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ABSTRACT

The adsorption of o-chlorophenol (0-CP) on date carbon was investigated to assess its
possible use as an adsorbent for the processing of phenolic waste water. The influences of
initial concentration, the temperature, and speed agitation on the adsorption capacity have
been studied. The percentage removal of 2-CP was observed to increase with increase an
initial concentration of o-CP. The adsorption of o-CP decreases with an increase in tempera-
ture indicated the exothermic nature of the reaction. The Langmuir and Freundlich equation
interprets adsorption isothermal data. Process parameters, including the rate of agitation,
initial concentration and temperature, were examined, and the obtained data were modeled
using four kinetic models, including a pseudo-first order, pseudo-second order, the pore
diffusion model, and the Elovich equation to understand the reaction mechanism. Thermody-
namic parameters, such as enthalpy, entropy, and Gibb’s free energy changes, were also
calculated.
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Thermodynamic parameters

1. Introduction

Carbon adsorbents prepared from different precur-
sors are widely used for concentration, pre treatment
and separation of organic substances present in air,
soil, and water [1]. Fruit stones are appropriate raw
material for the production of activated carbons [2-5].
In the recent years, many other agricultural by-prod-
ucts have been used as sources for activated carbons
production, such as cherry stones [6,7], olive stones
[8,9], oil palm stones [10,11], apricot stones [12,13],
almond shells [14], sugar cane bagasse [15,16], walnut
shells [8], pecan shells [17,18], cotton stalks [19], and
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date stones [20,21]. World production of dates was
approximately 6.7 million tonnes in 2004. The major
producers in the world are the following: Egypt, Iran,
Saudi Arabia, United Arab Emirates, Pakistan, Alge-
ria, and other Mediterranean countries. Algeria pro-
duces 450,000t/ year of dates [22].

The use of these materials as adsorbents of inor-
ganic and organic pollutants from water is due to
their unique versatility resulting from their high
surface area, porous structure, high adsorption
capacity, and surface chemical nature, which can be
appropriately modified by physical and chemical
treatments to enhance the extent of a given adsorption
process [23]. Many studies have been carried out for
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Table 1

Textural characteristic of the activated carbon

Sample SN, (m? gfl) Vioreux (cm® gfl) pH Bulk density Humidity (%)
AC 425 0.17 5.45 0.578 9.82

the production of activated carbon from this agricul-
tural waste by using the chemical process. Haimour
and Emeish [20] have prepared activated carbon from
date pits by chemical activation with phosphoric acid.
In addition, Kannan et al. [24] have obtained activated
carbon from date pits under chemical activation using
sulfuric acid.

Phenolic compounds and their derivatives are clas-
sified as priority pollutants. They enter into environ-
ment through industries such as coal conversion,
petroleum refining, textile and pharmaceutical, as well
as large-scale use of herbicides, insecticides and pesti-
cides in agriculture [25]. Phenols are also released as
intermediate products during microbial degradation
of pesticides or some other xenobiotics [26].

Extensive characterization studies have been per-
formed as per the standard methods to assess the
quality of activated carbon. The adsorptive property
of the activated carbon was tested by the adsorption
of o-chlorophenol (0-CP) from aqueous solution. A
thorough study of adsorption kinetics and equilib-
rium sorption isotherm revealed the potential use of
this carbon as an adsorbent. Efficiency of carbon
mainly depends on surface area and binding forces
present within the particles of adsorbent, as well as
chemical characteristics of adsorbate. This work
reports the results obtained on the preparation of
activated carbon from date cores and their ability to
remove o-CP from aqueous solution in batch study.

The objective of this paper was to use date stones
for the production of activated carbon by chemical
activation with H3PO,4 and their ability to remove o-
CP from wastewater. The influence of several operat-
ing parameters for the adsorption of CP, such as ini-
tial concentration, temperature, and speed .Were
investigated in batch mode. The kinetic data was fit-
ted to different models, and the thermodynamic
parameters such as AG, AH, and AS, for the adsorp-
tion process were calculated.

2. Experimental
2.1. Preparation of activated carbons

Activated carbons wused in this study were
prepared from date pits. The precursor is impreg-
nated with chemical reagent (H;PO,) in a liquid
form. The impregnated precursor was carbonized in

Fig. 1. Carbonized date pits (CD).

a muffle furnace at 800°C for 2h. After carboniza-
tion, the carbons were washed with distilled water
and heated in an oven at 383K overnight. The sam-
ple so obtained will be referred in the text as acti-
vated date (AC).

2.2. Characterization of activated carbon
2.2.1. Textural characterization

Some of the texture characterizations of activated
carbon are compiled in Table 1, which shows values
for SNy, the nitrogen surface area, obtained by apply-
ing the BET method to the N, adsorption isotherms at
77K, Vporeux the pore volume.

2.2.2. Scanning electron microscopy

Scanning electron micrographs realized on raw
(NDS), carbonized date pits at 800°C for 2h (CD) AC
pits are shown in Figs. 1 and 2. The examination of
the carbonization creates gradual porosity (Fig. 1).
After activation, the porosity is more developed. Mac-
ropores and more elliptical macropores are obtained
after activation for 2h (Fig. 2). The comparison of
Fig. 2 indicates clearly that a regular macroporosity
and a rather homogeneous surface are obtained by
activation at 800°C for 2 h.

2.2.3. Chemical characterization

To measure the pH values of the aqueous suspen-
sions of the carbon sample, 1-g portions of carbon
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Fig. 2. Activated date pits (AC).

were mixed with 100cm® of distilled water, the sus-

pensions were shaken mechanically for 48h at 298K,
and then, their pH value was determined using a
glass electrode.

2.2.4. FTIR analysis

The assignments of IR absorption bands of carbon-
ized and activated date stones are collected in Table 2.
The IR spectrum of carbonized date stones is in good
agreement with the results of El-Hendawy [27] who
studied the carbonization and oxidation of date pits by
FTIR. The assignment of absorption bands shows that
the functional groups alkene, ester, aromatic, ketone,
alcohol, hydroxyl, ether, and carboxyl are present in
the material [28]. This is in accordance with the compo-
sition of date pits, which are essentially composed of
cellulose, hemicellulose and lignin. IR spectra obtained
for carbonized date stones exhibit a similar shape,
which shows that the same functional groups are pres-
ent in the material. After activation, the IR absorption
bands between 400 and 1,400cm™! exhibit a lower
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intensity than after carbonization this change in inten-
sity is the result of the activating action at high temper-
ature. Oxygen and hydrogen groups are decomposed
and extracted from the surface [29]. In addition, the dis-
appearance of bands and the emergence of others sug-
gest that the aromaticity of the material increases
during activation. Basically, FTIR results show that the
heating up to 800°C is sufficient to perform a complete
carbonization and activation of date pits.

2.3. Adsorption of 0-CP under static conditions

The adsorption processes from aqueous solutions
of 0-CP on the activated carbons were carried out at
different operating parameters. After which the equi-
librium concentrations were determined spectrophoto-
metrically at the maximum absorbance wavelength (1)
using a UV-SOFAS-MONACO, spectrophotometer.

The sorption capacity at time t, g, (mg/g) was
obtained as follows:

9= (Co—Cr 1)

where Cy and C; (mg/l) were the liquid-phase
concentrations of solutes at initial and a given time ¢,
v () was the solution volume and m is the mass
carbon (g).

The amount of adsorption at equilibrium, q., was
given by the following equation:

9. = (Co— Co)r )

where C. (mg/l) was the o-CP concentration at
equilibrium. (Table 3 also shows some physical
characteristics of the 0-CP used).

Table 2
Assignments of IR absorption bands for carbonized dates (CD) and activated (AC) dates stones
AC CD

Comments o (em™) o (em™)
C=0 Stretching in aldehydes, ketones groups and esters 1,739.86
C-H Stretching in alkyl groups 2,851.76 et 2,918.76 2,930
O-H Stretching in hydroxyl groups 3,434.17 3,435.65
-C-0-C- Stretching vibration in pyranose ring skeletal or stretching aromatic ring  1,118.81
P=0 1,227.97
P-O-C 1,029.37
N-H 1,633.56 1,630.76
—CH,- 1,454.54
P=S Amides 699.3
NH,—-CR=0 497.9

Note: ¢ is the wave number.
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Table 3
Physical characteristic of o-CP
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Compound A (nm)

o-CP 273 8.8

pKa at 298 K

Solubility at 298K, g/100g H,O
2.6

2.4. Equilibrium isotherms

Sorption equilibrium is usually described by an
isotherm equation whose parameters express the sur-
face properties and affinity of the sorbent, at a fixed
temperature and pH. An adsorption isotherm
describes the relationship between the amount of
adsorbate adsorbed on the adsorbent and the concen-
tration of dissolved adsorbate in the liquid at equilib-
rium. Equations often used to describe the
experimental isotherm data are those developed by
Freundlich and by Langmuir. The Freundlich and
Langmuir isotherms are the most commonly used to
describe the adsorption characteristics of adsorbent
used in water and wastewater.

For the determination of adsorption isotherms,
accurately weighted amount of AC (1g) were continu-
ously stirred at 300rpm with 100mL of 100mg L'
pollutant aqueous solution in bath. The temperature
was controlled at 20°C. The solution pH was 5.45. At
this pH all the o-CP is in their protonated forms. Agi-
tation was provided for 2h, which is more than suffi-
cient time to reach equilibrium. At the end of the
equilibrium period, the contents of the flasks were
analyzed for residual concentration of adsorbate using
spectrophotometer.

3. Modeling of adsorption isotherms
3.1. Langmuir model

The Langmuir model [30] assumes uniform ener-
gies of adsorption onto the surface and no transmigra-
tion of adsorbate in the plane of the surface. The
Langmuir equation may be written as follows:

gm b Ce
=1y C G)
where g, is the amount of solute adsorbed per unit
weight of adsorbent at equilibrium (mg g™ '), C, is the
equilibrium concentration of the solute in the bulk
solution (mg L"), g, is the maximum adsorption
capacity (mgg™ '), and b is the constant related to the
free energy of adsorption (Lmg ). Eq. (1) can be line-
arized.

3.2. Freundlich model

The Freundlich [31] equation can be written as fol-
lows:
ge = KeC'" (4)

where Kg is a constant indicative of the relative
adsorption capacity of the adsorbent, and # is a con-
stant indicative of the intensity of the adsorption. The
Freundlich expression is an exponential equation and
therefore, assumes that as the adsorbate concentration

increases, the concentration of adsorbate on the adsor-
bent surface also increases.

3.3. Discussion of Equilibrium isotherms

Freundlich and Langmuir adsorption isotherm
plots of adsorption of o-CP on activated carbon are
shown in Figs. 3 and 4, respectively. It is seen from
the linearity of plots in Figs. 3 and 4, that adsorption
of 0-CP on date carbon follows both Freundlich and
Langmuir isotherm models with a regression constant
greater than 0.97. The values of Freundlich and
Langmuir constants are listed in Table 4. The adsorp-
tion capacity Kr and the intensity of adsorption n are
calculated from intercept and the slope of Freundlich
isotherm plot. The value of g, is significantly higher
for date carbon for o-CP. The prepared activated car-

1/9.(g.mg")
0,035 -

0,03
0,025 -
0,02

0,015 -

1/C,(L.g")
0,01 T

0,013 0,018 0,023 0,028 0,033 0,038 0,043

Fig. 3. Freundlich plot for adsorption of 0-CP on AC.
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Fig. 4. Langmuir plot for adsorption of o-CP on AC.

bon showed an adsorption capacity better than that of
many activated carbons in current use such as jute
fiber, wood charcoal, and biologically activated car-
bons [32-34].

4. Kinetics of the adsorption process

The process efficiency is controlled by the kinetics
of adsorption, and hence, several kinetic models are
available in order to predict the mechanism involved
in the sorption process. Among these models, Lager-
gren’s rate equation appears to be one of the most
widely used for the sorption of a solute from a liquid
solution [35].

Pseudo-first order:

K
log(qe — q:) = log(qe) — 2.3631 (5)
Pseudo-second order:

t t 1

=—+
g qe  Koqd

(6)

The intraparticle diffusion model has been applied
to various adsorption systems and was found to
account for adsorption mechanism in many well-stir-
red adsorption systems [36]:

Table 4
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qc = Kp~t1/2 (7)

Elovich equation:

g = (%).ln(oc.ﬁ) + (%) In(f) )

In this work, the activated carbon was used as the
adsorbent and o-CP as the adsorbate.

4.1. Adsorption kinetics

The process efficiency is controlled by the kinetics
of adsorption, and hence, several kinetic models are
available in order to predict the mechanism involved
in the sorption process. Among these models, models
including pseudo-first order of Lagergren, pseudo-sec-
ond order, Elovich, and pore diffusion models were
tested for simulation of the experimental data. The
linear plots log(q; —g.) Vversus t, t/g; vs. t, In g, versus
In t and g; versus t°° allowed checking the validity of
the different models. The kinetic parameters calcu-
lated from Egs. (3)-(6) for the adsorption of the pollu-
tant at different temperatures, different agitation rates,
and different concentration of o-CP on activated car-
bon are given in Tables 5-7. Pseudo-second order and
pore diffusion models successfully fit the adsorption
kinetic. From Tables 5-7, the pseudo-second order
seems to be the most appropriate, owing to the high-
est correlation coefficients recorded (always above
0.99).

4.1.1. Effect of agitation rate

As can be seen from Fig. 5, there is a small
effect of shaking rate on uptake capacity but a great
effect on the adsorption rate. At a strong agitation
rate, the resistance of the boundary layer surround-
ing the adsorbent weakens. The rate constants of
pseudo-second order and pore diffusion were
calculated in Table 5. As can be shown by the k;
constant, o-chloroprenee are adsorbed faster at
higher shaking rate, but k, did not change with agi-
tation rate. The highest sorption was at 300 rpm.

Freundlich isotherm and Langmuir isotherm constants of adsorption of o-CP on AC

Freundlich constants

Kg N R?

2.52 1.26 0.97

Langmuir constants

fm (mgg ™)
263.15

b (Lmg ") R?

0.0054 0.97
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Table 5

Kinetic model parameters for the adsorption of 2-CP at different agitation rates on activated carbon

Kinetic model parameters Speed agitation (rpm)

60 80 100 200 300

Pseudo-first-order kq 5.08 6.8 6.53 7.88 5.61

r? 0.79 0.95 0.95 0.98 0.96
Pseudo-second-order ky (10%) 7.89 5.35 4.92 3.33 3.09

2 0.99 0.99 0.99 0.99 0.99
Pore diffusion ko (10%) 7.93 8.44 9.71 9.81 10.52

r 0.98 0.95 0.98 0.98 0.97
Elovich o 294.14 179.95 50.60 46.236 30.22

B 0.23 0.20 0.11 0.11 0.09

? 0.96 0.96 0.97 0.96 0.98
Table 6

Kinetic model parameters for the adsorption of 2-CP at different temperature on activated carbon

Kinetic model parameters Temperature (‘C)

15 18 20 25 30

Pseudo-first-order ky (10%) 743 8.69 7.90 6.21 8.90
? 0.9 0.96 0.96 0.89 0.89
Pseudo-second order k> (10%) 3.29 3.16 3.09 2.71 2.53
0.99 0.99 0.99 0.99 0.99
Pore diffusion Kp (10%) 12.29 10.77 10.52 9.18 8.67
r 0.93 0.95 0.98 0.95 0.93
Elovich o 60.760 43.320 28.280 17.79 15.74
p 0.1 0.10 0.09 0.08 0.08
r? 0.97 0.97 0.98 0.97 0.97

Table 7

Kinetic model parameters for the adsorption of 2-CP at different concentration on activated carbon

Kinetic model parameters

Concentration of o-CP (mg/1)

75
Pseudo-first-order ki (10% 8.02
7 0.93
Pseudo-second-order ks (10%) 3.92
? 0.99
Pore diffusion K, (10 11.66
? 0.99
Elovich o 20.33
p 0.11
? 0.96

100 150 200 250
8.69 6.64 5.82 533
0.96 0.94 0.84 0.87
3.09 1.73 1.19 1.11
0.99 0.99 0.99 0.99

10.52 8.12 7.16 5.95
0.98 0.97 0.98 0.98

30.21 27.9 31.1 31.24
0.09 0.07 0.061 0.05
0.98 0.98 0.94 0.95

4.1.2. Effect of temperature

Temperature dependence of the adsorption process
is associated with several thermodynamic parameters.

Fig. 6 and Table 6 show a decreasing trend of o-CP
removal with the rise in temperature from 15 to 35°C.
In the rate law, the temperature dependence appears
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Fig. 5. Effect of agitation rate on adsorption (T=20°C,
pH=5.45, concentration of 0-CP=100mg/L, and carbon
dose=1g/L).
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Fig. 6. Effect of temperature on the adsorption(concentration
of 0-CP=100mg/L, pH=5.45, speed =300rpm, and carbon
dose=1g/L).

in the rate constant. Quite remarkably, the tempera-
ture dependence of virtually all reactions can be fit
successfully to the Arrhenius equation [37]:

-5,7
0,0p32

1 1/T(KT)

T T T
0,00335 0,0034 0,00345 0,0035

T
0,0033

T
0,00325

-5,75

-5,8 1

5,9 1

-5,95 -

-6 -
In(K,)

Fig. 7. Arrhenius plot for adsorption of o-CP.
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E
k, = ko. — 9
2 =ko-exp (RT) ©)
where ky is the temperature-independent factor

(gmg ' min™"), E is the activation energy of sorption
(k]mol_l), R is the gas constant (8.314:]11[101*1 K™,
and T is the solution temperature (K). From this
equation, the rate constant of sorption, ko, is
6.17.10 °gmg 'min~!, and the activation energy of
sorption, E, is —9.51k] mol~!. These results show that
adsorption process by activated carbon is exothermic
the low value of the energy of activation that there is
physical adsorption Fig. 7.

4.1.3. Effect of initial concentration

The effect of the initial concentration on the
sorption by carbon was investigated at concentra-
tions in the range 75-250mg/l. Fig. 8 shows the
effect of the initial concentration of o-CP on the pro-
cess kinetics. It was found that with the increase in
the initial concentration g, increased. The increase in
gr with the increase in C; was expected was
expected (it was confirmed by the equilibrium stud-
ies — isotherms) due to the increase in the sorption
surface area.

The pseudo-second order rate constant k, and the
corresponding linear regression correlation coefficient
value 7° are given in Table 7, it can be noticed that at
all initial concentrations the linear regression correla-
tion coefficients * values were found to be higher
ranging from 0.996 to 0.999.

-
qt (mg™.g)
90 -
X X
80 4 ¢ * v 75mglL
70 1 ¥ ¥ 100 mg/L
A
% A
. R A 150 mg/L
60 1 X A ¢ 200 mg/L
0] «x . @ L] " X 250mglL
L
. .
404 yanm . .
L)
307 4
201 ¢
10 4
0 T T T T 1 t(min)
0 20 40 60 80 100

Fig. 8. Effect of initial concentration on the adsorption
(concentration of adsorbent=1g/L, pH=5.45,
speed =300 rpm, and T=20°C).
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Table 8

Thermodynamic parameters

T AH® AS°107° AG’

(’K) (KJmol ™)  (Jmol 'K (k] mol )
288 —6.59

291 ~5.92

293 -15.9 —47.41 -5.11

303 —4.55

308 —4.49

5. Thermodynamic parameters

Thermodynamic parameters such as free energy,
enthalpy and entropy changes can be estimated using
equilibrium constants changing with temperature. The
free energy change of the sorption reaction is given by
using the following equation [38]:

AG® = —RT In(kg) (10)
where R is universal gas constant, kg coefficient of
distribution, T temperature (K), and AG? is the free
energy change (Jmole '). The free energy change
indicates the degree of spontaneity of the adsorption
process and the higher negative value reflects a more
energetically favorable adsorption [39]. The free energy
change may be expressed in terms of enthalpy change
of adsorption as a function of temperature as follows:

AG® = AH" — TAS® (11)
Combining Egs. (10) and (11) and rearranging;:
—AH" AS°
In(kd) = RT +T (12)

—AH" and AS° values for iron sorption can be evalu-
ated from the slope and intercept of the linear plot Ln
kg versus 1/T, Where AS° and AH’ are changes in
entropy and enthalpy of adsorption, respectively.

5.1. Determination of thermodynamic parameters

For the sorption of 2-CP the free energy change
—AG" values at different temperatures were calculated
from Eq. (10), while the enthalpy ~AH’ and entropy
changes —AS’ were calculated from the slope and
intercept of the line plotted according to Eq. (10) and
they are presented in Table 8. The adsorption
enthalpy (AH° obtained is —15.9kJmol '. Negative
(~AG) value indicates that a high equilibrium con-
stant was obtained.

K. Akhrib et al. | Desalination and Water Treatment 51 (2013) 6049-6057

6. Conclusion

The use of activated carbon prepared by date cores
for the adsorption of 0-CP was examined. The following
conclusions can be deduced from experimental data.

¢ Initially, the rate of adsorption of o-CP onto acti-
vated carbon was very high, followed by decreas-
ing rates, until an almost constant value.

¢ The adsorption isotherms of 0o-CP were better with
Langmuir and Freundlich models.

Among the five tested models, the pseudo-second
order appears to be the most convenient to describe
the adsorption kinetic of 0-CP in activated carbon.

e The activation energy value was found to be
—9.51kJmol~'. The determination of thermody-
namic parameters, such as enthalpy, entropy, and
Gibb’s free energy changes showed the spontane-
ous and exothermic adsorption of o-CP by acti-
vated carbon.
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