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a b s t r a c t
Phenol and its derivatives constitute widespread water pollutants. They have been found to accel-
erate tumor formation, cancer, and mutation. In this paper, walnut shell residue has been used as 
a raw material in preparation of powder activated carbon by the method of chemical activation 
with zinc chloride for the adsorption of phenol from dilute aqueous solutions. The influence of the 
mass impregnation ratio (R = ZnCl2/walnut shell) and physical activation by the CO2 stream on the 
physical and chemical properties of the prepared carbons was examined. The effects of main param-
eters such as contact time (t), initial phenol concentration (Co), and solution’s pH were studied on 
phenol adsorption. The maximum uptake of phenol at 25°C was 214 mg g–1 at pH near phenol pKa 
and Co = 1,000 mg L–1. All data were fitted well with Langmuir isotherm, but after CO2 modifica-
tion, deviation from Langmuir shows that both physical and chemical adsorption occurred during 
adsorption. The kinetic data were fitted to different models such as pseudo-first-order, pseudo-sec-
ond-order, and diffusion model. Pseudo-second-order model has been chosen as the best model. In 
overall, walnut shell shows excellent adaptive characteristics for the removal of phenol and appears 
as a very promising sorbent due to its high uptake capacity and to its low cost.
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1. Introduction

Activated carbon in its broadest sense includes a wide 
range of processed amorphous carbon-based materials with a 
large internal surface area and pore volume, which are usually 
rich in oxygen and hydrogen. These heteroatoms are derived 
from the starting material and become a part of the chemical 
structure, as a result of imperfect carbonization, either they 
become chemically bonded to the surface during activation 
or during subsequent treatments; therefore, many functional 

groups on activated carbon have oxygen atom. The functional 
groups on activated carbon can be increased by treating it 
with some oxidizing agents or decreased by exposing it to a 
vacuum environment at very high temperature [1]. In gen-
eral, the carbonaceous surface can be regarded as consisting 
of the carbon basal planes and various functional groups [2].

Phenol and its derivatives constitute widespread water 
pollutants. They have been found to accelerate tumor 
formation, cancer, and mutation [3]. These compounds are 
usually found in the wastewaters from industrial effluents 
such as plastic, coal, tar, gasoline, disinfectant, pharmaceuti-
cal, and agro-industrial processes such as the olive oil mills, 
tomato processing, and wine distillers [4].
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The various treatment techniques available for removal 
of phenol from fluid stream are ion exchange, evapora-
tion, reverse osmosis, reduction, chemical precipitation, 
membrane, adsorption, etc. Most of these methods suffer 
from drawbacks such as high capital and operational costs [5].

Adsorption is one of the most effective processes of 
advanced wastewater treatment. It requires low capital cost; 
furthermore, there are abundant low-cost available materials 
which can be used as adsorbents [6]. Activated carbon is 
the most important material which is used as an adsorbent 
to clean environmental pollution such as gases and liquid 
impurities [7]. It has a large adsorption capacity for a variety 
of organic pollutants but it is expensive due to its difficult 
regeneration and higher disposal cost [8].

The activated carbon adsorption capacity depends on 
quite different factors. Obviously, it depends on the dif-
ferent characteristics of activated carbon such as texture 
(surface area and pore size distributions), surface chemis-
try (surface functional groups), and ash content. The qual-
ities and characteristics of activated carbon depend on the 
physical and chemical properties of the precursor materi-
als and activation methods [7]. In this field, the main goals 
of different studies were increasing adsorption capacity 
[9], pore size distribution optimization [10], utilizing low-
cost raw materials [11–17], and modification of adsorbents 
characteristics [18–20].

Recently, in spite of many literatures that has worked on 
using waste material for preparation of activated carbon, is 
still a challenge to prepare activated carbon with very spe-
cific characteristics, such as a given pore size distribution, 
and using low-cost raw materials processed at low tempera-
ture (less energy costs) [21]. Besides, it shows that although 
many activated carbons were made by ZnCl2 activated agent 
in previous researches, but there are scarce studies that inves-
tigate the effect of gas modification on adsorption [22–24]. 
Furthermore, it has been shown that the differences in adsorp-
tion uptakes were mainly as a result of the differences in their 
functional groups which are formed during modification [25].

In this paper, we produced activated carbons with prom-
ising pore size distribution for improving phenol adsorption 
capacity by using walnut shell as a low-cost precursor and 
zinc chloride as an activated agent. Then prepared adsor-
bents (sample is coded R) were modified by CO2 gasification 
(sample is coded RC) to study the effect of CO2 modification 
on adsorption of phenol from aqueous solution. Also, the 
effect of various parameters such as solution pH, activated 
carbon functional groups, and diffusion rate was examined 
on phenol adsorption.

2. Experimental techniques

2.1. Preparation of activated carbon

The walnut shells used for the preparation of nanoporous 
adsorbent were prepared from agriculture waste industry. It 
was reduced to the size of 2–3.5 mm with a hammer mill. 
The sized shell was washed with distillate water to remove 
the surface adhered particles and water-soluble impurities. 
The filtered materials were dried in 80°C at the oven over-
night to eliminate moisture. At the first step of activation, the 
starting material was mixed into a boiling solution containing 
zinc chloride with weight ratios of 0.75, 0.82, and 1 to walnut 
shell (samples are coded R = 0.75, R = 0.82, and R = 1). The 

mixture was then dried at 110°C to prepare the impregnated 
sample. In all experiments, heating rate, activation tempera-
ture, and nitrogen flow rate were kept constant.

In the second step, the resulting chemical loaded sample 
was placed on a quartz, which was then inserted in a quartz 
tube (id = 25 mm). The impregnated sample was heated up 
to activation temperature 450°C under N2 flow (300 mL min–

1) at the rate of 5°C min–1 and held at the activation tempera-
ture for 55 min. Activated sample was cooled down under N2 
flow and washed with 0.5 N HCl, hot water and finally cold 
distilled water to remove residual organic and mineral until 
it did not give a Cl reaction with AgNO3. Then washed sam-
ple was dried at 110°C to prepare activated carbon. For phys-
ical activation prepared activated carbon was heated up to 
900°C under 5% CO2 in N2 stream at the rate of 5°C min–1 and 
held at the activation temperature for 5 h (samples are coded 
RC = 0. 75, RC = 0. 82, RC = 1). The resulting activated carbon 
was characterized by using an accelerated surface area and 
porosimetry system (ASAP 2010, Micromeritics) under N2 
adsorption at 77 K using the Brunauer–Emmett–Teller (BET) 
equation [26–28]. The micropore volume and the nonmicro-
pore surface area were calculated by using the t-plot method 
using a standard adsorption isotherm for activated carbons 
[29]. The total pore volume was estimated to be the liquid 
volume of adsorbates (N2) at a relative pressure of 0.985.

2.2. Infrared spectroscopy

A quantitative analysis of activated carbon was con-
ducted by obtaining Fourier-transform infrared spectroscopy 
(FTIR) transmission spectra of carbon samples by KBr tech-
nique [30]. The technique was conducted by placing the KBr 
powder, ground with an agate mortar in the sample cup and 
then the powder surface was evened by using the attached 
sample pressing bar. Next, the powder was mounted to the 
instrument to make a background measurement. After that, 
the activated carbon sample was diluted with the KBr pow-
der with the ratio of 10% and grounded with the agate mortar 
until it became fine particles to mix the both kinds. Then, the 
mixed powder was placed in the sample cup and the powder 
surface was also evened by using the sample pressing bar. 
Finally, the mixed powder was mounted to the instrument to 
make a sample measurement in the transmittance %T mode. 
The analysis was carried out by Shimadzu 8400S FTIR instru-
ment in the wave number range of 400–500 cm−1.

2.3. Phenol adsorption procedure

The study of phenol adsorption took place in a con-
stant temperature bath (25°C) under continuous shaking. 
Ultrapure phenol was obtained from Merck (KIMIA NOAVAR 
AZMA Company, Tehran, Iran). A stock phenol solution was 
prepared initially at concentration of 50 g L–1, using distillated 
and deionized water. Adsorption kinetics and equilibrium 
studies were conducted by using the bottle point isotherm 
technique and placing a known quantity of the adsorbent 
(0.1 g) in glass bottle containing 50 mL of an aqueous solution 
of phenol at various concentrations (0–1,000 mg L–1). After 
solution preparation, each bottle was shaken in a thermostatic 
incubator shaker for specific time intervals till the equilibrium 
was reached. The kinetic experiments were carried out by two 
different concentrations, namely 500 and 1,000 ppm.
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Sodium hydrogen phosphate (analytical grade, obtained 
from Merck) was also added at concentration of 10−3 M in 
order to provide sufficient buffer capacity during phenol 
adsorption. The contaminated aqueous solution pH was 
fixed at desire pH. After the equilibration period, the carbons 
were filtered and analyzed for phenol concentration follow-
ing the direct photometric method. In this method, the phe-
nol concentration in the wastewater was monitored using a 
UV–visible spectrophotometer (WTW, Germany) working 
at 500 nm. All measurements performed in duplicate and 
experimental errors were found below 8%. The quantity of 
phenol capacity (qt) calculated the difference between the 
initial (Co) and the instant concentrations (Ct), qt = (C – CtV/m) 
(m and V are adsorbent mass and the volume of the contami-
nated solutions, respectively).

3. Result

3.1. Effect of chemical impregnation ratio (R) and modification on 
adsorption capacity

The effect of chemical impregnation ratio (ZnCl2 to 
nutshell ratio) on BET surface area, micropore volume and 
total pore volume of activated carbons are shown in Figs. 1 
and 2, respectively. For all these samples the carbonization 
temperature and time were 450°C and 55 min, respectively. 
The effect of oxidation on BET surface areas varies accord-
ing to the treatment used and the raw material properties 
(Table 1). Fig. 2 represents the effect of the chemical ratio 
in terms of adsorption capacity for better prepared and 
modified samples. For better examination, the results com-
prised with a commercial adsorbent means NORIT 830W for 
wastewater treatment (see Fig. 3).

3.2. Effect of CO2 modification on carbon functional group

The FTIR measurements were performed in order to 
confirm the formations of functional groups upon oxidation. 
Fig. 4 shows the FTIR of our best sample before and after 
modification. The FTIR spectrums for all adsorbents revealed 
that there were various functional groups detected on the 
prepared activated carbon. All spectra treatment shows 
a wide absorption band at 3,200–3,600 cm–1 maximum at 
about 3,420–3,440 cm–1. The board band at this adsorption 
band 1,715 cm–1 can be related to delegate to O–H stretch-
ing vibration of hydroxyl functional groups and adsorbed 
water. Other peaks detected on the activated carbons were 
justified to aliphatic with the adsorption band between 2,910 
and 2,850 cm–1 containing C–H stretching in –CH2–; and at 
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Fig. 1. Effect of impregnation ratio on SBET and microporous area.

Table 1
N2 adsorption data of prepared and modified adsorbent

RC = 0.75RC = 0.82RC = 1R = 0.75R = 0.82R = 1Properties

1,532.91,551.41,655.51,430.91,496.31,325.1BET surface areaa (m2 g–1)
923.31,086.71,353.41,034.1995.6785.8Micropore area (m2 g–1)
1.111.181.451.031.011.07Total pore volumeb (cm3 g–1)
0.6130.6960.8830.7030.6710.432Micropore volume (cm3 g–1)
13.1415.5418.1611.1313.3614.22Average pore diameter (Å)c

555862686140Fractional microporosity (%)d

aP/Po range from 0 to 0.22.
bSingle point desorption total pore volume of pores less than 3,000 Å at P/Po = 0.985.
cApplying BET mode.
dMicropore volume/total pore volume × 100%.
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1,401 cm–1 related to –CH2– deformation and aromatic struc-
tures. A very small peak at 1,720 cm–1 is usually assigned to 
C=O stretching vibrations of aldehydes, ketones, lactones, or 
carboxyl groups. The FTIR spectra also show a strong band 
at 1,638–1,600 cm–1 due to aromatic ring stretching vibration 
(C=C) enhanced by polar functional groups. The wide bands 
at 1,300–1,000 cm–1 have been assigned to C–O stretching in 
acids, alcohols, phenols, ether, and esters. A small peak at 
1,715 cm–1 changed to the large peak because CO2 modifica-
tion partially oxides functional groups by creating a hydroxyl 
functional group.

3.3. Effect of pH on adsorption capacity

Solution pH is one of the key factors that control the 
adsorption process of organic weak electrolytes because it 
controls the electrostatic interactions between the adsorbent 
and the adsorbate.

Phenol has a pKa value of 9.95; therefore, below this 
value of pH, this compound will be found in solution pre-
dominantly in the molecular form. Above it, the ionic form 
is predominant. Because the hydroxyl group is an activating 
group, the ring is partially negatively charged. Figs. 5 and 6 
represent the effect of pH on the adsorption capacity of pre-
pared and modified activated carbon. It is clear that at lowest 
and highest pH, adsorption capacity is minimum.

3.4. Adsorption isotherms

In this study, the sorption capacity and equilibrium 
isotherm for phenol onto activated carbon are estimated. 
The experimental data are interpreted by Langmuir, 
Freundlich, and Toth isotherms. In Fig. 7 the compar-
ison between adsorption isotherm of phenol for R = 1 is 
presented.

 

 

Fig. 4. FTIR of samples (a) R = 0.75 and (b) RC = 1.
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3.5. Kinetics model

3.5.1. Pseudo-first-order kinetic model

The adsorption kinetic data of phenol are analyzed by 
using the Lagergren first-order rate equation. This model 
based on solid capacity is normally expressed as follows [31]:

log
log

.
q q

q k t
e

e−( ) = − 1

2 303
 (1)

where qe and q are the amount of phenol adsorbed (mg g–1) 
at equilibrium and at time t (h), respectively, and k1 is the 

Lagergren rate constant of pseudo-first-order adsorption 
(L min–1). Value of k1 calculated from the slope of the plot of 
log(qe – q) versus t is shown in Table 2. It was found that the 
calculated qe values do not agree with the experimental qe val-
ues. This suggests that the adsorption of phenol on prepared 
activated carbon does not follow pseudo-first-order kinetics 
model (see Table 2).

3.5.2. Pseudo-second-order model

The pseudo-second-order kinetics model additionally 
based on solid capacity can be represented as follows:

t
q k q

t
qe e

= +
1

2
2  (2)

where k2 is the equilibrium rate constant of pseudo-second-or-
der adsorption (min g mg–1) [32]. The relevance of this model 
can be examined by linear plot of (t/q) versus t, presented in 
Figs. 8 and 9. In order to quantify the applicability of model, 
the correlation coefficient (R2) was calculated from this plot. 
Value of equation parameters is shown in Table 2. The calcu-
lated qe values agree with experimental qe values and also the 
correlation coefficients for the second-order kinetic plots at 
all the studied concentrations were above 0.99.

3.6. Diffusion model

The intraparticle diffusion model is based on the theory 
proposed by Weber and Morris. According to this theory

q k td= + θ  (3)

where kd (mg g–1 h1/2) is the intraparticle diffusion rate 
constant (mg g–1 min–1/2), and θ (mg g–1) is a constant related 
to the thickness of the boundary layer (see Table 3). The layer 
is the value of θ, the greater is the boundary layer effect. If the 
so-called Weber–Morris plot of qt versus t1/2 gives a straight 
line, then the sorption process is controlled by intraparti-
cle diffusion only. However, if the data exhibit multilinear 
plots, then two or more steps influence the sorption process. 
The first sharper portion is the external surface adsorption 
or instantaneous adsorption stage. The second portion is the 
gradual adsorption stage, where the intraparticle diffusion is 
rate limited. The diffusion model plots shown in Fig. 10 sug-
gest two-stage adsorption process, surface adsorption and 
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Table 2
Determined kinetic model constants for the adsorption of phenol on different activated carbon (pH = 7, C0 = 1,000 mg L–1, T = 25°C)

Adsorbent Pseudo-first-order Pseudo-second-order

k1e (h–1) R2 k2 (g mg–1 h–1) R2 qe (mg g–1)

Experimental Calculated

R = 1 0.5142 0.89 0.034 0.99 73.2 73.16
R = 0.82 0.4387 0.93 0.026 0.99 85.5 88.26
R = 0.75 0.3601 0.87 0.019 0.99 118.00 118.70
RC = 1 0.4242 0.94 0.043 0.99 214.3 212.02
RC = 0.82 0.3274 0.97 0.013 0.99 115.5 116.03
RC = 0.75 0.2839 0.82 0.020 0.99 110.4 111.09
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intraparticle diffusion. The first linear portion of the plots 
indicates boundary layer effect, that is, surface adsorption, 
while the second linear portion is due to the intraparticle/
pore diffusion within the pores of activated carbons.

4. Discussion

According to Fig. 1 shown in  Section 3, surface area as 
well as the total pore volume increases with an increase in 
chemical impregnation ratio. It was observed that an excess 
amount of ZnCl2 significantly enhances the process of pore 
widening and formation of the micro- and mesoporous 
structure by promoting externally located devolatilization 
process. Also, it can be seen that porosity evolution is differ-
ent before and after modifying by CO2 stream.

Reaction of oxygen molecules on CO2 with carbon in an 
activated carbon surface area intensifies micropore area and 
volume by oxygen chemisorptions on the pore walls (volume 
reduction) and oxidation of the carbon material (widening 
and/or formation of new pores). As a result of developing 
micropore volume, the surface area increases in all samples 
by reforming with CO2 molecules (Table 1).

As depicted in Figs. 2 and 3 shown in Section 3, in pre-
pared samples, an increase in pore size distribution causes 
that the effect of interaction between phenol molecules 
and the basal plan in the carbon structure decreases and 
low adsorption capacity is obtained. In modified samples 
appropriate pore size distribution for phenol adsorption 
and formation of COOH functional groups lead to increase 
in adsorption capacity of phenol molecules.

Adsorption of phenol by activated carbon is divided into 
physisorption and chemisorptions. Physisorption of pheno-
lic compounds to carbon surfaces is thought to arise from 
dispersion forces acting between π-electrons in the graph-
ite basal planes on the surface. Physisorption is reduced 
as a result of π-electron localization and is increased when 
electron withdrawing substituent groups on the phenol mol-
ecule decrease the electron density of the ring [33]. Finally, 
chemisorptions may occur between phenol and specific sites 
on the surface, and could be partly responsible for irrevers-
ible adsorption. In adsorption of phenolic compounds from 
aqueous solution irreversible chemisorptions could occur on 
oxygen-free sites located at the edges of the graphene lay-
ers, whereas others have proposed that phenolic groups and 
oxygen-containing basic groups can promote irreversible 
adsorption [34]. Also phenol molecules or phenoxy radicals 
react with active sites on a carbon surface, which can result 
in covalent bonding to the surface.

The results show that at solution pH near pKa, its uptake 
increased because the surface charged would be on average 
positively charged and screened by the increase in the elec-
trolyte concentration, resulting in an enhancement of the 
phenol uptake. The highest adsorption of phenols occurred 
at pH 6.5 and 9.0 for all adsorbents. Reduction in adsorption 
at pH 9 is possibly due to the increased solubility of phenol, 
the abundance of OH ions thereby increasing hindrance 
to diffusion of phenol ions and also increases electrostatic 
repulsion between the negatively charged surface sites of the 
sorbent and phenolic ions.

For acidic pH, phenol is in the molecular form and only 
the dispersive interactions are expected to play an important 
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Table 3
Intraparticle diffusion rate constants (kd and θ) at C0 = 1,000 mg L–1, 
pH = 7, T = 25°C

Adsorbent Intraparticle diffusion rate

kd (mg g–1.h0.5) θ R2

R = 1 7.07 59.36 0.94
R = 0.82 5.40 63.37 0.95
R = 0.75 9.30 89.62 0.96
RC = 1 14.08 125.8 0.96
RC = 0.82 12.07 83.13 0.96
RC = 0.75 26.76 51.87 0.96
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role in its adsorption on the carbon surface. In modified sam-
ples, they have the highest amount of oxygen-containing sur-
face groups and consequently the lowest electronic density 
in the basal planes, which should lead to weaker dispersive 
interactions. In addition, there is competition between water 
and phenol molecules. Water can form hydrogen bonds with 
the hydrophilic groups on the carbon surface originating 
clusters that may obstacle the passage of molecules to micro-
pore. Also creating oxygen-containing surface groups by 
modifying with CO2 stream has this effect on adsorption by 
(1) obstructing the pass and (2) producing repulsion force to 
weak electrolytes.

At basic pH, because phenol is almost completely in the 
anionic form, the maximum adsorption capacity (qm) is not 
significantly affected. It can be due to bonds between water 
and anions, which are stronger and more difficult to break 
before the adsorption. Another reason is that because at this 
pH phenol is almost completely in the anionic form and in 
these conditions all carbon samples are negatively charged; 
therefore, an electrostatic repulsion phenomenon is produced.

All of the isotherms model parameters have been 
reported in Table 4. According to Table 4, the correlation 
coefficients (r2) showed the fit between experimental data 
and isotherm equations, while the average percentage errors 
(D%) according to below equation indicated the fit between 
the experimental and predicted values of adsorption capac-
ity. Where, N is the number of experimental data [13]. As 
seen from Table 4, Freundlich and Langmuir equation rep-
resent poorer fit of experimental data than the Toth isotherm 
equation. The Toth isotherm generates a satisfactory fit to 
the experimental data as indicated by correlation coefficients 
and average percentage error. The average percentage error 
values lie between 0.96% and 4.32%. This is the best general 
equation for describing most of the organic-aqueous equilib-
rium systems. It can be seen that only for sample R = 0.82 the 
Freundlich isotherm fits its data by lower average percentage 
error in comparison with other equations:

D N q q qe e% [ ] /( ) = ( ) − ×∑1 100exp pre exp  (4)

The equilibrium data fit perfectly the Toth model of 
sorption, show the heterogeneous distribution of active sites 
on the activated carbon surface. The use of Toth isotherm 
suggests a heterogeneous adsorption process, typified by a 

Freundlich equation, but there is a tendency to form a mono-
layer saturation capacity, typical of the classical Langmuir 
equation [35].

The results indicated that the pseudo-second-order 
model describes the sorption kinetics of the system studied 
more appropriately than the pseudo-first-order model.

5. Conclusion

Activated carbons have been prepared from walnut 
shells by chemical activation with ZnCl2. The optimal con-
dition for preparing microporous activated carbon with high 
pore surface area and pore volume is an impregnation ratio 
of 100% (ratio of ZnCl2 to walnut shells). The best perfor-
mances were obtained for modified activated carbon that 
combines a high surface area and total pore volume. At this 
optimal condition, the BET surface area and total pore vol-
ume are 1,655.5 m2 g–1 and 1.45 cm3 g–1, respectively. Too 
large ratio of ZnCl2 to walnut shells residue produces pore 
widening resulting in a mesoporous carbon pore structure. 
Batch studies show that a simple model of pseudo-second-or-
der kinetic equation can adequately predict the adsorption 
of phenol on the apatite surface. The adsorption capacity 
is strongly dependent on the aqueous phase pH. Further 
analyses suggest that the sorption process is controlled by 
intraparticle diffusion of phenol. The results show that CO2 
modification increases the physical adsorption by forming 
COOH functional group at activated carbon porous, which 
it changes the adsorption isotherm to pseudo-first and pseu-
do-second-order which used to fit Langmuir isotherm before 
modification. Furthermore, CO2 modification evaluates the 
adsorbent pore size distribution which it increases in pore 
structure heterogeneity. As a brief result, in optimum con-
dition (C0 = 1,000 mg L–1, t = 25°C) the adsorption ratio was 
214 mg g–1. In overall, walnut shell shows excellent adsorp-
tive characteristics for the removal of phenol and appears as 
a very promising sorbent due to its high uptake capacity and 
to its low cost.
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