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Activated carbons were prepared from walnut shells by vacuum chemical activation with zinc chloride
as the activation agent. To optimize the preparation method, the effects of the main process parameters
(such as system pressure, activation temperature, and impregnation ratio) on the properties (expressed
in terms of specific surface area and pore volume) of the obtained activated carbons were studied. It was
found that the optimum activated carbon obtained with system pressure of 30 kPa, activation tempera-
ture of 450 ◦C, and impregnation ratio of 2.0 has a BET surface area of 1800 m2/g and total pore volume of

3
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ethylene blue

dsorption

1.176 cm /g. The prepared activated carbons were characterized by SEM, TEM, and FTIR. Then they were
used as an adsorbent for the removal of methylene blue from aqueous solutions. The results showed that
the methylene blue adsorption capacity was positively correlated to the BET surface area. The highest
methylene blue adsorption capacity was 315 mg/g for the optimum activated carbon. The effect of the
dose of the activated carbon was evaluated and the adsorption isotherm of methylene blue was deter-
mined. Redlich–Peterson and Langmuir–Freundlich models were found to best represent the equilibrium

neou
data, suggesting heteroge

. Introduction

The wide use of dyes in textile industries has lead to a variety
f environmental problems, especially water pollution. Methylene
lue (MB) is the most commonly used substance for coloring among
ll other dyes of its category and is generally used for dying cotton
nd silk [1]. Due to the harmful impacts of such dye on water, it
s environmentally important to remove them from waste streams
efore discharge to public water sources.

Sorption is generally regarded as an effective technique for
he treatment of dye-containing wastewater. Activated carbons,
ecause of their large surface area and relatively high sorption
apacity for a wide variety of dyes, have become the most promising
nd effective adsorbent [2,3]. Nevertheless, their applications are
estricted, because the most widely used carbonaceous materials
or the production of commercially activated carbon are derived
rom natural materials such as wood or coal, which are expen-
ive and are often imported [4]. Therefore, in the recent years,

here is growing interest in the production of activated carbons
rom agricultural wastes because of their abundant resources and
heap prices. Several suitable agricultural wastes including coffee
usks [5], rice husks [6], pistachio-nut shells [7], cotton stalks [3],
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s surface adsorption of methylene blue on the activated carbon.
© 2010 Elsevier B.V. All rights reserved.

coconut husks [8], cherry stones [9], corn cobs [10], and plum ker-
nels [11] have been investigated in the last years as activated carbon
precursors and are receiving renewed attention. Furthermore, con-
verting the agricultural wastes into value-added activated carbons
provides a new way for agricultural waste treatment.

Typically, the preparation of activated carbon can be divided
into physical activation and chemical activation. Physical activation
consists of the pyrolysis of the precursor material and activation
of the resulting char in steam or carbon dioxide. Chemical acti-
vation is a single step process and is held in presence of some
chemical reagents, such as KOH, NaOH, K2CO3, ZnCl2, FeCl3, H3PO4,
and H2SO4. Chemical activation normally takes place at a lower
temperature than that used in physical activation. In addition, the
carbon yield in chemical activation is usually higher than in physical
activation because the chemical agents possess dehydrogenation
properties which can inhibit the formation of tar and reduce the
production of other volatile substances. Among the chemical acti-
vation agents, ZnCl2 is the most widely used since it resulted in
high surface areas and high yields [12–14].

There are many studies in the literature relating to the prepa-
ration of activated carbons from agricultural wastes via chemical
activation. However, most of the studies at present are carried

out under atmospheric conditions. Lua and Yang have reported
that activated carbons obtained under vacuum have better prop-
erties (e.g., higher specific surface area) than that prepared under
atmospheric conditions [7]. Our previous studies also show that
the morphology, pore size distribution, Brunauer–Emmett–Teller

dx.doi.org/10.1016/j.cej.2010.09.019
http://www.sciencedirect.com/science/journal/13858947
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Table 1
Proximate, ultimate, and component analyses of walnut shell.

Proximate analysis (as received, wt%)
Moisture 3.42
Ash 0.53
Volatile 78.44
Fixed carbon 17.61

Ultimate analysis (dry basis, wt%)
C 48.07
H 7.11
N 0.76
Oa 42.84
S 1.22

Component analysis (dry basis, wt%)
Hemicellulose 29.28
Lignin 37.14
10 J. Yang, K. Qiu / Chemical Engin

BET) surface area, and adsorption properties of activated carbons
re closely related to the system pressure [15]. In order to distin-
uish the traditional chemical activation (i.e., under atmospheric
ondition) from the chemical activation under vacuum condition,
e call the latter vacuum chemical activation. Though the vacuum

hemical activation has obvious advantages over traditional chem-
cal activation, as far as we know, there are still very few reports
n the preparation of activated carbons by vacuum chemical acti-
ation, let alone the applications of activated carbons prepared by
his method.

Walnut shell, a good precursor for activated carbon production,
s a major agricultural waste in China. According to statistics, there
s more than 100,000 tonnes of walnut shells are produced in China
nnually. To make better use of the cheap and abundant agricul-
ural waste, it is proposed to use it for activated carbon production.
herefore, the objective of this study was to prepare relatively well
eveloped porosity activated carbons from walnut shells on a lab-
ratory scale via vacuum chemical activation utilizing ZnCl2 as the
ctivation agent. To optimize the preparation method, the effects
f the main process parameters (system pressure, impregnation
atio, activation temperature) on the characteristics of the prepared
ctivated carbons were studied. The low-cost walnut shell-based
ctivated carbons were fully characterized and subsequently used
s an adsorbent for methylene blue removal. Isotherms for the
dsorption of methylene blue on the obtained activated carbons
ere measured and fit to five different isotherm equations to
etermine the best isotherm model to represent the experimental
dsorption data.

. Materials and methods

.1. Preparation of activated carbons

Walnut shells used in this study were obtained from a fruit
rower. The proximate, ultimate, and component analyses of this
aterial are shown in Table 1. This agricultural waste is considered

s a good candidate for conversion to activated carbon because of
ts relatively high carbon content and low ash. Prior to use, the pre-
ursor was washed with distilled water for several times to remove
ust and other inorganic impurities, oven-dried for 48 h at 105 ◦C to
educe the moisture content, crushed, and sieved to a particle size
f 0.15–0.90 mm. Zinc chloride pellets were dissolved in water and
hen impregnated into the shells with a certain impregnation ratio
defined by the weight ratio of ZnCl2 to walnut shell). The mixture
as maintained at room temperature for 48 h to incorporate all

he chemicals in the interior of the particles, and then evaporated
o dryness at 105 ◦C.
The impregnated walnut shell was placed in a stainless steel
eactor (self-manufactured) which was inserted into an electric
urnace. As shown in Fig. 1, the reactor was connected to a cold
rap, which was used to collect the liquid product (biomass-oil).
he end of the cold trap was connected to a mechanical vacuum

Fig. 1. Schematic diagram of the experimental a
Cellulose 23.55
Benzene-alcohol extractives 5.21

a Estimated by difference.

pump. In each experiment, the system was first vacuumed to a
preselected system pressure, and then the sample was heated from
room temperature to a final temperature (350–600 ◦C) at a heating
rate of 5 ◦C/min. The sample was activated at the final tempera-
ture for a holding time of 60 min before it was cooled to room
temperature again. The heating and cooling processes were con-
ducted under the same vacuum conditions. The resulting activated
carbons were thoroughly washed with 0.1 M hydrochloric acid and
distilled water to remove the residual ZnCl2 until the pH value of the
washed solution was between 6 and 7. The sample was then dried at
105 ◦C and ground to obtain a powder for subsequent analyses and
uses.

The yield of activated carbon (YAC) and chemical recovery (CR)
[16] were estimated according to the following equations:

YAC (%) = WAC

WWS
× 100 (1)

CR (%) = WSB − WAC

WIC
× 100 (2)

where WAC is the weight of the obtained activated carbon, WWS is
the weight of walnut shell used, WSB is the weight of the sample
before washing, and WIC is the weight of impregnated chemical.

2.2. Characterization of activated carbons

The specific surface area and pore structure characteristic of
prepared activated carbons were determined by nitrogen adsorp-
tion at −196 ◦C (Micromeritics ASAP2020). The BET surface area
was calculated using the BET equation, total pore volumes were

estimated to be the liquid volumes of N2 at a high relative pres-
sure (∼0.99), and micropore volume and micropore specific surface
area were obtained using the t-plot method. The surface func-
tional groups and structure were studied by Fourier transform
infrared spectroscopy (Nicolet 380 FT-IR). The FTIR spectra of the

pparatuses used in the activation process.
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Fig. 2. The chemical structure of methylene blue.

aw material and the resulting activated carbons were recorded
rom a wavenumber of 400–4000 cm−1. The morphologies of the
ctivated carbons were examined by scanning electron microscope
SEM, JEOL JSM-6360) and transmission electron microscope (TEM,
EM-100CX II).

.3. Adsorption of methylene blue

The adsorbate used in the experiments was methylene blue
C.I. 52015), chemical formula = C16H18ClN3S, MW = 319.85 g/mol,
max = 660 nm [17]. Its chemical structure is shown in Fig. 2.

Adsorption of methylene blue for the prepared activated car-
on was conducted at room temperature of 25 ◦C. The methylene
lue absorption capacity of activated carbon was determined
ccording to China national standard GB/T 12496.10-1999. The
dsorption isotherm was determined over the concentration range
00–2000 mg/L of methylene blue solutions in a series of 100 mL
rlenmeyer flasks containing 25 mL solution of each concentra-
ion. Certain amounts of activated carbon (about 0.1 g) were first
dded into the solutions. As many studies have shown that several
ours are sufficient to attain the equilibrium for methylene blue
bsorption [18–20], the flasks were shaken at 270 rpm in a shaker
or 24 h. Then the samples were separated by filtration, and the
oncentrations of methylene blue at equilibrium (Ce) were deter-
ined using a UV–vis spectrometer at wavelength of 665 nm. The

mount of methylene blue adsorbed onto activated carbon (i.e., qe)
as calculated according to the following equation:

e = V(C0 − Ce)
W

(3)

here C0 and Ce are the initial and equilibrium concentrations of
ethylene blue (mg/L), respectively, V is the volume of the solution

L), and W is the mass of adsorbent (g).
In order to evaluate the effect of dose of adsorbent, batch exper-
ments were carried out by adding different amounts of activated
arbon (0.02–0.13 g) into each 100 mL methylene blue solution
200 mg/L). The remaining steps were the same as the adsorption
sotherm measurement. The removal percentage of methylene blue

able 2
ields of activated carbons and chemical recoveries in the ZnCl2 vacuum activation proce

System pressure (kPa) Activation temperature (◦C) Impregnation ra

10 450 1.0
30 450 1.0
50 450 1.0

100 450 1.0
30 350 1.0
30 400 1.0
30 500 1.0
30 550 1.0
30 600 1.0
30 450 0.5
30 450 0.75
30 450 1.5
30 450 2.0
g Journal 165 (2010) 209–217 211

was calculated according to the following equation:

R (%) = C0 − Ce

C0
× 100 (4)

3. Results and discussion

3.1. Preparation of activated carbons from walnut shell

3.1.1. Effects of processing parameters on yield of activated
carbon and chemical recovery

The yields of activated carbons and the chemical recoveries in
the activation process are shown in Table 2. The results showed
that the system pressure has little influence on carbon yield. The
activation temperature has a negative effect on carbon yield. This
is expected because at a higher temperature, more volatiles are
released, resulting in a lower yield. However, when the activa-
tion temperature exceeds 450 ◦C, most of the volatiles have been
released; therefore, the yields maintain almost a constant value. A
similar trend has been reported in some studies for ZnCl2 chemical
activation [14,21]. However, in those studies, the yield of activated
carbon is still decreased even though the temperature is higher than
600 ◦C. This can be attributed to the influence of vacuum condi-
tion, which accelerates the release of volatiles, causing the volatile
matter to be released completely at a relatively low temperature.
With an increase in the impregnation ratio from 0.5 to 2.0, the yield
of activated carbon decreased from 43.8% to 40.1%. With a higher
impregnation ratio, the movement of the volatiles through the pore
passages will occur more easily, leading to a lower carbon yield.
Lua and Yang also reported a similar result in their research on the
preparation of activated carbon by vacuum chemical activation [7].

For chemical recoveries, system pressure and activation temper-
ature were found to be the main factors. As can be seen from Table 2,
the chemical recoveries were dramatically decreased when the sys-
tem pressure was lower than 30 kPa or the activation temperature
was higher than 450 ◦C. This is because lower system pressure or
higher temperature can make ZnCl2 evaporate more easily and
therefore result in a lower chemical recovery. The result is also
verified by the fact that the chemical recovery of vacuum chemical
activation (63.7%) in this study was lower than that of traditional
chemical activation (80.16%) [22] under the same condition (activa-
tion temperature: 600 ◦C; impregnation ratio: 1.0). However, most
of the chemical recoveries in this work are higher than 85%, which
are higher than that of 74.43–81.24 wt% for traditional chemical
activation [22].
3.1.2. Effects of processing parameters on surface area and pore
volume of activated carbon

Within the scope of our research, an attempt has been made to
optimize the process parameters which lead to an activated carbon

ss.

tio Yield of activated carbon (wt%) Chemical recovery (wt%)

40.7 79.9
41.1 88.4
40.1 88.7
41.4 89.4
48.7 88.3
44.8 88.0
41.4 86.4
41.3 78.0
41.7 63.7
43.8 85.1
43.9 87.0
41.5 93.7
40.1 96.1



212 J. Yang, K. Qiu / Chemical Engineering Journal 165 (2010) 209–217

F
a

w
s
o
b
T

v
i
t
s
w
fi
t
s
r
v
t
o
v
c
p
I
z
e
r
c
m
p

p
f
v
v

Fig. 4. Effects of activation temperature on the (a) surface areas and (b) pore vol-
umes of activated carbons (system pressure: 30 kPa; impregnation ratio: 1.0).
ig. 3. Effects of system pressure on the (a) surface areas and (b) pore volumes of
ctivated carbons (activation temperature: 450 ◦C; impregnation ratio: 1.0).

ith good properties. As illustrations, Figs. 3–5 show the effects of
ystem pressure, activation temperature, and impregnation ratio
n the surface area and pore volume of the prepared activated car-
ons. The exact surface area and pore volume values are shown in
able S1.

The effects of system pressure on the surface areas and pore
olumes of activated carbon were detected as shown in Fig. 3. It is
nteresting to note that the porosity is closely related to the sys-
em pressure. As the system pressure decreased, the micropore
urface area and volume of resulting activated carbon increased,
hile the mesopore surface area and volume decreased. From the
gure, we can see that the maximum of the BET surface area and
otal pore volume of activated carbon appear at a system pres-
ure of 30 kPa. Decreasing system pressure in a certain range can
educe the oxygen in the system, and the residence time of organic
apor formed during pyrolysis in the reactor is gradually decreased;
he secondary reactions of organic vapor such as the formation
f carbonaceous deposits on the surface and in the pores of acti-
ated carbon are limited [15]. Therefore, the prepared activated
arbon has a more porous structure. However, when the system
ressure is too low, the volatilization of pyrolysis vapor is violent.

t will destroy the micropore structure. Also, the evaporation of
inc chloride increases with decreasing system pressure. Excessive
vaporation of zinc chloride will decrease the activation effect and
esult in a decrease of the BET surface area and total pore volume. It
an be clearly seen that a system pressure of 30 kPa seems to be the
ost suitable for the development of high surface area and large

ore volume of the activated carbon.
The effects of activation temperature on the surface areas and
ore volumes of activated carbon (Fig. 4) show that the BET sur-
ace area, micropore surface area, mesopore surface area, total pore
olume, micropore volume and mesopore volume have the same
ariation trend with temperature, which begin to increase with an

Fig. 5. Effects of impregnation ratio on the (a) surface areas and (b) pore volumes
of activated carbons (system pressure: 30 kPa; activation temperature: 450 ◦C).
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Fig. 6. SEM micrographs of walnut shell (a and

ncrease of the temperature from 350 to 450 ◦C, and then decrease
hen the temperature exceeds 450 ◦C. The increase in surface areas

nd pore volumes in the low temperature range can be attributed
o the dehydration of ZnCl2 and the increasing release of volatile

atter. However, a continuous decrease in the BET surface area
nd pore volume was observed when the activation temperature
as increased from 450 to 600 ◦C. There are two factors which can

ontribute to this phenomenon: (i) from Table 2 we can see that
ost of the volatiles have been released when the temperature is

igher than 450 ◦C; (ii) at a higher temperature, the heat shrink-
ge of the carbon structure will result in a decrease in surface area
nd pore volume [23]. Thus, keeping the activation temperature at
round 450 ◦C can lead to a better development of the porosity of
he activated carbon.

Fig. 5 shows the effects of impregnation ratio on the surface
rea and pore volume of activated carbon. It can be seen that the
ET surface area, mesopore surface area, total pore volume and
esopore volume are all increased with increasing impregnation

atio. However, a peak value at the impregnation ratio of 1.0 is
ound for the micropore surface area and micropore volume. It
ndicates that the activated carbons prepared with a low impregna-
ion ratio (lower than 1.0) have more microporous structure, while
or impregnation ratios higher than 1.0, the activated carbons are

ostly mesoporous. The results can also be obtained from the nitro-
en adsorption isotherms and the mesopore size distributions as
hown in Fig. S1. The increase of micropores at low impregnation
atio can be attributed to the effect of ZnCl2, which inhibits the
ormation of tar and promotes the release of volatiles to produce

ore micropores. But when the impregnation ratio higher than 1.0,
he more swelling impregnated material and stronger release of
olatiles in the activation process will lead to a widening of pores;
icropores formed are subsequently converted to mesopores and

ven probably macropores. Our results are in good agreement with
he previous reports related to ZnCl2 chemical activation [13].

The above results show that the most efficient activated carbon

s that obtained under the following optimum conditions: a sys-
em pressure of 30 kPa, an activation temperature of 450 ◦C, and an
mpregnation ratio of 2.0. The surface area and pore volume of acti-
ated carbon prepared under optimum conditions were 1800 m2/g
nd 1.176 m3/g, respectively.
walnut shell-based activated carbon (c and d).

3.2. Characterization of the optimal activated carbon

3.2.1. Morphology
The SEM technique was used to observe the surface physical

morphology of the raw material and the prepared activated carbon.
Fig. 6a and b presents the micrographs for walnut shell employed
as the raw material for the preparation of activated carbon. The
material presents a surface morphology in the form of particles,
possibly with a low specific surface area. However, after activation,
the compact structure of the sample turned to be crispy and porous.
For the activated carbon prepared under the optimum conditions
(Fig. 6c and d), its surface is smooth and different from the rough
surface of the raw walnut shell. All of the pores observed by SEM
are macropores. The nitrogen adsorption data showed that the acti-
vated carbon produced was mainly mesoporous. The pores would
not be visible at the magnification of the SEM, since mesopores in
the prepared activated carbon are characterized in the region of
less than 50 nm.

With much higher magnification, TEM has been carried out to
examine the microstructure of the activated carbon. Fig. 7a repre-
sents the TEM image of the walnut shell-based activated carbon.
Obviously, the activated carbon has a well developed porous struc-
ture consisting of inter-connected nanochannels (white fringes),
which were formed by the disordered packing of turbostratic car-
bon sheets and clusters (black fringes). The microstructure can be
observed more clearly after the TEM image processed by ImageJ
using the FFT Filter plugin (Fig. 7b). More information about the
image process can be found in Supporting Information.

3.2.2. Fourier transformed infrared spectroscopy (FTIR)
The FTIR spectrum of the starting material is shown in Fig. 8.

The raw walnut shell shows indications of various surface func-
tional groups. The wide peak, which located at around 3405 cm−1

is typically attributed to hydroxyl groups or adsorbed water. The
bands located at around 2926 and 2856 cm−1 correspond to C–H

stretching vibrations in methyl and methylene groups [24]. The
band appearing at 1744 cm−1 is ascribed to carbonyl (C O) groups.
The olefinic C C stretching vibrations adsorptions cause the band
at about 1624 cm−1 while the skeletal C C vibrations in aromatic
rings cause another two bands at about 1513 and 1428 cm−1
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ig. 7. (a) Original and (b) processed TEM micrograph of walnut shell-based acti-
ated carbon; the inset of figure is an enlarged image of the selected area.

7]. The bands at around 1455 and 1376 cm−1 corresponded to
he C–H in-plane bending vibrations in methyl and methylene
roups. The appearance of a band at 1322 cm−1 can be attributed
o C–O stretching vibrations in carboxylate groups [25]. The band
t 1248 cm−1 and a relatively intense band at about 1052 cm−1 can
e assigned to C–O stretching vibrations in alcohols, phenols, or
ther or ester groups. The C–H out-of-plane bending vibrations in

−1
enzene derivative cause the bands at 897 and 831 cm . Finally,
he band caused by O–H out-of-plane bending vibrations band is
ocated at 609 cm−1. From the band assignment, the oxygen groups
resent in the walnut shell include carbonyl groups, ethers, esters,
lcohols, and phenol groups.

ig. 8. Fourier transform infrared spectra of walnut shell and walnut shell-based
ctivated carbon.
Fig. 9. Relationship between methylene blue adsorption capacity and BET surface
area.

The FTIR spectra of activated carbon prepared under the opti-
mum conditions is also shown in Fig. 8. Fewer functional groups
were detected, indicating that the surface functional groups of
walnut shell experienced chemical changes during pyrolysis. Com-
pared with the walnut shell, the C–H vibrations in methyl and
methylene groups (at 2921 and 2852 cm−1) become much weaker
after activation, suggesting the carbonization of the material is
almost complete. As the release of light volatile matters in the
heating process, a new band at 2362 cm−1 appears that can be
ascribed to C C stretching vibrations in alkyne groups. The peak
at 1744 cm−1, which is observed in the starting material, belonging
to carbonyl groups, disappears with the thermal treatment. Many
other bands decrease dramatically indicating the decrease in func-
tionality in the main matrix. More detailed band assignments of the
raw material and activated carbon can be found in Table S2.

3.3. Adsorption of methylene blue

3.3.1. Effect of BET surface area on adsorption of methylene blue
Methylene blue dye (MB), with a molecular size of

1.6 nm × 0.7 nm, is a widely used dye in the textile process-
ing industry. In addition, it is also the most recognized probe
molecule for assessing the ability of the sorbent to remove large
molecules. Fig. 9 shows the relationship between methylene blue
adsorption capacity and BET surface area. It can be seen that the
methylene blue adsorption capacity is positively correlated to the
BET surface area. Walnut shell-based activated carbon subjected
to the optimum conditions showed the highest methylene blue
adsorption capacity is 315 mg/g. This value is larger than or com-
parable to the adsorption capacity of activated carbon prepared by
ZnCl2 chemical activation in the literature [3,5].

3.3.2. Effect of activated carbon dose on adsorption of MB
Under the conditions of pH of 7.0, C0 of 200 mg/L, and contact

time of 24 h, the effect of dose of activated carbon (obtained at the
optimum conditions) on the percentage removal of methylene blue
is shown in Fig. 10. It is apparent that the percentage removal of
methylene blue was increased by increasing the activated carbon
dose. This was the reason that the number of available adsorption
sites was increased by increasing the adsorbent dose [26]. When
the activated carbon dose was 0.75 g/L, the removal percentage of
methylene blue can reach 99%. Furthermore, increasing the carbon
dose decreased the adsorption capacity. This can be attributed to

that increasing the carbon dose, the adsorption sites remain unsat-
urated during the adsorption reaction leading to drop in adsorption
capacity [27]. Additionally, the aggregation of adsorbent particles
at higher mass may lead to a decrease in the surface area and an
increase in the diffusional path length [28].
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where C0 is the highest initial solute concentration, b is the Lang-
muir adsorption constant (L/mg). The value of RL indicates the type
of isotherm to be irreversible (RL = 0), favourable (0 < RL < 1), linear
(RL = 1) or unfavourable (RL > 1). By processing the above equation,
RL value for investigated dye-adsorbent system was found to be

Table 3
Isotherm models and their parameters.

Isotherms Parameters Values

Langmuir b 3.711
q0 355.5
R2 0.9113

Freundlich KF 238.1
n 10.36
R2 0.8600

Redlich–Peterson KR 2228
˛ 7.619
ˇ 0.9496
R2 0.9948

Langmuir–Freundlich q0 390.5
K 2.735
Fig. 10. Effect of dose of activated carbon on the removal of methylene blue.

.3.3. Adsorption isotherm of methylene blue
The adsorption isotherm describes how the adsorption

olecules distribute between the liquid phase and the solid phase
hen the adsorption process reaches an equilibrium state. It can
rovide qualitative information on the nature of the solute–surface

nteraction at constant temperature [29]. The original data for the
etermination of adsorption isotherm of methylene blue are shown

n Table S3. In this study, five isotherms models were used for
escribing the results, namely the Langmuir isotherm, the Fre-
ndlich isotherm, the Langmuir–Freundlich isotherm, the Temkin

sotherm, and the Redlich–Peterson isotherm.
The Langmuir isotherm is derived on the assumption of mono-

ayer adsorption on a homogenous surface. It is expressed by [30]:

e = bq0Ce

1 + bCe
(5)

here qe is the equilibrium adsorption capacity (mg/g), Ce is
he equilibrium concentration (mg/L), b is the Langmuir adsorp-
ion constant (L/mg), and q0 is the maximum adsorption capacity
mg/g).

The Freundlich isotherm assumes heterogeneous surface ener-
ies, which is appropriate for the description of multilayer
dsorption with interaction between adsorbed molecules. The Fre-
ndlich isotherm is expressed by the following empirical equation
31]:

e = KFC1/n
e (6)

here KF (L/mg) is the Freundlich adsorption constant and 1/n is
he heterogeneity factor.

The Redlich–Peterson model may be used to represent adsorp-
ion equilibrium over a wide concentration range, and can be
pplied either in homogeneous or heterogeneous systems due to
ts versatility [32]. The Redlich–Peterson isotherm is represented
y following equation:

e = KRCe

1 + ˛Cˇ
e

(7)

here KR (L/g), ˛ (L/mg) and ˇ are the constants of
edlich–Peterson. ˇ is the exponent, which fluctuates between 0
nd 1 and can characterize the isotherm as if ˇ = 1, the Langmuir
ill be the preferable isotherm, while if ˇ = 0, the Freundlich will

e the preferable isotherm [33].
The Langmuir–Freundlich model is usually used with a hetero-
eneous adsorption surface. The Langmuir–Freundlich isotherm
quation is given as [34]:

e = q0(KLFCe)˛LF

1 + (KLFCe)˛LF
(8)
Fig. 11. Comparison of different isotherm models for methylene blue adsorption
onto walnut shell-based activated carbon.

where KLF is the constant of Langmuir–Freundlich (L/mg) and ˛LF
is the heterogeneity parameter.

The Temkin equation shows the effects of some indirect adsor-
bate/adsorbate interactions on adsorption isotherm. The heat of
adsorption of all the molecules in the layer would decrease linearly
with coverage. The Temkin isotherm can be expressed as [35]:

qe = RT

bT
ln(ACe) (9)

where A is the Temkin isotherm constant (L/mg), bT is the Temkin
constant related to the variation of adsorption energy (J/mol), R is
the universal gas constant (8.314 J/(mol K)) and T is the absolute
temperature (K).

Fig. 11 shows the five fitted model curves and the experimen-
tal points of the methylene blue adsorption equilibrium isotherm
obtained at 25 ◦C with the activated carbon prepared by vacuum
chemical activation (under the optimum conditions). The fitting
results, i.e. isotherm parameters and the coefficient of determina-
tion, R2, are shown in Table 3.

For Langmuir adsorption isotherm, one of the essential char-
acteristics could be expressed by dimensionless constant called
equilibrium parameter, RL [36]:

RL = 1
1 + bC0

(10)
LF

˛LF 0.5142
R2 0.9734

Temkin bT 81.47
A 2240
R2 0.9201
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.5E−4, suggesting the prepared activated carbon is favourable
or adsorption of methylene blue under conditions used in this
tudy. This can also be concluded from the Freundlich model fitting
esults. The magnitude of the exponent, 1/n, gives an indication of
he favourability of adsorption. Value of n > 1 represents favourable
dsorption condition [37]. The Redlich–Peterson constant ˇ ≈ 1,
ndicating the Langmuir model is more preferable than Freundlich

odel. This can be further confirmed by the fact that the coefficient
2 for Langmuir isotherm was higher than that for Freundlich

sotherm. The Langmuir model fitted the experimental data better
han Freundlich model, indicating the adsorption of methylene
lue onto the adsorbent tended to monolayer adsorption. The
edlich–Peterson and Langmuir–Freundlich models were found
o best represent the equilibrium data, suggesting the hetero-
eneous surface adsorption of methylene blue on the prepared
ctivated carbon. The bT obtained from the Temkin equation is
ositive, indicating the adsorption reaction is exothermic [38].
urthermore, The R2 of the five models descend in the order of:
edlich–Peterson > Langmuir–Freundlich > Temkin > Langmuir >
reundlich. The results revealed that the equilibrium data are
etter fitted by the three-parameter models rather than the
wo-parameter models.

. Conclusions

The results of this study showed that activated carbons prepared
rom walnut shells by vacuum chemical activation exhibit well-
eveloped porosity and high BET surface area. The properties of
he activated carbons were closely related to the system pressure,
ctivation temperature, and impregnation ratio. The maximum
urface area of 1800 m2/g and total pore volume of 1.176 cm3/g
ere obtained under the following optimal conditions: a system
ressure of 30 kPa, an activation temperature of 450 ◦C, and an

mpregnation of 2.0. The FTIR results showed the presence of many
xygen groups and olefinic and aromatic carbon structures in the
aw walnut shell. During the activation, the functionality in the
ain matrix was decreased. SEM and TEM micrographs showed

hat the prepared activated carbon had a well developed porous
tructure.

The activated carbon prepared in the present study was applied
o methylene blue adsorption. The BET surface area was found to
ave a positive effect on the methylene blue adsorption capacity.
he adsorption isotherm was determined and fit to five models.
he results showed that the adsorption of methylene blue onto
he prepared activated carbon was monolayer and heterogeneous
urface adsorption. The removal percentage of methylene blue can
each to 99% when the activated carbon dose was 0.75 g/L, indicat-
ng that the prepared activated carbon is a good candidate for water
reatment to remove some organic pollutants.
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