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ABSTRACT

In this study, an activated carbon with high surface area was prepared from pumpkin seed
shell by chemical activation with ZnCl,. The effects of impregnation ratio (IR) and activation
temperature on the pore structure of the activated carbon were investigated. The activation
temperatures and IRs were in the range of 400-600°C and 1:1—4:1, respectively. The chemical
and physical properties of the obtained activated carbons were determined. Elemental analy-
sis was applied to determine the C, H, N, and O contents, and Fourier transform infrared
spectrophotometry was used to analyze the functional groups. The surface area, pore vol-
umes, pore size distribution, and average pore diameter of the activated carbons were
characterized by N, adsorption at 77 K using the Brunauer-Emmett-Teller (BET), t-plot, and
density functional theory methods. The surface morphologies of the pumpkin seed shell and
the activated carbon were investigated by scanning electron microscope. The highest BET
surface area and total pore volume of the activated carbon were obtained as 1,564 m*/g and
0.965 cm®/g, respectively, at 500°C and with an IR of 3:1. According to the experimental

results, pumpkin seed shell is a suitable raw material for activated carbon production.
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1. Introduction

Activated carbons have been widely used as adsor-
bents in the separation and purification processes for
gaseous or aqueous solution systems, and they are also
used as catalysts or catalyst supports in the catalytic
processes due to their large surface areas, microporous
structures, high degree of surface reactivities, and high
adsorption capacities [1-3]. Thus, activated carbons
play an important role in the chemical, pharmaceutical,
and food industries. Activated carbon can be produced
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theoretically from any carbonaceous material rich in
elemental carbon. In activated carbons, the properties
such as porosity, pore size distribution, pore shape,
and surface chemistry are affected significantly by the
nature of the precursor, activation method, and
activation conditions [4]. In recent years, there has
been considerable research concerning the preparation
of low-cost activated carbons from different precursors
such as walnut shell [5], cherry stones [6], pumpkin
seed shell [7], palm shells [8], waste tea [9], orange skin
[10], coconut shell [11], poplar wood [12], apricot
stones [13], date pits, and rice husks [14].
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Activated carbons can be produced basically by two
methods: physical activation or chemical activation. In
the physical activation, a raw material is first
carbonized and the carbonized material is secondarily
activated by steam or carbon dioxide, i.e. there are two
steps: carbonization step and activation step [1]. In
chemical activation, the raw material is first impreg-
nated by activating reagents, such as HzPO,, ZnCl,,
K>,CO3, NaOH, or KOH, followed by thermal activation
under inert atmosphere to create the pore structure
[15]. The carbonization step and the activation step
simultaneously progress in the chemical activation.
Chemical activation offers several advantages including
activation in a single step, low activation temperatures,
low activation time, and better porous structure [8,16].
On the other hand, there are some disadvantages of the
chemical activation process such as the corrosiveness of
the process and the necessity of washing steps [15].

Zinc chloride (ZnCly) is one of the most widely
used agents for the chemical activation of a carbona-
ceous material. Chemical activation using zinc chloride
produces high surface area and more porous activated
carbons, and thus provides high adsorption capacity
[5,17-20]. ZnCl; acts as a dehydrating agent promoting
the decomposition of carbonaceous material during the
pyrolysis process, restricts the formation of tar, and
increases the carbon yield. Due to these properties,
ZnCl, was selected as an activating agent.

The aim of this study was to obtain a useful
activated carbon by evaluating waste pumpkin seed
shells. In the study, activated carbons were produced
from pumpkin seed shell by chemical activation with
zinc chloride. The effects of carbonization temperature
and impregnation ratio (IR) on the pore structure
(specific surface area, pore volume, and pore size
distribution) were investigated by N, adsorption.

In addition, the prepared activated carbons were
characterized by several techniques such as elemental
analysis, Fourier transform infrared (FTIR), and scan-
ning electron microscope (SEM). Functional groups
are very important characteristics of the activated car-
bons, since they determine the surface properties of
the carbons and their quality. The FTIR spectroscopy
in its various forms is an important and forceful tech-
nique which can give useful information about struc-
tures. Surface morphology of the pumpkin seed shell
and the activated carbon was investigated by SEM.

2. Experimental
2.1. The material

The pumpkin seed shell used in this study was the
pumpkin seed process waste of Peyman Company
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which produces all kinds of nuts and dried fruits in
Eskisehir. The dried sample at 105°C was crushed and
sieved to obtain a 0.850 -1.00 mm grain size by a
high-speed rotary cutting mill.

2.2. Preparation of activated carbons

In this study, the chemical activation of pumpkin
seed shell was carried out using zinc chloride (ZnCl,).
The IR was calculated as the ratio of the weight of
ZnCl; in solution to the weight of the used pumpkin
seed shell. The IR was varied between 1:1 and 4:1.
Twenty to eighty grams of ZnCl, were dissolved in
200 mL of distilled water, and then 20g of the
pumpkin seed shells were mixed with the ZnCl,
solution and stirred at approximately 75°C for 6 h to
ensure a complete reaction between ZnCl, and pump-
kin seed shell particles. The mixtures were then
filtered and the remaining solids were dried at 105°C
for about 24 h.

The impregnated pumpkin seed shell was placed
in a vertical tree zone tubular furnace (Carbolite, UK).
The heated length is divided into three zones. The
outer diameter of the tube is 75mm, and the
maximum operating temperature is 1,200°C.

The impregnated pumpkin seed shell was car-
bonized at the desired temperatures (400, 500, and
600°C) under nitrogen flow. The carbonization process
was initiated by heating the sample with a heating
rate of 10°C/min starting from room temperature until
the desired temperature was reached. The samples
were held at the desired temperature for 1h. Then,
the temperature of the reactor was cooled down to the
room temperature under nitrogen atmosphere. The
activated carbons were washed with a 0.5 N HCl solu-
tion. Subsequently, the samples were repeatedly
washed with hot distilled water until the pH of the
solution reached a value between 6 and 7. Finally, the
wet samples were dried at 105°C for 24 h and
weighed to calculate the yield. The activated carbon
yield was calculated by the following equation:

Yield of activated carbon (wt%)
Final weight of activated carbon

= 100 1
Initial weight of pumpkin seed shell 8 M

2.3. Characterization of the activated carbons

The carbon, hydrogen, nitrogen, and oxygen (by
difference) contents of the pumpkin seed shell and
activated carbons were measured using a LECO,
CHNS-932 model Elemental Analyzer.
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The determination of the porosity of activated
carbon samples was performed using physical adsorp-
tion of N, at 77 K (Quantachrome, Autosorb-1C). The
surface area, pore volume, and pore size distribution
were determined from nitrogen adsorption data by
using Quantachrome software. Prior to gas adsorption
measurements, the samples were degassed at 300°C
under vacuum for 3 h. The adsorption data were
obtained in a relative pressure, P/P°, range of 107 to
1. The Brunauer-Emmett-Teller (BET) surface area
was calculated from N, adsorption isotherms by using
the BET equation within the 0.01-0.15 relative pressure
range [21]. The t-plot method was applied to calculate
the micropore volume [22]. The total pore volumes
were calculated at a relative pressure of 0.995. The
pore size distributions of the activated carbons were
determined by density functional theory method [23].

The functional groups on the surface of the acti-
vated carbon were determined by Perkin Elmer 100
Model FTIR spectrophotometer. The spectrum was
obtained over the range of 400—4,000 cm™ L. The surface
morphologies were studied by SEM. The SEM images
were obtained using JEOL-JSM-5600LV SEM.

3. Results and discussion

Table 1 shows the ultimate and proximate analysis
results of the precursor. A high carbon and low ash
content of pumpkin seed shell indicates that the
precursor is suitable for activated carbon production.

3.1. Yield of activated carbon

The yield of activated carbon was calculated from
the weight of the resultant activated carbons divided

Table 1
Proximate and ultimate analyses (wt.%) of pumpkin seed
shell

Characteristics Percentage (wt.%)

Proximate analysis

Moisture content 7.60
Volatiles 70.97
Ash 3.90
Fixed carbon® 17.53
Ultimate analysis

Carbon 48.79
Hydrogen 7.52
Nitrogen 3.97
Oxygen® 39.72

“By difference.
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by the weight of dried pumpkin seed shell. The effects
of activation temperature and IR are shown in Fig. 1.

The final activation temperature and IR play an
important role on the yield of activated carbon. It can
be seen from Fig. 1 that as the activation temperature
increases from 400 to 600°C, the percentage yield
decreases for all IRs. This is due to the loss of the
volatile materials with increasing temperature [24,25].
On the other hand, at each activation temperature, the
activated carbon yields decreased with increasing IR.
As the IR increases, the percentage yield of the
activated carbon decreases gradually due to the con-
tinuous removal of tar material from the pores.
Ahmed and Theydan obtained similar results for the
activation of date stones under operating conditions
similar to those applied in this work [16].

3.2. Elemental analysis of the produced activated carbon

The elemental analysis results of the activated
carbons obtained at various activation temperatures
and IRs are shown in Table 2. Compared to the pump-
kin seed shell, all carbon samples had higher contents
of C and lower contents of H and O. It can be said
that chemical activation accelerated the removal of H
and O and this resulted in an increased C content as
expected.

As can be seen from Table 2, with an increase in
the activation temperatures from 400 to 600°C, the car-
bon content of the activated carbon samples increased
from 68.86 to 76.45 wt.%. However, the hydrogen con-
tent decreased from 3.87 to 2.82 wt.%, and the oxygen
content also showed a similar trend, decreasing from
24.42 to 18.02 wt.%, for the IR of 3:1. The effects of the
IRs on the elemental compositions of the activated
carbon samples were similar for 500°C. The carbon
contents of the activated carbon samples obtained for

40
——1:1
——2:1
30 1 —a—3:1
——4:1
® — . .
< 20
2 = —
-
10
0 T T -
300 400 500 600 700

Activation temperature, °C

Fig. 1. Effect of the activation temperature and IR on the
yield of activated carbons.
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Table 2
Elemental analyses of activated carbons produced at different activation temperatures and IRs
t.%
ZnCl, impregnation ratio: 3:1 W
Activation temperature (‘C) Carbon Hydrogen Nitrogen Oxygen*
400 68.86 3.87 2.85 24.42
500 75.71 3.07 2.70 18.52
600 76.45 2.82 2.71 18.02
Activation temperature: 500°C
Impregnation ratio
1:1 54.97 2.84 3.38 38.81
2:1 68.69 3.76 2.75 24.80
3:1 75.71 3.07 2.70 18.52
4:1 76.81 2.61 2.64 17.94
*By difference.
various activation conditions were increased
compared to pumpkin seed shell. This is due to the
release of volatiles during carbonization that resulted
in the elimination of non-carbonaceous parts and
enrichment of carbon [26]. The variation of the ele-
mental analysis was found to follow a similar trend in
activated carbons produced from other precursors —+—3:1 400°C
such as waste tea, nutshells, fibrous textile waste, —4—3:1 500 °C
cherry stones, and kraft lignin [20,26-29]. -@-3:1 600 °C
0+ ; ; ; ; |
0.0 0.20 0.40 0.60 0.80 1.00

3.3. Surface area and pore size distribution

The adsorption behavior and pore structure of the
activated carbons can be analyzed using nitrogen
adsorption isotherms. General properties of activated
carbons can be explained by the shape of these iso-
therms [24]. The N, adsorption—-desorption isotherms
of the activated carbons obtained at different tempera-
tures are shown in Fig. 2. From the shape of the iso-
therms, it may be stated that all activated carbons
exhibit Type I isotherms with an almost horizontal
plateau at higher relative pressures, indicating highly
microporous materials. However, the small hysteresis
loops seen on the adsorption-desorption isotherms of
the activated carbons are due to the existence of meso-
pores [30]. The major uptake occurs at relative pres-
sure less than 0.1. The initial part of the isotherm
represents micropore filling, and a low slope of the
plateau indicates multilayer adsorption on the external
surface.

Surface properties of the activated carbons
prepared at different temperatures and IRs are shown
in Table 3.

The effect of activation temperature on the surface
area and total pore volume was evaluated at the IR of

Relative pressure, P/P,

Fig. 2. Adsorption-desorption isotherms of the activated
carbons (IR =3:1) (the dotted lines (----- ) represent
desorption isotherms).

3:1. The surface area increased from 1,148 to
1,564 m?/g, as the temperature was increased from
400 to 500°C and then decreased to 1,369 m*/g at
600°C. The total pore volume followed the same trend.
The BET surface areas and total pore volumes of the
samples reach their maximum values at a temperature
of 500°C. Above 500°C, pore widening causes collapse
of pore volumes, and surface area and pore volumes
begin to decrease. This indicates that pore formation
is affected by both the reaction between incorporated
ZnCl, and the precursor, and thermal pyrolysis of the
precursor [30]. Similar results were obtained by other
researchers [31,32].

The surface areas and pore volumes of the acti-
vated carbons prepared at 500°C activation tempera-
ture using various IRs are shown in Table 3. The BET
surface area and total pore volume of the activated
carbon increased from 841 to 1,564 m*/g and from
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Table 3

Surface properties of the activated carbons

Impregnation ratio (wt/wt) Activation temperature (°C) Sper (m?/g) Vimic (cm®/g) Viet (cm’/g) D, (A)
1:1 500 841 0.246 0.483 22.97
2:1 500 1,374 0.516 0.654 23.15
3.1 400 1,148 0.408 0.649 23.85
31 500 1,564 0.526 0.965 24.69
3:1 600 1,369 0.547 0.633 18.31
4:1 500 1,395 0.438 0.851 26.42

0.483 to 0.965 cm®/g, respectively, as the IR increased
from 1:1 to 3:1. An increase in the amount of activat-
ing agent promotes the contact area between pumpkin
seed shell and activating agent, which promotes the
diffusion of ZnCl, into the structure. This leads finally
to an increase in the porosity. However, the surface
area and total pore volume of the activated carbon
decreased to 1,395 m?/g and 0.851 cm>/g, respectively,
as the IR increased from 3:1 to 4:1. When the IR
increased from 3:1 to 4:1, new micropores did not
grow any longer, while existing micropores were con-
tinuously enlarged into mesopores, resulting in
decrease in Vi Similar results were obtained by
other researchers [20,24,33].

A comparison of the surface areas of other acti-
vated carbons derived from different precursors in the
literature was given in Table 4. The activated carbon
prepared in this work showed relatively high Sggr of
1,564 m*/g, as compared to some previous works
reported in the literature.

Table 4

The pore size distribution of the activated carbons
produced from pumpkin seed shell at various activa-
tion temperatures in the IR of 3:1 is given in Fig. 3.
Porous structure of activated carbons contains a wide
range of pore sizes. For practical reasons, they are
classified into three groups: micropore (pore size
<2 nm), mesopore (2-50 nm), and macropore (>50 nm)
by the International Union of Pure and Applied Chem-
istry [4,45]. Micropores can be divided into ultrami-
cropores (width less than 0.7 nm) and supermicropores
(width from 0.7 to 2 nm) [46]. All activated carbons
produced from pumpkin seed shell in this study
include both micropores and mesopores. However, the
micropore volumes are larger than mesopore volumes
for all carbons. The average pore diameters of the acti-
vated carbons between 18.31 and 26.42 A principally
denoted microporous and mesoporous characteristics.
Similar results were obtained for the activated carbons
produced from waste tea, cherry stones, cattle-manure
compost, and olive bagasse [20,33,47].

Comparison of the surface areas of activated carbons derived from different precursors

Precursors Activating agent  Impregnation ratio  Activation temperature (°C)  Sggr (m?/ g)  References
Pumpkin seed shell =~ ZnCl, 3 500 1,564 This study
Grape seed H;PO, 3 500 1,139 [34]

Olive tree wood H3PO, 3.5 550 904 [35]
Cherry stones ZnCl, 3 700 1,704 [36]

Rice husk H;PO, 4 500 1,543 [37]

Rice husk KOH 4 800 2,516 [37]
Walnut shell ZnCl, 2 450 800 [5]

Cotton stalk H3PO, 3 500 1,160 [38]
Sewage sludge KOH 3 750 1,832 [391]

Apple pulp ZnCl, 1 500 1,067 [40]
Jatropha curcas seeds NaOH - 800 1,758 [41]
Paulownia wood ZnCl, 4 400 2,736 [42]

Sugar beet bagasse ZnCl, 3 700 1,826 [43]

Grape stalk ZnCl, 2 700 1,411 [44]

Palm shell H3PO, 3 425 1,109 [8]
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Fig. 3. Pore size distribution of prepared activated carbons
with variable temperature (IR = 3:1).

3.4. SEM analyses

SEM technique was used to observe the surface
physical morphology of the samples. Fig. 4 illustrates
the SEM photographs of pumpkin seed shell and acti-
vated carbon obtained at activation temperature of
500°C and IR of 3:1. The morphology of the activated
carbon differs from that of the pumpkin seed shell.
The surface of the pumpkin seed shell was quite
smooth without any porous structure except for some
occasional cracks, as supported by the BET results
(7.96 m*/g). On the contrary, the activated carbon has
remarkable well-developed pore structure indicative
of a high surface area. It can be seen from the SEM
images that the external surface of the ZnCl,-activated
carbon is full of cavities, and the pores have different
sizes and different shapes [48]. It seems that the cavi-
ties on the surface of the carbon resulted from the
evaporation of ZnCl, during carbonization, leaving
the space previously occupied by the ZnCl, [20,49].
Therefore, the ZnCl, is an effective activating agent to
obtain activated carbon having high surface area.

£

~ | - 3
28kU - X1, 088" 1Bkm, .
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3.5. FTIR analyses

Functional groups are very important characteris-
tics of the activated carbons, since they determine the
surface properties of the carbons and their quality.
The FTIR spectroscopy in its various forms is an
important and forceful technique which can give use-
ful information about structures. It can provide basic
spectra of activated carbons, especially for determina-
tion of types and intensities of their surface functional
groups [50]. FTIR analysis results of pumpkin seed
shell and activated carbon (IR =3:1, 500°C) are given
in Fig. 5.

The spectrum of the derived activated carbon is
different from that of the raw material. Many bands
disappeared or weakened during the activated carbon
preparation including the impregnation and the
activation; in particular, the bands located in two
regions between 3,600 and 2,800 cm™' and between
800 and 400 cm ™" [38]. The first peak at 3,300 cm ™' is
ascribed to OH stretching vibration in hydroxyl
groups. This peak is stronger for the pumpkin seed
shell and has weakened for the activated carbon [27].
Two strong bands observed at 2,920 and 2,860 cm !
are assigned to asymmetric C-H and symmetric C-H
bands, respectively, present in alkyl groups such as
methyl and methylene groups [51]. However, this
band disappeared in the activated carbon. These
bands were visible in raw material, but not in acti-
vated carbon. The strong band is seen at about
1,638 cm™' that may be ascribed to olefinic C=C vibra-
tions in aromatic region for the raw material [27].
Another strong band at 1,030 cm™! represents C-O
stretching vibrations in the raw material.

The spectra of the prepared activated carbon also
show a strong band at 1,600-1,580 cm™! due to C-C
vibrations in aromatic rings [52,53]. The peaks
between 1,050 and 1,350 cm ! occurred due to the

sl 808
PR -

Fig. 4. SEM images of (a) pumpkin seed shell and (b) activated carbon.
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Fig. 5. FTIR spectra.

presence of primary, secondary, and tertiary alcohols,
phenols, ethers, and esters showing C-O stretching
and O-H deformation vibrations in activated carbon.

4. Conclusion

Pumpkin seed shell was used as a raw material to
prepare activated carbons by chemical activation
method with ZnCl,. The effects of activation tempera-
ture and IR on the pore structure and surface chem-
istry of the activated carbons were investigated. The
BET surface areas and total pore volumes of the
obtained activated carbons produced from pumpkin
seed shell have a high surface area and a highly
developed micropore structure. The maximum surface
area and pore volume were obtained at the IR of 3:1
and the carbonization temperature of 500°C. The maxi-
mum BET surface area and total pore volume were
determined as 1,564 m*/g and 0.965 cm®/g, respec-
tively. The pore size distribution shows that the acti-
vated carbons include both micropores and
mesopores. The surface morphologies of the raw mate-
rial and the activated carbon were investigated by
SEM analysis. The SEM images show the effect of
ZnCl, activation on the pore development.

According to the results of this study, it can be said
that the pumpkin seed shell can be effectively used as
a raw material for the preparation of activated carbon
using chemical activation procedure. The activated car-
bon produced from an agricultural waste with high
carbon content is one of the most important materials
to eliminate environmental pollution (gases and liquid
impurities). Various activated carbons produced from
agricultural wastes were reported for the removal of
pollutants such as Cr(VI) (longan seed activated carbon
Sger = 1,511 m2/ g) [54], basic dyes (methylene blue
and rhodamine B) (orange peel activated carbon
Sger = 1,090 m?/g) [55], cadmium (bamboo activated

I. Demiral et al. | Desalination and Water Treatment 57 (2016) 24462454

carbon Spgr = 608 m?/¢g) [56], and copper (cassava peel
activated carbon Sggr = 1,567 m?/ g) [57].

As a result, the activated carbon product with high
surface area obtained in this study can be used as an
adsorbent for various environmental applications
including the removal of organic and inorganic haz-
ardous compounds from industrial gases or aqueous
solutions for the purification or the recovery of
chemicals.
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