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ABSTRACT

In this paper, the effect of several inorganic salts (NaCl, KCI, MgCl,, ZnCl,, NaySO,,
NazPO,) on phenol adsorption at different ionic strength by cetyl trimethyl ammonium bro-
mide and CaO modified activated clay was studied. The adsorption isotherm, adsorption
kinetics and thermodynamic in the presence of NaCl were also investigated. The results
showed that phenol removal efficiency has been influenced by the co-existed ions. With the
increase of ionic strength from 0.5 to 3molkg ', the removal of phenol slightly increased,
except for ZnCl,. The adsorption kinetics showed that the adsorption of phenol can be rep-
resented by pseudo-second-order kinetic. The Freundlich model fitted the two processes
well. The thermodynamic parameters showed that the two adsorption processes were both
exothermic, spontaneous nature, randomness decreasing process.
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1. Introduction

With the development of industry, the discharge of
wastewater is more and more serious. Phenol and its
derivatives are important pollutants in wastewater,
generally existing in chemical industries, especially in
processing plants, paper mills, coal conversion plants,
chemical manufacturers, pesticide, herbicides indus-
tries and plastic etc. [1-3]. Since phenol is poisonous
to organisms even at very low concentration, it can
destroy the structure of protein, cause headache, nau-
sea, shock, memory loss and other symptoms, it is
considered as priority pollutants [4,5]. Meanwhile,

*Corresponding author.

phenol also has low solubility and a weak ionization
capacity [6]. Consequently, before discharge, it is nec-
essary to remove phenol from wastewater [7].

There are many methods to remove phenol from
wastewater, such as adsorption [8], biological degrada-
tion [9,10], photo-degradation [11], electro-oxidation [12],
and ion exchange, etc. Among these methods, adsorption
by clay mineral is the most common method.

With large specific surface area, strong adsorption
and cation exchange, low cost and easy to obtain, acti-
vated clay (AC) is considered to be an efficient adsor-
bent to remove phenol from wastewater [13,14].

Phenol adsorption on AC is dependent on a large
amount of conditions, such as pH, ionic strength, tem-
perature, adsorbent dose and concentration of substrate
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[15]. In actual wastewater, there exists high concentration
salt, so it is worth to investigate the adsorption behavior
of phenol in the presence of salts [16,17].

Previous researches indicated the effect of ionic
strength on the adsorption of phenol is complex. Al-
Asheh et al. [2] reported either NaCl or KCl had no
effect on the adsorption of phenol with different types
of activated bentonites. Senturk et al. [18] found that
the adsorption of phenol onto organo-bentonite
decreased with the increase of salt concentration when
various concentrations (0.01-0.20 M) of NaCl, NaySO,
and NaNOj solutions added individually. To the best
of our knowledge, the removal of phenol by organo
and CaO modified activated clay (MAC) in the pres-
ence of various salts has not been systematically inves-
tigated.

In this paper, the effect of ionic strength on the
adsorption of phenol onto cetyl trimethyl ammonium
bromide (CTAB) and CaO MAC was studied. The
adsorption kinetics, adsorption isotherms, and adsorp-
tion thermodynamics of adsorption of phenol in the
presence of 1mol kg ' NaCl were also investigated.

2. Experimental methods
2.1. Reagent

All reagents used in this work were analytical
grade. Stock solution of 2,000mg L™ phenol was pre-
pared with distilled water. The AC purchased from
Anhui province, China, was used as primary material.

2.2. Preparation of MAC

MAC was prepared by semi-dry method. In detail,
AC (10 g, treated at 353K for 4 h before modification)
and CaO (3.5g) mixed by grinding, with 20ml dis-
tilled water added, calcined at 323 K for 12 h, washed
with distilled water for several times, the filter cake
was heated in an oven at 323K and grounded (named
as CAC). A mixture of CAC and CTAB in a 10:3 mass
ratio were blended by grinding, with 20 mL distilled
water added, then treated at 323K for 12h, washed
with distilled water for several times, then heated at
323K to obtain the final sample, designed as MAC.

2.3. Batch adsorption experiment

A certain amount of MAC adsorbent was trans-
ferred into 250 mL conical flasks containing 100 mL
100mg L™ of phenol aqueous solution with various
type and concentration of salts, with a temperature-
controlled shaker at a constant speed (800 rpm) and
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temperature. The samples were taken at predeter-
mined time intervals and filtrated with filter paper.
The phenol concentration was analysed by UVCPovis
spectrometer (Beijing new century, China) at Amax 270
nm for phenol. The removal rate of phenol was calcu-
lated by the following equation:

Removal rate (%) = (Ao — Ar) /Ao x 100% M

where Ay is the initial absorbance of phenol at Amax, A:
is the absorbance of phenol at time f (min) at Ayax.

The ionic strength can be calculated according to
Lewis Eq. (2):

Izl/ZXZmBzé 2)

where I (molkg™") is the ionic strength, mp (molkg™)
is the molality of B ion, z is the valence number of B
ion.

Je,exp Was calculated by Eq. (3):

qe,exp = (CO - CB)V/m (3)

where ¢y (mg L") is initial concentration of phenol, c,
(mg L") is the concentration of phenol at equilibrium
time, V (mL) is the volume of phenol, m (g) is the
mass of adsorbent.

3. Results and discussion
3.1. Effect of various salts on phenol remouval

The effect of various salts on phenol removal has
been investigated systematically and the results are
shown in Fig. 1. It can be found that the type of cat-
ions and anions have a significant effect on phenol
removal.

The removal rate of phenol decreased with the
introduction of various inorganic salts. However, with
the increase of ionic strength from 0.5 to 3molkg ',
the removal rate of phenol slightly increased, except
ZnCl,. The possible reason may be due to that, the
presence of salts leads to polymerization of phenol
molecules in solution and causes the molecules vol-
ume smaller and more hydrophobic, which is benefi-
cial for phenol adsorption [16,19,20]. Meanwhile, the
presence of salts can cause a salting-out effect. The
dissociative ions in solution form well-organized ionic
atmospheres through bind water molecule tightly,
thus decreasing the solubility of non-electrolyte (phe-
nol) in solution and improving the removal rate of
phenol [21]. On the other hand, in the presence of
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Fig. 1. The effect of different cations (a) and anions (b) on phenol removal (T: 298 K, cy: 100 mg LY, Ve 100ml, pH 6.8,

mMyAC: 3.0 g)

salts, the active sites of MAC may be blocked, so phe-
nol molecules are hindered to combine the surface of
adsorbent, therefore, lead to a decline in phenol
removal rate.

However, as for ZnCl,, with the increase of ionic
strength, the removal rate decreased, this mainly
because of the decreasing of pH, as Fig. 2 shown.
Under acid condition, the removal rate of phenol
increased with the increase of pH, however, when the
pH value exceeded 8, the adsorption of phenol
decreased abruptly. Because as polar compound, phe-
nol can be ionized into phenol anion at alkalinity con-
dition. In the meanwhile, the surface of MAC was
negatively charged when pH higher than the pH,,. of
MAC (8.30), at higher pH values, and the electrostatic
repulsion between MAC and phenol anion increases
[18]. Therefore, phenol removal onto MAC decreased.
The pH of solution decreased with the introduction of
ZnCl,. When pH lower than pH,,. the surface of
MAC positive charged, which can adsorbed phenol
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Fig. 2. The effect of pH on phenol removal.

molecular by hydrogen bond force, consequently, with
the increase of pH lower than pH,,, the removal rate
of phenol by MAC increased, as Fig. 3 shown.

Fig. 1 also shows the effect of various cations and
anions on phenol removal. It can be found that as for
different valence of cations, the removal rate of phenol
in the presence of MgCl, (2-1) is higher than that of
NaCl and KCl (1-1) in the same ionic strength. While
for the anions, the higher valence salt (NazPO,) has
much lower removal rate than that of the lower ones
(NaySO, and NaCl). This maybe suggests that the
valence of cations has positive effect, while the valence
of anions has the negative effect on phenol removal.
More definite investigations need to be further studied.

3.2. Adsorption kinetics [22]

The pseudo-second order kinetic models, are
applied to test the experimental data and to assess the
adsorption mechanism involved in the absence (I=0
molkg™") and presence (I=1.0molkg ") of NaCl for
phenol adsorption process. The pseudo-second order
models can be expressed as Eq. (4):

t 1 1
7 kE @
where g; (mg g™ ") is the adsorption capacity of phenol
at time t, g, (mgg ") is the adsorption capacity of phe-
nol at equilibrium time, k, (L mg ' min"") is the rate
constant of pseudo-second-order model. The parame-
ters of pseudo-second-order kinetic are shown in
Table 1. It can be seen that the pseudo-second-order
model fitted the experimental data very well for both
Inac1=0mol kg{1 and 1mol kgfl. However, the value
of g, and rate constant decreased with NaCl existed,
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Fig. 3. Changes of phenol concentration with time for In,c;=1mol kgf1 (a) and 0 mol kgf1 (b).
Table 1
The kinetic parameters for adsorption of phenol in 0 and 1molkg " of NaCl
I=0mol kgf1 I=1mol kg*1
T cp (mg eexp (MG g (mg k> (L mg_1 Jeexp (Mg g, (mg k> (L mg_1
K L g g min ") RS g g™ min ") RS’
298 50 1.44045 1.44361 7.46147 0.99994 0.80215 0.80090 3.00530 0.9990
100 2.77819 2.77600 2.45582 0.99998 1.75104 1.75568 3.45680 0.9999
150 4.13304 4.14164 2.15122 0.99994 3.36268 3.39305 1.01484 0.9999
200 5.44143 5.44900 1.37749 0.99996 4.13304 4.16910 0.72096 0.9997
308 100 2.72683 2.72881 3.73484 0.99990 1.63121 1.64658 1.93982 0.9997
318 100 2.68681 2.57566 6.90452 1 1.50893 1.50996 1.87541 0.9994

showing that the adsorption ability and reaction rate

of phenol decreased in the presence of NaClL
Meanwhile, the apparent kinetic was studied and

the apparent kinetic model can be expressed as Eq. (5):

- % = kel (5)
t

Take the logarithm on both sides:

logr = logk + flogc, (6)

where 7 (mol™! L 'min™") is the reaction rate, Cp
(mg L") is the initial concentration of phenol, f is the
reaction order for phenol.

The concentration of phenol changing with time
for Inaci1=1 and 0 mol kg{1 are showed in Fig. 3. The
reaction orders calculated in the presence of NaCl is
1.31479, while 1.00076 for the absence of NaCl. This
result indicated the presence of salt has played a sig-
nificant role on phenol adsorption process.

3.3. Adsorption isotherm

Several widely used isotherm models: Langmuir,
Freundlich and Temkin were applied to study the
mechanism of adsorption system. Langmuir model is
based on the assumption that adsorbent surface is
homogeneous, adsorbate molecules are independent
and the adsorption is monolayer [23]. The Langmuir
isotherm model can be expressed by the following
equation:

Ce 1 Ce
—= +— @)
qe qm + Kt Gm

where g,, (mg g™') is the maximal adsorption capacity,
g (mgg™") is the equilibrium adsorption capacity, K
(L mg ") is a constant related to the free energy of the
adsorption, ¢, (mg L") is the equilibrium concentra-
tion of phenol solution. g,, and K; can be determined
by the intercept and the slope of the linear plot of ¢,/
e VS. Ce.
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Freundlich model is an empirical equation repre-
senting heterogeneous adsorption on the adsorbent
surface [24], which are widely applied for physical
adsorption, chemical adsorption and solution adsorp-
tion. The Freundlich model can be expressed by the
following equation:

Inc,
n

Ing. = InKr + ®)

where g, (mgg ") is the equilibrium adsorption capac-
ity, c, (mg L") is the equilibrium concentration of
phenol solution, K¢ ((mgg ")(mg L™)") is the Freund-
lich adsorption equilibrium constant, 1/# is the heter-
ogeneity constant. Kr and 1/n can be calculated by the
intercept and the slope of the liner plot of In g, vs. In
C., respectively.

The Temkin model can be represented by the fol-
lowing equation:

ge=A+Blnc, 9)

where B=RT/b, b (Jmol™) is a constant related to
adsorption heat, A (L gfl) is the Temkin constant, R
(8.314:]mol*1 K™ is the gas constant, T (K) is the tem-
perature. A and B can be obtained by the intercept
and the slope of the liner plot of g, vs. Inc,.

The experimental data fitted Langmuir, Freundlich
and Temkin isothermal models and the parameters
are given in Table 2. It can be found that the Freund-
lich model fitted the two adsorption processes best.
When n value lies in the range of 1-10, indicating a
favorable adsorption of phenol [24], the calculating
values of n are 0.99899 and 1.56387, respectively, dem-
onstrating that the phenol adsorption in the presence
of NaCl is unfavorable, however, as for the phenol
adsorption without NaCl, is a favorable process. This
result also can be identified by Fig. 1.

The Langmuir model does not describe isotherm
data properly, which considers that all the adsorption
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sites are identical and each site retains one molecule
of the given compound [25]. Besides, the solid surface
has a limited adsorption capacity gmax, and the iso-
therm reaches a plateau. In this paper the curves
(Fig. 4) which describe phenol adsorption for both
conditions of Inaci=1mol kg_1 and 0mol kg_1 on
MAC are nearly straight line, without a plateaus, indi-
cating that phenol adsorption on MAC are not limited
to monolayer adsorption [26].

3.4. Adsorption thermodynamics

The activation energy (E,) can be calculated by
Arrhenius Eq. (10):

E,
Ink=InA - RT

(10)
where k (L mg ' min™") is the rate constant of pseudo-
second-order model, A is the pre-exponential factor, T
(K) is the temperature, R (8.314]J mol 'K™") is the gas
constant, E, (kf mol™") is the activation energy of phe-
nol adsorption. E, can be determined by the slope of
the linear plot of In(k) vs. 1/T, as shown in Fig. 5.

The adsorption thermodynamics were investigated
to better understand adsorption behaviour.

The standard enthalpy change AH®° of phenol
adsorption can be calculated by Eq. (11) [27]:

AH° 1
—+ Con

R T (11)

In(K,) = —

where T (K) is the temperature, R is the gas constant
(8314Jmol 'K™"), K, is the adsorption interaction
equilibrium constant.

The plot of In(K,) against 1/T should be linear,
and the slope equal to —AH°/R. The standard free
energy change (AG®) and the standard entropy change
(AS®) can be calculated by Eq. (12) and Eq. (13).

Table 2

The adsorption isothermal parameters of phenol adsorption onto MAC

Langmuir Freundlich Temkin

Jmax (Mg g™ K; (Lmg ™) R? K n R? A B R?
Inaci=1mol kg_1

31.726 0.00131 0.054 0.039 0.998 0.920 —7.557 2.555 0.818
Inaci=0mol kg_1

13.153 0.0159 0.852 0.448 1.564 0.985 —3.639 2.424 0.903
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Fig. 5. The relationship of Ink vs. 1/T.

AG® = —RT In(K}) (12)

AG® = AH® — TAS® (13)
Alternatively, AS® can be derived directly from the
plot In(K,) against 1/T. Indeed, assuming that both
AH® and AS° change only slightly with the tempera-
ture, it can be obtained Eq. (14):

AH° AS°
In(K,) = — T TR (14)
where K, can be calculated from Eq. (15):
K-S (15)
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where C; is the amount of phenol (mg) adsorbed on
the adsorbent per L of the solution at equilibrium. C,
is the equilibrium concentration (mgL™") of phenol in
the solution.

The plot of InK,, vs. 1/T was linear and the values
of slope and intercept of this line provide AH® and
AS°, respectively, as shown in Fig. 6. These values
were used to calculate AG* according to Eq. (13).

The thermodynamic parameters are listed in
Table 3. It can be found that the E, value is negative
(-23.43kJ mol ™) for In.c1 = 1 mol kg_l, while positive
for the absence of NaCl, maybe due to that the electro-
static interaction facilitate the weak electrolyte phenol
migration rate and improve the adsorption process
[20].

The positive value of AH® indicates that the
adsorption is endothermic process, while negative
value implies an exothermic adsorption process [28].
In this paper, the values of AH® are —5.46 and —10.83
kI mol ™! for Inaci=1 and 0 mol kgfl, respectively, indi-
cating that the phenol adsorption in the two processes
are both exothermic processes. However, the differ-
ence in AH® value indicates that in the presence of
NaCl, the degree of reaction heat release decreased.
The negatively values of AG® indicate the adsorption
is a feasibility and spontaneous nature process. Fur-
thermore, the values of AS® are both negative (-17.01
and —22.79]mol 'K™") for the two adsorption pro-
cesses, suggesting the randomness decreased during
adsorption. Meanwhile, AS°® value also states the
degree of randomness decrease is different for two
processes. Consequently, in the presence of NaCl, the
degree of reaction heat release and randomness are
both decreased, indicates the ionic strength can
restrain the adsorption and the adsorption process is
complex.

1.8
.
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Fig. 6. The relationship of In K. vs. 1/T.
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4. Conclusion

In this study, MAC was directly prepared with
CTAB and CaO MAC with semi-dry method. The pre-
pared MAC was tested for its adsorption capacity to
remove phenol from aqueous solutions in the presence
of various salts and ionic strength, and the experi-
ments indicated that MAC possesses excellent adsorp-
tion capacity for phenol removal from aqueous
solution. The results also indicated that the existence
of salts had a negative effect on phenol abatement.
However, the removal rate of phenol increased with
the increase of ionic strength. The kinetics and iso-
therm data obtained from the experimental study can
be well fitted with the pseudo-second-order kinetic
model and the Freundlich isotherm. However, the dif-
ferent values of n indicated that the existence of NaCl
has an unfavorable adsorption for phenol comparing
with the absence of NaCl. Meanwhile, the differences
of thermodynamic parameters indicate that the
adsorption process is complex and various. This study
demonstrated that CTAB and CaO modified by AC is
a promising adsorbent for environmental pollutants,
even if in the presence of inorganic salts.
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