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a b s t r a c t

Activated carbons having high surface area were produced from pistachio shells that were chemically
activated using zinc chloride at room temperature and then activated in carbon dioxide gas that was
saturated in water vapor. The surface area and pore structure of activated carbon produced from pistachio
shells were investigated depending on the amount of chemical activating reagent, activation temperature,
eywords:
ctivated carbon
istachio shell
hemical activation
alt

duration time in the reagent solution and the kinds of activation reagent. In this study, a method, which
provides activated carbons having the highest surface area was developed. As a result, the activated
carbon produced from pistachio shells treating with 40% ZnCl2 then with 40% HCl in room temperature
and then activated at 900 ◦C for 90 min has 3256 m2/g of BET surface area and 3822 m2/g of DR surface area
and 1.36 cc/g of DR micropore volume. It was found that the activated carbon produced from pistachio
shells treated 40% of sodium chloride and activated at 900 ◦C for 90 min has 3895 m2/g of BET surface
area and 5235 m2/g of DR surface area and 1.86 cc/g of DR micropore volume.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

Activated carbon (AC) is an adsorbent produced from a vari-
ty of carbonaceous source materials. Having high surface area and
orosity, it is used as an adsorbent for removal of organic com-
ounds from air and water streams. They are also used as catalysts
nd catalyst supports in the catalytic processes. Therefore, high sur-
ace area and porosity are very important for AC quality because the
emoval of large amounts of chemical compounds from gas or liq-
id streams on ACs. Adsorption via carbon is an expensive process.
herefore production of low cost AC has been developed. There are
any studies on ACs done with a variety of shells and agricultural
astes [1–14]. The reason of choice of them for this aim is their

bundance and availability.
The qualities and characteristics of ACs depend not only on the
hysical and chemical properties of the initial material but also
n the activation methods used. Generally, physical and chemical
ethods are used to prepare AC having high surface area. In the

hysical activation, a raw material is firstly carbonized and then

∗ Corresponding author. Fax: +90 0484 223 51 56.
E-mail address: sahinomer2002@yahoo.com (O. Sahin).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.10.061
activated by steam or carbon dioxide (CO2). Lua and Yang [15]
carried out studies on the effect of physical activation on the charac-
terization of AC prepared from pistachio-nut shells. In the chemical
activation, a raw material is impregnated with an activating reagent
and then heat-treated in inert atmosphere. Chemical activation
with zinc chloride (ZnCl2) was studied by many researchers on
different preparation conditions [16,17].

However, Hourieh et al. [18] studied the effect of ZnCl2 con-
centration on the properties of AC using a raw material like
pistachio-nut shell. Activation temperature, duration time in acti-
vating reagent solution, the amount and the type of activating
reagent, activation time are important parameters that determine
the quality of AC.

In this study, ACs were produced from pistachio shells which
were chemically activated by using ZnCl2 and then physically acti-
vated by carbon dioxide passed through water. The gas mixture
was used as an inert atmosphere during activation as it is believed
that CO2 activation mainly causes the creation of microporosity

while steam activation increases the development of mesoporos-
ity to a higher extent. As a result, ACs with the higher surface area
were produced from pistachio shells prepared under the condition
of 40% salt solution impregnation and then activated at 900 ◦C for
90 min.

dx.doi.org/10.1016/j.cej.2010.10.061
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:sahinomer2002@yahoo.com
dx.doi.org/10.1016/j.cej.2010.10.061
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the change of BET surface and micropore volume of obtained ACs
from different ZnCl2 concentrations.

According to the results in the figure, BET surface areas
and micropore volumes of produced carbon by pre-treating
92 H. Dolas et al. / Chemical Engin

. Experiment

.1. Sample preparation

Firstly, pistachio shells were picked up on the field of Gaziantep
ity of Turkey. The soft part of shell was removed and the hard
hell was crushed into big pieces. Then they were washed with hot
istillated water until it becomes colorless and then dried at room
emperature. ZnCl2, sodium hydroxide (NaOH), hydrochloride acid
HCl) and salt (NaCl) were used for chemical activation. In the acti-
ation procedure; 17 g of washed pistachio shells were put into the
aker and the effect of different duration times (1 day and 1week)
ere examined. Before heating begun, air in reactor was purged by
O2 that was passed through water. At all of experiments the flow
ate of inert gas and heating rate were fixed at100 cm3/min and
t 10 ◦C/min during carbonization, respectively. At the end of the
ctivation process, the flow of inert gas was not stopped and the
btained product was cooled by the flowing inert gas, since carbon
eacts with oxygen in air at high temperature resulting in formation
f CO2. This may cause losing carbon in the structure. The product
as washed by pure water and then dried in an oven at 80 ◦C over
day. In order to investigate the effect of activation temperature,

he pistachio shells obtained from one of the series that held in
olution more than 1 day were activated at 800 ◦C and the others at
00 ◦C. It is thought that the chemical activation which is applied
ith different activation reagents might be increasing the surface

rea of AC. So, chemical activation was carried out in two stages,
he first stage includes the impregnation of 40% ZnCl2 solution and
he second stage 40% solution of another activating reagent. Also,
n order to investigate the effect of acid and base as other activating
eagents at the second stage, HCl as acid and NaOH as base, were
sed. On the other hand, salt impregnation was carried out at only
ne stage.

.2. Sample characterization

Characterization of obtained ACs was carried out instrumen-
ally. Its adsorption characterizations were determined by nitrogen
dsorption at −196 ◦C with surface area and pore size analyzer
NOVA 4000e-Quanta chrome instruments). Before analysis, all of
he obtained ACs were evacuated under vacuum 180 ◦C over night
n order to clean all the pores. Their surface areas were calculated
rom the isotherms by the Brunauer–Emmett–Teller (BET) equation
19]. The cross sectional area of a nitrogen molecule is assumed to
e 0.162 nm2. Their micropore volumes were calculated by using
ubinin–Radushkevich (DR) equation [20]. The pore size distribu-

ion was determined by using Barrett–Joyner–Halenda (BJH) model
21] and Horvath–Kawazoe (HK) method [22].

Fourier transforms infrared (FT-IR) spectroscopy spectra were
btained using a spectroscope (PERKIN-Elmer Spectrum RXI FT-IR
pectrometer) at 4-cm−1 resolution. Pressed potassium bromide
Br pellets at a sample/KBr weight ratio of 1:100 were scanned and
ecorded between 4000 and 450 cm−1. Scanning electron micro-
cope (Zeiss EVO 50 Model) was carried out to show the pore
tructure of obtained ACs.

. Results and discussion

.1. Effects of the amount of activating reagent

In this part of the study, solutions which involved different per-

entages of ZnCl2 (10, 20, 40 and 50) were prepared. 17 g pistachio
hells were immersed into each solution and the shells held in the
olutions for 1 day, then they were activated at 900 ◦C for 45 min.
ig. 1 shows the isotherms of nitrogen adsorption at −196 ◦C for
btained ACs.
Fig. 1. Effect of the amount of activating reagent on the adsorption isotherm of the
AC. (Act. temp, 900 ◦C; act. time, 45 min; duration time in solution, 1 day.)

As seen in the figure, monolayer adsorption is observed through
the pores of AC obtained from 10% and 50% ZnCl2 solutions. This
behavior of the isotherms point to Type I isotherm which indicates
microporous material coated monolayer with respect to IUPAC
classification. If there is a little increase in adsorbed gas volume in
plateau in Type I, the formation plateau at moderate pressure can
also be acceptable such as the multilayer adsorption of the pores,
e.g. the isotherm pre-treated with 10% ZnCl2 solution. A capil-
lary condensation and multilayer adsorption were observed on the
pores of AC impregnated from 40% ZnCl2 and 20% ZnCl2 solutions.
This behavior presents Type IV isotherms which indicate a mixture
of micro- and mesoporous materials. The isotherm IV means that
relative lower pressures micropores are filled by adsorbate gas, the
knee formation means monolayer coated micropores; at moder-
ate pressures observed plateau means multilayer adsorption of the
pores, and increasing of adsorbed volume at high relative pressure
means capillary condensation in the mesopores. These characteris-
tic observations indicate the development of micro- and mesopore
cities for the AC produced from pistachio shells by these conditions.
The ACs from 10% ZnCl2 more micropores are available in its struc-
ture solution had more surface area than the others as. Fig. 2 shows
Fig. 2. The effect of ZnCl2 ratio on BET surface area and micropore volume of AC.
(Act. temp., 900 ◦C; act. time, 45 min; duration time in solution, 1 day.)
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Table 1
The volume and surface area of pores belonged to AC obtained from different conditions.

Conditions ZnCl2 conc. (mol/L) Pore temperature
(◦C)/duration time

Pore surface volume at
0.96 nm (cc/g)

Pore area at 5 nm
(m2/g)

Volume at 5 nm
(cc/g)

10 900 ◦C/1 day 0.845 46.24 0.05
20 0.7561 47.44 0.06
40 0.4821 103.47 0.15
50 0.4163 12.49 0.03

10 800 ◦C/1 day 0.7406 55.5 0.07
20 0.7239 30.31 0.04
40 0.4097 89.65 0.11
50 0.3755 20.5 0.038

10 900 ◦C/1 week 0.71 62.75 0.07
20 0.6038 162.37 0.22
40 0.2526 84.73 0.12
50 0.1945 14.26 0.02

HCl 900 ◦C/1 day 0.6724 353.25 0.45
NaOH 1.302 370.52 0.5

1.584
0.769
0.242
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If we look at Table 1, it is seen that BET surface and microp-
ore volumes of ACs were decreased by decreased carbonization
temperature. But mesopore formation was limitedly promoted by
temperature decreasing. Because of the ZnCl2 concentration was
NaCl
Commercial AC
Raw pistachio shell

ith the 10%, 20%, 40% and 50% ZnCl2 are 2151 m2/g–2.98 cc/g;
911 m2/g–2.9 cc/g; 1247 m2/g–0.8 cc/g and 1025 m2/g–0.5 cc/g,
espectively. As the ZnCl2 ratio was increased, the surface
rea and micropore volume were decreased. The dehydration
gent-ZnCl2 was used excessively, a destructive result can be
bserved in micropore structure as expected. Mesopore struc-
ure developed. When the values calculated by using software
f the analyzer are investigated, this effect can be easily seen.
hese values obtained in different conditions, the volume of
ores having 0.96 nm of diameter and surface area and vol-
me of pores having about 5 nm of diameter, were given in
able 1.

According the results in the table, while the amount of ZnCl2
as increased, there is a decreasing of micropore volume (at range

f 0.01–0.96 nm). In spite of this result, at the range of 1–5 nm
Cs obtained from 40% ZnCl2 solution depending on temperature
ave a pore surface area which is larger and a pore volume which

s bigger than that in 10% ZnCl2. Increase of ZnCl2 impregnation
ncreases releasing of volatiles presented on raw pistachio shells
tructure. This is the reason of increase in the widening of the pore;
icropores formed are converted to mesopores and even macro-

ores. This mechanism of pore widening had also been reported
y other researchers [16,23]. But at conditions depending on time
he increasing of activating reagent may be cause the destruction
f pores that can be widened after the treatments. This effect was
bserved at obtained AC from 50% ZnCl2. As a result of this the sur-
ace area and volume of pores having 5 nm of diameter belonged to
he AC were 14.26 m2/g and 0,02 cc/g, respectively. Naturally, when
he BET surface area of the AC was 1025 m2/g at 1 day of duration
ime, it was 510 m2/g. It is thought that this results support the
estruction.

It can be seen their isotherm graph that obtained AC from 40%
nCl2 solution adsorbed most gas volume. But this AC has the BET
urface area of 1247 m2/g, whose value is lower than that of 10%
nCl2 solution. The reason of this behavior is due to their microp-
re volumes. The micropore volume of obtained AC from 40% ZnCl2
olution has 0.8 cc/g (on the basis of DR method) and its mesopore
olume is 1.7 cc/g (on the basis of BJH method). The micropore vol-

me of obtained AC from 10% ZnCl2 solution has 2.98 cc/g and its
esopore volume is 0.83 cc/g. It is believed that the surface area

s sum of micro- and mesopore volume. But micropore volume is
ery important for surface area. The isotherms of ACs support this
esult.
4 703.3 0.93
4 107 0.16
4 16.84 0.02

3.2. Effects of the activation temperature and duration time in
the activating reagent solution

Experiments in this part were carried out to see the effects of the
activation temperature and duration time in the activating reagent
solution on BET surface area and the development of porous struc-
ture. For the examination of the activation temperature conditions
mentioned above were the same but only the activation tempera-
ture was changed to 800 ◦C. Isotherms of obtained AC were given
in Fig. 3.

As seen in Fig. 3, the isotherms illustrate Type IV mesoporous
development but they also shows microporous destruction, the less
micropore volume obtained in comparison with Fig. 1. The isotherm
belonged to 10% ZnCl2 is related Type IV. At 20% ZnCl2, the meso-
porosity was developed more than the one at 10% ZnCl2, but its BET
surface area was less than one at 10% ZnCl2. Micropore adsorptions
which were obtained from ACs prepared from 40% ZnCl2 and 50%
ZnCl2 solutions were less in comparison with one prepared from
10% ZnCl2 solution. But, there are the capillary condensation and
multilayer adsorption on the pore of AC prepared from 50% ZnCl2.
Fig. 3. Effect of activation temperature on the adsorption isotherm of the AC. (Act.
temp., 800 ◦C; act. time, 45 min; duration time in solution 1 day.)
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represents obtained AC prepared from 40% ZnCl -40% NaOH solu-
ig. 4. Effect of duration time on the adsorption isotherm of the AC. (Act. temp.,
00 ◦C; act. time, 45 min; duration time in solution, 1 week.)

ncreased, the radius of formed pore did not increase but the vol-
me and the surface area of pores increased. The pore volume and
he pore surface area of obtained ACs at 1–5 nm range are 0.07 cc/g
nd 55.5 m2/g at 10% ZnCl2; 0.04 cc/g and 20.5 m2/g at 50% ZnCl2,
espectively.

In order to see the effect of duration time in the activating
eagent solution on BET surface area and development of porous
tructure, other conditions were kept the same but duration time
as changed to from 1 day to week. Isotherms of obtained ACs are

iven in Fig. 4.
As seen from Fig. 4, there is the capillary condensation and

ulti layer adsorption on the pores of AC obtained from 50% ZnCl2,
hile multi layer adsorption was observed on the other ACs. As
ulti layer adsorption and capillary condensation formed on meso-

ores, it can be said that mesoporous structure was developed. In
he meantime, micropore volume decreased due to that widened

icropores as carbon was evaporated by forming CO2, which also
ecreased BET surface area.

The effect of activation temperature on BET surface area and
icropore volume which is calculated from isotherms of obtained
Cs in this experimental set versus ZnCl2 concentration and ACs
as given in Fig. 5.

As seen in Fig. 5, as ZnCl2 concentration increased the BET
urface area and micropore volume decreased. This result was
xpected because of decrease in the activation temperature. At the
ame time, mesopore structures developed more in comparison
ith 900 ◦C while their micropore volumes at 10% and 20% ZnCl2

oncentrations decreased more.
Also, as the amount of ZnCl2 increased in a week duration time

nd low activation temperature decreased BET surface area and
icropore volume of obtained ACs more than 1 day duration. These

esults were expected due to the raw material impregnated with
nCl2 solution for a long time. The destructive effect of ZnCl2 on
icroporous structure was observed more at 20% ZnCl2 solution.
ence, provided that the other conditions remained same, BET sur-

ace area would be 2151 m2/g at 10% ZnCl2 when exposed solution
or one day, 1751 m2/g for 1 week. For 1 day and 1 week con-
acting these values were 1911 m2/g and 1552 m2/g at 20% ZnCl2;
247 m2/g and 624 m2/g at 40% ZnCl2 and 1025 m2/g and 510 m2/g
t 50% ZnCl2. These decreases were increased by ZnCl2 concentra-
ion.

Briefly, the radii of ACs were widened and their micropore vol-
mes were decreased by decreased activation temperature from

00 ◦C to 800 ◦C. In the case of 40% at 800 ◦C activation temperature,
icropore volume was higher but its mesopore volume was lower

han one at 900 ◦C. In the case of 1 week duration time, widening
adius was available at 40% and mesopore volume was low which is
Fig. 5. The comparison of the effect of activation temperature, waiting time of ZnCl2
solution on BET face area of ACs prepared different ratio of ZnCl2.

in contrast with the micropore volume that did not comparatively
change at 10%. Its mesopore volume was considerably low.

As a result of, not only activation temperature affected the BET
surface area of and micropore volume of each ACs but also longer
duration time affected each of them. On the other hand when
microporous decreased, mesoporous developed limitedly.

3.3. Effects of the acid, base and salt as activating reagents at
second chemical activation stage on surface area and pore
development

To investigate the double effect of acid and base as activating
reagents together with ZnCl2, chemical activation was carried out
in two stages. The first stage involved impregnation of 40% ZnCl2
solution in raw pistachio shells. They were impregnated the reagent
for 1 day. After the shells were filtrated, the half of the shells were
put into 40% of HCl solution and the other half of the shells were put
into 40% of NaOH solution. Both samples were let to stay into the
reacting agent solutions at second stage for 1 day, too. Activation
temperature was 900 ◦C and activation time was 90 min. Salt has
irritating and dehydrating features because of its containing ions.
Therefore it was expected that activated carbon having high porous
structure can be obtained by treating with salt solution. In order to
compare the results, raw pistachio shells were also activated under
the same conditions as obtained ACs. The isotherms of nitrogen
adsorption at −196 ◦C for the chemically ACs prepared at different
conditions were shown in Fig. 6.

In the figure, condition 1 represents obtained AC prepared from
40% ZnCl2 solution, stayed for 1 day into the solution and car-
bonized at 900 ◦C for 45 min; condition 2 represents obtained AC
prepared from 40% ZnCl2 solution stayed for 1 day into the solu-
tion and carbonized at 800 ◦C for 45 min; condition 3 represents
obtained AC prepared from 40% ZnCl2 solution stayed for 1 week
into the solution and carbonized at 900 ◦C for 45 min; condition 4
2
tion stayed for 1 day into the each solution activated at 900 ◦C
for 90 min; condition 5 represents obtained AC prepared from 40%
ZnCl2-40% HCl solution stayed for 1 day into the each solution acti-
vated at 900 ◦C for 90 min; condition 6 represents obtained raw
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Fig. 6. The comparison of the adsorption isotherm of the AC prepared under differ-
ent condition.
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ig. 7. The comparison of the BET surface area and micropore volume of obtained
C and raw pistachio shell and commercial AC.

istachio shells activated at 900 ◦C for 90 min; condition 7 repre-
ents commercial AC; condition 8 represents obtained AC prepared
rom 40% NaCl solution stayed for 1 day into the solution and then
ctivated at 900 ◦C for 90 min.

The general trends of the isotherms of ACs prepared from condi-
ions 2, 3, 6 and 7 were similar which has available knee formation
t a very low relative pressure which means all micropores were
lled. Under conditions 4, 5 and 8 obtained ACs adsorbed more gas
ompared to the ones of under conditions 2, 3, 6 and 7 due to cap-
llary condensation. The obtained BET surface area from isotherms
nd micropore volume from DR method versus ZnCl2 concentration
ethod were shown in Fig. 7.
It can be seen that AC prepared from condition 8 has the highest

ET surface area and micropore volume. As expected the cause of
his result is the irritating and dehydrating features of salt.

According to the results, the impregnation of different ions
e.g. Na+, OH−, H+, Cl−) affected BET surface area and micro- and

esopores formation. Table 2 shows comparatively DR micropore
urface area, DR micropore volume, DR pore radius, BJH pore vol-
me of each obtained ACs from different conditions together with
he used methods for calculation.
As followed from Table 2, BJH pore volumes of ACs impregnated
y 40% ZnCl2 solution (conditions 1–3) decreased by decreasing
ctivation temperature and duration time in the activating reagent
olution. On the other hand, at impregnation NaOH, condition 4,

able 2
he properties of obtained ACs from different conditions.

Condition Cond. 1 Cond. 2 Cond. 3

DR average pore width (nm) 0.603 1.759 0.831
BJH pore volume (cc/g) 1.7 0.12 0.09
DR micr. surface area (m2/g) 1306 314 696
DR micr. volume (cc/g) 0.8 1.11 0.25
Journal 166 (2011) 191–197 195

especially, BJH pore volume increased. It was 3.51 cc/g. Its microp-
ore volume was only 0.77 cc/g due to that available micropores on
structure was damaged in this condition. So, its BET surface area
was 1657 m2/g. AC that produced by condition 5, at impregnation
HCl, had BET surface area of 3256 m2/g. At the same time, the AC had
micropore volume of 1.36 cc/g and mesopore volume of 2.29 cc/g.

3.4. Microstructure of obtained ACs

The microstructures of the ACs prepared from conditions 1, 5
and 8 were shown in Fig. 8. AC prepared from condition 1 had less
BET surface area and pore volume than ones from conditions 5 and
8. The cause of this can be related to the fact that its pores did
not open. This can be attributed to melting observed on the sur-
face of the AC. Evidence of insufficient opening on pores can be
clearly seen from the scanning electron micrograph of the AC in
Fig. 8(a). Applied processes on pistachio shells at condition 5 caused
pores to open due to a great part of the volatiles originally avail-
able in pistachio shell have evolved. As can be clearly seen from
Fig. 8(b), obtained AC at condition 5 has quite good and clear pore
structure. Small pores, transitional pores, and large pores with dif-
ferent shapes could also be clearly identified from this micrograph,
which is responsible for the higher BET surface area and pore vol-
ume (depended on DR method and BJH method). The impregnation
with HCl of pistachio shells increased the effect of ZnCl2. This cou-
pled effect helped the formation and the opening of pores. Fig. 8(c
and d) illustrated the micrographs of AC prepared from condition 8.
It may be think that formed particles on and through the pores by
impregnating salt can be responsible higher surface area and more
pore volume.

3.5. Surface chemistry of obtained ACs

As known, the H element and OH groups are the main compo-
nents of lignocellulosic materials whose family includes pistachio
shells. It is already reported that the main oxygen groups present
in pistachio-nut shells are the carbonyl groups, ethers, esters, alco-
hols, and phenol groups [15]. It was thought that the bonds on
the structure of the impregnated shell would be rearranged dur-
ing activation at a high temperature. It is possible that the groups
on the structure of AC were decomposed and their by-products as
volatile materials were released during impregnation of HCl and
heat treatment. So, the spectrum of the AC with HCl solution after
impregnation with ZnCl2 at 900 ◦C was shown in Fig. 9.

The spectra display following bands:

• 3343 cm−1: O–H stretching vibrations in alcohols and phe-
nols (3600–3200 cm−1), 2877 cm−1: C–H stretching vibrations in
alkane or alkene groups (3000–2850 cm−1),

• 2271 cm−1: C C stretching vibrations in alkyne groups
(2260–2100 cm−1variable, not present in symmetrical alkynes),

• 1717 and 1654 cm−1: C O stretching vibrations in carbonyl
• 1559, 1508 and 1458 cm−1: C C stretching vibrations in aromatic
ring (1600–1400 cm−1),

• 1166 cm−1, 1118 cm−1 and 1065 cm−1: C–O stretching vibrations
in alcohols, phenols or ether or ester groups (1050–1150 cm−1).

Cond. 4 Cond. 5 Cond. 6 Cond. 7 Cond. 8

1.148 1.191 1.436 0.868 1.146
3.51 2.29 0.03 0.25 4.59

2154 3822 1200 1849 5235
0.77 1.36 0.43 0.66 1.86
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Fig. 8. The SEM figures obtained ACs from (a) 10% ZnCl2 solution and (b) 40% ZnCl2
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ig. 9. Fourier transform infrared spectrum of AC impregnated with ZnCl2 and then
ith HCl.

As seen in the figure, the AC has a band at 3343 cm−1 due to �
O–H) vibrations in hydroxyl groups. Also the AC has carbonyl and
lkyne groups and aromatic rings. These functional groups were
ormed, possibly due to the extraction of H element and OH groups
rom the structure of raw pistachio shell during the impregnation
nCl2 and HCl, respectively, heat treatment stages as a result of
he dehydration effect of ZnCl2. On this AC structure carboxylate
on groups disappeared because of HCl–carboxylate ions reaction
uring impregnation of HCl.

. Conclusions
In this paper, the effect of preparation conditions on the surface
rea and pore volume of AC from pistachio shells were investigated.
nvestigated conditions were ZnCl2 solution as activating solution,
ctivation temperature, waiting time into the solution, and acid,
-40% HCl solutions (c) at 1 �m of (b) and (d) 40% salt solution at 1 �m of (d).

base and salt as second activating reagent. It was found that the best
preparation conditions for the AC obtained from pistachio shell are
impregnation of 40% ZnCl2 and 40% HCl or only 40% salt solution by
waiting in solution for 1 day, activated at 900 ◦C for 90 min along,
and used as inert atmosphere CO2 passed into water, which means
the condition 5 or 8.

Briefly, the ACs having 3895 m2/g of BET surface area and
4.59 cc/g of mesopore volume by BJH method and 1.86 cc/g of
micropore volume by DR method can be produced by treating raw
pistachio shells having 631 m2/g of BET surface area and 0.03 cc/g
of mesopore volume and 0.43 cc/g of micropore volume.

As a result, when raw material was impregnated HCl solution
after ZnCl2 impregnation micro- and mesoporous structures were
developed considerably. Pistachio shells were convenient starting
material for the preparation AC having high surface area due to
its chemical structure. It can be said that ACs prepared from pis-
tachio shells may be used for both gaseous and liquid adsorption
applications depending on the different activation conditions.

References

[1] S. Balci, T. Dogu, H. Yucel, Characterization of AC produced from almond shell
and hazelnut shell, J. Chem. Technol. Biotechnol. 60 (1994) 419–426.

[2] J. Laine, S. Yunes, Effect of the preparation method on the pore size distribution
of AC from coconut shell, Carbon 30 (1992) 601–604.

[3] Z.H. Hu, E.F. Vansant, Carbon molecular sieves produced from walnut shell,
Carbon 33 (1995) 561–567.

[4] F. Rodriguez-Reinoso, J.M. Martin-Martinez, M. Molina-Sabio, I. Petez-Lledo,
C. Prado-Burguete, A comparison of the porous texture of two CO2 activated
botanic materials, Carbon 23 (1985) 19–24.

[5] K. Gergova, N. Petrov, S. Eser, Adsorption properties and microstructure of
activated carbons produced from agricultural by-products by steam pyrolysis,
Carbon 32 (1994) 693–702.

[6] J. Rodriguez-Mirasol, T. Cordero, J.J. Rodriguez, Preparation and characteriza-

tion of ACs from eucalyptus kraft lignin, Carbon 31 (1993) 87–95.

[7] F.C. Wu, R.L. Tseng, R.S. Juang, Adsorption of dyes and phenol from water on
the ACs prepared from corncob wastes, Environ. Technol. 22 (2001) 205–213.

[8] R.S. Juang, F.C. Wu, R.L. Tseng, Characterization and use of ACs prepared
from bagasse for liquid-phase adsorption, Colloids Surf. A: Physicochem. Eng.
Aspects 201 (2002) 191–199.



eering

[

[

[

[

[

[

[

[

[

[

[

[

isotherms, J. Am. Chem. Soc. 73 (1951) 373–380.
H. Dolas et al. / Chemical Engin

[9] R.S. Juang, R.L. Tseng, F.C. Wu, Role of microporosity of ACs on their adsorption
abilities for phenols and dyes, Adsorption 7 (2001) 65–72.

10] R.S. Juang, F.C. Wu, R.L. Tseng, Mechanism of adsorption of dyes and phenols
from water using ACs prepared from plum kernels, J. Colloid Interface Sci. 227
(2000) 437–444.

11] J. Hayashi, A. Kazehaya, K. Muroyama, A.P. Watkinson, Preparation of activated
carbon from lignin by chemical the maximum specific surface areas, Carbon 38
(2000) 1873–1878.

12] T. Vernersson, P.R. Bonelli, E.G. Cerrella, A.L. Cukierman, Arundo donax cane as
a precursor for activated carbons preparation by phosphoric acid activation,
Bioresour. Technol. 83 (2002) 95–104.

13] J. Guo, A.C. Lua, Adsorption of sulphur dioxide onto activated carbon prepared
from oil-palm shells with and without pre-impregnation, Sep. Purif. Technol.
30 (2003) 265–273.
14] T.-H. Liou, Development of mesoporous structure and high adsorption capacity
of biomass-based activated carbon by phosphoric acid and ZnCl2 activation,
Chem. Eng. Journal. 158 (2010) 129–142.

15] A.C. Lua, T. Yang, Characteristics of AC prepared from pistachio-nut shell by zinc
chloride activation under nitrogen and vacuum conditions, J. Colloid Interface
Sci. 290 (2005) 505–513.

[

[

Journal 166 (2011) 191–197 197

16] A. Ahmadpour, D.D. Do, The preparation of activate carbons from coal by chem-
ical and physical activation, Carbon 34 (1996) 471–479.

17] A. Ahmadpour, D.D. Do, The preparation of AC from macadamia nutshell by
chemical activation, Carbon 35 (1997) 1723–1732.

18] M.A. Hourieh, M.N. Alaya, A.M. Youssef, Carbon dioxide adsorption and
decolourizing power of ACs prepared from pistachio shells, Adsorpt. Sci. Tech-
nol. 15 (1997) 419–427.

19] S.J. Gregg, K.S.W. Sing, Adsorption Surface Area and Porosity, Academic Press,
London, UK, 1982.

20] M.M. Dubinin, E.D. Zaverina, L.V. Radushkevich, Adsorption cycle modelling,
Zh. Fiz. Khim. 21 (1947) 1351–1362.

21] E.P. Barrett, L.C. Joyner, P.H. Halenda, The determination of pore volume
and area distributions in porous substances. I. computations from nitrogen
22] G. Horvath, J. Kawazoe, Method for the calculation of effective pore size distri-
bution in molecular sieve carbon, J. Chem. Eng. Jpn. 16 (1983) 470.

23] F. Rodriguez-Reinoso, M. Molina-Sabio, ACs from lignocellulosic materials
by chemical and/or physical activation: an overview, Carbon 30 (1992)
1111–1118.


	A new method on producing high surface area activated carbon: The effect of salt on the surface area and the pore size dis...
	Introduction
	Experiment
	Sample preparation
	Sample characterization

	Results and discussion
	Effects of the amount of activating reagent
	Effects of the activation temperature and duration time in the activating reagent solution
	Effects of the acid, base and salt as activating reagents at second chemical activation stage on surface area and pore dev...
	Microstructure of obtained ACs
	Surface chemistry of obtained ACs

	Conclusions
	References


