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Do0G ROSE OIL EXTRACT
AS A POTENTIAL GREEN
CORROSION INHIBITOR

REGINA FUCHS-GODEC

University of Maribor, Faculty of Chemistry and Chemical Engineering, Maribor, Slovenia
regina.fuchs@um.si

Abstract The inhibitory effect of the hydrophobic layer on the
surface of copper in an acidic medium was studied by the classical
potentiodynamic method and the impedance spectroscopy
method. The hydrophobic character of the copper surface was
achieved by immersing the sample in ethanolic octadecanoic acid
with and without the addition of dog rose oil extract. The selected
concentrations of the added dog rose oil extract were 0.5, 1.0, and
2.0 wt% in 0.05 molL-1 alcoholic solution of octadecanoic acid.
Based on electrochemical measurements, an inhibition effect of =
65% was obtained when the surface was modified by immersion
in ethanolic octadecanoic acid only. With the addition of dog rose
oil extract, this value increased to over 90%, depending on the

concentration of dog rose oil extract added.
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1 Introduction

The existence of industry and related industrial processes is inconceivable without
metallic materials. Despite all progress and research in the field of corrosion, it is
still not possible to completely stop the deterioration of metallic materials by
degrading corrosion reactions. By using various protective coatings, inhibitors acting
through adsorption mechanisms, and intelligent materials, we can only slow down
the corrosion processes more or less effectively. Progress has been made, but it is
still far from complete success. More recently, "green orientation' and the circular
economy have been added, prescribing both environmental protection and the
sensible use and handling of raw materials and zero-waste production in the sense
of 'every waste can be a raw material' (Abbasi, 2019) In other words: Products (food
supplements) that have passed their expiration date can also be included in this
group, but this expiration date is not necessarily mandatory in all areas. (Fuchs-
Godec, 2021) (Patil, 2021). The hydrophobic properties of metals and alloys with
high surface energy have recently attracted much attention from both researchers
and academia, mainly because of their great importance in daily life and in various

industrial and biological applications.

The present work focuses on the study of the inhibition properties of a dog rose oil
extract added to the alcoholic solution of a fatty acid at a concentration of ¢ = 50
mmol/L to form a self-assembled hydrophobic layer on the sutface of coppet. The
selected concentrations of the added oil extract were 0.5, 1.0, and 2.0 wt%. Two
electrochemical methods were used for the corrosion studies, namely a classical
potentiodynamic method (PD) and electrochemical impedance spectroscopy (EIS).
Measurements were performed in an acidic medium (acid rain), varying the pH (pH
=1,3and)5).

2 Experimental

For polarisation measurements, we chose a classical three-electrode system and a
Tacussel type CEC/TH polarisation cell with a thermostatic sheath. All potentials
were measured against an Ag/AgCl (3M KCI) reference electrode. The counter

electrode was platinum and the working electrode was copper (99.9%).
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The surface area of the sample affected by the test solution was approximately 0.875
cm? Polarisation curves were recorded from -0.4 V to a maximum of 0.3 V versus
Ag/AgCl. The potential increased continuously at a scanning rate of 1 mVs-.
Polarisation curves were recorded 30 minutes after sample immersion (stabilisation
of the sample at the open circuit potential OCP occurred for 30 minutes). All
measurements were performed at a temperature of 25°C = 1°C. For the
potentiodynamic and impedance measurements, we used a
potentiostat/galvanostat/ZRA-Gamry Reference 600™ with the associated
software to analyse the measurements.

Before etching, the metal surface was successively abraded using a grinding machine
and SiC papers of grades 800, 1000, 1200 and 2400. Etching was performed in
aqueous solutions of 10% HNOs for 1 minute and then washed in deionized water

and dried with compressed air.

Subsequently, the etched sheets were immersed at room temperature for about two
hours in a 50 mmol/L. ethanolic solution of octadecanoic acid with and without the

addition of various concentrations of dog rose oil extract.
3 Results and discussions

The polarization curves in Figure 1 show the voltage-current response of the
untreated and modified copper surfaces in a simulated acid rain solution with
different pH values = 5, 3, and 1. The surfaces of the copper samples were modified
by immersion in an alcoholic solution of octadecanoic acid with and without the
addition of the dog rose oil extract at different concentrations (0.5, 1.0, and 2.0 wt%).

Considering the untreated surface, significant changes are observed in both the
cathodic and anodic regions. The cathodic and anodic current density decreases. In
the case where the surface of Cu was modified in the mixture with added dogrose
oil extract, its values decrease by almost three orders of magnitude in all selected
corrosion media. This is particularly effective in the most aggressive medium, namely
in the case where the pH of the corrosion medium was pH = 1. In this case, the
surface protection is significantly lower when the protective hydrophobic coating

consists only of octadecanoic acid. The corrosion current density is only slightly
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lower than the corrosion current density of the untreated surface. However, the
corrosion current density decreases by two orders of magnitude when the dog rose
oil extract is added at all three selected concentrations. The decreasing trend is from
the lowest concentration chosen to the highest.
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Figure 1: Potentiodynamic polarisation curves (1 mVs-!) of Cu for the bare and modified
surfaces of the 'acid rain' solutions (pH =5, 3 and 1) at 25°C. The modified surface was
prepared by the immersion of the sample in 0.05 M alcoholic solution of octadecanoic acid
with and without the addition of dogrose (DR).

Source: own.

Table 1: The inhibition efficiency 7 determined based on the kinetic parameters for the
corrosion of Cu from the potentiodynamic polarisation curves for the bare and modified
sutfaces of the 'acid rain' solutions (pH =5, 3 and 1) at 25°C. The modified surfaces wetre
prepared by immersing Cu in 0.05 M stearic acid in ethanol with and without the addition of
Dog Rose (DR).

Corrosive media

acid rain, pH = 5

0* 97.8 974

modified 0.5 98.5 98.7
surface of Cu 1.0 99.3 99.4
2.0 99.7 99.8
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Corrosive media wt%

acidrain, pH=3 DR e | Yo7y
0* 95.2 94.1
modified 0.5 97.5 97.7
surface of Cu 1.0 99.5 99.6
2.0 99.8 99.8
Corrosive media %
acid rain, pH = 1 icors
0* 65.2 66.4
modified 0.5 92.3 93.1
surface of Cu 1.0 98.0 96.4
2.0 99.1 99.2

The inhibition efficiency 77 was calculated via the kinetic parameters measured
during corrosion processes, as well as the polarisation resistance Ry, the corrosion
current density 7, In the case of the polarisation resistance, 77 was calculated via
Equation (2), where while Equation (1) was used in connection with the corrosion

current density (Table 1).

n% = [1- =] 100 1)
n% = [1 - :TP] -100, ©

where the notations Zeorr, Rp, were used for those measurements without inhibition
action, whilst the primed quantities zor, Rp" were applied when measurements were

performed on the modified surfaces of copper in simulated solution of acid rain with
pH=1,30r5.

The Nyquist diagrams confirm the results of the potentiodynamic measurements. In
the case of the unprotected surface, depressed semicircles appear at all selected pH
values of the corrosion medium, followed by a straight line with a slope of about 450
in the low-frequency region, indicating diffusion processes in the formed oxide layer
of the untreated copper sample. As expected, this is least pronounced when the pH
of the corrosion medium is 5 and most pronounced at pH=1. The diffusion tail does
not appear at pH=D5 in the case of the surface modified with both octadecanoic acid
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alone and with the addition of dog rose oil extract. In the case of 2% addition of

DR, a polarisation resistance of 12.5 MQcm?2 is obtained, which places the resulting
self-assembled layer among the stable layers.
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Figure 2: Nyquist diagrams of Cu for the bare and modified surfaces in the 'acid rain'
solutions (pH =5, 3 and 1) at 25°C.

Source: own.
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Abstract The building and civil engineering industry generates
mote than 40% of man-caused carbon emissions, consumes a lot
of energy just to produce building materials, generates a large
amount of waste through construction and demolition, and
consumes a large amount of natural resources. One of the possible
solutions is to use alkali-activated materials, which can use waste
instead of raw materials and are produced at lower temperatures,
with less energy consumption and in less time than traditional
building products. All of this lowers the carbon footprint, which
could be further reduced by the timely-short implementation of
microwave irradiation in the early stages of alkali-activation
synthesis. Therefore, metakaolin activated with Na-water glass in
a theoretically optimal ratio was irradiated with microwaves of 2.45
GHz at powers of 100 W and 1000 W for 1 min, and compared to
non-irradiated reference cured only at room conditions. Samples
prepared at higher power, i.e., 1000 W, solidified completely and
foamed. TG-DTA was performed on all samples in the early stages
of curing, mechanical strengths were measured on 3 and 28-day-

old samples, and leaching tests on aged samples.
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1 Introduction

Alkali-activated materials (AAMs) are made from solid pulverized precursors
containing a significant amount of amorphous Si and Al "activated" by alkali
(hydroxides or/and silicate solution) (Provis, 2013). The process of alkali-
activation starts with the dissolution of the precursor in the alkali liquid,
rearrangement of the dissolved components into monomers with help of diffusion,
followed by the "coagulation" of the monomers into the dehydrated polymer
(Marvila et al., 2021; Pacheco-Torgal et al., 2008). This inorganic polymer consists
of SiO7 and AlO;' tetrahedra connected through O-bridges, where the 1- charge
of Al is compensated by ions of the 1st and 27 group of the periodic system
(Skvéra, 2007). The formed aluminosilicate network (ASN) is usually and mainly
amorphous, and when the precursor used is metakaolin, the AAM can also be
called a geopolymer (Ameri et al., 2019).

If compact ASN is foamed, AAM becomes alkali-activated foam (AAF), ie., a
lightweight material with lower geometric density, lower mechanical strength, but
higher acoustic and/or thermal insulation ability. The foaming process can be
mechanical (Hajimohammadi et al., 2017a), chemical (Burkhard Walther et al., 2017;
Hajimohammadi et al., 2017b) and/or physical (Fletcher et al., 2005; Horvat and
Ducman, 2020a; Rincén Romero et al.,, 2019; Wei et al., 2016). The mechanical
introduction of the pores into the alkali-activated slurry of proper viscosity (not too
low, otherwise bubbles would escape, and not too high, since reaching a uniform
distribution of the pores could not be achieved) is done by mechanical mixing of the
pre-prepared foam with the freshly alkali-activated slurry, in which the chemical
reactions are still in progress. Chemical foaming (Horvat and Ducman, 2019) is
performed by adding foaming agents (e.g., liquid H>O», solid Na-perborate, solid
pulverized Al) and stabilizing agents (e.g., liquid triton, solid soybean lecithin, solid
Na-oleate, solid Na-dodecyl sulphate) to the solid pulverized precursor or to the
liquid alkali. Solid ingredients are mixed with the solid precursor and liquid
ingredients are mixed with the liquid alkali to avoid premature reactions and loss of
bubbles. Homogenized solids and homogenized liquids are mixed as briefly as
necessary to ensure wetting of the components and uniform distribution of all
reagents. Besides induced chemical foaming, self-foaming (Horvat and Ducman,

2020b) may occur if the precursor contains substances that react with alkali(s) with
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the release of gasses into the slurry, ending as alkali-activated self-foam (AAsE).
Foaming reactions can be immediate (AAF) or delayed (AAdF), as also some
precursors require less time for curing (metakaolin, slags) and others more (fly-ash,
mineral wools) if curing is performed under room conditions. If the curing
temperature is increased, the curing time is reduced (Horvat and Ducman, 2019) and
the release of bubbles out from the slurry is hindered.

In this work, the influence of irradiation with microwaves of different power on
alkali-activated metakaolin slurry in its early stages was studied. Metakaolin was used

for alkali-activation because this material is widely used in alkali-activated research.
2 Method

For chemical (X-ray fluorescence, XRF; Thermo Scientific ARL Perform’X
Sequential XRF) and mineralogical (X-ray powder diffraction, XRD; Empyrean
PANalytical X-ray Diffractometer, Cu X-Ray source) analysis of metakaolin (MK),
the precursor was dried, milled and sieved below 125 um.

XRF measurement was performed on molten discs and analysed using UniQuant 5.
The XRD diffractogram was solved using X’Pert Highscore plus 4.1. Rietveld
refinement was performed with an external standard (corundum, Al>O3) to estimate

the amount of amorphous content and minerals.

From the XRF and XRD results, the amounts of Si, Al and 1+t group of the periodic
system were determined as described in our previous work (Horvat and Ducman,
2019). The amount of substance of precursor and added alkali (Na-silicate solution,
Geosil, 344/7, Woelner, Ludwigshafen, Germany, 16.9% Na;O, 27.5% SiO») for Si,
Al, Na was aimed to be 1.9, 1, ”<1”, respectively, to achieve the highest possible
compressive strength and avoid efflorescence (Duxson et al, 2005). The
theoretically determined mass ratio between precursor and Na-silicate solution was
1:0.60, respectively.

After mixing MK with alkali until the slurry was completely wetted, the slurry was
moulded into moulds made of silicone-urethane rubber. Reference was cured

exclusively under room conditions, while the others were irradiated with microwaves
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of frequency 2.45 GHz, with power of 100 W and 1000 W, for 1 min, not-covered
and covered with another silicone-urethane rubber mould to avoid rapid
dehydration while the sample was being irradiated. The inverter type microwave
(Panasonic, NN-CD575M) was used, i.e., the microwaves work constantly, unlike
an ordinary kitchen microwave where the microwaves work for a short period of

time, then turn off and repeat the cycle.

The mechanical strengths (bending and compressive) of the AAMs were measured
with a compressive and bending strength testing machine (ToniTechnik
ToniNORM) 3 and 28 days after moulding,.

Thermogravimetric analysis and differential thermal analysis (TG/DTA; STA 409
PC Luxx, Netzsch, Germany) were performed on all samples 12 min after mixing
the ingredients and compared with the non-irradiated sample more than 1-year-old.
Fresh samples were followed to constant mass. Samples of about 40 mg were heated
in airflow from room temperature to 1000 °C at a rate of 10 K/min to evaluate the

mass changes (mainly water losses) as a function of temperature.

Moisture of the 3 and 28-day-old samples was determined by mass loss using an IR
moisture analyser (Mettler Toledo, HE73).

Evaluation of the presence of toxic elements in leachates was performed on 28-day-
old samples according to the European standard SIST EN 12457-2. AAM/AAF was
crushed to grain sizes lower than 4 mm and added into deionised water in a glass
bottle with solid:liquid mass ratio of 1:10, respectively. Suspensions were rotated
around the vertical axis for 24 h at room conditions, then filtered below 0.45 um.
The obtained liquid fraction was acidified to pH<2 with HNO; for determination
of the amount of released metals by inductively coupled plasma mass spectrometer
(ICP-MS, Agilent 7900). Results were compared to the total amount of toxic trace
and minor elements measured in the precursor and with the legislation (Dectre on
waste landfill).
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3 Results

Chemical analysis (XRF) of MK is shown in Table 1. Regarding the potential for use
as a precursor in alkali-activation, MK contains a significant amount of SiO; and
AlOs needed for ASN formation, while elements of the 15t and 2d group are scarce,
allowing the possibility of adding more alkali and still avoiding efflorescence.

Table 1: Oxides with mass percent (m%) above 0.1% present in MK according to XRF

analysis.

Oxides [nln,,w.,] NaZO Kzo MgO (0710) ‘ A.1203 Sio; Tio; F6203

XRF

The XRD diffractogram of MK (Figure 1, black line) shows the presence of the
amorphous content (the amorphous halo has 20 peak around 25° indicating that
the Si:Al ratio is above 2:1 (Tokoro et al., 2014), which is consistent with the XRF
results in Table 1) and minerals, where quartz represents the majority. Mineralogical
analysis of MK with Rietveld refinement, presented in Table 2, shows more than
60% of the amorphous content and more than 30% of quartz.

Q
Q quartz
M mullite
K kaolinite
A anatase
S
: Q
T, Q Q Q
> | ‘
‘@
5
E g0 |
Q
PSR
o N L
K IYI,_J;}ILMJV L“'"“"—-«’n'\,la‘*‘j'i‘t‘ M'.,\..)uAJ ‘\Wﬁl»:w‘ "\,ﬁ)w} -
|~
T T T T T T 1
10 20 30 40 50 60 70
207

Figure 1. XRD pattern of MK.

Source: own.
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Table 2. Minerals in mass percent (m%) present in MK according to Rietveld refinement
analysis on XRD pattern.

Minerals [my] Quartz  Mullite | Kaolinite = Anatase Amorphous content

XRD

The XRF (Table 1) and XRD (Table 2) results were recalculated onto elements to
estimate the amount of amorphous content per element (Table 3) (Horvat and
Ducman, 2019).

Table 3. Mass percentage of elements in the amorphous content.

Elements [my] Na K Mg

XRF-XRD

The amount of amorphous content of Si:Al in the mixture of MK and Na-silicate
solution together was aimed to be 1.9:1, respectively. The mass ratio of MK and Na-
silicate solution, 1:0.606, resulted in the amount of substance ratios Si:Al:15¢ group:2nd
group=1.99:1:0.84:0.03. If not all (amorphous) Al dissolves, efflorescence still might

not occut, since the initial amount of substance of alkali ions is below Al

The visual results of alkali-activation are shown in Figure 2. Irradiation of freshly
moulded alkali-activated MK slurry with microwaves at 100 W for 1 min (Figure 2,
(b) samples 2 and 3) resulted in AAM looking like non-irradiated AAM (Figure 2,
(b), sample 1). While irradiation with microwaves at 1000 W for 1 min caused alkali-
activated slurry to foam (Figure 2, (b), samples 4 and 5) and the material hardened
completely, which was in comparison with other samples very hot immediately after
irradiation. If the mould was sealed when the slurry was irradiated at 1000 W (Figure
2, (c), samples 5 and 6), and if the slurry "touched" the cover during foaming (Figure
2, (c), sample 0), it began to damage material’s framework from above. This can be
seen on the top surface in Figure 2, (c), sample 6, and its’ side surface in Figure 2,

@-

The thermal behaviour of the samples was determined by TG/DTA, and is shown
in Figure 3, Figure 4 and Table 4: 1-year-old non-irradiated sample (red), fresh non-
irradiated sample (orange), irradiated sample at 100 W for 1 min (light blue),
irradiated sample at 100 W for 1 min and covered during microwave irradiation (dark
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blue), irradiated sample at 1000 W for 1 min (light pink), and irradiated sample at
1000 W for 1 min and covered during microwave irradiation (dark pink).

@

Figure 2: Photography of (a) MK and its (b) alkali-activated counterparts
(cured at 1) room conditions, 2) and 3) at 100 W for 1 min in 2) open and 3)
closed mould, 4) and 5) at 1000 W for 1 min in 4) open and 5) closed mould).
(c) Alkali-activated MK cured for 1 min at 1000 W in the closed mould where
prism 5) did not reach the cover, 6) and (d) reached the cover of the mould
during “foaming”.

Source: own.

H>O in the initial slurry was mainly from Na-water glass and accounted for 20.9%
of the combined mass of precursor and Na-water glass. The measured moisture of
MK was 0.5%, indicating that the initial amount of water in the slurry (corrected for
the moisture in the precursor) was approximately 21.0%.
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Total mass losses were about 13.7% for the 1-year-old non-irradiated sample and
21.5% for the fresh, non-irradiated and not-hardened sample. About 21.1% for the
sample irradiated at 100 W for 1 min and similarly for the covered sample, i.e., the
total mass loss was about 21.3%. For non-irradiated and the 100 W irradiated
samples, the total mass loss a slightly less than the total “theoretical” initial amount
of water (which could be due to the human etror in weighing the ingredients or/and
to degradation of compounds present in “trace” amounts in the slurry and in
AAM/AAF). Therefore, irradiation for 1 min at 100 W had no effect on dehydration

and crack-pore formation.

The total mass loss of the sample irradiated at 1000 W for 1 min was about 11.4%
and very similar results were obtained for the covered alternative, i.e., the mass loss
was about 13.6%, as shown in Figure 3. This value is comparable to the mass loss
of the non-irradiated aged sample, leading to the conclusion that the slurry irradiated
with higher microwave power completed the long-term aging process in only 1 min.
This was possible only in the case of extreme dehydration accompanied by pore-
formation (Figure 2).

In both cases of covered/uncovered samples, i.c., irradiated at 100 W and 1000 W,
the mass loss was higher for the covered samples, which is attributed to the retention
of water in the covered sample during microwave irradiation and the successful
hindering of dehydration. While synthesis in covered moulds can be described as
hydrothermal synthesis at lower pressure (and with the possibility of release
depressurizing by lifting the cover when the pressure reaches 235 Pa), cooking,

synthesis in open moulds can be described as “baking”.

The TG curves show that significant mass losses occur in two temperature ranges,
(i) from room temperature to 200 °C due to the evaporation of free water adsorbed
on the surface, as well as the retained water trapped in the pores of the sample, and
some chemically bonded watert, and (i) between 200 °C and 600 °C, where mass
losses range from 1.1% to 2.7%. In this temperature range, the mass loss is mainly
due to evaporation of retained chemically bound water and dehydroxylation of
unreacted kaolinite, which occurs between 400 °C and 600 °C (Alshaaer et al., 20106)
and vary between 0.2 and 1%. Samples irradiated at 1000 W had lower mass losses
in this range, indicating that irradiation already affected compounds decomposing in
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the 200 °C to 600 °C range. Lower mass losses were again for samples irradiated at
1000 W, indicating that the irradiation most likely affected the crystal structure of
the kaolinite and made it available for the alkali-activated reaction. Lower mass losses
from about 700 °C could be due to CO; losses from calcite (Frost et al., 2009),
which, interestingly, are significantly higher in both cases of irradiation at 1000 W,
i.e., covered and not covered, as shown in Table 4. This means that the small amount
of Ca present in MK contributes in ASN, onlly that it did not have enough time to

dissolve in less than 1 min of high-power microwave irradiation.

TG [%] 1
100 —
\1 —— T0 1-year-old
TO
95 100W 1 m@n
—— 100W 1 min cover
1000W 1 min
] —— 1000W 1 min cover
90
85 -
80
75 . T T T 1 T[°C]
0 200 400 600 800 1000

Figure 3: TG of alkali-activated samples: 1-year-old non-irradiated sample (red), fresh non-
irradiated sample (orange), sample irradiated at 100 W for 1 min (light blue), its covered
alternative (dark blue), sample irradiated at 1000 W for 1 min (light pink), and its covered
alternative (dark pink).

Source: own.

Figure 4 shows the DTA curves. The fresh, non-irradiated sample and the sample
irradiated at 100 W for 1 min (orange and light blue curves, respectively), which have
the largest mass loss up to 200 °C, also have the narrowest and most pronounced
course of the curve. They are followed by the sample irradiated at 100 W for 1 min
while covered (dark blue curve) and then the sample irradiated at 1000 W for 1 min
(dark pink curve), which was also covered during microwave irradiation. The 1-year-

old non-irradiated sample (red curve) and the sample irradiated at 1000 W for 1 min
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(light pink curve), which show the lowest mass loss in the temperature range up to
200 °C, have a broad curve shape and the least endothermic peak. The curve shape
of a one-year-old sample differs from freshly prepared samples, which have a much
larger and narrower endothermic curve. The differences are due to the fact that 1-
year-old sample does not contain as much free adsorbed water and the peak is
smaller due to the smaller amounts of adsorbed water. The boader endothermic
course of the curve is due to the presence of interstitial and bound water, which is
released at higher temperatures than the free adsorbed water. Also, the not-covered
sample irradiated at 1000 W for 1 min shows a lower peak, which is due to
dehydration during microwave irradiation. The adsorbed water content in this

sample is also lower than in the others, as can be seen from the TG curves in Figure
3 and Table 4.

Table 4: Total mass loss and mass loss over different temperature ranges.

Mass loss over different temperature ranges

>
700 °C
[7o]

Samples T0-200 °C 200-600 °C 400-600 °C
] ] ]

TO 1-year-old 13.8 11.1 2.6 0.9 0.1
TO 21.4 18.4 2.7 0.9 0.04
100 W 1 min 20.9 18.0 2.7 1.0 0.03
100 W 1 min covered 21.3 18.5 2.4 0.9 0.1
1000 W 1 min 114 9.9 1.4 0.4 0.2
1000 W 1 min covered 13.6 12.7 1.1 0.2 0.4

All samples also show a small endothermic peak just before 600 °C, which is
attributed to the endothermic dehydroxylation reaction, which, according to the
literature, occurs somewhere between 530 and 590 °C (Deju et al., n.d.).

Moisture (Table 5) in the alkali-activated samples was highest in sample cured only
at room conditions, while the other samples had less moisture, but not more than
4% less when 3 days old and not less than 1.5% when 8 days old. Comparing the
TG mass loss in the range of room temperature to 200 °C for a 1-year-old sample
(Table 4) and its moisture content (Table 5), there could be about 4.5% chemically
bound water. Dehydration of the slurries at room temperature is most pronounced
in the samples prepared without irradiation and samples irradiated with microwaves
of 100 W. The difference between the TG mass loss in the range between TO and
200 °C (Table 4) and the measurement of moisture after 3 days (Table 5) is between
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5% and 6% for the mentioned samples, while for the samples irradiated at 1000 W
this difference is less significant. However, dehydration continues and the amount
of moisture in all samples after 28 days is comparable to or close to the final

equilibrium for samples left at room conditions.

DTA [pV/mg]
0,5 -
0,0+
-0,5 o
1,0
-1,5 —— T0 1-year-old
TO
—— 100W 1 min
—— 100W 1 min cover
50 1000W 1 min
=7 —— 1000W 1 min cover
T T T T 1 T [°C]
0 200 400 600 800 1000

Figure 4: DTA of alkali-activated samples: 1-year-old non-irradiated sample (red), fresh non-
irradiated sample (orange), sample irradiated at 100 W for 1 min (light blue), its covered
alternative (dark blue), sample irradiated at 1000 W for 1 min (light pink), and its covered
alternative (dark pink).

Source: own.

Table 5. Moisture in 3-day-old and 28-day-old alkali-activated samples was determined by IR
heating at 105 °C.

100 W 1000 W
Sample 1 min 1 min
covered covered

Moisture 3 days [%]

Moisture 28 days [%]

Moisture 1-year-old [%o]

Compressive and bending strengths, the most important parameters for structure-
functional products in building and civil engineering, are shown in Figure 5 and

Table 6. For all three AAMs (sample prepared at room temperature, and both
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samples irradiated at 100 W), geometric densities are identical, but the compressive
strengths differ significantly. However, after 28 days, all samples reach comparable
values of mechanical strengths, while thee geometric densities decrease uniformly
for all of them. The conclusion is that low-power microwave irradiation enhanced
the early reactions (dissolution, diffusion, self-assembly, i.e., networking-gelation of
ASN) and curing without affecting dehydration. The final internal chemistry of ASN
probably did not change, as did the porosity and amount of ASN.

For foamed samples, as expected, a large decrease in geometric densities of both
AAFs (samples irradiated at 1000 W) resulted in a large decrease in eatly compressive
strength. AAF prepared in closed mould exhibited lower compressive and bending
strengths, most likely due to the of pore structure and ASN framework collapsing
under the pressure of the limited space for material expansion during foaming
(Figure 2, (¢) and (d)). With time, the mechanical strengths increased, but the
compressive strength reached only approximately 15% of the highest compressive
strength of the 28-day-old AAM.

The relative error of the early measurement of mechanical strengths (standard
deviation) increased with microwave power. This increase in comparison with AAM,
which was prepared exclusively under room conditions, is a consequence of the non-
uniform distribution of microwaves in the microwave. The reason for the huge
increase in the relative error of the AAFs was mainly a consequence of the large
decrease in mechanical strengths. With time, the absolute error of the compressive
strength of the AAMs increased, which means that the samples need more time to

reach the final values of mechanical strength.

The effect of microwave irradiation on the immobilization of trace and minor
clements was tested by leaching experiments and the results are shown in Table 7.
The concentrations of the elements are compared with the legislation values
specified in the Decree on Waste Landfills. For the leaching experiments, the
leaching of precursor (MK) and AAMs was performed. MK shows concentrations
of all elements below the inert waste limit. However, for the AAMs, the activation
process was found to increase the leaching potential for Cr, Ni, Cu, and As, while
the concentrations of the other elements were comparable to those of the precursor.

In addition, the concentrations of AAMs for Cr and As exceeded the limits for inert
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(As in samples prepared at 100 W and Cr in samples prepared at 1000 W) and in
some cases even for non-hazardous waste (As in samples prepared at 1000 W). This
suggests that microwave irradiation accelerates the leaching of As and Cr when
exposed to high working power. However, for As and Cr, we did not observe any

difference when the samples were cured at room temperature or irradiated at 100
W.

Table 6: Compressive and bending strength, their absolute and relative error, and geometric
density of 3-days-old and 28-days-old alkali-activated samples.

3-days-old CS ocs ocs BS OBS
samples [MPa] [MPa] [MPa] [MPa]

o 4] i/

TO . 142 7.6 0.3 4.2 1.9
100 W 1 min . 165 78 0.7 85 1.9
LIt 3.9 82 08 10.0 19
cover
1000 W 1 min } i 27.5 4.0 0.9 23.7 12
LR 324 20 0.3 172 10
cover
28-days-old ocs BS oBs %] e
samples [%] MPa] | MPa] | U | [ke/dm3]
TO 204 9.1 0.6 71 1.7
100 W 1 min 17.7 10.5 0.8 73 1.7
LIt 17.4 10.1 0.1 1.1 1.8
cover
1000 W 1 min . 59.6 6.6 2.6 38.6 12
LR 18.3 36 0.4 10.3 1.0
cover
80 2
. . w3 day CS
T . 3 dayBS 18
r m28day CS
28 day BS 16

_ ® 3 day geometrical density | tam

é‘ » 28 day geometrical density T E

E . 1.2 .2

E . 18

% 0.8 E

£ E

H 0.6 5

T T
: 1 ﬂ ol
= - T
0

10 100 W 1 min 100 W 1 min cover 1000 W 1 min 1000 W 1 min cover

Figure 5: Compressive (CS) and bending (BS) strengths with geometric densities of 3-days-
old and 28-days-old alkali-activated samples.

Source: own.
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Table 7: The concentrations in mg/kg of selected elements were measured in the digested samples and leachates according to SIST EN:12457-2

standard protocol.

Element [mg/kg]

MK 0.22 0.0004 0.0008 0.004

AAM TO 0.20 0.03 0.03 0.010 0.62 0.03 0.03 <0.002 0.003 0.003 0.003 0.005
A,AMW . 0.17 0.02 0.03 0.007 0.57 0.03 0.02 <0.002 0.002 0.004 0.002 0.005
100 W 1 min

Af{,M . 0.97 0.02 0.02 0.005 2.66 0.08 0.07 <0.002 0.006 0.003 0.002 0.002
1000 W 1 min

Inert waste* 0.5 0.4 2.0 4.0 0.5 0.1 0.5 0.04 0.06 20.0 0.01 0.5

Non-hazardous waste* 10.0 10.0 50.0 50.0 2.0 0.5 10.0 3 0.7 100.0 0.20 10.0

*Decree on waste landfill: http:/ /www.pists.si/Pis.web/ pregledPredpisa?id=UREDG6660#

4 Conclusion

When microwave irradiation of sufficiently high power was used in the very early stages of alkali-activated slurry curing, the alkali-
activation process ended in a very short time as alkali-activated foam. At lower microwave powers, the alkali-activated samples
ended up as non-foamed alkali-activated materials with much higher early mechanical strengths compared to the non-irradiated
reference, but the curing time was not shortened, i.e., the microwaves only enhanced eatly-stage dissolution in alkali-activated
synthesis.
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From the thermogravimetric analysis, it is evident that the power of microwave
irradiation has a significant effect on the course of the curves. Differences are also
observed between uncovered samples during microwave irradiation and covered
samples during microwave irradiation, which complicates the evaporation of water
during irradiation. The 1-year-old sample was found to be most similar to the sample
irradiated at 1000 W for 1 min. TG/DTA analysis showed that microwave
irradiation at lower microwave powers (100 W) for 1 min did not result in significant
differences compared to the non-irradiated samples.

Alkali-activation did show an increase in leaching of As, low powers of irradiation
with microwaves did not have additional influence on it, while high irradiation

powers additionally increased leaching of As and Cr.

Concentrations for most of the toxic trace and minor elements were low except for
As and Cr. Cr exceeded the limit for inert waste when alkali-activated slurries were
irradiated at 1000 W, whereas As exceeded values for inert waste for all AAMs.
Moreover, in the case of samples irradiated at 1000 W, Cr exceeded the values also
for non-hazardous waste. Research showed that irradiation at higher working power
decreased the immobilization potential of As, i.e. microwaves shows potential to
remove heavy elements from dangerous materials and thus could present efficient

method for recovery or remediation.
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1 Introduction

Mineral wool is one of the most widely used insulation materials in the world. As a
result, its disposal poses a major problem at the end of its use, taking up a lot of
space in landfills due to its low density. In 2020, the European Union generated
approximately 2.55 million tons of mineral wool waste, which represents only about
0.2% of the total amount of construction and demolition waste produced in the
European Union. Most construction and demolition waste is recyclable, while
mineral wool is considered to be non-recyclable (Vintsi and Kirki, 2014). There is
therefore an urgent need to find a way to recycle, reuse or recover these wastes.
Mineral wool is usually divided into two categories - stone and glass wool - which
differ in terms of both their chemical composition and the raw materials used in
their production (Miiller et al., 2009; Kowatsch, 2010). Stone wool accounts for
about 70% of the mineral wool produced worldwide (Vintsi and Kirki, 2014).
Under the Wool2Loop project the consortium has developed and produced various
products with alkali activation technology, using mineral wool as the main raw
material (precursor). Alkali activation is based on a chemical reaction that can
produce end products that have similar or better properties than concrete or
ceramic-type products. Some studies have already been conducted where mineral
wool was alkali-activated, either alone or in combination with other co-binders
(Yliniemi et al., 2016; Kinnunen et al., 2017). Although, theoretically, mineral wool
waste is an ideal starting material, because almost 100% of this waste is in the
amorphous phase, in reality not all fibres dissolve during alkali activation (Pavlin et
al., 2021a). This should be taken into account, because problems with efflorescence

can occut if too much of the alkali activator is added.

In the present work, architectural facade panels were developed. The selected mix
design (Pavlin et al., 2022) consisted of mineral wool waste as the main raw material,
with local slag (a mixture of electric arc furnace slag and ladle slag), metakaolin and
lime added as co-binders. Mix design developed and selected in the lab was modified
two times. The prepared facade panels was monitored by measuring the mechanical
properties of the alkali-activated material (AAM), the particle size distribution in
randomly selected samples, mineralogy, open porosity, the degree of alkali activation

and leaching parameters used to evaluate the environmental impact.



M. Pavlin, B. Horvat, 1. Ducman: Pilot Production of Fagade Panels: V ariability of Mix
Dw‘/’{l?

2 Material and methods

Sample preparation: Stone wool (SW) was used as the primary precursor for the

preparation of facade panels. Milled material was obtained from the company
ISOMAT (Slovenia). A sodium silicate obtained from Termit d.d. (sodium silicate
activators with a molar ratio-module of approximately SiO2/Na,O = 2.5; and mass
percent 11.9% NaxO, 28.5% SiO») was used for the alkali activation. Various co-
binders, including local slag (S; commercially available electric arc furnace slag mixed
with ladle slag and branded as secondary by-product EKOMINIT; milled and sieved
below 125 um), metakaolin (MK used as received) and lime (L; used as received)
were also added to the mineral wool precursor. As aggregate (AG) quartz sand (MP-
MIX) from Termit d.d. was used for all prepared mix designs. After mixing all the
dry precursors together, sodium silicate was added and mixed until the slurry was
completely wet, and then the slurry was poured into moulds made of silicone or
urethane rubber. For optimisation of mix design, at first, the samples were cured at
room temperature in closed PVC bags to hinder dehydration. Then after three days,
the facade panels were exposed to an elevated temperature (60 °C at 30, 60 or 90%
humidity; humidity chamber POL-EKO APARATURA, Poland).

Analysis of the precursors and AAMs: Chemical (X-ray fluorescence, XRF; Thermo

Scientific ARL Perform’X Sequential XRF) and mineralogical (X-ray powder
diffraction, XRD; Empyrean PANalytical X-ray Diffractometer, Cu X-Ray source)
analyses of SW, S, M and L were conducted. All the precursors were dried, milled
and sieved to below 125 um prior analyses. XRF measurements were performed on
molten discs and analysed using UniQuant 5 software. The data measured are
provided in Table 1.

Table 1: Chemical composition of the precursors (stone wool, lime, metakaolin and local
slag) used for the alkali activated fagade panels.

Chemical
composition
of precursors

SiO; Al,O; NaO (0710 MgO Fe;03 LOI

wt%)  (wt%)  (wt%)  (wt?%)  (wt%)  (wt%) (950 °C)

Stone wool (SW)
Lime (L) 1.86 2.05 0.30 68.2 2.07 0.10 24.8
Metakaolin (M) 68.1 25.2 0.09 0.45 0.16 2.21 2.25

Local slag (S) 13.7 5.20 0.28 27.9 23.3 4.64 20.5
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The XRD patterns were solved using X’Pert Highscore plus 4.1 software. Rietveld
refinement was performed with an external standard (corundum, A,O3) to estimate
the content of amorphous content and minerals. XRD spectra of the precursors

used in the alkali activation process are provided in Figure 1.

R=Portlandite; M=Magnesioferrite; G=Magnetite; O=Calcio-olivine

c.QCDB

RBMO o cD QC.c QS

Intensity (a.u.)

20 ()
Figure 1: Diffractograms of the precursors (SW, L, MK and S) used for preparation of the
fagade panels.

Source: own.

Open porosity of alkali-activated fagade panels was determined using mercury
intrusion porosimetry (MIP). Small representative fragments about 1 cm? in size
were dried for 24h before measurement and then analysed wusing

Micromeritics® Autopore IV 9500 equipment (Micromeritics, Norcross, GA, USA).

28 days after placing samples in the moulds the mechanical strength (bending and
compressive) of the AAMs was measured using a compressive and bending strength
testing machine (ToniTechnik ToniNORM).

The presence of toxic elements in leachates was evaluated after 28 days according to
the European standard SIST EN 12457-2. The AAM was crushed to a grain size of
below 4 mm and added to a glass bottle containing deionised water using a
solid:liquid mass ratio of 1:10. The suspensions were rotated around the vertical axis

for 24 h at room temperature conditions, and then filtered to below 0.45 um. An
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aliquot of the coloured liquid fraction obtained (Figure 2, the typical yellow-brown
colour is a consequence of organic resin or other organic compounds present on the
surface of the milled waste mineral wool) was digested in the microwave, then the
clear solutions prepared were used to determine the amount of metals released using
an inductively coupled plasma mass spectrometer (ICP-MS, Agilent 7900). The
results were compared to the total amount of toxic trace and minor elements
measured in the precursor, as well as to figures from the legislation (Decree on Waste
Landfill (Official Gazette of Republic Slovenia, 2014)).

Figure 2: Leachates from the alkali activated fagade panels obtained following filtration to

below 0.45 pm. The transparent liquid in the bottle on the left is a blank, without the addition
of a sample.

Source: own.
3 Results
31 The results of milling process

The mineral wool was pre-milled by a Slovenian company, and the mass ratio of the
finest particle size (< 63 um) over the time of the study is shown in Figure 3. When
the development of initial mix design (described in details in 3.2.) had started (i.e.
mix design 1), the finest fraction of mineral wool waste accounted for more than 60
wt% of total content (Figure 3; milled mineral wool samples 1-4). When upscaling
mix design 1, the slurry was too liquid, and the amount of sodium silicate and waste
mineral wool was adjusted, and this lead to development of mix design 2. After
changing the grinding parameters in the company that performed this, the quality of
the milled mineral wool decreased (Figure 3; milled mineral wool sample 5) and

production of the facade panels was faced with various problems, starting with poor
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workability of mix desing 2. Besides problems with initial fresh mixture, the already
cured panels exhibited curvature, high structural porosity and the occurrence of the
efflorescence. The situation became even worse with the milled mineral wool
samples 6-8 (Figure 3), where the proportion of the finest fraction represented only
a few mass percent of the total content. From that point forward, additional milling
was implemented by Termit using a concrete mixer (i.e. ball milling). With double-
milled mineral wool it was possible to prepare mix design 1 again, but to minimize
the efflorescence, mix design 3 was developed. This mixture was then used in the

pilot production.

R > 63 um
B < 63 um

m (%)

v > O “ © A Ee)
7 &7 &7 &/ &7 &7 N

Q Q Q Q Q Q Q Q
6’§ @’éo o)"'@ %’§ @’éo o)"'@ 9’2’@ @'§

Figure 3: The particle size distribution of the finest fraction (< 63 pm) versus other fractions
(> 63 pm) in the (pre)milled mineral wool.

Source: own.
3.2 Preparation of fagcade panels: optimisation of selected mix design

The fagade panels prepared from mineral wool and other co-binders need to have
suitable mechanical properties, and be both durable and environmentally-friendly (in
terms of their parameters regarding leaching toxic metals and other toxic
substances). Following use of the initial mix design (mix design 1) in the pilot
production, some modifications were then made to the mix design at the beginning
of pilot production (mix design 2; the mixture was too liquid so less sodium silicate
was used and the proportion of mineral wool was increased, as shown in Table 2).
After that, based on many problems with the fagade panels with respect to curvature,
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porosity, efflorescence, workability and demoulding time, the mix design had to be
modified again during the pilot production. The last change in the mix design (to
developed mix design 3) was made mainly due to the observed curvature and
difficult mixing of the very viscose slurry while aiming for perfect wetting of the
pulverized precursor's particles (poor workability of the mixes as a result of the
unevenly ground mineral wool batches, Figure 3). The original mix design developed
in the lab and used for pilot production (mix design 1), the modified mix design (mix
design 2), and the final mix design (mix design 3), are defined in Table 2. Mix designs
1 and 2 were cured at room temperature, while mix design 3 was cured for three
days at room temperature covered with PVC to hinder the dehydration and allow
slow-reacting precursor enough time for initial curing before demoulding (Pavlin et
al., 2021a), and then at 60 °C and 60% humidity on level metal mesh for uniform
drying of all 6 panel's sides. There are some differences between the various mixes;
due to the presence of efflorescence, for example, NaOH was removed from the
mix design 3 and the amount of sodium silicate reduced (in mix design 2 and 3), also

the amount of used waste mineral wool differ (Table 2).

The compressive and bending strengths of the initial mix developed in the laboratory
(mix design 1) cured at room temperature for 28 days were (42.5 = 2.7) MPa and
(14.3 £ 2.1) MPa, respectively, while the compressive and bending strengths of mix
design 2 (also cured at room temperature) were lower (33.3 £ 3.1) MPa and (11.3 £
0.5) MPa, respectively. Mix design 3, cured three days at room temperature and three
days at 60 °C and 60% humidity, showed similar mechanical properties to mix design
1 after 28 days of curing at room temperature, with a compressive strength of (41.0
1 7.1) MPa and a bending strength of (15.3 & 0.4) MPa.

The workability of mixtures is very important, especially at the industrial level of
pilot production. It was evaluated using a slump test by measuring the spread of the
mortar. The data for prepared mixtures can be found in Table 2 (slump test; the
good workability of prepared mortars is usually in the range of 165-185 mm (Pavlin
et al., 2022)). Workability depends on the particle size of the starting materials as a
result of the grinding process. In the case of mineral wool, a higher amount of the
fraction > 63 um - larger particles, require more liquid (sodium silicate) to achieve
the desired workability of the mixture, and therefore mixing was difficult with the

same amount of sodium silicate and larger particles, and vice versa, smaller particles
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require less liquid. Moreover, the dense mixture did not result in any changes in the
spreading of the slurry in the slump test (the diameter measured on the spreading
table remained the same). Mix design 1 contained the highest amount of sodium
silicate and showed the highest spread whereas mix design 2 and 3 had the same
spread (the results of slump test in Table 2).

Table 2: The original mix design (mix design 1), developed in the lab of ZAG, the modified
mix design (mix design 2) and mix design currently in use (mix design 3).

SW Sodium NaO
(g) silicate (g) H(g) () (2 (8 (g (mm/mm)
1 (original) 047 1085 767 | 426 | 142 | 172/183
p) 046 097 | 747 [ 359 | 138 | 165/170
3 (current mix) / 0.95 | 851 | 472 | 151 | 165/170

L M S Slump test

Mix design

At the beginning of the pilot production, panels were demoulded after one day (mix
design 1) (Pavlin et al., 2022). Using batches of milled mineral wool with a higher
mass percentage of big particles (> 63 um, Figure 3) this was no longer possible due
to the change in the particle size after milling. Therefore, the curing conditions were
optimized; first, curing was performed at room temperature, then different
conditions were tested (60 °C and humidity of 30, 60 or 90% (Pavlin et al., 2021b)).
We also performed experiments at 40 °C, but the mechanical properties were lower
and the curing times should be longer, therefore those results were excluded (Pavlin
et al, 2021b). The results of the mechanical properties after testing different
humidity at 60 °C can be found in Figure 4.

Panels cured at 60 °C and 30% humidity were not suitable and showed little
curvature. A humidity of 90% was too aggressive for the curing oven, which was
evident from the damaged support mesh caused by the high alkaline vapour resulting
from the alkali activation process. 60 °C and 60 % humidity were selected as the
most suitable curing conditions at which the fagade panels did not exhibit the
curvature. At the same time, tests were carried out with different amounts of lime,
with the mixtures containing 1, 2, or 3 wt% lime. However, with 1 wt% lime, the
specimens could not be demoulded after three days of curing at room temperature
and exhibited curvatures, while with 3 wt% lime, mixing the mixtures was difficult
due to the too fast hardening. Mix designs 1 and 2 with 2 wt% of lime showed no
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curvature, but mix design 2 was difficult to prepare due to the viscous slurry.

Therefore, mix design 1 with 2 wt% of lime was taken for further optimisation.

60 1 2] Compressive strength (MPa)
R Bending strength (MPa)

50 4

Compressive/bending strength (MPa)

Figure 4: Samples cured three days at room temperature in closed bags and then three days
at 60 °C with different humidity (30, 60 or 90%). 1, 2 or 3 wt% of lime were added in the mix
design 2. Sample mix design 1 had 2 wt% of added lime.

Source: own.

After selecting the curing conditions (60 °C and 60% humidity), tests regarding the
time of the additional milling and the variations in the amount of sodium silicate and
NaOH were performed, which are shown in Figure 5. Mineral wool from sample
batches 6-8 was used for this experiment (Figure 3). The workability of the mixtures,
evaluated by the slump test, is presented in Table 3. Initially, mix design 1 was
selected and mineral wool sieved below 125 pm was used. The workability of this
mixture was suitable for further use, but unfortunately, the panel showed curvature.
Then tests were carried out with different milling times (2, 4, 6 and 8 hours of
additional grinding in the concrete mixer). The use of the wool after 2 and 4 hours
of additional grinding was not suitable (the mixture was too dense). After 6 hours,
the workability was better, but the mixture was still too viscose to be useful in the
pilot production. On the other hand, after 8 hours of grinding, the mixture was too
liquid, therefore the amount of sodium silicate was reduced. The sample "Mix design



5TH INTERNATIONAL CONFERENCE ON TECHNOLOGIES & BUSINESS MODELS
FOR CIRCULAR ECONOMY: CONFERENCE PROCEEDINGS.

1_milled 8h_lessSS2x" showed good workability and no cutrvature. However, to
decrease the efflorescence, NaOH was removed from the mix design and therefore
"Mix design 1_milled 8h_ lessSS2x _no NaOH" was selected as a mixture for further
production of panels labelled as "mix design 3". "Mix design 2_no NaOH" showed
good workability, but was not selected, because its slurry showed adhesiveness to
the flow table (used for the slump tests) and was therefore not useful for industrial
production (mixture design 2 was added for comparison purposes only; the results
of slump tests in Tables 2 and 3 differ due to the additional grinding process shown
in Table 3 in the case of mix design 2).

Table 3: Spread of the prepared panels.

Sample Slump test (mm/mm)

Mix design 1_sieved<125 um 168/165
Mix design 1_milled 2h Too viscose
Mix design 1_milled 4h 125/128
Mix design 1 _milled 6h 162/168
Mix design 1_milled 8h Too liquid
Mix desion 1_milled 8h lessSS 201/203
Mix desion 1 milled 8h lessSS2x 173/175
Mix design 1 milled 8h lessSS2x_no 165/170
Mix design 2 182/192
Mix design 2 no NaOH 173/178

However, the mechanical properties of the prepared samples (Figure 5) did not
differ that much, considering that some of the mixtures were too viscose and some

too fluid.

The lowest compressive strength (about 30 MPa) was exhibited by the sample with
mineral wool additionally ground for 2 hours (due to the poorer dissolution of
amorphous Si and Al owing to the lack of liquid - sodium silicate). As mentioned
earlier in the text, bigger particles needed more liquid and therefore mixing is
difficult. Mix design 2 exhibited the lowest bending strength. The selected sample
"Mix design 1_milled 8h_ lessSS2x_no NaOH" has not the highest compressive
strength, but it was above 40 MPa while a bending strength of about 15 MPa was

achieved.
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Figure 5: Different expetiments were performed to find the optimal mix design. All samples
were cured three days in closed bags and then three days at 60 °C and 60% of humidity.

Source: own.

3.3 Mix design 3: Variations in mechanical properties and cotrelations
with particle size

Although the optimised mix design (mix design 3; Table 5) resulted in a mix with
good workability, there were significant differences in mechanical properties
between the different batches, as shown in Figure 6. The average compressive and
bending strengths of 30 different prepared panels (made from several different
batches) were 38.5 MPa * 8.5 MPa and 14.9 MPa £ 3.2 MPa, respectively. Significant
differences were also found in the density of the different specimens (1.64-1.91
g'cm?). Facade panels are required to have a compressive strength of at least 30
MPa (green line in Figure 6) and a bending strength of 10 MPa (grey line in Figure
6). It follows that most of the prepared panels met these requirements (Figure 0).
The mechanical property results for 10 randomly selected batches are shown in
Figure 7, along with particle size distribution analyses. However, the large differences
between the different sample batches are due to the not consistent grinding of the
mineral wool used to produce the panels (Figure 7). Although additional grinding in
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Termit was performed, the large differences in particle size distribution between the
batches affect the workability of the mixture and thus change the mechanical
properties between the batches. A significant increase in compressive strength was
observed when the smallest fraction (< 63 um) was present in amounts of around
50 wt% (or more). Moreover, the workability of the mixture was better and the
compressive strength higher (reaching up to 64 MPa) when the proportion of the
smallest fraction in the mixture was higher (< 63 um), as can be seen in Figure 7.
The bending strength, on the other hand, is not necessarily related to the particle
size distribution, since larger fibres could actually help improve the bending strength.
Even with a smaller amount of the finer fraction (and thus an increased number of
particles larger than 250 um), the mechanical properties met the desired values
previously determined.

Il Compressive strengths (MPa)
I Bending strengths (MPa)
® Density (g/cm-3)

2.0

1.5

-1.0

| 0.5

1 0.0
AR ED 0N D B0 NS0 D ) gk P D ) P D oS
<BLELP LG AP LB LPLE B (8 L8 AP LS A AP AP AP AP AP 4D 4B 48 A XS AS 4B 4 L 4

Figure 6: Compressive strength, bending strength and density of 30 different fagade panels
produced using the mix design 3. The values required are 30 MPa for compressive strength
(green line) and 10 MPa for bending strength (grey line).

Source: own.
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Figure 7: The graph shows the compressive and bending strengths of 10 randomly selected
mixtures where the particle size distribution was measured. The particle size distribution for
particles sized < 63, < 125 and < 250 um are provided in the table below the graph. The
samples are arranged in descending order of proportion under 63 pm.

Source: own.

34 The results of selected mixtures: FTIR, open porosity, XRD and

leaching of toxic trace and minor elements

In the next step, 12 different batches were selected from mixtures that exhibited
different mechanical properties (30 different batches presented in Figure 6), and
FTIR, open porosities, XRD and leaching analyses were performed.

The results of the FTIR analysis are provided in Figure 8. A transmission band at
around 1644 cm ! indicates the presence of an H-O—H bending vibration, due to
the presence of water in the AAM. The humidity of these samples ranged between
4.0-5.6 wt% (measured after 28 days). In all samples, bands were seen at
approximately 1450 cm! corresponding to the asymmetric stretching of CO32~ (O—
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C-0), and a weak shoulder at around ~880 cm! due to the out-of-plane bending of
COs%". This could be due to the presence of carbonate in the local slag precursor
used in the mixture, and/or as a consequence of the carbonation process presented
during the production of the fagade panels (Yu et al,, 1999). The main Si-O-T band
(T = Si, Al) is between 990 and 1000 cm'. The shifts of the main Si-O-T bands,
compressive strengths and open porosity of the samples are shown in Table 4. There
is no correlation between the compressive strength and the band shift as well as with
porosity values, suggesting that the alkali activation process (degree of
polymerization) is similar for all samples and that the differences in mechanical

properties are due to the different particle sizes distributions of the ground material.

Table 4: Compressive strengths, the position of the Si-O-T (T = Si, Al)
asymmetric stretching vibration band and the data for open porosity.

Sample

Compre
ssive
strength

Si-O-T

(T =Si,
Al) (nm)
Open
porosity
(%)

C-A-S-H and/or C-S-H gels may form due to the presence of lime and local slag,
whereas N-A-S-H is typically formed in the alkali-activated metakaolin. In stone
wool activated with sodium silicate, however, (N,C)-A-S-H gel is suggested to be the
prevailing form (Yliniemi et al., 2020). Since the mixture is composed of several
precursors, the position of the bands, which were seen across all the samples,
regardless of the batch, could belong to a mixture of gels (C-A-S-H, N-A-S-H
(Garcia-Lodeiro et al, 2011) and (N,C)-A-S-H). Since quartz was used as an
additional aggregate in the mixture, a doublet is seen at 797 and 778 cm -1, as well as
an additional band at 694 cm-1.
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Figure 8: FTIR spectra of 12 different alkali activated fagade panels cured at room

temperature for three days, followed by three days of curing at 60° C.

Source: own.
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Figure 9: X-ray diffraction patterns of 12 different alkali activated fagade panels cured at

room temperature for three days followed by three days at 60 °C.

Source: own.
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12 different X-ray diffraction patterns of alkali-activated facade panels are shown in
Figure 9. The amount of amorphous content is around 80 wt% in all the samples
(an amorphous halo is observed at the same position in all samples between 22° in
38°). Crystal phase, representing about 20 wt% of all panel material, is primarily
consisted of mullite and quartz.

The leaching results of toxic elements from 12 randomly selected fagade panels are
presented in Table 5. Most of the elements are below the upper limits for inert waste
(concentrations of elements measured in the samples are shown in Table 5, and the
requirements are provided in Table 6). Cr, As and Sb exceeded this limit in some
cases, however, while Mo was above the limit in all cases. Cu did not exceed the limit
values set by the Decree on Waste Landfill, but Slovenian regulations are slightly
stricter when waste material is intended for recycling, meaning the leached

concentrations of Cu are above the values permitted within Slovenia.

Table 5: Concentrations of toxic metals from 12 different fagade panels. Concentrations
coloured in red are above the limits stated in the Decree on Waste Landfill, whereas the
values in blue show the concentrations of elements that exceeded the required values
outlined in the Decree on Waste.

Element
(mg/kg)
Ter_11
Ter_12
Ter_13
Ter_14
Ter_15

Ter_16
Ter_17
Ter_18
Ter_19
Ter_20
Ter_21
Ter_22

A comparison was also made between the leaching of elements from the facade
panel prepared from mix design 1 and that prepared using the current formula (mix
design 3), which shows a decrease in the concentrations of most of the toxic
elements (Table 7). Significant decreases are observed in the case of Cu and Mo. The
addition of a smaller amount of sodium silicate, and the absence of NaOH, could
lead to a slight reduction in the pH of the solution, which could influence the

leaching potential of these two elements. However, curing conditions at 60 °C
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instead of room temperature may also improve the immobilisation of those two
elements (Izquierdo et al., 2010; Keulen et al., 2018).

Table 6: The concentrations of inert and non-hazardous waste that should not be exceeded
according to the Decree on Waste Landfill, and the limit on elemental concentrations that

can be used in recycled products based on data from the Slovene Decree on Waste.

Element Cr
(mg/kg)

Inert
waste
Non-
hazardous
waste

Dectee on
waste

(SLO)

Table 7: A comparison of the toxic metals leached from the final mix design (mix design 3)
and the first mix developed in the lab. The concentrations coloured in red are above the
required values stated in the Decree on Waste Landfill, whereas the values in blue are the
elemental concentrations that exceeded the values required according to the Decree on
Waste.

Element

(mg/kg)

Mnf 0.65 | 0.04 | 0.83 | 2,60 | 0.15 | 0.54 | 0.16 | 1.69 | 0.003 | 0.04 | 0.25 | 0.005 | 0.09

design 1

Mix 0.46 | 0.015 [ 025 | 0.79 | 0.04 | 0.43 | 0.05 | 0.92 | 0.0008 | 0.04 | 0.08 | 0.004 | 0.05
X + + + + + + + + + + + + +

design 3 i py - s - o - > - - - py -

e 0.10 | 0.005 | 0.05 | 0.23 | 0.02 | 0.12 | 0.01 | 0.13 | 0.0004 | 0.02 | 0.04 | 0.001 | 0.02
3 Conclusions

The fagade panels prepared varied in terms of their mechanical properties as a result
of the unevenly milled batches of (pre-milled) mineral wool. If a higher proportion
of smaller fractions are present in the mixture, the mechanical properties are better.
There is, however, no correlation between the mechanical properties of the panels
and the degree of polymerization, open porosities and the leaching parameters — an
improvement in mechanical properties does not necessarily lead to an improvement
in the immobilization of elements, as other processes, such as diffusion and
dissolution, may affect the leaching of elements. With a slight modification to the
mix design and a change in the curing conditions, the leached concentrations of most



5TH INTERNATIONAL CONFERENCE ON TECHNOLOGIES & BUSINESS MODELS
FOR CIRCULAR ECONOMY: CONFERENCE PROCEEDINGS.

toxic elements were reduced. This is significantly important for Cr, Ni, Cu, As, Se,
Mo and Hg; all of which exceeded the permitted values outlined in the Decree on
Waste Landfill and the Decree on Waste. Additional modifications to the mix design
and curing process should, however, be tested, in order to reduce the concentrations
of those elements to below the limit values required for recycled products. Further
work with respect to the composition of samples is, however, needed, to ensure the

mixture is suitable for use as a commercially-available recycled product.
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Abstract This research addresses the recycling possibilities of a
concrete product that contains coarse concrete aggregate as
recycled material. The use of this finely milled product is proposed
as an active addition to cement that already includes by-products
in their composition. The partial substitution of cement by
secondary raw materials contributes positively to the reduction of
waste dumping and to the reduction of greenhouse gas emissions.
However, the substitution rates of secondary raw materials ate
higher in concrete aggregates (20%) than in cements. The dosage
of a concrete includes approximately three times more coarse
aggregate than cement. This means that the amount of waste that
can be incorporated into recycled concrete is greater if it is done
as coarse aggregate than if it is added to cement. The main
advantage of the partial substitution of cement lies in the reduction
of COz derived from the decarbonization process of the cement

raw matetrials.
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1 Introduction

The use of concrete wastes in new building products in the Circular Economy
framework currently has a medium scope. On one hand, there are already industrial
applications of recycled concrete aggregates to be used in new concretes. But on the
other hand, the researches about how to use this waste as fine aggregate in mortar
or concrete or finely milled as cement addition is still under development.

It is needed to focus on recycled concrete because now the standard (AEN/CTN
146 ) allows to include until a 20 % of coarse aggregate from recycled aggregates.
However, the Circular Economy concept requires to consider the recyclability of
these new products one they are at the end of their live and when they are considered

as wastes.

One recycling way of these wastes is the treatment in order to manufacture again
recycled aggregates to be added to new concrete mixes. On this way, the new
concrete will include a 20 % of recycled concrete. But this already included a 20 %
of recycled concrete. So, it means, in total a 24 % of recycled material so in according
to that standard, the proportion of recycled material will increase in each step.
Although it will be limited due to the technical characteristics.

The second recycling way is the use in cement. If it is considered the Portland
Cement production in Europe in the last years has passed 100 million tons per year,
even short addition may have a huge impact. In fact, the waste additions to cement
is already a common practice but to add other options may be of great interest
because now some of these wastes are sold as raw materials with a high dependence
and a high availability risk. In addition, it is necessary to consider that the cement
industry is responsible of the 5 of the greenhouse gases produced every year
(Benhelal, Shamsaei et al. 2021) and the 5-8 % of the COz emissions (Sousa, Bogas
2021). Therefore, to include low proportions of secondary raw materials as cement
additions will positively contribute to decrease these emissions. It is due to the main
chemical process associated to the cement manufacturing: the decarbonization.
Calcium carbonate present in the cement is transformed into calcium oxide with the
emission of COz. So, if other compounds different than the calcium carbonate are

used in cements, the emissions will decrease.
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The possibility to use concrete waste as cement addition depend on the state of the
waste in terms of particle size. It is important to use the reactivity of the dust (<0,063
mm) which is obtained by a milling of the concrete, in order to perform partial
substitutions of the cement (Xiao, Ma et al. 2018). However, it seems difficult to
perform cements additions higher than 10 % due to the strength decrease of the
tinal products. In addition, it must be considered that these additions should be
combined with those commonly used now such as fly ashes or silica fumes which
have already high performance.

This work aims to analyse the possibility of use waste from recycled concrete as
active addition to an industrial cement in order to evaluate the potential advantages
and the limits of use. The plan is to evaluate short additions of milled concrete in
cements: 5, 7 and 10 %. Although the potential reduction of the COz is about 38-76
kg per ton of produced cement, the final strength of the cement should be tested.

2 Materials

The concrete waste used in this study comes from the manufacturing of concrete
probes with a 20 % of recycled concrete aggregate. The wastes of the compressive
strength tests from a previous research which included a new concrete with recycled
material are studied in the present work. The compressive strength of this old
concrete at 28 days was 34,3 Mpa and it was manufactured with:

- CEMII/A-M 425 R.

—  Coarse aggregate 6/20 mainly composed by silica.

— A substitution of 20 % of the coarse aggregate by recycled concrete
aggregate from a CDW manager located in Madrid

—  Fine aggregate 0/6 mainly composed by silica.
—  Superplasticiser

—  Water

The cement used in the present research is the same than the used in the previous
one: CEM II/A-M 42,5 R. A Portland Cement with the addition of fly ashes and
limestone (12-20 %) and with a compressive strength at 28 days of 42,5 Mpa.
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3 Method

The CO; emissions have been estimated in a theoretical way. Assuming a minimum
proportion of calcium oxide present in the cement. And considering that all this
oxide comes from calcium carbonate after a decarbonisation treatment in a specific

proportion which depends of the stoichiometric ratio.

CaC0s; - Ca0 + CO,

In the behaviour of the additions has been considered the main composition of
them:

—  Fly ashes: no calcium carbonate
— Milled concrete: no calcium carbonate

— Limestone: a2 100 % of calcium carbonate.
4 Discussion

The main source of CO; pollution by the cement production process comes from
the decarbonisation of the lime in (calcium carbonate) into calcium oxide by the

thermal treatment of the raw materials:

CaC03 - Ca0 + CO,

It is possible to consider a typical minimum content of CaO in cement of 60 %
which means a theoretical emission of 765 kg of COz per ton of produced cement.
Although this value may change with the temperature of the process and the
energetic consumption of fuel has been not considered. A substitution of 5-10 % of
cement per milled concrete (already decarbonized) may reduce about 38-76 kg of
COz per ton of produced cement.

There is a natural carbonisation of the concrete during their live so in real terms
there will be a small amount of calcium carbonate in the concrete wastes. However,

it is not easy to measure this parameter in concrete wastes since it depends on the
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type of original concrete, its age and weather conditions, among others. For this

research, no natural carbonisation of the concrete has been considered.

The cement of this study contains about 12-20 % of fly ashes and limestone so its
emissions may be partially reduced if this proportion are completely fly ashes (which
do not include carbonate) but in the case of a predominance of limestone as active

addition the emissions will be higher than a cement without this kind of addition.

Although the current trend is the addition of limestone after the thermal process
(and therefore without the emission of COy), there is a greater tendency towards the
calcination of secondary raw materials in order to achieve their activation. Because
the second recycling of the products will not only contain cement, but also other
waste such as ceramic or concrete, the calcination of this cement will emit CO; from
both cement and the limestone. Therefore, all additions before the thermal process

have been considered.

It is possible to consider six different scenarios where the addition is minimum

(12%) and with three different ratios fly ashes / limestone:

— 100 % limestone / 0% fly ashes
— 50 % limestone / 50 % fly ashes
— 0% limestone / 100 % fly ashes

And the same three scenarios assuming the highest addition (20%).

— 100 % limestone / 0% fly ashes
— 50 % limestone / 50 % fly ashes
— 0% limestone / 100 % fly ashes

The next table summarise this situation and shows the theoretical emissions in kg

per ton of produced cement.
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Table 1: Theoretical CO; emissions (kg) per ton of produced cement (CEM II).

. Fly . Clinker Limestone Cement
Clinker Limestone . . . . . .
%) ashes %) emissions emissions emissions
(%) (kg /1) (kg /1) )
100 0 0 765 0 765
1 88 0 12 672,8 1529 825,7
2 88 6 6 672,8 76,5 749,2
K} 88 12 0 672,8 0,0 672,8
4 80 0 20 611,6 2548 860,5
5 80 10 10 611,6 1274 739,0
6 80 20 0 611,6 0,0 611,6

As it was expected, the limestone addition have a worse effect in terms of emissions
than the original cement without addition (equivalent to CEM I). But the addition
of fly ashes is very positive even in the case of use the same proportion of fly ashes
than limestone.

These results can be optimized with the addition of milled concrete waste in a
proportion of 5, 7 or 10 % of the total cement. They are small quantities that will
not negatively affect to the final strength of the products or even can improve it.

The next table shows a theoretical estimation of those additions.

Table 2: Theoretical CO; emissions (kg) per ton of CEM II with milled concrete produced
cement (CEM II with commercial additions and milled concrete)

o= e el e e e o
S 3 ¢ g £ % 2y B2 B¢
8 < = e 5 & e el g8 e S 9
= & Y k| © g g .2 29 g8¢ 22
8 = £ E EE 58 EE §ES £S5
®) N [ 1) - o (OR) 00O 0O 00O 0o O
100 0 0 765 0 765
1 88 0 12 672,8 152,9 825,7 7844 767,9 743,1
p) 88 6 6 672,8 76,5 749,2 711,8 696,8 674,3
3 88 12 0 672,8 0,0 672,8 639,1 625,7 605,5
4 80 0 20 611,6 254,8 866,5 823,1 805,8 779,8
5 80 10 10 611,6 127,4 739,0 702,1 687,3 665,1
6 80 20 0 611,6 0,0 611,6 581,0 568,8 550,5




S. Rosado, 1. Gullon, L. Presa, |. Moreno: Recyclability of Recycled Concrete Products in
Cements

In the best scenario (6), a substitution of 10 % of milled concrete by cement with a
20 % of fly ashes can reduce the emission above 30 %. In the most common cases
(scenario 5) where a mix of lime and fly ashes are used, the reduction may be about

7-13 % depending the quantity of milled concrete added.

CO2 emissions

1000,0
900,0
00,0

700,0
600,0 = CEM Il
500,0
Q,

2000 W CEM Il + 5% CW
300,0 W CEM Il + 7% CW
200,0 CEM Il + 10% CW
100,0

0,0

1 2 3 4 5 6

Cement composition

kg CO2/t of produced cement

Figure 1: CO; emissions by every kind of addition.
Source: own.

The highest reduction of the CO; emissions are according to the highest additions
of the milled concrete. The main issue to be solved is the mechanical performance
of these kind of cement additions. Probably the limit proportion is 10 %. Additions
higher than this may cause a decrease of the strength. But lower proportions such
as 7 % may develop a high strength, even improving the strength of the original
cement. But it depends of the quality of the concrete waste. In general terms, if the
presence of sulphates is low, the quantities of silica and calcium oxide are high, the
final strength may be optimum. But in any case, to perform a detailed strength study
is required.
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5 Conclusions

In a theoretical framework, the milled concrete addition to commercial cements in
low proportions (5, 7 and 10 %) may considerably improve the CO; emissions due
to the decarbonisation of calcium carbonate into calcium oxide. In addition, if the
cement to be used already includes other additions such as fly ashes or limestone,
the potential reduction of those emissions is interesting (7-13 %).

With this forecast of emissions saving, it is suggested to continue the research with
a practical study whose main goal should be to define the maximum proportion of
milled concrete which is possible to use in this kind of cement. A simple test plan
should include a reference sample without additions and mixes with additions of 5,
7 and 10 % of milled concrete in order to study the final strength at 7, 28 and 90
days. On this way, the potential pozzolanic activity of the materials (fly ashes are
considered as pozzolanic material) will be also studied.
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Abstract In this research catalyzed degradation of polyethylene
terephthalate was performed. For that purpose, ZSM-5 zeolite was
synthesized as an acid catalyst. For its characterization N»
adsorption, scanning electron microscopy, NH; temperature
programmed desorption, differential scanning calorimetry,
thermogravimetric analysis, dynamic light scattering, and Fourier
transform infrared spectroscopy were utilized. Degradation
reactions were performed in high pressure crucibles using
differential scanning calorimeter at different temperatures (200,
250 and 300) °C and time intervals (2.5, 5, 10 and 15) min. Samples
were analyzed using high performance liquid chromatography
coupled with UV-VIS detector. The results revealed that the
highest conversion was achieved at 300 °C and 10 min. The
analysis of obtained results showed that despite the differences in
conversions being not as high as expected, reactions with the
catalyst were slightly more effective than without it. For the future
work, we plan to finetune the synthesis procedure to obtain more
active catalyst. And for the upgrade of the study the kinetic analysis

of the reaction will be conducted.
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1 Introduction

Polymers represent materials, which we use daily practically everywhere in our lives.
Their usage in food, cosmetics, building and electro industry has risen significantly
in the past decades. (Namazi, 2017)

Life without synthetic materials is not imaginable. Population growth, higher life
standard and the revolution of technology are the reasons for high production of
polymers. Most of the produced plastic and polymer products are not biodegradable,
which has a significant impact on the environmental pollution. Researchers are
looking for an economical, technological and environmental solution for a
replacement of polymer materials and its recycling or transformation to other useful
products. (Manfra, 2021 and Kumar Gupta, 2022)

Polyethylene terephthalate (PET), which belongs to the polyester family, is a widely
used linear semi-crystalline thermoplastic polymer due to its favorable mechanical
and thermal properties. It belongs to the unbranched polymers obtained by the
esterification reaction between ethylene glycol (EG) and terephthalic acid (TPA) or
by trans-esterification between ethylene glycol and dimethyl terephthalate. Due to
its advantages and useful properties (flexibility, recyclability, electrical-insulating
properties, high mechanical strength, low weight, resistance to alcohols and aliphatic
hydrocarbons), it is commercially found mainly in packaging, fibers and electronics.
It is more suitable for recycling compared to other alternative materials. The most
used recycling methods are hydrolysis and mechanical mixing. In chemical recycling,
TPA and EG are formed as hydrolysis products. From an economic and
environmental point of view, mechanical recycling is more often used. (PET, 2022
and Yan, 2023)

The aim of this study was to synthesize a new acid catalyst, which would be
appropriate for PET degradation. Advanced analytical techniques were used for

catalyst characterization.
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2 Materials and methods
2.1 Materials

All the reagents and solvents used were of analytical grade. Sodium hydroxide
(NaOH, 99 %), Sodium aluminate (NaAlOz, ALOs: 50-56 %, Na,O: 37-45 %),
Tetrapropylammonium bromide (TPABr, 98 %), Bis(2-hydroxyethyl) terephthalate
(BHET), Trifluoroacetic acid (TFA, 99 %) were purchased from Sigma-Aldrich,
Ammonium nitrate (NH4NO3, 99 %) from Kemika, Tetraethyl orthosilicate (TEOS,
98 %) from J&K Scientific Ltd., Polyethylene terephthalate (PET) from Melanin,
and Acetonitrile (ACN 99,9 %) from Honeywell.

2.2 Methods
2.2.1  Catalyst synthesis

0.05 g of NaAlO; and 0.6 g of NaOH were dissolved in 101.25 mL of deionized
water. 2.1 g of TPABr and 6.425 g of TEOS were added to the solution and stirred
overnight. Then the solution was transferred into an autoclave and aged for 48 h at
180 °C. Afterwards, the solution was filtered, solid product washed with deionized
water, dried at 100 °C and then calcined for 6 h at 550 °C. Ion exchange of solid
product was performed with 500 mL of 0.2 M NH4NOs solution during stirring for
3 h at 80 °C. The particles were filtered and dried. The process of ion exchange was
repeated three times. At the end the solid product was calcined for 6 h at 550 °C.

2.2.2  Catalyst characterization

The synthesized catalyst was characterized by nitrogen adsorption-desorption
(BET), Fourier transform infrared spectroscopy (FTIR), scanning electron
microscopy (SEM), dynamic light scattering (DLS), thermogravimetric analysis
(TGA), and temperature programmed desorption (TPD).
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2.2.3 Polyethylene terephthalate degradation

Polyethylene terephthalate degradation reactions were performed in a differential
scanning calorimeter from Mettler Toledo (DSC3). The reactions were carried out
in a small high- pressure stainless-steel reactor with a volume of 30 uL, at
temperatures 200, 250 and 300 °C and time 2.5, 5, 10 and 15 min. At each
temperature and time, the reaction was performed with and without the catalyst. 5
mg of polyethylene terephthalate (PET) and 2.5 mg of the ZSM-5 catalyst were
weighed into the reactor. Then 20 pL of deionized water was added. The reactor
used for PET degradation reaction is shown in Figure. After a certain time, 10 pLL
of the sample was withdrawn from the reactor and diluted with 490 pL of mobile

phase. It was further used for the analysis.

Figure 1: High-pressure stainless-steel reactor with the sample.

Source: own.
2.2.4 Analysis

The analyses of TPA and intermediate BHET were performed on a Hewlett Packard seties
1100 high performance liquid chromatograph HPLC coupled to a UV-VIS detector. The
separation of compounds was performed on an Agient Eclipse XD8-C18
chromatography column (4.6 x 250 mm, 5 pm) at 30 °C. The mobile phase consisted of
two solvents, A: acetonitrile (ACN) and B: water (0.1 % TFAA), (A:B=25:75). The flow
rate through the column was 1 mL min. The detection was performed at 240 nm. The
samples were washed from reactor with 0,5 % NaOH and diluted to 2 mL. This solution
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was then further diluted (50 ul. of sample and 1450 pL. of mobile phase) and filtered
through a 0.22 um PES filter. The TPA and intermediate BHET concentrations were

obtained from calibration curves.
3 Results and discussion
3.1.1  Catalyst characterization

The nitrogen adsotption/desorption isotherms (Figure 2) of the catalyst show type IV
isotherms with a clear hysteresis loop at relative pressures of p/p = (0.3 — 1.0). The
determined BET sutface area was 360.6 m2/g, pore size 2.0 nm and pore volume 0.18
cm’/g. The synthesized catalyst belongs to mesoporous material with a relatively large
surface area.
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Figure 2: BET.

Source: own.

From the FTIR spectra it was not possible to determine the presence of specific functional
groups.

The morphology of the synthesized catalyst was observed by scanning electron
microscopy (SEM) and the images obtained are shown in Figure 3. We can see that the
catalyst forms clusters of several smaller particles. From higher magnifications it can be
seen that the size of one particle is about 0.5 pm, which is in agreement with DLS
measurement, where the average particle size was determined to be 0.57 um.
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From the results of the TGA measurement we could determine only one step change at
the beginning of the measurement to around 200 °C, which is attributed to the loss of

bound water.

ification: 1000x

Figure 3: SEM image of ZSM-5 catalyst.

Source: own.

In order to determine the acid properties of synthesized catalyst temperature
programed desorption of NH3 was performed. From the response (Figure 4) it is
clear that there are manly weak acid sites presented (peak around 120 °C) and only
few strong acid ones (peak around 450 °C).
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Figure 4: TPD of NH.

Source: own.
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3.1.2 Polyethylene terephthalate degradation

The reactions of PET degradation were performed at different temperatures (200,
250 and 300 °C) and time petiods (2.5, 5, 10 and 15 min). The obtained
concentrations of TPA and BHET at 200 °C are shown in Figure 5.

0.20
aa BHET
0.16 4| ee BHETcat o
oo TPA
&% TPAcat *
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ey
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Figure 5: Concentrations of TPA and BHET regarding time at 200 °C.

Source: own.

It is known that during the degradation of PET two intermediates BHET and
MHET are first formed and then the degradation proceeds towards to TPA. Because
of the inaccessibility of MHET we were only able to determine the concentrations
of BHET and TPA. We observed that at all temperatures the concentrations of TPA
and BHET increase with increasing time of the reaction. But the increase in the
concentrations is more pronounced with increasing temperaturej. We also
confirmed that the synthesized solid acid catalyst was active during the degradation
of PET. Namely, for most reactions performed with the catalyst the concentrations
of formed TPA were higher than for those without the catalyst.

4 Conclusion

The reactions of PET degradation took place in a differential scanning calorimeter.
Further, the catalyst characterization using different characterization methods was
performed. It was confirmed that synthesized catalyst has acid properties. The reaction
with a catalyst was more effective at a certain temperature than without it, yet the achieved

conversions were lower than expected. The conclusion drawn from this study is that
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synthesized catalyst is not efficient enough to be used in the degradation of polyethylene
terephthalate. In the comparison between the use of the catalyst and the increase of the
reaction temperature, it was found that in our case the temperature has a greater influence

on the reaction conversion.
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Abstract Electrocoagulation (EC) has been employed recently to
treat tannery, textile, and coloured wastewater. Three main
processes are gathered in EC process, namely electrochemistry,
coagulation, and flotation. This technique uses DC currents
source between metal electrodes immersed in the textile effluent,
which causes the dissolution of electrode plates into the effluent.
The main advantage of EC compared to chemical coagulation
technique is that EC generates less sludge. The objective of the
present manuscript is to review the potential of
electrocoagulation for the treatment of textile effluent. The most
influential factors on removal efficiency, such as initial pH, time
of EC, conductivity, current density, initial dye concentration and
periodically reversal current on electrodes were discussed.
Considering the circular economy concept, which focuses on
positive society-wide benefits, manufacturing brick or ceramic

materials is feasible method for disposing sludge.
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1 Introduction

The effluents from textile industry as well as tannery are heavily polluted with heavy
metals, such as chromium, and different types of organic matter, especially dyes. The
water is dark coloured and does not allow the passage of sun light, therefore, it might
be toxic and pootly chemical and biological degradable. (Moussa et al, 2017) Due to
toxicity of dyes and metals in textile water, biological treatment is insufficient
(Emamjomeh and Sivakumar, 2009).

Chemicals are added to physically remove during traditional techniques such as
coagulation or adsorption on traditional adsorbents such as activated carbon in used.
In both cases a lot of sludge is generated. Therefore, electrocoagulation (EC) has
been employed to treat among other also tannery, textile, and coloured wastewater.
The process generates no additional chemicals. In the literature (Mousssa et al, 2017)
it was stated that more than hundred years electrocoagulation has been applied to
remove pollutants from different types of industrial wastewater, such as: emulsion
wastewater, coloured wastewater (textile), pulp and paper industry wastewater,
tannery, and also from food industry. EC and other electrochemical wastewater
treatment processes are considered as an environmentally friendly technology.
(Mousssa et al, 2017)

Heavy metals, such as Chromium, is very toxic, even carcinogenic as Cr(VI). The Cr
removal dynamics was explained (Espinoza et al, 2009). The positive chromium ions
are neutralized after movement to the ferrous ions at anode under the electric field,
and Cr-ions electrical charge is neutralized. After 15min, a 93 % drop in Cr
concentration was measured as a consequence of the particle coagulation. The

electrolysis time of 1 hour was enough for the almost total neutralization of Ct-ions.

The aim of present study was to identify the current state of the EC and review of
recent advances in the field of EC. Also ECs’ potential as an effective textile
wastewater treatment method was considered. From the circular economy concept,
disposing sludge could be used as secondary material for manufacturing brick or

ceramic materials (Sandoval et al, 2021).
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2 Methods
At the iron anode the chemical oxidation to Fe?" take place (Chen, 2004).

Next reaction at pH above 7:

Fe2t + 30H- — Fe(OH)y M
And at pH below 7:

Fe2t + O, + 2H,O — 4Fe’* + 4OH-. @)
and

Fe3* + 30H- — Fe(OH)s, 3)

From water oxygen and H+ ions are produced.

At the iron cathode hydrogen is produced:

2H,0 + 2¢~ — Ha + 20H- )
Beside monomeric also polymeric species could form, e.g. Fe(H2O)s**, (OH)2™,
Fex(H20)s (OH)2**and Fe(H20)s (OH) 44+ Fe(H20)sif pH changes (Hendaoui et al,

2018).

NaCl increases the production rate of such polymeric species. In textile industry a
lot of dyes arre present in water. (Eq.5-6) (Nandi and Patel, 2017):

Dye+ Fe(monomeirc) = monomeric-komplex (s) 5)

Dye+ Fe(polymeirc) = polymeric-komplex (s) 6)
In the second step the adsorption take place, following reactions 7 and 8:

komplex + Fea(OH), ) = sludge (7
Dye + Fea(OH)n y 2 sludge .. (8)
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In case of Al, species such as AP’* and AI(OH)>" dominate at low pH. Within the
pH range 4 - 9, various species such as AI(OH)>", A[(OH)2?*, which are monomeric
and species such as Alg(OH)is3*, Al;(OH)174*, Ali3(OH)345* which are polymeric
form flocs Al(OH)s(s) through complex polymerization and/or precipitation
mechanism. When pH is higher than 8, the monomeric AI(OH)4~ concentration
increases, decreasing the significance of insoluble amorphous AI(OH)s(s) flocs
(Merzouk et al, 2010). In case of iron electrodes, only soluble Fe?* ions and Fe3* (aq)
ions form the precipitation of Fe(OH); with impurities mainly by charge
neutralization or adsorption during coagulation.( Cerqueira, 2009)

Direct red 81 was successfully removed by adsorption (Aoud;j et al, 2010). It was
observed during analysis of dye-loaded sludge using FTIR. The observed variations
in FTIR spectrum suggest the adsorption of dye on AI(OH)s(s) flocs.

Some authors emphasized the importance of flotation at EC process (Ghanbari et
al, 2014). The sacrificial electrode is electrolytically oxidized and coagulants are
formed during an EC process. Such coagulants destabilize the contaminants and
consequently agglomerates are formed. As gases are formed according to Eq. 4,
pollutants are floated. The process is shown in Fig.1 as one of the main stages

involved in EC processes.

Anodic processes Cathodic processes
..
Chemicaldssoution S 22 ° o e Cremicadesolton
AT species Al species
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Electrocoagulation ff
- /
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o [oe%
L J
b
e ¢ o
e o ° JI;' )1— e
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d oa . .(_) '.,_-_/'D:?t;c' H, + OH

Figure 1: Main mechanism of electrocoagulation
Source: (Canizares et al., 2005)
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During EC flocs are formed similar to conventional coagulation. Coloids are
neutralised by Al (or Fe) ions and they generate bigger macroflocs which are
removed by sedimentation. The stability of colloidal particles is well described by
DLVO (Derjaguin-Landua- Verwey-Overbeek) (Moussa et al, 2017). Two forces:
attractive van der Waals force with an attraction energy (Va) and the repulsive
electrostatic force with repulsion energy (Vg) are the main forces have the leading
role if electrical double-layer is present at particles’ surfaces (Fig .2). Around a
negative ion an excess of positive ion is accumulated in the interfacial region, and
this govern the electrostatic effects. If we sum the Van der Waals attraction energy
and electrostatic repulsion energy we gain the net interaction energy of two particles.
The total interaction curve (Va + Vr) shows a primary minimum and a secondary
minimum in Fig. 2.

\\ Veaek
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— Sea

L] / e i
.‘: f I Ve ‘H___\_ “'--,___
£ ! — Sean
§ / ol T Separation, X
j-] as Secondary minimum
oo o7 Vaalix

. _—  Primary minimum

Figure 2: Interaction energy and particle separation curve in dependence of X
Source: (Moussa, 2017)

In general, laboratory EC system consist of 2 electrodes in reactor and are connected
to DC source. (Mollah et al 2004).. The research related to the use of electrode made
of composite of aluminum and iron which are most widely used electrode material.
They both are very concise for the treatment of textile wastewater (Verma, 2017).

For real wastewater treatment a cell with two-electrode EC is not appropriate. Large
surface area is required. EC cells with monopolar electrodes either in parallel or
series connections could improve the efficiency of EC. This arrangement of
monopolar electrodes with cells in series is electrically like a single cell. The pair of
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»bipolar« electrodes are placed between the two parallel monopolar electrodes and
are electrical not connected, there is no interconnections between the anodes. Only
the two monopolar electrodes are connected to the electric power source. (Moussa
et al, 2017)

3 Effect of important parameters on electrocoagulation efficincy

Since dying is very important branch of industry in developing countries, simple and
cost-effective treatment methods are searched for effluent wastewater treatment. EC
have potentials for effective method. Authors claim that the most influential factors
on removal efficiency are as follows: time of EC, conductivity, pH-value, selected
dye concentration, current density, and current on electrodes, which could be

periodically reversal (Hakizimana et al, 2017).
3.1 Initial pH value and Conductivity

Neutral pH range was suitable in many experiments, generally at pH 7.0 £0.5. If pH
of the dye solutions was between 5.5 and 8.5 almost total colour removal was
observed (Daneshvar et al, 2006) and between 6.5 and 10.5 for cationic dye removal
(Nandi and Patel, 2017). Initial pH was 7.4 and 70 % of suspended solids was
achieved, 97 % of Cr removal and 46 % of COD removal (Apaydin et al, 2009). Best
removal results for 5 min electrolysis duration were observed at a pH of 5-9 during
the EC process. (Sangil and Ozacar, 2009)and 98 % of reactive dye was degraded.
Recent study showed up to 95 % colour removal at pH = 5 and current density 25
mA/cm? (Bener et al., 2019)

The amount of AI(OH); overcomes the amount of OH-, then more precipitation

will be formed, causing more removal efficiency. (Khoran and Falach, 2018).

The removal of COD and colour from synthetic textile wastewater was studied
(Verma, 2014): Up to 86 % colour was removed up to pH=8.

In tannery wastewater the initial pH is around 4 and slightly increases during EC.
Up to 85 % of COD could be removed in acid region (Varank et al, 2014).



M. Simonic: Electrocoagulation Implementation for Textile Wastewater Treatment Processes

It could be concluded that pH has great influence on dye removal while the COD
removal efficiency was lower, thus, depending on more than one parameter.

Low energy consumption was observed in another study with high Cl-ions content
(Nandi Patel). The same study on removal of Brilliant green, which is very well-
known cationic dye, showed the influence of NaCl. Dye diffusion and adsorption
onto fibre is ehhanced by NaCl, whereas Na;CO:s is less efficient in dye removal at
EC, which is connected to the pH increase.

Almost total colour removal can be obtained in dye solutions with a conductivity of
8 mS/cm. (Daneshvar et al, 20006)

3.2 Reaction time

If reaction time increased 6-fold from 10 min yield in the dye removal increased to
98.3 % (Aoudj et al., 2010). Electrocoagulation time was studied at 7.5 initial pH,
4.0 cm internal electrode distance, and 68 mA cm™2 current density values. Turbidity
was lowered up to 99 %; TSS up to 60 % and Ca-ions up to 80 % in 45 min EC.
(Espinoza et al, 2009) Already after 3 min COD decreased by 84 % to 78.5 mg/1
with a removal efficiency of when using two iron electrodes with fixed potential of

0.6 V (Zaroual, 2000).
3.3 Current density

The optimum cutrent density of 80 A/m?was used for the colour decrease if dye
solution containing BB3 was treated.(Daneshvar et al, 2006) Similar values from 80
to 100 A/m? were reported by Kobya (Kobya et al, 2003).The optimum current
density of 75 A/m?2was applied for achieving the highest decolourisation of textile
wastewater (Ghanbari, 2014).For current density up to 138.9 A/m2, more than 90
% brilliant green dye removal was observed after 10 min of operation (Nandi and
Patel, 2017). The rate of dye removal increased with increasing of current density.
In another study much lower density at 19 A/m?was used and 98 % of dye removal
was achieved. (Aoud; et al, 2010)
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3.4 Initial dye concentration

The dye concentration is removed by the sufficiency of Fe species. The lower is the
dye concentration better would be the removal efficiency. (Zaroual et al, 2006) The
same observation was found by Auodj (Aroudi et al, 2010). 1f dye concentration is
high less adsorption sites are available for dye to adsorb.

In general, using a steel anode, the dye decayed in the order: reactive > acid >
disperse, and using Al, the order is: acid > reactive > disperse (Garcia-Segura).[22]

3.5 Electrode distance

The interelectrode distance affect differ regarding pollutant nature, hydrodynamic
conditions, etc. Best efficiencies were gained at 1.5 cm at 98 % (Aoud; et al, 2010).
At such distance, the most of aluminium polymers aggregate in flocs and the dye
adsorption was the highest. (Ghanbari et al, 2014). The highest decolorization
efficiency was achieved with a distance of 3 cm between the two anodes. At larger

distances the flocs interactions are weaker, and the adsorption decreased.

The issue of cathodic polarization also discussed (Wellner et al, 2018) and the results
was accumulation of Al(OH)4 at the electrode surface.

3.6 Unit energy demand

The operating costs of EC could be calculated as a sum of the cost of energy,
electrode and chemical consumption (Khandegar and Saroha, 2013).

The energy demand for certain dye removal was studied. For 75 % of dye removal
the energy demand was 4.7 kWh per kg while it increased to 7.5 kWh per kg if 98 %
of dye was removed (Daneshvar et al, 2006) Even lower energy consumption was
determined at 0.018 kWh per kg of dye removed (Verma, 2017). 0,59 kWh per kg of
dye was needed to achieve colour removal 98 % in textile wastewaters (Ghanbari,

2014) if we assume inlet dye concentration 100 mg L1 of textile wastewater.
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The operation of a continuous photovoltaic electrocoagulation process (PVEC) was
investigated, where the photovoltaic module was used instead of the current supply
(Khemila, 2018). More than 16 kWh per kg of removed dye were consumed, which

was more than by using current supply.

The specific energy demand in relation for aluminium and iron electrodes was
studies (Kobya et al, 2003). Iron electrodes are more energetically efficient than
aluminium between pH 5 and 9. The energy consumption was 0.65 kWh/kg COD
for iron electrodes, while around 0.8 kWh/kg COD for Al electrodes in acidic
medium. In basic mediums costs were twice higher for both types of electrodes.

It has been reported that electrocoagulation drastically reduces the costc for the

treatment of textile wastewater in comparison with coagulation (Bayramoglu et al,
2007).

4 Conclusion

The industrial potential of electrocoagulation application in textile sector for
wastewater treatment was reviewed. The most influential factors were presented and
discussed. The pH of the solution is one of the most important operational
parameters in EC. As presented in this paper many studies on synthetic textile
wastewater were performed using EC as method for COD, dyes, and colour
removal. EC seemed to be an efficient process to treat textile wastewater. However,
industrial scale up is more difficult as it might seem. Further work is needed to
improve the stability of the process especially regarding real textile wastewater
treatment, the role of hydrogen gas.
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