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bstract

HDTMA+-pillared montmorillonites were obtained by pillaring different amounts of the surfactant hexadecyltrimethylammonium bromide
HDTMAB) into sodium montmorillonite (Na-Mt) in an aqueous solution. The optimum conditions and batch kinetics of sorption of p-nitrophenol
rom aqueous solutions are reported. The solution pH had a very important effect on the sorption of p-nitrophenol. The maximum p-nitrophenol
bsorption/adsorption occurs when solution pH (7.15–7.35) is approximately equal to the pKa (7.16) of the p-nitrophenol ion deprotonation reaction.

-ray diffraction analysis showed that surfactant cations had been pillared into the interlayer and the p-nitrophenol affected the arrangement of

urfactant. With the increased concentration of surfactant cations, the arrangement of HDTMA+ within the clay interlayer changes and the sorption
f p-nitrophenol increases. HDTMA+-pillared montmorillonites are more effective than Na-Mt for the adsorption of p-nitrophenol from aqueous
olutions. The Langmuir, Freundlich and dual-mode sorption were tested to fit the sorption isotherms.

2007 Elsevier B.V. All rights reserved.

sorpt

w
p
w
i
p

o
[
i
o

eywords: Adsorption; Depollution; Organoclay; Surfactant; Mechanism of ad

. Introduction

As is well known, montmorillonite possesses a structure with
wo silica-oxygen tetrahedral sheets sandwiching an aluminium
ctahedral sheet, in which an aluminium ion is octahedrally
oordinated to four oxygens and two hydroxyls. Due to the
somorphic substitution within the layers (for example, Al3+

eplaced by Mg2+ or Fe2+ in the octahedral sheet; Si4+ replaced
y Al3+ in the tetrahedral sheet), the clay layer is negatively
harged, which is counterbalanced by the exchangeable cations

e.g. alkali-metal Na+ and alkaline-earth-metal Ca2+) in the
nterlayer. Because of the hydration of inorganic cations on the
xchange sites, the clay mineral surface is hydrophilic in nature,
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hich makes natural clays ineffective sorbents for organic com-
ounds. Hence, the modification of the clay mineral surface
ith cationic surfactants, converts the normally hydrophilic sil-

cate surface to an lipophilic surface, is a strategic step in the
reparation of clay-based sorbents for organic pollutants [4].

Various organoclays have been synthesized using a range
f surfactants, including single and dual cationic surfactants
29,33,38,45], anionic–cationic surfactants [27,42,43] and non-
onic surfactants [28]. There are many applications about
rganoclays, for example, as adsorbents for the organic pol-
utants [25,31,42–45] and the air sampling of airborne organic
ontaminants [11], as components of earth landfill liners [30],
s the transport of nonionic contaminants in ground water [32],
s rheological control agents [24], as reinforcing fillers for plas-
ics [34] and catalysts [6]. Different sorption mechanisms are
emonstrated, strongly depending on the molecular structure of
he organic pollutants and quaternary ammonium cations used

o modify soil and clay. The small organic cations create a
elatively rigid, nonpolar surface amenable to nonionic solute
ptake by adsorption, whereas the large organic cations create
n organic partition medium through the conglomeration of their
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by a UV-260 spectrophotometer at 317 nm, the detection limits
being 0.05 mg/L. The p-nitrophenol uptake on the organoclays
was calculated by the following equation: Q = (C0 − Ct)V/m,
Q is the p-nitrophenol uptake, C0 is the initial concentration,

Table 1
Structural parameters and surfactant loadings of Na-Mt and the organoclays

Sample d0 0 1 (nm) SBET (m2/g) VP (cm3/g) SL (%) SL (vs. CEC)

Na-Mt 1.24 55 0.11 – –
0.5CEC-Mt 1.48 12 0.06 9.73 0.33
0.7CEC-Mt 1.78 10 0.06 16.73 0.61
1.5CEC-Mt 2.23 4 0.04 28.19 1.19
2.5CEC-Mt 3.84 1 0.01 44.17 2.4
026 Q. Zhou et al. / Journal of Hazard

lkyl chains [5,29,30]. Thus these authors showed that sorption
f NOCs (non-volatilization organic compounds) by large-alkyl
rganobentonites is essentially due to linear solute partitioning
nto the microscopic organic phase formed by the large alkyl
hains of quaternary ammonium cation. Nonlinear isotherms
ndicative of adsorption or coadsorption were observed when
mall-alkyl organobentonites were used as sorbents [23,42].
he adsorption was characterized by nonlinear isotherms, strong
olute uptake and competitive sorption, on the contrary, the par-
ition was characterized by linear isotherms, relatively weak
olute uptake and noncompetitive sorption [29].

As indicated by previous studies, characteristics of the surfac-
ants used and organic pollutants have a significant influence on
he adsorption capacity of organoclays. The adsorption capac-
ty of organoclays increases with the surfactant loadings within
he clay interlayer [13,15,21,40]. XRD analysis, combined with
ther techniques (e.g. FTIR, TG, MAS NMR and TEM), has
emonstrated that the arrangement of surfactant in the clay inter-
ayer space will vary from lateral-monolayer, to lateral-bilayer,
hen to paraffin-type monolayer and finally to paraffin-type
ilayer with increased surfactant packing density [13,15,21,40].
owever, both experimental and molecular modeling studies
ave shown that the structure of organoclay not only depends on
he loading of the surfactant but also the charge density of the
lay [14]. This means that the intercalated surfactants may take
arious arrangement models in different montmorillonites even
f the surfactant loadings are the same. Wang et al. [33] found
hat the pore structure and surface characteristics of organoclays
ere closely related to the arrangement of surfactant in the inter-

ayer. This means that the surfactant arrangement model might
ave a prominent effect on the adsorption capacity of organ-
clays. To the best of our knowledge, there are few studies which
ake into account the high surfactant packing density of organ-
clay and attempt to correlate the surfactant arrangement model
nd adsorption capacity of organoclay [7]. This is of great impor-
ance for the understanding of the adsorption mechanism and the
election of organoclays for wastewater treatment, remediation
f contaminated soils and groundwater purification.

Hence, the main aim of this study is to establish relation-
hips between the surfactant arrangement model and adsorption
apacity of organoclays and demonstrate the sorption mecha-
ism on the basis of adsorption model and spectroscopy. In
his study, p-nitrophenol was chosen as the model pollutant
ecause it is widely used in agriculture, dyes/pigments, engi-
eering polymers and pharmaceuticals and as fungicide for
eather, production of parathion and organic synthesis [26].

. Experimental

.1. Materials

Montmorillonite used is primarily a Ca-Mt from Neimeng,
hina. Its cation exchange capacity (CEC) is 90.8 mmol/100 g.

he p-nitrophenol and hexadecyltrimethylammonium bromide

HDTMAB) used are of analytical grade and provided by YuanJu
hem. Co. Ltd., China. The aqueous solubility of p-nitrophenol

s 1.6 × 104 mg/L at 25 ◦C.

T
v
l
t
o

aterials 154 (2008) 1025–1032

.2. Preparation of organoclays

The pure Ca-Mt was added to Na2CO3 solution, stirred for
h at 800 rpm and drops of HCl were added into the suspension

o dissolve the CO3
2−. Then the suspension was washed several

imes with deionized water until it was chloride free and dried
t 108 ◦C. Such treated montmorillonite is designated as Na-
t. There has been significant advancement in the preparation

f organoclays [40,41]. The clarifying surfactant solution was
btained when selected amounts of HDTMAB were added to
ot distilled water. Then specific amounts of Na-Mt were added
nto the above-mentioned solution and the mixtures were stirred
lightly in a 80 ◦C water bath for 2 h. The water/Na-Mt mass
atio is 10. Then the suspension was subsequently washed with
istilled water four times. The moist solid material was dried at
0 ◦C and ground with a mortar. The obtained surfactant modi-
ed montmorillonites were labeled as 0.5CEC-Mt, 0.7CEC-Mt,
.5CEC-Mt, 2.5CEC-Mt, respectively. Here, the prefix number
eans the added surfactant in the preparation solution (pro-

ortion vs. CEC), and the corresponding weight (Qa) can be
alculated from the equation:

a = Qm CEC × 10−3QsM

m is the quantity of the used montmorillonite, CEC is the
ation exchange capacity of the used montmorillonite, Qs is
he desired quantity of the added surfactant proportion vs.
EC, and M is the molecular weight of the surfactant. The

oaded surfactant within the resulting organoclay was evaluated
rom high-resolution thermogravimetric analysis as shown in
able 1.

.3. Procedures for sorption

A total of 0.2 g of montmorillonite was combined with 30 ml
f different concentrations (100–8000 mg/L) of p-nitrophenol
olution (the initial pH 5.0) in 50 mL Erlenmeyer flasks
ith glass caps. The flasks were shaken for 6 h at 25 ◦C at
50 rpm. After being centrifuged at 3500 rpm for 10 min, the p-
itrophenol concentration in the aqueous phase was determined
he above data is cited from Ref. [30]. SBET: specific surface area; VP: pore
olume determined by BJH method from N2 desorption isotherm; SL: surfactant
oading within the corresponding organoclay, evaluated from high-resolution
hermogravimetric analysis; SL (vs. CEC): surfactant loading expressed in CEC
f montmorillonite (100 g).
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t is the equilibrium concentration, V is the volume of p-
itrophenol solution and m is the mass of sorbents. During
he sorption procedures, the loss of the p-nitrophenol by both
hotochemical decomposition and volatilization were found to
e negligible during adsorption [42]. The obtained surfactant
odified montmorillonites with adsorbed p-nitrophenol were

abeled as 0.5CEC-Mt-4000, 0.7CEC-Mt-4000, 1.5CEC-Mt-
000, 2.5CEC-Mt-4000, respectively and the 4000 was the
oncentration of p-nitrophenol.

.4. Characterization methods

.4.1. X-ray diffraction
X-ray diffraction (XRD) patterns were recorded using Cu

� radiation (n = 1.5418 Å) on a Philips PANalytical X’ Pert
RO diffractometer operating at 40 kV and 40 mA with 0.25◦
ivergence slit, 0.5◦ anti-scatter slit, between 1.5◦ and 20◦ (2θ)
t a step size of 0.0167◦. For XRD at low angle section, it was
etween 1◦ and 5◦ (2θ) at a step size of 0.0167◦ with variable
ivergence slit and 0.125◦ anti-scatter slit.

.4.2. BET
N2 adsorption–desorption isotherms were measured at liq-

id nitrogen temperature with a Micromeritics ASAP 2010 gas
orption analyzer (Micromeritics, Norcross, GA, USA). Before
easurement, the samples were pre-heated at 80 ◦C under N2

or ca. 24 h. The specific surface area was calculated by using
he BET equation and the total pore volumes were evalu-
ted from nitrogen uptake at relative pressure of ca. 0.99. The
arrett–Joyner–Halenda (BJH) method was used to evaluate the
verage pore diameter (APD).

. Results and discussion

.1. XRD

Expansion of the montmorillonites can be followed by mea-
urement of the powder X-ray diffraction patterns. Fig. 1 shows
he XRD patterns of Na-Mt, the organoclays and organoclays
bsorbed p-nitrophenol. With an increase of the loaded surfac-
ant, the values of d0 0 1 increased gradually as follows: 1.24 nm
Na-Mt) → 1.48 nm (0.5CEC-Mt) → 1.78 nm (0.7CEC-

t) → ca. 2.71 nm (broad peak, 1.5CEC-Mt) → 3.84 nm
2.5CEC-Mt). Thus the heights of the interlayer spacings of
he corresponding organoclays were obtained by subtracting
he thickness of TOT layer (0.96 nm) from the basal spacings,
.e., 0.52 nm (0.5CEC-Mt) → 0.82 nm (0.7CEC-Mt) → ca.
.75 nm (1.5CEC-Mt) → 2.88 nm (2.5CEC-Mt) [TOT is the
etrahedral–octahedral–tetrahedral layer]. These results indicate
hat HDTMA+ cations had been intercalated into the mont-

orillonite interlayer space. On the basis of the configuration
f HDTMA+ and the interlayer spacings of montmorillonite

nd the organoclays, different HDTMA+ arrangement models
ithin the montmorillonite interlayer space are proposed, i.e.,

ateral-monolayer in 0.5CEC-Mt, lateral-bilayer in 0.7CEC-Mt,
araffin-bilayer in 2.5CEC-Mt and a complex transition stage

c
t
t
s

ig. 1. XRD patterns of Na-Mt, organoclays and organoclays adsorbed p-
itrophenol.

rom lateral to paraffin arrangement in 1.5CEC-Mt as reported
n literature [40,41].

The basal spacing for p-nitrophenol adsorbed on Na-Mt
s 1.49 nm compared with 1.24 nm for the Na-Mt (Fig. 1).
hese numbers support the proposition that the p-nitrophenol
as penetrated the clay interlayers and expanded the clay by
n additional 0.25 nm which is close to the size of the p-
itrophenol molecule. The basal spacing for both the 0.5CEC-Mt
nd 0.5CEC-4000 is ∼1.49 nm. However the basal spacings for
.7CEC-4000 (1.49 nm) and 2.5CEC-4000 (3.48 nm) are less
han that for 0.7CEC-Mt of 1.78 nm and 2.5CEC-Mt of 3.84 nm.
his suggests that the p-nitrophenol has replaced some of the
urfactant within the clay interlayers. The 3.11 nm basal spac-
ng is ascribed to the surfactant and p-nitrophenol expanded

ontmorillonite for 1.5CEC-4000. The occurrence of the nar-
ow peaks in 1.5CEC-4000, compared with that of 1.5CEC-Mt,
ndicates that the adsorbed p-nitrophenol has a significant effect
n the arrangement of the intercalated organics. These values

an be supported by our previous work [39] and suggest that
he p-nitrophenol molecules are adsorbed in the interlayer of
he Na-Mt and organoclays and effecting the arrangement of the
urfactant molecules in the clay layers.
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Table 2
The extent of p-nitrophenol ionization at different pH values

pH ϕions

3 6.92 × 10−5

4 6.91 × 10−4

5 6.87 × 10−3

6 0.065
7 0.41
8 0.87
9 0.98

10 0.999
1
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.2. BET

The structure parameters of Na-Mt and the organoclays,
ncluding specific surface area (SBET), total pore volume (VP),
nd surfactant loading (SL) [17], are summarized in Table 1.
ere, a dramatic decrease of the BET-N2 surface area was
bserved from Na-Mt to 0.5CEC-Mt and 0.7CEC-Mt, then a
ronounced decrease to 1.5CEC-Mt and 2.5CEC-Mt. A simi-
ar trend with a more smooth decrease was also found for the
ore volumes of Na-Mt and the organoclays. Both SBET and VP
ecreases resulted from the increase of the loaded surfactant and
heir distribution [17].

.3. Effect of pH

The solution pH value varied from 3 to 12 and the initial
oncentration of p-nitrophenol was 500 mg/L (pHin 5.0). From
ig. 2, we can see that the p-nitrophenol removal on the organ-
clays increases with increasing the solution pH value when
H < pKa or pH > 9, but decreases with increasing the solu-
ion pH value when 9 > pH > pKa. p-Nitrophenol may exist as
nion when the solution pH > pKa [44] and as molecule when
he solution pH < pKa. So the sorption result was affected by
he competitive influence of increasing p-nitrophenol ion and
-nitrophenol ion-molecule complex formation. There are two
ain mechanisms for the sorption of p-nitrophenol on the Na-
t and organoclays. One is electrostatic attraction when the

-nitrophenol exists as anion; the other is partition when the p-
itrophenol exists as molecule. But the p-nitrophenol removal
eeps on increasing when the pH > 9, this result can be explained
y Eq. (1) [3], which expresses the degree of p-nitrophenol ion-
zation increases when the pH value increases. ϕions is the degree
f p-nitrophenol ionization (the result is showed in Table 2).

onsidering the practical application, we can think that the
aximum p-nitrophenol adsorption occurs when solution pH is

pproximately equal to the pKa of the p-nitrophenol ion depro-
onation reaction. Many previous published reports on the effect

ig. 2. The relationship between pHeq values and p-nitrophenol removal (25 ◦C,
00 mg/L).

e

o
d
i

F
5

1 1
2 1

f pH on the adsorption of p-nitrophenol have shown variations
n the experimental results because of the different experimental
onditions used in their experiments [9,20]:

ions = 1

1 + 10(pKa−pH) (1)

.4. Sorption kinetics

The relationship between reaction time and sorption amounts
f p-nitrophenol was presented in Fig. 3. Such plots may indi-
ate that two or more adsorption steps occur. The first portion
s fast characterized by rapid attachment of p-nitrophenol to the
urface or the interlayer of the sorbent. The second portion is
lower due to the repulsive force. The third is the equilibrium
tage. The process is similar to the adsorption of phenol using
ctivated bentonites reported by Al-Ashen et al. [2]. The equi-
ibrium time required for the adsorption of p-nitrophenol was
lmost 20 min; however, to ensure equilibrium, the subsequent
xperiments were left for 6 h.

Several simplified kinetic models including the pseudo-first-

rder equation, pseudo-second-order equation, and intraparticle
iffusion model were used to test the experimental data to exam-
ne the mechanism of adsorption processes.

ig. 3. The relationship between p-nitrophenol uptake and reaction time (25 ◦C,
00 mg/L).
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ig. 4. Test of the pseudo-second-order equation for the sorption of p-
itrophenol (25 ◦C, 1.5CEC-Mt).

A simple kinetic analysis of adsorption was the Lagergren
ate equation [22], which was the first rate equation for the sorp-
ion of liquid/solid system based on solid capacity and one of
he most widely used sorption rate equations for the sorption of
solute from a liquid solution. It may be expressed as

dqt

dt

= k1(qe1 − qt), (2)

here k1 is the equilibrium rate constant of pseudo-first-order
dsorption (min−1), qe1 is the amount of adsorption at equilib-
ium (mg/g) and qt is the amount of adsorption at time t (mg/g).
fter definite integration by applying the initial conditions qt = 0

t t = 0 and qt = qt at t = t, Eq. (2) becomes:

n(qe1 − qt) = ln qe1 − k1t. (3)

ut Aharoni and Sparks [1] thought the equation applicable to
xperimental results generally differed from a true order equa-
ion two ways, thus Eq. (4) was formed on the basis of Eq.
3):

n(qe − qt) = ln qe − k(t + t0), (4)
here t0 is an adjustable parameter that makes qe suitable for
he use in the kinetic expression.

q

able 3
odel parameters for sorption of the p-nitrophenol onto the 1.5CEC-Mt at 25 ◦C

nitial concentration (mg/g) The modified pseudo-first-order

k (min−1) qe (mg/g) t0 (min

100 0.13806 10.42509 10.825
500 0.29011 58.53033 9.537
500 0.08155 168.62457 29.137
000 0.02556 313.03681 48.340
000 0.062 325.80014 72.156
aterials 154 (2008) 1025–1032 1029

On the other hand, a pseudo-second-order equation based on
dsorption capacity may be represented in the following:

dqt

dt

= k2(qe2 − qt)
2, (5)

here k2 is the rate constant of pseudo-second-order adsorption.
pplying the initial conditions, the integrated form of Eq. (5)
ecomes

t

qt

= 1

(k2q
2
e2)

+ t

qe2
(6)

he parameters k2 and qe2 are obtained from the linear plot of t/qt
s. t, as shown in Fig. 4. The pseudo-first-order model cannot
t the experiment and all the other constants are presented in
able 3.

In fact pseudo-second-order kinetic model has a better rela-
ivity than the modified pseudo-first-order model.

Another intraparticle diffusion model proposed by Weber
nd Morris [35] was applied because the above models can-
ot identify the diffusion mechanism. The fractional approach to
quilibrium changes according to a function of (Dt/r2)1/2, where
is the particle radius and D is the diffusivity of solutes within the
article. The initial rate of intraparticle diffusion can be obtained
y linearization of the curve qt = f(t1/2) [19]. Weber and Morris
35] reported that if intraparticle diffusion was involved in the
orption process, then a plot of the square root of time vs. the
dsorption amount would result in a linear relationship, and that
he particle diffusion would be the controlling step if this line
asses through the origin. Fig. 5 shows that every line is similar
o be straight one but none passes through the origin. So it indi-
ates that particle diffusion is involved in the sorption process,
ut it is not the controlling step. Simultaneously, because the
seudo-second-order model is basically based on the sorption
apacity, the description of sorption suggests that the chemical
eaction is rate controlling [20].

.5. Sorption mechanism

Several sorption models [20] such as Langmuir model (LM),
reundlich model (FM) and dual-mode sorption model (DSM)
10] were used to examine the experimental data and the equa-
= qLKLCe

1 + KLCe
(LM),

Pseudo-second-order

) R2 k2 (min−1) qe2 (mg/g) R2

2 0.80698 0.30 10.44 0.9996
57 0.90201 0.15 58.38 1.0
07 0.91413 0.0181 169.20 1.0
83 0.95392 0.001 314.47 0.998
4 0.83689 0.0032 341.30 0.9995
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ig. 5. The relationship between p-nitrophenol uptake and square root of
eaction time with different initial concentrations of p-nitrophenol (25 ◦C,
.5CEC-Mt).

= KFCe
1

n
(FM),

= KHCe + qDSKDSCe

1 + KDSCe
(DSM),

here Ce is the equilibrium concentration of p-nitrophenol, q
s the sorbed amount to per unit mass of clay, qL, qDS, and KL,

DS denote monolayer sorption capacity and sorption constant,
espectively. All the parameters in the above-mentioned models
ased on the experiments are determined using the optimization
rocedure based on least-square algorithm and shown in Table 4.

Fig. 6 shows that the adsorbed amounts of p-nitrophenol
nto Na-Mt and the organoclays and the adsorbing efficiency
f the materials increases as Na-Mt < 0.5CEC-Mt < 0.7CEC-
t < 1.5CEC-Mt ≈ 2.5CEC-Mt. Here, it can be seen that the

dsorbed amounts of p-nitrophenol strongly depend on the
oaded surfactant and their distributions.

As is well known, due to the isomorphic substitution within
he layers, the montmorillonite layer is negatively charged,
hich is counterbalanced by the exchangeable cations in the

nterlayer [12]. In the case of Na-Mt which BET-N2 surface
rea is largest, electrostatic attraction between the p-nitrophenol

nions and hydrated metal cations is the main force for p-
itrophenol penetrating into montmorillonite interlayer space
nd resulting in the expansion of the clay interlayer as shown by
RD pattern.

t

p
r

able 4
odel parameters for the sorption of p-nitrophenol on Na-Mt and organoclays at 25 ◦

Langmuir model [38] Freundlich model (FM

KL (l/mg) qL (mg/g) R2 KF (l/g) 1/n

a-Mt 0.00081 83.49256 0.97599 2.66782 0.368
.5CEC-Mt 0.00078 174.34004 0.98752 4.54181 0.392
.7CEC-Mt 0.0014 184.31147 0.96603 9.14691 0.330
.5CEC-Mt 0.0016 375.54674 0.98104 19.3044 0.330
.5CEC-Mt 0.0019 435.7856 0.96536 26.80378 0.311
ig. 6. Adsorption isotherms of p-nitrophenol in the Na-Mt and HDTMA+-
illared montmorillonites (25 ◦C).

Previous studies [17,20] have demonstrated that the surfac-
ant cations/molecules not only enter into the clay interlayer
pace but also are sorbed outside the clay interlayer. When
he surfactant concentration is relatively low (e.g. 0.5CEC-Mt
nd 0.7CEC-Mt), the surfactant cations prefer to enter into
he montmorillonite interlayer space by replacing the interlayer
xchangeable cations [16,17,36,37]. With the increase of the
DTMA+ cations, the large intercalated HDTMA+ cations may

esult in serious blocking of the interlamellar space that inhibits
he passage of nitrogen molecules, leading to a decrease of BET-

2 surface area and pore volume of the organoclays. Our recent
tudy [17] and other literatures [20] show that, when the surfac-
ant loading more than the montmorillonte’s CEC (1.5CEC-Mt
nd 2.5CEC-Mt), there are three different distribution/location
ypes of surfactant, including the surfactant cations and ion pairs
HDTMA+ and Br−) located in the interlayer spaces, and surfac-
ant occupying the pores available between clay particles with
“house of cards” structure. Obviously, two basic organoclay

ypes are formed when modifying clay with surfactant on the
asis of the distribution of surfactant: (1) the surfactant mainly
ccupies the clay interlayer space and (2) both the clay inter-
ayer space and external surface are modified by surfactant.
his conclusion is strongly supported by our recent studies on

he corresponding organoclays using BET-N2, high-resolution

hermogravimetry (HRTG) and XPS [16,17].

The surfactant located within the interlayer spaces and inter-
article pores can form micelles, which play an important
ole to adsorb the organic pollutants [18] when the concentra-

C

) Dual-mode sorption model (DSM)

R2 KH (l/g) KDS (l/mg) qDS (mg/g) R2

97 0.88844 0 0.00081 83.49518 0.97599
92 0.92187 0.0003 0.00081 170.96113 0.98755
06 0.85498 0.00099 0.00129 193.3343 0.96657
25 0.88641 0.00481 0.00133 416.8485 0.98103
66 0.8428 0.01276 0.00132 539.6637 0.9747
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ion is higher than the critical micelle concentration (CMC).
or 0.5CEC-Mt and 0.7CEC-Mt, the surfactant cations in the

nterlayer space have two influences on the adsorption of p-
itrophenol onto the organoclays. The electrostatic attraction
etween the p-nitrophenol anions and surfactant cations leads
-nitrophenol anions entering into the interlayer. Meanwhile,
he organic micelles formed by the intercalated surfactant are
n excellent medium for partition of p-nitrophenol. In the case
f 1.5CEC-Mt and 2.5CEC-Mt, the clay layers are almost com-
letely enclosed by surfactant and an organic medium can be
isualized as formed within the clay layer space and in the inter-
article pores. This organic medium is of high importance for
he excellent affinity between organoclay and organic pollutants,
nd is available as a partition medium for contaminant sorption
5,8]. Accordingly, the sorption efficiency of the corresponding
rganoclays is obviously higher than that of Na-Mt. This sug-
ests that the distribution and arrangement of surfactant in the
rganoclays control sorption efficiency and mechanism rather
han BET-N2 surface area, pore volume and pore diameter [17].

Meanwhile, the DSM model has a better fit than others and the
esult also assumes the sorption mechanism that some of solutes
issolve in the medium (partition) and the rest are adsorbed onto
he sorption sites (adsorption) on the organoclays. Adsorption
s the main reaction for the 0.5CEC-Mt and 0.7CEC-Mt and
artition is the main one for the 1.5CEC-Mt and 2.5 CEC-Mt.

. Conclusions

With the increase of the concentration of HDTMA+ cations,
he arrangement of HDTMA+ changes and the sorption amounts
f p-nitrophenol increase. HDTMA+ pillared montmorillonites
re more effective than Na-Mt for the adsorption of p-
itrophenol from aqueous solutions. The resulting concentration
f p-nitrophenol can reach the effluent standard for low con-
entration waste water (<100 mg/L) and is close to the effluent
tandard for middle concentration waste water (<500 mg/L).
he sorption process of p-nitrophenol from aqueous solutions

ncludes partition and adsorption basis of the sorbents.
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