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Abstract

In this work, the chemical preparation of activated carbon (AC) using walnut shell (WS) and plastic wastes (primarily
consist-ing of polyethylene, polypropylene, and polystyrene) as feedstocks and chemical activators (KOH and NaOH)
was investi-gated in a fixed-bed reactor. Thermogravimetric analysis (TG) (TGA) was used to carbonize WS together with
plastic waste. Furthermore, the Brunauer—Emmett-Teller (BET) method, FTIR, dye adsorption, iodine number, and SEM
experiments were applied to characterize the obtained ACs. The results indicated that the polyolefinic waste acted as
insulation and controlled the energy reaching WS particles to a certain extent. In addition, the reactive pyrolysis products
of plastics such as styrene and light olefins reacted with the unstable structure of WS and intensified the secondary
reactions during the carbonization process. Secondary reactions led to the creation of new structures that were clearly
visible in the FTIR spectra. Also, the results indicated that the participation of plastics in secondary reactions has led to an
increase in AC production. Furthermore, during the activation process, plastics have led to a significant increase in the
surface area and volume of pores. The curve of WS degradation together with plastic waste showed that plastics have
slowed down the WS degradation, as indicated by the slope of the degradation graph has clearly decreased.
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Introduction

For years, activated carbon (AC) has been used in different
chemical industries for various applications, e.g., water and
wastewater treatment, water desalination, chemicals treat-
ment, and air purification [1-3]. As a porous substance with
a high surface area, AC can be applied as a strong physical
adsorbent. AC is mainly composed of carbon (>90%) with
a polyaromatic structure [4]. Other elements that are mainly
found in AC include oxygen, hydrogen, nitrogen, and sulfur
mostly as functional groups [5].

Annually, more than one hundred thousand tons of
AC are produced all over the world [6]. Mainly wood,
coconut shell, bitumen charcoal, peat shell, anthracite,
lignite olive, and almond shell are used as feedstock
[7]. Maintaining strength and physical structure under

various mechanical and thermal stresses is one of the
key parameters of AC granular type and results in greater
efficiency during the AC application [8]. Activation treat-
ment of AC is performed in two physical and chemical
procedures [9]. The physical method is usually performed
in two stages. The first stage includes pyrolysis and car-
bonization in a neutral media and physical activation in
the second stage in an oxidizing atmosphere, e.g., steam
and CO, in the temperature range of 800-1100 °C [2, 10,
11]. Furthermore, AC can be produced in single-stage
under an oxidizer atmosphere from the beginning [12].
In chemical activation as wet oxidation, feedstock or car-
bonized feedstock is impregnated with a chemical agent
and activated at a temperature range (400-900 ‘C) usu-
ally lower than the physical method [13]. In the activa-
tion process, the activating agent mainly reacts with the



weak structures in AC, e.g., defective polyaromatics, and
some functional groups leading to the intensification of
pores formation in the AC bulk [14]. Furthermore, the
reaction of the activating agent with functional groups
in activated carbon results in new functional groups, and
many of the previous functional groups are also neutral-
ized [12].

Varied acid, base, and salt activators, e.g., phosphoric
acid (H;PO,) [15], sulfuric acid (H,SO,) [16], zinc chloride
(ZnCl,) [17], potassium carbonate (K,CO;) [18], sodium
hydroxide (NaOH) [19], and potassium hydroxide (KOH)
[20] react with degradable parts of feedstock (before and/or
after carbonization). In addition to increasing the activation
rate, activators by creating different functional groups on the
surface of AC, can determine the AC efficiency and application
to some extent [21]. In recent years, KOH has been widely
used in the production of low-cost AC. Among the various
activators, KOH has been extensively used, due to its ability
to produce AC with a high surface area, narrow distribution
of pore size, low environmental pollution, less corrosiveness,
and lower cost [22].

Degradation and carbonization mechanisms during the
pyrolysis and activation process play a significant role in the
physical and mechanical properties of the prepared matrix [23,
24]. AC with a high surface area and porous structure, if it is
not accompanied by high mechanical strength, will quickly
collapse and lose its effectiveness [25, 26]. The intensification
of secondary reactions such as Diels—Alder, repolymerization,
and cross-linking, which are effective in the formation of aro-
matics and polyaromatics, can reduce structural defects and
resist mechanical and thermal stresses [27, 28]. Slow pyrolysis
by intensifying secondary reactions can play an effective role
in the production of quality activated carbons [29]. Conse-
quently, the TG instrument applied to evaluate the degradation
mechanisms can play an effective role in studying the produc-
tion process of AC [30].

The co-pyrolysis of plastics with different materials has
been repeatedly evaluated in different fields [31-33], but so
far it has not been investigated in the field of AC production.
Since plastics can affect the process of biomass degradation
[31], hence, in this paper, it has been tried to study this process
in a laboratory reactor and TG instrument.

In this paper, an attempt has been made to investigate the
effect of plastic wastes, e.g., polyethylene (PE), polypropyl-
ene (PP), and polystyrene (PS) on the production of AC from
WS. The chemical activation process using KOH/NaOH has
been carried out in a two-stage and one-stage using a fixed-
bed reactor. To check the results more closely and study the
degradation mechanisms, the co-pyrolysis process using TG
instrument has also been investigated. Furthermore, the ACs
produced have been evaluated using BET method, SEM, dye
adsorption, iodine number, and FTIR experiments.

Materials and methods
Materials

WS was prepared from an Iranian walnut type available
in the market and was powdered using a laboratory mill
in the size of 150-200 microns. Plastic wastes without
minerals and masterbatch including PP, PE, and PS were
obtained from household waste and were milled in the size
of 150-500 microns. Nitrogen (purity 99.9%) gas was sup-
plied by Roham Co (Tehran, Iran). KOH, NaOH, and HC1
were purchased from Merck.

Instruments and methods

BET method

Brunauer-Emmett-Teller (BET) method (Quantachrome
Corp. Nova 2200, Version 7) was applied to determine tex-
tural properties of prepared ACs in terms of BET surface
area (SA) and total pore volume (7PV) by nitrogen adsorp-
tion at— 196 C.

Ash measurement

To measure the ash content, 2 g of each sample was placed
in a quartz boat. The samples were kept in a muffle furnace
at 900 °C for 2 h and then cooled to room temperature and
weighed. According to the following formula, the ratio of
the remaining ash to the sample (2 g) was calculated as the
ash content (%).

Ash Content (%) = 100 X ash(g)/2g (N

Elemental analysis

The elemental composition of WS and plastic wastes was
analyzed by the CHNS Vario EL III Elemental Analyzer.

Higher heating value
The higher heating value (HHV) of different feedstocks was

measured using an isoperibol bomb calorimeter (Parr 1261;
Parr Instrument Company, USA).

SEM

The morphology of prepared ACs was observed by scanning
electron microscopy (SEM model S-3000 N, Hitachi, Japan)



after being coated by a gold sputtering machine (model
E-1010, Hitachi, Japan). The magnification of the SEM was
selected as X 3 K in this study.

FTIR

The FTIR spectrum of samples was recorded using a Model
Perkin Elmer 1100 series FTIR operating in the range
4000—-400 cm™! by using KBr crystals to prepare the pellet.

lodine number

The iodine number of samples was determined by the
sodium thiosulfate volumetric method. A certain amount of
AC (0.5 g) was added into 10 mL of 5% (v/v) HCI solution.
To remove the sulfur content, the solution was gently boiled
for 30 s and then cooled to room temperature. Subsequently,
50 mL of standardized iodine solution with 0.1 M concen-
tration was added and stirred for 15-20 min and filtered
quickly. The remaining filtrate was titrated by sodium thio-
sulfate (Na,S,0;) standardized solution and starch solution
as indicator.

Dye adsorption

The dye adsorption capability of the prepared ACs was
considered by the spectrophotometer method. A solution
of Congo red and acid yellow 23 dyes (600 mg-L™") was
prepared, and 0.1 g of ACs was added in a 100-mL glass
conical beaker and shaken for 2 h at room temperature to
reach equilibrium. The adsorbent was separated by centrifu-
gation at 5000 rpm for 15 min, and 2 cc of the solution was
withdrawn and analyzed by 722 Raster Spectrophotometer
(UV-2450, Shimadzu, Japan).

Thermogravimetric analysis (TG)

TG instrument (model Netzsch TG 209) was applied to study
the thermal behavior of WS and plastic wastes (PE, PP, and
PS) under the heating rate of 30 ‘C-min~' at 30-700 °C. In
order to minimize the test error, the mass of all the samples
was equal to 12 mg. TG experiments were performed in
nitrogen media (99.99% minimum purity) at a flow rate of
30 mL-min~L.

In DTG curves, 7% and T5°" are the temperatures at
which the maximum degradation rates of WS and plastic
occur, respectively. Furthermore, a; and a, are the slopes
of degradation curves of WS’ cellulose and hemicellulose,

and plastic respectively, while a; represents the slope of
degradation curves of biochar and char for WS and plastics,
respectively.

The fixed-bed reactor

The AC production was carried out in two single-stage and
two-stage methods. The reactor used was a small laboratory
fixed-bed reactor with a capacity of 100 cc and a heating rate
of around 10 ‘C-min~! (Fig. 1). The reactor’s temperature
and pressure were controlled. In the single-stage method, WS
with a plastic waste was mixed physically in different ratios,
immersed into water solutions of NaOH or KOH and held in
the solutions for 24 h, heated in the pyrolysis reactor in a nitro-
gen media, and placed at a temperature of 650 “C for 30 min.
In the two-stage process, WS and plastic were added to the
pyrolysis reactor in different ratios and placed under nitrogen
gas for 30 min at a temperature of 500 ‘C. In the following,
after cooling down, the obtained charcoal was immersed into
water solutions of NaOH or KOH and held in the solutions for
24 h, and the activation process was performed at 650 “C under
a nitrogen atmosphere for 30 min.

To evaluate the process efficiency, in two-staged method,
as mentioned in Eqs. 2-4, ¥, and Y, represent the mass per-
centage of the remaining charcoal per the total mass of the
sample and the of WS in the sample, respectively, while Y5
was applied to measure the percentage of the remaining AC
per the of charcoal.

Y,(mass/%) = 100 X charcoal (g)/(WS(g) + Plastic (g))
2

(6)

Fig. 1 The activation pilot plant: (1) pyrolysis reactor, (2) char stor-
age, (3) pressure gauge, (4) condensate columns, (5) thermocouple,
(6) nitrogen bottle, (7) nitrogen flow meter, (8) liquid storage, and (9)
vent



Y,(mass/%) = 100 X charcoal (g)/

(only WS(g) share of the feedstock) 3)

Y;(mass/%) = 100 X AC(g)/(charcoal (g)) 4)
And for single-staged method:

Y{ (mass/%) = 100 X AC(g)/(WS(g) + Plastic (g)) 3)

Y} (mass/%) = 100 x AC(g)/(only WS(g) share of the feedstock)
(6)

Results and discussion

The results of CHNS analysis, ash, and HHV of WS along
with the plastic wastes are given in Table 1. In the used
WS, carbon, hydrogen, nitrogen, and oxygen content were
44.9,4.9, 0.3, and 48.3%, respectively, while PE, PP, and
PS contained hydrogen and carbon, and oxygen accounted
for a small share of plastics (<0.1%). The hydrogen con-
tent in PE, PP, and PS was 14.3, 8.0, and 14.5%, respec-
tively. The presence of aromatics in the PS structure results
in a considerable reduction of hydrogen than polyolefins.
Due to the usage of pure plastic wastes, the remaining ash
from burning was negligible, while the remaining ash from
the burning of WS due to minerals was around 1.6%. Fur-
thermore, due to the high oxygen and nitrogen content in
the WS structure, like other biomass [34], and the lack of
participation in heat generation, WS resulted significantly
in less HHV (15.3 kJ-kg™") than plastics (PE: 44.2 kJ-kg™!,
PP: 43.8 kJ~kg‘1, and PS: 40.5 kJ-kg‘l) [35]. Furthermore,
polyolefins showed slightly more HHV than PS regarding
hydrogen content.

The two-stage-activated carbon preparation
process

Table 2 indicates the results of quantitative and qualitative
analysis of the produced ACs in a two-stage process. In the
pyrolysis stage, 20 g of the mixture of a plastic (0, 25%) and

WS (100, 75%) was placed in a fixed-bed reactor. The com-
plex and layered structure of WS with high oxygen content,
which lead to double bonds and radicals during deoxygena-
tion, provides a suitable environment for secondary reac-
tions, e.g., repolymerization, cross-linking, Diels—Alder,
and carbonization reactions [36]. During slow pyrolysis of
biomass, intensification of secondary chain reactions, along
with the aromatic-based structure of lignin, result in more
charcoal formation [37, 38]. Hence, the residual charcoal
can be a determinative parameter to study the impact of
primary and secondary reactions in biomass pyrolysis. As
can be seen in Table 2 (Y)), the efficiency of the remaining
charcoal from the pyrolysis of WS was slightly higher than
the co-pyrolysis of plastics and WS (37.0-34.2%). Given
that plastics leave negligible coke, it was expected that the
efficiency of residual charcoal would not differ significantly
with respect to the WS content of the samples (Y,), while
residual charcoal increased significantly in the presence of
plastic (37.0-47.3%), indicating obvious transactions and
impact of the applied plastics on WS during the co-pyrolysis.
The results show that the participation of plastic has led to
the intensification of secondary reactions in the direction of
carbonization and the formation of new aromatic structures.

In the following, the obtained charcoal (3 g) was physi-
cally mixed with KOH and NaOH activators in a ratio of
3—1. What can be concluded from the results was that new
structures have been generated during the co-pyrolysis of
plastics and WS, which have a different specification than
normal biochar and show a different response to activation
by chemicals. New polyaromatic structures are hydrocarbon-
based regarding the used plastic types. Due to the absence
of heterogeneous atoms such as oxygen, they have lower
defects and higher thermal stability. Furthermore, by gen-
erating new layers on the biochar surface, it can be effec-
tive in increasing the surface area. In the activation process,
the activators were faced with a biochar that has relatively
experienced a stronger carbonization process during the co-
pyrolysis process and has less structural defects. Hence, even
in the spots that face intense activation and the walls become
very thin, due to the high mechanical strength, it does not
collapse and resulting in a highly porous AC with a high
surface area. The results indicate that the utilization of KOH,
in contrast to NaOH, has led to an increase in the amount of

Table 1 The elemental

. Sample Elements Ash/% HHVI/KI-kg™!
composition, ash and HHV of
the used raw materials Carbon/% Hydrogen/% Nitrogen/% Oxygen*/%
wS 44.9 49 0.3 48.3 1.6 15.3
PE 85.6 14.3 0.0 0.1 0.0 442
PS 91.9 8.0 0.0 0.1 0.0 40.5
PP 85.4 14.5 0.0 0.1 0.0 43.8

*Determined by difference



Table 2 Effect of PE, PP, and PS on the prepared AC by chemical activation using the two-stage process
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surface area and pores generated in the activated carbons.
The reason behind this could be that activation with KOH
could create an increased number of micropores, resulting
in a higher volume of micropores and consequently lead-
ing to the formation of porous carbon with a larger surface
area which is in line with similar studies [39]. Moreover, the
results indicate that at charcoals modified with plastics, more
TPV (0.54-0.76 m3~g_1) and BET surface area (810-1194
m?-g~!) have been generated than the typical charcoal. Fur-
thermore, the findings indicate that the utilization of NaOH
and KOH activators predominantly yields micro- (0.09-0.16
m>-g~!) and mesopores (0.41-0.42 m>.g~!). Additionally,
the utilization of waste plastics generates more micropo-
res (0.09-0.25 m3-g_1) (Table 2). The secondary reactions
resulting from the co-pyrolysis of waste plastics and WS
with forming new surfaces results in the creation of more
micropores.

In the comparison between plastics, PS has shown supe-
rior performance over polyolefins in increasing BET surface
area (1194-855 m>g~!) and TPV (0.76-0.62 m>.g™!). The
lower temperature of PS degradation and greater participa-
tion in the degradation of cellulose and hemicellulose, along
with the greater activity of styrene in Diels—Alder reactions
can result in more efficiency of PS during the co-pyrolysis
process. In the following, the iodine number was applied to
determine the adsorption efficiency of activated carbons. As
can be seen, with the increase in porosity and surface area,
the iodine absorption has increased (760—1150 mg-g~!) and
the mixture of PS and WS has led to the highest iodine num-
ber in the used feedstocks. Furthermore, in the comparison
between the used activators, KOH showed somewhat a better
performance in terms of TPV (0.59-0.54 m*.g~!) and BET
surface area (833-810 m?-g~!) compared to NaOH.

The single-stage-activated carbon preparation
process

In the single-stage activation process, the mixture of WS
and plastics along with the activator was placed in the
reactor simultaneously. As shown in Table 3, like the two-
stage method, the results indicated that KOH showed a bet-
ter activation performance than NaOH which led to more
BET surface area (983-901 m2-g_1) and TPV (0.80-0.74
m>.g™1). Also, another noteworthy point, using NaOH acti-
vator, the yield of the produced AC by the mixtures was
higher than that of pure WS (Y’;: 15.3-23.5%). Consider-
ing that 25% of the feedstock was made up of plastics, the
yield of AC produced in the single-stage activation process
has increased significantly with respect to the WS content
(Y’5: 15.3-31.3%). Furthermore, similar to the two-stage
process, plastics have significantly increased the created
structures during the activation process. The increase in
TPV (0.64-0.79 m3~g'1) and BET surface area (901-1262



Table 3 Effect of PE, PP, and PS on the prepared AC by chemical activation using the direct process

-1

No WS/% PE/% PP/% PS/% NaOH/% KOH/% Y',/% Y'2/% SA/m*g™ TPV/mg™ v, imdgt v _ /m’e™! Ilodine num-
ber /mg-g~!

9 100 O 0 0 100 0 153 153 901 0.64 0.12 0.51 850

10 100 0 0 0 0 100 149 149 983 0.68 0.16 0.51 936

1 75 25 0 0 100 0 19.8 264 1123 0.74 0.20 0.52 1082

2 75 0 25 0 100 0 213 284 1110 0.75 0.19 0.54 1061

13 75 0 0 25 100 0 235 313 1262 0.79 0.21 0.56 1125

m%g~!) of AC obtained from the mixture was clearly evident
compared to WS. The obtained results show that the use of
waste plastics in a single-stage process increases the vol-
ume of micro- (0.12-0.21 m3~g_l) and mesopores (0.51-0.56
m>.g™1). The polyaromatic surfaces created by the co-pyrol-
ysis process on the charcoal surface have a uniform structure
that exhibit a higher inclination toward forming micropores,
as clearly visible in the SEM figures (Fig. 3). The activator
reaction with charcoal with high oxygen percentage leads
to a porous structure. In the AC obtained from the mixture
of plastic and WS, the iodine absorption (850-1125 mg-g™ 1)
was significantly higher than pure WS due to the higher sur-
face area and porosity.

The characterization of the produced activated
carbons

Figure 2 compares the FTIR spectra of various ACs obtained
from the single- or two-stage process of WS and its mixture
with PE, PP, and PS. The AC spectrum of pure WS is dif-
ferent from the samples obtained from the mixtures. The
strong absorption peak at 1437—1442 cm™! corresponds to
unsaturated aromatic bonds (C = C ring stretching) which
indicates the creation of strong polyaromatic structures on
the surface of WS biochar [40, 41]. This peak, which is not
seen in the AC obtained from pure WS, indicates the struc-
tural difference of the AC obtained from the mixture of WS
and plastic compared to pure AC. The broad absorption peak
at 3426-3443 cm™! is related to the stretching vibration of
hydroxyl (OH) group [40—42]. Furthermore, the characteris-
tic peak of the hydroxyl group of single-stage pyrolysis prod-
ucts is lower than the others. This result can be due to the
increase in interaction between the sodium hydroxide and
hydroxyl group during the pyrolysis process. The vibration
of methine group (CH) also has a peak at 880 cm™! [41, 42].
The small peaks at 1650-1780 cm™" and 2505-2515 cm™!
correspond to the stretching of carbonyl (C=0) and thiol
(SH) groups, respectively.

Figure 3 shows the SEM of some produced ACs. As can
be seen, the impact of plastics on products is evident in both
single-stage and two-stage methods. In the samples produced
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Fig.2 FTIR spectra of the produced ACs

from pure WS, mainly large pores are seen. While in the ACs
produced from a mixture of plastic and WS, in the two-stage
method, a combination of large and small pores, and in the
single-stage method, small pores can be seen. The results



Fig.3 The SEM micrographs
of ACs: (1) two-stage/WS/
NaOH, (2) two-stage/WS/KOH,
(3) two-stage/WS-PS/NaOH,
(4) single-stage/WS/NaOH, (5)
single-stage/WS-PE/NaOH, and
(6) single-stage/WS-PP/NaOH
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show that by using plastics in the production process of AC,
it is possible to control the size of porosity to some extent.

Congo red and acid yellow 23 dyes were used as the
dyes found in industrial effluents in order to investigate
the performance of the synthesized ACs adsorbent. The
red dye in the UV test has two main peaks in the region
of 300-500 nm. As it is clear from the graphs, using high
surface area ACs, the peak intensity was decreased clearly.
The yellow dye in the UV test has two peaks in the ranges
of 280—400 and 500-600 nm, and the intensity of these
peaks indicates the remaining concentration of the dye
(Fig. 4).

TG study of WS and plastic wastes
To better understand the impact of plastics on the carboni-

zation process of WS, the degradation process of WS deg-
radation was investigated along with polyolefins using TG

AccV  SpotMagn_
250KV 86 3000x© SE

instrument. The degradation diagram of the WS mixture with
PE, PP, and PS in different percentages (0, 25, 50, 75, and
100) using a TG instrument is shown in Fig. 5. Furthermore,
Table 4 provides kinetic information along with the degrada-
tion slope of different sections in the pyrolysis process of the
studied mixtures.

As expected [43, 44], PE has completely degraded in
a narrow and high-temperature range (75°**: 493 C). Fur-
thermore, the linear degradation with a steep slope (a,:
2.349%-°C™") indicates a uniform structure of PE with simi-
lar bonds (Fig. 5a), whereas WS like other biomasses has
lost its in three stages. The water evaporation occupied a
small peak in all samples containing WS and considering
that the process was carried out at atmospheric pressure, it
happened around 100 “C. The degradable structure of hemi-
cellulose and cellulose led to two overlapped peaks during
degradation (Tll’eak: 374 °C), while the aromatic-base struc-
ture of lignin is highly favorable to Diels—Alder reactions
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Fig.4 Absorption spectroscopy of the ACs containing Congo red and
acid yellow 23 dyes

and the formation of polyaromatics. Hence, lignin lost a
small share of its mass at a slow rate (a;: 0.045% T,
and the remaining share left a polyaromatic structure in the
reaction with other remaining molecules of cellulose and
hemicellulose [45, 46]. The presence of hydroxyl groups
in the structure of all three components of biomass is very
effective in intensifying deoxygenation reactions leading to
water production [47]. By increasing the PE share in the
feedstock, the intensity of WS degradation was decreased
(= dx/dT5°%: 0.35-0.08%-°C™"), while stronger PE degrada-
tion peak (— dx/d75*: 0.36-1.57%-"C™") in the DTG curve
was seen clearly. For the mixture of WS and PE at tempera-
tures less than 400 °C, as mentioned previously, cellulose
and hemicellulose degraded, which can be seen in a separate
peak. With the increase in PE share in the feedstock, more
molten plastic surrounded the WS particles and as a ther-
mal insulant decreased the heating intensity to WS particles
which resulted in slower WS pyrolysis.

Figure 5b shows the degradation diagram of feedstocks
containing different shares of PP and WS (0, 25, 50, 75, and
100%). As can be seen, PP was degraded in a narrow and
lower temperature range (75°*: 474 vs. 493 C, and with a
steeper slope (a,: 2.564 vs. 2.349%-°C~") than PE regarding
the lower activation energy and less tendency to secondary
reactions due to more steric hindrance. The results indicated
that with increasing PP content in the feedstock, the peak
intensity of WS degradation (- dx/d7%%%: 0.35-0.08%-C™")
was decreased while the intensity of PP degradation peak
(= dx/dT5%: 0.36-1.57%-°C™") was increased clearly.

Like polyolefins, PS degraded in a narrow temperature
range and at a high rate (a,: 2.283%-°C~1) due to its uniform
structure. Furthermore, due to the lower activation energy
and lower thermal stability, PS lost its mass in the TG exper-
iment in the lower temperature range (7,***: 434 °C) than
polyolefins (Fig. 5 c¢). The main difference between the co-
pyrolysis of PS and WS compared to polyolefins is that due
to the degradation of PS at lower temperatures, a significant
share of PS was degraded along with cellulose and hemicel-
lulose. The simultaneity of degradation increases the pos-
sibility of secondary reactions, and hence, as can be seen,
the thermal stability of both WS (a,: 0.539-0.140%-C™")
and PS (a,: 2.283-0.862%-"C™") parts increased significantly
compared to the co-pyrolysis of polyolefins and WS. The
simultaneous degradation of PS with cellulose and hemicel-
lulose and the participation of styrene in secondary reactions
led to the creation of new and significant structures on WS
particles. This process led to a decrease in the degradation
rate of the remaining structure from WS and PS co-pyrolysis
(a3 0.045-0.013%-°C™"). Hence, the lower degradation rate
of the sample containing 25% PS than WS, resulted in more
remaining charcoal at a temperature of 610 “C and higher.
The decrease in the graph slope of degradation during co-
pyrolysis has been seen in other papers but has not been
discussed extensively [48, 49].

Discussion

First of all, it should be considered that most of the biomass
that is used for the production of activated carbon usually
has a high oxygen content and the deoxygenation process
plays a significant role in the activation process and poros-
ity generation [50]. Furthermore, the deoxygenation process
leads to the creation of radicals and double bonds, which
play an effective role in secondary reactions and carboniza-
tion. Moreover, the activators react more with oxygenated
functional groups and create more porosity [51]. In addition,
to investigate the effect of plastics on AC production, differ-
ent parameters should be considered. One of the most impor-
tant effects of using plastics is the melting of plastics during
the co-pyrolysis process. The melting of plastics causes a
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Table 4 Effect of plastic content

; . Plastic  Plastic/%  Cellulose and hemicellulose Plastic Lignin
(%) in the plastic: WS blend
on the kinetic parameters and °%/C /% C! R T%/C  a)/%C' R ay/%C' R
characteristic temperatures
PE 0 370 0.539 0.994 - - - 0.045 0.971
25 371 0.358 0.995 492 0.576 0.993 0.018 0.997
50 373 0.274 0.993 491 0.851 0.990 0.015 0.999
75 375 0.149 0.997 494 1.369 0.981 0.009 0.997
100 - - - 493 2.349 0.985 0.0007 1
PP 25 372 0.314 0.992 468 0.912 0.990 0.017 0.996
50 374 0.256 0.993 471 1.224 0.993 0.014 0.999
75 376 0.172 0990 474 1.969 0.996 0.010 0.998
100 - - - 474 2.564 0.997  0.0006 0.997
PS 25 373 0.331 0.990 444 0.862 0991 0.019 0.986
50 375 0.259 0.991 442 1.154 0.988 0.017 0.998
75 377 0.170 0.989 438 1.754 0.989 0.013 0.999
100 - - - 434 2.283 0.988  0.0007 0.998

Slope; 2Correlation coefficient

layer of molten plastic to surround the WS particles. Due
to the low thermal conductivity and high heat capacity of
the plastic, the WS particles received less heat, and actually,
the WS particles experienced a lower heating rate than what
was going on in the reactor [31]. On the other hand, lower
heating rates result in lower chain scission over cross-link
ratio and more carbonization [45]. Furthermore, the molten
polymer penetrates into the pores of WS particles and some-
how reduces the surface of particles to a significant extent,
which is also effective in reaching less heat to WS parti-
cles. Reducing the heating rate in WS pyrolysis leads to the
intensification of secondary reactions and stronger aromatic
structures, especially in the surface walls. The next point that
should be considered is the simultaneity of the co-pyrolysis
reaction of the polymer with the degradable parts of WS in
some areas. Styrene, olefins, and diolefins obtained from
plastic pyrolysis can easily react with radicals and double
bonds resulting from the deoxygenation process of WS under
secondary reactions, e.g., Diels—Alder and repolymerization
and increase the rate of carbonization [52]. To assess the
impact of plastics on the co-pyrolysis process, it is neces-
sary to consider several factors in advance. Firstly, it should
be noted that in pyrolysis products of plastics, light olefins
and styrene are capable of engaging in secondary reactions;
however, this does not rule out the possibility of the par-
ticipation of other olefins with lower reactivity. In general,
as the number of carbons in olefins increases, their reactiv-
ity decreases clearly [53, 54]. Another aspect to take into
account is the higher thermal stability of PE compared to PP,
which leads to lower production of light olefin in the pyroly-
sis of PE under similar conditions. As a result, the reactivity
of pyrolysis products of PE is lower than that of PP, a finding
that has been confirmed by experiments. Moreover, the main
pyrolysis product of PS is styrene, which has a considerable

ability to participate in secondary reactions. Styrene pos-
sesses a double bond attached to the phenyl group, which,
along with another double bond in the phenyl group, can
form a cis-butadiene that is available for Diels—Alder reac-
tions. The significant involvement of styrene in the second-
ary reactions during the co-pyrolysis process is demon-
strated by the obtained results of the reactor and TG. Since
the activity of styrene is much higher than light olefins and
due to its higher molecular than light olefins, it spends more
residence time in the reactor, as a result, as can be seen,
PS is more effective than polyolefins and creates more new
structures. The aromatic structures created along the char-
coal surfaces, in addition to increasing the of the charcoal,
lead to the creation of new porosities. Furthermore, the new
polyaromatic structures that are formed on the pores of WS
particles can increase the surface area and porosity, which
can be seen in the results. The strong peak of double bonds
and aromatics in the region of 1440 cm™! confirms the for-
mation of special polyaromatic structures on the surface of
WS particles, which can only be seen in samples including
plastic, and the FTIR graph of WS particles did not show
this peak or it is very weak. The polyaromatic structures
created on the surface of particles lead to a decrease in WS
degradation rate, and hence, as can be seen especially in the
TG diagrams of samples with PP and PS, at a temperature
lower than 700 °C, the remaining charcoal from co-pyrolysis
was higher than the WS pyrolysis. The results of the reactor
pyrolysis process also confirm the TG results and consider-
ing that the samples experience a lower heating rate, and
the pyrolysis process was slower; therefore, the remaining
charcoal from the co-pyrolysis process showed a better qual-
ity than the pyrolysis of WS.



Conclusions

In this work, the effect of plastic wastes including PE, PP,
and PS on the production process of activated carbon using
walnut shell was studied using a fixed-bed reactor by single-
stage and two-stage methods. In the following, using the
TG instrument, the WS carbonization was evaluated along
with the plastic wastes. The results indicated that during the
pyrolysis, the melted plastic surrounded the WS particles,
acted like an insulator and somewhat reduced the heat that
reached WS particles. Furthermore, some of the pyrolysis
products of plastics that have high reactivity, e.g., styrene
and light olefins reacted with WS degrading structure, which
was full of radicals and double bonds, and created new struc-
tures. Due to the lower heating rate of WS particles, in addi-
tion to the reaction with the pyrolysis products of plastics
and the intensification of secondary reactions, the newly cre-
ated structures on WS charcoal, as seen in FTIR diagrams,
were of polyaromatic type. The results indicated that the
use of plastics has led to an increase in the surface area and
TPV during the activation process. Furthermore, the lower
degradation temperature of PS and also the high activity of
styrene compared to other pyrolysis products have led to the
production of activated carbons with more surface area and
TPV compared to polyolefins. Overall, the use of PS can be
regarded as a viable choice for enhancing both the quality
and quantity of activated carbon production. SEM and FTIR
results also showed that activated carbons can be prepared
with different physical properties using single-stage and
two-stage methods as well as different plastics. The use of
plastics, in addition to improving the efficiency of the activa-
tion process, their pyrolysis products can provide the total
energy required for the preparation of activated carbon. It
should be noted that the plastic wastes used for this method
must be free of minerals. Furthermore, using other plastics
such as PET with a structure close to biomass can bring
interesting results.
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