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ABSTRACT: Na-montmorillonite (Na-Mt) modified by quaternary
ammonium surfactants containing different organic counterions [OMt-
QAS·Y−, Y = CH3CO3

−, CH3 (CH2)3COO−, CH3CH(OH)COO−, and
HCOO−] was prepared for enhancing the adsorption capacity of 2, 4-
dichlorophenol/cibacron brilliant yellow 3G-P. Compared with Na-Mt,
whose adsorption efficiency for 2,4-dichlorophenol/cibacron brilliant
yellow 3G-P was only 58/1.85 mg/g, the adsorption efficiency of OMt-
QAS·Y− was greatly improved, with OMt-QAS·CH3CO3

− having the
highest adsorption capacity of 152.85/116.17 mg/g. The kinetic and
isotherm studies indicate that all adsorption processes fit well to the
pseudo-second-order model and Freundlich model, respectively. The
hydrophobicity of counterions and their affinity with the aliphatic chains
had an effect on the interlayer spacing and point of zero charge of OMt-
QAS·Y−, which in turn affected their adsorption properties.

1. INTRODUCTION
In recent years, there has been a global focus on removing
harmful substances from wastewater, including various
phenolic pollutants and organic dyes, the concentration of
which is generally tens to hundreds of mg/L. Chlorophenol are
common environmental pollutants, mainly derived from
pharmaceuticals, fungicides, preservatives, herbicides, insecti-
cides, etc., and widely exist in environmental waters and
soil.1−6 Even at very low concentrations, they will produce
toxic gases that adversely affect organisms.7 The United States
Environmental Protection Agency (EPA) has designated
chlorophenol as a priority pollutant due to its potential
carcinogenicity and mutagenicity. Azo dyes also widely exist in
many industries such as textiles, leather, paper making,
printing, cosmetics, etc.8−11 Azo dyes give industrial waste-
water its color, which can not only affect aquatic organisms by
reducing sunlight penetration and light cooperation in aquatic
flora but can also cause human skin problems and even
carcinogenicity in many cases.12 In recent years, various
technologies such as distillation, adsorption, oxidation,
enzymolysis, and biodegradation, etc. have been developed
to remove these organic pollutants from industrial waste-
water.13−16 Among these, adsorption is an economical,
efficient, relatively environmentally friendly and simple
method, which is widely considered to be one of the most
effective treatment methods for phenolic pollutants and
organic dyes in wastewater.17 Currently, the research and
development of environmentally safe, efficient, and low-cost

adsorbents for the elimination of various pollutants from
wastewater has attracted widespread attention due to environ-
mental and economic considerations.

Naturel clay minerals are low-cost, readily available, widely
distributed, naturally occurring, and nontoxic. Due to their
porous structure, large specific surface area, excellent cation
exchange capacity (CEC), and high adsorption performance,
they have attracted much attention as effective adsorbents for
the adsorption of inorganic and organic pollutants in
wastewater.18 Natural Mt, one of the most commonly used
clay in the treatment of wastewater, is hydrated sodium
calcium aluminum magnesium silicate hydroxide (Na, Ca)x
(Al, Mg)2Si4O10 (OH)2·nH2O characterized by one Al
octahedral sheet sandwiched between two Si tetrahedral
sheets.19 Nevertheless, the capacity of Mt to absorb organic
pollutants is constrained by its low organic content and poor
hydrophobicity.20 It is noteworthy that Mt exhibits isomor-
phous substitution, whereby organic cations can replace
compensating cations between clay mineral layers, resulting
in organic intercalation. Consequently, through intermolecular
interactions or ion exchange, cationic surfactants, in particular
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quaternary ammonium surfactants, can be employed to modify
Mt. This process significantly increases the hydrophobicity and
interlayer spacing of Mt, thereby enhancing the adsorption
efficacy of organic pollutants.18

To date, numerous published reports have concentrated on
studying the impact of the structural characteristics of
quaternary ammonium surfactants with halogen ions (Br−,
Cl−, and I−) as counterions, including spacers, hydrophobic
chains, and headgroups, on the interlayer environment and
adsorption properties of modified Mt.21−24 However, when the
Mt modified with quaternary ammonium surfactant containing
halogen ions is used to adsorb anionic pollutants, the charge-
balanced halogen ions are released into the water medium
treated with ion exchange, resulting in secondary pollution.25

Moreover, studies have shown that counterions have a very
significant effect on the micellar performance of quaternary
ammonium surfactants. The effect of counterions on
micellization properties cannot be described as the result of
one single parameter of ions, but rather the equilibrium effects
synergistically affect the propensity of counterions to form ion
pairs with surfactant headgroups as well as the entropy gain
upon micellization.26 However, to the best of our knowledge,
there have been few studies on the effect of counterions of
quaternary ammonium surfactants on the adsorption proper-
ties of modified Mt.27

Therefore, in this study, we have prepared quaternary
ammonium surfactants with different organic counterions for
modifying Mt and studied their adsorption properties for 2, 4-
dichlorophenol and cibacron brilliant yellow 3G-P. The impact
of various factors, including organic counterions, surfactant
amount, the dosage of OMt-QAS·Y−, and the pH of the
solution, on the adsorption performance is examined in depth.
The adsorption mechanism for 2,4-dichlorophenol/cibacron
brilliant yellow 3G-P is proposed on the basis of the structural
characterizations, adsorption equilibrium isotherms, and
adsorption kinetic models of OMts.

2. EXPERIMENTAL METHODS
2.1. Materials. Na-montmorillonite (Na-Mt) was provided

by Beijing Inokai Technology Co., Ltd., China. The main
elemental composition of Na-Mt was as follows (Wt %): Si
48.06, Al 9.89, Mg 3.04, Na 1.59, Ca 1.38, O 34.92, and C
1.12. Its CEC was 60 mmol/100 g. 2,4-Dichlorophenol (98%)
was supplied by Shanghai Aladdin Biochemical Technology
Co., Ltd., and cibacron brilliant yellow 3G-P (98%) was
purchased from Shanghai Yuanye Biotechnology Co., Ltd.
Ethanol (99.7%) was purchased from Sinopharm Chemical
Reagent Co., Ltd. High purity water (ρ = 18.25 MΩ·cm−1) was
obtained from the ultrapure laboratory water purification
system. The four quaternary ammonium surfactants with
different organic counterions [QAS·Y−, Y = CH3CO3

−,
HCOO−, CH3CH(OH)COO−, and CH3(CH2)3 COO−], the
chemical structure of which is shown in Figure 1, were
synthesized according to our previous work.28,29 The synthesis
route of these compounds is given in the Supporting
Information.

2.2. Surface Tension Measurements. The surface
tension of the aqueous solution with the QAS·Y− concen-
tration range of 1 × 10−6 to 1 × 10−1 mol·L−1 was determined
utilizing the Wilhemy plate method on the Delta8 surface
tension meter in Kibron, Finland at 298.15 K. The surface
tension was the average of the three measurements with a
standard deviation of less than 0.02.

2.3. Preparation of Organic Mt (OMt). 2.0 g portion of
Na-Mt was dispersed in 100 mL of deionized water with
constant stirring until completely dispersed. The correspond-
ing mass of QAS·Y−, ms (g), calculated according to eq 1, was
added to another 100 mL of deionized water.

= × × ×m n M mCECs 0 (1)

In eq 1, n represents the multiple of the CEC of Na-Mt
(mmol/g), m0 (g) is the mass of Na-Mt, and M (g/mol) is the
relative molecular weight of QAS·Y−. The prepared modifier
solution was then added to the Na-Mt suspension. The
mixture was sealed and stirred at room temperature for 24 h.
After that, the solution was filtered and the solid was leached
with a large volume of high pure water until the surface tension
of the clear liquid below was equal to that of the high pure
water.

The obtained solid product was then dried in a hot blast
furnace at 80 °C for 24 h. The dried organic Mt modified with
QAS·Y− was ground into powder in an agate mill, sieved
through a 200-mesh sieve and labeled with n-OMt-QAS·Y−.

2.4. Characterization of OMt. A Nicolet IS10 FT-IR
spectrometer (Thermo Fisher) was employed to record FTIR
spectra of samples in the range of 4000−400 cm−1 with a
resolution of 4 cm−1. The XRD patterns of Na-Mt and OMts
were recorded using an X-ray diffractometer (Rigaku +
UltimaIV) with a Cu Kα target radiation (λ = 0.154, 2θ =
2−10°, scanning speed = 1°/min). Thermogravimetric analysis
was conducted on a METTLER TGA/DSC3+ thermogravi-
metric analyzer. The samples were heated in a flow of high
purity nitrogen gas, with the temperature rising from 40 to 900
°C at a rate of 20 °C/min. The specific surface area and pore
diameter analyzer (V-Sorb 2800) was employed to measure
and calculate the specific surface area, total void volume, and
average void radius of Na-Mt and OMts, utilizing the
Brunauer, Emmett, and Teller (BET) method.

2.5. Adsorption Experiments. These four kinds of OMts
were applied to absorb 2,4-dichlorophenol/cibacron brilliant
yellow 3G-P. A comprehensive investigation was conducted
into the influence of various parameters, including the dosage
of modifier QAS·Y−, OMt dosage, adsorption temperature and
time, and solution pH. To ensure the reliability and
reproducibility of the results, all experiments were repeated
three times.

In order to determine the optimum amount of modifier, 0.04
g of OMt modified with different doses of QAS·Y− was
dispersed in 2, 4-dichlorophenol (or cibacron brilliant yellow
3G-P) solution and sealed. Then, each dispersion was filtered
through a 0.45 μm membrane filter after oscillation for 6 h at
25 °C. After that, an UV−visible spectrophotometer (UV-
3600, SHIMADZU, Japan) was used to determine the
concentration of the residual 2,4-dichlophenol at 284 nm
(pH = 2−7) or 304 nm (pH = 8−10) and the concentration of
the residual cibacron brilliant yellow 3G-P at 266 nm. The
adsorption capacity of OMt for 2,4-dichlorophenol/cibacron
brilliant yellow 3G-P, qe (mg/g), was calculated by the
following equation

Figure 1. Chemical structure of QAS·Y−.
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where c0 (mg/L) and ce (mg/L) were the initial and
equilibrium concentrations of 2,4-dichlorophenol/cibacron
brilliant yellow 3G-P, respectively, v (L) was the volume of
the solution, and m (g) was the mass of OMt.

To determine the optimum amount of adsorbent addition, a
series of addition experiments were conducted, in which
different amounts of OMt-QAS·Y− modified at 2.4 or 2.8 CEC
were added into a solution of 2, 4-dichlorophenol/cibacron
brilliant yellow 3G-P and oscillated for 6 h at 25 °C,
respectively.

To investigate the effect of pH of the aqueous phase, the
adsorption experiments were conducted in the pH range of 2−
10 adjusted by 0.1 mol/L HCl or NaOH solution. At the same
time, the point of zero charge (PZC) of OMt-QAS·Y− was
determined. First, 0.15 g of OMt-QAS·Y− was introduced to
0.01 M NaCl solutions with a pH 2−11 adjusted by 0.1 mol/L
HCl or NaOH solutions. After the mixture was stirred for 48 h,
the final pH of these solutions was determined.

In all of the adsorption experiments, the initial concentration
of 2,4-dichlorophenol/cibacron brilliant yellow 3G-P solution
was 100 mg/L, and the volume was 100 mL. In addition,
except for the experiments to investigate the effect of solution
pH on the adsorption properties of OMts, the working pH of
the other experiments is about 6.

2.6. Adsorption Kinetic Studies. 0.04 g of OMt-QAS·Y−

modified at 2.4 or 2.8 CEC was added into 100 mL of 2, 4-
dichlorophenol/cibacron brilliant yellow 3G-P solution at a
concentration of 100 mg/L and oscillated for 7 h at 25, 35, and
45 °C, respectively. Aliquots of the reaction solution were
quickly taken at regular intervals and assayed. Subsequently,
the pseudo-first-order (eq 3), pseudo-second-order (eq 4), and
intraparticle diffusion models (eq 5) were employed to fit the
experimental data to study the mechanism of adsorption and
predict the adsorption kinetics30

=q q q k tln( ) lnte e 1 (3)

= +t
q k q

t
q

1

t 2 e
2

e (4)

= +q k t Ct p
1/2

(5)

where qe (mg/g) and qt (mg/g) were the amount of 2,4-
dichlorophenol/cibacron brilliant yellow 3G-P adsorbed by
OMts at equilibrium and time t (min), k1 (g/(mg·min) −1), k2
(g/(mg·min) −1), and kp (mg/g·min1/2) stood for the
adsorption rate constants, and the constant C provided insight
into the thickness of the boundary layer.

2.7. Adsorption Isotherms Studies. To further under-
stand the adsorption mechanism of 2,4-dichlorophenol/
cibacron brilliant yellow 3G-P on OMts, Freundlich (eq 6)
and Langmuir (eq 7) models were employed31

= +q K
C

n
ln ln

ln
e F

e
(6)

= +C
q q K

C
q

1e

e max L

e

max (7)

where qmax (mg/g) was the maximum adsorption capacity, KF
and n were the Freundlich constants, and KL (L/mg) was the
Langmuir constant.

2.8. Adsorption Thermodynamic Studies. In order to
gain insight into the internal energy changes during adsorption,
Gibbs free energy change (ΔG°), enthalpy change (ΔH°), and
entropy change (ΔS°) were calculated according to eqs 8 and
9

= ° °K S H RTln /R /( ) (8)

° = ° °G H T S (9)

where K (qe/ce) represented the distribution coefficient, R was
the gas constant, and T denoted the absolute temperature. The
values of ΔH° and ΔS° were derived from the intercepts and
slopes of the linear plots of ln K versus 1/T.

2.9. Desorption Experiments. The regeneration ability of
OMts was investigated by soaking the used adsorbent in
ethanol at 25 °C for 1 h. The readsorption experiments were
carried out under the same conditions as the adsorption
experiments.

3. RESULTS AND DISCUSSION
3.1. Surface Activity. The surface tension of QAS·Y− as a

function of concentration is shown in Figure 2. The critical

micelle concentration (CMC) and the corresponding mini-
mum surface tension (γCMC) derived from Figure 2 are listed in
Table 1. As seen in Table 1, all four surfactants have excellent
surface activity. The CMC values of QAS·CH3CO3

−, QAS·
CH3(CH2)3COO−, QAS·CH3CH(OH)COO−, and QAS·
HCOO− are 1.56 × 10−4, 7.22 × 10−4, 1.12 × 10−3, and
1.17 × 10−3 mol·L−1 at 298.15 K, respectively, and their γCMC
values are between 23.10 and 44.82 mN·m−1.

Figure 2. Plots of surface tension (γ) versus the concentration (c) of
four surfactants at 298.15 K.

Table 1. Surface Activity Parameters of Four Surfactants at
298.15 K

compound
CMC

(mol·L−1)
γCMC

(mN·m−1)
pC20

(mol·L−1)
ΔGm

θ

(KJ·mol−1)

QAS·CH3CO3
− 1.56 × 10−4 24.02 4.58 −31.67

QAS·HCOO− 1.17 × 10−3 44.82 3.58 −26.68
QAS·CH3CH(OH)

COO−
1.12 × 10−3 23.10 4.13 −26.78

QAS·
CH3(CH2)3COO−

7.22 × 10−4 29.42 3.95 −27.87
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The pC20, the negative logarithm of the surfactant molarity
required to reduce the surface tension of the solvent by 20
mN·m−1, is a measure of surfactant efficiency. The standard
Gibbs free energy of micellization (ΔGm

θ ) is calculated
according to Rosen’s methodology32

= i
k
jjj y

{
zzzG RT ln

CMC
55.5m (10)

These pC20 and ΔGm
θ values are also listed in Table 1. The

order of pC20 for the four surfactants are QAS·CH3CO3
− >

QAS·CH3CH(OH)COO− > QAS·CH3 (CH2)3COO− > QAS·
HCOO−, indicating that QAS·CH3CO3

− is the most efficient
in reducing the surface tension. The ΔGm

θ values of all the four
surfactants are negative, indicating that the micellization are
spontaneous process at 298.15 K. Furthermore, the absolute
ΔGm

θ values of QAS·CH3CO3
−, QAS·CH3(CH2)3COO−, QAS·

CH3CH(OH)COO−, and QAS·HCOO− decrease in a
consecutive order, suggesting that the formation and
aggregation of micelles are becoming increasingly unfavorable.

3.2. X-ray Diffraction Analysis. The XRD spectra of Na-
Mt and OMts modified under 0.6 to 3.2 CEC modification
conditions are shown in Figure 3. As shown in Figure 3, the

original Na-Mt produces a strong d001 plane diffraction peak at
2θ = 6.22°. In comparison with Na-Mt, the diffraction peaks of
OMts are all shifted to a smaller angle, indicating that all four
quaternary ammonium surfactants are successfully inserted
into the inner space of Na-Mt. According to the Bragg formula,
the interlayer spacing of these OMts has been expanded
accordingly. Meanwhile, the interlayer spacing increases
gradually as the amount of QAS·CH3CO3

−, QAS·HCOO−,
and QAS·CH3 CH(OH)COO− increases from 0.6 to 2.4 CEC,
whereas the interlayer spacing basically remains unchanged or
even decreases slightly with their amount increasing from 2.4
to 2.8 CEC. It can be concluded that the steric effect of QAS·
CH3CO3

−, QAS·HCOO−, and QAS·CH3CH(OH)COO− has
taken into effect and their saturation content in Na-Mt is 2.4
CEC.33 Similarly, the saturation content of QAS·
CH3(CH2)3COO− in Na-Mt is 2.8 CEC.

In addition, Figure 3 shows that the order of the interlayer
spacing is as follows: OMt-QAS·CH3CH(OH)COO− > OMt-
QAS·HCOO− > OMt-QAS·CH3CO3

− > OMt-QAS·
CH3(CH2)3COO−, when the amount of modifier QAS·Y−

inserted between the Mt layers is saturated. One of the reasons
may be that, compared with QAS·CH3CH(OH) COO− and

Figure 3. XRD patterns of Na-Mt, OMt-QAS·CH3CO3
− (a), OMt-QAS·HCOO− (b), OMt-QAS·CH3CH(OH)COO− (c), and OMt-QAS·

CH3(CH2)3COO− (d).
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QAS·HCOO−, QAS·CH3CO3
− and QAS·CH3(CH2)3COO−

have lower CMCs and are more prone to form micelles; thus,
there are fewer free surfactant monomer molecules in solution,
thus hindering the ion exchange between the Mt layers.
Furthermore, we speculate that the interlayer spacing of OMt
may also be influenced by the affinity of the counterions to the
long aliphatic chains. CH3CO3

−, CH3CH(OH)C OO−, and
HCOO− have a weak affinity with aliphatic chains and cannot
shield electrostatic repulsion between ion heads, resulting in a
looser interlayer arrangement and larger interlayer spacing.
Conversely, CH3(CH2)3COO− is more hydrophobic and has a
strong affinity with aliphatic long chains, which results in a

more compact arrangement of the hydrophobic long chains of
surfactants and a smaller interlayer spacing.34

3.3. FTIR Analysis. The FTIR spectra of Na-Mt and OMts
under different CEC modification conditions are given in
Figure 4. The sharp absorption band of Na-Mt at 3618 cm−1 is
attributed to the stretching vibration of −OH groups between
Mt layers, whereas the peaks at 3404 and 1639 cm−1 belong to
the stretching vibration peak and bending vibration peak of
H−O−H.35 Meanwhile, the peaks at 1133 and 986 cm−1 are
attributed to the out of plane and in-plane stretching vibration
of Si−O bond, and the bands in the range of 600−400 cm−1

correspond to the bending vibration peaks of Si−O−Si and
Al−O−Si.36

Figure 4. FTIR spectra of Na-Mt, OMt-QAS·CH3CO3
− (a), OMt-QAS·HCOO− (b), OMt-QAS·CH3CH(OH)COO− (c), and OMt-QAS·

CH3(CH2)3COO− (d).

Figure 5. TG (a) and DTG (b) curves of Na-Mt and OMts.
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As shown in Figure 4a, the FTIR spectra of OMt-QAS·
CH3CO3

− under different CEC modification conditions
exhibit not only the characteristic absorption bands of Na-
Mt but also some characteristic absorption bands of QAS·
CH3CO3

−. Among them, the band at 3244 cm−1 is attributed
to the stretching vibration of the N−H bond, while the bands
at 2927 and 2853 cm−1 are attributed to the stretching
vibration of the C−H bond of −CH3 and −CH2−. The bands
at 1546 and 1482 cm−1 correspond to the bending vibration of
N−H and the bending vibration of the C−H bond of −CH3,
respectively. The peak at 1415 cm−1 is due to the stretching
vibration of CO3

− in CH3CO3
−.

For the other three OMts (Figure 4b−d), the chemical
absorption peak of C−O bond of HCOO− and−OH bond of
CH3CH (OH)COO− coincide with that of Na-Mt. Fur-
thermore, the chemical absorption peak of −CH3 and −CH2−
bond of CH3(CH2)3COO− also coincide with that of the
cationic fragment of QAS·CH3(CH2)3COO−. Consequently,
their FTIR spectrum displays only the characteristic absorption
peaks of Na-Mt and the cationic fragment of QAS·Y−, as do
the FTIR spectra of OMt-QAS·CH3CO3

−, and are not listed
individually. The results demonstrate that all four surfactants
QAS·Y− have been successfully incorporated into the interlayer
or adsorbed on the surface of Na-Mt.

3.4. TG-DTG Analysis. The thermogravimetric (TG)
spectrum (Figure 5a) shows that when the temperature is
lower than 200 °C, the mass loss of 2.4-OMt-QAS·CH3CO3

−

(2.74%), 2.4-OMt-QAS·HCOO− (1.90%), 2.4-OMt-QAS·
CH3CH(OH) COO− (2.47%), and 2.8-OMt-QAS·
CH3(CH2)3COO− (2.36%) is less than that of Na-Mt
(10.67%), which indicates that there is less free water in
OMts. It is due to the fact that the insertion of the surfactant
QAS·Y− into the Mt layers or its adsorption on the surface will
reduce the surface energy of Mt, and the hydrophilic surface
becomes more hydrophobic.37 Above 200 °C, Na-Mt has less
mass loss (4.26%) compared with 2.4-OMt-QAS·CH3CO3

−

(23.85%), 2.4-OMt-QAS·HCOO− (22.62%), 2.4-OMt-QAS·
CH3 CH(OH)COO− (20.60%), and 2.8-OMt-QAS·
CH3(CH2)3COO− (21.07%), which is due to the thermal
decomposition of the surfactant QAS·Y− in this process. It also
shows that the thermal stability of OMt is worse than that of
Na-Mt.38

From the derivative thermogravimetric (DTG) curve
(Figure 5b), it can be seen that all samples, including Na-Mt
and the four OMts, exhibit a peak at temperatures below 200
°C. This phenomenon is attributed to the detachment of free
and physiosorbed water between layers and on the surface of
Mt. The peak observed at 660.2 °C in Na-Mt can be attributed
to the dihydroxylation of the −OH group situated between the
Mt layers.39,40 The four OMts all have three peaks between
200 and 600 °C, while Na-Mt does not. Therefore, the mass
loss within this temperature range is attributed to the thermal
decomposition of surfactant QAS·Y−.

3.5. N2 Adsorption/Desorption Isotherms. The N2
adsorption/desorption isotherms of Na-Mt and OMts are
shown in Figure 6. According to the classification of IUPAC,
their adsorption isotherms are Type IV isotherms with H3
hysteresis loop.41 The adsorption curve is inconsistent with the
analytical curve and does not show adsorption saturation under
relatively high relative pressure, indicating that Mt is a
mesoporous material.42 Specific surface area (SBET), total
pore volume (Vt), and average pore radius (Dp) of Na-Mt and
OMts are shown in Table 2. Note that, SBET and Vt of the four

OMts are all smaller than that of Na-Mt, but Dp is slightly
increased. The decrease of SBET and Vt may be due to the fact
that the surfactant QAS·Y− is inserted between Mt layers or
organic chains are grafted on the surface of Mt, blocking part
of the structural channels, thus restricting the entry of N2.43

3.6. Adsorption of 2,4-Dichlorophenol/Cibacron Bril-
liant Yellow 3G-P on OMts. 3.6.1. Effect of Surfactant
Addition. Figure 7 shows the trend of adsorption of 2,4-
dichlorophenol/cibacron brilliant yellow 3G-P by four OMts
under different modifier dosage. It can be found that for OMt-
QAS·CH3CO3

−, OMt-QAS·HCOO−, and OMt-QAS·CH3CH-
(OH)COO−, their adsorption capacity for 2,4-dichlorophenol/
cibacron brilliant yellow 3G-P gradually increases with the
amount of modifier increases from 0 to 2.4 CEC. It was
because the interlayer spacing of Mt gradually increases with
the increase of modifier, thus improving its adsorption
capacity. Second, the amphiphilic nature of surfactants endows
the surface and interlayer of OMts with the hydrophobic
groups of the surfactant, thereby greatly increasing the
hydrophobicity of Mt and thus improving the adsorption
capacity of organic pollutants.44 As the amount of the modifier
increases from 2.4 to 3.0 CEC, the adsorption capacity of the
three OMts for 2,4-dichlorophenol/cibacron brilliant yellow
3G-P remains unchanged or even decreases. This may be due
to the accumulation of the additional surfactant molecules
between Mt chips, occupying the active sites and interlayer
space originally used for 2,4-dichlorophenol/cibacron brilliant
yellow 3G-P adsorption, thus reducing the adsorption
capacity.23 Similarly, OMt-QAS·CH3 (CH2)3COO− modified
under 2.8 CEC has the best adsorption capacity.

3.6.2. Effect of Adsorbent Dosage. Figure 8 exhibits the
adsorption effects of OMts on organic pollutants at different
dosages. The adsorption capacity of all four OMts for 2,4-
dichlorophenol/cibacron brilliant yellow 3G-P decreases
gradually with the increase of OMts addition. This is due to
the fact that the more OMt is added, the less OMt is bound to

Figure 6. Nitrogen adsorption−desorption isotherms of Na-Mt and
OMts.

Table 2. Porous Structural Data of Na-Mt and OMts

sample
SBET

a

(m2/g)
Vt

b

(m3/g) Dp
c (nm)

Na-Mt 32.514 0.138 16.978
2.4-OMt-QAS·CH3CO3

− 18.437 0.094 20.286
2.4-OMt-QAS·HCOO− 19.607 0.131 26.826
2.4-OMt-QAS·CH3CH(OH)COO− 19.191 0.111 23.093
2.8-OMt-QAS·CH3(CH2)3COO− 16.330 0.082 20.174
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2,4-dichlorophenol/cibacron brilliant yellow 3G-P molecules
per unit area, and thus there are abundant vacant adsorbent
sites on OMt, reducing the adsorption efficiency of OMt.
Second, at the current concentration and volume of 2, 4-
dichlorophenol/cibacron brilliant yellow 3G-P solution, an
increase in the amount of OMt dosage and solid−liquid ratio
results in an elevated viscosity of the system and a concomitant
reduction in the dispersion of OMt.45 Consequently, a
proportion of OMt is unable to fully utilize its own adsorption
capacity. It may also be that the aqueous solution of the
adsorbent is acidic, and excessive addition will reduce the pH
of the system, which may have a certain impact on the
adsorption effect of 2, 4-dichlorophenol.
3.6.3. Effect of pH. The adsorption effects of OMts on 2, 4-

dichlorophenol/cibacron brilliant yellow 3G-P at different pH
are presented in Figure 9. From Figure 9a, it can be seen that
the adsorption capacity of the four OMts on 2, 4-
dichlorophenol first increases and then decreases as the pH
of the system increases from 2 to 10, and the best adsorption
effect is observed at pH 7. The surface charge of OMt and the

form of 2, 4-dichloropheno present at different pH are
responsible for this phenomenon.46 It is known that the pKa of
2, 4-dichlorophenol is 7.89, So, at pH 2−7, 2, 4-dichlorophenol
presents in an uncharged molecular form in the solution.44 The
ion dipole interaction between the hydroxyl group of 2, 4-
dichlorophenol and the cationic headgroup of quaternary
ammonium surfactant QAS·Y− is conducive to the adsorption
of 2, 4-dichlorophenol. In addition, neutral 2, 4-dichlorophenol
molecules are more adsorbed on organic clay compared to
anionic molecules because the organic phase acts as an
effective distribution medium for the uptake of neutral 2, 4-
dichlorophenol at low pH or acidic conditions.47 Above pH 7,
the 2, 4-dichlorophenol molecules are in negative charge.
Meanwhile, the surface of the three OMts is also negatively
charged above pH 7 since the PZC of 2.4-OMt-QAS·HCOO−,
2.4-OMt-QAS·CH3CH (OH)COO−, and 2.8-OMt-QAS·
CH3(CH2)3COO− is 6.02, 5.45, and 6.87, respectively (Figure
10). The electrostatic repulsion between negatively charged
OMts and negatively charged 2, 4-dichlorophenol is not
favorable for adsorption. In addition, as presented in Figure 10,

Figure 7. Effect of modifier dosage on the adsorption of 2, 4-dichlorophenol (a) and cibacron brilliant yellow 3G-P (b) by OMts.

Figure 8. Effect of OMts addition on 2, 4-dichlorophenol (a) and cibacron brilliant yellow 3G-P (b) adsorption.

Figure 9. Effect of pH on the adsorption of 2, 4-dichlorophenol (a) and cibacron brilliant yellow 3G-P (b) by OMts.
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the PZC of 2.4-OMt-QAS·CH3CO3
− is 8.99. When pKa < pH

< 8.99, 2, 4-dichlorophenol is negatively charged, and the
surface of 2.4-OMt-QAS·CH3CO3

− is negatively charged and
the edges charged, which is conducive to the adsorption of 2,
4-dichlorophenol on the whole surface of Mt. This may be one
of the reasons for the relatively better adsorption of 2.4-OMt-
QAS·CH3CO3

− under the same pH condition.
In addition, As shown in Figure 9b, the adsorption capacity

of the four OMts on cibacron brilliant yellow 3G-P decreases
when the pH of the system increases from 2 to 5, while their
adsorption capacities do not change significantly when the pH
value increases from 5 to 9, and the best adsorption effect is
observed at pH 2. When 2 < pH < 5, the cibacron brilliant
yellow 3G-P molecules are in the negative charge and the
surface of the OMts is positively charged, so it is favorable for
the adsorption of activated yellow, and the smaller the pH is,
the more favorable the adsorption is. As the system pH
increases from 6 to 9, the negative charge on the surface of the
OMts increases, which is unfavorable for adsorption. Also, in
alkaline medium, there will be competition between the OH−

ions and the anions of cibacron brilliant yellow 3G-P.48 Thus,
all four OMts maintain a relatively stable but much smaller
adsorption capacity than that at pH 2.

Figure 9 also shows that the maximum adsorption capacities
of 2.4-OMt-QAS·CH3CO3

−, 2.4-OMt-QAS·HCOO−, 2.4-
OMt-QAS·CH3CH(OH) CO O−, and 2.8-OMt-QAS·
CH3(CH2)3COO− for 2, 4-dichlorophenol/cibacron brilliant
yellow 3G-P can reach 152.85/116.17, 131.84/115.5, 131.03/
93.49, and 122.94/89.15 mg/g, respectively. In comparison
with the initial capacity of Na-Mt, which is 58/1.85 mg/g, the
adsorption effect was greatly improved. Moreover, under the
same initial concentration of the 2, 4-dichlorophenol/cibacron
brilliant yellow 3G-P solution, the adsorption capacity of the
four OMts is also better than that of some organic modified
clay or other types of adsorbent given in the literature.49−53 In
addition, it can be seen that the order of the maximum
adsorption capacities of the four OMts for 2, 4-dichlorophe-
nol/cibacron brilliant yellow 3G-P does not coincide with the
order of their interlayer spacings. It is postulated that in
addition to the interlayer spacing, the PZC of OMt also
influences its adsorption properties.

3.7. Adsorption Kinetics. As shown in Figures S1 and S2,
with the time, the adsorption of 2, 4-dichlorophenol/cibacron
brilliant yellow 3G-P by four OMts increases at 25, 35, and 45
°C, with a rapid increase in the first 100 min and then
gradually reaching equilibrium. This phenomenon can be
attributed to the presence of a considerable number of
adsorption active sites on the interlayer and surface of OMts

initially, which gradually become saturated as the contact time
increases.

Figure S1 also shows that the adsorption performance of the
four OMts for 2, 4-dichlorophenol exhibits a slight decline as
the adsorption temperature increases from 25 to 45 °C,
indicating that the adsorption process is exothermic. This may
be because the arrangement of surfactant alkyl chains within
the Mt sheet changes, or the diffusion mass transfer resistance
increases as the temperature increases.54,55 Conversely, as seen
from Figure S2, the adsorption performance of the four OMts
for cibacron brilliant yellow 3G-P demonstrates a slight
increase as the temperature increases, suggesting that the
adsorption process is endothermic. This may be due to the fact
that the molecular structure of cibacron brilliant yellow 3G-P is
larger and more complex than that of 2, 4-dichlorophenol,
which makes the adsorption of cibacron bright yellow 3G-P
more difficult and requires more energy.

The relevant kinetic parameters, as derived from the kinetic
fit curves (Figures S3−S5), are listed in Tables S1 and S2. It
can be seen that the qecal values derived from the pseudo-
second-order model are in close agreement with the
corresponding experimental values. Furthermore, the R2

2

values of the pseudo-second-order model exceed the R1
2

values of the pseudo-first-order model and are very close to
1. Consequently, it can be inferred that the pseudo-second-
order mechanism predominantly governs the adsorption of 2,
4-dichlorophenol/cibacron brilliant yellow 3G-P by OMts.

The three linear regions observed in Figure S5 indicate that
the adsorption process of 2, 4-dichlorophenol/cibacron
brilliant yellow 3G-P on OMts can be divided into three
distinct stages. The initial stage is characterized by
instantaneous outer surface adsorption, whereby the fitting
line displays the greatest steepness and highest slope,
indicating a rapid adsorption rate. The second stage is
characterized by stepwise adsorption, whereby the diffusion
rate of the 2, 4-dichlorophenol/cibacron brilliant yellow 3G-P
molecules exerts a dominant influence on the overall
adsorption process. The third stage is the equilibrium stage.
Due to the lower concentration of adsorbed substances and
fewer active adsorption points, the internal diffusion of the
particles becomes slower and slower. In addition, as shown in
Figure S5, all the obtained lines do not pass through the origin,
indicating that the mechanism of the adsorption process does
not only follow intraparticle diffusion but also involves other
mechanisms such as external liquid film diffusion, distribution,
and surface diffusion. Moreover, the correlation coefficients R2

obtained from the intraparticle diffusion model for the four
OMts all are larger than 0.88 (Table S2), indicating that the
intraparticle diffusion process plays a significant role in the
adsorption of 2, 4-dichlorophenol/cibacron brilliant yellow
3G-P.4

3.8. Adsorption Isotherms. Figure S6 shows the
adsorption isotherm of 2, 4-dichlorophenol/cibacron brilliant
yellow 3G-P onto OMts under equilibrium conditions. From
the estimated values of the corresponding parameters (Table
S3), it can be seen that the adsorption of 2, 4-dichlorophenol/
cibacron brilliant yellow 3G-P by the four OMts is all better
modeled by Freundlich isotherm than that by Langmuir
isotherms, with the linear correlation coefficients R2 of the
Freundlich model ≥0.9655, indicating that the two pollutants
are adsorbed in the four OMts in a multilayer arrangement. In
addition, the 1/n values in the Freundlich isotherm model are
less than 1 for all samples, suggesting that these adsorption

Figure 10. PZC of OMts.
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processes are spontaneous physical processes and favorably
nonlinear heterogeneous. It is also found that 2.4-OMt-QAS·
CH3CO3

− adsorbs 2, 4-dichlorophenol/cibacron brilliant
yellow 3G-P with the largest kF value, indicating the best
adsorption capacity.56

3.9. Thermodynamic Parameters. These thermodynam-
ic parameters are listed in Tables 3 and 4. At 298, 308, and 318
K, the values of ΔG° are negative (Table 3), confirming that
the adsorption of 2, 4-dichlorophenol onto the four OMts has
a natural tendency to proceed spontaneously. At the same
time, as shown in Table 3, all ΔG values are greater than −20
kJ/mol, indicating that the adsorption process of 2, 4-
dichlorophenol is dominated by physical adsorption.57

Furthermore, for each OMt, the value of ΔG increases with
the increase in temperature, indicating that the increase in
temperature is not conducive to the adsorption of the 2, 4-
dichlorophenol solution by OMts. In addition, for each OMt,
ΔH is also less than 0, which further confirms that the
adsorption reaction of 2, 4-dichlorophenol by OMts is
exothermic, consistent with the result that the adsorption
capacity decreases with an increase of temperature. The values
of ΔS° are negative, indicating a reduction in the randomness
at the solid/liquid interface during the adsorption process.19

As can be seen from Table 4, for each OMt, the ΔG value
decreases with the increase in temperature, indicating that the
increase in temperature is favorable for the adsorption of
cibacron brilliant yellow 3G-P solution by the four OMts. In
addition, all the values of ΔH are positive, which further
confirms that the reaction of adsorption cibacron brilliant
yellow 3G-P of OMt is endothermic, consistent with the result
that the adsorption capacity increases with the increase in
temperature.

3.10. Desorption Tests. In order to verify the reusability
of the four OMts, the 2.4-OMt-QAS·CH3CO3

−, 2.4-OMt-
QAS·HCOO−, 2.4-OMt-QAS·CH3CH (OH)COO−, and 2.8-
OMt-QAS·CH3(CH2)3COO− with the best adsorption per-
formance described above are used to conduct the desorption
and adsorption experiments of 2, 4-dichlorophenol. The results
are shown in Figure 11. It can be found that the four OMts still
have 60−70% adsorption capacity after five adsorption
desorption cycles, indicating that they have a certain renewable
capacity through ethanol washing. Moreover, through further
distillation, 2, 4-dichlorophenol and anhydrous ethanol can be
easily recovered. The difference in adsorption capacity between

continuous cycles may be caused by the stubborn interaction
between the adsorbent OMts and 2, 4-dichlorophenol.58

4. CONCLUSIONS
In this study, 2, 4-dichlorophenol/cibacron brilliant yellow 3G-
P is removed from aqueous solution using OMts modified by
quaternary ammonium surfactants containing different organic
counterions. When their initial concentration is 100 mg/L, by
optimizing the adsorption conditions, the maximum adsorp-
tion capacities of 2.4-OMt-QAS·CH3CO3

−, 2.4-OMt-QAS·
HCOO−, 2.4-OMt-QAS·CH3CH(OH)COO−, and 2.8-OMt-
QAS·CH3(CH2)3COO− for 2, 4-dichlorophenol/cibacron
brilliant yellow 3G-P can reach 152.85/116.17, 131.84/115.5,
131.03/93.49, and 122.94/89.15 mg/g, respectively. The
adsorption effect has been greatly improved compared to the
initial capacity of Na-Mt of 58/1.85 mg/g. The kinetic studies
indicate that all adsorption processes follow the pseudo-
second-order model, and the intraparticle diffusion model also
plays a significant role. The equilibrium data of the four OMts
fit well to the Freundlich model. The thermodynamic
parameters indicate that the adsorption of 2, 4-dichlorophenol
is a physical, spontaneous, and exothermic process, while the
adsorption of cibacron brilliant yellow 3G-P is a physical,
spontaneous, and endothermic process. In addition, after five
adsorption desorption cycles through ethanol washing, the four
OMts still have 60−70% adsorption capacity for 2, 4-
dichlorophenol.

It is worth noting that the structure and hydrophobicity of
the counterions as well as the affinity of the counterions with

Table 3. Thermodynamic Parameters of Adsorption of 2, 4-Dichlorophenol by OMts

OMt C0 ΔH ΔS ΔG (kJ/mol) R2

(mg/L) (kJ/mol) (J·mol−1·K−1) 298 K 308 K 318 K 328 K 338 K

2.4-OMt-QAS·CH3CO3
− 100 −2.62 −5.37 −1.02 −0.97 −0.91 −0.86 0.80 0.988

2.4-OMt-QAS·HCOO− 100 −7.68 −22.80 −0.89 −0.66 −0.43 −0.20 0.03 0.925
2.4-OMt-QAS·CH3CH(OH)COO− 100 −5.09 −15.59 −0.44 −0.29 −0.13 0.02 0.18 0.983
2.8-OMt-QAS·CH3(CH2)3COO− 100 −2.27 −6.71 −0.27 −0.20 −0.14 −0.07 −0.002 0.976

Table 4. Thermodynamic Parameters of Adsorption of Cibacron Brilliant Yellow 3G-P by OMts

OMt C0 ΔH ΔS ΔG (kJ/mol) R2

(mg/L) (kJ/mol) (J·mol−1·K−1) 298 K 308 K 318 K 328 K 338 K

2.4-OMt-QAS·CH3CO3
− 100 8.191 28.268 −0.23 −0.52 −0.80 −1.08 −1.36 0.928

2.4-OMt-QAS·HCOO− 100 5.371 16.828 0.36 0.19 0.02 −0.15 −0.32 0.801
2.4-OMt-QAS·CH3CH(OH)COO− 100 3.746 10.010 0.76 0.66 0.56 0.46 0.36 0.964
2.8-OMt-QAS·CH3(CH2)3COO− 100 4.243 10.974 0.97 0.86 0.75 0.64 0.53 0.947

Figure 11. Reusability of OMts for 2, 4-dichlorophenol adsorption.
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the long aliphatic chains influence the interlayer spacing of
OMt. The counterion with stronger hydrophilicity and weaker
affinity for aliphatic chains is beneficial to the expansion of the
interlayer spacing of OMt. In addition, it is speculated that the
counterions also have an effect on the PZC of OMts, thereby
affecting the adsorption properties of OMts. This study is
important for designing Mt-based organoclay adsorbents for
the removal of organic pollutants from industrial wastewater.
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