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Activated carbon derived from date stone as natural adsorbent
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ABSTRACT

The aim of present study was to investigate the phenol adsorption onto a date stone activated carbon
(DSAC) in a batch system with considering initial pH, initial phenol concentration, DSAC dosage,
and contact time. Four two-parameter isotherm models (Langmuir, Freundlich, Temkin and Dubi-
nin-Radushkevich) and four three-parameter isotherm models (Sips, Redlich-Peterson, Toth and
Khan) were used to fit the experimental data. To determine the best-fit isotherm, a statistical method
of Goodness of fit (GooF) was applied. An optimization method, according to standard normalized
error (SNE), was used to determine the best set of parameters for each isotherm model. GooF analy-
sis indicated that the best isotherm model to describe the phenol adsorption on surface of DSAC was
Freundlich with a maximum adsorption capacity of 33.53 mg/g among the two-parameter models
and Sips with a maximum adsorption capacity of 11.68 mg/g among the three-parameter isotherms.
The results indicated that the DSAC is effective adsorbent for phenol removal from the aqueous solu-
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tions in terms of low cost, high availability, and easy production process.
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1. Introduction

In the recent years, there has been an increasing public
concern about the surface and groundwater contamination
with organic compounds due to the potential for health
risks related to these chemicals [1]. Phenolic compounds
are the common organic contaminants in effluents of petro-
leum and petrochemical, coal conversion, pulp and paper,
and phenol production industries [2]. The most important
problems associated with these compounds are high toxic-
ity for human and aquatic life, oxygen depletion in receiv-
ing waters, and objectionable taste and odor when react
with chlorine compounds. Besides the health effects, Phe-
nolic contamination even in low concentrations can have
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adverse effects on water treatment processes in terms of
both efficiency and by-products production [3,4].

The solubility of phenol in water is high and the bio-
logical degradation of such compounds in water bodies is
difficult. As a result, it has been frequently detected in water
supplies around the world [5]. A maximum concentration
level of phenol in the industrial effluents for safe discharge
into surface waters is 1.0 mg/L. The World Health Organi-
zation (WHO) has assigned 0.001 mg/L as a guideline value
for phenol in drinking water [6].

To date, a variety of methods have been investigated for
the phenolic compounds removal from the aqueous solu-
tions, including chemical coagulation, filtration, photo oxida-
tion [7], sedimentation, ultra-sonication [8], Photo-sonication
[9], advanced oxidation[10], and adsorption. The economi-
cal, ecological and technological advantages of adsorption
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are over remarkable than other processes [11]. Commercially
activated carbon (AC) and carbon nanotubes for removing
pollutants have a high production cost but, the use of agro
wastes are much cheaper for applying adsorption process
[12-14]. For this reason, there has been a growing attention
to make the activated carbon from cheaper and renewable
precursor, which exists naturally in the environment [15].
In recent years, the activated carbon obtained from various
natural materials such as husk [1], laccase [16,17], peat, fly
ash, bentonite [4], and kaolinite [2] have been studied for the
removal of phenol from the aquatic environment.

The date may be the oldest food-producing plant known
to humans in the world. Date trees are abundant in several
countries such as Iran, Iraq, Saudi Arabia, Egypt, Algeria
and other Mediterranean countries. The world annual pro-
duction of the dates was more than 5 million tons in 2015
[10]. The date production in Iran is one million tons, annu-
ally. Date stone comprises approximately 10% of a total
weight of the date. Therefore, an amount of residual date
stone which can be produced annually in Iran is 100,000
tons or more. Any attempt to reuse these wastes will be use-
ful. The most probable and applicable use for date stone is
activated carbon production which can be used for contam-
inants removal from water and wastewater. With respect
to the above, the major purposes of current study were: (1)
to produce activated carbon from local date stone (Shah-
any) as a low-cost, abundant, and renewable precursor (2)
to investigate phenol adsorption onto produced activated
carbon in batch system. In addition, nonlinear regression
models were used to describe adsorption data, which have
approved to be more suitable than linear models in this
regard. In this regard, the experimental data were fitted
into four two-parameter isotherm models (Langmuir, Fre-
undlich) and four three-parameter isotherm models (Sips,
Redlich-Peterson, Toth and Khan) to determine which iso-
therm gives the best correlation to experimental data. Eight
error functions were used to determine the best fitted iso-
therm which were sum of squares errors (ERRSQ/SSE),
hybrid fractional error function (HYBRID), average relative
error (ARE), sum of absolute error (EABS), Marquardt’s
percent standard deviation (MPSD), nonlinear chi-square
test (X2), residual root mean square error (RMSE), average
percentage errors (APE). The standard normalization error
(SNE) method was used to determine the most suitable set
of constants for each isotherm.

2. Material and methods
2.1. Chemicals and instruments

The chemical reagents used in this study, including-
NaOH, HCI, and phenol were provided from Merck Com-
pany, Germany. Phenol in solid state was of commercial
grade and used without further purification. Chemical
formula and molecular weight of phenol are CH.OH and
94.11 (g/M), respectively. A stock solution of phenol was
prepared by dissolving accurate quantities of standard
powder in deionized water. The needed standard solutions
were prepared from the stock solution by serial dilution.
The phenol concentration was determined using UV-vis
spectrophotometer (Perkin Elmer, USA) at the wavelength
of 500 nm.

The date stones for activated-carbon production were
provided from, Fars province, the south of Iran. Subsequent
stages for active carbon production are shown in Fig. 1.

Scanning electron microscopy (SEM) analysis was
carried out to study the surface morphology of prepared
activated carbon. FESEM microscope (Hitachi mod-
elS4160) at the accelerating voltage of 10 kV was used to
take SEM images. The chemical functionality of DSAC and
DSAC-phenol were determined with Fourier transform
infrared spectroscopy (FTIR). FTIR spectra were recorded
between 400 and 4000 cm™.

2.2. Batch sorption experiments

Adsorption studies were conducted in 250 ml glass
Erlenmeyer flask as a reaction vessel. The experiments were
performed at room temperature (about 25°C). The pH of
the solution was adjusted at the desired level by adding
a few drops 0.1 M NaOH or HCI solution into the flask.
During the experiment, the content of the flask was agi-
tated by a magnetic stirrer. To determine the equilibrium
time of phenol adsorption onto DSAC, an accurate amount
of DSAC of (0.2 g) was added to an Erlenmeyer flask con-
taining 100 mL of phenol solution (10 mg/L). The content
of flask was mixed using a magnetic stirrer. Afterward, the
samples were taken at equal 15-min interval times (15, 30,
45, 60, 75, and 90 min). After the given period of time, the
samples were filtered and analyzed for phenol concentra-
tion in accordance to the direct photometric method. The
equilibrium time was found 60 min. In order to investigate
the impact of contact time on adsorption process, 5 g DSAC
was added to 100 ml phenol solution with concentration of
10 mg/L and different equal interval contact times (10, 20,
30, 40, 50, and 60).

The effect of initial phenol concentration on the phenol
adsorption onto DSAC was investigated by adding 4 g/1
DSAC into various flasks with different phenol concentra-
tions (10 and 15 mg/L). After adjusting pH at 7, the content
of flask was mixed using magnetic stirrer at the determined
optimum time, 60 min after this period, the samples were
taken and phenol concentration was determined. Each
experiment was repeated three times and the average val-
ues have been reported.

To determine adsorption isotherms, different masses of
DSAC (0.5,1, 1.5, 2,4 and 5 g) were added to 100 ml phenol
solution (10 mg/L). Next, pH of the solution was adjusted
at 7 and the content of flasks agitated by a magnetic stirrer
at room temperature for 1.0 h. At the end of equilibrium
time, the samples were taken from the flask, the liquid was
filtered by 0.45 p ceramic filter, and finally, the concentra-
tion of residual phenol was determined.

The amount phenol adsorbed onto DSAC was calcu-
lated using the following Eq. (1)[18,19].

0= w (1)

Eq. (2) was used to calculate the removal the efficiency
[20]:

100(C, -C,)

Removal efficiency (%)= c )
0
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Fig. 1. Preparation stages of activated carbon.

where C and C, (mg/L) are the liquid-phase concentrations
of phenol at initial and equilibrium time, respectively. V (L)
is the volume of the solution and M (g) is the mass of dry
DSAC. Each isotherm experiment was repeated three times
and the average values have been reported.

2.3. Isotherm models study: non-linear regression

The isotherm is mathematical equation that describes
relation between amount of adsorbed adsorbate and equi-
librium concentration of adsorbate in bulk solution at
constant temperature [21]. In the present study, four two-pa-
rameter isotherm models (Langmuir, Freundlich, Temkin,
and Dubinin-Radushkevich) and four three-parameter iso-
therm models (Sips, Redlich-Peterson, Toth and Khan) were
fitted to the experimental data to describe the adsorption
processes at the equilibrium point. These isotherm models
were described in Table 1.

Non-linear regression analysis was conducted using
solver Add-Ins of Microsoft Excel®, which minimize the
sum of the residual error to produce the best fitness to the
experimental data and to estimate the model coefficients.
Optimum isotherm is selected using goodness of fit (GooF)
method. In GooF method, eight error functions (Table 2)
were selected and used to classify isotherms the best to the
worst order. For this aim, all error functions were calculated
for each isotherm and, then, the isotherm equation with the
lowest error function selected as the best-fitted model to
experimental data. At the first, ranking was done based on
each error function and, then total ranking was conducted
based on all error functions.

A different set of parameters for each isotherm might
be produced by different error functions. In this study, the
best ones were selected according to normalization/opti-
mization method. In this method, the sum of normalized
error (SNE) was calculated and used to select the best set

Table 1
Nonlinear form of adsorption isotherm models

Model Equation Equation Eq. Ref.
Two- Langmuir Q,K,C, 3 [22]
parameter e = 1+K.C
L>e
F lich 4 2
reundlic 6. =K, C% [23]
Temkin 5 [24]
qe = Eln ATCe
b
T
Dubinin- 2 6 [25]
Radushkevich 4 =4 | =BRTIn 1+i
qe ‘75 C
Three- Sips g.KC" 7 [26]
parameter q4.= 1+ K.C™
Redlich— K.C, 8 [27]
Peterson q4e= 1+a.C"
R%e
Toth K,C, 9 [28]
© (a+C)
Khan 3.b,C, 10 [29]
© (1+pC)"

K,(L/mg), b, (K]/mol), K, (mg/g), B (mol*/kJ?), Q,: maximum
monolayer coverage capacities (mg/g), n: adsorption intensity,
A, equilibrium binding constant (L/g), g,: theoretical isotherm
saturation capacity (mg/g), R: gas constant (J/mol-K), T: Absolute
temperature (K), C,: equilibrium concentration (mg/L), and g,
amount of adsorbate in the adsorbent at equilibrium (mg/g).
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Table 2
Different error functions and equations

Error
function

Abbreviation Formula Eq. Ref.

Sum of
squares
errors
Hybrid
fractional
error
function

ERRSQ/SSE 5 11 [24]
*qf,mlc - qz’/exp)

i=1 !

qf,exp - qz’/mlc

100
>

HYBRID
n—-pia [

j 12 [30]

qe ,exp

Average ARE

relative error

13 [31
@i qe/exp _qe,calc [ ]

n i3 qe,exp

Sum of EABS n 14 [32]
absolute Z
error =1
Marquardt’s MPSD [

qe,exp - qe,:alc

qﬂ,cxp - qe,calc

percent 100 1 Zn’
standard n—pis

deviation

]2 15 [33]

qe ,exp

Nonlinear X?
chi-square
test

2 (Gote = o). o 1

i=1 qe,exp

Residual
Root Mean
Square Error

RMSE ; 17 [34]

! 2 ’Z:(qe,exp - qe,cﬂlc)[

n—

Average APE
Percentage

Errors

18 [35]
qz’/exp - qe,calc

P

qe,exp

p

L %100

q, . Calculated amount of adsorbate in the adsorbent at
equilibrium (ng/g), ,,,: experimental amount of adsorbate in
the adsorbent at equilibrium (mg/g), n: Number of data point, p:
Number of parameters within the isotherm equation.

of parameters. SNE was obtained by implementing the fol-
lowing steps:

1. One isotherm and one error function were selected
and the isotherm parameters were determined
based on trial and error method using solver Add-
Ins in Microsoft Excel and the obtained parameters
minimized the selected error function.

2. In this stage, the values of the other error functions
for isotherm parameters set were computed,

3. The steps 1 and 2 were conducted for each isotherm
and other error functions.

4. Each parameters set was selected and the ratio of its
associated error functions to largest associated error
function were calculated,

5. To produce sum of normalized error (SNE), obtained
ratios for that parameters set were summed.

6. The parameters set with the minimum SNE was
selected as the best set of parameters for that iso-
therm.

3. Result and discussion
3.1. Characteristics of adsorbent
3.1.1. SEM image

The SEM image of raw date stone (DS), date stone
activated carbon (DSAC), and DSAC after adsorption are
illustrated in Fig. 2a—c. These images were taken by FESEM
microscope (Hitachi modelS4160). It can be seen from Fig.
2a that the DS is formed in a concave shape with a diame-
ter of about 25 pm and has sharp-edge shape in the range
of 8 to 15 um. However, irregular and aggregate forms of
particles were observed after converting to DSAC (Fig. 2b).
As can be seen from the Fig. 2¢, after adsorption, signifi-
cant changes occurred on the surface of DSAC due to a high
rate of bonded phenol to the surface and there is a good
possibility for phenol to be trapped and adsorbed into the
surface of the pores.

3.1.2. FTIR spectra

Fourier transform infrared (FTIR) transmission spec-
tra were obtained to characterize the surface groups on
the DSAC before and after adsorption. Fig. 3a and 3b
show the FTIR spectra of the DSAC and DSAC-phenol,
respectively. The most obvious peaks for DSAC are at
3400 cm™ which exhibit O-H groups. The peak at 1623
cm™ indicates stretching vibration of C=0 in carboxylic
acids and ketones. Broad bond at 1400 cm™ indicates
groups containing oxygen such as C-O and C=0. C-N,
and C-C functional groups and 3400 cm™ which show.
Besides decreasing peak at 2923, for DSAC-phenol peaks
were at 3400, 1623, 1033 (C-O stretching in acids), and 610
cm™. The most probable explanation for these changes is
interaction of phenol with different functional groups on
DSAC.

3.2. Effect of initial Phenol concentration and adsorbent dosage

The effect of initial phenol concentration on removal
efficiency was examined in the concentration range of 5-20
mg/L at pH =7, detention time of 60 min, and room tem-
perature. As can be seen from Fig. 4, the removal efficiency
increased as the initial phenol concentration increased.
For example, the removal efficiency at initial concentra-
tion of 10 mg/L and DSAC dosage of 1 g/L was 52% while
it was 55.5% for initial concentration of 15 mg/L at the
same condition. This difference is more obvious at lower
DSAC dosage and it reduces at higher DSAC dosage.
The reason for higher adsorption capacity with higher
initial concentration is the existence of driving force gra-
dient originated from a higher initial concentration [36].
Another explanation for this behavior is synergistic effect
due to attractive adsorbate-adsorbate interactions [37].
In addition, the removal efficiency increased from 30% to
96.7% as the DSAC dosage was increased from 0.5to 5 g/L
at detention time 60 min, and initial phenol concentration
of 10 mg/L. A probable explanation for this may be more
active site on surface at higher DSAC dosage. Moreover,
the removal efficiency was stabilized at dosage more than
0.4 g L. The most probable explanation for this is resis-
tance to mass transfer of the phenol from bulk solution to
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Fig. 2. SEM micrograph (magnifications: x3.00k), a: DS; b: DSAC
before adsorption; c: DSAC after adsorption.

the surface of the adsorbent, which is important at high
adsorbent dosage.

3.3. Effect of detention time on Phenol adsorption

To assess the effect of contact time on adsorption pro-
cess, the experiments were conducted at contact time range
10 to 60 min with 10-min equal intervals. As can be seen
from Fig. 5, increases in removal efficiency is accompanied
with increases in the detention time. The process reached to
the equilibrium after 60 min. Also, the adsorption was rapid
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Fig. 3. FTIR spectra of DSAC and DSAC-phenol.
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Fig. 5. The effect of contact time on the removal efficiency.

at initial stages, but it became slow at higher contact time.
The reasons for slow adsorption at higher contact times are
that, there are less vacant sites on DSAC surface for adsorp-
tion of non-adsorbed phenol, repulsive forces between the
phenol molecules on DSAC surface and the bulk solution,
and less non-adsorbed molecule to be adsorbed onto adsor-
bent [37].



H. Pasalari et al. / Desalination and Water Treatment 72 (2017) 406—417

3.4. Adsorption isotherm
3.4.1. Error analysis and model selection (GooF method)

Optimum isotherm is selected using good of fitness
(GooF) method. In GooF method, eight error functions were
selected (Table 2) and taken into account these error func-
tions four two-parameter isotherms and four three-param-
eter isotherms were classified from the best to the worst.

The results of this analysis for two-parameter isotherms
are shown in Table 3. On the basis of RMSE, ERRSQ, APE,
ARE, and EABS error function, the best to the worst order
for isotherms are Freundlich, Langmuir, Temkin, and Dubi-
nin-Radushkevich. However, the results of %2, HYBRID, and
MPSD error functions are different and indicate that the best
to worst order for isotherms are Dubinin-Radushkevich,
Freundlich, Temkin, and Langmuir. Therefore, Freundlich
isotherm was selected as the most favorable isotherm for a
description of phenol adsorption on the surface of DSAC.
These results are consistent to the fact that the Freundlich
is the most applicable isotherm model for the description
of equilibrium adsorption in water and wastewater studies
(16). A possible explanation for this might be that SMCZ
had heterogeneous surfaces and the adsorption of phenol
on its surface was taken place as multilayers [38,39].

The results of error analysis for three-parameter isotherm
are shown in Table 3. On the basis of 2, HYBRID,MPSD, APE,
RSME and ARE error function, the best to worst order for iso-
therms are Sips, Redlich-Peterson, Khan, and Toth. However,
the results of ERRSQ and EABS error functions are different
and indicate that the best to worst order for isotherms are
Redlich-Peterson, Sips, Khan and Toth. Also, the most visited
three-parameter isotherm is Sips model. According to com-
bined ranking, Sips mode has the highest fit to experimental
data. According to Tables 4 and 5, three-parameter models
have higher R* values and consequently lower error val-
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ues in comparison with two-parameter models. This can be
explained by this fact that parallel to increase in the number
of model constants, decrease in the fitting error is observed
because a better fit can be achieved and at the same time, the
generalization bias is expected to be increased because of the
larger model variability [24].

3.4.2. Model constants selection: SNE

Different error functions may produce a different set
of parameters for each isotherm. In this study, the best set
of parameters for each isotherm was selected according to
normalization/optimization method. In this method, the
sum of normalized error (SNE) was calculated and used for
the selection of the parameters. The best set of parameters
has minimum SNE.

The results of SNE for two and three-parameter iso-
therms were shown in Tables 4 and 5, respectively. In the
tables, the best set of parameters for each isotherm was
shown as highlighted. As can be seen from the Table 4, for
Langmuir, Freundlich, and Temkin, the best normalized
error functions for selecting an optimum set of parameters
are MPSD, RMSE, and X?, respectively. For Dubinin-Ra-
dushkevich, parameters can be selected based on RMSE,
ERRSQ, HYBRID, and X? error functions.

As can be seen from the Table 5, the best-normalized
error function to select the best set of parameters for Sips
and Redlich-Peterson models is HYBRID and for Toth and
Khan Models is X?. Based on Tables 4 and 5, the first four set
of error functions (RMSE, %% ERRSQ, HYBRID) have higher
R? value in comparison to second four set of error functions
(MPSD, ARE, EABS, APE). Therefore, first set produce more
accurate models constants. This fact is important in com-
mercial adsorbent design because more accurate isotherm
constants are related to more system design [40].

Table 3
Models ranking from the best to the worst based on GooF method
RMSE SSE X2 ERRSQ HYBRID MPSD APE ARE EABS  Most visited
Two-parameter *FR TE D-B FR D-B D-B FR FR FR FR
TE LA FR TE FR FR LA LA TE LA
LA FR TE LA TE LA TE TE LA TE
D-B D-B LA D-B LA TE D-R D-B D-B D-R
Three- parameter S T S T S S S S R-P S
T RP RP R-P R-P R-P R-P R-P S R-P
R-P S KH KH KH KH KH KH KH KH
KH KH T S T T T T T T
Combined S DB T D-B D-B S R-P S S S
T S KH S S R-P S R-P T S
KH RP RP R-P FR KH KH KH KH KH
R-P T S T R-P T T T R-P T
FR KH FR KH T FR FR FR FR FR
TE FR TE FR KH LA TE LA TE TE
LA TE LA TE LA TE LA TE LA LA
D-B LA D-B LA TE D-B D-B D-B D-B DB

*FR: Freundlich, LA: Langmuir, TE: Temkin, D-B: Dubinin-Radushkevich, S: Sips, R-P: Redlich-Peterson, T: Toth, KH: Khan
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Constants of two-parameter isotherm models obtained by minimizing different error functions

Isotherm Parameter = RMSE e ERRSQ HYBRID MPSD ARE EABS APE
Langmuir Q, 24.51 22.80 24.51 22.80 21.37 20.90 24.54 20.84
1.53 211 1.53 211 2.66 2.61 1.64 2.66
R, 0.0316 0.0231 0.0316 0.0231 0.0185 0.0188 0.0296 0.0185
R? 0.888 0.909 0.888 0.909 0.928 0.951 0.876 0.951
Freundlich K, 13.15 12.86 13.15 12.86 12.68 12.90 12.90 12.90
n 3.00 2.82 3.00 2.82 2.67 271 2.71 2.71
R? 0.987 0.984 0.987 0.984 0977 0977 0977 0977
Temkin b, 552.6 574.7 552.6 574.7 592.2 593.5 556.1 590.4
A, 259 294 259 294 316 32.3 30.3 321
R? 0.984 0.983 0.984 0.983 0.979 0.979 0.976 0.980
Dubinin-Radushkevich B 4(10%  4(10®%  4(10%) 4 (10°%) 3(10% 3(10°®%  3(10%  3(10®)
g, 190 190 190 190 190 190 190 190
R? 0.818 0.818 0.818 0.818 0.762 0.762 0.762 0.762
E 35 35 35 35 41 41 41 41
Table 5
Constants of three-parameter isotherm models obtained by minimizing different error functions
Isotherm Parameter = RMSE e ERRSQ HYBRID MPSD ARE EABS APE
Sips k, 3.831 3.828 3.831 3.828 3.809 3.878 3.878 3.878
g, 0.647 0.651 0.647 0.651 0.638 0.625 0.625 0.625
m, 0.141 0.143 0.141 0.143 0.134 0.132 0.132 0.132
R? 0.998 0.998 0.998 0.998 0.998 0.997 0.997 0.997
Redlich-Peterson K 7.394 7.561 7.398 7.560 8.459 8.618 8.618 8.618
ay 1.229 1.277 1.230 1.277 1.534 1.523 1.523 1.523
g 0.695 0.689 0.694 0.689 0.666 0.675 0.675 0.675
R? 0.998 0.998 0.998 0.998 0.998 0.997 0.997 0.997
Toth K, 4.794 4.700 4.795 4.700 4412 4.441 4.441 4.441
a, 0.794 0.742 0.794 0.742 0.584 0.535 0.535 0.535
t 1.559 1.577 1.559 1.577 1.637 1.629 1.628 1.628
R? 0.998 0.998 0.998 0.998 0.998 0.997 0.997 0.997
Khan S 4406 4.210 4.409 4.211 3.577 3.682 3.682 3.682
b, 1.263 1.350 1.262 1.349 1.713 1.725 1.725 1.725
a, 0.641 0.634 0.641 0.634 0.611 0.621 0.621 0.621
R? 0.998 0.998 0.998 0.998 0.998 0.997 0.997 0.997

3.4.3. Isotherm models interpretation

From two sections above (3.4.1 and 3.4.2), the Freun-
dlich was selected as the best model to describe the adsorp-
tion data among the two-parameter models. The next rank
was attributed to Langmuir model. Among the three-pa-
rameter models, Sips generated the best fit to the experi-
mental data according to the error analysis. This fact can
be seen in Figs. 5 and 6 in which a non-linear regression
isotherm models are compared. In these Figures, the best
set of constants was selected for each isotherm according
to SNE and then selected constants were applied to calcu-
late the adsorption capacity of the model. These figures
confirm that Freundlich, Langmuir and Sips have the best

fit to the experimental data than other isotherms. Sips is
a combined form of Langmuir and Freundlich models in
which the heterogeneous adsorption on adsorbent sur-
face is predicted and the limitation of the rising adsor-
bate concentration related to Freundlich isotherm model
is avoiding [22]. Therefore, it can be concluded that Fre-
undlich and Langmuir are the best isotherm models for
describing of phenol adsorption onto DSAC. These results
are in agreement with this fact that the Langmuir and Fre-
undlich isotherms are the most commonly used isotherms
for description of equilibrium adsorption in water and
wastewater[18]. The adsorption isotherms are interpreted
as follows:
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Fig. 6. Experiment and predicted two-parameter adsorption isotherm for phenol removal by DS at 60 min.

3.4.3.1. Freundlich

The Freundlich isotherm, empirical model, can be
applied to non-ideal sorption on heterogeneous surfaces
as multilayer sorption. The Freundlich isotherm had been
derived by assuming exponentially decaying sorption
energy of sites. In other word, this isotherm considers
exponential distribution for active sites on the surface of
the adsorbent with different adsorption energy. It is often
criticized for lacking a fundamental thermodynamic basis
since it does not reduce to Henry’s law [41] and indefinite
increase in adsorbed material as the concentration of solu-
tion is increased [42]. The Freundlich isotherm constant
(1/n) related to adsorption intensity was found to be from
0 to 1. The values of this constant confirmed the favora-
bility of phenol adsorption onto DSAC. The maximum
adsorption capacity according to Freundlich isotherm was
13.15mg/g.

3.4.3.2. Langmuir

The Langmuir isotherm (Eq. (4)) is logical equation in
which two assumptions are considered. Firstly, there are
homogenous adsorption sites on adsorbent surface [37,43]
with identical binding energy [44] and same tendency to
adsorbate [45]. And secondly, adsorption processes is con-
ducted as monolayer adsorption and further adsorption
cannot be taken place after that [44,46]. The essential char-
acteristics of the Langmuir isotherm can be expressed in
terms of dimensionless constant separation factor or equi-
librium parameter, R, as follows:

1

R =t
LT1FK.G, ©)

where b is Langmuir constant and C; is the highest initial
concentration. At R, = 0, the sorption process is irreversible,
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at R, = 1 the sorption process is linear, R, > 1 at the sorp-
tion process is unfavorable, and at 0 < R, < 1 the sorption
process is favorable [37]. The value of R, were found to be
between 0 and 1 and confirmed that adsorption of phenol
on DSAC is favorable. The maximum adsorption capacity
determined by Langmuir isotherm was 24.5 mg/g.

3.4.3.3. Temkin

Temkin isotherm reflects indirect interaction between
adsorbate and adsorbent. For this reason, Temkin propose
that adsorption heat of all molecules decrease in linear with
surface coverage when extremely low and large concentra-
tion are ignored [41,47]. Adsorption energy variation (b,)
obtained by minimizing all error functions are positive,
which indicate exothermic adsorption reaction [35]. In this
study, Temkin achieved the third rank between investigated
two-parameter isotherms based on error analysis. However,
nonlinear data obtained by Temkin model has high agree-
ment with experimental points (R* > 0.97).

3.4.3.4. Dubinin—-Radushkevich

Dubinin-Radushkevich isotherm is relatively more
common than Langmuir isotherm. It is fitted successfully
by process in which intermediate solute concentration is
applied. It does not consider a homogenous surface or
constant adsorption potential but it may be applied to pre-
dict whether the adsorption process is physical or chem-
ical in nature with a Gaussian energy distribution onto a
heterogeneous surface and through mean free energy as
follows [30,48].

1
E=— 4
N 4
In this study, the mean E value (3.5-4.1 k] /mol) was in
the range attributed to physicosorption (1-8 kJ/mol).

3.4.3.5. Redlich—Peterson

Redlich-Peterson model have the advantages of both
Langmuir and Freundlich equations and rectify the defects
of these isotherms in some adsorption systems [49]. This
model can be applied in both homogeneous and hetero-
geneous system. The dimensionless 3 value of this model
can be lied between 0-1. If this value be close to unity, it
means that Langmuir model can describe the adsorption
data better than Freundlich model. However, in this study,
the values are far from unity (0.666-0.695), which show
that the isotherm follows Freundlich model better than
Langmuir model, which is in agreement with error anal-
ysis results [50].

3.4.3.6. Toth

The Toth isotherm is derived from potential theory
and is common isotherm for description of heterogeneous
adsorption process. Freundlich is not valid at low and high
ends pressure range and Sips can be applied for systems
with high pressure range. Toth model modifies limita-
tions mentioned for these two models [51]. It describes a

quasi-Gaussian energy distribution as well. Most available
adsorption sites have energy lower than the peak or proba-
bly maximum adsorption one. b is the Toth model constant.
It is interesting to note that for b, = 1 this isotherm reduces
to the Langmuir equation [52]. As can be seen from Table 5,
this constant is far from unity and confirmed that adsorp-
tion process follow Freundlich better than Langmuir model
as shown using error analysis results and Redlich-Peter-
son model constant. Toth nonlinear regression curve for
adsorption of phenol onto DSAC is shown in Fig. 6¢. As can
be seen from the figure, there is high consistency between
predicted and observed adsorption capacities. This fact can
be inferred from higher correlation coefficients (R*> 0.997)
obtained by minimizing different error functions.

3.4.3.7. Sips

Because of problem in Freundlich equation at high
adsorbent dosage and adsorbate concentration, Sips pro-
posed an equation which is a combination of the Langmuir
and Freundlich isotherm. Sips isotherm reduces to a Freun-
dlich isotherm at low concentrations of adsorbate, however,
at high adsorbate concentrations it estimates the character-
istic of a monolayer adsorption capacity of the Langmuir
isotherm. In some reports, Langmuir-Freundlich (Sips)
model was found most suitable for predicting the equilib-
rium data [53,54].

The prediction of phenol adsorption onto DSAC by the
Sips model is shown in Fig. 6a.The Sips equation fits the
experimental results correctly and adequately with R? value
more than 0.998 for all error functions. According to Sips
model, the monolayer adsorption capacity value was 94.481
mg/g (Table 5). The value of m_was far away from unity
and it means that phenol adsorption data follow Freundlich
form more than Langmuir model.

3.4.3.8. Khan

Khan isotherm is a generalized model for the pure solu-
tions which has proposed by Khan and Col [31]. Khan iso-
therm constants as well as the coefficient of determination,
R?, for the adsorption of phenol on to DSAC using the nonlin-
ear regression are shown in Table 5. The values coefficients of
determination, R? were as high as those of the other isotherm
models. Fig. 7d shows the plots indicating experimental and
predicted adsorption capacity of phenol onto DSAC by khan
model. As can be seen from the figure, khan model can pre-
dict theoretical capacity with high accuracy.

4. Desorption study

Adsorption-desorption study of phenol by DSAC were
conducted in batch reactor and its results are shown in
Fig. 8. As can be seen from the figure, reduction in the abil-
ity of DSAC for reuse after 8 adsorption-desorption cycle
is slight. Therefore, it can be concluded that DSAC can be
used many times for phenol adsorption without much loss
in initial adsorption capacity and removal efficiency. In
addition, more than 70% of adsorbed phenol can be recov-
ered in the presence of NaOH in eighth cycle, which can be
used for different aims such as industrial applications.
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Fig. 7. Experiment and predicted three-parameter adsorption isotherm for phenol removal by DS at 60 min.
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Fig. 8. Effect of desorption on the recovery on phenol from
DSAC.

5. Probable removal mechanism

Phenol is present in water in the undissociated form.
Hydrogen binding between hydroxyl group on phenol
and carboxyl group on DSAC is the possible removal
mechanism [55]. Electron-donor acceptor complex mech-
anism is another possible mechanism for phenol removal
in which aromatic rings of phenol act as an electron accep-
tor and basic site on the surface of activated carbon act
as electron donors. Furthermore, hydrophobic reactions
have been suggested to be related to phenol adsorption
on carbonaceous adsorbent because the adsorbate with
higher hydrophobicity of phenol in aqueous solution
results in stronger retaining on the carbon surface or in
the pores [56]. Although phenol can be removed from
aqueous solution by electrocoagulation process with
good efficiency, but it is a rather expensive method and
therefore our findings in this paper is more preferred as
being cheaper [57].
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6. Conclusion

In this study, the ability of activated carbon produced
of date stones was investigated to remove phenol from
aqueous solution. The DSAC was selected for this work
because it was much cheaper and more available com-
pared to other commercially available adsorbents. Also,
the non-linear method which is more accurate than linear
method was used to obtain isotherm and kinetic model fit-
ted to adsorption data. The equilibrium data were fitted
to the Langmuir, Freundlich, Temkin, and Dubinin—-Radu-
shkevich isotherms models as two-parameter isotherms
as well as to the Sips, Redlich-Peterson, and Toth and-
Khan Isotherms as three-parameter isotherms. Among
two-parameter isotherms, the equilibrium data were best
described by the Freundlich isotherm model as well as
among three-parameter isotherms, the Sips was the best
model to fit the experimental data. On the bases of this
study, it may be concluded that date stone can be used
as low-cost, natural, environmental friendly precursor to
produce activated carbon for phenol removal from aque-
ous solutions.
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