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a b s t r a c t

Three bentonite modified with organic surfactants were used to remove 2,4-dichlorophenol (2,4-DCP)
from aqueous solution. Of the three bentonites studied, DK3, modified with octadecyl dimethyl benzyl
ammonium chloride (ODBAC), was found to be most effective and the conditions affecting batch adsorp-
tion of 2,4-DCP were evaluated. The adsorption data fit the Langmuir isotherm model well predicting
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a high adsorption capacity of 281.8 mg/g at 30 C. A pseudo-second-order model was used to calculate
the corresponding rate constant of 10.35 mg/g min−1 at 30 ◦C. Thermodynamic parameters demonstrated
that the overall adsorption process was exothermic and spontaneous. Furthermore, DK3 was character-
ized by scanning electronic microscopy (SEM), specific surface area (SSA), X-ray powder diffraction (XRD)
and Fourier transform infrared (FTIR) spectrometer, which provided evidence of morphological proper-
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. Introduction

Phenols are family of chemical pollutants that are of environ-
ental concern because of their known toxicity and tendency to

ccumulate in the natural environment [1–3]. Phenolic residues
ave been detected worldwide in soil, water and air samples,

n food products and in human and animal tissues. In recent
ears, several physico-chemical treatments have been proposed to
emove phenol efficiently, such as adsorption, solvent extraction,
et oxidation and heterogeneous photocatalysis [1–3]. Adsorption

echnology is currently being used extensively to remove phenols
rom aqueous solutions [2,3]. For example, activated carbon is the

ost widely used adsorbent for the removal of a variety of organics
rom waters, but there are several disadvantages associated with
his process that have resulted in high regeneration costs. Hence,
nding alternative adsorbents that provide a cheap and effective
hemical regeneration are required [4].

Natural bentonite minerals are often used as adsorbents because
hey are extremely cheap, being 20 times cheaper than activated
arbon [3], are abundant, have high adsorption properties and

ave potential for ion-exchange. In recent years, interest in utiliz-

ng bentonite has increased due to its ability to simultaneously to
dsorb both inorganic and organic molecules. However, the adsorp-
ion capacity for apolar non-ionic organic compounds is generally

∗ Corresponding author. Tel.: +86 591 83465689; fax: +86 591 83465689.
E-mail address: zlchen@fjnu.edu.cn (Z.-L. Chen).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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-DCP onto DK3. Finally, DK3 was used to remove >92% of 2,4-DCP from
n initial concentration of 10.0 mg/L.

© 2010 Elsevier B.V. All rights reserved.

poor due to bentonite’s low hydrophilicity [5]. For this reason,
many studies have concentrated on the adsorptive removal of phe-
nol and its derivatives from water using organobentonites [1–3].
Organobentonites are produced by the exchange of organic cations
(typically having a quaternary ammonium and aliphatic structure)
for inorganic ions (e.g., H+, Na+, Ca2+) on the surface layers of ben-
tonites [6].

These ion exchange reactions can significantly alter the sur-
face properties of the modified bentonite; so that the produced
organic bentonites become organophilic due to the organic func-
tional groups of the quaternary ammonium cations which are
not strongly hydrated by water [1–3]. Several organobentonites
have been suggested for wastewater treatment [1–3]. One organ-
oclay was synthesized by intercalating bentonite with cetyl
trimethyl ammonium bromide (CTAB) and adsorption experi-
ments with phenol, 4-p-chlorophenol, or 2,4-DCP, together with
phosphate, demonstrated that the modified clay could simulta-
neously remove both organics and phosphate from water mainly
due to a partition and ligand exchange mechanism. Both phenol
[7] and soluble organic matter [8] were removed by bentonite
modified with benzyl trimethyl ammonium bromide (BTMA).
Adsorption of phenol, p-chlorophenol and 2,4-DCP with hexade-
cyl trimethyl ammonium bromide (HDTMAB) modified bentonite

[9] was also reported. Recently, adsorption of phenol and m-
chlorophenol to bentonite modified with a series of cationic
surfactants has shown that BTEAB-bentonite performed best, with
a removal efficiency >80% for phenol and chlorophenol [10].
These results indicate that compared to natural bentonite and

dx.doi.org/10.1016/j.cej.2010.10.058
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:zlchen@fjnu.edu.cn
dx.doi.org/10.1016/j.cej.2010.10.058
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Table 1
Surface areas and XRD d(0 0 1) of Na-Mt and organobentonites.

Sample XRD d(0 0 1) Surface area (m2/g) Pore volume (cm3/g) Average pore diameter (nm)

−3

o
o

k
o
s
f
a
t
X
a
r
a

2

2

(
c
t
1
s
a
2
t
d
t
T
a
l
a
D

d
q
s
1
t
s
m
m
t
w

2

c
(
a
a
M
t
s
o

Na-Mt 1.258 nm 13.70
DK1 2.314 nm 3.79
DK3 3.114 nm 6.11
DK5 1.343 nm 23.01

ther clays, organobentonites are powerful adsorbents of non-ionic
rganics.

From recent studies of surfactant modified bentonites, it is
nown that the adsorption efficiency strongly depends on the type
f surfactant modifying the bentonite. Therefore, the aim of this
tudy was to prepare organobentonites using three different sur-
actants and to evaluate the remove efficacy of 2,4-DCP via batch
dsorption studies. The corresponding kinetics, equilibrium and
hermodynamic parameters were also examined. In addition, SEM,
RD and FTIR were used to characterize the organobentonite before
nd after adsorption. Finally, the organobentonites were used to
emove 2,4-DCP from waste water to demonstrate its potential
pplication.

. Materials and methods

.1. Synthesis of organically modified bentonites

The montmorillonite used in this study was Na-montmorillonite
Fenghong Co. Ltd., Jian, Zhejiang, China) having a cation exchange
apacity (CEC) of 75.40 mequiv/100 g. The chemical composi-
ion of the montmorillonite was 62.50% SiO2, 18.50% Al2O3,
.75% Fe2O3, 4.25% MgO, 0.95% CaO, and 2.75% Na2O. The three
urfactants, octadecyl dimethyl benzyl ammonium chloride, hex-
decyltrimethylammonium and aminocaproic acid, as well as
,4-DCP, were all analytical grade reagents and used without fur-
her purification. A solution containing 2,4-DCP was prepared by
issolving 2,4-DCP with deionized water to the desired concentra-
ion. It was then stored in the refrigerator for one month prior to use.
he final pH of the solution was adjusted using 0.10 mol/L, NaOH
nd HCl. The organobentonites modified with hexadecyltrimethy-
ammonium, octadecyl dimethyl benzyl ammonium chloride and
minocaproic acid will hereafter be referred to as DK1, DK3 and
K5, respectively.

The Na-montmorillonite (Na-Mt) was initially dispersed in
eionized water with magnetic stirring at 600 rpm for 3 h. Subse-
uent Na-Mt suspension (50 g) was added into a cationic surfactant
olution and the mixture was stirred on a water bath at 80 ◦C for
50 min in order to avoid frothing. The ratio of cationic surfac-
ant solution to the bentonite was 20% (w/w). The suspension was
ubsequently washed with distilled water 4 times. The moist solid
aterial was dried in an oven at 60 ◦C and ground with a mortar. The
ontmorillonite content in the organic bentonite ranged from 96%

o 98% with a measured diameter <75 �m. The lamellar distance
as less than 2.50 nm, and the apparent density was 0.30 g/cm3.

.2. Characterization

Solid morphology of the original clay (Na-Mt) and the modified
lay (DK3) was determined using a scanning electron microscope
SEM) (JSM 7500F, Japan). The specific surface areas (SSA) of Na-Mt
nd organobentonites (Table 1) were measured using the BET–N2

dsorption method (the Brunauer–Emmett–Teller isotherm) on a
icromeritics’ ASAP 2020 Accelerated Surface Area and Porosime-

ry Analyzer (Micromeritics Instrument Crop., GA) using the gas
orption technique. The crystal characteristics of the Na-Mt and
rganobentonites were investigated using an X-ray diffraction
6.95 × 10 2.03
1.74 × 10−3 1.84
2.84 × 10−3 1.86
1.11 × 10−2 1.92

(XRD) instrument (X’ Pert Pro MPD, Netherlands) with filtered Cu
K� radiation operated at 40 kV and 40 mA. The XRD pattern was
recorded from 1.50◦ to 30◦ of 2� with a scanning speed of 0.02◦ of
2� per second. The infrared spectra of both the Na-Mt and modified
clay minerals were obtained by Fourier transform infrared spec-
troscopy (FTIR Nicolet 5700, Thermo Corp., U.S.A). Samples for FTIR
measurement were prepared by mixing 1% (w/w) specimen with
100 mg of KBr powder and pressed into a sheer slice. An average of
9 scans was collected for each measurement with a resolution of
2 cm−1.

2.3. Adsorption experiments and removal of 2,4-DCP from
wastewater

To compare the adsorption capacity of the synthesized
organobentonites, organo bentonite (0.25 g) was placed in a 50 mL
plastic tube containing an aqueous solution of 500 mg/L 2,4-DCP
(25 mL) and the solutions shaken at 250 rpm at 30 ◦C. Organically
modified clay DK3 (0.3 g) was combined with 2,4-DCP solutions of
different concentration (25 mL) in 50 mL Erlenmeyer flasks with
plastic caps. Various experimental conditions, including contact
time, pH, adsorbent dosage, initial concentration and temperature,
were tested for their effect on 2,4-DCP adsorption from solution.
After equilibration all adsorption solutions were centrifuged at
3500 rpm for 10 min and the 2,4-DCP concentration in the aqueous
phase determined using a UV-260 spectrophotometer at 286 nm.

Real wastewater was collected from a ceramics factory in Min
Qing in Fujian, China where the concentrations of 2,4-DCP were 102
and 5.5 mg/L. For wastewater samples, DK3 (0.25 g) was mixed with
wastewater (25 mL) containing different concentration of 2,4-DCP.

The 2,4-DCP removal rate onto the organoclays was calculated
using the equation R = (C0 − Ce)/C0 × 100%, where: R is the phe-
nol removal rate; C0 is the initial concentration; and Ce is the
equilibrium concentration of the 2,4-DCP [11]. Blank experiments
(without adsorbent) were carried out in parallel. All experiments
were carried out in duplicate.

2.4. The determination of pHpzc

Batch equilibrium experiments were used to estimate zero point
charge (pHpzc). DK3 (0.2 g) was added into a background electrolyte
of 0.01 M NaCl (100 mL). The initial pH (pHinitial) was then adjusted
from 2 to 12 by adding minute amounts of either 0.01 M NaOH or
0.01 M HCl. The suspensions were equilibrated at room tempera-
ture for 24 h in a rotary shaker at 200 rpm and thereafter filtered
and the final pH (pHfinal) of the filtrate determined. A plot of final
pH as a function of the initial pH allowed pHpzc of the adsorbent to
be determined from the plateau of constant pH on the ordinate axis.

3. Results and discussion

3.1. The removal of 2,4-DCP using various organobentonites
The removal percentages of 2,4-DCP were 99.3, 92.8, 60.6 and
14.0% for DK3, DK1, DK5 and Na-Mt, respectively (Fig. 1). The results
showed that the best adsorption capacity for 2,4-DCP from aque-
ous solution occurred when using DK3, while poorest removal
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ig. 1. Percentage of 2,4-DCP removal by different sorbents. Dosage: 10 g/L; pH:
nitial pH; equilibration time: 60 min; rotary speed: 250 rpm and temperature: 30 ◦C.
nitial concentration: 500 mg/L.

fficiency was observed using Na-Mt indicating that removal of 2,4-
CP. Using a modified organobentonite was more effective than
nmodified montmorillonite. This was due to the expansion of the
ontmorillonite interlayers after surfactant modification [6,12],

s observed in the X-ray diffraction patterns (Table 1), where the
alues of d(0 0 1) basal spacing increased in the order: 1.258 nm
Na-Mt) → 1.343 nm (DK5) → 2.314 nm (DK1) → 3.114 nm (DK3).

ith the exception of DK5, the specific surface area before modifi-
ation was higher than modified bentonites (Table 1). The removal
ercentages of 2,4-DCP increased with increasing d(0 0 1) spac-

ng. Increased organophilicity is the main reason for the observed
ncreases in 2,4-DCP removal efficiency [5]. Since the determined
asal spacings of all tested samples exceeded the molecular diam-
ter of 2,4-DCP, indicating that 2,4-DCP replaced some of the
urfactant cations within the clay interlayer and were easily
bsorbed onto the surface of DK3 due to DK3’s high interlayer
pace and high organophilic character. Therefore, the adsorption
f 2,4-DCP onto organobentonite was in the order of effectiveness
f: DK3 > DK1 > DK5 > Na-Mt.
.2. Characterization

.2.1. SEM
The SEM micrographs of both Na-Mt (a) and DK3 (b) are shown

n Fig. 2. The SEM micrographs of Na-Mt highlight the shape of

Fig. 2. SEM scanning images o
Fig. 3. XRD patterns of Na-Mt (a) and DK3 (b).

organobentonite (OB) as an irregular phenomenon, where the
surface was unsmooth due to granule impurities. The surface mor-
phology of DK3 was smoother than that of Na-Mt after modification
with smaller fragments and a clearer sheet structure.

3.2.2. XRD
Expansion of the montmorillonites can be observed using X-

ray powder diffraction. Fig. 3 shows the XRD patterns of Na-Mt
and DK3. The basal spacing for Na-Mt was 1.258 nm, representing
the typical XRD pattern of pristine Na-Mt with the d(0 0 1) plane
reflection peak at about 6◦ (two theta). This corresponds to the
basal spacing with coordinating Na+ and Ca2+ ions in the inter-
layer space with one molecular water layer (3.114 nm). However,

for DK3, the d(0 0 1) spacing increased to 3.114 nm with modi-
fication by surfactant, indicating that ODBAC+ cations had been
intercalated into the montmorillonite interlayer space. This was
attributed to the surfactant molecular arrangement laying flat in
the interlayer space, leading to expansion of the interlayer space

f Na-Mt (a) and DK3 (b).



Y. Zhou et al. / Chemical Engineering Journal 166 (2011) 176–183 179

Table 2
Isotherm parameters at various temperatures for different isotherm models of
adsorption 2,4-DCP by DK3.

Temperature (K) Freundlich isotherm Langmuir isotherm

KF 1/n R2 qm (mg/g) KL (L/mg) R2

303 19.27 0.605 0.989 281.80 0.1335 0.9971
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313 19.24 0.607 0.984 150.50 0.1331 0.9965

2 = correlation coefficient.

13,14]. As shown in Table 2, after modification the basal spacing of
oth DK1 and DK5 increased to 2.314 and 1.343 nm, respectively.
he difference was due to the size of the surfactant molecules. The
bservation suggests that surfactant molecules intercalate into the
ontmorillonite interlayer [13,14].

.2.3. FTIR
The FTIR spectra of the Na-Mt and DK3 (without and with

dsorption of the 2,4-DCP) were recorded in wave numbers rang-
ng from 400 to 4000 cm−1 (Fig. 4). The bands of Na-Mt at 1041
nd 919 cm−1 are attributed to Si–O and Al–O bending vibra-
ions, respectively [15]. The bands at 464, 519 and 3628 cm−1 are
ttributed to Al–O–Si stretching vibration and stretching vibra-
ion of structural OH groups in bentonite. The bands at 1467 and
487 cm−1 correspond to ammonium ions, and the bands at 2923
nd 2852 cm−1 are due to the symmetric and antisymmetric CH2
tretching vibration [16]. In the 2,4-DCP spectrum it was possible
o observe a strong O–H band centered at 3445 cm−1 (typical of
henylic acid), a C C band cantered at 1500 and 1580 cm−1 (due
o C C aromatic ring stretching), a C–Cl band centered at 725 cm−1

n the fingerprint region. These characteristic peaks can be found
n DK3 after binding with 2,4-DCP. This may have been caused
y the reaction between the surfactant of DK3 with 2,4-DCP and
rovides evidence of 2,4-DCP linkage with the DK3. These results
herefore suggest that ODBAC+ cations had been intercalated into
he montmorillonite interlayer space and 2,4-DCP molecules were
ubsequently adsorbed on DK3 via interaction with the surfactant.
.3. Equilibrium studies

.3.1. Effect of contact time
The effect of contact time on the adsorption capacity of DK3

as investigated for contact times between 5 and 50 min at pH of

ig. 4. FTIR spectral of Na-Mt (a), DK3 (b), DK3 with 2,4-DCP absorbed (c) and 2,4-
CP (d).
Time (min)

Fig. 5. Effect of time. Dosage: 10 g/L; pH: initial pH; rotary speed: 250 rpm and
temperature: 30 ◦C. Initial concentration: 500 mg/L.

6.0 at 30 ◦C. Initial adsorption of 2,4-DCP was rapid for both DK3
and Na-Mt, and 2,4-DCP–DK3 interactions reached equilibrium in
less than 5 min (Fig. 5). Thus, the contact time of 60 min was used
in the following sections. The adsorption sites on the clay miner-
als were quickly covered by the 2,4-DCP and the adsorption rate
depended on the rate at which the 2,4-DCP was transported from
the bulk liquid phase to the actual adsorption sites [13]. However,
unlike the unmodified Na-Mt, there was a significant increase in
the adsorption of 2,4-DCP on DK3 due to its larger interlayer space
and higher organophilic character [14,17]. Clearly, DK3 signifi-
cantly enhanced adsorption of 2,4-DCP. For example, the amount
of 2,4-DCP adsorbed by natural Na-Mt was less than 14 mg/g, while
the amount adsorbed by DK3 was nearly 42.8 mg/g. This indicates
that the adsorption of 2,4-DCP on DK3 depended not only on the
partition mechanism but was also significantly influenced by the
hydrocarbon chain length, degree of exchangeable cation replace-
ment by surfactant molecules and the number of hydrocarbon
chains within the surfactant molecule [18].
3.3.2. Effect of absorbent dosage
The adsorption percentage and adsorption capacity (qe) for 2,4-

DCP was a function of DK3 dosage at the given conditions (Fig. 6).
The phenol adsorption percentage increased from 70.6 to 99.8%
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Fig. 6. Effect of absorbent dosage. Equilibration time: 60 min; pH: initial pH; rotary
speed: 250 rpm and temperature: 30 ◦C. Initial concentration: 500 mg/L.
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nd the adsorption capacity decreased from 151.85 to 26.93 mg/g
s adsorbent dosage increased from 1 to 16 g/L. This was due to
he number of available adsorption sites increasing with adsorbent
osage, resulting in a higher adsorption capacity [19]. This is mainly
ttributed to the effect of the interactions between the particles
19], such as aggregation leading to an increase in diffusion path
ength and a decrease in total surface area of the adsorbent. With
ncreasing DK3 dosage from 10 to 16 g/L, the phenol adsorption per-
entage only increased slightly. Therefore, 10 g/L adsorbent dosage
as sufficient for all subsequent experiments as little increase
ould have been gained using larger amounts of adsorbant.

.3.3. Effect of pH
The effect of pH on 2,4-DCP removal was investigated in the pH

ange 2–6 at 30 ◦C when equilibrated for 1 h. The highest adsorption
f 2,4-DCP on DK3 was obtained at pH 6. When pH increased from
.0 to 6.5, the amount of 2,4-DCP adsorbed increased from 42.4
o 44.8 mg/g, and then decreased with further increases in the pH
rom 6.5 to 12.0 (to 42.5 mg/g). The adsorption of 2,4-DCP on DK3

ay be explained by three main mechanisms. At pH > pKa (7.85)
lectrostatic attraction between DK3 occurs when 2,4-DCP is in the
nionic form. As ionization of 2,4-DCP increases with increases in
olution pH, this leads to a decrease in the adsorption of 2,4-DCP on
K3 [20]. When the pH values are >pHpzc 6.5, the surface of DK3 is
egatively charged, leading to a decrease in adsorption efficiency
ecause of repulsion between 2,4-DCP and DK3. Secondly, some
,4-DCP would be ionized by hydrolysis when the pH was 6.5. The
aximum adsorption efficiency is the result of the partition pro-

ess and ion exchange. When the solution pH is <pKa [21] 2,4-DCP
xists in molecular form and is adsorbed on DK3 by Van der Waals
ttractions to alkyl chains [6,18]. However, the results showed that
n this study the solution pH did not significantly affect the adsorp-
ion of 2,4-DCP onto DK3 and therefore a solution pH of 6.5 was
sed in the following sections.

.3.4. Effect of the initial concentration and temperature
The initial 2,4-DCP concentration in the range 100–5000 mg/L

nfluenced the adsorption of 2,4-DCP on the DK3 when the pH
as 6.5 and temperature was either 30, 35 or 40 ◦C when equi-
ibrated for 1 h (Fig. 7). Initial increases in 2,4-DCP concentration
esulted in an increase in 2,4-DCP adsorption by DK3. The removal
ercentage of 2,4-DCP increased rapidly with an increase in 2,4-
CP concentration from 100 to 1500 mg/L, but increased more
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ig. 7. Effect of the initial concentration and temperature. pH: initial pH; dosage:
0 g/L; contacting time: 60 min.
Journal 166 (2011) 176–183

slowly and approached a plateau when the 2,4-DCP concentration
reached 3000 mg/L. With increases in 2,4-DCP concentration above
3000 mg/L there was an increase in the amount of 2,4-DCP adsorbed
by DK3. This was due to the initial phenol concentration providing
an important driving force to overcome all mass transfer limita-
tions of phenol between the aqueous and solid phases. In addition,
the other main consequence of reaching partition equilibrium was
the portion of adsorbed molecules depended on the given condi-
tions and on the initial adsorbate concentration and the partition
coefficient, with the number of available adsorption sites being a
limiting factor.

Therefore, a higher initial phenol concentration will enhance
the adsorption process [22]. When the 2,4-DCP concentration was
3000 mg/L, the amount of 2,4-DCP adsorbed by DK3 was 202 mg/g
at 35 ◦C. However, there was no distinct difference in qe values
when the initial phenol concentrations were higher than 3000 mg/L
which indicated that the adsorption reached saturation at a high
phenol concentration due to a limited number of surface binding
sites.

Fig. 7 also shows the effect of the initial 2,4-DCP concentration
on the equilibrium adsorption capacity (qe) and adsorption per-
centage of 2,4-DCP on the DK3 at different temperatures. While qe

was not significantly affected by the temperature when initial 2,4-
DCP concentration varied from 100 to 1500 mg/L, when the 2,4-DCP
concentration increased from 1500 to 3000 mg/L, the adsorption
of 2,4-DCP on the DK3 depended primarily on temperature. For
example, the qe for 2,4-DCP decreased from 175 to 235 mg/g at an
initial concentration of 3000 mg/L when the temperature increased
from 30 ◦C to 40 ◦C. The maximum equilibrium qe values were
determined as 231, 202 and 186 mg/g at an initial phenol concen-
tration of 3000 mg/L at 30, 35 and 40 ◦C, respectively. The decrease
in adsorption capacity and adsorption percentage when tempera-
tures rose was due to increasing adsorption of the 2,4-DCP onto the
DK3. This also indicated that the adsorption of 2,4-DCP on the DK3
was endothermic and involved both physical and chemical sorption
[3,23].

3.3.5. Desorption of the 2,4-DCP
The successful use of an adsorbent for wastewater treatment

depends not only on the adsorptive capacity, but also on how well
the adsorbent can be regenerated and subsequently re-used [3].
In this study, desorption of 2,4-DCP from DK3 was carried out in
batch experiments. Deionized water (30 mL) was added to DK3
(0.2 g) saturated with 2,4-DCP. The suspension was then shaken
for 10 min, filtered and the filtrate analysed for 2,4-DCOP content.
As shown in Fig. 8, less than 1% of 2,4-DCP was desorbed from DK3,
within 60 min and remained constant thereafter. The lack of signif-
icant desorption indicated that there were strong bonds between
2,4-DCP, and the binding sites of DK3 and that 2,4-DCP was likely
adsorbed and penetrated into the interlayer space of DK3 [12].

3.4. Adsorption studies

3.4.1. Adsorption isotherms
Most adsorption data can be adequately expressed by either

the Langmuir or Freundlich models. The Langmuir isotherm is
expressed as follows [1–3]:

Ce

qe
= Ce

q0
+ 1

q0K
(1)

where qe (mg/g) is the adsorption capacity at equilibrium; q0 (mg/g)

is the maximum adsorption capacity; Ce (mg/L) is the equilibrium
concentration of 2,4-DCP; and K (L/mg) is a constant related to the
adsorption energy.

Based on further analysis of the Langmuir equation, the dimen-
sion parameter of the equilibrium or adsorption intensity (RL) can
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atures from 30 to 40 ◦C resulted in only a slight increase in the rate
constant, k, from 0.0022 to 0.0029 g/mg min−1. In addition, the ini-
tial adsorption rate h also increased from 10.3 to 10.9 mg/g min−1

when the temperature increased from 30 to 40 ◦C. These results

Table 3
Pseudo-second-order parameters obtained from the adsorption of the 2,4-DCP and
DK3 under different experimental conditions.
Desorption time (min)

Fig. 8. Relationship between desorption time and desorption rate.

e expressed as [1]:

L = 1
1 + KC0

(2)

here C0 (mg/L) is the initial concentration of 2,4-DCP and RL is
onsidered to be the indicator of adsorption. The value of RL indi-
ates the type of isotherms: for unfavourable adsorption, RL > 1; for
inear adsorption, RL = 1; for favourable adsorption, 0 < RL < 1; and
or irreversible adsorption, RL = 0.

The Freundlich isotherm model is an empirical equation valid
or adsorption on the assumption that process occurs on heteroge-
eous surfaces [2,3]. The Freundlich isotherm equation is expressed
s:

n qe = ln KF + 1
n

ln Ce (3)

here KF is the Freundlich constant associated with the relative
apacity and n relates to the adsorption intensity.

The constants of the Freundlich and Langmuir isotherms were
btained from the slope and intercept of the plots for each isotherm
t different temperatures (Table 2). The R2 values all exceeded 0.98
or both the Freundlich and Langmuir models suggesting that both

odels closely fit the experimental data. With respect to the coeffi-
ients of the Langmuir model, the values of KL were 0.1335, 0.1332
nd 0.1331 L/mg at 30, 35 and 40 ◦C, respectively. KL increased as
emperatures fell, indicating that the affinity of binding sites for 2,4-
CP decreased at higher temperature, and the values of RL ranged
etween 0 and 1, also suggesting that the adsorption of 2,4-DCP
y DK3 was favourable [2]. In addition, RL decreased from 0.07
o 0.0015 as the C0 increased from 100 to 5000 mg/L (Fig. 9). The

agnitude of variation in RL (0 < RL < 1) indicated that the adsorp-
ion of 2,4-DCP by DK3 was favourable and that DK3 was a suitable
dsorbent for removing 2,4-DCP from aqueous solution [9].

In the Freundlich model, Freundlich constant (KF) and the het-
rogeneity factor (1/n) calculated from the slope and the intercept
f the linear plot were 19.27, 19.26, 19.24 mg/g and 0.605, 0.605,
.607, respectively. Since the value of 1/n was less than 1, this sug-
ested that the adsorption of 2,4-DCP on the DK3 was a physical
rocess [24]. The values 1/n between 0.605 and 0.607 indicated
avourable adsorption and a high affinity of DK3 for 2,4-DCP since

he higher value of 1/n corresponded to greater heterogeneity of
he adsorbent surface [25] which resulted from 2,4-DCP interac-
ions with surfactant cations on the clay’s surface as well as within
he clay interlayer space [6,18]. Therefore, both the Freundlich and
angmuir models suggest that the adsorption capacity increased as
C0 (mg/L)

Fig. 9. Variation of separation factor (RL) as a function of initial 2,4-DCP concentra-
tion.

the temperature fell, demonstrating that adsorption was exother-
mic [26] and both models as indicated by R2 values (Table 2) fit the
data well. The Langmuir and Freundlich constants both suggested
that DK3 had a high capacity for absorbing 2,4-DCP from aqueous
solution.

3.4.2. Adsorption kinetics
The pseudo-second-order kinetic model was used to describe

the adsorption mechanism. It can be expressed by the following
equation [2]:

t

qt
= 1

K2q2
e

+ t

qe
(4)

where qe is the maximum adsorption capacity (mg/g) of 2,4-DCP,
qt (mg/g) is the adsorption capacity at equilibrium time t (h), and
k2 (g/(mg h)) represents the rate constant of the adsorption. Values
of k2 and qe can be calculated from the plot of t/qt against t. The
initial adsorption rate h (mg/(g h)) can be obtained according to
the following equation [2,3]:

h = k2 × Q 2
2 (5)

Table 3 shows the pseudo-second-order rate constants for the
adsorption of 2,4-DCP on the DK3 at various temperatures. The
linear correlation coefficient R2 derived from each temperature
was more than 0.998 which clearly showed that the pseudo-
second-order kinetic model described the adsorption behavior of
2,4-DCP on the DK3 well. This suggested that the adsorption mech-
anism may be chemical rather than physical, which was the main
rate-controlling step throughout the adsorption process [27]. The
amount of 2,4-DCP adsorbed at equilibrium decreased from 69.5 to
61.7 mg/g as the temperature rose. However, increases in temper-
Temperature (K) R2 qe (mg/g) k2 (g/mg min−1) h (mg/g min−1)

303 0.9989 68.49 0.0022 10.30
308 0.9989 63.29 0.0026 10.35
313 0.9982 61.73 0.0029 10.93
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Table 4
Thermodynamic parameters for the adsorption of 2,4-DCP by DK3.

�H◦ (kJ/mol) �S◦ (J/K mol) �G◦ (kJ/mol)

298 K 303 K 308 K 313 K

DK3 −65.31 −197.35 −4.58 −3.83 −2.98 −2.12

Table 5
Removal of 2,4-DCP from actual wastewater.

2,4-DCP concentration Wastewater
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Initial (mg/L) 102 5.50
Final (mg/L) 8.16 0.21
Removal rate (%) 92.0% 96.3%

ndicated that adsorption of 2,4-DCP was not favourable at a
igh temperature. Increase in temperature causes an increase in
he mobility of 2,4-DCP. However, when temperature increased
urther, the kinetic energies of 2,4-DCP became higher than the
otential attractive forces of the active sites on the surface of the
dsorbent [27], leading to a decrease in the adsorption of 2,4-DCP
n the DK3.

.4.3. Thermodynamic study
Thermodynamic parameters such as standard free energy

hange (�G◦), standard enthalpy change (�H◦) and standard
ntropy change (�S◦) can be calculated using the following equa-
ion [3]:

n Kc = −�G◦

RT
= �S◦

R
− �H◦

RT
(6)

here Kc is the equilibrium constant resulting from the ratio of the
quilibrium concentrations of the phenol on an adsorbent in the
olution. �G◦, �H◦ and �S◦ can be calculated from a plot of ln Kc

ersus 1/T.
Table 4 summarizes the thermodynamic parameters at various

emperatures for the adsorption of 2,4-DCP onto DK3. The negative
alues of enthalpy −�H◦, −65.31 kJ/mol indicated that the adsorp-
ion of 2,4-DCP using DK3 was exothermic, while the negative �S◦

alues of −197.35 J/(K mol) revealed decreasing randomness at the
olid/solution interface during the adsorption of 2,4-DCP [28]. The
btained negative Gibbs free enthalpy (�G◦) values were −4.58,
3.83, −2.98 and −2.12 kJ/mol at 25, 30 35 and 40 ◦C, respectively.
he �G◦ values were negative at all of the tested temperatures, con-
rming that the adsorption of 2,4-DCP on the DK3 was spontaneous
nd thermodynamically favourable [18]. In addition, a more neg-
tive �G◦ implied a greater driving force of adsorption, resulting
n a higher adsorption capacity. Furthermore, an increase in Gibbs
nergy with increasing temperature suggested that the adsorption
f 2,4-DCP on the DK3 was less favourable at higher temperatures
28].

.5. Removal of 2,4-DCP from industrial wastewater

In this study, DK3 was used as an absorbent to remove 2,4-DCP
rom industrial wastewater, which was collected from a ceramics
ndustry at Min Qing in Fujian, China. The results obtained from

astewaters containing different concentrations of 2,4-DCP are
ummarized in Table 5. The initial concentrations of 2,4-DCP were
02 and 5.5 mg/L, respectively. However, a 0.25 g DK3 was added
o 25 mL of wastewater, and then the tubs were shaken at 30 ◦C

nd 250 rpm for 1 h. As shown in Table 5, the concentrations of 2,4-
CP declined from 102 to 8.16 mg/L and 5.5 to 0.21 mg/L, where the

emoval percentages were 92 and 99.6%, respectively. The primary
esults show that DK3 has the potential to be an adsorbent that can
emove 2,4-DCP from industrial wastewater.

[

[
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4. Conclusion

The results obtained in this study show that DK3 has the
potential to be a highly effective and efficient adsorbent for remov-
ing 2,4-DCP from wastewater. Both the Freundlich and Langmuir
isotherm models fit the experiment data well, suggesting that
the adsorption was exothermic. However, the correlation coeffi-
cient value of the linear plot for the Langmuir isotherm was better
suited when the adsorption capacity reached 281.8 mg/g at 30 ◦C.
The pseudo-second-order kinetic model best described the adsorp-
tion behavior of 2,4-DCP onto DK3, suggesting that the adsorption
mechanism may be chemical rather than physical, which was
the main rate-controlling step throughout the adsorption process.
Results for the thermodynamic study show that the adsorption of
2,4-DCP on the DK3 was spontaneous and endothermic. Further-
more, the results obtained from both XRD and FTIR suggested that
the surfactant molecules intercalated into the interlayers of mont-
morillonite and that ODBAC+ cations had been intercalated into
the montmorillonite interlayer space. Finally, the mechanism for
the adsorption of 2,4-DCP on the DK3 includes the partition mecha-
nism, the 2,4-DCP was able to replace some of the surfactant cations
within the clay interlayer and be easily absorbed within the surface
of the DK3.
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