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Abstract

This study aims to produce beneficial products with pomegranate peel waste through pyrolysis. For this purpose, the usability
of the liquid product as a biofuel and the solid product as an adsorbent for dye removal was investigated. To characterize
the bio-oil and biochar produced under the best pyrolysis conditions, Fourier transforms infrared spectroscopy (FT-IR), Gas
chromatography-mass spectrometry (GC-MS), calorific value, Brunauer—Emmett-Teller (BET), and Scanning electron
microscopy (SEM) analyses were conducted. When we examine the FT-IR spectrum of the bio-oil, the presence of phenol,
alcohol, ketone, and aldehyde groups is seen in the structure. The GC-MS analysis demonstrated that phenol content was
27.9%, aldehyde content was 19%, acid compound content was 18.28%, ketone content was 8.7%, and aromatic compound
content was 8.4%. The lower calorific value of bio-oil was determined as 27.33 MJ/kg. It was observed that activated carbon
produced from biochar at a 3:1 KOH/biochar impregnation ratio and a carbonization temperature of 800 °C exhibited the
highest surface area (1307 m?/g). In adsorption analysis, it was observed that the adsorption efficiency was higher at pH 9
and 35 °C and with 150 ppm initial concentration. Langmuir and Freundlich adsorption isotherms were determined, and the
high R? (0.99) was consistent with the Langmuir methylene blue (MB) adsorption model.
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Introduction

Energy resources are essential and indispensable for sustain-
ing industrial and social life (Owusu and Asumadu-Sarkodie
2016). Global energy demand has increased rapidly due to
population growth and economic developments. Approxi-
mately 85% of the daily global energy demand is produced
from fossil fuels (Varma and Mondal 2016). The amount of
global fossil CO, emissions per capita (4.81 t CO,/person),
resulting from the consumption of traditional fossil fuels
such as coal, oil, and natural gas, increased by about 13%
between 1990 and 2021 (Crippa et al. 2022). Therefore, it is
essential to search for alternative energy sources. Biofuel is
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an alternative climate and environment-friendly source that
reduces CO, gas emissions (Siddiqui et al. 2019).

Biomass is the only energy source among renewable
energy sources that could produce solid, liquid, and gase-
ous products (Bridgwater and Peacocke 2000). The produc-
tion entails two main conversion processes, thermochemical
and biochemical, to obtain high-added-value biomass prod-
ucts. Thermochemical biomass conversion entails gasifica-
tion, pyrolysis, hydrothermal liquefaction, and combustion
(Jha et al. 2022). Pyrolysis is an efficient thermochemical
conversion method for transforming biomass into biofuel.
The rapid progress of studies on pyrolysis is promising for
commercializing the process (Varma and Mondal 2016). In
pyrolysis, organic materials in the biomass are heated in
an oxygen-free environment to obtain liquid products (bio-
oil, vapors that can be condensed at cooling temperatures),
carbon-rich solid residues (char), and gaseous products (non-
condensable synthetic gases) (Hassen-Trabelsi et al. 2014).
The distribution of pyrolysis of biomass products depends
on the pyrolysis parameters, such as process temperature,
heating rate, reaction atmosphere (N,, H,, or H,O (steam)),
and reactor type (Jha et al. 2022). Biochar produced with
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pyrolysis can be used as a fuel (Ali et al. 2022), activated
carbon (Zhong et al. 2023), or fertilizer due to its porous
structure, surface area, and N, P, and K content. Bio-oil
could be converted into high-value-added products and
specialty chemicals as an energy source since it includes
aromatic, aliphatic, naphthenic hydrocarbons, and oxygen-
ated compounds. On the other hand, pyrolysis gas can be
used to produce natural gas and synthesize certain chemical
compounds since it includes CO, H,, CO,, CH4, and other
light hydrocarbons (Morali and Sensoz 2015).

Pomegranate peels are one of the biomass raw materi-
als. The pomegranate plant (Punica granatum L.) is grown
mainly in Turkey’s Mediterranean and Aegean regions
(Ates et al. 2019). Turkey’s pomegranate production was
approximately 600,000 tons in 2022 (Dilmen et al. 2022).
In addition to being consumed as pomegranate fruit, prod-
ucts such as pomegranate syrup, juice, jam, and canned are
produced from the plant. Pomegranate peel is an industrial
by-product (Igyer 2012). Studies have been conducted on the
pyrolysis of waste pomegranate seeds, pulp, and peel (Saadi
et al. 2019; Kar 2018; Ucar and Karagoz 2009; Pehlivan and
Ozbay 2018; Ates et al. 2019; Siddiqui et al. 2019).

This study aimed to investigate the transformation of
pomegranate peel, a waste product available in large quan-
tities, into more beneficial products via pyrolysis. Waste
pomegranate peel was pyrolyzed in a fixed-bed reactor. The
best pyrolysis conditions were determined by the pyrolysis
of waste pomegranate peel in two particle sizes at different
pyrolysis temperatures and heating rates. FT-IR, calorific
value, and GC-MS analyses were conducted to characterize
the liquid product (bio-oil) under the best pyrolysis condi-
tions. To ensure that the solid pyrolysis product (biochar)
could be used as an adsorbent dye removal from wastewater,
activated carbon was produced with KOH activation. Acti-
vated carbon was characterized with SEM and BET analysis,
and usability in dye removal was investigated.

Materials and methods
Materials

In the study, pomegranate peels, which were separated as
waste after the production of pomegranate syrup by the local
people in Antalya, were used as biomass raw material. The
particle size of the pomegranate peel was reduced by using
an industrial rounder. The reduced pomegranate peels were
dried at room temperature and then in an oven at 105 °C
for 6 h. The particle size of the dried pomegranate peel was
determined with a vibrating sieve. Thus, pomegranate peel
particles were separated into two sizes: 1.0-1.6 mm and
1.6-2.1 mm. Before pyrolysis, preliminary analyses were
conducted to determine moisture, ash, volatile matter, oil,
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cellulose, and lignin content. The moisture content was
determined by a moisture analyzer (OHAUS) after samples
were heated to 105 °C (ASTM D4442-16). The volatile mat-
ter and ash content were analyzed using ASTM D1102-84
and ASTM E872-82 methods. The amounts of lignin, cellu-
lose, and hemicellulose in the pomegranate peel were deter-
mined according to ASTM D 1106-96, TS324, and ASTM
D 1104-56, respectively. TGA/DTA (Thermogravimetric
analysis/ Differential thermal analysis) of biomass was
conducted to investigate the temperature range for effective
pyrolysis. A Netzsch STA 449 F3 Jupiter model instrument
was used for this analysis. The curve was obtained at a heat-
ing rate of 20 °C min~! between 20 and 800 °C.

Methods
Pyrolysis

The pyrolysis of waste pomegranate peel was conducted
with a stainless-steel fixed bed slow pyrolysis reactor. The
heating was provided by a PID control element. It included
an N, gas inlet and a condenser for condensation of the efflu-
ent gases.

Pyrolysis of the waste pomegranate peels in two particle
sizes (1.0-1.6 mm and 1.6-2.1 mm) was conducted at four
pyrolysis temperatures (400 °C, —450 °C, —-500 °C, and
550 °C), 10 °C/min and 18 °C heating rates, and with a 1
L/min N, flow rate. Fifty grams of pomegranate peel was
added to the reactor, and the pyrolysis temperature and heat-
ing rate were adjusted. The reactor reached and was kept
at the target temperature for 20 min. Then, the reactor was
cooled to room temperature. The solid product (biochar) in
the reactor was carefully removed and weighed. The liquid
product (bio-oil) was transferred into the container, and the
condenser residue was washed with dichloromethane. The
liquid product was taken into the separating funnel, the water
and organic phases were separated, and the water content
was weighed. The dichloromethane in the liquid product was
separated with an evaporator, and the final liquid product
was weighed. The gaseous product was determined with
total mass balance. Pyrolysis experiments were repeated
twice for all parameters. After the pyrolysis, bio-oil, biochar,
and gas product yields were calculated.

Characterization

As a result of the pyrolysis studies, the best pyrolysis condi-
tions where the highest liquid product (bio-oil) yield was
obtained were determined. The bio-oil obtained under these
conditions was characterized by GC-MS, FT-IR, and calo-
rific value analyses. At the same time, the biochar obtained
under the best pyrolysis conditions was activated, and the
activated carbon was characterized by SEM ((scanning



Environmental Science and Pollution Research (2023) 30:115037-115049

115039

electron microscope) and BET (Brunauer, Emmet, and
Teller) analyses. The FT-IR spectrum of the bio-oil was
recorded by preparing a KBr pellet with a Perkin Elmer
1605 FT-IR spectrometer. The compounds of the bio-oil
were determined with a Shimadzu GC-MS/QP2020 instru-
ment. GC-MS analysis was determined under the conditions
presented in Table 1. SEM analysis was performed using the
LEO 1430 VP model device. BET analysis was performed
using Micromeritics brand Gemini VII 2390t model device.

Activated carbon production and adsorption

Biochar obtained from pyrolysis was activated, and its
adsorbent properties were investigated for dye removal from
wastewater. Activated carbon was produced from biochar
with the chemical activation method and KOH. It was stored
in solutions prepared with four impregnation rates (05:1, 1:1,
2:1, 3:1 KOH/biochar) for 24 h. Then, it was dried in an oven
at 100 °C for 3 days to initiate carbonization. Carbonization
was conducted at a heating rate of 10 °C/min and four dif-
ferent temperatures (500 °C, 600 °C, 700 °C, and 800 °C) for
60 min. After carbonization, the activated carbon with the
highest surface area was determined and used for the adsorp-
tion of methylene blue (MB) dye. Several techniques have
recently been used to remove dye pollutants from wastewa-
ter. Alternatively, adsorption has been considered one of the

Table 1 GC-MS conditions

GC-MS
(Shimadzu GC-MS-QP2020)

Instrument

GC conditions

Column Agilent HP-5MS
(30 mx0.32 mmx0.25 pm)

(Iength X diameter X thickness)

Injection mode Splitless

Injection temperature 250 °C

Flow control mode Linear velocity (flow control)

1

Column flow 1.2 mL min~

Carrier gas Helium

Column oven temperature progress

Rate (°C min™!) Temperature (°C) Hold
time
(min)
- 40 0
180
6 300
MS conditions
Ion source temp 200 °C
Interface temp 250 °C
Scan range 35-675 m/z
Library Wiley Nist

most available approaches to removing the dye in wastewater
due to the advantages of lost cost, environmental friend-
liness, and highly effective and convenient operation (Cui
et al. 2023). The effects of temperature, initial concentration,
and pH on the adsorption were investigated. Adsorption tests
were conducted with 0.1-g activated carbon and 100-mL
methylene blue solution with an initial 100—150 ppm con-
centration. The absorbance of the methylene blue solution
samples obtained at certain time intervals was measured at a
wavelength of 664 nm with an ultraviolet—visible (UV-VIS)
spectrophotometer, and concentrations were determined
with a calibration chart. The adsorbed matter, the adsorption
capacity of the adsorbent (g, (mg/g)), and the percentage of
methylene blue adsorbed (%MB) were calculated with the
following equations:

_(Co-CoV 0
Y
%MB = % x 100 @

where C, depicts the initial methylene blue concentration,
Ce depicts the methylene blue concentration at time t, V is
the sample volume, and W is the adsorbent content (Hameed
et al. 2007).

Adsorption isotherms

Adsorption isotherms are employed to determine the distri-
bution of adsorbate molecules in the liquid phase and the
adsorbent when the adsorption reaches equilibrium. Sev-
eral models are available in the literature to describe the
experimental adsorption isotherm data. Langmuir and Fre-
undlich’s isotherms are the most frequently employed mod-
els (Mushtaq et al. 2023).

In the Langmuir isotherm, adsorbed molecules form
a single saturated layer on the surface of the adsorbent.
Adsorption is directly proportional to the initial adsorbate
concentration (Mushtagq et al. 2023). Equations 3 and 4 are
used for the Langmuir isotherm (Naeem et al. 2017).

The linear Langmuir isotherm equation:
C, 1 C,

= +
9. KLqmax Gmax

3

where K is the Langmuir constant based on adsorption
energy (L/g), g, 1S the maximum adsorbing capacity of
the adsorbent (constant, mg/g), Ce is the adsorbate concen-
tration remaining in solution after adsorption (mg/L), g, is
the adsorption capacity of the adsorbent (mg/g).

Langmuir isotherm equilibrium factor (R,):
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Ry, = (1+KLCO> @)

Freundlich adsorption isotherm is employed in heteroge-
neous surfaces with multilayer adsorption. In the isotherm,
the adsorbed substance amount increases initially, then
the rate slows down as the solid surface is filled with gas
molecules. The empirically derived Freundlich equation is
expressed as follows (Mushtaq et al. 2023).

Equation 5 is used for the Freundlich isotherm.

log qe = lOg KF + llOg Ce (5)
n

where; g, is the adsorption capacity of the adsorbent (mg/g),
K- and n are experiment constants, and Ce is the adsorbate
concentration remaining in solution after adsorption (mg/L).

Results
Proximate analysis of biomass samples

The results of the proximate analysis conducted on the
pomegranate peel biomass and other biomass sources in the
literature are presented in Table 2.

The review of the preliminary analysis results revealed
that the pomegranate peel moisture and ash content were
lower when compared to other biomass sources. High mois-
ture content in biomass negatively affects conversion and
fuel (Agrawalla et al. 2011; Hopa et al. 2019). High ash
content increases the solid content that could not be trans-
formed into fuel during pyrolysis ((Biswas et al. 2017). It
was observed that the volatile matter content (62.2%) in
pomegranate peel was lower when compared to other bio-
mass sources. Since the volatile matter content promotes
decomposition during pyrolysis, it ensures faster pyrolysis
(Shadangi and Mohanty 2014). It has been determined that
pomegranate peel had low lignin (10.3 wt.%) content despite
high hemicellulose (57 wt.%) concentration.

Table 2 Proximate analysis results

TG and DTA analyses were conducted to determine the
biomass’s thermal behavior and pyrolysis temperatures.

The review of the thermogram plotted with TG and DTA
analysis and presented in Fig. 1 demonstrated that the 10%
loss of mass up to 200 °C was due to the evaporation of
the moisture and volatile components at low temperatures
and the sudden mass loss between 200 and 400 °C was
due to the degradation of the cellulose content. Between
225 and 500 °C, where the mass loss was observed, is the
pyrolysis zone and the mass loss observed in this range was
around 50%. It was studied at pyrolysis temperatures in the
400-550 °C range using thermal analysis data. The endo-
thermic peak caused by the evaporation of water is between
100 and 200 °C. The minor endothermic peak at 260400 °C
belongs to hemicellulose/cellulose, and the main endother-
mic peak at around 375-500 °C belongs to lignin, which is
more difficult to degrade due to the aromatic groups in its
structure (Hu et al. 2016; Tian et al. 2016; Song et al. 2019).

Pyrolysis results

Pyrolysis was conducted on waste pomegranate peel with
particle sizes of 1.0-1.6 mm and 1.6-2.1 mm at 400 °C,
450 °C, 500 °C, and 550 °C. The liquid(bio-oil), solid, and
gas product yields after pyrolysis are presented in Table 3.

The primary and secondary decomposition rates increase
with the increase in temperature during pyrolysis. For this
reason, liquid and gas product yields increased with pyroly-
sis temperature from 400 to 450 °C in both particle sizes
Increasing the temperature further (500-550 °C) decreased
the yields of liquid and solid products. As expected, the solid
product yield was higher at low temperatures but decreased
at high temperatures. With the increase in particle size, it
was observed that the liquid and gas product yields improved
at all temperatures, but there was no significant change in the
solid product yield. It is thought that there are no significant
differences between the product yields due to the closeness
of the particle sizes used.

Moisture (%) Ash (%) Volatile Oil (%) Lignin (%) Cellulose (%) Hemicel-
matter (%) lulose
(%)

Pomegranate peel (this work) 4.9 29 62.2 1.04 10.3 14.5 57

Tea (Rijo et al. 2021) 6.6 34 73.4 37.7 28.8 19.9

Fig leaf (Kar et al. 2022) 10.7 10.7 75.8 13.2 11.1 33.7
Pine cone (Brebu et al. 2010) 9.6 0.9 77.8 2.3 249 32.7 37.6
Sugar beet pulp (Martinez et al. 2018) 9.8 6.9 78.2 23.9 16.9 19.7
Pistachio shell (Piitiin et al. 2007) 7.4 1.34 76.9 2.4 12.8 60.6
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Fig. 1 Pomegranate peel waste TG /% DTA /(uVimg)
TG and DTA thermograms Texo
100 -
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60 - 1.0
40 | 0.5
0.0
20 -
-0.5
0
100 200 300 400 500 600 700 800
Temperature /°C
Table 3 . The results of the Pyrolysis conditions Temperature  Liquid product Solid product Gas product ~ Water wt%
pyrolysis conducted under (°C) (bio-oil) wt% wt% wt%
various temperatures
1-1.6 mm 400 14.7 37.6 22.0 25.7
10 °C/min 450 16.0 35.1 23.1 25.8
500 15.0 33.0 26.0 26.0
550 14.2 31.1 30.0 26.7
1.6-2.1 mm 400 13.6 37.3 28.5 20.6
10 °C/min 450 17.8 337 29.9 18.6
500 17.3 32.1 323 18.4
550 17.1 33.7 30.1 19.2

Table 4 The impact of heating rate on liquid product yield

Heating Liquid Solid Gas prod- Water
rate (°C/  product product uct (wt%) (wt%)
min) (bio-oil) (Wt%)
(Wt%)
1.6— 10 17.8 337 29.9 18.6
2lmm g 17.1 34.1 29.1 19.7

450 °C

The highest liquid (bio-oil) product yield was obtained
with a particle size of 1.6-2.1 mm, 10 °C/min heating rate,
and 450 °C pyrolysis temperature (17.8 wt%), which were
determined as the best pyrolysis conditions. At this tem-
perature, solid product (biochar) yield was 33.7 wt%, and
gaseous product yield was 29.9 wt%.

The impact of heating rate on pyrolysis liquid product
yield was investigated for the conditions that resulted in the
highest liquid product yield.

As seen in Table 4, although there is no significant change
in the liquid product yield, the liquid product yield with a
low heating rate is slightly higher than the other. The best
product yields in the liquid product are observed at low heat-
ing rates (Bridgwater et al. 2002).

Characterization of bio-oil

The bio-oil obtained using the best pyrolysis conditions was
selected for characterization studies.

FT-IR analysis of bio-oil sample

FT-IR analysis was conducted to determine the functional
groups in the bio-oil.

The FT-IR spectrum presented in Fig. 2 revealed that the
peaks at 3150 and 3450 cm™! correspond to the stretching
vibration of O—H bonds. This demonstrates that it might
contain phenol and alcohol components. The peak at
2928 cm™! was obtained with the stretching vibration of the
aliphatic C-H bond. The peak between 1680 and 1725 cm™!
was obtained with the carbonyl (C =0) group and originated
from the ketone, aldehyde, and ester compounds in the bio-
oil composition. The peak at 1607 cm™' was obtained with
the stretching vibration of the C =C double bond, indicating
unsaturation in compound structures. The peak at 1450 cm™!
was the bending peak of -CH,_, and the peak at 1380 cm™!
was the —-CH; bending peak. The peaks between 700 and
800 cm™! belong to the aromatic C-H bending for substituted
benzene.
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Fig.2 FT-IR spectra of bio-oil

Calorific analysis of bio-oil sample

A calorific value analysis was conducted to determine
whether the bio-oil could be employed as a fuel, and the
lower calorific value was determined as 27.33 MJ/kg for
the bio-oil. Compared to the lower calorific value of fuel oil
(38.52 MJ/kg) (Demirel 2016), it was determined that the
calorific value of bio-oil was low. It is suggested that the bio-
oil should be mixed with diesel at specific rates rather than
direct employment as a fuel. At the same time, the calorific
value of the raw biomass was determined as 15.69 MJ/kg.

GC-MS analysis of bio-oil sample

Bio-oil obtained under the best pyrolysis conditions was
selected, and GC—MS analysis was conducted to determine
the bio-oil components. The 62 compounds with an accu-
racy rate of 80% and above and a peak area of at least 0.1%
were selected among 100 components determined accord-
ing to the GC—MS analysis results. These 62 components
in Table 5 are classified, and the results are given in Fig. 3.

GC-MS analysis results demonstrated that phenol con-
tent was 27.9%, aldehyde content was 19.0%, acid com-
pound content was 18.3%, ketone content was 8.7%, and
aromatic compound content was 8.38%. The bio-oil had a
high level of phenols. Phenolic compounds were produced
from the decomposition of lignin (Patwardhan et al. 2011;
Zhao et al. 2021). The ratio of aldehydes and acids in the
bio-oil content was higher than the other components.
These compounds, which reduce and adversely affect the
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shelf life of fuels (Liang et al. 2021), can be reduced by
catalytic pyrolysis with an appropriate catalyst (Zhang
2022).

Characterization of activated carbon

As a result of pyrolysis studies, the activated carbon was
obtained using biochar formed under the best pyrolysis
conditions. The activated carbon obtained was character-
ized by BET and SEM analysis.

BET analysis results

The results of BET analysis to determine the surface area
of activated carbon samples produced at various impreg-
nation ratios and carbonization temperatures are given in
Table 6.

The highest surface area (1307.0 m%/g) was achieved with
the carbonization conducted at 800 °C with a 3:1 impregna-
tion ratio. It has been observed that the surface areas of acti-
vated carbons obtained at low carbonization temperatures
and impregnation rates were low. The increase in the ratio of
the chemical component used in the activation and the tem-
perature allows the formation of new pores, thus increasing
the micropore volume thus increasing the total surface area
(Phothong et al. 2021). Activated carbon with the highest
surface area was used in adsorption experiments.
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Table 5 GC-MS analysis of pomegranate peel

RT min

Peak area (%) Compound

Molecular formula

RT min Peak area (%) Compound

Molecular formula

57.08
52.848

48.582

38.633
37.854

36.881
35.951
33.551

31.885

31.258

30.22
29.542

29.391
27.567

27.041
26.277
25.924

25.722

25.275

22.954

22.658

22.557

22.348
22.132

21.815

21.346
21.00

20.892

20.185

19.926
19.688

0.13
0.27

2.61

0.26
0.19

0.22
0.2
0.53

0.1

0.22

0.19
0.19

1.07
0.71

0.33
0.73
0.92

0.47

0.43

4.87

0.56

0.32

1.39
0.45

0.9

0.39
1.41

0.62

0.28

2.46
0.67

9-Octadecenoic acid

Hexadecanoic acid

2-Furancarboxaldehyde,
5-(hydroxymethyl)-
9H-Fluorene

Naphthalene, 1,6,7-tri-
methyl-

5-tert-Butylpyrogallol

Dibenzofuran

Phenol, 2-methoxy-4-(1-
propenyl)-

Naphthalene, 1,7-dime-
thyl-

Naphthalene, 2,7-dime-
thyl-

Biphenyl

Phenol, 2-methoxy-4-(2-
propenyl)-

Phenol, 2,6-dimethoxy-

5-Acetoxymethyl-2-fural-
dehyde

Naphthalene, 2-methyl-

Naphthalene, 1-methyl-

Benzeneethanol, 2-meth-
OXY-

1,4-Benzenediol,
2,3,5-trimethyl-

1,2-Benzenediol, 3-meth-
OXy-

1,2-Benzenediol

3,5-Dimethyl-1H-inda-
zole

1,3-Benzodioxole,
5-ethynyl-

Phenol, 2,4,6-trimethyl-

Phenol, 3,4-dimethyl-

Phenol, 2-methoxy-
4-methyl

Phenol, 2,3-dimethyl-

Naphthalene

Phenol, 4-ethyl-

Ethanone, 1-(2-hydroxy-
phenyl)-

Phenol, 2,4-dimethyl-

2,3-Dihydro-3,5-di-
hydroxy-6-methyl
4H-pyran-4-one

Cl13H;,0,
Ci6H3,0,

CsHgO;5

C13HIO
C13ILII4

C10H1403
C1,H0
CIOHIZOZ
CIZHIZ

C12H12

CioHyo
C,,H1,0,

C8H1 003
CeH,0,

CyHyg
CyHyg
CoH,,0,
CoH},0,
C;Hg0;
Ce¢HgO,
CoH N,
CyHgO,

CoH 1,0
CgH 0

C8H1002

CgH,,O
CioHyg

CgH,40
CsHg0,

CgH 0
C4H,0,

19.472
18.599

18.34

17.907
17.417

16.905
16.747
16.502

15.341

14.368

14.224
14.144

12.256
12.133

12.047
11.917
11.708

10.713

10.591

9.819

9.668

8.55

8.32
8.096

6.381

6.244
5.746

4.586

3.519

3.144
2.235

0.32
0.35

1.83

0.94
0.89

0.24
22
4.08

2.42

0.58

0.75
0.76

0.39
0.12

0.15
3.97
0.13

5.47

10.25

0.32

0.25

1.05

4.07
0.66

0.15

0.67
0.58

0.21

1.68

0.81
16.8

Phenol, 2-ethyl-
2-Cyclopenten-1-one,
3-ethyl-2-hydroxy

Maltol

Phenol, 2,6-dimethyl-
Benzofuran, 2-methyl-

Benzofuran, 7-methyl-
Phenol, 2-methoxy-
Phenol, 3-methyl-

Phenol, 2-methyl-

2,3-Dimethyl-2-cyclo-
penten-1-one

2-Acetyl-5-methylfuran

2-Cyclopenten-1-one

2-Furanmethanol, acetate
Pentanoic acid 4-oxo

Pentanoic acid
Phenol
Benzene, 1,2,3-trimethyl-

2-Furancarboxaldehyde,
5-methyl-
2-Furancarboxaldehyde

2,5-Furandione, dihydro-
3-methylene-

2(3H)-Furanone,
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Fig.3 The GC-MS results of 30
the bio-oil

(V)]

Phenol

Table 6 BET analysis results

No Temperature KOH/biochar Surface area  Pore

°C) (m% 2) volume
(mL/g)
1 500 0.5:1 187.4 0.0844
2 600 0.5:1 201.4
3 700 0.5:1 246.0 0.1121
4 800 0.5:1 610.2 0.2808
5 500 1:1 473.7
6 600 1:1 675.6 0.3032
7 700 1:1 818.8 0.3684
8 800 1:1 978.6 0.4522
9 500 2:1 529.5 0.2426
10 600 2:1 800.4 0.3939
11 700 2:1 1161.0 0.5718
12 800 2:1 1099.0 0.6072
13 500 3:1 4239 0.1953
14 600 3:1 871.1 0.4002
15 700 3:1 1112.0 0.5099
16 800 3:1 1307.0 0.5418

SEM analysis result

SEM analysis was conducted to determine the surface
morphology of the biochar obtained with pyrolysis and
the activated carbon obtained with the activation of the
biochar. Activated carbon with the highest surface area
was selected among the activated carbons. The review of
the SEM images in Fig. 4 demonstrated that biochar acti-
vation led to a more porous structure.

It could be suggested that volatile components in the
sample were removed, and pits were formed after the
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chemical activation conducted with KOH and the subse-
quent carbonization. The development of pores and the
heterogeneous structure of the surface indicated that the
basic structure was transformed into activated carbon
(Saygilt 2017).

Adsorption results

Adsorption was tested with methylene blue (MB) dye. The
effects of temperature, pH, and initial concentration param-
eters on adsorption were determined.

Effect of pH on MB adsorption

The effects of three pH values, 4.5, 6, and 9, were investi-
gated on MB adsorption at 25 °C and 100 ppm initial con-
centration. The tests revealed that MB was removed almost
completely after 30 min for all pH values. It was also deter-
mined that the adsorption rate was the highest at alkaline
pH values.

As seen in Fig. 5, almost all MB content was removed
after 30 min in all pH values. It was observed that the adsorp-
tion was faster at alkaline pH values. Since the adsorbent
surface is covered by hydrogen at low pH, MB ions cannot
be absorbed by the active regions on the adsorbent (Lai and
Chen 2001). Increasing the solution pH increases the solu-
tion OH™ content, and this leads to a more negative activated
carbon surface. The electrostatic attraction between MB and
activated carbon surface increases, leading to an increase in
MB adsorption (Pathania et al. 2017). Although the adsorp-
tion rates were higher at alkaline pH, the difference was
insignificant. Thus, pH 6 was preferred in further tests.
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Fig.5 The effect of pH on MB 100
adsorption (100 ppm, 25 °C)

80

75

Effect of initial concentration on MB
adsorption

The tests were conducted at pH 6, 25 °C, and with two
concentrations (100 and 150 ppm) to determine the impact
of the initial concentration on adsorption.

Figure 6 shows that adsorption rates were higher at
150 ppm. This was due to the high MB content per acti-
vated carbon unit. The increase in the initial MB concen-
tration led to further MB adsorption per gram adsorbent
since it is an essential factor for the mass transfer between
the solution and the solid phase. Furthermore, when the
initial concentration of dye increases, the active sites

—e—pH 45
—@—ph6
ph9

5 10 15 20 25 30
Time(min)

required to adsorb dye molecules are unavailable, so satu-
ration takes place very fast (Mousavi et al. 2022).

Effect of temperature on MB adsorption

The test was conducted with 100 ppm MB solution at two
temperatures (25 °C and 35 °C) and pH 6 to determine the
effect of temperature on MB adsorption.

As seen in Fig. 7, the adsorption rate increased with the
increase in temperature, and MB was almost completely adsorbed
after 30 min. This could be due to further diffusion of the absorbed
molecules with increased temperature (Ani et al. 2020).
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Fig.6 The effect of the initial

concentration on MB adsorption 135
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Adsorption isotherms

In the study, experimental adsorption data obtained at
25 °C and 35 °C temperatures, pH 6, and 100 ppm MB ini-
tial concentration conditions were used to create adsorp-
tion isotherms.

The Langmuir isotherm presented in Fig. 8 was plotted
with the data obtained with the Langmuir equation (Eq. 3)
for 100 ppm baseline concentration and pH 6.

The slope and cutoff point of the line presented in Fig. 8
were 1/q,,,, and 1/q.,.K;, respectively. The Langmuir
maximum adsorption capacity (¢,,,,), Langmuir isotherm
constant (K;), correlation constant (R?), and equilibrium
factor (R;), presented in Table 6, were calculated with
the figures mentioned above. The Freundlich isotherm in
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Fig. 9 was plotted with the 100-ppm baseline concentra-
tion and pH 6 data obtained with Eq. 5.

The slope and cutoff point of the line presented in Fig. 9
were 1/n and LnK, respectively. The Freundlich constants
K and n were calculated based on the linear equation. Fre-
undlich adsorption capacity (K) and correlation constant
(R%) were calculated based on these values. The resulting
Langmuir and Freundlich isotherm constants are presented
in Table 7.

As seen in Table 7, where Langmuir and Freundlich
isotherm constants are presented, the Langmuir isotherm
correlation coefficient (R* 0.99) was higher when com-
pared to the Freundlich isotherm correlation coefficient
(R? 0.97). Thus, MB adsorption by activated carbon was
more consistent with the Langmuir model; therefore, it
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Table 7 .Lapgmuir and Temperature(°C) Langmuir constants Freundlich constants
Freundlich isotherm constants
Gmax (Mg/E) K (L/mg) Ry R Kp(mg/g)  n R
25 78.13 1.14 0.009 0.99 304.17 3.6 0.97
35 85.47 5.85 0.002 0.99 228.51 52 0.97

could be suggested that adsorption was a single layer. The
dimensionless R, constant (dissociation constant) calcu-
lated to determine the adsorption properties were between
0 and 1 at all temperatures, indicating that activated

carbon was adequate for MB adsorption. Also, the high
K;, which indicated the affinity of methylene blue and
activated carbon in the Langmuir isotherm, suggested that
it was compatible with this isotherm (Yakout et al. 2013).
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Conclusion

This study produced bio-oil and activated carbon by the
pyrolysis of waste pomegranate peels. The highest bio-oil
yield of 17.8 wt% was obtained at the pyrolysis tempera-
ture of 450 °C, 10 °C/min heating rate, and a 1.6-2.1 mm
particle size. The caloric value of bio-oil was measured as
27.33 MJ/kg. We can say that bio-oil can be used as a fuel
or mixed with fossil fuels. The major components of bio-oil
were phenolic compounds by GC-MS. Due to its essential
constituents, it can be utilized in many industrial applica-
tions as a chemical feedstock. Activated carbon with a sur-
face area of 1307 m?/g was obtained by activating biochar.
The maximum adsorption capacity of MB (91 wt%) was
observed at pH 9, 150 ppm initial concentration, and 35 °C
temperature. The biochar obtained can be an alternative
adsorbent to remove various organic and inorganic pollut-
ants from wastewater.
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