (MA) of oil palm trunk and fronds and obtained 15-17% total lignin
removal [11].

Cheng el al., studied the effect of MA pretreatment on Rice straws at 140 °C with
irradiation time of 14 min and obtained total sugar yields of 69.3% [12]. Rodrigues et al.,
noted that in combination with NaOH, microwave heating at 600 W for 15 min resulted
in 355 mg/g of glucan [19].

Dilute alkali pretreatment method has also shown to yield high sugar yields and higher
lignin removal when combined with microwave heating. Keshwani et al., showed that
with 3% dilute NaOH, and 20 min irradiation time at 250 W, total lignin removal obtained
was 83% and 81% for Switchgrass and coastal Bermudagrass respectively [9]. Dilute
ammonia with microwave was also tested by Chen et al., with 46% total lignin removal.
These numbers are 2 folds higher than conventional heating techniques [3].

Pretreatment with acid is another highly effective method for biomass deconstruction.
Acid in combination with microwave heating yields higher lignin removal. Gong et al.,
noted that the use of organic acid is equally effective in lignin removal. They tested the
effect of acetic acid and propanoic acid on rice straw under microwave irradiation for 5
min at 230 W and obtained 51.54% lignin removal [6]. Binod et al., investigated the effect
of alkali, acid and alkali-acid combination in presence of microwave on sugarcane
bagasse and achieved optimum sugar yields at 600 W and 4 min residence time. They
also noted that at 450 W and 5 min residence time with alkali-microwave treatment, lignin
removal was 96% [2].

Sugarcane bagasse was also studied by alkali soaking and glycerol treatment. With alkali
soaking followed by microwave heating, sugar yields achieved were 99% [10]. While
with glycerol treatment, 58.8% lignin was removed [15].

Some of the recent techniques involving microwave heating are use of ionic liquids for
pretreatment. lonic liquids are dielectric material and readily heat in the microwave
environment. Ha et al., studied the dissolution of micro cellulose in ionic liquids in
presence of microwave for increased digestibility. They noted that the yields were 4 times
higher than conventional heating methods [16]. Some other chemical studied are use of
FeClI2 on rice straw resulted in 3 times higher sugar yields than untreated biomass [13].
Verma et al., studied the use of ammonium molybdate activated by H,O, in microwave
at 140 °C for 30 min that resulted in 68.7% lignin removal.
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3 Conclusions

This review article gives a brief overview of microwave assisted pretreatment methods
used for biomass deconstruction for bioethanol production. Microwave heating
mechanism and its advantages and disadvantages are also discussed.
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1 Introduction

Exhaustion of fossil fuel resources and environmental damages due to petroleum
production and consumption, highlight the importance of a shift to renewable sources for
fuels. Biohydrogen is a sustainable form of energy as it can be produced from organic
wastes through fermentation processes such as dark fermentation. This process also
produces fermented by-products (fatty acids and solvents), thus there is an opportunity
for further combination with other processes that yield more bioenergy [1]. Organic
wastes are abundant sources of renewable and low cost substrate that can be efficiently
fermented by microorganisms. The main criteria for the selection of waste materials to
be used in biohydrogen production are the availability, cost, carbohydrate content and
biodegradability. Simple sugars such as glucose, sucrose and lactose are readily
biodegradable and preferred substrates for hydrogen production. However, pure
carbohydrate sources are expensive raw materials for hydrogen production [2]. The
advantages of using organic wastes for biohydrogen are: reduction of CO; and other
pollutants emissions, value added agricultural waste, partial substitution of fossil fuels
with sustainable biomass fuel, and reduction of environmental and economic costs for
diverging the disposition of municipal solid wastes [1]. The production of renewable
energy, a reduction of waste and prevention of environmental pollution promote the
industrial application of anaerobic co-digestion for the treatment of agro-industrial
organic wastes. Co-digestion is defined as the anaerobic treatment of a mixture of at least
two different waste types with the aim of improving the efficiency of the anaerobic
digestion process [3].

2 Material and Methods
2.1 Substrates and inoculum

CW was purchased from Land O’Lakes Inc. (Arden Hills, Minnesota) and WSH was
obtained from CUCBA (University of Guadalajara, Jalisco, Mex). The lactose content of
CW solution was 6.9 g L™*. WSH contained 21, 1.54, 13.96 and 1.93 g L™ of reducing
sugars, glucose, xylose and arabinose, respectively. Anaerobic granular sludge was
obtained from a wastewater treatment plant in San Luis Potosi, Mexico. The granular
sludge was washed with three volumes of tap water and then boiled for 40 min to
inactivate methanogenic microflora and stored at 4°C before use.

2.2 Experimental design

A Central Composite experimental design with six central points (Table 1) was used to
find the optimal conditions for biohydrogen production using mixtures of CW and WSH
as substrate. The independent variables were pH, temperature and concentration of CW
and WSH. Three levels for each variable were included and 2 star points. The response
variable was biohydrogen production (H-). The experiments were performed in 120 mL
anaerobic serological bottles with a working volume of 110 mL, all bottles containing
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medium B [4], 2.75 g L yeast extract, and CW and WSH at the determined
concentrations of experimental design. The cultures were shaken at 175 rpm during the
period of experiment. Consequently, the data was analyzed by the response surface
methodology (RSM). Analysis of variance (ANOVA), RSM and the optimum conditions
were performed using Design-Expert® software (version 7.0 Stat-Ease, Inc.). ANOVA
F test was used to assess the adjusted models. The significance of each coefficient was
determined with the t test with a p-value less than 0.05. Hierarchical clustering analysis
(HCA) was performed using Origin® 9. The results of the HCA are presented in the form
of dendrogram to identify the similarity measure between experiments of the Central
Composite experimental design.

2.3 Analytical methods

The gas production was measured by 1N NaOH displacement in an inverted burette
connected to the bioreactor or to serological bottles with rubber tubing and a needle.
Hydrogen content in the gas phase was measured using a Gas Chromatograph model
6890N (Agilent Technologies, Wilmington, DE) as described previously [5].

3 Results

3.1 Optimization of the Culture Conditions to Improve Biohydrogen
Production

The effect of substrates concentrations, temperature and pH in biohydrogen production
was evaluated with a Central Composite experimental design (Table 1). Central points
(experiments 3, 10, 13, 16, 18, 21) attained a production average of 3592.3 + 167.6 mL
H, L. The highest production was obtained in experiment 11 with 5359.1 mL H, L at
20 g LT WSH, 10 g L' CW and 28°C, with an initial pH of 7.5. Experiments with pH <
5.5 and temperatures < 28°C or > 46°C, obtained less than 70 mL H, L.
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Table 2 Central Composite experimental design and corresponding results by anaerobic
granular sludge using mixtures of wheat straw hydrolysate and cheese whey as

substrate
Experi-ment WSH;; OL  cwrLy Teo)  pH Hat (ML H, LY
1 10 20 28 75 4963.6
2 10 20 46 75 45
3 15 15 37 6.5 3709.1
4 20 10 28 5.5 0.0
5 20 20 28 75 4731.8
6 10 10 28 75 34255
7 20 10 46 75 0.0
8 20 20 46 75 0.0
9 15 15 37 45 9.1
10 15 15 37 6.5 3572.7
11 20 10 28 75 5350.1
12 15 15 19 6.5 45
13 15 15 37 6.5 3718.2
14 20 20 46 55 45
15 5 15 37 6.5 2972.7
16 15 15 37 6.5 3618.2
17 15 15 55 6.5 455
18 15 15 37 6.5 3666.4
19 10 20 46 55 36.4
20 20 20 28 5.5 63.6
21 15 15 37 6.5 3269.1
22 10 10 28 5.5 27.3
23 15 5 37 6.5 3450.0
24 10 20 28 55 3750.0
25 15 25 37 6.5 4518.2
26 15 15 37 8.5 3601.8
27 20 10 46 55 9.1
28 10 10 46 75 0.0
29 25 15 37 6.5 4559.1
30 10 10 46 5.5 0.0

a\Wheat straw hydrolysate. ® Cheese whey. ¢ Biohydrogen production.
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Figure 2 Dendrogram of (a) 30 experiments from the Central Composite experimental
design in the space of four measured parameters (listed in Table 1), (b) sub-clusters A;
and A and (c) sub-clusters B; and B,
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The dendrogram presenting the 30 experiments from the Central Composite experimental
design in the space of four measured parameters (Figure 1a) revealed two main clusters.
Cluster A collected experiments incubated at temperatures lower than 46°C but higher
than 19°C and with biohydrogen production exceeding 2950 ml H, L%, Cluster B grouped
experiments with biohydrogen production lower than 70 mL H, L.

Furthermore, in cluster A two sub-clusters (Figure 1b) could be distinguished:

- Sub-cluster A; composed of experiments with initial pH of 6.5 or 7.5, and 4500
mL H, L't < H, <5400 mL H, L1, and

- Sub-cluster A, grouping experiments with initial pH of 5.5, 6.5, 7.5 and 8.5.
The biohydrogen production in this sub-cluster is between 2970 and 3750 mL
H., L1

Also, in cluster B two sub-clusters (Figure 1c) could be observed:

- Sub-cluster B; including experiments 2, 4, 7, 8, 9, 12, 14, 27, 28 and 30, and
- Sub-cluster B; collecting experiments 17, 19, 22 and 20.

The mathematical model representing the variable response as a function of the evaluated
variables in the experimental region are expressed by the Equation (1):

Hy(mL HyL™') = —71,174.90531 — 161.58097xWSH + 839.50917xCW +
1,586.19349XT + 11,918.30972xpH — 14.67500XWSHXCW + 2.75639XWSHx
T + 67.92250XWSHXpH — 6.47333XCWXT — 36.28500xCWxpH — 101.97639%
TxpH — 5.07733xWSH? — 2.89233XCW? — 13.11214xT? — 591.97083xpH?(1)

With the ANOVA it was established that H, was affected significantly (p < 0.05) by T,
pH, T+pH, T? and pH? (Table 2). Maximum biohydrogen production of 5724.5 mL H, L-
! can be attained at WSH 5 g TRS L, CW 25 g L™? CW, 26.6°C and initial pH 8.5. To
verify the predicted results, additional experiments were performed by triplicate using
these optimized conditions and the biohydrogen production attained was 4554.55 + 10.9
mL H, L (Figure 2). The optimization of operational conditions using RSM was
successful because the result obtained is within the confidence interval.
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Table 3 F-value and p-value for biohydrogen production

Source F-value p-value
Model 4.77 0.0024
WSH 0.036 0.8521
cW 1.32 0.2687
T 13.76 0.0021
pH 13.75 0.0021
WSHeCW 1.44 0.2480
WSHeT 0.17 0.6902
WSHe+pH 1.24 0.2834
CW-T 0.91 0.3550
CWepH 0.35 0.5611
TepH 9.04 0.0088
WSH?2 0.30 0.5941
CW2 0.096 0.7607
T2 20.76 0.0004
pH? 6.45 0.0227
5000,0 -
. 4000,0 -
I
- 3000,0
E 20000 -
—
S, 10000 -
=]
) 0,0 4 T T
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Figure 3 Biohydrogen production in batch culture of anaerobic sludge at optimal
conditions (5 g L WSH, 25 g L't CW, 26.6°C and pH 7.25) in 0.11-L Serological
Bottles



4

188

10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL
PROTECTION (JUNE 27TH—30™, 2017, BLED, SLOVENIA), BIOENERGY AND BIOFUELS

A. Mario Lopez-Hidalgo, Z. Donaxi Alvarado-Cuevas, J. Tomas Ornelas Salas & A. De
Leon-Rodriguez: Optimization of the Biohydrogen Production by Anaerobic Granular
Sludge Using Mixtures of Wheat Straw Hydrolysate and Cheese Whey as Substrates t

Conclusion

Biohydrogen production using the co-digestion of two different sources of carbohydrates
by anaerobic granular sludge was successful. Through ANOVA analysis we observe that
temperature and pH are the most important variables in the biohydrogen production. Also
the proposed mathematical model proved to be valuable for optimizing the biohydrogen
production with the optimal conditions of 5g Lt WSH 25 g L™ CW, 26.6°C and pH 7.25.
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Abstract Prior studies revealed that biodecolorized intermediates owned
capabilities as electron shuttles (ESs) to stimulate reductive decolorization
and bioelectricity generation. Recent findings indicated that both
antioxidant characteristics and electron-shuttling potential of chemical
species are strongly associated. In fact, these properties are also directly
proportional to contents of polyphenolics and/or flavonoids. This study
quantitatively disclosed such correlations with electrochemical inspections
for clarification. Moreover, performance of bioelectricity generation using
microbial fuel cells could be significantly augmented via supplementation
of extracts of ES-rich medicinal herbs and edible flora. This study also
evaluated redox potential profiles (CV) and antioxidant capabilities
(DPPH) of herbs or flora for technical feasibility of applications. The
finding uncovered that extacts of Syzygium aromaticum, Lonicera japonica
and green tea were promising ES-abundant herbs/flora for energy
extraction. Due to reversible ES characteristics, wastes of medicinal herbs
and edible flora could be reused in electrochemically-steered applications
to bioenergy and biorefinery.
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1 Introduction

For sustainable development, exploration of abundant biodiversity in densely populated
and resource-deficient Taiwan is of great importance. In particular, seeking sources of
renewable energy to guarantee energy security becomes top-priority issue without
dispute. Thus, for energy-saving decontamination, natural bioremediation of organic
pollutants via electron transfer (ET)-stimulated redox reactions was first to be
implemented with consideration of environmental friendliness. Apparently, using
microbial fuel cells (MFCs) as operation strategy to effectively enhance ET capability for
biodegradation seemed to be more economically-appropriate due to favourable
characteristics of such electrochemically-steered stimulation. For system optimization,
prior quantitative findings [1][2] also revealed that augmentation of electron shuttles
(ESs) [3][4] from natural bioresource was the most cost-effective and energy-promising
for such bioelectrochemically catalysed biodegradation. From chemical-structure aspect,
when hydroxyl (-OH) substituents are present on the benzene ring of compounds (e.g.,
2-, 4-aminophenol, hydroquinone), such chemicals could act as redox-mediators to
significantly stimulate electron-shuttling capabilities for dye decolorization as well as
bioelectricity generation [5]. Prior studies [1][2] revealed that biodecolorized
intermediates with amino and/or hydroxyl substiuent(s) showed synergistic capabilities
as more promising ESs to stimulate reductive decolorization and bioelectricity
generation. However, for practices with environmental friendliness, using natural
materials in place of artifically synthesized chemicals would be top priority consideration
in public domain. Recent findings [6][7] indicated that both antioxidant characteristics
and electron-shuttling potential of chemical species are strongly bioelectrochemically
associated. Considering such hydroxyl substituent(s)-abundant bioresource, edible flora
and medicinal herbs contained significant contents of polyphenols (e.g., antioxidant-rich
chemicals: flavanol, catechin, anthocyanidines; [8][9]) and will be biocompatible ESs for
diverse sustainable uses. That is, the presence of such —OH substituents could
considerably enhance ET capabilities of the chemicals to exhibit strong electrochemical
activities as either antioxidants or ESs for effective energy extraction [5][10]. Thus, with
appropriate  augmentation of antioxidant-rich edible flora, electron-shuttling
characteristics should be optimally expressed for applications in energy biotechnology.
This study first selected the most electrochemically feasible species of edible flora via
electrochemical inspections (e.g., cyclic voltammetry) for treatability assessment. Due to
strong association upon electrochemical characteristics of antioxidant and ES of tea
extract, using edible flora as supplements for optimal electrochemically-steered reactions
(e.g., bioremediation and biorefinery) would be cost-effective and energy-saving for
sustainable development in energy biotechnology.



10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL | 191
PROTECTION (JUNE 27TH—30™H, 2017, BLED, SLOVENIA), BIOENERGY AND BIOFUELS
B.-Yann Chen, A.-Wei Hsu, J.-Hui Liao, C.-Chyi Wu & C.-Chuan Hsueh: Bioreactor
Study of Using Medicinal Herbs and Edible Flora to Stimulate Microbial Fuel Cells for
Electrochemically-Steered Bioremediation

2 Materials and Methods
2.1 Preparation of edible herbs

This study selected extracts of some medicinal herbs (e.g., Pueraria montana, Eriobotrya
japonica, Syzygium aromaticum, Ephedra sinica, Zingiber officinale, Polygonatum
odoratum, Citrus reticulata, Lonicera japonica) and tea at different degrees of
fermentation (e.g., Camellia sinensis) as sources for inspection. Regarding extraction of
medicinal herbs, at ca. 2.5 g were ground to be powder and then dissolved in 50 mL
50%(v/v) ethanol water for 30 min concentration via rotary vacuum evaporator to obtain
model extracts. For preparation of tea extract, similar procedures were implemented with
water extraction at 50 mL 100°C for 10 min. Then, mixtures of plant extracts were
centrifuged at 13,000 rpm, 25°C 10 min and filtered to obtain supernatant.

2.2 Antioxidant activity assay

Regarding antioxidant activity by radical scavenging DPPH assay, ca. 666 uL samples
of 1ImM DPPH (2,2-diphenyl-1-picryl-hydrazyl-hydrate) were mixed with 333 puL
different tea extract at different doses for spectrophotometric measurement at 515nm
(ODsis) [11]. Scavenging activity percentage was determined as follows:

_ (Abssample_AbSblank)

Abscontrol

DPPH radical scavenging = |1 X100,

where AbSsample, AbSplank, AbSconror denoted ODsys after 30 min reaction of DPPH+tea
extract, of ethanol+extract and ethanol+DPPH, respectively. Dose-response analysis for
“antioxidant” capability via probit transformation was described elsewhere [12][13].
Note that P=1-DPPH/DPPH, was defined as performance index for comparison (P=0 and
100% denoted no and complete expression of activity, respectively).

2.3 Electrochemical measurements

For power generation measurement, cell voltage was automatically measured using a data
acquisition system (DAS 5020; Jiehan Technology Corporation) through external
resistance Rou=1KQ. The power densities (P) and current densities (I) of MFCs were
determined using linear sweep voltammetry (LSV) measurement and the corresponding
voltages were recorded using a multimeter. Note that all MFCs were operated in model
of membrane-less single chamber at 25°C as described elsewhere [1][2][5].


https://en.wikipedia.org/wiki/Camellia_sinensis
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3 Results and Discussion
3.1 Assessment upon plant extracts

To explore electron-shuttling characteristics of naturally-occurring herbs as ESs,
different sources of medicinal herb and tea extracts were chosen for CV treatability
analysis. As Fig. 1 (redox peaks circled) clearly revealed, several intact herb extracts
apparently owned both reduction and oxidation potential peaks of different current levels
in CV profiles as candidate ESs (i.e., P. montana, E. japonica, S. aromaticum, E. sinica,
Z. officinale, P. odoratum, C. reticulate, L. japonica; only part of data shown in Fig. 1)
possibly due to active contents of antioxidants (e.g., anthocyanidins, betalain, catechin
and polyphenols). In fact, as herbs contained diverse compositions of chemical species,
of course several scan cycle- CV profiles of herb extracts showed gradual attenuation of
reduction and oxidation potential peaks (i.e., circled portions in Fig. 2). However, after
ca. 80 cycles of scan, such decay seemed to be asymptotically stabilized to an
“electrochemically steady-state” level. This suggested that some of herb compositions
(e.g., S. aromaticum, L. japonica) might be irreversibly to be utilized as antioxidant via
CV redox process and residual compositions were very likely to be feasible as reversible
ESs for sustainable uses. However, compared to other herbs and flora, peak cathodic (ipc)
and anodic (ipa) currents of tea extracts were all significantly larger than other herbs (e.g.,
ca. 10 fold increase in Fig. 1 and 2) [6]. This implied that tea extract very likely contained
the most abundant compositions of polyphenolics as ES species for energy extraction.
Thus, extracts of teas at different degrees of fermentation were chosen herein for
comparative studies afterwards.

Fig. 1 Cyclic voltammograms for redox processes of some medicinal herbs in distilled
deionized water (scan rate = 10 mV s™!) for 100 cycle scan (CV profiles were gradually
attenuated and asymptotically stabilized at constant levels after ca. 80 scan cycles;
circles denoted redox potential peaks)
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Fig. 2 Comparison of cyclic voltammograms for redox processes of extracts of different
tea extracts (e.g., C. sinensis (L.) Kuntze (green tea) and C.-yunnanica (black tea))

3.2 DPPH antioxidant assay

As aforementioned, antioxidant capabilities could be positively associated with electron-
shuttling characteristics [5][6]. Therefore, exploring DPPH scavenging activities of
different tea extracts would be crucial to quantitatively evaluate ET capability for
bioenergy applications. Furthermore, to obtain correlation of antioxidant activity with
respect to the degree of tea fermentation, different concentrations of Camellia sinensis
(L.) Kuntze (green tea), oolong tea, C. boreali-yunnanica (black tea) and C. assamica
(Mast.) Chang (black tea) were used for comparative study. As Fig. 3 revealed, evidently
increased concentration of tea extract would augment antioxidant capability to react free
radicals due to higher content of antioxidant polyphenolics [9]. In addition, dose-
response curves indicated that the ranking of DPPH scavenging capabilities of tea extracts
was (e.g. ECsp) C. sinensis (L.) Kuntze (green tea) (0.195¢g L) < oolong tea (0.363g L)
< C. boreali-yunnanica (black tea) (0.584 g L) < C. assamica (Mast.) Chang (black tea)
(0.740 g L) (Fig. 4 and Table 1). Comparison of all EC values of different fermented
tea species clearly suggested that higher degree of tea fermentation would significantly
deplete contents of electrochemically associated antioxidant compositions (e.g.,
detectable effect level (ECo) at 0.016 g L™ (green tea) and 0.078-0.094 g L™* (black tea)).
In addition, slope factors B values of all tea extracts were greater than unity (i.e., slope
factor B=2.21-3.11), suggesting steeper curves to exhibit promising antioxidant
characteristics among various tea extracts [11][12]. These all clearly pointed out
electrochemically-available characteristics of different tea extracts.  Apparently,
unfermented green tea (Fig. 2, 3) expressed the most promising scavenging capability
(i.e., far left curve in Fig. 4). As known, higher degree of tea fermentation would
significantly decrease antioxidant contents- flavonols and/or catechins-related
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polyphenolics in tea extracts [9], leading to less content available for electrochemically
functioning chemical species to be functioned as ESs. However, to consider sustainable
applicability of various tea extracts, reusability inspection on tea extracts was also
implemented. As shown in Fig. 5, evidently DPPH scavenging activity of green tea still
stably maintained at ca. 47% even after 5 times of recycling/reuses. However, after 3
cycles for reuse, antioxidant activity of oolong tea and black tea significantly decreased
to ca. < 10% due to partial and nearly complete fermentation of tea, respectively. That
is, the most appropriate tea extracts as antioxidants as well as electron shuttles for
biomass energy recycling/reuses would be green tea (i.e., unfermented tea). Of course,
intact compositions of polyphenolics as antioxidants or/and ESs could be maximally
maintained for lack of tea fermentation for treatment.

100
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Fig. 3 The effect of different doses upon antioxidant activity of various tea extracts
(response variable defined as DPPH/DPPHy).

Table 1 Effective concentrations and dose-reponse analysis of “antioxidant” activity
predicted from probit model (unit: g L)

ECy ECy ECs Y=A+BIOgZ

Camellia sinensis | 0.016 | 0.081 | 0.195 | 6.57+2.21
(L.) Kuntze logZ
oolong tea 0.061 | 0.195 | 0.363 | 6.37+3.11

logZ
Camelliaboreali 0.078 | 0.288 | 0.584 | 5.64+2.74
yunnanica logZ
Camellia 0.094 | 0.360 | 0.740 | 5.35+2.68
assamica (Mast.) logZ
Chang

2Refer to [11] for evaluation of probit transformation.
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Fig. 4 Dose-response curves of antioxidant activity of various tea extracts (response
variable defined as 1-DPPH/DPPHy).

3.3 Power density analysis

To confirm such significant electron-transfer capabilities of these tea extracts, power
density analysis using Shewanella sp. WLP72-inoculated microbial fuel cells as test
bioreactor modules were also carried out. As shown in Fig. 6, after acclimatization of
WLP72 cells the ranking of maximal power density (MPD) of MFCs for different tea
extracts were C. sinensis (L.) Kuntze (green tea) (30.51 mW m) > oolong tea (21.10 mW
m?) > C. yunnanica (black tea) (17.31 mW m?) > C. assamica (Mast.) Chang (black tea)
(16.57 mW m?) > Blank (11.40 mW m2). In contrast, without prior acclimatization, the
ranking of MPD was C. sinensis (L.) Kuntze (green tea) (19.24 mW m) > C. assamica
(Mast.) Chang) (black tea) (16.57 mW m?) > Blank (11.40 mW m) (data not shown).
Inevitably, stable acclimatization in series of identical conditions for fully expressed ET-
capabilities of MFCs would be microbially appropriate and evolutionarily required. In
addition, degree of tea fermentation considerably decreased not only polyphenolics
content but also electrochemical activities as ESs or antioxidants. Moreover, the
performance of water extract was significantly larger than ethanol extract for ET
capability to be expressed (e.g., 30.51 mW m2 (H,O extract) vs. 22.91 mW m? (EtOH
extract); ca. 33% increase).
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Fig. 6 Comparative curves of power density of Shewanella sp. WLP72-dominant mixed
culture microbial fuel cells (MFCs) with supplementation of different teas of water
(H20) and ethanol (EtOH) extracts where MFCs were acclimatized in prior conditions
for maximum power-density comparison.
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34 Electron-shuttling mechanisms

Although ES-associated characteristics of tea extract were revealed as previously
revealed, the presence of such polyphenolics species still needed to be confirmed as
proposed (Fig. 7) for clarification. Thus, analysis using tandem mass spectrometry (MS-
MS or MS?) upon samples (e.g., water extracted, 50% ethanol extracted green tea; Table
2) with standards of vital compositions in green tea extracts (e.g., epigallocatechin
(EGCQG), gallocatechol (GC), gallic acid (GA)) was conducted. Apparently, the results
apparently supported the presence of these compositions in green tea extracts as ESs (e.g.,
EGCG, GC and GA; Table 2) via identifications of Tandem fragments (detailed data not
shown). The findings confirmed that edible flora or herbs might act not only as
antioxidants, but also as ESs for myriads of biorefinery applications due to promising
electrochemical activities of polyphenolics (i.e., ES mechanisms in Fig. 7). Follow-up
studies will be focused on optimal ES-supplementation strategy for maximal stimulation
of bioenergy extraction to applications in biorefinery and bioremediation.
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Fig. 7 Proposed redox-mediating mechanisms of functional substituents in ES
compositions epigallocatechin (EGCG), gallic acid (GA), GC in tea extracts
(EGCQG), gallocatechol (GC), (GA)

Table 2 List of Tandem MS-MS fragment spectra of positive ion mode (+) and negative
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ion mode (-)
m/z 3TB? 4TWRBP Molecular
formula
(+)459.09 + + CooHi301;
(+)307.08 + + Ci5H1407
(+)289.07 + + Cy5H 3056
(+)151.01 + + CgH703
(+) 139.04 + ND C7H-,03
(-)457.08 + + CoHi501;
(-)305.16 + + CisH1407
(-)169.01 + + C7HeOs
(-)125.02 + + Cs HO3

ND: not detected
23TB: 50% Ethanol extracted-green tea
®4TWB: Water extracted-green tea
dMS-MS data confirmed with standards not shown
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Abstract The demand for renewable energy sources has been increasing
around the world, due to depletion of fossil fuels and climate change
derived their use. Bioethanol production plants are one of the most
important industries to Brazilian economy, therefore, this work aims to do
a brief review of bioethanol production, first and second generation, as an
attempt to indicate what the best option is. First generation plants produce
bioethanol from sugarcane juice, while sugarcane bagasse and trash are
used to generate steam and electricity to supply energy consumption,
besides the surplus energy can be sold to electricity companies. On the
other hand, second generation plants use bagasse as feedstock for
bioethanol production, which is a lignocellulosic material cheaper than
sugarcane. Several researches have shown that second generation provides
a global efficiency better than first generation, although there are some
contradictions because new stages in production process increase losses
and irreversibilities.

Keywords:  Biofuel « Sugarcane « Bagasse « Electricity « Cogeneration ¢

CORRESPONDENCE ADDRESS: Marcus Vinicius Roncari Mari, Master’s Degree Student, State
University of Maringd, Department of Mechanical Engineering, Av. Colombo, 5790 - Zona 7,
Maringa - PR, 87020-900, Brazil, email: vinicius_roncari@hotmail.com. Joao Marcos Roncarci
Mari, Master’s Degree Student, State University of Maringa, Department of Mechanical
Engineering, Av. Colombo, 5790 - Zona 7, Maringd - PR, 87020-900, Brazil, email:
joao_roncari@hotmail.com. Maykon Cesar Spolti Ferreira, Master’s Degree Student, State
University of Maringa, Department of Mechanical Engineering, Av. Colombo, 5790 - Zona 7,
Maringa - PR, 87020-900, Brazil, email: spolti.maykon@gmail.com. W.A.dos S. Conceigdo,
Professor, State University of Maringa, Department of Mechanical Engineering, Av. Colombo,
5790 - Zona 7, Maringa - PR, 87020-900, Brazil; email: wasconceicao@gmail.com. Cid Marcos
Goncalves Andrade, Professor, State University of Maringa, Department of Chemical Engineering,
Av. Colombo, 5790 - Zona 7, Maringa - PR, 87020-900, Brazil; email: cid@deq.uem.br.

https://doi.org/10.18690/978-961-286-048-6.20 ISBN 978-961-286-048-6
© 2017 University of Maribor Press
Available at: http://press.um.si.



202 | 10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL
PROTECTION (JUNE 27TH—30™, 2017, BLED, SLOVENIA), BIOENERGY AND BIOFUELS
M.V.R. Mari, J.M.R. Mari, M.C.S. Ferreira, W.A.dos S. Conceigdo & C.M.G. Andrade:
Bioethanol Production Power Plants from Sugarcane: First and Second Generation

1 Introduction

Exaggerated use of non-renewable fuels has been causing irreversible problems to
environmental since industrial revolution until nowadays. Concern about depletion of
sources fossil fuels, polluting gases emission to atmosphere and political instability of the
biggest producer petrol countries have been motivating the search by renewable fuels,
such as bioethanol [1], which probably has the greater potential to replace fossil fuels [2].
In 1975 Brazilian government created a program called Programa Nacional do Alcool
(ProAlcool), as a response the petrol crisis installed in 1970s and also due to sugar price
fluctuation at international market [3]. This program consisted in a lot of incentives that
made bioethanol economically, socially and environmentally feasible as an alternative
fuel [4]. ProAlcool has decreased fossil fuels dependency through addition of 25% of
ethanol to gasoline and also contributing to reduction of CO; emissions [3]. In 1980
Brazilian vehicles industry started producing alcohol-fueled cars, where 90% of total
sales of cars at that time was alcohol-fueled [4]. In 2003 appeared flex cars, which are
driven by ethanol and gasoline, which allowed the driver to choose the best fuel option
[3]. The main products generated from sugarcane are bioethanol, sugar and electricity
comes from burning of sugarcane bagasse and trash in cogeneration systems. [5]. Brazil
is the biggest world producer of sugarcane and sugar and the second biggest producer of
ethanol [6]. Sugarcane production in 2015 achieved 660.5 million tons, where sugar
production was 34.2 million tons and more than 30 billion liters of ethanol [7]. Biomass
represents 9% of the installed capacity of the Brazilian electricity grid, whose sugarcane
is responsible for 76%. In 2016 bioelectricity production from sugarcane was 36 TWh
[6]. This work aims to show the processes of first and second generation bioethanol
production in order to know the differences and similarities between each one and to
evaluate who produces better results.

2 First Generation Bioethanol Production

First generation bioethanol production plants have been producing ethanol in large scale
for more than 30 years in Brazil due to ProAlcool [3]. This process consists at sugarcane
juice extraction in mills to be converted in ethanol, where bagasse and trash collected
from the canefield are used as fuels in boilers, generating steam, which move turbines,
producing electricity to supply the process demand and also is possible to sell the
electricity surplus to the grid [8]. Figure 1 shows a first generation plant typical
configuration.
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Figure 1. Block Flow Diagram of the First Generation

After extraction of sugars is carried out juice treatment, followed by concentration,
fermentation, where yeast is treated and fermented again, coming back to centrifugation.
At the end of these processes occur distillation, rectification and dehydration, producing
anhydrous ethanol [8]. In most cases juice treatment consists of the steps: sorting, heating,
liming, decantation and mud filtration, as shown in [8, 9, 10]. The juice concentration is
carried out by a multi-effects evaporation system, which allow to reduce steam
consumption in the process [8, 9, 10, 11]. Fermentation stage happens at 28 °C allowing
wine production with high ethanol content and consequently decreasing sugar and ethanol
losses, as well as vinasse generation [10]. At the end of fermentation the wine is
centrifuged and the most of yeast is recovered [9]. Distillation and rectification stages are
performed by a double-effect process, which permits a reduction of steam consumption
and water refrigeration [8, 10]. Finally, anhydrous ethanol is obtained after dehydration
that is an extractive distillation process with monoethylene glycol [9, 10].

21 Cogeneration systems

The most common cogeneration systems used by Brazilian sugarcane plants are based on
Rankine Cycle. These plants used to operate with low levels of steam pressure and
temperature, about 20 bar and 350 °C respectively, and backpressure turbines, which
causes low efficiency and high sugarcane bagasse consumption, therefore is produced
just a little electricity surplus [10]. In 2001 a big electricity crisis motivated new
sugarcane plants projects with cogeneration systems more efficiency, through the uses of
steam at high pressures and temperatures and condensing turbines. These changes have
been permitting significant increases in electricity generation [10].
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2.2 Evaluation of first generation

Several studies have been evaluating first generation ethanol and electricity production
plants. A standard distillery with low cogeneration system efficiency, steam pressure and
temperature of 22 bar and 300 °C, respectively, it has produced 81.8
Lethanol/Tsugarcane, almost nothing surplus electricity and 3.7% of surplus
lignocellulosic material. On the other hand, a plant using optimized processes and
focused to produce the maximum electricity that is possible, because all bagasse is burnt,
steam pressure and temperature of 90 bar and 520 °C, respectively, it has produced 83.2
Lethanol/Tsugarcane and 173.2 kWh/Tsugarcane of surplus electricity [8]. Similar results
are shown in [2, 12], where a plant with steam pressure and temperature of 65 bar and
485 °C, respectively, it has achieved a production of 83 Lethanol/Tsugarcane and surplus
electricity of 170 kWh/Tsugarcane [12]. Whereas in study of [2], the production has been
82.3 Lethanol/Tsugarcane and 199 kWh/Tsugarcane of surplus electricity, whose plant
has a cogeneration system of 82 bar and 520 °C.

3 Second Generation Bioethanol Production

Bioethanol production from lignocellulosic material that is found in sugarcane bagasse is
known as second generation and consists in five main steps: biomass pretreatment,
cellulose hydrolysis, hexose fermentation, separation and effluent treatment. Moreover,
detoxification and fermentation of pentoses released during the preatment step can be
performed [13]. Figure 2 shows the process steps.
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Figure 2. Block Flow Diagram of the Second Generation

J



10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL | 205
PROTECTION (JUNE 27TH—30™H, 2017, BLED, SLOVENIA), BIOENERGY AND BIOFUELS
M.V.R. Mari, ].M.R. Mari, M.C.S. Ferreira, W.A.dos S. Concei¢do & C.M.G.
Andrade: Bioethanol Production Power Plants from Sugarcane: First and Second
Generation

Currently the pretreatment is one of the most expensive step in bioethanol second
generation, however, it is essential to achieve good yields. Cellulose hydrolysis yield
without pretreatment is usually less than 20%, whereas with addition this step the yield
can achieve more than 90% [14].

3.1 Biomass pretreatment

Pretreatment is a key stage for successful conversion of lignocellulosic material into
ethanol due to close association existent among the three main components of plant cell
wall (cellulose, hemicelluloses and lignin), which is the most determinant factor for low
accessibility of plant carbohydrates [3]. Therefore, the main goal of this step is to decrease
the interaction existent among plant components and become them susceptible to
enzymatic hydrolysis and fermentation [15]. Another important function is to avoid
creating compounds that are inhibitors of next steps [3]. Several studies have been
analyzing the main pretreatment methods, which are: alkaline washing, lime, alkaline
hydrogen peroxide, dilute acid hydrolysis, ammonia fiber explosion, wet oxidation and
steam explosion [3]. Steam explosion has been one of the most used methods as can be
seenin [8, 12, 16, 17]. This process consists in exposing biomass to high steam pressure
under controlled conditions, followed by extinction of reactor contents to a pressure
vessel by adiabatic expansion [18].

3.2 Cellulose hydrolysis

In this process cellulose is converted to sugar glucose by means of a catalyst, which might
be dilute acid, concentrated acid or enzymes [14]. Enzymatic cellulose hydrolysis has
been one of the most used processes, as can be seen in [2, 8, 9, 12, 16, 17, 19, 20]. This
process can be carried out separately from alcoholic fermentation, as known as Separate
Hydrolysis Fermentation (SHF) or it may happens together, called as Simultaneous
Saccharification and Fermentation (SSF) [3]. In the SHF process hydrolysis can be
performed at temperatures as high as 50 °C, which allows taking advantage of enzymes
stability at this temperature, reducing bacterial contamination. Furthermore, it is also
possible easier separation of sugar syrup from hydrophobic lignin that can be used as
solid fuel [3]. On the other hand, in the SSF process the ethanol production is faster and
cheaper, because the created glucose is simultaneous fermented to ethanol. In addition,
contamination risk is lower due to the presence of ethanol, anaerobic conditions and
continuous withdrawal of glucose. The main difficulty of this process refers to the
different temperatures between enzymatic hydrolysis (45-50°C) and alcoholic
fermentation (28-35°C) [3].

4 Integrated First and Second Generation Processes
Integrated second generation plant with first generation is basically the junction of both

processes. Sugarcane bagasse and trash are used as fuels for cogeneration, whereas the
amount of bagasse that exceeds what is required to supply thermal energy demand of the
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plant is used as feedstock to produce ethanol [12]. Moreover, it is not only bagasse and
trash that can be utilized as fuels in boilers, but it also possible to use some residues, such
as unreacted cellulose, lignin and biogas produced from pentoses biodigestion [8]. Figure
3 shows the integrated processes.

Sugarcane Steam,
Trash Electric Energy
Lignocellulosic .
[ material Cogeneration =
asse

Cleaning Bag Bi‘.’g"“i

Pretrcatment —Pentoses—s Biodigestion

Extraction of

e T
SU%&II‘S Cellulignin Unreacted solids
L
Juice Delignification —Cellulose— Hydrolysis
treatment | T
g ‘. . Lignin
ugarcane juice Julce =
s #——————Gilucose liguor

concentration

Yeast—  Fermentation

1
Yeast et . Distillation and , . Anhydrous
Treatment Centrifugation Rectification || Dehydration Ethanol

Figure 3. Block Flow Diagram of the Integrated Processes

Joining second generation process with conventional first generation may improve the
ethanol production viability from second generation, since if it will be compared with a
second generation plant only, the integrated process will require less investments,
because some steps such as concentration, fermentation, distillation and cogeneration
could be shared between both plants [17].

4.1 Evaluation of integrated processes

There are some researches that have been analyzing results from integrated first and
second generation bioethanol production. An integrated plant with a cogeneration system
0f 90 bar and 520 °C has produced 110.1 Lethanol/Tsugarcane and 66.7 kWh/Tsugarcane
of surplus electricity [8]. Another plant with steam pressure and temperature of 65 bar
and 485 °C, respectively, it has achieved a production of 115 Lethanol/Tsugarcane and
surplus electricity of 70 kWh/Tsugarcane [12]. Similar results are shown in [2], the
production has been 105.8 Lethanol/Tsugarcane and 89.5 kWh/Tsugarcane of surplus
electricity, whose plant has a cogeneration system of 82 bar and 520 °C.
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5 Conclusions

There are a lot of variables which may influence in how to choose the best destination to
sugarcane bagasse, for example when ethanol price is worthier than electricity price, it
might be more feasible use it at second generation, and vice versa. Furthermore, it must
be evaluated energetic consumptions, efficiencies and investments in each process,
because the conversion of biomass to biofuel adds steps to the production, which increase
losses and costs. As shown in the studies of [2, 8, 12], integrated first and second
generation process has achieved bigger ethanol production than first generation plants,
however surplus electricity has been smaller.
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Abstract Due to the worldwide crescent demand for energetic sources of
the industrialized society and the environmental impacts of the fossil fuels,
the adoption of alternative sources became an important research subject.
Among those alternative sources, the bioethanol, produced through the
anaerobic fermentation of substrate, stands out as an important biofuel.
However, this product is obtained through the biological activity of a
micro-organism, what implies in several intrinsic characteristic such as
complex non-linear growth behaviour, occurrence of substrate and product
inhibition, among others. In this sense, the stochastic optimization
algorithms exhibit several advantages for handling biotechnological
process. The present work aims to perform an optimization study of in-
silico bioethanol production, using a hybrid evolutionary algorithm, mixing
the advantages of two different tools, comparing its performance against
classical meta-heuristic routines. The results indicate that the hybrid
algorithm exhibits advantages against the classical routines, and the amount
of product could be maximized in terms of the in-silico production.
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1 Introduction

The development of the modern society is have been noticed by a continuous worldwide
increase of the energy demand. In this context, the fossil fuels stand out as the kernel of
the energy matrix, and a common raw material for the production processes of many
items used daily. In this sense, it is clear the importance of research on the subject of
renewable energy sources [1]. Among them, the biofuels stands out as important
alternatives, especially due to their environmental-friendly aspect [2].

In this sense, the ethanol consists in an important energy source, due to the availability
of raw materials for its production, and the high energy power of this fuel, among other
advantages [3]. The biotechnological processes used for ethanol production, as well as
other bioprocesses, are now subjected to extensive studies of process control and
optimization, with the aim to provide a more reliable productive process, enhancing its
yield and productivity [4,5].

Those bioprocess frequently exhibit characteristics that make the process control and
optimization a challenging task, such as the complex non-linear growth profile of the
working micro-organisms, inhibition due to substrate and/or the target metabolite, among
many others. Under a mathematical point of view, those processes can be described by
sets of non-linear differential and algebraic equations, usually subjected to constraints in
the state and control variables [6]. In this sense, the meta-heuristic optimization
techniques, such as the evolutionary algorithms, stands out as important numerical tools
for tackling with bioprocess related problems, as the analytical techniques usually are
prohibitively complex, especially for cases with high numbers of state and control
variables. In this sense, the stochastic meta-heuristic methods, such as those belonging to
the evolutionary computation subclass, usually obtain good solutions with relatively
modest computation times, although global optimally could not be guaranteed [7,8].

In the present work, a hybrid evolutionary algorithm, called Swarm Algorithm with
Differential Evolution (SADIFFE), is presented. This routine combines the strengths of
the Particle Swarm Optimization (PSO) and Differential Evolution (DE) algorithms, such
as the good local exploration of the first, and the exploitation capabilities of the later.
With this aim, the work is divided as follow: after the present introductory section, the
theoretical referential is presented in the second section, followed by the methodology in
the third section, in which the SADIFFE implementation and optimization studies are
described, and its comparison against the results obtained with classical PSO and DE
algorithms. In the fourth section, the results are presented, and in the fifth section, the
conclusions of the work are outlined. In the section six, the references employed in the
present work are listed.
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2 Theoretical Referential

2.1 Particle swarm optimization

The Particle Swarm Optimization (PSO) is an stochastic algorithm, firstly presented in
the work of Erbehart and Kennedy (1995) [9], referred as population-based, that models
the behaviour of animal swarms, such as bird flocks. In this sense, the particle positions
are initialized in the search space[ximin; ] according to the Equation (1), using a
uniform distribution.

Xi
max

X = U(xfml.n; x

imax) (1)

The new positions of the particles x*** are updated for each iteration, according to the
Equation (2).

E+1l _ Kk -
x =X +1,;1 U C[”mirz;vmax]

O]

In the aforementioned equation, the term v* represents the particle velocity,
which is bounded between[v,,i,; Vmaxl- The particle velocity is evaluated using the
Equation (3).

v* = wx* + ¢,4,7U(0; 1) + ¢ A" U(0; 1) @)

In the Equation (3), the term U (0; 1) represent an uniform random number in the inverval
[0;1]. The terms w, @, P represent the inertia factor and the local and global
acceleration coefficients, respectively. The terms A¥, Ak represent the local and global
displacement for the particle, defined in the Equations (4) and (5).

-dLJt' = (xk - xLBk]

(4)

ﬂsk = (xk - xGBk]

®)

In the aforementioned equations, the terms x5, x5 represent the current best position of
the particle (local best), and the best position among the whole swarm (global best),
respectively.

Some authors point out that the structure of the PSO as a non-greedy algorithm makes
the routine generally better in exploration of local minima and somewhat deficient in
exploitation to global minima [10,11]. Several works proposed modified versions of the
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PSO, and the discussion of its variants it’s beyond the scope of the present work, as it
was employed the presented standard algorithm in this study.

2.2 Differential evolution

The Differential Evolution (DE) is an evolutionary algorithm, which was presented in the
work of Storn & Price (1995) and Price et al. (2005) [12,13]. The DE shares
characteristics of other evolutionary algorithms, employing a crossover as mutation
operator, although it distinguishes itself for employing the concept of direction in the
search space to guide the optimization process. The vectors are initialized using an
equivalent to the Equation (1). For each iteration, a mutant vector m*** is generated using
the difference randomly chosen vectors ¥, weighted by a scale factor, as shown in the
Equation (6)

mrtl = ?,.1nr + sf(?,.znr _ Tzk)

(6)

After the generation of the mutant vectors, for each vector, a recombination process
occurs. A randomly selected parameter k of the vector is chosen to not suffer mutation.
For each parameter of the vector, a random number j € U(0; 1) is evaluated. If j < p,,
in which the second term represent the crossover probability, the parameter from the
mutated vector is selected. Otherwise, the information from the original vector is kept.
After the recombination process, the fitness of the new vectors is evaluated, and if there
is improvement, the new vectors replace the originals. There are several variations for the
mutation process — Equation (6) —, and the discussion of them is beyond of the scope of
the present work.

3 Methodology

In the present section, the methodology employed in the work development will be
outlined. First, the development of the hybrid meta-heuristic optimization algorithms,
combining the classical routines of PSO and DE. Secondly, open-loop optimization
studies for in-silico ethanol production maximization were performed using the hybrid
algorithm.

3.1 Development of the hybrid optimization algorithm

The hybrid meta-heuristic algorithm combines the advantages of two classical heuristics,
the Particle Swarm Optimization (PSO), and the Differential Evolution (DE). The
resultant heuristic, Swarm Algorithm with Differential Evolution (SADIFFE) combines
both heuristics as explained below.

Initially, for a constrained optimization problem, each parameter of the candidate vectors
(xl‘xZ, ,xn) is initialized in the R™ search-space through the utilization of the Equation
(1). After the initialization of the parameters for each dimension of the candidate vectors,
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the parameters are subsequently modified with the aim to find a new search-space,
towards a superior fitness value region. In this sense, the SADIFFE algorithm balances
between the referred exploration capabilities of PSO, and the exploitation capabilities of
the DE. Thus, for each iteration, an percentage p,of the candidate vectors, randomly
selected among the whole population, are modified under the swarm approach,
accordingly to the Equations (2-5). Similarly, a percentage p, of the candidates are
subjected to the differential evolution operator, according to the Equations (6). The
percentages are determined through the utilization of the Equations (7) and (8).

_  f—fmin
Pa = fi —fmin
max—mi @
Ps =1—pg

(®)

In the equations above, the terms f, f,mand fnqrepresent the mean, minimum and
maximum fitness value from the candidate vectors. For stagnant populations, which the
variability among the fitness value is low, an expressive percentage of the population will
be subjected to the differential evolution operator, exploiting new solutions from old
candidate vectors. On the other hand, for populations in which there are substantial
variability in the fitness value, the new candidate vectors are generated towards the best
solution, using the particle swarm approach, as presented in the Equations (2-5). The
algorithm for the SADIFFE is depicted in the Figure (1).

Ithough the differential evolution algorithm is employed in SADIFFE to avoid the
stagnation of the candidate vectors in local minima, the particle swarm approach can be
benefited by the dynamical adjustment of the inertia weight [14]. In this sense, for each
application of the particle swarm operator in the SADIFFE the inertia weight is randomly
updated, accordingly to the Equation (9), that is a modified version of the rule presented
in Eberhart et al. (2001) [15]. In the same way, the acceleration coefficients are also
updated dynamically, as shown in the Equations (10) and (11).

_ Uio:1l
w = 0.5 -I——.:N_'_1 ©
¢ =0005+N=F—4 (10)
¢ =2—¢, (11)

With the dynamical rules to update the coefficients presented in the Equations (9-11), the
SADIFFE algorithm needs only two parameters: the scale factor (S;)and the crossover
probability (p.). Although the fine tuning of those parameters are important for the
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obtention of good results, in general they exhibit and diminute effect on the final
optimization results [16,17].

Start of the process
Start the population End of the process
[

( Start evolutive processw F’E"‘d of evolutive P"DCESSW

A

Y

Evaluate fithess
for whole population -

YES

v

eached stop criteria?
Evaluate percentage

v

Randomly select the Use DE approach for
candidates among the selected candidates.
population PSO for the others.

Y

Figure 1 - Working principle of the SADIFFE algorithm.
3.2 Open-loop optimization studies

In order to evaluate the performance of SADIFFE algorithm, compared to classical PSO
and DE approach, open-loop optimization studies were performed through an classical
model for fed-batch ethanol production benchmarking [18], for which the feed rate is the
manipulated variable. The referred model is presented in the Equations (12-17).

% SgX-F (%) (12)
ds

dt

— —10g,X + F (lsf,_s) 3

dpP

=X —F(3) 14)

& _F
dt (15)



10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL | 215

PROTECTION (JUNE 27TH—30™H, 2017, BLED, SLOVENIA), BIOENERGY AND BIOFUELS

H. F. S. Freitas, J. E. Olivo & C. M. G. Andrade: Optimization of in-Silico Ethanol
Production Using a Hybrid Evolutionary Algorithm

_( 0.408 :]( s }
91 = \Tro0e25p/ 02245 (16)

92 = (1+0.:ﬂl4p) (n.4i+s) 17)

In the aforementioned equations, the terms X, S, P, V and F represent the biomass,
substrate and ethanol concentration (g/L), liquid volume in the fermenter (L) and feed
rate (L/h), respectively. For the optimization studies, the feed rate is parameterized, and
the parameters for the parameterized expression constitute the optimized variables for the
optimization algorithm. In this sense, several parameterization functions are available,
and in the present work, a cosinoidal function was chosen, due to its remarkable
characteristics, such as smooth profile and higher ethanol production yield [19]. The
functional form of the feed rate expression is defined in the Equation (17), and the
parameters to be determined are a ... as

F—ﬂu—l-alcos(az( )-I-a)
I

ta,cos (GE ( ) + rxﬁ)
A (18)

The objective function to be maximized by the optimization algorithms corresponds to
the ethanol productivity (g ethanol) at the end of the batch time (tr), defined in the
Equation (19).

o(F,t)=P(t=t)V(t =t;) 9)

In the optimization studies, to minimize the influence of the stochastic nature of the
algorithms employed, the tests were run 3 times, and the presented results are obtained
as the mean values of those. The configurations employed in the algorithms are presented
in the Table (1). The stop criteria employed for the tests was the number of function
evaluations, and three different scenarios were analysed in order to monitor the
convergence for each algorithms, corresponding to 3, 10, 50 and 100 thousands of
function evaluations.
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Table 1 — Configurations employed in the optimization studies.

Parameter PSO | DE SADIFFE
Inertia factor .
() -0.05 | - Equation (9)
Social coefficient .
(¢,) 0.05 | - Equation (11)
G'Oba'(f;e)ﬁ ‘clent 10025 - | Equation (10)
G
Crossove(rp p;obablllty i 06 06
c
Scale factor
(Sf) = 0.5 0.5
Number of particles or
y part 50 | 50 50

candidate vectors

4 Results

The results obtained in terms of ethanol production are presented in the Table 2, for the
SADIFFE algorithm, and the classical PSO and DE routines as well. The studies we
conducted for the scenarios of maximum number of function evaluations (FE)
corresponding to 3, 10, 50 and 100 thousands (3, 10, 50 kFE) of function evaluations
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Table 2 — Productivity results for each algorithm employed in this work.

Value

Ethanol productivity (kg)

3 10 50 100
KFE | KFE | KFE | KFE
S 1o6E3 | OE4 | 2644 | 18E-3

o dev
P Mean | 14453 | 14459 | 14.462 |14.464
Max | 14457 | 14.461 | 14.463 |14.467
S 1ooe3 | 23E-3 | 9.8E5 | 4.5E-4

dev
W Mean |14.453 | 14.458 |14.462 |14.460
Max | 14457 |14.461 | 14.462 |14.461
w o Sl ges 08E2 | 43E3  1.9E-2

LLII: dev
<5z Mean | 14.406 |14.425 |14.425 |14.417
D Max | 14457 | 14460 |14.462 |14.462

5 Conclusion

217

In the present work, a hybrid algorithm combining the PSO and DE was presented, named
SADIFFE. According to the results depicted in the Table 2, it is possible to observe that
the performance of the hybrid algorithm is somewhat similar to its original counterparts.
However, it is important to mention that the SADIFFE algorithm is almost free of
adjustable parameters, and thus, standing out as a robust alternative for meta-heuristic

algorithms that are most sensitive to parameter configurations.
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1 Introduction

Problems caused by the use of fossil resources induces the development of sustainable
bioprocesses [1]. The use of fuels derived from petroleum results in a great emission of
CO,, which represents a major contribution to the total greenhouse gas (GHG) emissions
[2]. Currently, bioethanol is the dominant biofuel, with the majority being produced in
USA and Brazil, with the feedstocks being corn and sugarcane, respectively [2,3]. The
costs of feedstock, especially corn costs, production and the reduction in GHG emissions
leads to continuum debate about the use of biofuels [4]. In Brazil, there is no doubt that
the dependency from petroleum derived fuels decreased due the development and the
continuous improvement of the sugar and alcohol industry, which besides ethanol,
produces also bioelectricity, polymers and even food to human and animal consumption
[5,6].

A way to improve bioprocesses is by studying the transforming agent used, like the
microorganisms used in fermentation [1]. Microorganisms can be seen as tiny factories,
controlled by its metabolism, a well-regulated network of reactions, which almost never
overproduces the desired substance [7]. Then, improving the performance of an
microorganism can be achieved either by optimization and better comprehension of its
metabolic network or the introduction of new metabolic pathway by genetic
modifications, a method that needs a great knowledge of genetics and metabolism [1,2].
There is where systems biology comes: systems biology aims to unravel the molecular
mechanisms underlying the phenotype of biological systems and to predict cellular
behavior through the combination of high-throughput technologies and computational
methods [8].

In bioethanol production, the most used microorganism is the yeast Saccharomyces
cerevisiae, one of the most studied fungus. Among the characteristics that make this yeast
an excellent choice for the sugar and alcohol industry, we can highlight its rapid growth,
high fermentation capacity and metabolization of sugars, tolerance to high concentrations
of ethanol and low levels of oxygen, tolerance to large variations of temperature and
activity over a wide pH range [9]. S. cerevisiae is also a particularly suitable organism
because: it is well-characterized genetically, and it can be grown under conditions of
continuous culture in which its metabolism can adopt a steady state. These conditions
allow multiple proteome and metabolome samples to be acquired, and ensure a high
reproducibility of measurements and hence fidelity of the final results [10].

In S. cerevisiae, there is main metabolic pathway of glucose consumption and ethanol
production in anaerobic condition, also known as glycolysis. That pathway is, perhaps,
the most important in the metabolism of many living cells, because consuming glucose,
produces free energy in the form of ATP and reducing equivalents in the form of NADH
as other precursors used in different metabolic pathways. The glycolysis describes the
conversion of glucose and other hexoses to pyruvate, which is then reduced to ethanol in
anaerobic conditions. Being glucoses the substrate, the ideal mass fraction of products
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will be 0,511 of ethanol [11,12,13]. Glycolysis represents an excellent test-case, being a
metabolic pathway found in all three domains of life, Archaea, Bacteria and Eukarya,
although this pathway show some differences between organisms [10].

Mathematical models can simulate the complex and dynamic behavior of cell
metabolism. Metabolic pathway models consist of enzymatic reactions described by their
stoichiometry, the enzymatic rate laws, and their kinetic constants (some of the kinetic
constants needed for a model could be collected from literature, but they are often
incomplete, incompatible, or simply not available) [14]. This way, the majority of
mathematical models of biochemical pathways have been developed based on data
collected from different sources [10,14]. It is worth to say that the enzyme kinetic data
used in such models have usually been measured at each enzyme’s optimal pH; however
the optimal pH of each enzyme in a pathway is normally different and the physiological
pH and other conditions would not match the optimal conditions for each enzyme [15].
This approach may result in a distorted view, i.e., one not fully representative of the
system under study. Any unknown parameters of the model are estimated through the
finding of a best fit to an available set of experimental data and the more we know about
these quantities, the more reliably we can simulate the metabolic dynamics [10, 14].
This way, seeking to begin a better understand and improve the bioethanol production
through fermentation by Saccharomyces cerevisiae, a kinetic model of the glycolysis
pathway described in [16] will be proposed, using data taken from literature to run the
model in the software COPASI, a stand-alone program that can be used through a
graphical user interface [17].

A generalized version of the reversible Michaelis-Menten rate law, which is suitable for
any reaction stoichiometry and accounting for various types of allosteric regulation, will
be used to model enzymatic kinetics. Once a metabolic network and enzymatic rate laws
have been chosen, we need numerical values for the kinetic constants, something that can
be a challenge, especially for large networks [14]. Note that the model here developed
doesn’t aim to fit any experimental data yet, we just seek to propose a basic model to
glycolysis. With this initial and basic model running in the free software proposed, a more
complex and precise model can be formulated and validated with experimental data,
helping to comprehend deeply this kind of fermentation.

2 Method

A metabolic pathway is a complex network of reactions occurring simultaneously. To
exemplify this, the schematic model of branched glycolysis that will be used in this model
consists of 19 reactions. Aiming to simplify the visualization and working with all the
species involved, there will be used some specific abbreviations to refer to the enzymes
and substances used in that model, as shown in Table 1.
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Table 1. Abbreviation of Isoenzymes and Substances

Abreviation Isoenzyme/Substance

HXT Hexose Transporters

HK Hexokinase

PGI Phosphogluco Isomerase

PFK Phosphofructokinase

Alda Fructose-1,6-Bisphosphate Aldolase

PGM Phosphoglycerate Mutase

ENO Enolase

PYK Pyruvate Kinase

PDC Pyruvate Decarboxylase

ADH Alcohol Dehydrogenase

Acald Acetaldehyde

ADP Adenosine Diphosphate

AMP Adenosine Monophosphate

ATP Adenosine Triphosphate

BPG Bisphosphoglycerate

Glycerol Glycerol

CO2 Carbon Dioxide

DHAP Dihydroxyacetone phosphate

EtOH Ethanol

F16bP fructose-1,6-bisphosphate

F26bP fructose 2,6-bisphosphate

F6P fructose 6-phosphate

G6P glucose 6-phosphate

GAP Glyceraldehyde 3-phosphate

GLCi Glycosis In

GLCo Glycosys Out

Glycogen Glycogen

NAD Nicotinamide adenine dinucleotide

NADH Nicotinamide adenine dinucleotide
(reduced form)

P2G Glycerate

P3G Phosphates

PEP Phosphoenol-pyruvate

PYR Pyruvate

Succinate Succinate

Trehalose Trehalose

So, with these abbreviations, the chosen model for glycolysis is presented in Fig. 1. This
glycolysis pathway model were proposed by Teusink et al. [16], being used later in the
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works of Pritchard and Kell [13] and Smallbone et al. [10]. The kinetic parameters to be
used in this model simulation were taken from [10].

Gle,,
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Figure 1. Schematic of the model yeast glycolytic pathway of Teusink [16]
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The reactions describing the kinetic model were directly inserted in COPASI software.
The kinetics reactions used were:

HXT:

GLco = GLCi €y
HK:

GLCi + ATP = G6P + ADP )
Glycogen:

G6P + ATP — ADP + Glycogen (3a)
Trehalose:

2 G6P + ATP — ADP + Trehalose (3b)
PGI:

G6P = F6P (4)
PFK:

F6P + ATP - F16bP + ADP 5)
ALD:

F16bP = DHAP + GAP (6)

Glycerol Branch:

DHAP + NADH - Glycerol + NAD (6a)
TPI:

DHAP = GAP (6b)
GAPDH:

GAP + NAD = BPG + NADH @)
PGK:

BPG + ADP = P3G + ATP (8)
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PGM:

P3G = P2G (9)
ENO:

P2G = PEP (10)
PYK:

PEP + ADP = PYR + ATP (11)
ATPase:

ATP - ADP (11a)
PDC:

PYR - AcAld + CO, (12)
Succinate:

2 AcAld + 3 NAD - Succinate + 3 NADH (13a)
ADH:

AcAld + NADH = EtOH + NAD (13)
AK:

2 ADP = ATP + AMP (14)
3 Results and Discussion

Setting initial concentration of the metabolic intermediates in zero, letting just a tiny
amount of AMP, ADP, ATP, NAD and NADH existing inside the cell, in way to emulate
cells without any metabolic reaction happening before the start of simulation, the
following profiles shown in Figures 4 to 7 were generated:
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Before starting the analysis, we must consider where the used data came from: literature
kinetics values used to create Figures 5 to 8 were measured experimentally under a
standardized set of conditions and the data were integrated into an approximate
mathematical model to predict a new set of metabolite concentrations and reevaluate the
control properties [10]. Kinetics parameters of most glycolytic enzymes and initial
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concentration inside cell were first calculated at the known Teusink model [16], which
studied in vivo behavior of yeast glycolysis, and reevaluated by Pritchard and Kell [13]
using parameter scanning with three flux-control, two by hexose transport and one by
phosphofructokinase.

In this model were set initial concentration of the metabolic intermediates as zero,
keeping only AMP, ADP, ATP, NAD and NADH. At literature we found that F26bP
works as an inhibitor for PFK reaction tough it is not created inside the metabolic path,
for this reason we kept its value fixed. Ethanol production on ADH reaction was in
reversible form due to experimental facility to calculate kinetics parameters.

At first, branch reactions were ignored. In this way the model failed to reach the stable
steady state that was observed in appropriate literature. Introduction of branches towards
trehalose, glycogen, glycerol and succinate did allow such a steady state. This shows that
these Kkinetics parameters and equations are only reliable if using the whole pathway,
since it considers all products and intermediates interactions. It is a full model but really
sensitive to changes.

The predictions of this branched model were compared with the literature. The ratio of
Ethanol and Carbon Dioxide should be around 0,51-0,49 but we found 0,47-0,53 using
this model. Stoichiometry should be 1:2 but is around 1:1,3. Analyzing these profiles, we
found that it is according to stoichiometric desired, with both carbon dioxide and ethanol
under 4 mmol/ml. This maximum value would only be found if all the glucose found
outside the cell is converted to carbon dioxide and ethanol, without other substances, like
glycogen, trehalose, succinate and, as we observed in this model, glycerol.

The intention of this work was fully accomplished, since a mathematic model for ethanol
production pathway (glycolysis) with profiles as expected from the literature were
obtained. This model can be improved further, with insertion of new metabolic pathways
and more data, specially experimental data. Since it is modelled at COPASI, which is a
free software and full of tools, it is a dynamic model where we can set any initial
concentration (fixating it or making it reactionary) as well as any kinetic parameter or
equation. This model can be defined as one step for future works we intend to do,
especially on kinetic parameters and equation refinement and ethanol production
enhancement.
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1 Introduction

With the oil crisis started at 70°s decade, when it was discovered that this fuel was not
renewable associate with global concern on decreases the burning of fossil fuels that
cause the greenhouse effect and consequently global warming, alternative fuels have been
sought increasingly, which are biodegradable and have low emission of pollutants. Thus,
biofuels such as ethanol, biomass, biogas and biodiesel have become important on world
stage [1]. Due to biodiesel is a renewable source of energy from vegetable oils or animal
fat, researches consider this source as promising to achieve a sustainable future [2].
Soybean oil is the most used feedstock for biodiesel production in America, moreover
Brazil is the second largest world producer of grain, 95.631 million tons was produced in
2015/2016 crop [3], therefore there is a big potential of development in the country.
Researchers discuss the utilization of edible oils for fuel production such as a negative
aspect, because social problems, as hunger, however, in Brazil there is an extensive area
of cultivation, then it is possible to produce soybean for food and biodiesel production as
well. Exergetic analysis is used to evaluate judiciously the performance of production
plants, because this tool combines The First and Second Law of Thermodynamic in order
to quantify inefficiencies within energy process [4]. In this context the work aims to
review concepts of preliminary exergy analysis, showing how this method can be utilized
to evaluate biodiesel production process. Moreover, it intends to show which are
feedstock used, the transesterification process and lastly to discuss results that have been
obtained by researchers of area.

2 Description of Biodiesel Production Process

The idea of utilization vegetal oils such as fuel is so old as diesel engine, because there is
reports that the scientist Rudolf Diesel, in the year 1900, used peanut oil to run an engine
for several hours at the World Exposition in Paris [5]. However, a long term, the
utilization of raw oil induced engine breakdowns, as hole obstruction, carbon deposits
and coke formation. The reason for the damages has been identified as high viscosity,
low volatility and reactivity of hydrocarbon chains found at vegetal oils [6]. Just in the
beginning of 90’s, scientists discovered ways to reduce the high viscosity of vegetal oils,
among some ways, it was highlighted pyrolysis and transesterification [6]. The pyrolysis
was characterized to be an expensive process and that generated undesirable products [7],
thus, the transesterification process was widely studied and one of its products was called
biodiesel. Technologies for biodiesel production are differentiated as to choice of
feedstock and as to way of obtaining, it could be chemical or enzymatic [8]. The chemical
way includes transesterification, acidic and alkaline, thermal cracking, as known as
pyrolysis, and supercritical fluid. On the other hand, the enzymatic process uses enzymes,
in this case, lipases [8]. Currently, the most used process for biodiesel production is the
transesterification, because there are some advantages such as low temperatures and the
possibility of utilization several catalysts. The most common are: sodium hydroxide and
potassium hydroxide. Other advantage of this process are transesterifying agents, which
are common alcohols, as ethanol and methanol. Therefore, there is a decreasing of
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production costs and consequently viability of process [9]. Veillette et al. [10] have
proposed the production of biodiesel from oil extracted from ScenedesmusObliquus
microalgae. The basic catalysts used were potassium hydroxide and strontium oxide. The
experimental parameters used were: proportion of methanol with respect to lipid mass
31.4% and mass of catalyst with respect to oil mass 2.48%, reaction time and temperature
of 22.2 min and 60 °C. The results demonstrate that potassium hydroxide presented
higher yield compared to strontium oxide. Although it presented a lower yield, the
strontium oxide proved to be an effective catalyst, since it presented a yield of 76%. On
the other hand, Barbosa et al. [11] have proposed the production of biodiesel from
vegetable oil extracted from the almond of the amazon tucuma Astrocaryum aculeatum.
The authors have used homogeneous acid and basic catalysis. In the acid catalysis the
catalysts used were hydrochloric acid (HCI) and sulfuric acid (H2SO4). The experimental
parameters were: concentration of catalysts 0.0625 and 1.0 M, molar ratio oil per ethyl
alcohol hydrate 1:6, reaction time of 24 h and temperature of 90 °C. According to the
authors, the acid catalysts with concentration of 1.0 M have presented yields higher than
90%.

2.1 Main feedstock

There are more than 300 feedstock globally identified as potential crops for biodiesel
production [12]. However, a sustainable production needs to have a low cost of feedstock
and be available in enough amounts for commercialization, this factors depend
fundamentally on geographic localization, weather, soil conditions and agricultural
practices used [13]. Feedstock alone represents 75% of overall biodiesel production costs,
consequently, a correct choice will define a process viability. [13]. In general, feedstock
for biodiesel production can be divide into three main categories [12], as shown as Table
1.

Table 1. Feedstock Categories
First Generation | Second Generation |Third Generation
(Edible Qils) (Non-Edible Oils*
and Fat Animals**)
Rapeseed Jatropha* Microalgae oil
Canola Soybean | Neem* Fungus oil
Sunflower Palm |Pongamia*
Peanut Coconut |Cooking oil*
Tallow**
Yellow fat**
Chicken fat**
Fish oil**

Soybean oil is the most used in United States, on the other hand in Europe is rapeseed
oil, in Malaysia is palm oil and in India is jatropha oil [14]. In Brazil, Figure 1 shows the
percentage of feedstock utilized for biodiesel production on December 2016.
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Figure 1. Predominant feedstock in Brazil
The 6% include cotton oil, cooking oil, pork fat, chicken fat, palm oil and canola oil.
2.2 Transesterification
Transesterification consists of a chemical reaction between animal fat or vegetable oil
and excess alcohol at presence of a catalyst, in order to form ester and glycerol [15].

Usually is used methyl or ethyl alcohol, then, it is produced methyl or ethyl ester,
respectively [12]. The Figure 2 exemplifies this reaction.

CH;-00C-R, R-COO-R*  CH;-OH
I catalyst I
(|2H-OOC-R, +3R'0H <4—>» RyCOO-R’ + ICH-OH
CH>00C-R; Ry-COO-R*  CHyOH
Glyceride Alcohol Esters Glycerol

Figure 2. Transesterification Reaction

The Figure 3 shows in a detailed form the biodiesel production process by means of
transesterification.
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Figure 3. Steps of Transesterification Process

The transesterification reaction will depend on amount/type of alcohol and catalyst,
temperature and reaction time, besides the moisture content and the amount of free fatty
acids in feedstock [12]. After the reaction, it is obtained a product constituted of two
phases, which can be separated by decantation and/or centrifugation. The dense phase
represents raw glycerine, whereas the light phase esters or raw biodiesel. This products
are impregnated with excess alcohol and impurities, for this reason, it is called raw [16].
The steps of alcohol recovery from glycerine and esters happen at the same way, by
means of an evaporation process, followed by a liquefaction in an appropriate condenser,
it is recovered excess alcohol. After a dehydration, through distillation, it is possible to
reuse at transesterification reaction [16]. Lastly, esters must be purified, through
centrifugation and after dehumidified, in order to obtain biodiesel. On the other hand is
realized a vacuum distillation from glycerine, then it is obtained distilled glycerine [16].

3 Steps of Exergetic Assessment Process

The First Law of Thermodynamics deals with amount and claims that energy can not be
created neither destroyed. Whereas The Second Law of Thermodynamics deals with way
of process and its irreversibilities. Combining both laws, it results in a thermodynamic
measure as known as exergy. [9]. The exergy of a system can be defined as the maximum
theoretical useful work obtained when a system comes from a certain state to equilibrium
with reference environment [17]. Thus, exergy is just conserved when process that
happen into a system and its environment are reversible. On the other hand, it is always
destroyed when there are irreversibilities in the process [18]. When the exergetic analysis
is realized in an energy generation plant or chemical process, thermodynamic
imperfections can be quantified such as exergy destruction, which means, waste of energy
quality or waste of useful work [18].
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3.1 Mass and Energy Balances

The mass balance equation for a control volume, Equation (1), can be expressed as,

d . .
=z Zin Mip — Zout Mout (1)

dt

where m represents mass flow, t time and subscripts in and out, input and output,
respectively [19]. While The First Law of Thermodynamics for a control volume is shown
by Equation (2),

% = Q - W + Zin [min (hin + VlTnz + gzin)] - Zout [mout (hout + VOTMZ +

9Zout )| ©)

where Q, W, h, V, g e z represent, heat, work, enthalpy, velocity, gravity and height,
respectively [19].

3.2 Types of exergy

Exergy can be divided in 4 parts: kinetic, potential, physical and chemical [18]. Some
researchers classify the Kinetic, potential and physical exergy only as thermomechanical
exergy. [19]. The Equation (3) includes the specific kinetic exergy, potential and physical.

2
e =h—hy—Ty(s —5s0) + V7+gz 3)

Where T and s represents temperature and entropy, respectively, whereas the subscript 0
refers to dead state or reference environment. On the other hand, the determination of
chemical exergy is not so easy, because industrial fuels are compounds of several
chemical components. Thus, Szargut [20] has proposed that the ratio of chemical exergy
with the net calorific value for industrial solid and liquid is the same as pure chemical
substances, having the same elements ratio. The Equation (4) represents this ratio.

—_— bo
P = ey “)

Where b° is the chemical exergy and (NCV)° the net calorific value. There are some
correlations of ¢ for solid and liquid fuels, for liquid biomass substances such as
biodiesel, glycerin and free fatty acids the Equation (5) can be used.

@ = 1.0374 4+ 0.0159% + 0.0567 % (5)
c’ c!

Where h', ¢' and o’ are mass fraction of hydrogen, carbon and oxygen, respectively [20].
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3.3 Exergy balance

After it has been defined the types of exergy, it is possible to apply the exergy balance
for a control volume by means of Equation (6),

dd% = Z ( - 77:_2) Q — (W - PO Z_I;) + Zin(m ex)in - Zout(m ex)out - Tod(G)
where E,., P, v, e, and ¢ represent the whole exergy of system, pressure, volume, whole
specific exergy and entropy generation, respectively. Whereas the subscript b is the
boundary of system [19]. Appling this balance is possible to calculate the exergy
destruction in each component of system, and then to identify where is the biggest source
of process inefficiency.

34 Energetic and exergetic efficiencies

Efficiencies are used to measure the performance of equipment and process. The
Equations (7) and (8) show ways to calculate the energetic and exergetic efficiency,
respectively.

Energy output in product

n= )

Energy input

Exergy output in product

€= (8)

Exergy input

Where product could refer to shaft work, electricity, heat transfer, flows or mixing of
some of these [18].

35 Analysis of some researches

At research of Marigorta, Medina and Castellano [4] the authors have realized an
exergetic analysis of biodiesel production from jatropha, where they have obtained 63%
of global exergetic efficiency of system. The authors have pointed the transesterification
reactor such as the biggest inefficiency component, because it has represented almost
95% of fuel exergy destruction. Therefore, it is evidenced that chemical reactions are the
reason of the biggest process irreversibilities. Demir et al [2] have done an exergetic
analysis applied to biodiesel production through canola oil. In this case the authors has
obtained 96.50% of global energetic efficiency of process and 75.60% of global exergetic
efficiency. Whereas the biggest waste of exergy have been glycerin (18%) and water
(2.5%). At research of Coronado et al [21] rapeseed oil has been used as feedstock to
biodiesel production and the main objective of study has been to identify ideal parameters
to transesterification reaction. Through to molar ratio of 6:1 (methanol:oil) and reaction
temperature of 60°C, it was achieved the lowest irreversibilities of production plant. As
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conclusion of this study the authors have pointed the transesterification tank such as the
main responsible of exergy destruction, as well as [4].

4 Conclusion

The exergetic analysis has shown such as a valuable tool to design and evaluate the
performance of industrial plants, because it is possible to locate inefficiency sources and
quantify losses. Several researchers have been using this methodology and have obtained
excellent results, such as the studies above, where it was evidenced the transesterification
reaction as the main cause of process irreversibilities. However, the biodiesel production
has presented exergetically feasible, because it has been obtained efficiencies above 63%.
Taking account environment aspects, biodiesel is a promising source of energy, because
it is renewable and biodegradable, furthermore having an extensive variety of possible
feedstock. This advantage makes Brazil such as a potential producer, because in this
country there is extensive cultivation area and variety of grain production.
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1 Introduction

The substitution of fossil fuels is one of the major challenges for reducing greenhouse
gas emissions. Biomass as renewable source releases the same amount of carbon dioxide
as it aggregates during its growth. Therefore, gasification of biomass is a reliable
technology for the reduction of greenhouse gas emissions and for gaining a valuable
product gas for the production of heat, electric power, syngas and also for the usage as a
reducing agent in the iron and steel industry. The utilization of cheap alternative biomass
sources becomes important, since the increasing use of high-grade biomass (like wood
chips) leads to increasing fuel costs as well. Due to challenging characteristics of
alternative fuels (accompanying undesired chemical substances, high ash content, low
ash deformation temperature, high tar and dust contents in the product gas, etc.) further
development of existing technologies towards biogenic residues is of great relevance.
Further, for the utilization of the product gas in steel industry a high reduction potential
of the product gas is required. To meet the mentioned requirements the dual fluidized bed
(DFB) steam gasification is a suitable process for the thermochemical conversion of
biomass into a nitrogen-free product gas, which mainly consists of hydrogen (H-), carbon
monoxide (CO), methane (CHa), and carbon dioxide (CO>). A steam blown gasification
reactor and an air blown combustion reactor are the main parts. The combustion reactor
provides the necessary heat for the overall endothermic steam gasification via combustion
of residual char from gasification. Furthermore, if char is not sufficient for the heat
balance, fuel can be fed to the combustion reactor as well. The produced heat is
transferred into the gasification reactor via a so called bed material, which is typical for
fluidized beds. Usually silica sand or olivine is used for conventional gasification
applications as bed material. Besides these well-known bed materials, beneficial effects
like the selective in-situ removal of CO; in the gasification reactor can be achieved by
the usage of a calcium based bed material (CaO/CaCOs3).

product gas flue gas
(H,-enriched) (CO,-enriched)

GASIFICATION °";”::(',°" COMBUSTION
+ carbonation material + calcination

char
steam

Figure 1. Principle of Gasification with CO, Capture (SER)

condensate
(H, 0)

(- heat

fuel to
comb.

solid fuel
(biomass)
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2 Materials and methods
2.1 Sorption enhanced reforming

The circulating bed material plays a crucial role for the basic operation of the DFB
gasification system as transport medium of char from the gasification reactor into the
combustion reactor and as transport medium for heat vice versa (from the combustion
reactor into the gasification reactor). Furthermore, the bed material can also act as a
catalyst and therefore contributes to tar reduction in the product gas. Another possible
function of the bed material is the capture of gaseous components from the product gas
(Figure 1): The sorption enhanced reforming (SER) process uses limestone/calcite
(CaCO0:s) as bed material. By operating both reactors in a suitable temperature range in-
situ CO; capture in the gasification reactor according to Equation (1) and its release in
the combustion reactor is possible (reverse of Equation (1)). The decreased CO;
concentration leads to a more intensive reaction of water/steam (H20) with carbon
monoxide (CO). Thus, the water-gas shift reaction (Equation (2)) enhances the
production of Hy in the gasification reactor. Miiller et al. [1] showed that the SER process
produces a hydrogen-based reducing agent with a higher reduction potential than the gas
produced from the conventional gasification process with olivine as bed material.

Ca0 + C0, - CaC0O;  AHE®® = —170 kJ /mol (1)
CO + H,0 < CO, +H, AHS® = —36kJ/mol )

The suitable temperature range for gasification and combustion reactor during SER
depends on the equilibrium partial pressure of CO; in Equation (1). The equilibrium curve
is reproduced in Figure 2, where operational conditions of the investigated test runs for
gasification reactor and combustion reactor are outlined as well. Typical temperatures in
the gasification reactor are between 600 and 700 °C., whereas in the combustion reactor
the bed material is heated up above 820 °C. There a suitable residence time ensures the
full calcination to calcium oxide (CaO).



244 | 10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL
PROTECTION (JUNE 27TH—30™, 2017, BLED, SLOVENIA), BIOENERGY AND BIOFUELS
J. Fuchs, S. Miiller, J. Christian Schmid, H. Hofbauer, H. Stocker, N. Kieberger & T.
Biirgler: Sorption Enhanced Reforming of Different Fuel Types for the Production of a
Hydrogen-Rich Reduction Gas

0.4 ‘
< Soft wood
0.35 - Rice husk
X Bark
s 0.3 OLignite
2, CaCO,
. b3
8 0.25 + O
g
2 0.2
]
o
2 0.15
s
S 0.1 -
= Ca0 + CO,
0.05 +
0

500 600 700 800 900 1000 1100
temperature [°C]
Figure 2. Equilibrium Partial Pressure of CO; for the System CaCO3/CaO

2.2 Advanced 100 kW DFB test plant

TU Wien has designed a novel dual fluidized bed test plant for the gasification of various
fuels. A sketch of the plant is shown in Figure 3.
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Figure 3. Advanced 100 kWi, Test Plant at TU Wien

The advanced reactor design enhances the gas-solid contact by a new countercurrent-
column, which is placed subsequent to the lower bubbling bed of the gasification reactor.
The geometrical modifications in this upper part of the gasification reactor lead to an
improved bed material hold-up [2] and enlarge the range of applicable fuels because of
higher tar and char conversion rates compared to other DFB systems. Further, gravity
separators with gentle separation characteristics instead of cyclones support the usage of
soft bed materials such as calcite/limestone. The new system prohibits high velocities of
gas and particles and minimizes attrition effects. Additionally, a bed material cooling in
the upper loop seal enables the defined setting of temperature differences between the
gasification and combustion reactor for SER.

3 Experimental

SER of four different fuels was investigated and the main results are presented within this
paper. Three of them originate from renewable organic sources - soft wood, rice husk,
and bark. Lignite, the fourth presented fuel is used for reasons of comparison and to point
out the fuel flexibility of the presented system. The detailed chemical analysis of the
mentioned fuels is given in Table 2. All fuels were gasified with the same type of bed
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material (limestone/calcite, Table 1), which mainly forms CaO during the calcination
process with high temperature in the combustion reactor. During the test runs, main
product gas components like Hz, CO, CO; and CH4 were analyzed by Rosemount
NGA2000 measurement equipment. Higher gaseous hydrocarbons (CxHy) were analyzed
by a gas chromatograph (Perkin Elmer ARNEL — Clarus 500). A large number of
temperature and pressure sensors and an extensive measurement equipment for mass and
volume flows of the input and output streams guarantee an effective process control. A
standardized arrangement of sampling equipment was used to analyze the content of dust,
water, char and tar in the product gas stream. Detailed information about the sampling
equipment can be found in [3], [4]. Furthermore, all measured values are validated by
mass and energy balances carried out with a sophisticated model of the software IPSEpro.
This approach guarantees accuracy and reliability of the presented values.

Table 1. Chemical Composition of Bed Material Particles Limestone/Calcite

Parameter/name Unit Value
CaCOs wt.-% 97
[MgCOs | wt.-% [ 15 |
SiO; wt.-% 0.5
|Al,0; | wt.-% [ 03 |
Fe,O3 wt.-% 0.2
Loss_ pf mass  after WE-% 44
calcination

Sauter diameter (dsy) pm 483

4 Results and Discussion

The results of all test runs confirm that the necessary conditions for the SER process in
both reactors (gasification and combustion) were fulfilled (Figure 2 and Table 3). In
general, the gasification reactor has to work on the left side of the equilibrium curve of
the system CaCOs/CaO to capture CO- and for the formation of CaCQOs.
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Table 2. Chemical Composition of the Investigated Fuels

Parameter/name Unit Soft wood Rice husk  Bark Lignite
Water content wt.-% 7.2 5.8 7.7 13.0
[Volatiles |Wt.-%gar |86 [81 [78 [54
LHV (moist) ki/kg 17060 14740 16480 20320
| Ash content |wt.-%q  [0.2 [15.2 [7.0 14.2
Carbon (C) Wt.-%qar  50.8 51.2 52.3 68.4
[Hydrogen (H) |Wt.-%qar [5.9 6.1 [6.0 [3.9
Oxygen (O) Wwt.-%gas  43.1 42.0 41.3 26.3

| Nitrogen (N) |Wt.-%gar 0.21 |0.55 [0.34 |0.88
Sulphur (S) Wt.-%¢sr  0.005 0.071 0.053 0.397
[ Chlorine (CI) |Wt.-%q.r [0.005 [0.106 [0.053 [0.052
Ash deformation temp. °C 1330 1350 1150 1340
(A)

| Ash flow temp. (D) [°C [1440 [>1500  [1210 [>1500

Table 3. Operational Parameter and Results of Gasification Experiments

Parameter/name Unit Soft wood Rice Bark Lignite
husk

Gasification

temperature °C 630 640 640 660
(in the lower GR)

Max. temperature in|°C 840 810 840 920
CR

Fuel to GR kw 110 105 102 100
| Additional fuel to CR [kW |4 |29 |6 [0
Chem. energy in PG~ kW 81 76 77 45
[H | vol.-%qp* 169.5 [55.5 166.9 [75.7
CO vol.-%qn* 8.6 13.5 6.4 4.4
[CO, | vol.-%qp* |5.6 [11.6 [9.1 [9.8
CH4 vol.-%qn* 14.0 15.8 14.4 8.4
CxHy vol.-%qn* 2.3 3.6 3.2 1.7
PG yield Nm3db/kgfue|,daf 0.9 0.9 1 0.9
CO: in flue gas vol.-%qp 28.9 23.7 27.8 25.6
Gravimetric tar g/NmM34y 1.26** 17.8 n.m. n.m.
GCMS tar g/NmM34 5.67** 29.4 n.m. n.m.
SIF kgHzo/kgfueLdaf 0.8 1.2 1.0 1.1
S/C kag/kgc 1.6 2.3 1.9 1.6

*PG composition without N> and other minor impurities; **average of four similar
test runs, n.m.: not measured
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Vice versa, the combustion reactor must be operated on the right side of the equilibrium
curve to release CO- and calcine CaCOs; to CaO. Investigating Figure 2 in more detail
shows that the operation points of the gasification reactor for the different experiments
are in a narrow range, whereas the operation points for the combustion reactor are spread
more widely. The reason for this behavior can be explained by the following
considerations: First, the most important operational parameter is the gasification
temperature to guarantee an optimized COz-sorption parallel to the thermochemical
conversion of the fuel. It has been shown in previous works that these two requirements
are fulfilled at a temperature around 650 °C [5], [6]. Therefore, the most important control
parameter is to keep this temperature in the lower part of the gasification reactor (close
to the fuel input). Second, the temperature level in the combustion reactor is strongly
dependent on the chemical composition of the fuel. For SER of lignite a significantly
higher maximum combustion temperature was achieved. The reason for this behavior is
the low content of volatile matter in the fuel lignite (Table 2). This means, that a high
amount of char (residual from gasification of the fuel) is transported to the combustion
reactor. This assumption is supported by the temperature profiles of the reactors in
Figure 4. During the gasification of lignite, the temperature profile in the combustion
reactor increased with height. This results from the high amount of char, which burns
along the reactor height with the fluidizing air. The temperature of the bed material at the
exit of the combustion reactor leads to higher temperatures in the countercurrent-column
for gasification of lignite, which is advantageous for the reduction of the tar content in
the product gas [3]. A comparably smaller amount of char reaches the combustion reactor
in case of gasification of bark - the char is already combusted in the lower part of the
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combustion reactor. The temperature decreased slightly with the height of the reactor.
Additionally, a slight fuel input directly into the combustion reactor supports the
calcination of bed material during the SER experiments with wood, rice husk and bark.
The described differences for lignite and bark are illustrative results for fuels with high
volatile matter and low volatile matter in general. Comparing the product gas composition
for the SER gasification of the investigated fuels in Figure 5 shows that for soft wood,
bark and lignite, H, contents of about 70 vol.-%qy, were reached. Only the gasification of
rice husk led to a significantly lower H, content in the product gas. Two reasons can be
identified for this behavior: First, the SER experimental phase of rice husk took place
after conventional gasification with maximum temperatures of over 1050 °C in the
combustion reactor. These high temperatures probably led to sintering effects of the
original porous CaO bed material particles and, therefore, a decrease of the specific
surface area. Thus, CO; sorption capacity decreases as well [7]. Second, the comparably
low maximum temperature (for SER gasification) in the combustion reactor leads to an
operation close to the equilibrium curve of the chemical system CaCO3/CaO (Figure 2).
It is assumed, that complete calcination of the bed material was not ensured, which may
have impeded the effective CO, sorption in the gasification reactor. Consequently, a
comparatively lower H, content in the product gas was observed for SER with rice husk.
The reason for the lower system temperatures is the behavior of the rice husk ash:
Fluidization problems were encountered during conventional gasification with
gasification temperatures about 750 °C to 800 °C and high combustion temperatures of
1050 °C. To avoid limitations because of agglomeration effects of bed material particles,
SER system temperatures were kept as low as possible. Thus, a more smooth operation
regarding fluid dynamics of the dual fluidized bed was found for SER of rice husk.

Especially, the gasification of wood, bark and lignite led to preferable operational
conditions without any limitations regarding the temperature range. With the correct
adjustment of the bed material circulation rate, high Hz, and low CO- contents in the
product gas are reachable. Thus, a high reduction potential of the produced gas stream is
achievable for the utilization in the iron and steel industry.

5 Conclusion

Steam gasification of four different fuels, operating the so-called sorption enhanced
reforming (SER) process for the production of a hydrogen-rich reduction gas, is
investigated in this paper. It has been shown that the amount of volatiles in a fuel exerts
a great influence on the operation conditions of the two interconnected reactors of a dual
fluidized bed gasification system. Moreover, for SER the appropriate operation
conditions are of crucial importance to ensure optimized CO, sorption in the gasification
reactor for production of a product gas with high reduction potential. Further, operation
conditions, more precisely temperature levels, influence the ash behavior: High
temperatures may lead to a breakdown of the fluidized bed due to critical ash melting
behavior for some fuels. SER is operated on a lower temperature level in general and thus
may be preferable for fuels with critical ash melting behavior. As a conclusion, problem-
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free operation conditions for the SER process with four different fuel types were
demonstrated.
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Abbreviations

CR combustion reactor

daf dry and ash free

db dry basis

DFB dual fluidized bed

GR gasification reactor

GCMS gas chromatograph mass spectroscopy

max. maximum

n.m. not measured

PG product gas

S/IC steam to carbon ratio

SIF steam to fuel(dan ratio

SER sorption enhanced reforming
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1 Introduction

Relating to the worldwide supply of electricity, heat and fuels, the thermo-chemical
conversion of biogenic feedstock is a promising alternative to promote sustainable and
eco-friendly production in the future. Dual fluidized bed (DFB) steam gasification is an
important field of research at TU Wien. The principle of the DFB gasification process is
presented in

Figure 4.
product gas flue gas
H,, CO, CO,, CH,, C,H, N,, C0O,, H,0, 0,
condensate
H20 ~@==
heat
| ——

GASIFICATION | circulation of | - COMBUSTION

800 - 850°C hed material 900 - 1000 °C

[

char

i D fe
steam fuel air comb.

Figure 4. Basic principle of DFB steam gasification

This process consists of a gasification reactor (GR) and a combustion reactor (CR) and
generates a nitrogen-free product gas based on solid fuels. The combustion reactor and
the gasification reactor are connected by a circulating bed material, which transports the
excess heat of the combustion reactor to the gasification reactor to enable the endothermic
gasification. The technology was successfully realized at industrial scale as well, e.g. in
Giissing, Austria (8 MW, fuel power) [1] or Gothenburg, Sweden (33 MW4) [2].

2 Material and Methods
2.1 Conventional and advanced DFB steam gasification

Figure 5 shows the conventional (conv) design, which is typically applied at industrial
plants, as well as advanced (adv) DFB design. The conventional design consists of a
bubbling fluidized bed as gasification reactor and a fast fluidized bed as combustion
reactor. The reactors are connected by one loop seal or a chute in the lower part and
another loop seal in the upper part of the reactors. The bed material, which leaves the
combustion reactor, enters a cyclone, where it is separated from the flue gas and further
reinserted into the freeboard of the gasification reactor. To improve the gas-solid contact
between the hot bed material and the product gas in the gasification reactor, an advanced
concept was designed. The focus of the improvements refers mainly to the design of the
gasification reactor, which is composed of two parts: While the lower part with the fuel
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input is performed as bubbling bed, the upper part is realized as counter-current column
with turbulent fluidized bed zones. This adaption of the reactor enables an extended
residence time and gas-solid interaction of catalytic active bed material with the product
gas. Additionally, the higher temperatures which prevail in the counter-current column
have a positive influence on tar reduction [3]. Another advantage of the novel design
appeared in the use of pure calcite or limestone (CaCOs) as bed material. Calcite is
transformed to calcium oxide (CaO) during the experiments discussed in this paper due
to the high temperatures in the DFB gasifier. To balance the low abrasion resistances of
calcite, two gravity separators were installed on top of the reactors, which allowed for a
smoother separation of calcite than with cyclones. Fines after the gravity separators are
removed via cyclones.

product gas flue gas

cyclone
—= flue gas

cyclone

gravity
separator

" ——————

product
gas —|

ol S

fine ash
removal

=
w

steam

<

COMBUSTION REACTOR
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(CR)

[o]
= M
AT T o o
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........... -
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Figure 5. Conventional (A) and advanced (B) design of the DFB gasification pilot plant
at TU Wien
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2-2 Materials
Bed materials

For the experiments, calcite and silica sand were used as bed materials. Calcite provided
the catalytic activity for the ongoing chemical reactions during the gasification process,
but had a low abrasion resistance as well as a small heat capacity. For these reasons,
experiments with mixtures of calcite and silica sand were performed. Silica sand not
merely compensated the bad heat transfer properties, but also showed good abrasion
characteristics. The supplementing properties of these two materials fulfilled the desired
requirements for the gasification process.

Feedstock

Soft wood pellets were used as fuel for all presented experiments.
Table 4 presents the mean proximate and ultimate analysis of soft wood.

Table 4. Proximate and ultimate analysis of soft wood for the experiments at the DFB
steam gasification pilot plant

Parameter Unit Soft wood

Water content wt.-% 6.7 +/- 0.6
Ash content wt.-%up 0.3 +/-0.1
Carbon (C) Wt.-%dar 50.5 +/-0.2
Hydrogen (H) WE.-%0gat 6.0 +/-0.1
Nitrogen (N) WE.-%dat 0.2 +/-0.1
Sulphur (S) WE.-%0gat 0.005 +/- 0.0
Chlorine (CI) W.-%ogar 0.004 +/- 0.0
Oxygen WE.-%0gat 43.3 +/-0.2
Volatile WL-%m | 860 | +-05
compounds

Fixed C wt.-%qp 14.0 +/-0.4
Lower heatin

valle (LHV ) 91 Mukg 17.4 +-0.1

Experimental setup

Table 5 shows the mixtures of bed materials for presented experiments within this paper.
The experiment with 100% silica sand as bed material was carried out in the conventional
DFB steam gasification pilot plant [2]. All other experiments were performed in the
advanced DFB pilot plant. In Table 5, abbreviations in terms of numbers for the four
different experiments are named and are used subsequently. The experimental setup of
experiment 1 is described in detail by Koppatz et al. [2]
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Table 5. Presented experiments with bed material compositions and experiment
abbreviations

Experiment

Material Unit 1 2 3 4

conv | adv adv adv

(A [(B) [(B) |[(B)

Silica Sand | wt.-% 100 90 50 0

Calcite wt.-% 0 10 50 100

Pilotplant | -

The controlling of the advanced pilot plant was carried out via a programmable logic
controller (PLC), which continuously measured and recorded the data of all important
flow rates, temperatures, pressures and gas compositions (Rosemount NGA2000). C2H4
was analyzed with a gas chromatograph (Perkin EImer ARNEL — Clarus 500) every 15
minutes. The setup and measurement devices are reported in detail by Kolbitsch [4]. The
gravimetric tar content is determined and the single tar components are measured by gas
chromatography coupled with mass spectrometry. Char, dust and water contents were
analyzed using an appropriate standardized sampling equipment [5]. At the DFB pilot
plant, toluene was used as solvent due to the higher solubility for tar in toluene and the
opportunity to measure the water content in the product gas at the same time. The use of
toluene as solvent excludes the detection of it and the recording of benzene and xylene is
difficult within this setup. Thus, all tar contents are presented without benzene, toluene
and xylene (BTX).

Validation for process data with IPSEpro

The process simulation software IPSEpro enables the user to calculate mass and energy
balances of the process data, which are recorded during the test runs. Further, the
validation of measured data with IPSEpro depicts results in a very valuable and
representative way. For calculations with IPSEpro, a detailed model library which was
developed at TU Wien was used [6].

Key parameters for the gasification

The following parameters were selected to describe important key figures of the
gasification process. As steam is used for the gasification of carbon feedstocks and to
have the possibility to compare gasification experiments with different fuels, the steam
to carbon ratio @sc is used and showed in Equation (1).

_ Mgteam,GRT MH20,GR fuel

[0 -
s¢ Mc GR fuel (@)
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The steam-related water conversion Xn,o presents the relation of water consumed for
hydrogen production and the sum of water introduced into the GR, see Equation (2)

_ Mgeam,er + MH20,6R fuel” MH20,p6
Xio0 =

Mgteam,GR + MH20,GR fuel 2

The product gas yield PGY is presented in Equation (3) and gives the ratio between dry
PG to dry and ash-free fuel introduced into the GR.

Ves

MGR fuel daf (3)

PGY =

The cold gas efficiency nce is defined as the chemical energy content of gaseous
components in the product gas (tar- & char-free) in relation to the chemical energy in the
fuel introduced into the GR, all based on the LHV, see Equation (4).

_ VPG *LHVpg
Neg= S 2FC g
Mer uel - LHVGR fuel (4)

The quantity of chemical energy in the product gas referring to the chemical energy in
the fuel, which is introduced into the gasification and combustion reactor based on the
LHV minus appearing heat losses, is defined as the overall cold gas efficiency nce,o
(Equation (5))

VPG  LHVpg 100

Mer fuel * LHVGRfuet + Merfuel - LHVCR fuel - Qmss (5)

NeGo™

With regard to the product gas composition, the water gas shift (WGS) reaction is the
most important heterogeneous catalysed gas-gas reaction that occurs in the generated
product gas, see Equation (6).

CO +Hy0 = CO, + Hy ©)

Additionally, the steam reforming of hydrocarbons is shown here to discuss tar
decomposition later on (Equation (7))

b
CiHp +aH,O0=aCO+(a+ §)H2 @)
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3 Results and Discussion

In Table 6, the main operation parameters for the experiments 1 to 4 are shown.
Temperatures in the GR and CR are provided by Koppatz et al. [2] and additional data
from the detailed documentation of the experiment at TU Wien is used. For experiment
2 1o 4, the following definitions were used: The mean temperature in the lower section of
the gasification reactor (Tmean iN GRiower) COrresponded to the temperature in the bubbling
bed, whereas the temperature in the upper section of the gasification reactor (T in GRupper)
was equivalent to the temperature of hot bed material re-entering the gasification reactor
from the upper loop seal (ULS) (see Figure 5).

Table 6. Main operation parameters for the gasification experiments 1 to 4

Value Unit Experiment
1 2 3 4

Fuelin
into GR kW 97 101 101 101
Fuelin
into CR kW 31 65 56 52
Qloss kW 13 a 30 26 32
Psc 73;;0 16 |17 |15 |14
T mean ®in

° 1 7 1 7
GRiower C 85 90 813 69
Tin

°C 799°¢ | 947 967 991
GRupper
T at

°C 867 948 974 1010
CRoutIet
2 calculated with data from internal documentation of TU
Wien

b temperature in the GR at fuel feeding position
¢ freeboard temperature at the product gas outlet

Figure 6 presents the main product gas compositions of experiments 1 to 4, which were
conducted with the DFB steam gasification pilot plants at TU Wien.



260 | 10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL
PROTECTION (JUNE 27TH—30™, 2017, BLED, SLOVENIA), BIOENERGY AND BIOFUELS
A. Magdalena Mauerhofer, F. Benedikt, J. Christian Schmid & H. Hofbauer: Mixtures
of Silica Sand and Calcite as Bed Material for Dual Fluidized Bed Steam Gasification

s 1 [2 2 [4

£ —
s H, e
>
= 40
S
ﬁé‘
g 30
£
8 co ,
@ 20 -
o
g *
§ 10 ------ hocosrenganrn. 'C' "l-i ------------ T S »>
a 4
g0
= 0 20 40 60 80 100
calcite content [wt.-%]
[s/IF 084 075 0.75 0.72 |

Figure 6. Main product gas composition and steam to fuel ratio

Regarding experiment 1 with 100% silica sand as bed material, it was obvious that the
gas-solid contact between the bed material and the product gas as well as the low catalytic
activity of silica sand had great impact on the product gas composition. Due to the inert
characteristics of silica sand, it might have been that the WGS reaction (Equation (6)))
was limited. Thus, the CO concentration was considerably higher than in experiments 2
to 4. With an increasing content of calcite, the H, content rose to a maximum of 47.4 vol.-
% in experiment 4. At the same time, CO contents decreased, which both can be
explained by enhanced WGS reaction due to the catalytic active calcium oxide CaO. For
the experiments 2 to 4, the development of CO; remained widely stable, whereas CH.
showed a dropping trend justified by the steam-reforming reaction (Equation (7)), which
is enhanced by the catalytic activity of CaO for this reaction as well.

In Figure 7, the gravimetric and GC/MS tars and C,H4 of the four gasification experiments
are shown. Furthermore, the tar dew points (TDP) of the detected GC/MS tar compounds
were calculated via the calculation tool from the Energy Research Centre of the
Netherlands (ECN) [8]. The high tar values of experiment 1 could be traced back to the
conventional design of the DFB pilot plant, which was explained by Kern et al [7] and
low catalytic activity of silica sand in terms of steam reforming of hydrocarbons (see
Equation (7)). The tar dew points, which are an important indicator for formation of
deposits in the product gas line, decreased from 181°C (90% silica sand) to 87°C (100%
calcium oxide) with the experiments carried out in the advanced design.
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Figure 7. Tar and CzH4 contents and calculated tar dew points of the product gas

Figure 8 demonstrates the dust contents of the gasification experiments 1 to 4. Itis evident
that the level of dust grew with an increasing amount of the bed material calcite. The low
abrasion resistance of CaCO3/Ca0 affected the dust content in the product gas negatively,
whereas the lowest value of dust of 2.8 g/Nm?y, accounted for good attrition
characteristics of silica sand.

_l B [ [4

-
Lo+] o

dust content in product gas [g/Nm?y,
(o)}

0 20 40 60 80 100
calcite content [wt.-%]
Figure 8. Dust content of the product gas

Figure 9 depicts the contents of char in the product gas for the four gasification
experiments. In the advanced design of the pilot plant, char particles exhibited a longer
residence time in the counter-current column of the gasification reactor, which affected
the char content in the product gas favourably. In addition, the product gas cyclone may
lead to lower fly-char contents. This can be seen in low values of product gas char
contents for experiment 2 to 4. However, the conventional gasifier was not equipped with
a counter-current regime and consequently, the residence time of char particles and the
advantageous gas-particle interaction was much lower.
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Figure 9. Char content of the product gas of the gasification experiments 1 to 4
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Table 7 gives important key figures for the gasification experiments, described in section
0. The results of experiments 2 to 4, which were conducted in the advanced pilot plant,
show a similar character. The remarkably higher product gas yields of experiments 2 to
4 could be justified by longer residence times of char particles in the advanced DFB pilot
plant and higher water conversions. The rising steam-related water conversion might
have been positively influenced by more intense and longer contact times between gas
and particles and a higher catalytic activity of the bed material. The cold gas efficiency
also showed superior values with the advanced design than with the conventional design.
Referring to the experiments 2 and 3, the higher cold gas efficiencies compared to
experiment 4 are caused by two effects, which are related to a high share of silica sand in
the bed material: (i) higher heat capacity of silica sand than calcium oxide and (ii) a higher
density compared to calcium oxide. These characteristics allow preferable heat transfer
properties and therefore have a positive influence on the cold gas efficiencies of
experiment 2 and 3, compared to experiment 4.

Table 7. Key figures of the gasification experiments 1 to 4

. Experiment
Value Unit 1 > 3 1
X0 tg“z"/ 0.05 0.31 |0.37 |036
Osteam
NcG % 77 94 93 88
1cG,0 % 65 @ 71 71 73
3
PGY Em o/ | 099 1.41 | 149 | 1.43
Ofuel daf

@ calculated with data from internal documentation of TU Wien
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4 Conclusion and Outlook

To sum up, the results of the DFB steam gasification of soft wood with two different bed
materials, silica sand and calcite, were presented within this work. The catalytic active
bed material calcite shifted the product gas compaosition towards high H, contents, low
tar and char values, but higher dust values due to attrition effects. However, the low
attrition characteristics as well as the high heat capacity of silica sand supplemented the
missing properties of calcite. Thus, silica sand and calcite as bed materials mixtures and
the advanced DFB gasifier offer a promising alternative to commercially used bed
materials like olivine to produce a highly valuable product gas.

List of abbreviations

Adv advanced

BTX benzene, toluene, xylene

conv conventional

CR combustion reactor

DFB dual fluidized bed

ECN Energy Research Centre of the Netherlands
GC/MS gas chromatography coupled with mass spectrometry
GR gasification reactor

LHV lower heating value

PGY product gas yield

SIF steam to fuel ratio

T temperature

TDP tar dew point

ULS upper loop seal

vol.-% volumetric percent

WGS water gas shift

wt.-% weight percent

List Of Subscripts

C Carbon

Daf Dry And Ash-Free
Db Dry Basis

H20 Water

Pg Product Gas

Th Thermal

List of symbols

LHVR fuel lower heating value of Ml/kg
fuel into the combustion
reactor

LHVGR fuel lower heating value of MlJ/kg

fuel into the gasification
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reactor
LHVrc lower heating value of PG MJ/m?® (25 C,
on dry basis 1bar)
MC,GR, fuel Mass flow of carbon in kg/h
the fuel into the
gasification reactor
NCR fuel Mass flow of fuel into the  kg/h
combustion reactor
GR, fuel Mass flow of fuel into the  kg/h
gasification reactor
IGR, fuel,daf dry and ash free mass
flow of fuel into the
gasification reactor
MH20,GR, fuel Mass flow of water in the  kg/h
fuel into the gasification
reactor
MH20,PG Mass flow of water in the ~ kg/h
product gas
steam,GR Mass flow of fluidization ~ kg/h
steam into the gasification
reactor
Quoss heat losses of the MJ/h (or kW)
gasification and
combustion reactor
Ve volume flow of product m3/h (25 C, 1bar)
gas on dry basis
X0 steam-related water kgmo/kgn2o
conversion
NcG cold gas efficiency %
NCG.o overall cold gas efficiency %
@sc steam to carbon ratio kgnzo/kge
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Abstract In this paper continuous hydrodeoxygenation (HDO) of liquid
phase pyrolysis (LPP) oil in labscale is discussed. Pyrolysis oil is derived
from the bioCRACK pilot plant at the OMV refinery in Vienna/ Schwechat.
Three hydrodeoxygenation temperature set points at 350°C, 375°C and
400°C were investigated. Liquid hourly space velocity (LHSV) was 0.5 h-
1. Hydrodeoxygenation was performed with an in situ sulfided metal oxide
catalyst. During HDO, three product phases were collected. A gaseous
phase, an aqueous phase and a hydrocarbon phase. Experiment duration
was 36 hours per temperature set point in steady state operation mode.
Water content of the hydrocarbon phase was reduced to below 0.05 wt.%.
The water content of the aqueous phase was between 96.9 wt.% and 99.9
wt.%, indicating effective hydrodeoxygenation. The most promising
results, concerning the rate of hydrodeoxygenation, were achieved at
400°C. After 36 hours of experiment, catalyst deactivation was observed.
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1 Introduction

Biomass pyrolysis is a suitable pathway for the production of second generation biofuels.
[1] During pyrolysis, one of the major products is pyrolysis oil. Due to its high water
content, high corrosivity and other negative properties, according to Table 8, pyrolysis
oil needs intensive upgrading prior to usage as fuel for combustion engines. To achieve
gasoline quality standards, an upgrading step is necessary. Hydrodeoxygenation is a high
potential upgrading technology.

Hydrodeoxygenation of pyrolysis oil is performed in a two-step process. In a first step
pyrolysis oil gets stabilized [2] through mild hydrotreatment at low temperature. In a
second step the final hydrodeoxygenation takes place. Hydrotreatment temperatures are
between 140°C and 375°C, at liquid hourly space velocities between 0.28 h™t and 0.5 h',
The hydrocracking step is performed at temperatures of about 400°C and liquid hourly
space velocities of 0.1 h™ to 0.4 h%. [3],[4] In this study LPP oil was upgraded in one
hydrodeoxygenation step at temperatures between 350°C and 400°C and a liquid hourly
space velocitiy of 0.5 ht.

1.1 Liquid phase pyrolysis

In liquid phase pyrolysis, biomass gets pyrolysed in a liquid heat carrier. [5],[6] During
this conversion, a part of the biomass dissolves in the heat carrier, while a second liquid
phase, a non-polar hydrocarbon phase, is generated. [7] In the bioCRACK process [8]
LPP was operated with the heat carrier vacuum gas oil to enable integration in an oil
refinery. From 2012 to 2014 a pilot plant was operated by BDI — BioEnergy International
AG at the OMV refinery in Vienna/Schwechat.

The LPP oil was derived from the bioCRACK pilot plant. It was produced by LPP of
spruce wood. The composition of LPP oil is shown in Table 8.

Table 8. Properties and composition of LPP oil

Property Unit LPP Qil
Water content [wt.%] 57.0
Lower heating value [MJ/kg] 7.4
Density [kg/m?] 1092
Viscosity [mPa-s] 35
Carbon content [wt.%] 22.3
Hydrogen content [wt.%] 9.4
Oxygen content (balance) [wt.%] 67.8

Nitrogen content [wt.%] <1
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2 Experimental

Experiments were carried out in a plug flow reactor with an inner diameter of 3/8 inches
and a heated zone of about 30 cm, made by Parr Instrument Company. It was designed
for a maximum pressure of 220 bar and a maximum temperature of 550°C. The
temperature was detected by an inner thermowell with a thermocouple with three
measuring points. Heat was provided by a single zone external electric heater. In the
temperature range between 350°C and 400°C three operation points were tested: 350°C,
375°C and 400°C. Hydrogen pressure was kept constant at 121.5 bar for all experiments.
After having achieved steady state, duration of each experiment was 36 h.

2.1 Experimental procedure

For each experiment the reactor was filled with fresh CoMo/Al,O; catalyst of Alfa Aesar
and inertised with nitrogen. Afterwards the reactor was flushed with hydrogen. Then a
flow rate of hydrogen of 0.5 I/h was adjusted.

Sulfidation

For the activation of the catalyst a sulfidation step preceded the HDO experiments. Thus,
35 wt.% di-tert-butyldisulfide (DTBDS) in decane was pumped through the reactor
during heating up. Sulfidation was continued for five hours at 400°C. After sulfidation
the temperature was reduced to the requested temperature for HDO procedure.

Hydrodeoxygenation

After sulfidation, five hours of HDO of LPP oil were performed in the unsteady state
operation mode. Afterwards 36 hours of HDO were performed, with liquid product
sampling every 12 hours. The gas phase composition was monitored every 4 hours.

2.2 Results
The temperature had a decisive impact on the product formation and the product quality.
Temperature profile in the reactor

The temperature profile, shown in Figure 10, was similar for all experiments. Due to the
fact, that the pyrolysis oil was not pre-heated, the feed temperature was lower than the
temperature in the middle of the reactor. The temperature maximum was obtained in the
middle of the reactor, this temperature was the set point temperature for all HDO
experiments. At the exit of the reactor, the temperature dropped significantly due to
external cooling effects. From the temperature profile it was concluded, that the
exothermal HDO reaction was completed after about 2/3 of the reactor.
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Figure 10. Temperature profile in the reactor
Mass balance

During HDO three product phases were formed. A hydrocarbon phase, the target product,
an aqueous phase and a gaseous phase. In Table 9 the mass balance based on LPP oil and
H; is shown. In general, the difference concerning the product distribution between
hydrocarbon product and aqueous phase is quite small. Table 9 shows, that the yield of
aqueous phase decreased with temperature, whereas the gas yield was rising.

Table 9. Mass balance based on PYO and H; feed

Temperature 350°C 375°C 400°C
PYO [wt.%)] 79.13 79.32 80.47
Hy [wt.%] 20.87 20.68 19.53
Aqueous [wt.%] 59.96 58.94 58.62
Hydrocarbon [wt.%] 7.68 7.76 7.79

Gaseous [wt.%] 26.82 27.55 28.37

The yield of the hydrocarbon product phase based on the LPP oil in the feed is shown in
Figure 11. At 350°C and 375°C it increased continuously until the end of experiment. At
400°C the hydrocarbon product yield was constant.
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Figure 11. Yield of hydrocarbon product phase
Rate of HDO

As shown in Table 8, LPP oil contains a high amount of water. Yield, based on the LPP
oil feed, was therefore low too. Referring to the carbon content of LPP oil, a carbon
transfer into the hydrocarbon product phase up to 46 wt.% was obtained. Scattered carbon
transfer was observed at 350°C hydrodeoxygenation temperature. After 12 hours
operation, it was only about 30 wt.% and increased to 46 wt.% after 36 hours. This
observation goes along with the yield of hydrocarbon products and is partly caused by a
higher oxygen content. This leads to the conclusion, that more polar compounds
dissolved in the hydrocarbon product phase. Due to the lower gas yield one can also
assume, that less cracking reactions occured due to deactivation of the catalyst at low
temperature. The carbon transfer increased slightly at 375°C and was nearly constant at
400°C.
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Figure 12. Carbon transfer into the hydrocarbon product phase
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The H/C ratio is a very significant indicator for characterizing the degree of
hydrogenation. In combination with the oxygen content, it quantifies the degree of
hydrodeoxygenation. The oxygen content was derived from the balance of the ultimate
analysis. According to Table 10, the oxygen content was below the detection limit for all
experiments over the whole time range, except for the experiment at 350°C after 36 hours
operation. It’s obvious that at this temperature the activity of the catalyst depleted during
the experiment. Therefore, the H/C ratio can be considered as main quality criterion for
the degree of hydrodeoxygenation for all other data points.

Table 10. Oxygen (determined by balance of the ultimate analysis)

Oxygen [wt.%0] 12 h 24 h 36 h
350°C 0.00 0.00 111
375°C 0.00 0.00 0.00
400°C 0.00 0.00 0.00

As shown in Figure 13, the water content of the hydrocarbon product phase correlates
with the oxygen content. Except the experiment at T = 350°C, the water content of the
hydrocarbon product phase was 0.02 wt.% to 0.05 wt.%.
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12 24 36

Experiment duration [h]
350°C  4375°C +400°C
Figure 13. Water content of the hydrocarbon product phase

The carbon content of the aqueous phase is a complementary quality parameter for the
HDO performance. High carbon content of the aqueous phase correlates with high
oxygen content of the hydrocarbon product phase. At 350°C, the carbon content of the
aqueous phase increased during the experiment with a maximum of about 2.1 wt.%. The
opposite happened at 375°C, where the carbon content was highest in the first period of
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the experiment. At 400°C the carbon content, indicating a carbon loss into the aqueous
phase, was below 0.5 wt.% over the whole experiment and didn’t show a trend.
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Figure 14. carbon content of the aqueous phase
The water content of the agueous phase was between 96.9 wt.% and 99.9 wt.% in all
cases, as shown in Table 11. This result confirms the low carbon loss and high
effectiveness of hydrodeoxygenation.

Table 11. water content of the aqueous phase

Water [wt.%] 12h 24 h 36 h
350°C 99.9 99.7 97.8
375°C 97.0 97.6 96.9
400°C 98.5 97.6 98.1

Figure 15 shows the H/C ratio of the hydrocarbon product phase compared to diesel and
gasoline. For comparison, the H/C ratio of diesel was compared with hydrotreated
vegetable oil (HVO) additives and gasoline without biogenic additives. The H/C ratio
decreased over the time span of the experiment and increased with the temperature. The
highest H/C ratio was observed at 400°C in the first period of the experiment. Afterwards
deactivation of the catalyst became detectable, although the H/C ratio was still in the
range of diesel and gasoline. The results of the experiment at 350°C again confirmed a
significant oxygen content, indicating insufficient hydrodeoxygenation.
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Figure 15: H/C ratio of the hydrocarbon product phase
Product characterization

In Table 12 the properties of the hydrocarbon product phase, depending on the HDO
temperature, are listed and compared to the specification of diesel and gasoline.

Table 12. Hydrocarbon product characterization after 24 h of experiment compared to
diesel and gasoline

HDO HDO HDO

Compound Unit 3500C 17500 400°C Diesel Gasoline
Water content [wi.%] 0.03 0.03 0.03 =0.02 [9] na.
Lower heating

value [MIke] 42.68 4273 4272 432 418
(Boie [10])

Density [kg/m?] 829 823 805 820-845[9] 7T20-775[11]
Viscosity [mPa-s] 1.56 145 1.07 2.0-4.5[9] n.a.
Boiling at 150°C [V %] 326 31.0 207 na =75 [11]
Boiling at 350°C [V %] 96.6 972 985 =85 [9] na.
Carbon transfer [%0] 36.7 36.6 415 - -
Carbon content [wt. %] 86.37 86.35 86.03 86.3 887
Hydrogen content  [wt %] 13.17 1324 13.33 13.7 114
Balance [wt2%]  0.00 0.00 0.00 0.0 0.0
(Oxygen content)

Nitrogen content [wi.%] <=1 =1 =1 =1 =1




10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL | 275
PROTECTION (JUNE 27TH—30™H, 2017, BLED, SLOVENIA), BIOENERGY AND BIOFUELS
K. Treusch, N. Schwaiger, K. Schlackl, R. Nagl, P. Pucher & M. Siebenhofer:
Continuous Hydrocarbon Production by Hydrodeoxygenation of Liquid Phase
Pyrolysis Oil

The ultimate analysis is compared with gasoline without biogenic additives and diesel
with HVO additives. The lower heating value was calculated with the algorithm of Boie
[10] (equation 1).

LHV =35-¢+943-h—-108-0+104-s+63 ' n—244-w (1)

with, c, h, 0, s, n and w representing the amount of carbon, hydrogen, oxygen, sulphur,
nitrogen and water in wt.%, respectively.

Water content, density, viscosity and boiling cut points of diesel and gasoline are derived
from the standard of diesel (EN 590 [9]) and gasoline (EN 228 [11]).

3 Summary

HDO has been performed successfully in a single step process. The water content of LPP
oil could be decreased to below 0.05 wt.%. The carbon loss into the aqueous product
phase was very low, with carbon contents of 0.5 wt.% at 400°C. Decreasing HDO rate at
T = 350°C indicates fast deactivation of the catalyst. The carbon transfer and from LPP
oil into the hydrocarbon product phase yield were highest at 400°C. Also the H/C ratio,
an indicator for the degree and effectiveness of hydrodeoxygenation, was highest at this
temperature.
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needs of energy, fine chemicals and unconventional fuels. 5-
hydroxymethylfurfural (HMF) can be obtained directly from biomass, and
it is considered as the most promising intermediate for the 2,5-
dimethylfuran (DMF) synthesis. DMF is particularly attractive due to its
similar characteristics to gasoline. Recent publications [1-2] show that this
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1 Introduction

The biorefinery can be a good alternative to cover the current needs of energy, fine
chemicals and unconventional fuels. Moreover, due to the drawbacks presented by this
first generation biofuels in their use in transportation motors, the efforts are leading to the
development of second generation biofuels and bioadditives [1,3], which can be produced
from lignocellulosic biomass (sugars).

According to the literature [4], top 7 chemical building blocks can be produced from
sugars using chemical routes. These chemicals are levulinic acid, glucaric acid, sorbitol,
arabitol, furfural and 5-hydroxymethylfurfural (HMF). Among the mentioned chemicals
HMF can be obtained directly from the sugar raw material and moreover, it is considered
to be the most promising intermediate for the 2,5-dimethylfuran (DMF) synthesis and
other fine chemical molecules like levulinic acid, 2,5-furandicarboxilic acid , ethyl
levulinate [1].

DMF is particularly attractive because its characteristics are similar to the gasoline ones,
i.e. its low solubility in water and high capacity to blend with other transportation fuels.
Therefore, DMF can be used as biofuel or as bioadditive.

As it is indicated, a previous synthesis of HMF as an intermediate is required for the
production of DMF. Nowadays, the most extended process to produce HMF is the
catalytic dehydration of carbohydrates (glucose, fructose, sucrose). Additionally, DMF
can be produced from hydrogenolysis, also called selective hydrogenation, of HMF by
heterogeneous catalysis by means of both non-noble and noble metal catalysts [5,6].

The main objective of this work is the use of the different bifunctional catalysts in the 2,5
DMF production process analyzing the influence of the support and the different metals
in the 2,5 DMF yield.

2 Experimental

Synthetic HMF (Sigma-Aldrich, 99%) diluted in 1-butanol was used as the feed to a
continuous fix bed reactor in order to produce DMF. For these experiments Cu and Ru-
Cu catalysts supported on ZrO, were prepared by the incipient wetness impregnation
method. The monometallic Cu catalysts, designed as 15CuZr, 30CuZr, 45CuZr, in which
the numerical factor belong to nominal wt% of copper, were prepared by a single step
impregnation. Conversely the bimetallic catalyst, designed as 1RuXCuZr (also in
nominal weight), and Cu/ZrCe were carried out by impregnation of the 15CuZr, 30CuzZ
and 45CuZrr catalysts with a ruthenium precursor solution. The 30Cu/Zr-XCe and
15Cu/Zr-XCe were also developed in two sequential impregnation steps. After
impregnation and drying, the samples were calcined in air at 523 K for 2 h.
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The catalysts were characterized by several physicochemical techniques such as;
temperature programmed reduction (TPR), and temperature programmed desorption with
ammonia (TPD) in order to measure the acidity of the different catalysts.

2.1 Results and discussion

DMF production through HMF hydrogenolysis was studied using CuZr, Ru-Cu/Zr, and
Cu/Zr-Ce catalysts in a continuous fixed bed reactor under different temperature and
pressure conditions: 200 - 275 °C and 15 - 20 bar of H..

The temperature affects the DMF yield but not the HMF conversion (Table 1). At any
temperature a total HMF conversion was reached. However, at higher temperatures
higher DMF yield was obtained.

The variation of H; pressure had any effect neither in the DMF yield nor in the HMF
conversion. Moreover, the catalyst reduction prior to the activity tests had also any effect
in the activity parameters. The reducing atmosphere during the activity test is enough for
copper reduction, producing the same activity results that with the reduced catalysts.
Therefore, after this initial catalytic screening, there were fixes the following operating
conditions were fixed for the upcoming experiments: T= 275 °C, P = 15 bar and no
catalyst reductions.

Table 1- CuZr screening catalysts

Catalyst | Reduced | P (bar) T(2C) Time (h) Yield | Conversion
15CuZr No 15 200 6 2.79 100
15CuZr Yes 15 200 6 5.3 100
15CuZr No 15 275 10 28.39 100
1Ru15CuZr|Yes 15 200 6 9.05 100
1Ru15CuZr|Yes 15 250 6 21.34 100
1Rul5CuZr|Yes 15 275 6 22.04 100
1Rul5CuZr|No 15 275 10 25.12 100
30CuZr Yes 15 275 6 25.92 100
30CuZr Yes 20 275 6 25.94 100
30CuZr No 15 275 6 26.29 100
30CuZr No 15 275 10 16.08 100
1Ru30CuZr|Yes 15 275 6 21.29 100
1Ru30CuZr|No 15 275 6 21.65 100
45CuZr No 15 275 6 3.49 100
1Ru45CuZr|No 15 275 6 0.06 95.015

After fixing the operation conditions, the studied parameter was the copper loading. In
Figure 1, it can be observed that the best result was reached for the 30CuZr catalyst with
20% yield to DMF after 6 hours on stream. The catalyst with a 15 % of copper reached a
15 % yield of DMF, and the worst result was reached by the catalyst with the highest
copper amount, 45CuZr, that reached a DMF yield lower than 10 %. With the best two
catalysts different tests with longer times on stream were carried out in order to analyze
the catalyst stability (Figure 1).
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In Figure 1 it can be observed that for the 30CuZr the maximum DMF yield was reached
at 6 hours and after this time on stream the DMF vyield decreased a little bit. This
behaviour was not repeated with the 15CuZr, therefore it seems that the stability of the
15CuZr is better than 30CuZr, being this decrease a consequence of the formation of new
by-products and the coke formation. Probably this behaviour is related to the Cu particle
size. It is expected that higher amount of Cu higher particle size, and higher particle size
usually presents higher coke formation tendency. These results agree with the TPR results
(Figure 2).
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Figure 1 Activity results of the Cu/Zr catalysts

The TPR profiles of the catalysts are shown in Figure 2. In the case of Cu/Zr, Ru-Cu/Zr,
and Cu-Ce/Zr two-three peaks of reduction were detected. In the case of catalysts
prepared by wetness impregnation, the literature reports three reduction peaks: two
overlapping peaks at temperature below 200 °C are assigned to highly dispersed Cu
species and the third peak at higher temperatures (around 300 °C) is associated with bulk
CuO[7, 8].

In the case of the Cu/Zr catalysts, the reductions of the dispersed CuO species are
observed with the three catalysts. The third peak related to bulk CuO does not appear
clearly in any catalysts’ TPR results. In the case of the 45CuZr the reduction peaks are
shifted up to lower temperatures, probably due to the lower dispersion of the copper. This
could explain the lower DMF yield obtained for this catalyst due to large particle size
favors coke formation deactivating the catalyst.

In this Cu/Zr catalyst there is a relationship between the amount of copper and the copper
reduction. At higher Cu amount higher copper reduction.

The presence of ruthenium changes completely the reduction profile. The amount of Cu
highly dispersed is shifted up to lower temperatures, favoring the copper reduction. This
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effect is very notorious in the 1Ru30CuZr and in the 1Ru45CuZr. Therefore, it seems that
the presence of ruthenium improves the Cu reduction capacity. Using RuCls as the
precursor salt with the Cu, an interaction is generated between the support and the
metallic salts [9]. From this interaction among the different salt it can be inferred that the
shifts in reduction temperature may be caused by inter-phase hydrogen adsorption, which
favors Cu reduction [9]. This is corroborated in this work in Figure 3.

The presence of small amount of Ce on the catalysts did not affect to the catalysts
reduction, while the presence of large Ce amount shifts up to lower temperatures the
reduction peaks.

——— 1Ru45CuZr
/\ 45CuZr
\ —— 30Cu5CeZr
A 1Ru30CuZr
i 30CuZr
15Cu20CeZr
—— 15Cu5CeZr
\ —— 1Ru15CuZr
— 15CuZr
—— 1RuZr

T T v T v T
0 200 400 600 800 1000
Temperature (°C)

Figure 3 TPR results of the different catalysts

In order to improve the yield towards DMF using 30CuZr and 15CuZr catalysts, it was
decided to add 1 % of Ru in the catalyst. As it is shown in Table 1, the presence of a low
amount of Ru did not improve the DMF vyield for 30CuZr, neither for the 15CuZr. The
Ru has higher hydrogenation capacity than Cu, and in this case the Ru presence was not
favorable in the DMF vyield. The presence of other over hydrogenated products as 2,5-
dimethyltetrahydrofuran (DMTF) could be the explanation of this worse DMF yield. To
view the effect of the Ru in this reaction, the 1RuZr was also tested under the same
operating conditions. This last catalyst presented a total HMF conversion but no DMF
yield. That means, that ruthenium and zirconia did not favoured the C-O bond cleavage,
and this is why there is not any DMF vyield. In this case, the presence of HMF
hydrogenation products is favoured.

The acidity is also an important factor in the DMF yield. The support’s acidity favours
the C-C bond scissions decreasing the DMF selectivity, while the presence of Cu
decreases the acidity of the support and favours the C-O bond cleavage increasing the 2,5
DMF yield. The RuZr catalyst does not present any selectivity to DMF. The problem is
that the ruthenium and zirconia do not present a significant capacity to C-O bond scission,
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favouring hydrogenation products. In the Table 2 the total acidity strength of these
catalysts is summarized. It seems that the presence of Ru and Cu enhance the acidity
strength, specially the ruthenium. This could explain the low DMF vyield obtained for
these catalysts, because the presence of higher acidity centre could favour the C-C
scissions opening the HMF ring and producing different undesirable by-products.

Table 2 Acidity of the different catalysts

Catalyst | mmol NHy/gcat| Peak Temperature (2C)
Zr 42.4 308
1RuZr 63.3 425
15CuZr 38.2 375
30CuZr 50.8 383
45CuZr 64 360
1Ru30CuZr 41 390
1Ru45CuZr 70.2 370
15Cu20CeZr 59.9 380

The presence of cerium on the catalysts hardly improves the selectivity of DMF, but
increases the stability of the catalysts. This can be observed in the Figure 4. The
conversion was total and the DMF vyield is also maintained during 10 hours on stream.
Mixing ZrO; and CeO; has been found to improve the thermal stability, catalytic activity
and oxygen storage capacity. The latter refers to the ability to deliver oxygen from the
lattice to the gas phase or to solid (adsorbed) carbon [10, 11]. This effect can be related
to a better stability of the catalysts supported on ceria.
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Figure 4 Activity results of the Cu/Ce-Zr catalysts



10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL | 283
PROTECTION (JUNE 27TH—30™H, 2017, BLED, SLOVENIA), BIOENERGY AND BIOFUELS
N. Viar, J. Requies, I. Agirre & P.L. Arias: 2,5 DMF Production from Biomass Using
Heterogenous Catalysts

3 Conclusions
The main conclusions of this work are stated below:

High temperatures favour the DMF vyield, obtaining the best values of DMF yield for
CuZr catalysts at 275 °C.

The increment of H, pressure from 15 to 20 bar has not any influence on the DMF yield.

The presence of ruthenium has not a positive effect in the CuZr catalysts for the DMF
selectivity, due to the over hydrogenation of the DMF.

The cerium presence in the CuZr catalysts improves their stability, because ceria is able
to eliminate the formed carbon.
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1 Introduction

Bioenergy production from agricultural areas is an alternative practice to traditional farm
management options that has an important role to meet the European targets for
renewable energy. Usage of dedicated energy crops for this purpose enables to increase
the yield of energy production from area and to reduce the green-house emission. Short-
rotation Coppice (SRC) is a perennial dedicated energy crop that can offer several
ecosystem services beside bioenergy production [1]. A SRC with willow (Salix) plants
can perform stable annual wood production for 20 years which supports carbon
sequestration to the agricultural soil. Furthermore, biomass harvesting only once in 3...4
years creates ecosystem that is proved to be a useful habitat for different plant and animal
species and to increase the biodiversity in the area.

On the other hand, long-term harvesting cycles and large investments that are needed for
SRC establishment (planting material, weed control during the establishment year) makes
SRC management risky and special instruments are welcome to convince the farmers
shifting their land use from typical annual crops towards SRC. One key issue here is to
create calculation tools that enable to predict the expenses and incomes during SRC
management. According to such tools crop fertilisation is the most costly activity in SRC
after the establishment year [2]. However, reasonable wood production yield throughout
several harvests can be achieved only by means of additional nutrient application.
Therefore it would be necessary to find cheaper and more environmental-friendly
solutions to replace the traditional mineral fertilisers.

Anaerobic fermentation is another bioenergy production option, which has recently raised
a lot of interest in Europe and enables to increase the share of renewables both on
electricity and transport fuel market. The main problem here is the large amount of
residues in the form of nitrogen(N)-rich digestate [3]. On the other hand, it can be an
useful nutrient resource in organic farming to promote plant growth [4]. There are
controversial data available in the literature about the uptake of N from the digestate [5]
, but most of the studies agree that the pH of the material increases during fermentation
process [6]. Hence the utilisation of the digestate without negative environmental impact
on the plant and soil microorganism communities is complicated. Using the digestate for
fertilisation of perennial highly-productive woody plants with well-developed root
rhizospheres can be a reasonable option in order to get both economically feasible
biomass for renewable energy production and to support the biogas production via more
sustainable ways for residue utilisation. Before suggesting such methodology to farmers,
however, it was reasonable to control the hypotheses in small-scale. We created a
greenhouse-type experiment to understand:

-does biogas digestate increase willow growth?

-is there any differences in the impact of digestate and original organic material
application?

-do different willow clones react on the fertilisation in the same way?

-what is the optimal load of digestate that can be applied to young plants without
complications?
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2 Material and Methodology

The experiment was carried out during two consecutive growing periods of 2012 and
2013. In May 16", 2012 we planted 86 cuttings of 20 cm long and 11...16 mm upper
diameter sliced from one-year old shoots vertically into specially designed pots with outer
vessel performing as additional water reservoir, water being available for the cuttings
through textile wicks. The upper diameters of all cuttings were measured and recorded.
Additional slices of the shoot were weighted and dried at 85 °C for three days to measure
their moisture content.

Before planting the pots were filled with gravy substrate. This material was used in order
to diminish the natural availability of plant nutrients in growing environment and to
enable the collection of all fine roots of the plants according to the experiment scheme.
During both growing periods the pots with plants were in garden area exposed to full
sunshine and protected from wind. Between the growing periods the inner vessels of the
pots that were not harvested in 2012 were partly buried into the ground, the substrate
level remaining 1...2 cm above the ground level. With this treatment we simulated the
natural growing conditions of plant roots during winter period. Throughout the growing
periods we added water to the outer vessel at least twice a week and assumed therefore
that the plants had sufficient water supply during the experiment.

Half of the planted cuttings originated from Salix viminalis clone 78183 (according to
Swedish clone numbering system and further abbreviated “83”’) and the rest from hybrid
Salix schwerinii x S. viminalis (clone “Tora”). All cuttings sprouted within two weeks
from the planting, however, from both clones three plants with slowest growth during the
first month were excluded from the further experiment.

The organic fertilisers originated from different biogas production facilities. In 2012 we
got both slurry and digestate from the pigs and in 2013 from the neat husbandry where
slurry was the only (2012) or dominating (2013) biogas substrate. For all collected liquids
the chemical composition was studied and the application load was calculated according
to the amount of total Nitrogen (N) (Table 1). The used mineral fertiliser was a liquid that
contained the most alike N/P(phosphorus)/K(potassium) ratio with that of digestate in
2012 in order to keep also the availability of other nutrients beside treatments as similar
as possible. The supplement of nutrients started in the June, 25" in both years. We diluted
the weekly dosage of the fertiliser at least in 0.51 of water before application and poured
the solution to the pots gradually throughout the week taking into account the natural
precipitation. If we were not able to utilise to total amount of solutions during the week
we skipped the next week new application. Hence our experiment took longer than ten
weeks and ended in late September in both years.
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Table 1. Scheme of nutrient application in different treatments

total N N during
treatment | origin of nutrients |per week| growing

(8) period (g)

0.55 slurry 0.5 5
0.5D digestate 0.5 5
MIN liquid mineral ferliser 0.5 5
1D digestate 1 10
C none 0 0

From August to October the plants were covered with thin textile nest in order to collect
all the falling leaves. All leaves, fallen and remaining ones were collected in the end of
October. In 2012 after collecting leaves half of the pots from both clones and all
treatments were fixed for plant harvesting. For each plant we removed all shoots with
sharp scissors near the surface of initial cutting and chopped the shoots for packing into
paper bags. The inner vessels of the pots were emptied into a large bowl and the root
system was carefully removed from the substrate. Both the root system and growth
substrate were washed with standing water in order to collect the pieces of fine roots and
to separate the particles of the substrate. All the paper bags with leaves, shoots, stems and
fine roots were labelled with treatment and plant index and dried at 85 °C for 5 days to
measure dry weight. A year later we repeated the same procedures with the remaining
plants. In all cases the biomass production of the cutting was calculated as the difference
between the dry weights of the harvested and planted cuttings. The latter was modelled
from its weight and the moisture content of sample slices of the same clone.

For statistical analyses SAS 9.4 software package (SAS Institute Inc., Cary, NC, USA)
was applied. For analysing the influence of cutting diameter, harvest year and treatment
SAS GLM MANOVA procedure was used. Multiple comparison of biomass and its
allocation by treatments were carried out with the Ryan-Einot-Gabriel-Welsch Multiple
Range (REGWQ) test. The confidence level of all analyses was set at 95%.

3 Results

From the methodological aspect it was crucial to understand the relations between the
cutting diameter and its biomass production. Application of multivariate analysis
MANOVA did not reveal any significance of cutting diameter on its biomass production
either at the end of the first or second growing season (Fig 1). Hence we were able to
analyse the impact of other experiment factors on biomass production without any
restrictions or normalisation of collected data.

The average biomass of studied plants varied significantly by experiment years and
treatments. The factor “clone” was not significant in the general MANOV A model and
hence we amalgamated the data of both clones for further analysis. As expected, the
biomass of both roots and shoots increased significantly during the second growing year.
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The biomass of leaves, however, was not different in one-year-old and two-year-old
plants.
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Figure 1. Relations between original diameter of the cutting and its biomass production
at the end of the second growing period. Various clones and treatments are labelled with
miscellaneous symbols.

Different treatments had a severe impact on biomass growth. Plants that periodically
received liquid mineral fertiliser performed the largest biomass production in both years.
Both slurry and digestate application also increased the production significantly
compared to the control plants, during the second experiment year the impact of these
two organic fertilisers was not significantly different from each other anymore (Table 2).

Table 2. Differences between treatments in the biomass production of various willow
parts by years according to SAS GLM REGWQ test

kreatment roots shoots leaves total biomass
2012 2013 2012 2013 2012 2013 2012 2013
M A A A A A A A A
0.5D B A B B B B B B
0.55 B A c C C B C 5
c c B D E D [3 D C
D c B D D D B D C

Larger dosage of digestate did not promote plants growth further and the production of
these plants remained similar to the control plants, the allocation of photosynthesis
products to different plant parts was drastically different between these two groups. The
control plants invested more material to their roots and the plants that received large
amounts of digestate had the biggest ratio of biomass in their aboveground parts (Fig. 2).
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Figure 2. The ratio between above- and belowground biomass production of plants with
various fertilisation treatments at the end of the second growing period

4 Discussion

Application of different fertilisers to one or two-years-old willow plants revealed that all
applied chemicals can be used as additional sources of nutrients for the plants. The
predicted optimal load of 5 g of nitrogen per plant per year is reasonable for young plants.
However, this value cannot be extrapolated for the mature SRC where at least twice as
much N can be used with positive impact on the wood yield [7]. In our previous
experiment larger amounts of digestate have caused dieback of young plants during
winter.

With the other analysis in our study we revealed that in the range of 11....16 mm the
cutting growth potential was similar and there was no need for data normalisation to
further statistics. It has been demonstrated that the cutting diameter can be a significant
predictor of the plant production and therefore equal-size cuttings usage is suggested to
avoid competition and dieback of smaller plants in the SRC with high plant density [8].
Itis not clear if such differences in results are caused by different cutting diameter ranges
or by longer growing period of the plants in the current experiment. Therefore further
dedicated analyses are required.

We did not detect any significant differences in the total biomass production by clones.
It was an unexpected result as clone “Tora” is specially bred for bioenergy purposes and
demonstrated higher wood yield compared with clone “83” at SRC level [9]. It is not
clear if such a result was caused by smaller number of studied plants in our experiment
or can be explained by the unlimited water and nutrient availability that hindered the
natural differences in the physiological processes in studied willow clones.

Our main hypothesis proved correct and the studied organic fertilisers showed positive
impact on willow growth. Both slurry and digestate application increased significantly
the biomass production of all studied parts of the plants. It remains disputable if nutrients
from the digestate were better available for the plants than that from slurry, as the
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differences in biomass production in the first year were not confirmed by the second year
data. The latter was similar with the results from our previous study, where also no
significant differences on biomass yield between these two potential fertilisers were
found [10] and do not confirm the assumption about digestate benefits compared with
slurry application [11] Informed preference of one or other fertiliser should incorporate
also information about the impact of fertiliser on the soil microorganisms community.

Comparison of the studied organic nutrient resources with the mineral fertilisers is always
a disputable issue. In our previous experiment, where we used solid mineral fertiliser with
the similar N/P/K ratio with digestate, we demonstrated that both slurry and digestate
application promoted biomass growth compared to mineral fertiliser. In the current
experiment the liquid fertiliser promoted production significantly compared with slurry
or digestate with the same amount of N. Most likely this was caused by the fact that in
this specific liquid fertilizer for houseplants the micronutrients and N were in forms that
were taken up by the plants easier than the common agricultural fertilisers. Therefore we
prefer to mix mineral fertilisers commonly used in agriculture for a reasonable N, P and
K load for fertiliser comparison studies in the future. The plants that received overloads
of digestate in our experiment had similar total biomass production with the control plants
that were growing on the nutrient-poor gravel only. However, the allocation of biomass
to different parts of the plant was totally different. During the first year of the experiment
the shoot and leaf production of 1D and C plants was similar, but a year later more
resources were allocated to these plant parts by 1D plants. Hence the ratio between the
above- and belowground parts of 1D was even higher than that of MIN plants even if the
reasons for such pattern were totally different. Most probably MIN plants preferred to
allocate their biomass to aboveground parts as light capture was more growth limiting
than minerals. Poor total growth but high aboveground biomass ratio of 1D plants indicate
unfavourable root growth conditions due to changes in pH or microorganism community
and/or any overloaded chemical element in the experiment.

To conclude we state that:

- Biogas digestate is a reasonable fertiliser in SRC, its application increases
biomass production of willows

- The impact of digestate application is similar to that of slurry but may be
smaller than that of liquid mineral fertilisers

- Without water or nutrient limitation the growth potential of different clones is
similar

- 5g of N per willow plant is reasonable nutrient application without damaging
the root system.
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Abstract The Paris Agreement proposed the reduction of CO2 emissions
this century in order to limit the increase in the global average temperature
to 2 °C or below. To achieve this objective, bio-energy with carbon capture
and storage (BECCS) technologies represent an interesting option because
they are able to achieve even negative CO2 emissions. Chemical looping
(CL) is recognized as one of the most innovative of CO2 capture
technologies because of its low energy penalty. CL processes allow
combustion/gasification of renewable solid fuels in a nitrogen-free
atmosphere because the oxygen is supplied by solid oxygen carriers.
Therefore, CL includes both combustion for heat/electricity production and
syngas/H2 generation. CO2 capture is possible in both cases. The present
work presents an overview of the main results obtained at the Instituto de
Carboquimica (ICB-CSIC) with the use of biomass in CL processes. This
includes tests in a 1.5-kW CLC unit, different oxygen carriers and biomass
types.
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1 Introduction

At the Paris Climate Conference (COP21) held in December 2015, 195 countries adopted
the first-ever universal, legally binding global climate deal. The agreement set out a
global action plan to hold the increase in global average temperature to well below 2 °C
over pre-industrial levels and pursues efforts to limit the temperature increase to 1.5 °C.

According to the IPCC predictions, in order to meet that objective, CO, emissions should
start to decrease by 2020 and be negative by the end of the century [1]. Among the
different options available with which to meet this goal, most low-carbon scenarios rely
on the use of bio-energy with carbon capture and storage (BECCS) [2].

For this purpose, the use of renewable fuels is needed, and biomass is one of the preferred
options. Biomass is a CO2-neutral fuel, i.e. the carbon dioxide released during biomass
combustion has been previously removed from the atmosphere during biomass growth.
Therefore, negative emissions are achieved if the CO; captured is safely stored [3-5].

CO, capture technologies have been intensively developed over the last 20 years,
currently reaching the status of technical readiness level (TRL) 6, with scale-up likely in
the short-medium term [6, 7]. All these technologies are intended to produce a
concentrated CO; stream during the fuel combustion process, which can be captured and
safely sequestrated, and therefore preventing CO, emission into the atmosphere. In this
sense, chemical looping combustion (CLC) is one of the most promising technologies for
CO; capture considering both economic and energy aspects [8]. Figure 1 shows a scheme
of the CLC process.

Nz, Oz
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Figure 1. Scheme of the chemical looping process.
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Table 1. Summary of processes involving biomass and chemical looping.

Aim Process CO; capture Main features

Ex- Syngas- Inherent Previous gasi_ﬁcation of soli‘_:l ﬁlel
situ CLC - Oxygen requirement for gasification

o Inherent Gasification of the solid fuel inside the fuel reactor
In-situ iG-CLC et ow cost oxyZen carriers are desirable

_ B Inherent Use of oxygen carriers with gaseous O: release properties
In-sits  CLOU ereat Rapid conversion of the solid fuel

- Redox cycles at different locations inside the boiler

Combustion

Post- .
In-situ OCAC . - Low cost oxygen carriers
combustion Test of oxygen carrier behaviour at high scale
. Ex- Syngas- Pre- - Previous gasification of solid fuel with Oz
oz ; combustion - Oxvgen carriers with catalytic activity are desirable
=] s1tu CLE

@G

o"}é - Partial oxidation of solid fuel with oxygen carriers instead
a =) ) Pre- of gaseous O2

n'ad Insiw CLG combustion - Process can be fit to produce a pure N3 stream and the

desired CO/H; ratio

In this technology, the oxygen needed for combustion is supplied by a solid oxygen
carrier, normally a metal oxide (MxOy). The oxygen carrier is reduced inside the fuel
reactor while the solid fuel is burnt to CO; and H;O. H,O condensation produces an
almost pure CO; stream. The reduced oxygen carrier is regenerated in the air reactor by
taking oxygen from air.

One of the main advantages of chemical looping (CL) technology is its great versatility
by allowing a large degree of combination between fuels (gaseous, liquid and solids),
processes (combustion, reforming, etc.) and final products (heat, electricity, syngas or
H>) [9]. All these options include the possibility of CO; capture.

Table 1 provides a summary of the chemical looping processes involving the use of
biomass. The main division is produced between processes generating heat/electricity by
combustion and those intended for H./syngas production. Considering the experience
gained in CL processes using gaseous fuels, there is a possibility to transform the biomass
into a syngas by means of prior gasification/pyrolysis, and to use it for combustion
(syngas-CLC) or reforming (syngas-CLR). However, these ex-situ processes require a
previous step with pure O or N, that would increase their cost.

Among in-situ processes for biomass combustion are in-situ gasification integrated with
chemical looping combustion (iG-CLC), where biomass is gasified inside the reactor and
the gaseous products react with the oxygen carrier, and chemical looping with oxygen
uncoupling (CLOU), where biomass reacts with the gaseous oxygen released by the
oxygen carrier. CL technology with solid fuels, mainly coal, has benefited from great
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advances in the last 10 years with pilot plants ranging from 10 kW to 3 MW [10].
However, the the process is not currently expected to be scaled up in the short term. In
the meantime, it is necessary to continue with the testing and evaluation of oxygen
carriers, with particular regard given to the evaluation of lifetime at large scale, in the
MW range. In this sense, the oxygen carrier aided combustion (OCAC) process uses
oxygen carriers in existing boilers and the redox cycles take place at different locations
within the fluidized bed [11].

Among in-situ processes for H, production is chemical looping gasification (CLG),
where biomass is partially oxidized with the oxygen carrier to produce syngas [12].

All the above processes involving the use of biomass include the possibility to capture
the CO- produced in the process. In some cases, CO; capture is inherent to the process,
i.e. an almost pure CO; stream is obtained. In other cases, a separation step is required,
using chemical or physical absorbents for post- or pre-combustion capture systems. When
the possibility of CO, storage is considered, the use of biomass or other renewable solid
fuels in the above processes would lead to the achievement of negative emissions [3-5].

The objective of this work is to summarize the research conducted by the Instituto de
Carboquimica (ICB-CSIC) on the use of biomass in combustion processes, mainly under
iG-CLC and CLOU modes. The use of the same types of biomass in the same CLC unit
enabled the comparison of both operating modes to be made. CLC performance was
evaluated considering relevant parameters such as CO; capture efficiency and
combustion efficiency.

2 Experimental

For this work we selected two promising oxygen carriers for the iG-CLC and CLOU
processes. An iron ore from a haematite mine in Tierga, Spain, was used for the iG-CLC
tests. After calcination, it contained about 76% Fe,Os, with SiO., Al,O3, CaO and MgO
as impurities. The preparation and characterization of the material can be found elsewhere
[13]. In contrast, a synthetic Cu-based material prepared by spray drying and containing
60% CuO supported on MgAl,O4 was selected for combustion in CLOU mode. Its
properties has been described elsewhere [14]. This material is known as Cu60MgAIl.
Three biomass residues produced in Spain were selected as renewable fuels. One forest
residue, pine (Pinus sylvestris) sawdust, was chosen as a reference material. Olive (Olea
europaea) stones and almond (Prunus dulcis) shells were selected as they are agricultural
residues with high annual production.
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Table 1. Biomass composition.

Pine sawdust  Olive stones Almond

shells
Moisture 4.2 9.4 2.3
Ash 0.4 0.8 1.1
C 51.3 46.5 50.2
H 6.0 4.8 5.7
N 0.3 0.2 0.2
S 0.0 0.0 0.0
0] 37.8 38.3 40.5
LHV(kJ/kg) 19158 16807 18071

Combustion experiments were performed in the ICB-CSIC-s1 unit with nominal power
of 1.5 kWi. This facility comprises two interconnected fluidized-bed reactors, a riser for
solid transport, a solid valve to control the solids fed to the FR, a loop seal and a cyclone.
A relevant characteristic of this design is the possibility to control the solid circulation
flow rate between both reactors. A further description of this CLC prototype and the
experimental procedure followed in biomass experiments is present elsewhere [15].

3 Results
3.1 Experiments under iG-CLC mode

In the experiments carried out at ICB-CSIC under iG-CLC mode, three different types of
biomass were used: pine sawdust (as reference), olive stones and almond shells.

The effect of different operating variables on CLC performance was evaluated in the
course of about 80 h of combustion with biomass. Figure 2 shows the effect of the fuel
reactor temperature on CO; capture efficiency, [Icc, i.e. how much of the carbon
introduced was captured in gaseous fuel at the fuel reactor outlet. An increase in
temperature was observed to lead to an increase in CO; capture efficiency in all cases.
This was because as the temperature increased, so did the char gasification rate, therefore
allowing less unburnt char to reach the air reactor, resulting in better CO; capture
efficiency values being achieved. It is also significant that it was possible to reach 100%
CO: capture efficiency at about 950 °C for all the biomass types tested. Even more
significant is the fact that no carbon stripper was available between the fuel and air
reactors in these experiments.
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Figure 2. Effect of fuel reactor temperature on CO, capture efficiency for different
biomass types using steam or CO; as gasifying agents (iG-CLC mode).

This type of carbon separation system allows unburnt char leaving the fuel reactor to be
returned to it for further conversion, and is usually required when coal is used as the fuel,
in order to reach high CO; capture efficiencies. The results shown in Figure 2 indicate
that the carbon stripper is not as necessary in the case of biomass as it is in the case of
coal, a consequence of the lower amount of char produced during biomass processing and
its higher reactivity.

In order to analyse the behaviour of the three biomass types in the iG-CLC process,
combustion efficiency in the fuel reactor, [comnrr, Was also considered, see Figure 3.
This parameter is a measure of the gas conversion obtained in the fuel reactor.

At temperatures higher than 900 °C, combustion efficiency values did not show a clear
trend. They were about 70% for all the biomass types evaluated. In the case of pine
sawdust, higher values were obtained at lower temperatures. However, it should be noted
that those values were obtained with the use of higher specific solids inventories in the
fuel reactor than for the rest of the results presented. A higher amount of solids represent
higher oxygen availability, which would favour higher combustion efficiencies.

The effect of the fluidizing/gasifying agent was also assessed in experiments with pine
sawdust.



10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL | 299
PROTECTION (JUNE 27TH—30™H, 2017, BLED, SLOVENIA), BIOENERGY AND BIOFUELS
F. Garcia-Labiano, A. Abad, T. Mendiara, M. Teresa Izquierdo, P. Gayan, L. Francisco
de Diego & J. Adanez: Operational Experience of Biomass Combustion Using
Chemical Looping Processes

1.0
0.9 A
& Pine
% 0.8 - [ 2 OC02
= \
Olive stones @~ _
0.7 A i S
Almond shell ~ ~a—
0.6 : : : : :

850 875 900 925 950 975 1000

Fuel reactor temperature (°C)
Figure 3. Effect of fuel reactor temperature on the combustion efficiency in the fuel
reactor for different biomass types using steam or CO; as gasifying agents (iG-CLC
mode).

Figures 2 and 3 both show that CO; capture and combustion efficiency values did not
change significantly at 900 °C when the steam was replaced by CO; as the gasifying
agent. According to these results, we conclude that it would be possible to use recirculated
CO: as the gasifying agent in the iG-CLC process with energy savings corresponding to
steam generation.

Another important aspect to be considered during biomass utilization under iG-CLC
mode was the possible formation of tar from biomass gasification. In this work, tar at the
outlet of the fuel reactor was measured and quantified. The tar concentration measured at
950 °C varied between 3 and 4.3 g/Nm®. As an example, Figure 4 shows the composition
obtained at 950 °C. As can be seen, the major compound was naphthalene, followed by
acenaphthylene and phenanthrene. These compounds accounted for ~80% of all the tar
mass measured. Despite this high value, no fouling problems at the fuel reactor outlet can
be expected since these compounds will be burnt in the oxygen polishing step after the
fuel reactor. Calculations showed that their contribution to the final oxygen demand in
this polishing step would be about 1 percentage point.
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(iG-CLC mode).

Finally, the effect of biomass ashes on the iron ore oxygen carrier used in iG-CLC
experiments was studied [15]. No interaction between biomass ashes and the oxygen
carrier was observed using SEM-EDX on an oxygen carrier sample extracted from the
continuous unit after operation.

3.2 Experiments under CLOU mode

The first experiments under CLOU mode burning biomass were performed at ICB-CSIC
using pine sawdust as fuel [14]. These experiments constituted the proof of concept of
CLOU technology with biomass. These tests, evaluated the effect of the fuel reactor
temperature on CO; capture and combustion efficiencies. Figure 5 shows the results
obtained. Worthy of note is the high CO; capture efficiency achieved, with [Icc values
above 97% even at temperatures as low as 900 °C. It should be remembered that this CLC
unit did not include a carbon stripper. This degree of efficiency was a consequence of the
combination of good combustion made possible by the oxygen released inside the fuel
reactor and the high reactivity of the biomass char.

In addition, 100% combustion efficiency in the fuel reactor, [1comsrr, Was obtained in the
temperature range 900-935 °C. These results represent a clear advantage over those
obtained under iG-CLC mode, and is attributed to the more efficient combustion induced
by the gaseous oxygen released from the oxygen carrier. In line with these results, no tars
were detected at the fuel reactor outlet.
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Figure 5. Effect of fuel reactor temperature on CO; capture and combustion efficiencies
in the fuel reactor for pine sawdust (CLOU mode).

4 Conclusions

Biomass combustion experiments were performed in a 1.5-kWy CLC unit operating
under both iG-CLC and CLOU modes.

Considering the results obtained with the reference biomass (pine), the CLOU process
presents relevant advantages in comparison to iG-CLC, mainly owing to the absence of
unburnt products by an improved combustion mechanism inside the fuel reactor. In
contrast, the oxygen carrier used in the iG-CLC mode is cheaper and more readily
available than the synthetic CLOU oxygen carrier.

In any case, high CO; capture efficiency, even 100%, can be achieved in both combustion
modes. This demonstrated that both CLC processes using biomass as fuel (bio-CLC)
represent a promising BECCS technology option to achieve negative emissions.
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Comparison on Compositions of Bio-Oil Derived from
Mulberry Bark Hydrothermal Liquefaction in
Sub/Critical-Water and Ethanol-Water Co-Solvents

CONGIJIN CHEN, JINGXIAN ZHU, SHUANG JIA, ZHANGFA TONG, ZHIXIA LI & MINGFEI LI

Abstract The bio-oil was derived from mulberry bark catalytic
hydrothermal liquefaction in sub/critical- ethanol-water co-solvents(S/C-
E-W) and sub/critical-water(S/C-W), the compositions of bio-oil were
analyzed by GC-MS analysis methods. The results shows that: The
liquefaction conversion rate in S/C-E-W and S/C-W were 95.72% and
87.5%, the yield of the heavy 0il(HO) were 26.16% and 26.25%, and the
yield of the light 0il(LO) were 2.56% and 4.16%. The components of bio-
oils were complex, mainly contained phenols, aromatic, alkanes, ketone,
esters, furans, olefin compounds, etc. Phenols in LO mainly are 1,2-
Benzenediol,  1,2-Benzenediol,3-methoxy-,  Phenol,2,6-dimethoxy-,
Phenol,3-methoxy-, 1,4-Benzenediol,2-methyl-, 1,3-Benzenediol,4,5-
dimethyl-, Phenol,3-propyl-, 1,3-Benzenediol,4-propyl-, etc, accounting
for about 35% (derived in S/C-W) and 25% (derived in S/C-E-W). Phenols
in HO mainly are phenol, 2-methoxy-, phenol, 4-ethyl-2-methoxy-, phenol,
2-methoxy-4-propyl-, phenol, 2-methoxy-4-methyl-, phenol, 2,6-
dimethoxy-, Phenol, 3-methoxy-,etc. accounting for about 28.55% (derived
in S/C-W) and 2.49% (derived in S/C-E-W).
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1 Introduction

Mulberry, as the groundwork of silk civilization, also called Morus alba L., belong to
Moraceae, and had once been cultivated in central region of China, and now, cultivated
all over China[1]. Mulberry branches are one of the by-products of mulberry planting and
mulberry processing waste, mulberry branches are consisting of xylem and bark. At
present, the research about mulberry branches is very limited, except for study on the
related active components and activities[2-11], most mulberry branches was burn
directly, the utilization efficiency was very low, mulberry branches biomass resources
did not been fully utilized, and cause environmental pollution. Currently, chemicals and
energy are mainly derived from fossil fuels, which are challenged by the rapidly declined
reserves and fluctuating prices of crude oil, and research into alternative sources for
chemical and fuel production has attracted a great deal of attention and become hot spot
of current research[12]. Mulberry branches are an excellent reproducible biomass
resource [1, 13-18]. If mulberry branches can be converted into liquid products, not only
can make up for the shortage of crude oil resources, but also further develop more
chemical products.

In the present work, the mulberry bark was used as raw materials, KoCOs was used as
catalyst, water or ethanol-water co-solvents was used as medium to prepare bio-oil, the
compositions of bio-oil were analyzed by gas chromatography-mass spectrometry (GC-
MS) analysis methods. The results might reveal the effect of ethanol on biomass
liguefaction in solvents, while being useful to develop efficient biomass utilization
processes.

2 Material and Methods
2.1 Materials

Mulberry was collected from Guangxi sericulture science research institute in the city of
Nanning, located in southern China. Mulberry branches and barks was separated, air-
dried, crushed, screened, and the sample with particle size of 100 ~120 mesh was
collected, dried at 110 °C for 24 h, kept in desiccators at room temperature. All chemicals
were analytical reagent grade and used as received.

2.2 Liquefaction procedure and the bio-oil separation

Liquefaction procedure and the bio-oil separation was performed according to method
mentioned in the literature [19], and modified a little. The mass ratio of Mulberry
bark/catalyst /solvent (mass: mas: volume, g:g:ml) was maintained at 1:0.1:10, and the
volume ratio of ethanol /water was maintained at 1:1 in ethanol-water co-solvents. In a
typical liquefaction reaction, 24 g of Mulberry bark, 2.4 g of potassium carbonate and
240 g of solvent (ethanol-water co-solvents) were loaded in the autoclave and liquefied
for 60 min at 300°C. The liquid and solid products were collected, filtered. The insoluble
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material and the reactor were further washed with solvent (ethanol-water co-solvents),
the resulting liquid was heated to 60 °C to evaporate ethanol and then heated to 75°C to
evaporate water in a rotary evaporator, the light bio-oil (LO) obtained, weighed and
denoted as By, the residual insoluble solids material was further washed with acetone
until the washing solution became colourless. The collected washing solution was heated
to 45 °C to evaporate acetone and then heated to 75 °C to evaporate residual solvents.
After removal of the solvents, the obtained fraction heavy oil (HO) was weighed and
marked as Ci. The insoluble material was rinsed with water and dried at 110 °C for 24 h,
then was weighed and designated as solid residue (SR).

In addition, to study the effect of the solvent on the bio-oil, the experiments were carried
out with 240 g of water instead of ethanol-water co-solvents, and the obtained light bio-
oil denoted as B>, heavy oil (HO) denoted as C,.

The results obtained in this study are reported using the parameters defined as:

Conversion @% = (W, —Wgz) /W,
Bio-oil yield a% =W, /W,

where Wy is the weight of starting mulberry barks (dry, g), Wsr is the weight of solid
residue (dry, g), and Wso is the weight of the bio-oil( light oil or heavy oil, dry, g).

2.3 GC-MS analyses of the bio-oil

The compositions of bio-oil were analyzed by GC-MS analysis methods[20], and GC-
MS analyses were performed according to details mentioned in the literature[21]. The
compounds were identified by a comparison with the NIST Mass Spectral Database and
analysis after consulting correlation literature. An FID was used for quantification of the
constituents in the bio-oil. Quantification was expressed as the percentage contribution
of each compound to the total amount of material detected after peak area
normalization[21]

3 Results and Discussion
3.1 The percent conversion and bio-oil yield

The percent conversion and bio-oil yield are shown in Table 1. The light oil yield is very
low, may be some crude oil was degraded and converted into gas components in long
time reaction. The heavy oil yield in ethanol-water co-solvents is slightly less than that
of in water, presumably because ethanol as solvent not only played the role of heat and
mass transfer, but also germination the degradation reaction with biomass to produce
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small molecular gas products, resulting in the conversion is higher but the bio-oil yield is
lower.

Table 1 The conversion and bio-oil yield in sub/critical water and ethanol-water co-

solvents
items conversion /% light oil vield /% heavy oil vield /%
medium _ ethanol-water water  ethanol-water(B1)  water (B2)  ethanol-water(C1)  water(Cz2)
barks 95.72 875 236 4.16 26.16 26.25

3.2 The compositions of bio-oil

A total of 141 and 131 kinds of compounds were identified in the light bio-oils, 43 and
50 kinds of compounds were identified in the heavy bio-oils derived from mulberry barks
hydrothermal liquefaction in sub/critical ethanol-water co-solvents and sub/critical water
in order of their experimental retention time and retention indices, all accounting for
100% (relative mass fraction). The main components identified are listed in Table 2 (light
bio-oil) and Table 3 (heavy bio-oil).

Table 2 The main compositions in the light bio-oil

R.T. RM.F (%)
No.  Compounds M.F. (min) B, B,
1 Phenol CeHsO 4.456 0.225 0.028
2 3-Phenylbut-1-ene CioH12 4.579 0.376  0.339
3 Hexanoic acid, hexyl ester C12H240, 4.692 0.335
4 3-Ethoxy-1,2-propanediol CsH1,05 5.133 0.803 1.120
5 2(3H)-Furanone, dihydro-4-methyl- CsHgO» 5.923 0.196 0.126
6 2-Cyclopenten-1-one, 2,3-dimethyl- C7H1,,0 6.466 2563 1.158
7 4-Pyridinol CsHsNO 7.943 3.819 3.791
8 2-Furancarboxylic acid, dodecy! ester C17H2605 8.384 0.534
9 4(1H)-Pyridone CsHsNO 8518 3.673
10  Phenol, 4-ethyl- CgH100 8.569 0.345
11 3-Pyridinol, 2,6-dimethyl- C;HyNO 9.297 1.751
12 3-Pyridinol, 6-methyl- CsH;NO 9.533 1.234
13 1,2-Benzenediol CsHgO2 9.677 8.122 11.48
14 Phenol, 3-amino- CsH/NO 10.661 1.007
15 Phenol, 3-(dimethylamino)- CgH1:NO 10.723  1.242
16 Ethanone, 1-(2,4-dimethyl-1H- CeHLNO 10989  1.601
pyrrol-3-yl)-
17 1,2-Benzenediol, 3-methoxy- C;HgO3 11.02 7.443
Cyclopenta[c]pyrazol-3-amine,
18 2,4,5,6-tetrahydro-2-methyl- CHuNs  11.143  0.961
19 Phenol, 3-methoxy- C7HsO 11.246  1.453
20 Benzene, (methylsulfinyl)- C7HsSO 11.307 1.869
21 Hydroquinone CeHsO2 12.015 5.409
22 Benzaldehyde, 2-fluoro- C/HsFO 12.077 0.6
23 1,2-Benzenediol, 4-methyl- C7Hs0, 12.261 1.114
24 2-Benzothiazolamine C7HsN,S 12.405 0.983
g5 Dihydro iso-jasmone CuHisO 12579  2.264

(2-hexylcyclopent-2-en-1-one)
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26 3-Isobutyldihydropyrazin-2-one 08%3’\]2 12.682 1.904

27 5-Ethyl-2-furaldehyde C7Hs0, 12.907 0.424

28 1,3-Benzenediol, 2-methyl- C7Hs0, 13.01 0.689

29  Phenol, 2,6-dimethoxy- CsH100s 13256  7.794 5.866
Cyclohexene, 1,5,5-

30 triymethyI-G-acetyImethyl- CisHpO, 13451 1.004

31  1,4-Benzenediol, 2-methyl- C;Hg0, 13.656 2.928

32 1,4-Benzenediol, 2,6-dimethyl- CgH1002 13.882  0.425

33 Pyridine, 2-butyl-, 1-oxide CyH13NO 13.995  1.009

34 Benzene, 1,4-dimethoxy- CgH1002 14.005 0.28

35 2-Furancarboxaldehyde, 5-methyl- CeHsO2 14.087 0.453

36  2-Methoxybenzyl alcohol CgH100, 14.22 0.793  0.508

37  Furan, 2-(1,1-dimethylethyl)-4-methyl- CgH120 14282  0.633 0.798

38 1,3-Benzenediol, 4-ethyl- CgH1002 14.466  1.093

39 Benzaldehyde, 4-fluoro- CgHsFO 14.692 1476

40  Ethanone, 1-(3-hydroxyphenyl)- CgHgO2 14.723 1.103

41 Benzene, 2-fluoro-1,3,5-trimethyl- CoHuF 14.877  0.254

42 Pyridine, 4-(1-pyrrolidinyl)- CoH12N; 14989 1.334

43 2-Methyl-5-hydroxybenzofuran CqHgO, 15.00 0.779

44 2,3-Dimethylhydroquinone CgH1002 15.133 1.291 0.297

45 1,3-Benzenediol, 4,5-dimethyl- CgH1002 15.461 1124 1.205

46  Benzenamine, 4-methoxy-2-nitro- C7H2NZO 15.594 1.352

47 1,2,4-Trimethoxybenzene CoH1203 15595  2.846

48  Phenol, 2-methoxy-4-methyl- CgH1002 15.687 0.88

49 Benzeneethanol, 2-hydroxy- CgH1002 15913  0.854

50  4-Butylbenzyl alcohol CuH10 15.954  0.736

51  Phenol, 3-propyl- CoH1,0 15.964 1.223

52 1,3-Benzenediol, 4-propyl- CoH120; 16.118 1.285

53 2-Furancarboxaldehyde, 5-methyl- CeHsO2 16.436 0.433

54  1,4-Benzenediol, 2,5-dimethyl- CgH1002 16.456  0.563

55 1,4-Benzenediol, 2,3,5-trimethyl- CoH120; 16.569  0.269 0.194

56 2-Furanacetaldehyde, .alpha.-isopropyl- CyH1,0, 16.671  0.547

57  1,4-Benzenediol, 2-(1,1-dimethylethyl)- C10H140, 16.682 0.712

58 Benzenemethanol, 4-methoxy- CgH1002 16.784  1.296

59 Benzene, 1,2,3-trimethoxy-5-methyl- Ci1oH1405 17502 2.024 1.249
2-Propanone, 1-(4-hydroxy-

60  3-methoxyphenyl)- C10H1205 17.707 1.021

61  Furan, 2,5-dimethyl- CsHgO 18.815 0.23

62 Phenol, 2,6-dimethyl-4-nitro- CgHgNO; 19.441 0.467

63  Xanthone C13HgO, 19451 2011
Pyrrolo[1,2-a]pyrazine-1,4-dione, CioH16N2

64 hexahydro-3-(2-methylpropyl)- 0, 24.641 1244

65  Phenol, 3,5-dimethoxy- CgH1003 25933 0.676 1.36

B, and B, are the light bio-oil derived from mulberry bark hydrothermal liquefaction in
sub/critical ethanol-water co-solvents and sub/critical- water. M.F. is molecular formula,
R.T. is retention time, and R.M.F. is relative mass fraction.
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Table 3 The main compositions in the heavy bio-oil

R.T. R.M.F. (%)

No. Compounds M.F. (min) c S
1 2-Cyclopenten-1-one, 2,3-dimethyl- C7H100 5.625 4274
2 Phenol, 2-methoxy- C7Hg0O, 6.702 0.263 8.981
3 Phenol, 3-methoxy- C;HsO, 7.687 1.262
4 Naphthalene, 1,2,3,4-tetrahydro- CioH12 8.405 10.256 4.622
5 Phenol, 2-methoxy-4-methyl- CgH1002 9.164 4.47
6 Spiro[2.4]heptane, 4-methylene- CgH12 10.948 1.951
7 Phenol, 4-ethyl-2-methoxy- CoH1,0, 11.348 0.982 6.561
8 Phenol, 2,6-dimethoxy- CgH1003 13.287 2.45
9 Phenol, 2-methoxy-4-propyl- C10H140, 13.584  1.247 4.806
10 Smg) 2-(3,3-dimethylbicyclo[2.2.1]hept-Z CuH1O 13.728 1648
11 1,2,3-Trimethoxybenzene CoH1,05 15.594 2.007
12 3-Allyl-6-methoxyphenol C10H120, 16.117 1.77
13 1H-Indole, 2,5-dimethyl- CioHuN 16.682 1.424
14 5-tert-Butylpyrogallol C10H1405 17.492 0.55 2.793
15  4-Propyl-1,1'-diphenyl CisHie 19.441 0.983  4.829
16  2-Acetyl-1-tetralone C12H1,0, 23.01 2.07
17  1,4-Naphthoguinone, 5-ethoxy- C12H1003 26.015 1.122
18  Tridecanoic acid C13H260- 26.702 3.13
19  Hexadecanoic acid, ethyl ester C1sH3602 27.328 5.07
20 Dibenzol[a,i]pyrene CaH1g 29.871 1.162
21  Ethyl Oleate CaoH3502 30517 1.719
22 Octadecanoic acid, ethyl ester Ca0H4002 30979 1.167
23 Hexanedioic acid, dicyclohexyl ester C1sH3004 32.907 1.277
24 4-Ethoxy-3-methoxyphenethyl alcohol C11H1605 33.389 1.769
25  Nonadecanoic acid, ethyl ester C21H4,0, 37.44 1.324 0.551
26  1-Hexacosene CasHs, 38.928 1.384
27  Ethyl tetracosanoate Ca6Hs,0, 40.333  3.403
58  Phenol, 6-methyl-2-[(4-morpholinyl)methyl]- CioHiZNO,  41.656  1.759 1.435
29  9-Tricosene, (2)- CasHae 41.758 3.381
30  Anthracene, 9,10-dihydro-9,9,10-trimethyl- Ci7His 42,025 2.696
A-Neooleana-3(5),12-diene (5a,5b,7,10,10,13k
31 Hexamethyl-3-(1-methylethylidene)- CaoHas 42189 4016 2712

2,3,33,4,5,5a,5b,6,7,7a,8,9,10,11,11a,13,13a,13b-
octadecahydro-1H-cyclopenta[a]chrysene)
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10-Ethoxy-1,2,9-trimethoxy-7H-

32 dibenzo[de,g]quinolin-7-one

C2HsNOs 42271 1.683

6-Methoxy-4-methyl-8-nitro-5-[[4'-
phenoxy]phenoxy]quinoline

34 Tetracosanoic acid, 2,4,6-trimethyl-, methyl ester ~ CysHs60; 43112 4274

33 CioH1sN,Os  42.446  2.035

35  2-Ethylacridine CisHisN 43266 1.59%4
5(1H)-Azulenone, 2,4,6,7,8,8a-hexahydro-3,¢

36 Jimethyl-4-(1-methylethylidene)-, (8S-cis)- CisHz20 43697 18

37  Anthracene, 9,10-dihydro-9,9,10-trimethyl- Ci7His 43.81 4.282 1.423

38 N-[(E)-(6-N|tro-l_,3-benzod|0x0I-5-yI)methyI|dene]- CicHuNOs  44.005  2.428
2-phenylethanamine

39  Coumarin, 7-hydroxy-4-methyl-3-propyl- C13H1505 44425 5.808 1.247

40  2-Methyl-7-phenylindole CisHisN 44548 1.223

41  5-Acetamido-4,7-dioxo-4,7-dihydrobenzofurazan CgHsN30, 44969 2.58
2-(Acetoxymethyl)-3-

42 (methoxycarbonyl)biphenylene CirH1404 45861 4.554
Hexacosanoic acid, 2,4,6-trimethyl-, methyl estel

43 R4S 6R)-()- CaHeOz 46712 1.695

44 Benzo[h]quinoline, 2,4-dimethyl- CisHisN 49.225 0.875 3.157

45 1H-Indole, 1-methyl-2-phenyl- CisHisN 49235 228

46  Olean-12-ene CaoHso 49.81 2.358

4,4,6a,6b,8a,11,11,14b-Octamethyl-
47  1,4,4a5,6,6a,6b,7,8,83,9,10,11,12,12a,14,14a,14b-  CyH47O 50.158  1.959 5.345
octadecahydro-2H-picen-3-one

48  Benzo[b]naphtho[2,3-d]furan CsH100 50.158 4.572

49 9,_10-Methanoanthracen-ll-ol, 9,10-dihydro-9,10,11 CisHi:O 50292 1141
trimethyl-

50 alpha-Amyrin CaoHs00 50.61 8.392 3.328

51  5-Methyl-2-phenylindolizine CisHisN 51563 1.039 1.482

Ci and C; are the heavy bio-oil derived from mulberry bark hydrothermal liquefaction in
sub/critical ethanol-water co-solvents and sub/critical- water. M. F. is molecular formula,
R.T. is retention time, and R.M.F. is relative mass fraction.

4 Conclusions

Hydrothermal liquefaction of mulberry bark in sub/critical-water and ethanol-water co-
solvents was investigated using a batch reactor. The conversion rate in sub/critical-
ethanol-water co-solvents and sub/critical- water medium were 95.72% and 87.5%, the
yield of the heavy oil were 26.16% and 26.25%, and the yield of the light oil were 2.56%
and 4.16% at 300 °C. The components of bio-oils were complex, mainly contained
phenols, aromatic, alkanes, ketone, esters, furans, olefin compounds, etc. The content of
phenols in the bio-oil derived from mulberry bark hydrothermal liquefaction in
sub/critical water is more than that liquefaction in sub/critical- ethanol-water co-solvents.
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1 Introduction

Diesel consumption represents a significant part of a country's economy, since it is used in
several economic sectors. One of the sectors with the highest demand for diesel, derived from
petroleum, is the road sector [1]. In Brazil the road sector is the main transportation system in
the country. According to the National Department of Land Transport, linked to the Ministry of
Transportation, there are 119,936 kilometers of federal highways in the country. Studies show
that the consumption of diesel oil in the Brazilian market tends to increase between 2014 and
2023 [2].

However, with the increase in the demand for fossil fuels, in the case in particular diesel, there
is in parallel a concern regarding the amount of gases emitted from the burning of this fuel, being
this concern not only national but also worldwide. These gases from the combustion process of
diesel contribute directly to the worsening of the greenhouse effect [3]. In this context, studies
have been carried out with the objective of developing sustainable and renewable alternatives
for partial or total replacement of diesel obtained from petroleum fractionation [4] [5]. A possible
successor to diesel is biodiesel.

Biodiesel, as well as diesel, can be used in cycle engines, such as trucks, buses, etc. And in
stationary motors, such as electric power generators [6]. One of the advantages of using biodiesel
when compared to diesel, non-renewable fossil fuel is the fact that biodiesel is a renewable fuel

[7118].

Biodiesel can be used pure or mixed with diesel. When mixed, it receives the designation B2,
B5, or B20, etc., referring to the percentage of biodiesel present in diesel, respectively, 2%, 5%
and 20%, etc. It can also be called B100, representing pure biodiesel. In Brazil the biodiesel
blend in diesel started in 2004, through the National Program for the Production and Use of
Biodiesel (PNPB), launched by the federal government. In 2004 the 2% blend was experimental
only. Between 2005 and 2007 the mixture of 2% became optional. And in 2008 the 2% mix
became mandatory throughout the national territory. This percentage gradually increased.
Currently, in 2017 the percentage of biodiesel in diesel is 7% [9].

Due to the demand for biodiesel in the current scenario, studies have been carried out with the
purpose of proposing biodiesel production routes that present higher conversions without
causing damage to the environment and that are at the same time economically viable. In this
way, the work aims to present a literature review highlighting the main methods of obtaining
biodiesel and the main raw materials used.

2 Raw Material
Biodiesel is a fuel obtained from the chemical reaction of compounds present in vegetable oils,
animal fats or waste oils and fats, reacting with alcohol, usually methanol or ethanol, in the

presence of a catalyst [10].

Methanol when compared to ethanol has higher reactivity. It exhibits greater efficiency in both
the speed and yield of the reaction. The use of methanol in the reaction to obtain biodiesel makes
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the separation of glycerine from biodiesel in the biodiesel purification process easier and more
efficient. Low economic cost is one of the most relevant factors for your choice. However, the
use of methanol has some drawbacks, such as its high toxicity. Methanol in Brazil is produced
from natural gas. The fact of producing one of the reagents from a non-renewable source causes
biodiesel to partially escape the concept of green fuel. There are methods where methanol can
be produced from biomass. However, in Brazil it is still not economically feasible when
compared to the low cost of the product obtained from natural gas [11].

Ethanol produced in Brazil is predominantly of vegetable origin. Unlike methanol, ethanol has
no toxicity. However, the limited use of ethanol is due to a number of factors, including the fact
that ethanol is less reactive than methanol. In this way, demanding greater product surplus,
higher temperature and longer reaction time, consequently, causes a significant increase in the
operational cost. Ethanol also favours the formation of an emulsion, making it difficult to
separate the product, thus contributing to an increase in operating costs. Therefore, in the current
context, it only economically compensates to produce biodiesel from the ethanol route when
ethanol presents a significantly lower price than that of methanol [11].

Other reagents used in the biodiesel production process are vegetable oils and / or animal fats,
formed basically by triglycerides and fatty acids.

One of the main raw materials used in the production of biodiesel is vegetable oils. Brazil is a
country mostly agricultural and has a wide array of fertile lands and a climate conducive to the
cultivation of different oil crops. This makes biodiesel production from vegetable oil larger when
compared to other raw materials. Among the oil seeds used in the biodiesel production process
we can highlight soybean, palm, cottonseed, colza, babagu, sunflower seed and castor bean.
Soybean is currently the most used oilseed in the process of obtaining biodiesel in Brazil [12].

To obtain the vegetable oil the raw material undergoes an extraction process. Prior to the
extraction process, regardless of the method or crop to be used as feedstock, the oilseed normally
undergoes a preparation process, which basically includes cleaning, for removal of bark and
impurities, crushing, rolling and baking . Vegetable oil can be extracted by two methods,
mechanical pressing and mixed pressing, also called chemical extraction. In the mixed press,
besides the use of the mechanical press, the use of an organic solvent, usually hexane, is
attributed. In the mechanical pressing there is a loss of approximately 6% of oil in the remaining
pie, already in the chemical extraction, this loss is reduced to 1% [13].

Other sources of raw materials that can be employed in the process of obtaining biodiesel are
animal fats. Among them are bovine tallow, fish oils, pork fat, etc. Being the most used bovine
tallow. Bovine tallow is a by-product from the meat market [3]. It consists basically of fatty acids
of saturated chain, presenting a structure similar to the vegetable oil. The fact that it has a
saturated chain causes the clogging to occur at higher temperatures, at approximately 19 °C,
which is the maximum clogging temperature allowed by the National Agency for Petroleum,
Natural Gas and Biofuels (Brazil). One way to decrease the clogging point is to mix the bovine
tallow with vegetable oil with a decrease of approximately 10 °C. When comparing bovine
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tallow with soybean oil, we have the advantage of not competing with the food market, there is
no risk of crop failure and it presents lower cost [14][15][16].

Finally, we have that the residual oils can also be used as raw material for biodiesel production.
The residual oils are rich in triglycerides, however, they also present significant amount of fatty
acids, which depending on the methodology applied for the biodiesel production process
requires a pre-treatment of the raw material [17]. Residual oils can be collected in snack bars,
industrial, commercial and domestic kitchens. The use of the residual oil promotes the correct
disposal and less aggressive to the environment.

3 Biodiesel Production Processes

Biodiesel appears in the world context from the interest in replacing diesel of non-renewable
fossil origin with a fuel that is sustainable and renewable. Therefore, several studies have been
and are being developed with the objective of producing biodiesel from renewable sources or
alternative sources that have high energy potential, as in the case of oils and residual fats. And,
at the same time, develop routes that use reagents less aggressive to the environment and provide
satisfactory yields. Finally, to enable large-scale production [18][19] [20].

Biodiesel can be obtained from the esterification or transesterification reaction. The esterification
reaction is also known as Fischer's reaction (1895). The reaction is characterized by forming a
specific ester, from the reaction of a carboxylic acid with an alcohol, usually methanol or ethanol.
It is a slow reaction at room temperature (25 © C). Thus, heating and / or use of catalyst is required
[21]. The esterification reaction is usually used to treat the raw material for biodiesel production,
in order to reduce the concentration of free fatty acids.

In the transesterification reaction, the ester is always obtained from another ester. In the case of
biodiesel the precursor ester is a triglyceride, receiving this connotation because it has three
groups of esters [21]. In the production of biodiesel by transesterification reaction, the
triglyceride reacts with alcohol, methanol or ethanol, in the presence of a catalyst, forming
biodiesel and glycerin [22].

Biodiesel can be obtained from different routes: basic catalysis, acid or enzymatic. The catalysts
are used in the production process with the aim of modifying the kinetics of the reaction,
increasing the reaction rate and selectivity in relation to the desired product [23]. The following
will be presenting the main methodologies used in its production.

3.1 Process of biodiesel production via alkaline catalysis

Among the biodiesel production methods we can highlight the transesterification via basic
catalysis. This production route can be divided into two groups, basic homogeneous catalysis
and basic heterogeneous catalysis. The most common homogeneous basic catalysts are sodium
hydroxide (NaOH), potassium hydroxide (KOH), sodium methoxide (NaOCH3) and sodium
ethoxide (NaOCH2CHS3). According to the literature, the most heterogeneous basic catalysts
used are calcium hydroxide (Ca (OH) 2) and oxides of magnesium (MgO), calcium (CaO),
strontium (SrO), barium (BaO) and zinc ZnO) [24].
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Industrially, basic homogeneous catalysis is the most employed. The most homogeneous basic
catalysts used in large scale production are sodium hydroxide (NaOH) and potassium hydroxide
(KOH). This is due to the low economic cost of the catalysts and the fact that they have high
conversion rates [25]. To obtain the maximum yield, anhydrous alcohol is used and preferably
raw materials with low concentrations of free fatty acids. The high moisture content in the
reaction medium causes the hydrolysis of triglycerides to occur, this hydrolysis favours the
formation of fatty acids. High concentrations of fatty acids in contact with basic catalysts provide
the production of soap. Soap formation, in turn, makes it difficult to purify biodiesel during the
washing process [26].

The work developed by Lee et al. (2016) aimed to investigate the catalytic activity of mixed
metal oxides in biodiesel production using as raw material jatropha oil via the methyl route. The
catalysts used were: CaO-MgO, Ca0-Zn0O, CaO-: La203 and MgO-ZnO. The results show that
the catalysts of mixed metal oxides presented higher catalytic activity than the pure metal oxides.
According to the authors, the catalysts of mixed metal oxides present high density and strong
basicity, being excellent properties for transesterification reaction. The mixed catalysts based on
CaO showed higher catalytic activity, good reuse and low leaching. Among them, the CaO-ZnO
catalyst was the one that favoured greater biodiesel conversion [27].

Veillette et al. (2016) proposed the production of biodiesel from oil extracted from Scenedesmus
obliquus microalgae. The basic catalysts used were potassium hydroxide and strontium oxide.
The experimental parameters used were: proportion of methanol with respect to lipid mass
31.4% and mass of catalyst with respect to oil mass 2.48%, reaction time and temperature of
22.2 min and 60 ° C. The results demonstrate that potassium hydroxide presented higher yield
compared to strontium oxide. Although it presented a lower yield, the strontium oxide proved to
be an effective catalyst, since it presented a yield of 76%. However, the authors caution that the
use of alkaline earth metals, such as strontium oxide, should be avoided due to leaching of the
catalyst in the reaction medium. They conclude that the leaching occurs due to the presence of
free fatty acids and moisture. Thus, the use of basic heterogeneous catalysts requires that the raw
material be free of free fatty acids and moisture [28].

3.2 Process of biodiesel production via acid catalysis

One of the problems related to the use of conventional catalysis is the formation of soaps due to
the reaction of the basic catalyst with the free fatty acids. In this way, studies have been
developed with the objective of finding alternatives technically, environmentally and
economically feasible. Acid catalysis has been studied as a possible partial or complete substitute
biodiesel production route of the conventional route. Acid catalysis has the advantage of
obtaining biodiesel both through the esterification reaction of fatty acids and transesterification
of triglycerides. Thus, acid catalysis makes it possible to use raw materials with a significant
content of fatty acids, which in turn is economically more viable. It also eliminates, even
partially, the pre-treatment step of the raw material present in the traditional process.

Vieira et al. (2013) evaluated the use of heterogeneous acid catalysts in biodiesel production.
The catalysts used were: La203, SO42- / La203, HZSM-5 (zeolite) and SO42- / La203 /
HZSM-5 (SOL / HZSM-5). The experimental parameters evaluated were: molar ratio of oleic
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oil per methyl alcohol, percentage of catalyst with respect to oleic oil mass and reaction
temperature. According to the authors, temperature was the parameter that most influenced the
catalytic process. The results show that the SOL / HZSM-5 catalyst showed the highest
conversion. The best results were obtained at the temperature 100 °© C and molar ratio of 1: 5,
with the exception of the HZSM-5 catalyst which was 1: 2. The authors conclude that the results
presented a good performance by the catalysts and can be used in the biodiesel production
process [29].

The work performed by Peres et al. (2016) had as objective to evaluate the performance of the
metallic oxides catalysts spinel type in the biodiesel production. These catalysts are characterized
by being bifunctional, presenting acidic and basic sites. It can act on esterification of fatty acids
and transesterification of triglycerides. The catalysts used were zinc aluminate (ZnAl 2 O 4) and
cobalt aluminate (CoAl 2 O 4). The parameters evaluated were: catalyst concentration, alcohol
/oil molar ratio and temperature on yield. Using as raw material oils and residual fats. The results
showed that at concentrations above 7% the ZnAl204 catalyst yields higher than 80% yield
regardless of the temperature and alcohol / oil molar ratio. In the case of CoAl.sub.2 O.sub.4 to
obtain yields of greater than 80% at 7% concentration it is necessary to work at a temperature of
140 °C and an alcohol / oil molar ratio of 1: 6 or 100 °C and alcohol / oil molar ratio of 1: 9.
According to PERES et. Al (2016) the process of transesterification using the zinc and cobalt
aluminate catalysts may be an alternative for the production of biodiesel from waste oils and fats
[30].

3.3 Process of biodiesel production via enzymatic catalysis

Another route of biodiesel production is enzymatic catalysis. Enzymes are organic polymers
formed by amino acids. They have in their structure active sites that can act as biological catalysts
with high specificity [31][32]. In the literature the enzyme lipase stands out in the biodiesel
production process. The enzyme can be obtained from Aspergillus niger (lipase A), Mucor
javanicus (lipase M), Burkholderia cepacia (lipase PS), Pseudomonas fluorescens (lipase AK),
among other microorganisms [33]. The lipase enzyme is classified as hydrolase by acting on the
ester bond of various compounds. The enzymes are generally immobilized in order to obtain
biocatalysts with higher catalytic activity and also with higher thermal and chemical stability.
One of the disadvantages of using lipase is due to its financial cost. The immobilization of the
lipase allows to recover the biocatalyst and reuse again in the process, reducing the cost of
production. The most frequent immobilization techniques are adsorption, ionic and covalent
bonding [31].

Souza et al. (2016) studied the production of biodiesel using Jatropha (Jatropha curcas L.) oil as
raw material via enzymatic ethyl ester transesterification. Commercial lipases immobilized by
covalent attachment on epoxy-SiO2-PVA were used. The immobilized lipases of Pseudomonas
fluorescens (lipase AK) and Burkholderia cepacia (lipase PS) showed better yield of ethyl ester,
being 91.1 and 98.3% in 72 hours of reaction. The reactions that occurred under microwave
irradiation presented higher yield and productivity when compared to the conventional heating
method. According to the authors the biocatalysts have shown satisfactory results and that the
same can be applied in the production of biodiesel. The authors emphasize that the use of
biocatalysts requires a solvent-free medium [34].
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The work developed by Nordblad et al. (2016) proposed a pre-treatment of rapeseed oil that will
be used as raw material in the biodiesel production process, via basic catalysis. Pretreatment was
performed through enzymatic catalysis using the enzyme lipase B (Novozym 435), focusing on
the initial concentration of free fatty acids and methanol, in order to obtain the best experimental
parameters. The authors found that using 5% of catalyst and 4% of methanol at 35 ° C, the
concentration of 15% of fatty acids present in the raw material could be reduced to 0.5% in one
hour of reaction. The authors conclude that the suggested pretreatment process is an efficient
method to reduce the concentration of fatty acids. It can be used in raw materials with a
concentration of up to 20% of fatty acids [35].

4 Conclusion

Biodiesel has characteristics similar to diesel from petroleum, being a possible substitute. Studies
show great interest in production in biodiesel production, since, compared to conventional diesel,
biodiesel has the advantage of being renewable and less aggressive to the environment. Biodiesel
can be produced from different raw materials. However, it is possible to conclude that the main
raw material is vegetable oils, because it can produce biodiesel from various oilseeds.

Several biodiesel production routes were presented. However, the production of biodiesel
through the basic catalysis was to the route that showed the best results regarding conversion,
reaction time and economic cost. Acid catalysis, in turn, has proved to be a possible route to be
used as pre-treatment of raw materials with high levels of fatty acids. Finally, enzymatic catalysis
despite having many advantages, such as its high specificity, is not yet economically feasible.
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1 Introduction

Technological advances, both in the industrial area and in people's daily lives, have
significantly increased the demand for fossil fuels from petroleum. At present, the use of
these fuels has been sought to reduce the emission of gases that contribute to the
worsening of the greenhouse effect [1]. Studies have been developed to propose
sustainable and renewable alternatives to fully or partially meet the demand for fossil
fuels [2]. Biofuels appear as sustainable and renewable alternatives, presenting numerous
advantages, such as lower pollution rate with their burning, their raw materials can be
cultivated, therefore renewable, biodegradable, etc. [3, 4]. Among biofuels, biodiesel and
bioethanol can be highlighted [5].

Biodiesel is a potential substitute for conventional diesel obtained from the petroleum
fractionation process [6]. Biodiesel is an ester, usually obtained by the transesterification
reaction of triglycerides with alcohol, in the presence of a catalyst, forming as product
glycerine and biodiesel [7]. In general, the alcohols used are methanol or ethanol, being
the methanol most used because of its high reactivity and to facilitate the process of
separation of biodiesel from other products and reagents [8]. The transesterification
reaction is a reversible reaction, and it is convenient to use excess alcohol, in order to
displace the reaction equilibrium in the product formation direction. The catalytic
processes frequently used in biodiesel production are: basic, acid and enzymatic catalysis
[9]. Vegetable oil, animal fat and oil/waste fat are possible raw materials used in the
biodiesel production process [10,11,12]. In commercial scale the process of biodiesel
production is carried out by homogeneous basic catalysis via the methyl route [12]. The
catalysts frequently used are potassium hydroxide (KOH) and sodium hydroxide
(NaOH). In Brazil, the most important raw material in biodiesel production is soybean
oil. According to the National Agency of Petroleum, Natural Gas and Biofuels 72% of
the biodiesel produced comes from soybean oil [13].

Bioethanol, also known as ethyl alcohol, is a possible successor to petroleum gasoline.
Bioethanol presents some advantages when compared to gasoline, such as the fact that it
is a biodegradable and renewable fuel, has low toxicity and presents a lower emission of
pollutants in the atmosphere [14]. Bioethanol can be used pure, as alcohol hydrated or
mixed with gasoline, as anhydrous alcohol [15]. It can be produced from several raw
materials, receiving three denominations with respect to the type of raw material used in
its procurement process. First-generation bioethanol is that derived from sugars and
starches, such as sugarcane, beet, potato and cassava. Second-generation bioethanol is
that derived from lignocellulose biomass, such as wood, straw and fibbers, for example,
sugarcane bagasse. Finally, the third generation bioethanol from aquatic biomass, micro
algae or macro algae [16]. Bioethanol is produced by means of a fermentation process.
The microorganisms frequently used in fermentation are Sccharomyces cerevisiae yeasts.
These yeasts present higher productivity of bioethanol, high tolerance to bioethanol and
ability to ferment various substrates [17]. In Brazil, bioethanol is obtained from
sugarcane. The use of sugarcane in the production of bioethanol is favourable, since the
country has a vast territorial extension and a favourable climate for the development of
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this culture. The production of bioethanol from sugarcane presents a lower cost when
compared to bioethanol produced from other raw materials [18].

This work aimed to perform a preliminary analysis of a particular area of soybean
plantation, and calculate from mass and energy balances how much biodiesel is produced,
consequently, analyse the amount of energy in the form of biodiesel is generated with
respect to the area. Carry out the same analysis for bioethanol, using the same area, but
for planting sugarcane. Check which of the two biofuels has the highest energy potential,
considering the same area and its respective raw materials. It is important to emphasize
that in this preliminary work several parameters were not taken into account in order to
calculate only the ratio of the area to the amount of energy stored in the raw materials
that will later be converted into biofuels. Another work is being developed considering
such variables that includes an exergética analysis that of all the productive stages of the
process, from the planting of the cultures until the obtaining of the final products.

2 Materials and Methods

For a preliminary, comparative analysis, which relates a certain area for biodiesel
production and bioethanol production, in order to calculate its energy potentials, some
considerations were made, such as:

The energy expended with the agricultural inputs used in both cases was not
considered.

The necessary energy for the planting of both crops, as well as the harvests and
transportation of the raw materials, were not considered.

The energy supplied to the equipment used during the production processes to
obtain biofuels was not considered. Therefore, energy balances (or
exergéticos, which are more adequate) in the process plants were not
performed.

Losses were not considered during the processes for obtaining biofuels.

It was found that in both procedures the conversion of the reactants into
products was 100%.

An area of one hectare, equivalent to 10,000 m?, was considered as the basis
of calculation.

The same crop cycle was considered for both crops.

It was first considered only the energy stored in the raw materials during the
cultivation process and then the conversion of this energy into biofuels.

It was considered the sale of by-products with the highest highlights of each
situation and the amount collected used to buy the fuels produced in each
situation, as a form of energy conversion.
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2.1 Biodiesel production process

For the development of the work, there was considered the production of biodiesel using
soybean oil and ethyl alcohol as raw materials. The reaction of transesterification, via
homogeneous alkaline catalysis using NaOH as catalyst. The overall transesterification
reaction is shown in figure 1.

(0]
H,C 4
O0—R H,C—OH
o Na—OH 0
7 7
He + 3H,C—CH—OH =——>3R—C + HC—OH
0—=R ’ 0—CH,—CH
Ethyl alcohol X 2 3 HC— oH
//O Biodiesel *
HC—X Glycerol
X ¥
0—R
Triglycerides

Figure 1: Basic homogeneous transesterification reaction. R represents the fatty acid
carbon chains

As it is intended to evaluate the amount of energy stored in soybeans grown per hectare
and later converted to biodiesel, the analysis was started with the soybean oil extraction
process. Figure 2 shows the flowchart of a soybean oil extraction process.

Figure 2: Flow diagram of the soybean oil extraction process

The average compositions of soybean grains are: 40.3% protein, 21% oil and 38.8%
carbohydrates on dry basis [18]. The calorific power of soybean oil is on average 9.421
(kcal / kg) [19]. And its molar mass of soybean oil 873.36 g / mol [[20]. Soybean oil
usually has a content of 1 to 5% of free fatty acids. Therefore, a quantitative analysis of
the fatty acid content present in this oil is necessary since the production process of the
conventional biodiesel is via alkaline transesterification. Figure 3 shows a generic
flowchart of biodiesel production via alkaline transesterification.



10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL | 327

PROTECTION (JUNE 27TH—30™H, 2017, BLED, SLOVENIA), BIOENERGY AND BIOFUELS

E.L. Almeida, S.l. Gomes C.M.G. Andrade & O.A.A. Santos: Biodiesel Production
Process Versus Bioethanol Production Process. Preliminary Analysis

Figure 3: Flow diagram of biodiesel production process

According to the Brazilian Agricultural Research Corporation, the average yield of
Brazilian soybean is 3,000.00 kg per hectare [21]. The soybean cultivation cycle is
approximately 120 days.

2.2 Process of production of bioethanol

In the bioethanol production process, sugarcane was considered as the raw material. The
conversion of sugars into bioethanol was carried out via alcoholic fermentation using
Sccharomyces Cerevisiae yeast. Figure 4 shows the overall reaction of the ethanol
produced by the fermentation process.

1° Sucrose hydrolysis:

C12H2:011gy — CeH12067) + CsHi1206q)

Sucrose Glucose Fructose

2° Alcoholic fermentation:

CaH]anﬂ) Zimase 2 CQHSOH(I) +2 COQ(g)

Glucose Bioethanol Carbon dioxide

Figure 4: Global reaction of bioethanol production

The bioethanol production process begins with the preparation of the raw material.
Firstly, the sugarcane passes through an electromagnet to remove metallic objects. Then,
the sugar cane goes through a washing process, this step is only carried out when the
sugar cane harvest is done manually. Subsequently the sugarcane goes through chopping
and shredding. Once the sugarcane has been prepared, it is then moved to the mills, with
the objective of extracting the sugarcane juice. This broth goes into a process of treatment
and concentration, following to the fermentation tanks together with the yeasts. At the
end of the alcoholic conversion, the yeast is separated from the fermented wine. The
yeasts are treated in the vats and the wine goes to distillation, thus obtaining the
bioethanol. Figure 5 shows the generalized flowchart of the production process.
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Figure 5: Flow diagram of the bioethanol production process

The average production of sugarcane is 73.225 tons per hectare. The cultivation cycle of
sugarcane is 18 months [22].

3 Results
3.1 Biodiesel production process

It has been that the cycle of cultivation of soybeans is of months frame and the cycle of
cultivation of the sugar cane is of 18 months. Thus, to analyze the same available area
and consequently the amount of energy stored in these raw materials during their
cultivations, the same time interval was considered. Therefore, if in a period of 4.0
months produces 3,000.00 kg of soybean per hectare, in 18 months 13,500 kg of soybean
per hectare is obtained. The amount of soybean hulls is equivalent to 2% of the soybean
mass entering the extraction process, according to Zambom et al. (2001) the amount is
minimal that can be processed in order to increase the protein value of the bran [23].
Table 1 presents the specific considerations made in the biodiesel production process.

Table 1: Considerations made in the biodiesel production process

Variables Values
Concentration of oil in soybean 21.0%
Protein concentration in soybean grain 40.3%
Concentration of carbohydrates in soybean 38.8%
Concentration of free fatty acids 1.0%
Concentration of catalyst 5%
Molar ratio oil/alcohol 1:6

The molar mass of the triglycerides was considered the same as the oil since a percentage
of 1% of fatty acids was considered. By using a relatively low concentration one can
consider the same molar mass and also, it was possible to disregard the process of
treatment of the raw material. Table 2 shows the results obtained.
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Table 2: Results of the biodiesel production process by area

Variables Results
Mass of soya 13,500.00 (kg/m?)
Mass of oil 2,835.00 (kg/m?)
Mass of soybean 10,665.00 (kg/m?)
Mass of catalyst 141.75 (kg)
Mass of bioethanol 897.09 (kg)
Mass of Triglycerides 2,806.65(kg/m?)
Mass of biodiesel 2,954.48 (kg/m?)
Mass of glycerin 295.97 (kg/m?)

Analysing table 2 it is possible to note the considerable amount of bran produced.
Soybean meal is one of the most important co-products of biodiesel production, since
bran is rich in protein. Therefore, a way of quantifying the energy obtained from the meal,
was considered its sale and the amount collected used to buy biodiesel. The price of
soybean meal - Chicago Stock Exchange, closing April 24, 2017 [24] was 316 US$/ton.
The price of the dollar on 04/26/2016 was R $ 3.1821. According to the National Agency
of Petroleum, Natural Gas and Biofuels (54th Biodiesel Auction held in February 2017)
the average biodiesel price is 2,126.85 R $/m?. The density of ethyl biodiesel at 20 ° C is
880 (kg/m?®) [25] and the calorific capacity of soybean biodiesel is 37.20 (MJ/kg). The
mass of biodiesel purchased from the sale of the bran is (4,437.18 kg/m?). The results are
shown in Table 3.

Table 3: Amount of energy converted per hectare of soybean

Variables Energy

Biodiesel obtained during the

process 109,906.53 (MJ/m?)

Biodiesel obtained from the sale

of soybean meal 165,063.10(MJ/m?)

Total energy 274,969.63 (MJ/m?)
3.2 Production of bioethanol

The cultivation cycle of sugarcane is 180 days producing on average 73,225 tons by area.
Table 4 presents the considerations for the bioethanol production process and Table 5
shows the results obtained.
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Table 4: Considerations made in the bioethanol production process

Variables Values
Mass fraction of sucrose in sugarcane 14%
Mass fraction of solids soluble in sugarcane 7%
Mass fraction of sugarcane bagasse 30%
Mass fraction of water in sugarcane 49%
Mass fraction of bioethanol 96%

Table 5: Results obtained from the bioethanol production process by area.

Variables Results
Amount of sugarcane 73,225.00 (kg/m?)
Sugarcane bagasse 21,967.50 (kg/m?)
Mass of bioethanol 1,372.11 (kg/m?)
Mass of carbon dioxide 1,259.96 (kg/m?)

In the bioethanol production process one of the by-products generated is sugarcane
bagasse. Due to its high calorific bagasse it is used as biomass for electricity generation.
Therefore, the sale of this by-product was considered. The value hypothetically collected
from the sale of bagasse was used to purchase hydrated ethanol. In Brazil, the price of
the ton of sugarcane bagasse on average is $85.00 [26] this data was published on
December 13, 2016. The price of the bioethanol plant is on average R$ 1,566 per litter
[27]. This data was published on 04 March 2017. Density of bioethanol 20 ° C is 0.789
(g/m?). Mass of ethanol purchased from the sale of bagasse is 940,772.92 (kg/m?). The
calorific value of bioethanol is 25.56 (MJ/Kg).

Table 6: Amount of energy converted by area of sugarcane

Variables Energy
Bioethanol produced during the 35,071.13
process (MJ/m?)
Bioethanol purchased from the sale 24,046,155.75
of bagasse (MJ/m?)
Total energy 24,081,226.88

(MJ/m?)

4 Discussion

The preliminary analysis carried out with the objective of quantifying energy stored in soybean
and sugarcane crops that were later converted to biodiesel and bioethanol in an area of 10,000
square meters showed that bioethanol is the biofuel that has the highest potential Energy.
Bioethanol had an energy potential of 24,081,226.88 (MJ/m?) while biodiesel 274,969.63
MJ/m?).

However, it is important to note that in both processes several parameters were not considered,
one of them being the amount of energy required during the processes, which in turn interferes
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directly with the final results, since each process plant has energy consumptions Different.
Another important variable is the conversion of the raw material into product, because each
process has its own conversion. One process may have greater conversion than the other.

Another important point is the losses during the processes. In the case of bioethanol in particular,
significant losses occur during the production process, including the various unit operations
involved in the process and the alcoholic fermentation itself.

Therefore, although preliminary analysis shows that bioethanol has a higher energy potential
than biodiesel. Studies are being developed in order to carry out a more complex and detailed
analysis. Taking into account the application of an exergetic balance in both processes, since this
balance provides more realistic data of the losses of energies (destruction of exergy).

5 Conclusion

It is concluded that in this preliminary analysis (with simplifying hypotheses) bioethanol is the
fuel that presented the highest energy potential per cultivated area of the crops considered
(soybean and sugarcane).
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Abstract The aim of this paper was to investigate chemical and physical
changes in biomass during N2 explosive decompression pretreatment and
compare it with steam explosion pretreatment. The methods are
economically and environmentally attractive since only pressure and
water/steam are used to break down the biomass structure. Two
pretreatment methods were used at different temperatures and samples
from all process steps were analysed. The results were used to assess the
pretreatment effect and the chemical changes in biomass and, finally, the
mass balances of the bioethanol process at different process steps. Results
show that the highest glucose and ethanol yields were obtained with the
steam explosion pretreatment method at 200 °C (24.29 g and 12.72 g per
100 g biomass, respectively). At lower temperatures, the nitrogen explosion
treatment produced better yields.
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1 Introduction

Lignocellulosic ethanol has attracted attention as an alternative to fossil fuels.
Lignocellulosic biomass is defined as either non-edible residues from food crop
production or non-edible whole plant biomass [1]. Different kinds of biomass can be used
in bioethanol production, such as by-products (straw, sugar cane bagasse, forest residues),
waste materials (organic components of municipal solid waste), and dedicated feedstocks
(purpose-grown vegetative grasses, short-rotation wood, etc.) [2-4].

The traditional bioethanol production process consists of three steps — pretreatment,
hydrolysis and fermentation. The pretreatment step is used to open the biomass structure
and make the cellulose accessible for enzymatic hydrolysis. In the enzymatic hydrolysis,
cellulose polymer is degraded into glucose monomers. Hydrolysis is followed by
fermentation, where glucose is fermented into ethanol.

Out of the three main components of the lignocellulosic biomass, cellulose, hemicellulose
and lignin, only cellulose can be converted into ethanol. However, cellulose is wrapped
inside the hemicellulose and lignin matrix, which makes it difficult to access. In order to
gain access to cellulose, effective pretreatment is paramount. The goal of the pretreatment
is to alter the biomass structure in a way that breaks down the cellulosic structure of the
biomass and opens it for further enzymatic hydrolysis [5].

Different methods for biomass pretreatment have been proposed. They can be divided
into chemical, physical, and combined pretreatment methods. Physical methods are
mainly based on size reduction [6] and not widely used due to high energy input and low
efficiency. However, it is often combined with chemical or physio-chemical methods [7].
Chemical methods use acids, bases, solvents, etc. to dissolve some components of the
biomass, thereby gaining access to the cellulose. These methods are effective, however,
cost of the chemicals raises the total cost of the process and, subsequently, the price of
the ethanol produced, which in turn impedes competition with fossil fuels.

Of the combined methods, steam explosion (SE) and its variations — ammonia fiber
explosion (AFEX), CO. or SO, explosions are most common. In SE, biomass is treated
with saturated steam at high pressure, [8] where temperatures of 180-220 °C are
commonly used, and after a retention time of 2-10 minutes [5], the pressure is suddenly
decreased. During the process, hemicellulose is hydrolyzed through the action of steam
and this reaction is further catalyzed by the presence of the organic acids formed during
treatment [9]. The AFEX process and also CO, or SO, explosions are variations of steam
explosion methods, where ammonia, CO, or SO, are added to enhance the effect of
pretreatment [10]. These methods are very effective at dissolving and removing
hemicellulose, however, organic acids and furfural are formed during the pretreatment,
which act as inhibitors.

In addition to SE, N, explosive decompression (NED) pretreatment of biomass was
recently proposed [1, 11]. In NED pretreatment, the biomass is mixed with water and
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placed into a pressure reactor. The reactor is then heated and pressure is applied to the
biomass mixture by adding N2 gas. The nitrogen molecules, which are smaller than the
water molecules or gas molecules used in other pretreatment methods (CO; and SO,), can
more effectively penetrate into the cells of the biomass. The subsequent explosive release
of pressure causes the dissolved nitrogen gas to expand. This opens the cellulosic
structure of the biomass and increases the accessible surface area for enzymatic
hydrolysis. The NED pretreatment method is economically and environmentally
attractive since neither catalysts nor chemicals are added in these processes [1, 11].
However, the working principle and the processes that occur during the pretreatment still
need further research.

The aim of this paper was to investigate the chemical and physical changes in biomass
during the NED pretreatment and compare the results with those of SE pretreatment
method. The two pretreatment methods were used at different temperatures and samples
from various process steps were analyzed with different methods. Results were used to
assess the pretreatment effect and the chemical and physical changes in biomass and
finally, a mass balances of the bioethanol process in different process steps was compiled

[1].
2 Materials and Methods
2.1 Biomass

Barley straw (Hordeum vulgare) was used as a biomass in all experiments. The samples
were dried to moisture content less than 100 g kg*and ground with Cutting Mill SM 100
(Retsch GmbH) and then with Cutting Mill ZM 200 (Retsch GmbH) to a particle-size 3
mm or less.

2.2 NED pretreatment

The instrumentation and working principles of NED pretreatment method are described
in detail in previous publications [1, 11, 12]. In NED pretreatment, 650 ml of distilled
water was added to 100 g of dried and milled biomass. Samples were mixed thoroughly
and heated to temperatures between 100 - 175+ 3°C and the pressure of 30 bar was
applied using compressed nitrogen gas. After reaching the target temperature, the mixture
was cooled below the boiling point and pressure was released in an explosive manner.
After the explosion, samples were cooled to a temperature below 50°C and used in the
enzymatic hydrolysis step.

2.3 Steam explosion pretreatment

SE pretreatment method and instrumentation described by Tutt et al [11] was used in this
work. Sample of 900 g pre-dried and milled hay was soaked in 900 g of distilled water.
SE was performed in a laboratory scale SE system at the University of Applied Sciences
Upper Austria. SE was carried out at temperatures 150 — 200 °C and incubation time of
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30 minutes. Pretreated material was then dried at 40 °C to a dry matter content of 95% or
more.

2.4 Enzymatic hydrolysis and fermentation

Pretreated biomass was used to prepare suspensions with dry matter content of 10% in
citrate buffer (5 mmol L-1, pH 5.0) in case of SE pretreatment. In case of NED
pretreatment, distilled water and enzyme was added to the pretreated biomass in order to
gain the volume of the mixture 1000 ml. Enzyme mixture was added to biomass
suspension at a ratio of 0.3 ml per g of biomass. Enzyme complex Accellerase 1500 from
Genencor®; 30 FPU g cellulose) was used in all experiments. Hydrolysis lasted for 72
hours at a temperature of 50°C under constant stirring in rotating shaker/incubator (100
min 1),

After enzymatic hydrolysis the liquid phase of the suspension was separated from solid
phase by vacuum filtration. Yeast Saccharomyces cerevisiae was added to the liquid
phase gained after filtration to start the fermentation process. Fermentation lasted 7 days
at the temperature of at a temperature of 30 °C.

2.5 Chemical analysis

The biomass samples were taken for analysis before and after pretreatment and after
enzymatic hydrolysis. The solid and liquid parts of the biomass mixture were weighed
before and after pretreatment and after enzymatic hydrolysis. The solid biomass gained
after pretreatment and enzymatic hydrolysis was dried and milled for analysis.

Dry matter content was analysed with a moisture analyser Ohaus MB 45. The fibre
analysis (cellulose, hemicellulose and lignin) was performed using an ANKOM 2000
analyzer.

2.6 Data analysis

All the weights of the liquid and solid phases from all process stages, glucose and ethanol
concentrations were measured after hydrolysis and fermentation stages, fiber analysis
results of all solid residues were conducted.

The hydrolysis efficiency was calculated based on a formula 1:

Eyy = —9%_.100% @

Meep1,11

Where mgc is measured amount of glucose in sample; mee is measured amount of
cellulose in sample and 1.11 is cellulose to glucose conversion factor based on
stoichiometric biochemistry of hydrolysis [13]. The fermentation efficiency was
calculated based on
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Ep = —¢"_.100% 2

cgic0,51

Where cgyc is concentration of glucose in sample; cen is concentration of ethanol in sample
and 0.51 is glucose to ethanol conversion factor based on stoichiometric biochemistry of
fermentation [13].

The mass balance was calculated based on the masses of the solid and liquid phases and
the calculated masses of the components of biomass and liquid.

Averaged results of at least three parallel measurements are used. Data were analyzed
using MS Excel software.

3 Results and discussion
3.1 Biomass characterization

Biomass can be characterised based on its composition - relative proportion of cellulose,
hemicellulose, and lignin. Previous research has shown that energy crops for bioethanol
production should be selected based on their cellulose content. Bioethanol is produced
from glucose, which is formed during cellulose degradation and therefore, the most
important property of biomass for bioethanol production is high cellulose content [14].
In addition, a low lignin and hemicellulose content is preferred. The hemicellulose-lignin
matrix makes cellulose that is packed into this matrix, inaccessible to enzymes.
Furthermore, the degradation products of lignin and hemicellulose inhibit the hydrolysis
of cellulose to sugars and therefore, the low lignin content biomasses are preferred [15].

Table 1 shows that barley straw, used in these experiments as a sample biomass, had a
relatively high cellulose content of 41.56% while the hemicellulose and lignin contents
were lower, 32.9% and 5.35%, respectively. Relatively high cellulose content makes it a
suitable biomass for bioethanol production since high ethanol yields can be obtained.

Table 1. Composition of biomass used in the experiments

Component Content (%)
Hemicellulose 32.9
Cellulose 41.6
Lignin 54
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3.2 Effect of pretreatment to biomass

Two different methods— NED and SE were used for biomass pretreatment. Biomass was
pretreated at different temperatures, at constant pressure, and pretreatment duration. After
the pretreatment, fiber analysis was performed to investigate the change in the biomass
due to pretreatment. Since no chemicals are used in either of pretreatments, the methods
require high temperatures and/or high pressures to effectively dissolve hemicellulose and
expose cellulose fibres to enzyme molecules in the following hydrolysis process [11]. In
addition, the heating step in both methods is followed by a swift release of pressure
causing the steam or N. gas to expand within the lignocellulosic matrix. During the
explosion, the plant biomass particles are shattered into small pieces, the fibres of the
plant biomass are separated, and the ordered structure of the plant biomass is significantly
disrupted [16]. The results of fiber analysis from pretreated biomass are shown in table
2. The results show that both pretreatment methods decrease the concentration of
hemicellulose in the biomass (to not detectable level at 190 °C with SE pretreatment or
to 7.3% at 175 °C with NED pretreatment).

Table 2. The composition of biomass after pretreatment with NED or SE pretreatment
method at different temperatures

Temperature | Hemicellulose | Cellulose Lignin (%) Ash (%)
O (%) (%)

Steam explosion pretreatment

150 26.7 421 8.7 3.59
160 14.0 38.4 8.7 4.23
170 11.2 35.3 10.8 3.81
180 0.8 33.0 12.8 4.74
190 ND* 38.4 14.1 4.55
200 ND* 39.5 13.9 4.01
N2 explosive pretreatment

100 28.3 44.2 2.3 4.00
125 27.1 441 3.3 3.50
150 24.1 40.8 4.6 3.89
175 7.3 36.8 8.9 4.27

Both pretreatment methods decrease the hemicellulose content in biomass by dissolving
the hemicellulose at high temperature, which increases substantially the availability of
the cellulosic fraction of the material [15]. This also enables to improve the hydrolysis
yields of cellulosic fraction in the further steps of process since the cellulose is more
accessible to enzymes [15].

At the same time the cellulose proportion varies between 42.1% and 33.0% with SE
pretreatment and decreases only slightly to 36.8% with NED pretreatment. This shows
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that there is a loss in cellulose content however, compared to dissolution of hemicellulose
the cellulose losses are negligible

3.3 Hydrolysis and fermentation of the pretreated biomass

The pretreated biomass was used in a traditional three-step bioethanol production
process, where enzymatic hydrolysis and fermentation followed pretreatment. After these
steps, the glucose and ethanol concentrations were measured and hydrolysis and
fermentation efficiencies were calculated (figure 1) to assess the effect of pretreatment.

From the figure 1 it can be seen that the higher hydrolysis efficiency was gained using
NED method at temperatures up to 175 °C where 52.6% hydrolysis efficiency was
gained. At lower temperatures, at 100 °C, the hydrolysis efficiency was 26.0% but
increased steadily to maximum values at 175°C, where glucose yield of 15.2 g of glucose
from 100 g of biomass was gained. Higher temperatures were not tested with NED
pretreatment method because we already demstrated that the glucose yield reaches a
plateau or decreases at temperatures higher that 175 °C [1, 11].

140

120

100

80

60

Efficency (%)

40 SE Hydrolysis
SE Fermentasion
20 NED Hydrolysis

NED fermentation

0

90 110 130 150 170 190 210
Temperature (°C)

Figure 1. The hydrolysis and fermentation efficiencies when steam explosion
pretreatment (SE) and explosive decompression pretreatment (NED) was used at
different temperatures.

Similarly to NED, with SE the lowest glucose yield was gained at lower temperatures at
150 °C. However as the pretreatment temperature was increased, the hydrolysis
efficiency increased steeply up to 66.7% and exceeded the highest efficiency gained with
NED method, which was 52.7%. In comparison, in temperature range of 150-175° C,
where both methods were applied the NED method enabled to gain 72-53% more glucose
than SE pretreatment method. However, at higher temperature the SE method was more
efficient. Fermentation efficiency was higher when NED pretreatment was used and it
varied between 99% to 117%. With SE pretreatment, the fermentation efficiency
increased from 82% at 150 °C to 116% at 190 °C and then decreased to 102%. In the
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temperature range of 150-175 °C, NED method enabled to gain higher fermentation
efficiencies.

( Solid residues R

Enzymatic (46,1 g dry matter) ‘
hydrolysis
Pretreatment 17,1 g cellulose
/—(]‘ ' Pretreated biomass I 4,6 g hemicellulose
Biomass (100 g o lio
(87,2 g dry matter) 8.2 g lignin
41,6 g cellulose -
32,9 g hemicellulose 32,7 g cellulose
5,4 g lignin 6,4 g hemicellulose ‘ Fermentation
7.8 g lignin Liquid fraction (" Fermented liquid
J/ (704,9 g) ‘ ‘ (704,9 g) ‘
glucose 151 g ‘ L Ethanol 90 g J
J

Figure 2. Mass balance of bioethanol production with NED pretreatment at 175 °C

The fermentation efficiencies exceeding 100% indicate that during fermentation more
sugars were available than measured after enzymatic hydrolysis. After enzymatic
hydrolysis, the liquid fraction was separated from solid fraction and glucose
concentration was measured. However, the liquid fraction also contained dissolved sugar
oligomers that remained undetected when glucose was measured but were hydrolyzed
into glucose during fermentation, which increased the concentration of available sugars
and enabled to gain fermentation efficiencies over 100%.

3.4 Mass balance of processes

Mass balance was calculated based on the weight of liquid and solid phases from each
process stage, fiber content of those solid residues, and glucose and ethanol
concentrations, measured after hydrolysis and fermentation stages, respectively. Mass
flow charts were prepared from ethanol production processes using different
pretreatments at 175 °C and at 180 °C with NED and SE pretreatment methods,
respectively.

Bioethanol production process started with 100 g on biomass, which contained 41.6% of
cellulose. After pretreatment, the dry matter content of biomass decreased to 87.2 g and
83.2 g with NED and SE pretreatment methods, respectively. Main effect on both
pretreatment methods is the dissolution of hemicellulose, which decreased in biomass
80.5 % and 97.3% in case of NED and SE pretreatments, respectively. At the same time,
decrease for cellulose is negligible and lignin mass increases slightly.

After the pretreatment and the enzymatic hydrolysis, solid and liquid phases were
separated by filtration. The weight of solid residue was 46.1 g in case of NED
pretreatment and 34.5 g with SE pretreatment, with the polymeric cellulose part 17.1 g
and 12.7 g, respectively. These results show that SE is more effective in hemicellulose
dissolution. Additionally, the method enables to gain more effective cellulose usage since
less cellulose remains intact after hydrolysis, which results in higher glucose yield.
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In hydrolysis and fermentation steps both pretreatment methods under similar conditions
result in similar glucose and ethanol yields. Although, NED method enabled to gain more
of liquid fraction, almost equal amount of glucose was produced with both pretreatments.
However, SE pretreatment was also used at 200 °C and there 24.3 g of glucose was
produced in comparison to 15.4 g at 180 °C. Furthermore, equal amounts of ethanol (9 g)
were measured in the fermentation broth with both methods. Similarly to hydrolysis step,
more ethanol was produced with SE method at 200 °C where 36% more ethanol was
gained from the same amount of initial biomass.

4 Conclusions

Two pretreatment methods were used in three-step bioethanol production process to
investigate the effect of pretreatment to chemical and physical changes in biomass.
Biomass was pretreated at different temperatures, samples from various process stages
were analyzed and finally, mass balances of the bioethanol process in different process
steps were compiled.

The results show that both pretreatment methods are effective in hemicellulose removal,
while decrease in cellulose content is negligible. After pretreatment, hydrolysis
efficiencies exceeded 58% and 74% for NED and SE pretreatments, respectively.
Fermentation efficiencies reached over 100%, which shows that fermentation inhibiting
compounds did not form during pretreatment. Mass analysis of the process shows that at
similar pretreatment temperatures the methods gave similar results in terms of glucose
and ethanol yields. However, SE is more effective in hemicellulose removal and after
fermentation, less cellulose remained unused in the solid residue. Higher temperature
enables to gain higher yields and efficiencies and thereby, the highest glucose and ethanol
yields, 24.3 g and 12.7 g from 100 g of biomass, respectively, were gained with SE
pretreatment at 200 °C.
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1 Introduction

1-Butanol is a crucial bulk chemical with a wide range of industrial uses. 1-Butanol
is a commodity chemical used as a solvent and for the production of various esters
and ethers, some of which are important monomers for the polymer industry. It is
also well known that butanol can be used as a fuel, having some advantages over
ethanol such as a higher energy density (29.2 MJL-1vs. 19.6 MJL-1), lower
corrosiveness, and being more suitable for distribution through existing pipelines

[1].

In the petrochemical industry 1-butanol is generally produced by using the oxo
synthesis, also known as hydroformylation, (Scheme 1), which consists of
propylene hydroformylation followed by butyraldehyde hydrogenation to yield 1-
butanol.

The oxo synthesis uses harmful carbon monoxide as a raw material at high pressure
of approximately 30 MPa in addition to propylene and is a complicated process,
resulting in high cost and low profitability. Also requires two different catalysts
(cobalt or rhodium in the first step and nickel in the second step). Furthermore,
because it is based on a homogeneous catalyst, the process suffers from drawbacks
such as difficult separation of the desired compound, costly catalyst preparation,
and environmental issues that can be attributed to the limited lifetime of the
transition-metal complexes used[2].

Co (Rh)

H3C/\CH2 + CO + H, _-_HSC/V\D

Ni

o' N N + H T e T o

Scheme 1. The oxo process for the production of 1-butanol.

Alternative to the fossil-feedstock-based process is the ABE fermentation process
in which mixtures of acetone, butanol, and ethanol are produced by the use of
strains of the bacterium Clostridium acetobutylicum has been possible since the
1919 [3]. But currently the bulk synthesis of butanol from biosustainable feedstock
remains a challenge, with much recent interest still focused on revisiting of butanol
producing via ABE fermentation [4]. To date, the best reported selectivity with this
process is approximately 60—-70% (by weight) with a yield of about 16% per
kilogram of feedstock [5].
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One more approach aimed to the catalytic valorization of readily available ethanol
into more advanced products e.g. biofuel. Since this process is clean, it
theoretically fits the “green chemistry” requirements of the 21st century. Ethanol,
a renewable chemical, can be converted to higher molecular weight alcohols, so-
called Guerbet alcohols [6-7], to be used, for instance, in the production of high-
added wvalue linear a-alcohols, e.g. 1-butanol. The traditional (partly-
homogeneous) synthesis of Guerbet alcohols is known to proceed via several
consecutive steps [8-9] (Scheme 2).

It is clear that a purely heterogeneous process would present many advantages over
the hybrid homogeneous-heterogeneous system aforementioned. The conversion
of ethanol into butanol over purely heterogeneous catalysts has been reported in
several publications and patents [7, 10-19]. Generally the reaction temperatures
vary from 200 °C up to 450 °C, with a relatively low conversion (10-20%) and
selectivity approaching 70%. Hydroxyapatites were shown to be the most active

and selective to higher alcohols [11, 12].
OH
C/l\/\\%\\o
l—H ;0

ch//v\“OH *—+2H2 ch/\\\/\%o

Scheme 2. Ethanol condensation mechanism based on Guerbet reaction.

3

B
2 HsC/\\OHTH;F 21,e” S0 H

The highest selectivity to n-butanol ever reported is 76.3% at 14.7 % conversion
of ethanol [12] and 81.2% at 7.6 % conversion of ethanol [11]. These described
technologies suggest a two-phase process where ethanol vapor is passed through a
solid catalyst loaded in a fixed bed. The study of a liquid-phase process for ethanol
to 1-butanol conversion over y-alumina supported catalysts modified with a large
number of metals showed 20% Ni/Al,Os; (manufactured by Crossfield) possess the
highest selectivity equal to 62 % at 5 % conversion of ethanol [20].

Gold had long been regarded as a very stable and catalytically inert metal until
Haruta et al. found the surprisingly high activity of gold nanoparticles for the low-
temperature CO oxidation [21]. The recent progress in heterogeneous catalysis by
gold resulted in remarkable investigations that showed the high activity of 3-10 nm
gold particles in water gas shift reaction [22, 23], hydrogenation [24, 25],
isomerization [26, 27], and hydrodechlorination of organic molecules [28, 29].
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Recently, we found that decoration of gold nanoparticles with NiOyx or CuOx
clusters results in stabilization of small gold clusters deposited on Al;Os.
According to XPS, XAS and IR studies the electron transfer from Au0 to NiOx
(CuOx) took place that resulted in formation of extremely active Au®" sites.
Bimetallic catalysts based on NiOy/Au or CuOx/Au nanoparticles showed high
activity in CO oxidation [30, 31], ethanol conversion into Cs:+ hydrocarbons [32]
and allylic isomerization of allylbenzene [33]. It should be pointed that allylic
isomerization proceeds via “dehydrogenation-hydrogenation” steps. According to
Scheme 2, both high dehydrogenation and hydrogenation catalytic activity is
necessary to achieve the high yield of Guerbet alcohols. Thus CuO./Au and
NiOx/Au nanoparticles seem to be suitable for ethanol conversion into linear a-
alcohols.

In this paper, novel CuOx/Au/Al,O3 and NiOx/Au/Al,O3 catalysts with different
metal loadings and monometallic analogues (Au/Al;O3, NiOyx/Al;03, CuOx«/Al;03)
were produced by impregnation and/or deposition-precipitation techniques (See
experimental for details). The electronic and morphological features of catalysts
are presented in Table 1.

2 Experimental

Gamma alumina was used as a support for the mono- and bimetallic nanoparticles;
Cu(NO3)2, Ni(NOs), and HAuCI, (Sigma-Aldrich, 98-99% pure) were used as
metal precursors. CuO,/Al;O; catalysts with 0.07 and 0.32 wt.% of Cu were
prepared by impregnation [31] and denoted as 0.07Cu and 0.32Cu, consequently.
NiO,/Al,O; catalyst with 0.06 wt.% of Ni was prepared by impregnation [33] and
denoted as 0.06Ni. Au/Al,O; catalysts with 0.2 and 0.5 wt. % of Au were prepared
by deposition-precipitation [31-33] and denoted as 0.2Au and 0.5Au,
consequently. Bimetallic CuOyx/Au/Al,O; catalysts were produced by
impregnating of the 0.2Au (0.5Au) sample with 0.07 (0.32) wt.% of Cu [31] and
denoted as 0.07Cu/0.2Au and 0.32Cu/0.5Au, consequently. Bimetallic
NiOx/Au/AlLO3 catalyst was produced by impregnating of the 0.2Au with 0.06
wt.% of Ni [33] and denoted as 0.06Ni/0.2Au.

The metal content of the catalysts was determined by atomic absorption on a
Thermo iCE 3000 AA spectrometer. TEM and EDX analysis of catalysts were
carried out on a JEOL JEM 2100F/UHR microscope with 0.1-nm resolution and a
JED-2300 X-ray spectrometer, respectively.

Analytical grade ethanol (96%) was used without further purification. Catalytic
experiments were carried out in a 45 mL high pressure Parr autoclave equipped
with magnetic stirring. The reactor was loaded with the catalyst (typically 4.5 g).
The catalyst testing procedure was as follows: the reactor with catalyst was loaded
with ethanol, closed and flushed with inert gas (Ar). The reactor was heated with
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a heating rate of 20°C/min. The reaction was allowed to proceed for 3 h. After
reaction, the reactor was cooled down in atmosphere.

Qualitative and quantitative analyses of the C;—Cs, CO, CO; and H; hydrocarbon
gases were performed by GC. The qualitative composition of the liquid products
were identified by GLC-MS. The quantitative content of the organic compounds
was determined by GLC. Calibration of the GLC was carried out with commercial
standards using method [21].

3 Results and discussion

The results of ethanol conversion over bimetallic 0.07Cu/0.2Au and 0.06Ni/0.2Au catalysts
in supercritical regime indicates that ethanol conversion and selectivity to 1-butanol, 1-
hexanol and 1-octanol considerably increases in comparison with sub-critical conditions
(Table 2).

The effect of temperature on selectivity of ethanol conversion into linear a-alcohols has
extremum. The maximum selectivity of 95.2 and 85.2% was obtained at 275°C over
0.07Cu/0.2Au and 0.06Ni/0.2Au catalysts, respectively. Should be noticed that
0.06Ni/0.2Au catalyzed ethanol processing with conversion rate approximately twice higher
than one observed over 0.07Cu/0.2Au catalyst. Such high activity of Ni/Au clusters may be
explained with morphological peculiarities. Table 1 indicates that the mean size of Ni/Au
clusters is smaller than one of Cu/Au clusters. Since the supported metals quantity in both
cases was equal Ni/Au particles may be suggested to have larger surface accessible for
ethanol molecules.

Table 1 The electronic and morphological features of M/AIl,O3 catalysts

- Metal loading, wt.% Mean particle | Surface

Catalyst (abbreviation) Au Cu Ni size, nm species, at.%
CuO,JALO; 0.07Cu 0 0.07 0 3 cuicut =
Cu0./ALO; 0.32Cu 0 0.32 0 4 90/10 [32]

. . NiZ* = 100
NiO/ALLO; 0.06Ni 0 0 0.06 3 135, 4]
AUALO; 0.2A 0.2 0 0 7 AU = 100
AU/ALO, (0.5A0) 05 0 0 10 [32-34]
CUOJAU/ALO; Cu

0.07Cu/0.2Au 02 | 007 0 5 Cu=63/37;
CuO,/Au/Al,05 AuY/Aut =

0.32Cu/0.5Au 05 | 032 0 7 53/47 [32]

. NIz = 100;
N('J%Xéﬁ%’*z'fj 0.2 0 0.06 4 ACAY =

06NI/0. 81/19 [33, 34]

An increase in reaction temperature from 275 up to 295 °C leads to a slight ethanol
conversion increase over considered catalysts. In the same time the selectivity of
1-butanol decreases from 74.4 down to 57.2% over 0.07Cu/0.2Au catalyst (Table
2). The 1-butanol selectivity decrease is caused by diethyl ether and hydrocarbons
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C; (ethane, ethylene) and C4 (butane, butenes) formation suggesting dehydration
reaction intensification over acidic centers of alumina. The effect of reaction
temperature increase on yields of various alcohols from ethanol over 0.06Ni/0.2Au
showed that 1-butanol selectivity increases to 71.7% but total linear a-alcohols
selectivity decreases to 81.4%.

A decrease in reaction temperature down to 245°C leads to a sharp decline of
ethanol conversion and selectivity of a-alcohols over both considered catalysts.
Probably, at low temperature ethanol dehydrogenation reaction slows down that
negatively effect on ethanol condensation (Scheme 1) suggesting butanol-1 yield
decrease.

Table 2 Results obtained with alumina supported bimetallic 0.06Ni/0.2Au and

0.07Cu/0.2Au catalysts.

0.07Cu/0.2Au catalyst

T, °C 295 275 245 2750
conversion 35.1 33.4 4.6 15.1
selectivity of 572 | 744 | 579 | 2530
butanol-1

selectivity of 64 | 178 | 30 | 7.20
hexanol-1

0.06Ni/0.2Au catalyst
conversion 71.7 63.5 6.9 33.5

selectivity of 64.9 58.4 25.7 25.9

butanol-1

selectivity of 16.0 21.2 0 38
hexanol-1

selectivity of 05 5.6 0 0
octanol-1

[a subcritical pressure of ethanol (50 atm).

For the next step, we studied whether super-critical conditions could be
advantageous in the investigated reaction. The critical point of ethanol is 241 °C
and 61 atm. [34]. Under subcritical pressure 50 atm catalysts activity significantly
changes in ethanol conversion at 275 °C (Table 2). Over 0.06Ni/0.2Au catalyst
ethanol conversion and selectivity of 1-butanol decreases from 71.7 to 33.5 and
from 64.9 to 25.9 %, respectively. Over 0.07Cu/0.2Au also was observed halving
of catalytic activity. The selectivity of 1-butanol decrease is caused by
hydrocarbons (C», C4, Cs), diethyl ether and ethyl butyl ester formation. In the work
[20] over Au- and Ni-containing catalysts the effect of sub- vs. supercritical
conditions was studied and no beneficial effects related to super-critical conditions
were found. The absence of any effect in the work [20] may be explained with the
fact that authors compared results obtained at 250 °C and at temperatures below
241 °C. Our study demonstrates that 250 °C is too low to reach high catalytic



10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL | 349
PROTECTION (JUNE 27TH—30™H, 2017, BLED, SLOVENIA), BIOENERGY AND BIOFUELS
A. V. Chistyakov, S. A. Nikolaev, P. A. Zharova, M. V. Tsodikov & F. Manenti:
Direct Conversion of Ethanol Into Linear A- Alcohols in the Supercritical Regime
Over Au-Cu and Au-Ni Catalysts

efficiency, moreover we compared sub- and supercritical conditions by pressure
varying at optimal temperature 275°C.

The reason of observed in our work beneficial catalytic activity increase under
supercritical conditions may be caused by several factors: the decrease of hydrogen
bonds of ethanol, diffusion barrier lowering and O-H bonds acidity increase [35-
37].

Table 3 Catalytic conversions of ethanol over alumina supported monometallic Au,
CuOy, NiOx and bimetallic CuO,/Au catalysts (T=275°C, Peion=100 atm, time=5h).

Catalyst X.% ? o/(t))utanol— ? ozexanol— i %octanol-
Al;03 25.3 0.8 0 0

0.06Ni 5.8 0.3 0 0

0.07Cu 115 0.2 0 0

0.32Cu 13.1 0.6 0 0

0.2Au 34.0 15.9 0.5 0.0

0.5Au 40.6 419 55 0.0
0.32Cu/0.5Au 44.8 77.6 17.9 2.9

S- selectivity, X-conversion

As mentioned above, the catalytic activities and product selectivities depend on
sub- or supercritical conditions but another important factor affecting on reaction
is the catalyst composition. Over both the support y-Al,O3 and monometallic
0.06Ni and 0.07Cu catalysts ethanol conversion considerably lower than one over
the bimetallic catalysts and butanol-1 selectivity does not exceed 1% (Table 3).
Should be noticed that the monometallic 20 wt.% Ni/Al,Os catalyst converts
ethanol into butanol-1 with selectivity about 37-62 % [20]. We used monometallic
Ni- and Cu-containing catalysts modified with extremely small amounts of metals
0.06-0.32 wt.% that may suggest its low activity. On the other hand, monometallic
Au-containing catalysts showed good activity in butanol-1 producing. As shown
in Table 3, Au concentration increases from 0.2 to 0.5 wt.% leads to selectivity of
1-butanol increase from 15.9 up to 41.9 % and also considerable amounts of 1-
hexanol were found in the ethanol conversion products.

Diethyl ether and hydrocarbons C, and C4 were found to be the main co-products
of ethanol conversion over Au/Al,O3 catalysts. The comparison of activities
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monometallic 0.2Au and bimetallic 0.07Cu/0.2Au catalysts showed that Au
promotion with Cu allows to increase selectivity of 1-butanol from 15.9 up to 74.4
% by ethanol conversion is constant 34% (Table 2-3). The same trend was
observed during investigations of 0.06Ni/0.2Au catalyst.

The increase of active components concentration in the bimetallic Cu/Au catalyst
leads to the activity and selectivity increase similar to monometallic Au-containing
catalysts. Ethanol conversion reaches 45 % over 0.32Cu/0.5Au catalyst versus 33.4
% conversion over 0.07Cu/0.2Au catalyst at the optimal temperature 275°C. Over
0.32Cu/0.5Au catalyst the selectivity of 1-butanol, 1-hexanol and 1-octanol was
77.6, 19.3 and 2.9 %, respectively. Thus the total conversion of linear a-alcohols
reaches up to 99 % (Table 3).

Fig. 1 shows the kinetics studies of ethanol conversion and the selectivity of linear
a-alcohols over the most effective0.32Cu/0.5Au catalyst.

During five hours the conversion of ethanol lineally increases. More longtime
experiments 12 and 24 hours do not result in ethanol conversion rate. This result
agreed with that of Riitonen et. al. [20]. The selectivity of 1-hexanol and 1-octanol
illustrate a stable upward trend. The selectivity of 1-butanol seems to peak in
approximately 1 hour and 30 minutes of the reaction followed by a smooth
decrease. The same functions of selectivities were observed by Ogo et. al. [38] and
Tsuchida et. al. [39]. Observed maximum of 1-butanol selectivity believable is the
result of its accumulation in the beginning of the reaction followed by conversion
into higher alcohols that selectivities, as mentioned above, lineally increase.
Interestingly, the selectivity of butanol-1 as a function of ethanol conversion
obtained in present work has some advantages in comparison with ones obtained
in the next works [14, 20, 38]. That fact gives us opportunity to consider
0.32Cu/0.5Au catalyst as the most prospective to the best of our knowledge.
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Fig. 1 Ethanol conversion and selectivity of 1-butanol, 1-hexanol and 1-octanol as
a function of time (0.32Cu/0.5Au, T=275°C, Pgion=100 atm ).
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Hydrodeoxygenation of Vegetable Oils
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Abstract The performance of bimetallic Pt-Sn/Al,O3 catalyst, which is
characterized by the Sn/Pt molar ratio of 5/1, has been studied in the
selective hydrodeoxygenation of esters. The supported catalysts were
prepared via impregnation of y-Al,Os using the solution of the
heterometallic (PPh.)3[Pt(SnCls)5] complex, in which platinum and tin
atoms are linked by a metal-metal bond. The reductive deoxygenation of a
number of esters has been shown to proceed with a quantative yield of
hydrocarbons derived from alkoxy and acyl groups of the starting ester.
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1 Introduction

Vegetable oils are considered to be promising renewable feedstock for the chemical and
polymer industries. Alpha olefins, alcohols, as well as fuel constituents are known to be
produced from it [1-4]. Within recent years, the scientific attention has been attracted by
the syntheses of novel oil-based polymer materials since some of these polymers exhibit
unique shock-absorbing properties and have the "memory effect” [5]. However, much
more efforts have been focused on application of vegetable oils as a sustainable energy
resource.

Lipids containing fatty acid triglycerides (FATG) are the main components of the
vegetable oils commonly used to fabricate biofuels or, precisely, biodiesel [5,6].
Depending on the starting source of lipids, three generations of biofuel have been
considered. The first generation biodiesel, the most general nowadays, is a mixture of
methyl (ethyl) esters of fatty acids obtained via transesterification of fatty acid
triglycerides of edible plant oils with monoatomic alcohols (methanol, ethanol, etc.).
However, a large amount of glycerin is formed as a by-product in the above mentioned
reaction [3, 6]. In addition, quite poor performance characteristics of the final biodiesel
such as cetane number, resistibility to oxidation, as well as carbon deposits on the engine
operating elements are to be indicated. These drawbacks promote the development of
more effective approaches to the synthesis of hydrocarbons from biomass. Moreover, not
the least issue is a need in a highly effective alternative fuel for the aviation or that applied
in the northern regions, which are characterized by a low setting point and a high heat
value [3, 6]. Taking this into account, the methods for hydrocarbon production from fatty
acids as well as from plant lipids via direct hydrogenation over conventional
hydrocracking catalysts are of current interest. The main fuel characteristics of green
diesel, namely, high cetane number (75-90), lower setting point, high oxidation stability,
excel those of biodiesel synthesized via transesterification and those of petroleum based
diesel [15, 16]. Moreover, non-edible plant oils, agricultural residues or wastes (second
generation biofuel), as well as microalgae oils (third generation biofuel) are to be
considered as main sources of lipids to decrease an amount of crops being diverted away
from the global food market [2, 7-13].

Reductive deoxygenation proceeds in the range of temperatures from 300 to 380°C and
pressures from 30 to 50 atm. There are three general reaction pathways occurs within the
process: decarboxylation, decarbonylation, and hydrodeoxygenation. The latter makes it
possible to keep valuable carbon-containing mass, but much hydrogen is consumed.
Whereas less hydrogen is required in decarboxylation and decarbonylation, but a
significant shortcoming of these reactions is lower yield in target products owing to
carbon atom loss [14, 15]. Since low availability of non-eligible sources of triglycerides
of fatty acids limits the development of the green diesel manufacture [3, 6]. Therefore,
one of the demands for the biodiesel production technology is to minimize carbon-
containing mass loss in the reactions of decarboxylation/decarbonylation (carbon oxide
generation) and cracking (methane generation).
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Earlier, we showed that bimetallic Pt-Sn/Al,O3 supported catalyst, which was prepared
by impregnation of gamma alumina oxide using solution of heterometallic
(PPh4)3[Pt(SnCls)s] complex performed an outstanding selectivity in the reductive
deoxygenation of rapeseed oil at 400 °C and hydrogen pressure of 30 atm [16, 17]. No
products of cracking (Ci1,C> compounds) or products of decarboxylation and
decarbonylation were detected in the resulting deoxygenated mixture. Hence the
selectivity towards the obtained hydrocarbons reached 99% and the selectivity towards
C1s alkane-olefin fraction, which was calculated with respect to the hydrocarbon chains
of the starting FATG, was 84%. When the industrial platinum-alumina catalyst was
examined, the content of C1g hydrocarbons fell down to 14% and the products of cracking,
mainly Ci7+ hydrocarbons, were prevalent. In addition, almost 4% of methane and carbon
oxides were obtained. Tin-containing catalytic system was reported to be hardly active in
FATG transformation at given temperature. With increasing Sn/Pt ratio (the total amount
of the loaded metals remained constant) the selectivity in respect to Cis and Cs increased
as well as the yield of C; compounds. When the heterometallic complex containing Pt—
Sn bond in its structure was used as a precursor, Pt-Sn/Al,O; catalyst appeared to
remarkably more selective than the bimetallic catalysts prepared by impregnation from
an organic solution of individual platinum- and tin-containing complexes. Transmission
electron microscopy and X-ray photoelectron spectroscopy tests established that an
increase in Sn/Pt ratio from 1 to 5, especially in heterometallic complex on alumina oxide
surface, increases the concentration of PtSns.s alloy nanoparticles as well as of tin oxides
(2+; 4+) [16].

Thus, such high selectivity of the platinum-tin supported catalyst, which was synthesized
via impregnation using the heterometallic complex as a precursor [17], encouraged us to
apply it in hydrodeoxygenation of individual esters. This work is aimed to demonstrate
the original experimental data on the reductive deoxygenation of a wide range of esters
over bimetallic Pt-Sn/Al,O; catalyst.

2 Experimental

The feedstock was rapeseed oil manufactured by the Russkie Semena company (fatty
acid composition of the oil transesterified with methanol is given in [18]. Nonyl
propinoate (reagen grade) and methyl oleate (OA, Alfa Aesar GmbH & Co, EG-Nr 203-
992-5) were applied as individual esters. The latter reactant consisted on methyl oleate
(93 wt.%), methyl stearate (4.8 wt.%) methyl gondoinate (1.8 %), methyl erucate (0.1
%). In addition, ethyl acetate, nonyl propionate, methyl oleate, methyl palmitate, methyl
myristate, methyl benzoate and benzyl acetate were used as individual esters with various
lengths of alkyl and aryl substitutes.

The conversion of rapeseed oil FATGs was studied on a PID Eng&Tech microcatalytic
unit with a fixed bed flow reactor.
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Gaseous reaction products were analyzed by the GC. Liquid organic products in the
aqueous and organic phases were analyzed by gas GC-MS, using MSD 6973 (Agilent)
and Automass%150 (Delsi Nermag).

1Pt-5Sn/Al;O3 catalyst with the molar ratio of platinum and tin is 1:5 were obtained by
impregnated on Al,O3 support. The platinum loading on the catalysts was 0.4 wt.%. The
heterometallic Pt—Sn bond-containing complex precursor (PPhas)s[Pt(SnClz)s] obtained
according to a unique procedure, were used as precursors for catalyst preparation [16].

3 Results and discussion
The composition of the products of rapeseed oil conversion over the catalyst with the
various Sn/Pt ratios is present in Fig 1. An increase in selectivity towards Cig with

increasing Sn/Pt ratio is demonstrated.

Table 1 shows the experimental data on the individual ester conversion over the
bimetallic Pt-5Sn/Al,Oj3 catalyst at 400°C.

Outcome, S %
Substrate Income, mmol mmol S, % R:CHs R7-H
RiICHs [ RxH §

Ethyl acetate 404 798 98.8
Nonyl propionate 173 168 172 97.1 99.4
Methyl oleate 94 90 94 95.8 100.0
Methyl palmitate 104 100 104 96.2 100.0
Methyl myristate 116 112 116 96.6 100.0
Methyl benzoate 199 190 199 95.5 100.0
Benzyl acetate 172 170 170 99.2 99.2

S-selectivity

As it can be seen, 404 mmol of ethyl acetate give rise to 798 mmol of ethane-ethylene
fraction, which corresponds to the total selectivity of the catalyst towards
hydrodeoxygenation of 98.8 %. However, when only ethyl acetate transformation used
as a model reaction, no certain conclusion can be made about the selectivity towards the
reactions involving carboxyl fragment or alkyl group derived from alcohol (1). To clarify
the contribution from hydrodeoxygenation reaction to the total selectivity, nonyl
propionate, the ester containing alkyl substitutes with various carbon atoms, was used as
a substrate.

As it follows from the product distribution of nonyl propionate conversion, the alkyl
group reacts with the selectivity of 99.4% and ester acyl fragment turns into the
corresponding hydrocarbon with the selectivity of 97.1% (Table 1). The total yield of Cs
and Co hydrocarbons was ca. 98%. Such results are consistent with those observed for the
rapeseed oil (Fig. 1). Therefore, it can be postulated that the catalyst selectivity towards
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the alkane formation from the alkyl fragment derived from alcohol is higher than from
the acyl group of the initial ester (2).

Methanolysis has recently become one of the general pathways for processing FATGs
[19-21]. An additional scientific interest is focused on the direct extraction of microalgae
with methanol under supercritical conditions. The latter method enables to produce fatty
acids methyl esters (FAMES) in one stage [22, 23]. With allowance for this, we
endeavored to recycle technical grade methyl oleate. The reaction of this substrate over
1Pt-5Sn/Al,0O3 was found to mainly yield Cig and methane. However, an appreciable
amount of propane in the reaction products indicates the presence of mono- and
diglycerides of fatty acids in the feedstock; those are able to readily turn into
hydrocarbons as well. It is worth noting that significantly less amount of olefins yields
from methyl oleate than from the rapeseed oil. This finding may be attributed to the arisen
steric hindrance which prevents hydrogenation during conversion FATGs of rapeseed oil.

As a result of conversion of individual methyl esters of oleic (Cig), palmitin (Cis), and
mistrine (Ca4) acids, which are the main components of majority of vegetarian oils, it was
established that alkyl fragment undergoes hydrogenation with the selectivity being close
to 100%. The catalyst selectivity towards the reductive deoxygenation of carboxylate
moiety has propensity to increase with decreasing length of the carbon chain (3-5).

At reductive deoxygenation of the esters containing aryl substitutes, the catalyst
selectivity towards hydrocarbon formation was nearly 100%. However, unlike the results
obtained for the above mentioned esters, in the case of methyl benzoate, carbon oxides
and methanol were produced. Probably, the change in selectivity at reductive
deoxygenation of aliphatic compounds is explained by cracking of the hydrocarbon chain
at a greater extent than by the decarbonylation/decarboxylation. (6, 7). Herewith, when
the esters comprising aryl substitutes are applied as substrates, decrease in selectivity is
probably has the greater effect on decarbonylation/decarboxylation.

For the samples obtained from the heterometallic complex at a Sn:Pt ratio of 5 the EDX
data show that the quantity of Sn is higher in comparison with other samples and is close
to ~1 at % compared to Al. Particles of Pt, as in the previous samples, are present in the
form of clusters and small particles (marked with red circles) (Fig. 2). The sample
contains only two types of nanoparticles: Pt nanoparticles with a size of 1-2 nm, and ones
with dimensions of ~ 3-5 nm and of PtSns.s composition, according to the EDS data. Note
that the individual nanoparticles of “pure”tin were not found, as well as in the previous
samples.
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20 nm

" 8 (b)
Figure 2. TEM photomicrographs at different magnifications of a sample of the catalyst
1Pt-5Sn, obtained from the heterometallic complex (a, b).

The Pt 4f7, electron binding energy of 72.9 eV is in the range 72.4—74.6 eV typical of
PtO [24], and the corresponding electron binding energy for Sn3ds, that makes 487.0 eV
is close to 486.8 eV measured for SnO; [25]. With regard to the second state with an
electron binding energy of 488.0 eV, it, to our knowledge, has no analogs in the literature
and should therefore be attributed to differential charging; in this case, it is due to the
difference in the interaction of metal atoms with impurity carbon and the carrier, as
indicated by the difference in the C1s—Al2s energy interval (Table 2). An increase in the
binding energy and peak broadening, as well as an increase in the surface core level shift
reflects the size effects of platinum and tin particles [26].

The results allow us to conclude that in the activated state the active ingredients consisting
of superfine Pt, Sn?*, Sn** particles and particles of PtSn;. ; alloy are present on the
surface of the catalyst system. Such a high selectivity of the catalyst in the reductive
deoxygenation of esters resulting in the quantitative yield of hydrocarbon fragments and
water is probably caused by the chemisorption of the oxygen atoms of the carbonyl and
ether groups on the ions of tin (2*—47).

4 Conclusions

Thus, in the presence of the Pt-Sn/AlI203 catalyst prepared by applying the
heterometallic complex, highly selective reductive deoxygenation of FATGs is achieved,
resulting in the formation of only alkane—alkene hydrocarbons that are the hydrocarbon
fragments of FATGs; C1 byproducts formed as a result of cracking reactions and the
removal of carbonyl and carboxyl groups of esters are nearly absent. A high selectivity
of the catalyst in the reaction of the reductive decomposition of esters is provided by two
important factors: particle size factor and the structure of the precursor of the active
ingredients. A small size of tin oxide and intermetallic alloy clusters probably set
conditions for their interaction only with ester oxygen atoms as the most active centers
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of the substrate, but the clusters are spatially hindered for the reaction with unsaturated
bonds in the carbon chain of the acyl moieties. The heterometallic complex used as a
precursor of the active ingredients comprises a direct bond between the platinum and the
tin atoms, which probably favors the formation on the surface of adjoining tin-containing
and intermetallic centers having the ability for chemisorption of FATGs by oxygen
atoms, and for its reduction with hydrogen, and a weakened ability for cracking
hydrocarbon fragments. The results do not allow us to estimate the sequence or concerted
action of the deoxygenation reaction. To this end, we will conduct the theoretical analysis
of the energy and activation parameters of the reactions.

Table 2. Binding energies of photoelectron peaks and the energy intervals between them.

Pt Sn Cls- | Sn3dsz2- | Sn3dsp-
A7 3dss2 Cls Ptaf72 Cls Pt4f72 Cls- Al 2s

1Pt'?§ift‘i’;°l"203 723 | 4859 | 2848 | 2125 | 2011 | 4136 165.8

1Pt-55n/Al205 716 | 4862 | 2848 | 2132 | 2014 | 4145 165.1
after activation
1Pt-55n/ALO;

Mo e 718 | 4863 | 2848 | 2130 | 2015 | 4144 165.1

Sn/ALO; = | 487 | 2848 | - 202.2 - 164.7

(PPha)a[Pt(SNCla)s] | 72.9 | 487.0 | 2848 | 211.9 | 2022 | 4140 -
Al:03 ; - 2848 | - - - 165.8
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Abstract The daily growth in the energy demand for the modern society
has driven the urge for the diversification of the energy matrix. The biofuels
represent an important alternative, as they exhibit an environmental-
friendly aspect when compared to fossil fuels, as well as figures out as
important precursors for the popularization of biotechnological processes
in substitution to the current production routes for the products used daily.
In this sense, the biohydrogen represent an important research topic,
figuring out as an important fuel and raw material. Being a product obtained
through the biological activity of working micro-organisms, it is subjected
to the complex non-linear growth behavior that is common to
biotechnological processes. The present work aims to employ artificial
neural networks (ANN) for the modeling of the complex growth profile of
biohydrogen generating micro-organism, employing a meta-heuristic
algorithm for synaptic weights adjustment. The obtained results that the
association of ANN and meta-heuristic algorithms were able to
appropriately model the process dynamics and maximize the amount of
biohydrogen produced.
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1 Introduction

The development of the modern society is have been noticed by a continuous worldwide
increase of the energy demand, which is estimated to reach 624 quadrillions of BTU in
2020, and 825 quadrillions in 20140 [1]. The fossil fuels stands out as the kernel of the
energy matrix, as well as the production base of much of the products used daily, such as
fabric, plastic tools, etc. In this sense, it is clear the importance of research on the subject
of renewable energy sources [2]. Among them, the biofuels stands out as important
alternatives, especially due to their environmental-friendly aspect [3].

In this sense, the biohydrogen exhibits notable characteristics, such as the fact that the
subproduct of their utilization as combustion fuel is the water vapour and the high energy
content (122 kJ/g) [4]. It is important to emphasize that among the plethora of
technological route for hydrogen generation, several authors point out that the utilization
biotechnological process stands out as the most sustainable and environmentally efficient,
as several residues (agricultural, waste water, among others) can be employed in this
intent, and there are virtually no production of greenhouse effect gases [5,6].

The biotechnological processes exhibit frequently distinct characteristics such as a
complex non-linear growth profile, and occurrence of substrate inhibition, facts that
imply in an inherent difficulty for process control and optimization. For this purpose, the
meta-heuristic optimization techniques stands out as important tools for bioprocess
related problems, as the analytical techniques usually are prohibitively complex [7].
Similarly, the artificial intelligence (Al) techniques, such as the Artificial Neural
Networks (ANN) , figures as important tools for modelling complex phenomena, such as
microbial growth pattern.

In the present work, an study about the modelling of biohyrogen generation process by
natural microbial culture obtained in mangroves, using experimental data and ANN,
with a meta-heuristic routine of genetic algorithm (GA) for training the neural network.

2 Theoretical Referential
2.1 Artificial Neural Networks (ANN)

The Artificial Neural Networks (ANN) consists in adaptive non-linear information
processing systems which combine several processing units, or neurons, in a defined
interconnected structure [8]. In practical terms, the neurons receives information inputs
and, through the utilization of a defined transfer function (or activation function), produce
an information output.

Several distinct types of ANN are available, and the discussion of the particular
characteristics of each one is beyond the scope of the present work. Among several types
of ANN presented in the specialized literature, the multi-layer perceptron networks
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(MLPN) consists in the association of the neurons in groups or layers. First, an input
network receives the information input signal, applying the defined activation function;
Then, in the hidden layers (one or two, frequently), the neurons will process the
information coming from the previous layers; finally, in the output layer, the neurons will
produce the information output for the network. The magnitude of the connection
between two different neurons (value which will multiply the corresponding information
signal), called as connection weight, represent an important aspect of the ANN, and needs
to be adjusted (or trained) to accurately represent the desired process. In a mathematical
perspective, the ANN operates as non-linear black-box models [9].

The determination of the number of neurons for each hidden layer of the MLPN, as well
as the weight value, is cardinal for the appropriated operation of the ANN [10]. Under a
mathematical perspective, the degrees of freedom of the ANN in terms of the number of
neurons for each layer are limited to the hidden layers, as the input layer has its number
related to the number of information inputs for the ANN, similarly to the number of
outputs for the output layer.

2.1 Genetic Algorithm (GA)

The Genetic Algorithm (GA) is an evolutionary algorithm, presented in the work of Davis
(1991) and Goldberg (1989) [11, 12]. The meta-heuristic algorithm is based in the
mechanism of natural selection for the continuous improvement of the candidate
selections, which share information between each other, and are also subjected to minor
random modifications within its parameters, a process analogous to mutation of the
genome of organisms.

Each candidate solution, or individual, carries an solution space x € R™, in which the
nrepresent the dimensionality of the search-space (in other words , the number of
dimensions of the problem). Each individual has its fitness evaluated utilizing the fitness
function F(x). New individuals are generated through the combination (a process called
crossover) of the randomly selected solutions currently present in the population,
employing the fitness of the solution (directly or indirectly) as the selection probability,
with the aim to emphasize the reproduction of best fitted solutions. During the
combination process, each parameter is subjected to random minor modifications in its
values (a process called mutation), with the aim to generate diversification between the
population. After the crossover and mutation steps, the most fitted candidates of the
population are selected to compose the new generation of the population, and the process
is restarted.

Several mutation and crossover operators are available, and the presentation of each one,
as well as the discussion of its advantages and drawbacks, is beyond the scope of the
present work. In this intent, the work of Thakur et al. (2014) and Burke et. al. (2005) [13,
14] present several operators for the genetic algorithms. In the Figure 1, the working
principle of the GA is schematically presented.
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Figure 1: Working principle of the GA
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3 Methodology

In the present section, the methodology employed in the work development will be
outlined. In this sense, the development of the Artificial Neural Network is discussed,
followed by the training of the ANN using the GA meta-heuristic routine.

3.1 Development of the Artificial Neural Network

The ANN was developed through an in-house code developed in Python computational
language. The network employed in the present work used the sigmoidal activation
function as the transfer function for the input and hidden layers, and the linear activation
function for the output layer. In terms of the determination of the networks topography,
the number of neurons for the hidden layers were determined through an empirical
process, as discussed in Massimo et al. (1991) [15], as presented in the next subsection.

3.2 ANN Training using GA

The GA employed in the weight adjustment process for the ANN training was a in-house
code developed in Python computational language. The experimental data employed for
the ANN training were obtained from the work of Mullai et al. (2013) [17], in which the
author present several studies for biohydrogen generation through cultures of micro-
organisms obtained in local mangroves. In the present work, the influence of the pH and
cultivation time (h) in the accumulated biohydrogen production (mL) were modelled
through the utilization of ANN. The configurations for the GA employed in the network
training are presented in the Table (1).

Table 1: Configurations employed in the optimization studies.

Parameter Value
Crossover probability 60%
Mutation probability 1.5%
Crossover operator Arithmetic
Mutation operator Gaussian
Population size 100
Stop criterion Number of generations (5000)

In order to establish the adequate number of neurons for the hidden layers, several configurations
were evaluated. For each one, the summation of the squared errors between the experimental
values were evaluated, according to the Equation (1).

SSQE =Y (vi — 90 1)
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In the Equation (1), the term k represents the number of experimental values, y, the

experimental accumulated bichydrogen production, 5>L. the value obtained through the model,

and SSQE the summation of the squared errors. The results in terms of SSQE for several
configurations are presented in the Table (2).

Table 2: Analysis of the effect of the number of neurons in the hidden layers in relation
with the final SSQE obtained in the end of the ANN synaptic weight optimization.
Neurons in hidden | Neurons in hidden SSQE

layer #1 layer #2

2 0 0.85499

0.57909

0.65158
0.88460
0.85501
0.32920
0.32425
0.36108
0.32338
0.59227
0.38164
0.35836
0.50399
0.42077
0.72430
0.31636
0.45239
0.63280
0.59490
0.78363

O[O0 OO DD INININ N

= = = =
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As presented in the Table (2), the best configuration for the ANN developed for the
present problem has the following number of neurons: 2 neurons in the input layer (pH,
cultivation time); 10 neurons in the first hidden layer; 0 neurons in the second hidden
layer; one neuron in the output layer (cumulative biogas production).

4 Results

As the optimal configuration for the ANN in terms of number of neurons for each layer was
determined empirically, as described in the previous section, a new weight optimization was
realized using the weights obtained for the best configuration as the initial guess. A final value
of SSQE corresponding to 0.1891 was obtained. In the Figure (2), a comparison between the
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experimental results and those obtained with the ANN is presented, for a pH value of 6, referred
by the authors as the optimal value for biohydrogen generation during the experiments.
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Figure 2: Comparison between the experimental results (blue) and those obtained by the
ANN (red) for the accumulated biohydrogen production.

5 Conclusion

In the present work, the modelling of an biohydrogen production process through
microbial cultivation was realized, using the ANN, an artificial intelligence technique,
combined with a meta-heuristic routine, the GA, for the network training. The small value
corresponding to the SSQE, which represents the squared deviation between the
experimental results and the calculated values. This fact is endorsed by the graphical
comparison between the experimental values and those obtained with the ANN, as
presented in the Figure (2).
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In this sense, the importance of the utilization of artificial intelligence techniques and
stochastic optimization in conjunction with biotechnological process is notable. The
modelling of bioprocesses by these mathematical tools can provide new insights for
process control and optimization studies.
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with higher heating value. The material is processed in inert atmosphere or
in the atmosphere with very low oxygen concertation. The study was done
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1 Introduction

The international framework for RES (renewable energy sources) was presented in the
Kyoto protocol, in defending of which the EU played a crucial role, as the EU puts strong
emphasis on the development of the renewable energy technologies. The measures
specified in the protocol assume a reduction in the consumption of coal, natural gas and
oil, and support the use of renewable energy sources [1]-[3].

Biomass is one of the more important sources for the production of energy and synthetic
fuels [4], especially in Slovenia being one of the more forested countries in Europe with
over 50% of its area covered by forests. Furthermore, Slovenia is one of a few countries
to have a positive increment of wood biomass. The annual increment is approximately 7
million cubic metres, of which about 4.9 million cubic metres are available for energy
production. This potential is not fully utilised presently because the properties of biomass
restrict its wider uptake by industries. Furthermore, biomass is more expensive than coal
but carbon-trading laws are a good motivation for greater usage of biomass. Tenacity of
raw biomass is especially challenging, which prevents efficient pulverisation of biomass
in order to use it in high temperature gasifiers or in boilers of thermal power plants and
heating plants. The torrefaction process (mild pyrolysis) is coming to the fore as a
possible thermochemical conversion route that enhances the biomass properties obtaining
ecologically acceptable energy source, which has similar properties as coal [5], [6].
Torrefied biomass is hydrophobic, resistant to biodegradation and is suitable for storage.
Furthermore, the homogeneity and heating value of torrefied biomass is greater than that
of wood. An important advantage of torrefied biomass is also its reduced tenacity, which
enables for easier milling and application in industrial equipment.

2 Pyrolysis

Pyrolysis of wood is used mainly for the energetic exploitation, as the product can replace
the fossil fuels [7]. Pyrolysis is a thermal decomposition of organic materials at the inert
conditions or at a limited inflow of air. This process leads to a release of volatile
substances and the formation of product. Furthermore, waste can be converted to products
with high heating value by using the pyrolysis process. It is difficult to achieve an
atmosphere totally devoid of oxygen; therefore oxygen is present in small concertation
within every pyrolysis system, causing minor oxidation. The process takes place at a
controlled concertation of oxygen, consequently careful reaction control is necessary with
options for rapid cooling and heating. Wood pyrolysis usually starts at 200°C and is
carried out to a temperature of 450°C or 500°C, depending on the type of biomass [8].
Reaction products are usually divided into three groups: gases, liquids (bio-oil and tar)
and solid residue — Charcoal. The degree of pyrolysis and with it the temperature, pressure
and heating rate are the main factors that influence the amount, properties, composition
and ratio of products [9].
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2.1 Torrefaction

Torrefaction is a mild pyrolysis that converts lignocellulosic biomass into a solid product
with a higher energy density, lower moisture content compared to raw material. Physical
and chemical properties of biomass are changed in this way and the biomass becomes
similar to coal. A breakdown of the fibre structure occurs during the torrefaction of wood,
while the water contained in the biomass is removed together with volatiles, and the
biopolymers partly decompose, giving off various types of volatiles. The remaining solid,
dry, blackened material is the final product which is referred to as torrefied biomass or
“bio-coal”. Biomass typically loses 20% to 30% of its mass, while only 10% of the energy
content in the biomass is lost during the torrefaction process. This energy (i.e. the
volatiles) can be used as a heating fuel for the torrefaction process. As the torrefied
product already loses a high amount of volatiles during the thermochemical conversion,
there is less remaining for the following combustion step. The specific heating value
(J/kg) of the torrefied biomass is greatly increased due to the significant mass reduction
and relatively small amount of energy wasted during the process. The main purpose is to
use torrefied biomass as a fuel, which has similar milling and storing properties as coal.

The torrefaction process can be divided into 5 stages:

e Initial heating: During the first stage biomass is initially heated, then drying
occurs, and at the end of this stage the moisture starts to evaporate.

e Pre-drying: Free water evaporates at a constant rate during the second stage. A
constant rate of evaporation also means a constant temperature. During this stage
the biomass loses from 5 to 10 % of its initial mass, and after that point is
reached, the rate of the evaporation decreases, indicating the end of the second
phase.

e Post-drying and intermediate heating: An additional amount of physically-
bonded water is released during the third stage whilst the biomass is being
heated to 200 °C. Some lighter organic compounds could also evaporate during
the third stage, which is finished when the temperature exceeds 200 °C

e Torrefaction: This stage is entered as soon as the temperature exceeds 200 °C
and it ends as soon the temperature drops below 200 °C again. The final (peak)
temperature varies between 200 — 300 °C, and the residence time from 60 to 90
min. This stage consists of both heating and cooling periods. Devolatilisation
begins during the heating period. The process of mass loss is continued during
the period of constant temperature until during or after the cooling period.

e Solids cooling: the obtained solid product is further cooled from 200 °C to the
desired final temperature. There is no further mass loss during this period.
However, some evaporation of adsorbed reaction products may occur.

The largest heat duty is encountered during the drying of the biomass. This, however,
depends on the initial moisture content. The second-largest heat duty is encountered
during the post-drying and intermediate heating period and the smallest heat duty is
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encountered during the torrefaction itself. The required heat during the period of constant
torrefaction temperature reflects the endothermic nature of decomposition reactions.
However, it can also be a cooling duty, as torrefaction can be exothermic as well. This
depends on the type of biomass and decomposition regime.

The main goal of torrefaction is to enhance the raw biomass and produce solid fuel that
is easier to handle with properties similar to fossil coal, which leads to lower costs [10].
The energy density of the biomass is increased by approximately 30% during the
torrefaction process. During the process, the structure of biomass changes, leading to new
properties that make the handling of the final product much easier and also offers the
possibility to utilise it in existing coal-fired boilers [11]. The grind ability of the biomass
is enhanced by torrefaction due to the modification of its molecular structure, so that
existing problems arising from untreated biomass in the milling component of a coal
power plant are overcome. Usually a significant improvement in grind ability requires
quite high torrefaction temperatures in the range of 290°C to 300°C. A reduction of
grinding energy consumption by 10 times can be achieved compared to untreated
biomass.

Contrary to wood torrefied biomass is hydrophobic, which allows for easier storage and
greater resistance to the biologic degradation, self-ignition, and physical decomposition.
The fuel is also less sensitive to moisture adsorption and degradation.

Torrefied biomass can be densified, usually into briquettes or pellets using conventional
densification equipment, in order to further increase the density of the material. The
torrefied wood has an approximate density of 240 kg/m?, which densifies to 800 kg/m?
during the pelletisation process. A high quality fuel is obtained by the torrefaction
process, which is disclosed with a comparison between properties of solid fuels listed in
Table 1.
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Table 1. Solid fuels comparison
Wood Wood pellets Torrefied Charcoal
pellets
Moisture content
(% w) 30-45 7-10 1-5 1-5
Lower heating value
(M/kg) 9-12 15-18 20-24 30-32
Volatile matter (%) 70-75 70-75 55 - 65 10-12
Fixed carbon (%) 20-25 20-25 28-35 85— 87
Density (kg/l) (bulk) | 0.2-0.25 0.55-0.75 0.75-0.85 ~0.2
Energy density
(GIIm?) (bulk) 2-3 75-104 15-18.7 6-6.4
Dust average limited limited high
Hydroscopic - - . .
properties hydrophilic hydrophilic hydrophobic hydrophobic
Biological es es no no
degradation y y
Grind ability poor poor good good
Handling special special good good
3 Experiment

The comparison between two different materials was performed in order to evaluate the
influence of temperature on heating value and chemical composition of the torrified

biomass.

The first material was oak wood; the calorific value and chemical composition are given
in table 2 for raw sample.

The second material was dehydrated sewage sludge from waste water treatment plant;
the calorific value and chemical composition are given in table 3.

Table 2. Properties of raw oak wood

Parameter

GVC/LHV [kJ/kg] 19,074/17,793
Analytical moisture [%] 10.45
Nitrogen [%] 0.34
Volatiles[%] 79.12
Carbon [%] 48.53
Ash [%] 3.24
Hydrogen [%] 5.89
Sulfur [%] 0.02
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Table 3. Properties of raw sewage sludge

Parameter

GVC/LHV [kJ/kg] 15,520/14,421
Analytical moisture [%] 8.5
Nitrogen [%] 5.87
Volatiles [%] 61.14
Carbon [%)] 36.59
Ash [%] 32.58
Hydrogen [%] 5.09
Sulphur [%] 0,.8

The materials were processed in Bosio electric resistance furnace. The process started
with warm up stage, which took place for 30 minutes, after that stage sample was torrefied
for 2 hours at constant temperature. The process continued with cool down stage for 30
minutes when the temperature of the furnace reached 50°C. At the end the sample was
cool down to the room temperature.

The container was covered with ceramic lid that the inert atmosphere conditions were
reached. Ceramic lid was placed in the way that the combustion gasses could discharge.

The samples were weight before and after the process, and a mass drop was evaluated
and the analyses of heating value and chemical composition were performed.

4 Results

The samples of oak wood and sewage sludge were processed at different temperatures
and the mas drop was evaluated, table 4.

The chemical analyses were performed for each sample; the results are given in table 5
for torrified oak wood and in table 6 for sewage sludge.

The comparison of higher calorific values (GVC) and low calorific values (LHV) for
torrified oak wood and sewage sludge at different temperatures are given on figure 1 and
figure 2.
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Table 4. The mass drop for torrified oak wood and sewage sludge
o Mass drop [%]
Temperature [°C] Oak wood Sewage sludge
220 25.9 22.0
240 37.8 23.3
260 54.4 27.3
280 60.4 31.9
300 64.3 34.3
320 66.8 37.5
340 66.8 40.1
400 74.3 46.6
Table 5. Properties of torrified oak wood depending on temperature
Parameter Temperature [°C]
220 | 240 260 | 280 | 300 | 320 340 | 400
Analytical
moisture [%] 138 | 213| 159 | 207 | 277 | 325| 3.35| 3.86
Nitrogen [%] 034 | 039 | 042| 054 | 053 | 055 06| 0.71
Volatiles [%] 73.59 | 64.44 | 47.94 | 42.96 | 40.23 | 39.38 | 35.96 | 34.1
Carbon [%] 52.27 | 56.56 | 65.01 | 65.93 | 68.35 | 67.13 | 68.75 | 72.43
Ash [%] 29| 467 | 503| 756 | 563| 802 | 825| 6.22
Hydrogen [%] 5.58 51| 424 | 387 | 375| 372 | 334 | 277
Sulphur [%] 002| 002| 001 001| 002| 0.01| 0.01| 0.01
Table 6. Properties of torrified sewage sludge depending on temperature
Parameter Temperature [°C]
220 | 240 260 | 280 | 300 | 320 | 340 | 400
Analytical
moisture [%] 116 | 058 | 0.61| 066 | 1.24 06| 1.12 0.9
Nitrogen [%] 6.31| 636 | 6.26| 594 | 581 | 563 | 538 | 4.92
Volatiles [%] 51.15 | 53.06 | 50.75 | 45.09 | 43.16 | 40.74 | 37.2 | 27.98
Carbon [%] 39.24 | 39.57 | 39.9 | 39.57 | 39.33 | 38.73 | 37.54 | 33.82
Ash [%] 37.94 | 37.5 | 39.61 | 42.85 | 43.99 | 45.89 | 48.58 | 55.32
Hydrogen [%] 421 | 445 | 4.27 39| 371 35| 3.23 2.1
Sulphur [%] 0.87 | 0.88| 0.79 07| 066 | 0.61| 055]| 0.46
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Figure 1. The higher calorific value (GVC) for torrified oak wood and sewage sludge
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Figure 2. The low calorific value (LHV) for torrified oak wood and sewage sludge

The raw and torrified oak wood at 280°C is presented on figure 3. The raw and torrified
sewage sludge at 280°C is presented on figure 4.

(a) (b)
Figure 3. The oak wood: (a) raw and (b) torrified at 280°C
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(a) (b)
Figure 4. The sewage sludge, (a) raw and (b) torrified at 280°C

Torrefied oak wood samples were more fragile at higher temperatures in comparison to
raw or torrified oak wood samples at lower temperatures. At torrefied sewage sludge
samples the changes in fragility could not be detected due to pre prepared granulates of
sludge.

5 Conclusion

Oak wood and dehydrated sewage sludge where processed at different temperatures
according to torrification conditions.

It was found out that the heating value of both materials increases with the temperature.
The mass drop is larger for oak wood, while the wood has the higher moisture content
than sludge. After the torrifaction the material become hydrophobic and the grind ability
for the wood was higher.

It could be concluded that with biomass torrifaction the solid fuel could be produced with
similar properties as coal.
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1 Introduction

Currently the bioenergy exploration has been widely promoted due to the emerging issues
of global warming and its subsequent climate change effects. The range of global average
annual growth rate of biomass exploration for bioenergy production is around 5-8% that
has been expected to be double in the near future [1]. As a result, the terrestrial biomass
production has now been mooted in the present scenario of bioenergy production. There
has been a burgeoning debate for the production of this type of biomass vis-a-vis
bioenergy production as it utilizes the viable lands that are meant for agricultural
productions [2, 3]. Therefore, the importance of marginal lands, partially degraded lands,
degraded or contaminated lands is now been emerged as an additional avenue for
biomass/bioenergy production [4, 5]. Hence, it is the need of the hour to enhance and
maintain the viability and feasibility of the marginal and other partially degraded lands.
So it is necessary to explore the key soil supportive systems to suggest the modest
proposal for the development of soil system models or the profiling of the soil systems
for these land types. Furthermore, the management of these supportive systems is an
essential requirement for the continued production of feedstock for bioenergy
development. Soil supportive systems could be one of the complex and organized systems
that help in the fundamental regulation of the nutrients that depicts the soil health.
Naturally, the system can be comprised of different indicators that help to assess the
condition of concerned environment and monitor trends over the time period [6, 7].
However, the majority of the soil system models also tries to include some limited
variables of the soil supportive systems such as above and belowground plant biomass,
soil microbial biomass, microbial nutrient content, soil C and N ratio and its mobilization,
immobilization, mineralization rates, etc. [8]. Still it lacks the consideration of microbial
physiology [9] that can be accounted as one of the key indicators of the soil supportive
systems.

Therefore, the present work was aimed to explore, study and categorize the soil
sustainability indicators and tried to articulate the concepts regarding their development.
Furthermore, we also analyze the impact of these indicators from the soil samples
collected from the rhizosphere of already grown bioenergy plant Dalbergia sisso Roxb.
The fuelwood characteristics has also been studied for this plant found in the Aravally
mountain region [10]. The calorific value, wood density, ash percent, biomass-ash ratio,
moisture percent, fuelwood value index of the plant was found to be 25.01+0.09 KJ/g dry
weight, 0.931+0.04 g/m3, 1.94+0.25 (%), 35.01£12.32, 32.20£11.79 (%), 1202.91+26.72
respectively [11]. D. sissoo is a prominent tree legume that has potential to grow in the
arid, semi-arid soils and harsh environmental conditions. Since the plant is exposed to
extreme climatic and stress conditions, it affect the population dynamics of
microorganisms and their spatio-temporal relationships in natural ecosystems [12].
Therefore, it has been observed that the tree itself play a vital role in restoring and
maintaining the soil sustainability indicators. Researchers has observed that the plant has
potential for the rehabilitation of degraded sodic lands [13]. It was found that the physico-
chemical and biological properties were improved along with the age of the plants. The
tree species stimulated microbial activity significantly due to the organic matter
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accumulation by the incorporation of litter mass and root decay [12]. Furthermore, the
biomass production and carbon sequestration potential of D. sissoo has also been
analyzed in the Tarai region of Central Himalaya [13]. The total biomass of the tree of
10 years was found around 94.8 Mg ha and the carbon stocks was found around 43.39
Mg ha [13]. Therefore, D. sissoo was suggested a highly potential plant species for the
carbon sequestration both in above-ground and below-ground parts i.e., 145.2 and 42.12
t ha® respectively and has the CO, mitigation rate of around 28.6 t CO, hayr? [14]. The
tree has also ameliorated the other soil sustainability indicators like nitrogen, phosphorus
and potassium by 137.4, 35.4, 99.8 kg ha™! respectively and hence resulting in the higher
biomass content [14]. Different approaches have been made to analyze and enhance the
growth of the plant, whether the growth is related to above-ground biomass [15] or related
to the below-ground processes [11]. In this context, we delineate the soil sustainability
indicators of the degraded area (Barkachha, an area in Mirzapur district in Uttar Pradesh)
for decision making processes and promoting onsite strategies for the management of
degraded or marginal lands. Therefore, we suggest that the adoption of integrative
indigenous technologies with the self-supportive processes that would help to maintain
the viability of the lands meant for the long term bioenergy production system.

2 Materials and methods

Two sets of experiments were conducted regarding the collection of rhizospheric soil
samples by considering the different aged plants of D. sissoo namely D1, D2, D3, D4
representing 1%, 2", 31, 4™ year respectively in two seasons (summers and winters). The
collected samples were then subjected to the analyses of their physico-chemical and
biological properties including pH, electrical conductivity (EC), bulk density (BD),
moisture content (MC), cation exchange capacity (CEC), total organic carbon (TOC),
available nitrogen (AN), available phosphorus (AP), available potassium (AK), microbial
biomass carbon (MBC), soil dehydrogenase, urease and peroxidase activity (SDA, SUA
& SPA).

2.1 Study Area

The study area selected for this work is the region that fall under the Indo-Gangetic Plains
(IGP) of Uttar Pradesh, India (Figure 1).
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Figure 1. Geographical location of the study area.

More particularly the region is Mirzapur (25°8'59.99" N, 82°35'59.99" E). The
geographical and the meteorological characteristics have been provided in the (Table 1).
Another reason for selecting the site is that it represent warm and arid type of climate that
requires the use of intense irrigational practice of the crop production.

Table 1. Geographical and meteorological characteristics of the area studied (Mirzapur).
1. Geographical Total geographic | 4,521
characteristics* | area (km?)
Mean elevation | 80

(m)
2. Meteorological | Climate pattern* | Warm and
characteristics tropical dry
Mean annual | 23.25 +

temp. (°C) + SD# | 5.25
Mean Annual | 975.00
precipitation
(mm)#
*Zonal Project Directorate Kanpur (Available at: www.zpdk.org.in). #Weather
Underground (Available at: www.wunderground.com).

2.2 Soil Sample Collection and Experimental Analyses

The rhizospheric soil samples from the plants of D. sissoo were collected the depth of 10-
15 cm confirming the presence of the mesh of the root hairs and the vertical roots in the
pit. The soil samples were collected from the three points around the plant stem of each
selected plant and further the samples were subjected to experimental analyses for the
different soil physico-chemical and biological parameters.
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2.3 Physico-chemical Analyses

viz., the pH (pH meter; Cyber Scan-500) and EC (EC meter; Cyber Scan-500) with 1:1
w/v of aqueous solution [16]. Simultaneously, the samples were also analysed for the BD,
WHC, CEC according to [17, 18] and TOC as proposed by [19, 20]. TN was determined
through acid digestion (conc. H2SO4 and conc. HNO3) followed by the steam distillation
method [21]. However, TP was estimated via the acid digestion with 60% HCIOs
followed by the filtration and colorimetric analysis [22] Further, the AN, AP and AK
were estimated according to [23-25].

24 Biological Analyses

MBC and MBN were estimated on the basis of methodologies proposed by [26, 27].
Bacterial isolation and the enumeration of colony forming units (CFU) were carried out
from the soil samples of both the planted and the open sites in accordance of standard
procedures published earlier [28, 29]. SUA (EC 3.5.1.5; URE) was measured by
indophenol colorimetry considering urea as a substrate. The amount of NH4* released
over 24 h was assayed colorimetrically at 578 nm and expressed as umol NH4* g% dry
sample [30, 31]. SDA was determined by monitoring the conversion rate of 2,3,5-
triphenyltetrazolium chloride (TTC) to the reddish pink, water insoluble
triphenylformazan (TPF) obtained after the incubation for 24 h at 30°C followed by the
colorimetric analysis at 485 nm [32]. SPA was performed with 3,3',5,5'"-
tetramethylbenzidine (TMB) as a substrate depicting the method of [33].

25 Data Analyses

One-way ANOVA (analysis of variance) was performed to analyze the improvements in
the soil characteristics with respect to the control that is unplanted. The significant F value
was estimated and the differences between individual means were tested using DMRT
(Duncan’s Multiple Range Test), at 0.05 significance level. For PCA, regression
equations, scoring functions; Microsoft Excel version 13.0 and SPSS for windows
version 16.0 (SPSS Inc., Chicago, USA) packages were used.

3 Results and Discussion
Soil physico-chemical parameters

The physico-chemical characteristics of rhizospheric soil of D. sissoo growing in the
degraded regions are given in Table 2. The higher bulk density (1.48 g cm3) was found
in the control site (unplanted) as compared to the planted area with D. sissoo, depict that
the plantation and the growth of the plants could be beneficially related in lowering of
the bulk density. Other parameters that contributes in the higher bulk density are
fundamentally the soil texture, aggregation, lack of organic matter and higher stone
content. Also the moisture content was found to be lower in the control unplanted site as
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compared to planted areas (Table 2). Similarly, water holding capacity was also found
higher in planted areas than the control sites.

Soil biological parameters

The biological parameter s were also found to increase with the growth of the plant
species i.e., D. sissoo, that has been shown in the (Figure 2). The results clearly depicts
that lowered enzymatic activities of the studied enzymes in winter as compared to that of
summers are may be due to the change in the temperature of the concerned region.
However, the enzymatic activities were also enhanced with the growth of the plant
species.
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Figure 2: biological characterization of degraded soil and rhizospheric soil collected
from Dalbergia sissoo.

Further PCA analysis (Figure 3 and Table 3) clearly depicts that the BD, AN and AK,
MBC, SDA, MC and SUA are the major factors which influence the overall development
of soil health.
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Figure 3: Component plot in the rotated space depicting the factor loading on the
respective axes.

Table 3: Results of principal component analysis of rhizosphere soil parameters under
D. sissoo growing in the degraded area of Barkachha of Mirzapur district in Uttar

Pradesh.

 Principal components __ |Pc1 ____|Ppc2 ___[PC3 |
Eigen values ® 7.616 1.650 1.184
58.584 12.690 9.111

um 58.584 71.274 80.386
-0.960* 0189 -0.035
-0.288 0.870* -0.011
082 0217 003
-0.696 0.567 0.097
Organic carbon 0.779 0.248 -0.294
0.932* -0.089 0.094
Available P 0.486 0.302 0472
0.941% -0.009 -0.215
0.951* 0.086 0.023
Dehydrogenase activity 0.855* 0.065 0.351
Urease activity 0.399 0.225 0.782%
Peroxidase activity 0.682 0.393 0.159

aBoldface eigenvalues correspond to the PCs examined for the index.

b Boldface factor loadings are considered highly weighted; bold-asterisked factors

correspond to the parameters included in the index.
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4 Conclusions and Future Recommendations

Fundamentally the ultimate aim of any reclamation program is to maintain a good
substrate for better plant establishment and growth. PCA of soil properties under D.
sissoo growing in restoring site reveal that BD, AN and AK, MBC, SDA, MC and SUA
are the major factors which influence the overall development of soil health (Figure 3 and
Table 3). Further, restored degraded soil Index (RDSI) could also be developed which
can suggest some revegetation practices via the selective plant species depending on the
extent of degradation and the climate suitability. Further, it can be comprehended by
adopting various sustainable practices like no-tillage or mulching or even both could be
more effective in retaining the soil sustainability indicators for the growing bioenergy
crops. Hence, the study conclude that the adoption of integrative indigenous technologies
with the management of self-supportive processes would help to maintain the viability of
lands meant for the long term sustainable bioenergy production system.

However, the study is related to the performance of D. sissoo in the concerned site,
hence it only suggest the influential parameters beneficial to its development under the
concerned climatic conditions. Further, the potentialities of the indigenous energy crops
needs to be assessed. Therefore, more and more plant species should be incorporated
and tested at a field level to enhance the efficiency of any restoration vis-a-vis
bioenergy production program. Lastly, a strong policy formulation yet to be done to
enhance the efficiency of the restoration process.

Table 2. Physico-chemical characteristics of the rhizospheric soil samples of Dalbergia
sissoo growing the degraded area of Barkachha, Mirzapur

Summer Season

Soil Samples BD (gem?) | MC (%) PH(L:4wh) | EC(dsm?)  TOC (%) AN(mgkg))  AP(mghg)) AK(mgkg') CEC (cmoll00g)
Control (unplanted) | 148=003¢ 233=133"  746=008° | 023=001°  036=001 | 6640%736° | 436=003 | 2187£202°  1202%00%
DI 156=001° £16=170° 701=006°  029=0009° 035=035  7046=357" 4752017  1804=267" 1321=010°
D2 14520025  582=190° 7.62=006° | 0.27=0004 038=038% | 89.00=471" | 511=018" | 2814=173F | 14.64=011%
D 13420015 3599=137° 7492005 019200025 0432043  12167£673° 541033  3269:101¢ 1630%020°
D4 12320012  161=0353  724=008 | 018=0004* 040=040¢ | 1041127380 | 3536=018" | 35402082 14402003
Winter Season
Control (unplanted) | 147=0.048 188=017 731=004% | 019=001* 0412003 | 67.74=481° | 510016 | 2584%305 | 1361x003
DI 1512001 778=100° 784=018  027=002" = 854557368 | 53020370 | 234520488  1466=005
D2 1412003 613=060°  743=020° | 0.26=001° 104364365 | 6. 430 3175+1758 1477007
D3 13020015 61220285 732=012%  018=001* 51=0 14042249078 | 6. 07* | 3832:180° 1575003
D4 12120012 | 279=0620  718=005 | 0.17=001*  057=051¢ |21246=476* | 614=0.65 | 41.16=090°  1657=012

Acknowledgements

The authors like to thank the organizing committee to provide an opportunity to present their
paper. SAE is also thankful to UGC and DST-SERB for providing financial and travel assistance
to present the paper in the conference.

References

[1] Bauen, A., Berndes, G., Junginger, M., Londo, M., Vuille, F., 2009. Bioenergy- A
Sustainable and Reliable Energy Source, Main Report, IEA Bioenergy.

[2] Chakravorty, U., Hubert, M., Nastbakken, L., 2009. Fuel versus Food (No. 2009-20),
Annual Review of Resource Economics. Alberta.



392

(3]
(4]
(5]
(6]
[7]
(8]

(9]
[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL
PROTECTION (JUNE 27TH—30™, 2017, BLED, SLOVENIA), BIOENERGY AND BIOFUELS

S. Adil Edrisi & P. Chirakkuzhyil Abhilash: Managing Soil Sustainability Indicators for
Sustainable Bioenergy Production

Kauffman, N.S., Hayes, D.J., 2013. The trade-off between bioenergy and emissions with
land constraints. Energy Policy 54, 300-310. doi:10.1016/j.enpol.2012.11.036.

Edrisi, S.A., and Abhilash, P.C., 2016. Exploring marginal and degraded lands for
biomass and bioenergy production in India. Renew. Sust. Energ. Rev. 54, 1537-1551.
Edrisi, S.A., and Abhilash, P.C., 2015. Sustainable bioenergy production from woody
biomass: prospects and promises. J. Clean. Prod. 102, 558-559.

Heink, U., Kowarik, 1., 2010. What are indicators? On the definition of indicators in
ecology and environmental planning. Ecol. Indic. 10, 584-593.

McBride, A.C., Dale, V.H., Baskaran, L.M., Downing, M.E., Eaton, L.M., Efroymson, R.
a., Garten Jr., C.T., Kline, K.L., Jager, H.I., Mulholland, P.J., Parish, E.S., Schweizer,
P.E., Storey, J.M., 2011. Indicators to support environmental sustainability of bioenergy
systems. Ecol. Indic. 11, 1277-1289. doi:10.1016/j.ecolind.2011.01.010.

De Graff, M.-A., van Groenigen, K.-J., Six, J., Hungate, B., van Kessel, C., 2006.
Interactions between plant growth and soil nutrient cycling under elevated CO2: A meta-
analysis. Glob. Chang. Biol. 12, 2077-2091. doi:10.1111/j.1365-2486.2006.01240.x.
Abhilash, P.C., Dubey, R.K., 2014. Integrating aboveground-belowground responses to
climate change. Curr. Sci. 106, 1637-1638.

Kumar, J.I.N., Patel, K., Kumar, R.N., Kumar, R., 2010. An evaluation of fuelwood
properties of some Aravally mountain tree and shrub species of Western India. Biomass
and Bioenergy 35, 411-414. d0i:10.1016/j.biombioe.2010.08.051.

Niranjan, R., Mohan, V., Rao, V.M., 2007. Effect of Indole Acetic Acid on the
Synergistic Interactions of Bradyrhizobium and Glomus fasciculatum on Growth,
Nodulation, and Nitrogen Fixation of Dalbergia sissoo Roxb. Arid L. Res. Manag. 21,
329-342. doi:10.1080/15324980701603573.

Kanime, N., Kaushal, R., Tewari, S.K., Raverkar, K.P., Chaturvedi, O.P., Section, A.,
Management, P., Division, P.S., Soil, C., Conservation, W., 2013. Forests , Trees and
Livelihoods Biomass production and carbon sequestration in different tree-based systems
of Central Himalayan Tarai region. For. Trees Livelihoods 22, 38-50.
doi:10.1080/14728028.2013.764073.

Guleria, V., Vashisht, A., Gupta, A., Salven, T., Thakur, C., Kumar, P., 2014. Carbon
stocks and soil properties under nitrogen-fixing trees on degraded site in subtropical
Himalayan region. Indian J. Soil Conserv. 42, 293-297.

Hunter, 1., 2001. Above ground biomass and nutrient uptake of three tree species
(Eucalyptus camaldulensis , Eucalyptus grandis and Dalbergia sissoo) as affected by
irrigation and fertiliser , at 3 years of age , in southern India. For. Ecol. Manage. 144,
189-199.

Mishra, a., Sharma, S.D., Khan, G.H., 2002. Rehabilitation of degraded sodic lands
during a decade of Dalbergia sissoo plantation in Sultanpur district of Uttar Pradesh,
India. L. Degrad. Dev. 13, 375-386. doi:10.1002/Idr.511.

McLean, E.O., 1982. Soil pH and lime requirement. In: Page, A.L., et al. (Eds.), Methods
of Soil Analysis. Part 2., 2nd edn. ASA and SSSA, Madison, WI, pp. 199-224, Agron.
Monogr. No. 9.

Blake, G.R., Harte, K.H., 1986. Bulk density. In: Klute, A. (Ed.), Methods of Soil
Analysis. Part 1. Physical and Mineralogical Methods. , 2nd edn. American Society of
Agronomy and Soil Science Society of America, Madison, Wisconsin, USA, pp. 363—
375.

Estefan G, Sommer R, Ryan J. 2013. Methods of Soil, Plant, and Water Analysis: A
manual for the West Asia and North Africa region. International Center for Agricultural
Research in the Dry Areas (ICARDA). Edition 3rd: 143pp.



10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL | 393
PROTECTION (JUNE 27TH—30™H, 2017, BLED, SLOVENIA), BIOENERGY AND BIOFUELS
S. Adil Edrisi & P. Chirakkuzhyil Abhilash: Managing Soil Sustainability Indicators
for Sustainable Bioenergy Production

[19] Walkley, A. A critical examination of a rapid method for determining organic carbon in
soils: Effect of variations in digestion conditions and of organic soil constituents. Soil.
Sci., 63, 251-263 (1947).

[20] FAO. The Euphrates Pilot Irrigation Project. Methods of soil analysis, Gadeb Soil
Laboratory (A laboratory manual). Food and Agriculture Organization, Rome, Italy
(1974).

[21] Kalra, Y. P. & Maynard, D. G. Methods Manual for Forest Soil and Plant Analysis.
Northern Forestry Centre, Northwest Region, Forestry Canada, Edmonton, Alberta.
Information Report NOR-X-319 (1991).

[22] Olsen, S.R. and Sommers, L.E., 1982. Phosphorus in Methods of Soil Analysis Part 2.
Chemical and Microbiological Properties.

[23] Subbiah, B.V., Asija, G.L., 1956. A rapid procedure for the determination of available
nitrogen in soils. Curr. Sci. 25, 259-260.

[24] Olsen, S.R., 1954. Estimation of available phosphorus in soils by extraction with sodium
bicarbonate. United States Department of Agriculture; Washington.

[25] Toth, S.J. and Prince, A.L., 1949. Estimation of cation-exchange capacity and
exchangeable Ca, K, and Na contents of soils by flame photometer techniques. Soil
Science, 67(6), pp.439-446.

[26] Vance, E.D., Brookes, P.C., Jenkinson, D.S., 1987. An extraction method for measuring
soil microbial biomass C. Soil Biol. Biochem. 19, 703-707

[27]  Brookes, P.C., Landman, A., Pruden, G. and Jenkinson, D.S., 1985. Chloroform
fumigation and the release of soil nitrogen: a rapid direct extraction method to measure
microbial biomass nitrogen in soil. Soil biology and biochemistry, 17(6), pp.837-842.

[28] De Leij, F.A.AM., Whipps, J.M. and Lynch, J.M., 1994. The use of colony development
for the characterization of bacterial communities in soil and on roots. Microbial ecology,
27(1), pp.81-97.

[29] Olsen, R.A. and Bakken, L.R., 1987. Viability of soil bacteria: optimization of plate-
counting technique and comparison between total counts and plate counts within different
size groups. Microbial Ecology, 13(1), pp.59-74.

[30] Guan, S.Y., 1986. Soil Enzyme and its Research Approaches. China Agriculture Press,
Beijing (In Chinese).

[31] Wang, B., Xue, S., Liu, G.B., Zhang, G.H., Li, G. and Ren, Z.P., 2012. Changes in soil
nutrient and enzyme activities under different vegetations in the Loess Plateau area,
Northwest China. Catena, 92, pp.186-195.

[32] CasidaJr., L.E., Klein, D.A., Santoro, T., 1964. Soil dehydrogenase activity. Soil Sci. 98,
371-376

[33] Johnsen, A.R. and Jacobsen, O.S., 2008. A quick and sensitive method for the
quantification of peroxidase activity of organic surface soil from forests. Soil Biology and
Biochemistry, 40(3), pp.814-821.



e
7
METTLER /TOLEDO PRINSIS
(= energetika jubljana
| K
7
METTLER /TOLEDO PRINSIS
(= energetika jjubljana
o
7
METTLER /TOLEDO PRINSIS
(= energetika Jjubljana
| EcT
7
METTLER /TOI.EDO PRINSIS
(= energetika jjubljana
i K>
METTLER%///}O

0 PRINSIS
(= energetika ljubljana

o <%0
7
METTLER /rousoo PRINSIS
(= energetika Jjubljana
o 43380
7
METTLER /musoo PRINSIS
(= energetika ljubljana
. m
7
METTLER /rousoo PRINSIS
(= energetika ljubljana
/// &R
7
METTLER /rousoo PRINSIS
(= energetika jubljana
. <%0
7
METTLER /rousoo PRINSIS
(= energetika Jjubljana



