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Abstract: The aim of this study is to synthesize activated carbon with high surface area from peach kernel
shells which is an agricultural waste. In this study, activated carbon synthesis was carried out by using CO,
at 2 different temperatures (800 and 900 °C) with physical activation from products carbonized at 4
different temperatures (300, 400, 500, and 600 °C) and 2 different N, gas flow rates (100 and 500
mL/min). After carbonization, solid, liquid, and gas yields of the materials were calculated. The surface area
of activated carbons synthesized was calculated by BET analysis and the differences in the surface area
were shown by changing the synthesis conditions. Surface areas vary between 340.15 and 686.74 m?/g. In
samples pores formed were examined by DFT plus. It was found that most of these pores consist of
micropores. Also, the structures of the samples were examined with SEM and XRD analyses. Methylene blue
removal of the synthesized samples was studied and the results were compared.
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INTRODUCTION open if there are closed pores. The formation of the
pores is as follows (6):

Activated carbon, known as activated charcoal, isa Vv Volatile components in the raw material
high surface area, amorphous and graphite-free leave the structure by heating the raw material in
carbonaceous compound. Activated carbons, which  an inert environment.

do not have a chemical formula, differ from each

other with their surface areas, advanced and Vv These components, which move away from

adjustable pores, mechanical strength, high reactive
surface chemistry, adsorption capacities, the raw
materials they are synthesized, the activation
method used and chemicals used (1-5).

One of the most important properties of activated
carbons is that they have a porous structure that
causes the surface area to grow. Besides its porous
structure, pore volume and diameter are important.
The formation of pores in activated carbons starts at
the carbonization stage. Through physical and
chemical activation, these pores gain volume and

the raw material, pore on the raw material
according to the size of the structure.

v If the displaced structure is in the middle of
the solid, the internal pressure will increase in the
solid and will open micro channels as this structure
moves away.

The pore distribution and pore diameter in an
activated carbon vary depending on the type of raw
material used and the carbonization temperature

(7).
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In recent years, research has been increased
towards the use of agricultural waste products for
the synthesis of activated carbon. These biomass
products are sustainable, cheap, and rich sources of
carbon. This feature makes them the suitable raw
material for the synthesis of activated carbon. In
respect of environmental concern, these agricultural
wastes will get decayed finally with time, but most
of them reduce slowly and create pollution. The best
way to address these issues is to use them as
precious material. Along with having a good source
of carbon, these biomaterial wastes include other
elements and compounds, which can be exploited
cleverly according to the application (8). Some
agricultural wastes synthesized from activated
carbon coffee husks (9), durian shells (10), olive
stones (11), rice straw (12), oil palm fibers (13),
walnut shells (14), rice husks (15), waste apricot
(16), cherry stones (17), banana peels (18),
sawdust (19), rice bran (20), almond shells (21),
tea waste (22), herb residues (23), corn cobs (24),
rice hulls (25), sugarcane bagasse (26), cotton
stalks (27), orange peels (28), date stones (29),
coconut husks (30), etc.

Activated carbon is an adsorbent acquired from

carbonaceous substances with a disorganized
crystallographic shape, constituted through
randomly dispensed microcrystals. This

microcrystalline shape is constructed from standard
systems which include graphene sheets and
fullerene or quasi-graphitic fragments. However,
this microcrystalline association does now no longer
enlarge on a macroscopic scale ensuing in a
disordered and surprisingly nanoporous shape.
Consequently, those substances gift excessive
surface area, extensive type of practical groups and
a pore length distribution. All those traits supply
them an outstanding potential to adsorb a
remarkable range of molecules (31). In addition to
this potential, it is used in many different fields.
Some of those purification (32), nuclear power
stations (33), gas separation (34), energy storage
(35), catalysis (36), water treatment (37),
pharmaceutical (38), capacitors (39), petroleum
industries (40), etc.

Adsorption, which is one of the most used areas of
activated carbons, takes place through the pores on
the surface of the activated carbon. The substance
to be adsorbed enters through these pores and
interacts with the outer surface of the activated
carbon and adheres to that region. Adsorption takes
place in this manner. However, for the adsorption to
take place, the material to be adsorbed must pass
through the pores of the activated carbon. If these
pores are small or if the material to be adsorbed is
larger than the pores, adsorption cannot take place
(41).

In this study, activated carbon synthesis was made
from peach kernel shells which are agricultural
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waste. In this study, carbonization temperature,
carbonization gas flow and activation temperature
were changed. The synthesized active carbons were
compared with each other.

EXPERIMENTAL

Synthesis of the Activated Carbon

Supplied with peach kernel shells (Bursa, Turkey)
was used without applying any pretreatment except
for washing with water. These shells were firstly
subjected to pyrolysis process and the synthesis of
activated carbon was made on solid char. A three-
zone furnace was used for the pyrolysis process of
peach kernel shell. The furnace was placed in the
steel reactor with the help of a steel cuvette by
taking approximately 500 = 25 g and subjected to
pyrolysis in nitrogen atmosphere. Pyrolysis was
carried out at 300, 400, 500, and 600 °C. The
furnace started at room temperature and increased
to 10 °C per minute to the final temperature. When
it reached the final temperature, the furnace
remained stable for 1 hour and was then allowed to
cool to room temperature. Nitrogen gas atmosphere
was used in all of these processes and nitrogen gas
flow was made with the help of a manometer.
Nitrogen gas for the samples was tested by means
of manometer pyrolysis at 100 and 500 mL/min gas
flow rates. The pyrolysis liquid was collected by
means of the back cooler connected to the outlet
end of the steel reactor.

Char obtained was placed in a three-zone furnace
by means of a glass reactor and the physical
activation was carried out. Two different activation
temperatures (800 and 900 °C) were studied. At
these temperatures, CO, gas was used for activation
and the gas flow was fixed to a flow of 100 mL/min
by means of a manometer. In this activation
process, the furnace increased from 10 °C per
minute starting from room temperature and
remained at the final temperature for 1 hour.

Preparation of Methylene Blue

The methylene blue used in the study was placed in
a beaker and kept in an oven at 105° for 6 hours.
Then 1 gram of methylene blue was taken and 1000
ppm, 1 liter stock solution was prepared.

Adsorption

The prepared stock solution was diluted to 100 ppm
and 0,1 grams of activated carbon sample was
added to 100 mL and mixed for approximately 24
hours by magnetic stirrer (pH 6.2 at room
temperature). The received solutions were filtered
through a syringe filter and measured at 660 nm in
a UV-Vis device.

Equipment

Carbonization process with Protherm PZF 12/50/700
furnace, activation process with Protherm PZF
12/60/600 furnace were carried out.
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Analysis

UV-Vis analyses were performed with a Shimadzu
UV-2100S, SEM analyses were carried out with a
Leo EV040 brand scanning electron microscope,
XRD were realized with a Rigaku RadB-DMAX II
computer-controlled X-ray diffractometer, and BET
(Brunauer-Emmett-Teller) measurements  were
performed with a Micromeritics Tristar 3000, and
elemental analyses were realized with a CHNS-932
(LECO) Elemental Analyzer.
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RESULTS AND DISCUSSION

Biomass is converted to solid (char), liquid, and gas
by pyrolysis process. These transformations vary
depending on the biomass species and pyrolysis
conditions. Table 1 shows the solid, liquid, and gas
transformations of the peach kernel shell used as
raw material as a result of the process.

Table 1: Solid, liquid and gas yields as a result of pyrolysis process.

Temperature / N, Gas Flow Solid Yield % Liquid Yield % Gas Yield %
300 °C/ 100 mL/min 41.5 39.91 18.59
300 °C/ 500 mL/min 43.02 37.55 19.43
400 °C/ 100 mL/min 34.24 37.04 28.72
400 °C/ 500 mL/min 33.62 34.22 32.16
500 °C/ 100 mL/min 29.55 33.1 37.35
500 °C/ 500 mL/min 29.01 36.17 34.82
600 °C/ 100 mL/min 27.03 37.25 35.72
600 °C/ 500 mL/min 27.03 31.29 41.68

Peach kernel shell was subjected to pyrolysis at four
different temperatures (300, 400, 500, and 600 °C)
and solid, liquid and gas yields were calculated.
Solid yield decreased with increasing temperature.
It is seen that gas yield increases while liquid yield
decreases with increasing temperature. Although
the change in pyrolysis gas flow rate changed the
solid, liquid and gas yields excessively at some
temperatures, the change in some temperatures
was very low.

The BET analysis results of the synthesized
activated carbons are shown in Table 2. According
to these results, the surface area varies between
686.74 and 340.15 m?/g. The highest surface area
was achieved at an activation temperature of 800
°C in N; gas flow of 100 mL/min at 500 °C
carbonization temperature. Table 2 shows that the
change in temperature of pyrolysis caused changes
in surface areas. Increasing the pyrolysis
temperature up to 500 °C caused a positive change
in the surface areas, while the rise to 600 °C
showed a negative change in the surface areas. The
change in the gas flow rate of pyrolysis caused
changes in the samples. There was no order in
these changes. The increased gas flow rate, except
for 2 samples, caused a decrease in surface areas.
The change in the activation temperature caused
the surface area to change. In particular, the
increase in activation temperature increased the
surface area of samples. Since one of the objectives
in activated carbons is the increased surface, it is
necessary to work at high activation temperature
when using CO, for high surface area activated
carbons. Also, when we look at the synthesized
activated carbons, we can usually mention two
types of pores. Table 2 shows that activated
carbons are composed of micropore and mesopore.
Some samples were found to consist entirely of

micropores. In particular, the activated carbon
synthesized at low carbonization temperature and
low activation temperature is entirely composed of
micropores. Increased carbonization temperature
increased mesopore formation. Also, the increased
gas flow rate increased the amount of mesopore in
the samples. Another parameter, namely activation
temperature, positively affected mesopore
formation. Table 2 shows the total volume, micro
and meso volumes of the activated carbons. Almost
all of the samples consisted of micro volumes. In
some samples, meso volumes were not observed at
all, whereas in some samples a small amount was
observed. Increased activation temperature caused
micro volume to increase.

In the literature (42), activated carbon synthesis
have been made from peach kernel shell. However,
chemical activation method was generally used in
these studies. In very few physical activation the
results of activation temperature and carbonization
temperature on activated carbon using CO, were not
investigated. In some studies, physical activation
was performed with water vapor. However, even
with this activation, the activated carbons
synthesized differ from each other. Compared with
the studies in the literature, this study showed
differences in many ways. The surface areas of the
synthesized activated carbons were smaller than
those synthesized by chemical activation in the
literature (43). This is due to the fact that the
chemical agent can directly contact the surface
while the CO; hits the surface. However, during this
contact, the chemical agent affected the surface and
the active carbons have increased the ratio of
mesopore. In this study, the amount of mesopore is
less. In the literature (31), water vapor is used in
activated carbons synthesized by physical
activation. It is seen that the use of water vapor
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causes more development of pores. When the water
molecule contacted the biomass, it caused the pores
to grow by contacting the pore walls in the cavities
formed by carbonization. However, since the CO,
molecule was larger than the water molecule, it
could not provide expansion in the walls and
expanded into the pore center. Therefore, the
amount of mesopore is very high in water vapor
studies in the literature. As the surface area will
increase with increasing mesopore amount, the
surface area in these studies is higher than the
surface areas of the synthesized active carbons.

Figure 1 shows that the pore distribution ranges in
the samples. Samples generally have pore
distributions ranging from 1 nm to 2 nm. These pore
distributions show the micropores formed in the
structure. As in Table 2, the micropore ratio was
found to be high in the samples. These results
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showed parallelism with the pore distribution graph
and confirmed the structure.

One of the ways of characterizing activated carbons
is N2 adsorption graphs. N2 adsorption graphs
provide information about the pores of activated
carbons. Six types of adsorption plots were defined
by IUPAC (International Union of Pure and Applied
Chemistry). Each graph tells us about the pores of
activated carbons by following different N2
adsorption. N2 adsorption graphs of the synthesized
activated carbons are given in Figure 2. According
to the graph in Figure 2, the N2 adsorption graph is
similar to type 1. Type 1 graphs are generally N2
adsorption graphs seen in microporous and low
surface area activated carbons. In the graph,
adsorption at low pressure increases rapidly. This
increase is due to microporous. The adsorption
stops with the filling of micropores in the structure
and the graph proceeds in a straight way.
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Table 2: BET analysis results of activated carbons.

Carbonization

Physical Activation

Temp. (°c) N2 GasFlow (min/mb) = 1oy, (oc/100 mL c0,) n?:?g :1?/9 :1"21/9 cn:’;/g c‘r’l:;c/rog c:::;og ::1
300 100 800 340.15 340.15 - 0.19 017  0.02 -
300 500 800 353.48 353.48 - - 0.18 - -
300 100 900 445.42 412.06 33.35 0.22 021 001 2
300 500 900 417.42 408.03 9.38  0.20  0.21 - 1.94
400 100 800 596.73 69.81 526.9 0.55  0.03  0.52 3.74
400 500 800 378.05 373.27 4.78 0.18  0.19 - 1.92
400 100 900 458.24 426.67 31.56 0.228 0.224  0.004 1.9
400 500 900 451.8  427.63 24.17 - 0.22 - -
500 100 800 686.74 - 686.7 0.68  0.02  0.66 4.01
500 500 800 356.99 356.99 - - 0.19 - -
500 100 900 422,53 40239 20.13 0.20  0.21 - 1.97
500 500 900 447.65 412.41 3523 022 021  0.01 1.9
600 100 800 349.23 34324 598 0.18  0.05 0.3 -
600 500 800 345.42 34542 - - 0.18 - -
600 100 900 427.13 399.99 27.14 021  0.21 - 2
600 500 900 412.89 409  3.88 - 0.21 - -
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Figure 1: Pore size distribution of activated carbon sample A. Activated carbon sample at 500 °C 100
mL/min N carbonization and at 900 °C with 100 mL/min CO. activation B. Activated carbon sample at
400 °C 100 mL/min N, carbonization and at 900 °C with 100 mL/min CO. activation C. Activated carbon
sample at 600 °C 100 mL/min N, carbonization and at 800 °C with 100 mL/min CO; activation D.
Activated carbon sample at 300 °C 100 mL/min N, carbonization and at 800 °C with 100 mL/min CO,
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Figure 2: Adsorption isotherms of N, A. Activated carbon sample at 500 °C 500 mL/min N
carbonization and at 900 °C with 100 mL/min CO, activation B. Activated carbon sample at 500 °C 100
mL/min N, carbonization and at 900 °C with 100 mL/min CO; activation C. Activated carbon sample at
400 °C 100 mL/min N, carbonization and at 900 °C with 100 mL/min CO, activation D. Activated carbon
sample at 300 °C 100 mL/min N; carbonization and at 900 °C with 100 mL/min CO. activation.
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Figure 3: A. SEM image of raw peach shell B. Activated carbon sample at 500 °C 100 mL/min N,
carbonization and at 800 °C with 100 mL/min CO, activation C. Activated carbon sample at 500 °C 500
mL/min N carbonization and at 900 °C with 100 mL/min CO, activation. D. Activated carbon sample at 400
°C 100 mL/min N, carbonization and at 800 °C with 100 mL/min CO, activation. E. Activated carbon sample
at 400 °C 100 mL/min N; carbonization and at 900 °C with 100 mL/min CO; activation.
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Figure 4: XRD chart of samples. A. XRD chart of raw peach shell. B. Activated carbon sample at 400 °C
100 mL/min Ny carbonization and at 800 °C with 100 mL/min CO; activation. C. Activated carbon sample at
400 °C 100 mL/min N carbonization and at 900 °C with 100 mL/min CO. activation. D. Activated carbon
sample at 500 °C 100 mL/min N, carbonization and at 800 °C with 100 mL/min CO, activation. E. Activated
carbon sample at 500 °C 500 mL/min N, carbonization and at 900 °C with 100 mL/min CO activation
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Figure 5: FTIR spectra of raw material and activated carbon samples. A. Raw material. B. Activated carbon
sample at 400 °C 100 mL/min N, carbonization and at 800 °C with 100 mL/min CO, activation. C. Activated
carbon sample at 400 °C 100 mL/min N. carbonization and at 900 °C with 100 mL/min CO. activation. D.
Activated carbon sample at 500 °C 100 mL/min N, carbonization and at 800 °C with 100 mL/min CO,
activation. E. Activated carbon sample at 500 °C 500 mL/min N, carbonization and at 900 °C with 100
mL/min CO; activation.

One of the methods used to characterize activated
carbons is SEM analysis. Thanks to SEM analysis,
we see the pores of the activated carbons. SEM
images of the synthesized activated carbons and
peach kernel shell used as raw materials are shown
in Figure 3. According to SEM images, peach kernel
shell does not show pores on its surface without any

pretreatment. The formation of pores on the surface
is seen as a result of activated carbon synthesis.

XRD analysis of synthesized activated carbons and
peach kernel shell is shown in Figure 4. When the
raw materials and activated carbons were
examined, no crystalline structure was found in the
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structure. Amorphous is observed in the structures.
In the peach kernel shell used in the synthesis of
activated carbon, a small amount of regular
structure is encountered. In particular, the peak of
about 22° is defined as the cellulose peak and is
seen in cellulose-structured materials. During the
synthesis of activated carbon, this regular structure
was disrupted by heat and partially lost this peak
intensity in activated carbon samples.

The FTIR spectroscopy technique was used to
identify the functional groups on the surface on
activated carbons and the raw material. According
to the FTIR spectra in Figure 5, the band belongs to
OH stress vibrations at approximately 3450 cm,
band around 2850 cm™ indicates the C-H stretching
vibrations, the band seen at about 1700 cm™
originates from C=0, band at about 1600 cm™
belongs to the C=C bond vibration of alkenes. Band
at about 1000 cm™ is the peak of vibrations caused
by C-OH and C-O-C bonds.

Elemental analysis results of synthesized activated
carbons and raw material are given in Table 3.
According to Table 3, It is seen that the carbon
amounts of the synthesized activated carbons are
approximately 7-71% higher than the raw
materials. In addition, the carbon content of the
synthesized activated carbons that are exposed to a
high activation temperature is generally less than
the others. Activated carbons synthesized at the
same carbonization temperature and activation
temperature of 800 °C appear to reduce the amount
of carbon at an increased gas flow rate. However, at
the activation temperature of 900 °C this was the
opposite. The hydrogen content of the synthesized
active carbons decreased approximately 5 times
compared to the raw material.

Adsorption, which is one of the most commonly
used application fields of activated carbons, was
studied. In this work, methylene blue adsorption
capacities of activated carbons were examined. The

RESEARCH ARTICLE

adsorption capacity of the synthesized activated
carbons was found to be very low. The reason for
this is methylene blue, which is the molecule to be
adsorbed, and the reason is the diameter of the
pores formed on the activated carbon. If the
molecule to be adsorbed passes through the pores
on the activated carbon, it will bind to the atoms on
the outer surface of the pores through secondary
interactions. Because the methylene blue molecule
did not pass through the pores on the activated
carbon this phenomenon could not occur. The
synthesized activated carbons have very small pore
diameters. DFT results show how small and narrow
the pore diameters change. Therefore, these results
are quite natural.

CONCLUSIONS

In this study, it is aimed to synthesize activated
carbon with narrow pore distribution from peach
seed peel, which is an agricultural waste. In the
study, carbonization was made at 4 different
temperatures and 2 different gas flows, and CO2
was used for activation. As a result of the
characterization of the samples, it was observed
that micropores were abundant and showed a
narrow pore distribution according to the DFT plus
data. The micropore ratio in the prepared activated
carbons varied depending on the temperature and
gas flow rate. No micropores were observed in one
sample, although some samples consisted entirely
of micropores. In the elemental analysis of activated
carbons, the amount of carbon showed a maximum
increase of 71% compared to the raw material. In
the study, the adsorption capacity of methylene
blue studied in the samples with narrow pore
distribution was quite low, while adsorption was not
observed in some samples. Although the activated
carbons prepared in this study are not suitable for
methylene blue adsorption, it can be checked
whether they are suitable by using different
applications.
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Table 3: Elementary analysis results of raw materials and activated carbons.

Carbonization AF::I:KI sai;iln
N: Gas

Temperature Flow 'I;e°21/p1e(;gt:1rl-e C H N s

°C dk/mL €0,)
Raw Materials 50.45 5.68 0.072 -

300 100 800 79.27 1.03 0.28 -
300 500 800 78.25 1.132 0.32 -
300 100 900 54.07 1.317 0.184 -
300 500 900 57.74 1.063 0.242 -
400 100 800 86.27 0.98 - -
400 500 800 74.85 1.628 0.276 -
400 100 900 62.06 0.59 - -
400 500 900 69.40 1.219 0.132 -
500 100 800 86.53 0.97 - -
500 500 800 79.76 1.607 0.268 -
500 100 900 65.90 1.509 0.138 0.053
500 500 900 74.34 0.64 - -
600 100 800 84.00 1.39 0.215 -
600 500 800 77.46 1.412 0.259 -
600 100 900 76.81 0.59 - -
600 500 900 82.77 1.009 0.173 0.054

Table 4: Methylene blue adsorption capacity of activated carbons.

Carbonization Physical Activation

Temperature NFZIS‘:S Temperature Seer Adsorption Capacity q.
°C dk/mL (°C/100 mL CO,) m?/g (mg/g)
300 100 800 340.15 2.98
300 500 800 353.48 0.89
300 100 900 445.42 12
300 500 900 417.42 9.69
400 100 800 596.73 1.44
400 500 800 378.05 -
400 100 900 458.24 24.1
400 500 900 451.8 16.29
500 100 800 686.74 -
500 500 800 356.99 -
500 100 900 422.53 9.69
500 500 900 447.65 7.74
600 100 800 349.23 -
600 500 800 345.42 -
600 100 900 427.13 8.15
600 500 900 412.89 7.93
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