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a b s t r a c t

Anionic surfactant modified Fe-pillared montmorillonites were prepared by Fe-hydrate solution and
sodium dodecyl sulfate (SDS) solution. These organo–inorgano complex montmorillonites were divided
into three types (CM1, CM2 and CM3) depending on different intercalation processes. X-ray diffraction
spectra, the Fourier transform infrared (FTIR) spectra were used to analyze the structure of the raw and
modified montmorillonites. X-ray photoelectron spectra of the simples have been studied to determine
spectral characteristics to allow the identification of Fe(III) hydroxide. The specific surface area of the host
montmorillonite (M0) is 73.2 m2/g, while for the modified montmorillonites it is 114.0 m2/g, 117.2 m2/g,

2

-ray photo-emission spectroscopy (XPS)
icroporous materials

dsorption

and 115.8 m /g, respectively. The mesopore volumes of the montmorillonites decrease after modification.
Ions of copper and cobalt were selected as adsorbates to evaluate the adsorption performance of each
montmorillonite. The adsorption data was analyzed by both Freundlich and Langmuir isotherm models
and the data was well fit by the Langmuir isotherm model. The adsorption was efficient and significantly
influenced by metal speciation, metal concentration, contact time, and pH. Higher adsorption capacity
of the modified montmorillonites were obtained at pH 5–6. The results of desorption indicated that the

ly bo
metal ions were covalent

. Introduction

Montmorillonites have been widely used to remove toxic metal
ons and organic compounds [1–4]. These clays are useful because
f their high specific surface area, chemical and physical stability,
nd surface structural properties. Many researchers have focused
n the surface modifications. They used organic cations to alter the
urface properties of clays and improve their adsorption capacity
5,6]. After modification, the characteristics of the clay are remark-
bly improved, especially the adsorption of organic contaminants
7]. The modification reactions are accomplished by replacing inter-
ayer cations (e.g. Na+, K+, Ca2+) with specific species. There are
wo main methods of pillaring. The earliest method is inorganic
illaring, using polyhydroxocations such as Al, Fe, Fe–Al, Zr–Fe pil-
ared clays [8–16]. This method has been improved to synthesize
lay-based Fe nanocomposite, which is used in the photo-catalytic
ctivity and adsorption [17–19]. Iron-doped pillared clays per-
ormed well in the removal of H2S from wet air streams, which was

∗ Corresponding author at: College of Environmental Science and Engineering,
outh China University of Technology, Guangzhou, 510006, PR China.
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und to the modified montmorillonites.
© 2009 Elsevier B.V. All rights reserved.

due to the homogenous micropore structure and the high disper-
sion of catalytically-active metal [20]. The synthesis of organo-clays
has focused on intercalation of long-chain quaternary ammonium
cations in the interlayer space. The reagents can be alkylammo-
nium derivatives, natural organic cations like l-carnitine, l-cystine
dimethyl ester, thiamine, 4-phenylazoaniline, and so on [21–25].

Organo-inorgano complex montmorillonites developed in the
last decade are still an active research interest. Plenty of results
published on the different adsorbate–adsorbent interactions have
confirmed their high efficiency in adsorption of different microp-
ollutants [26–29]. The organic modifiers can change the surface
properties of the clays from hydrophilic to hydrophobic, which
significantly enhance their affinity for organic contaminants [30].
Alternatively, metal ions can be easily adsorbed with the orig-
inal hydrophilic clay. Amorphous dense cluster structures in
Fe pillared clays are advantageous for adsorption. Polymeric Fe
species are the most effective coagulants or adsorption reagents
for removing various impurities in potable water treatment

[31,32]. A complex of surfactant and polymeric ferric species
should have great potential adsorption capacity of different
micropollutants. Similar experiments have been conducted by
researchers, e.g. Wu synthesized complex modified montmo-
rillonites as adsorbents of phenols [33]; Jiang and Zeng used

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:pppxwu@scut.edu.cn
dx.doi.org/10.1016/j.jhazmat.2009.08.047
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(3) CM3 was prepared by adding Fe pillared solution and SDS solu-
tion simultaneously into 2% montmorillonite suspension under
vigorous stirring for 2 h. The Fe/clay ratio and SDS/clay ratio
S.-Z. Li, P.-X. Wu / Journal of Ha

olymeric Fe–Al–hexadecyl–trimethyl–ammonium pillared mont-
orillonites to adsorb Cu(II) and phenols [34].
The rapid increase in the use of heavy metals over the past

ew decades has inevitably resulted in a increased flux of metal-
ic substances into the environment. Under favorable pH and other
onditions, metals become soluble in water. Metals, pesticides and
CBs have the greatest potential for bioaccumulation [35]. The
ccumulation of heavy metals in vegetables, fish, grain, and drink-
ng water is of increasing concern in China, as it relates to food
afety, potential health risks and ecological damage, especially in
ndustrial districts [36–38]. Huang suggested paying more atten-
ion to the potential threat of heavy metals to the health of rural
nhabitants through consumption of wheat in Kunshan, China [39].
eavy metals, such as As, Hg and Cd, have been widely inves-

igated, whereas the research on Cu(II) and Co(II) is inadequate.
o(II) affects the respiratory system, kidneys, and gastrointestinal
ract, and Co(II) dermatitis and sensitization as a result of dermal
xposure have been well documented by the U.S. Department of
ealth and Human Services.. Gastrointestinal distress is one of the

eported health effects of Cu(II), accompanied with vomiting, nau-
ea and abdominal pain as common symptoms of Cu(II) poisoning.
hus, there is a need to search for appropriate ways to protect the
nvironment from pollution by these heavy metals.

This paper reports methods to synthesize a organo-inorgano
omplex montmorillonites, by improving the process of Fe-pillared
ontmorillonite. With different surface properties, the changes in

he structures and the adsorption of Cu(II) and Co(II) are noted.
ased on the results of these characteristics, the quantitative
escription of adsorption processes through adsorption isotherms
nd the individual adsorption behavior of Cu(II) and Co(II) are
etermined. These materials are useful in the restoration of soil
nd groundwater and as an antidote for ruminants suffering from
etal contamination.

. Material and methods

.1. Starting materials and techniques

Montmorillonite, purchased from Nanhai, Guangdong province;
ad a cation exchange capacity of 78.3 mmol/100 g clay. All of the
eagents used in this study were of analytical grade and were
urchased from Guangzhou chemical reagent factory (Guangdong
rovince, China).

Powder X-ray diffraction (XRD) patterns of the montmo-
illonites in this study were obtained with a Rigaku X-ray
iffractometer type D/max-III A at 40 kV and 20 mA with Cu K�
adiation with a scan time of 1.0 min−1, scanning from 1–40 2�
ange. Before the XRD test, the samples were dried at 60 ◦C for 10 h,
nd pulverized to pass through a 200 �m mesh sieve.

Fourier transform infrared (FTIR) spectra of the adsorbents were
aken with a Fourier FTIR spectrometer (American Thermo-electron
orporation). The measurement was carried out by using the KBr
ellets/disks method. The concentration of the sample in KBr is in
he range of 0.2% to 1%. The sample is mixed and ground to a fine
owder. The KBr pellets were prepared by using a hydraulic press
t a pressure of 20,000 prf. to get a homogenous and transparent
ppearance.

N2-adsorption isotherms were measured using the ASAP 2020
olumetric adsorption analyzer (Micromeritics Instrument Corpo-
ation) after degassing the samples under vacuum for 8 h at 423K.

he samples are the same powder used in the XRD measurement.
he measurement used the volumetric method. This method uses
ure nitrogen instead of a gas mixture of nitrogen and helium, so

nterfering effects of thermal diffusion can be avoided. The sur-
ace areas were calculated using the BET equation. The pore size
us Materials 173 (2010) 62–70 63

distributions were derived from the adsorption branches of the
isotherms using the BJH method.

The X-ray photoelectron spectra were measured with an
ANELVA AES-430S X-ray photoelectron spectrometer and the bind-
ing energy of C 1s was shifted to 284.6 eV as an internal reference.
The powder was prepared by the same process as XRD. The powder
was sprinkled onto the surface of sticky carbon tape for analysis.
The pass energy was 50 eV and a conventional Al K� (1486.7 eV)
anode radiation source was used as the excitation source.

The concentrations of Cu(II) and Co(II) were determined by
atomic absorption spectrophotometer Z-2000 (Hitachi Zeeman).

2.1.1. Fe-hydroxypolycation solution
For preparation of Fe hydroxypolycation solutions, 3.2 g of

sodium carbonate was added slowly as a powder into a 200 mL
of 0.1 M solution of iron nitrate under 2 h of constant stirring to
achieve a Fe/ Na2CO3 molar ratio of 1:5. The solution was aged at
333 K for 24 h. The preparation method was described in [17,40],
and the Fe/Na2CO3 molar ratio and the Fe/montmorillonite ratio
were changed. Sodium dodecyl sulfate (SDS) was used as the
organic reagent instead of Cetyltrimethyl Ammonium Bromide.

2.1.2. Sodium dodecyl sulfate (SDS) solution
Ten g/L sodium dodecyl sulfate (SDS) solution was prepared by

dissolution of SDS in distilled water. The purity of SDS was ≥99%
and was used without further purification.

2.1.3. Preparation of Fe hydroxyl pillared montmorillonite
Four g dry montmorillonite was added to 200 mL distilled water

to get 2% (mass) montmorillonite suspension, and then mixed
with Fe-hydroxypolycation solution to obtain a Fe/montmorillonite
ratio equal to 10mmol/g under vigorous stirring for 1 h. The
resulting solution was aged for 24 h, and then separated by centrifu-
gation, washed several times with distilled water, dried at 60 ◦C,
and pulverized to pass through a 200 �m mesh sieve.

2.1.4. Preparation of organic pillared montmorillonite (SDS-M)
Sodium dodecyl sulfate (SDS) solution was added to 2% mont-

morillonite suspension until the SDS/montmorillonite ratio was
0.6 mmol/g, with vigorous stirring for 2 h, and then separated by
centrifugation, washed several times with distilled water, dried at
60 ◦C, and pulverized to pass through a 200 �m mesh sieve.

2.2. Preparation of organo–inorgano complex montmorillonites

Three different preparation methods were used:

(1) CM1: SDS solution was added into 2% Fe hydroxyl pillared
montmorillonite suspension until the SDS/montmorillonite
ratio was 0.6 mmol/g, with vigorous stirring for 2 h.

(2) CM2: Four g dried SDS-M was added into distilled water
to get 2% (mass) suspension, and then mixed with Fe-
hydroxypolycation solution under vigorous stirring for 1 h in
order to obtain a Fe/montmorillonite ratio equal to 10 mmol/g.
The resulting solution was aged for 24 h.
are 10 mmol/g and 0.6 mmol/g, respectively. In each case, the
solution was added drop by drop at ambient temperature. The
solid was separated by centrifugation, washed several times
with distilled water until free of nitrate or surfactant, dried at
60 ◦C, and pulverized to pass through a 200 �m mesh sieve.
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vibration modes observed are listed in Table 1. The host montmo-
rillonite exhibited bands at 3434 cm−1 (OH stretching), 1643 cm(1,
1086 cm(1 (OH bending), and 695 cm(1, 625 cm(1, and 519 cm(1

(OH rocking, twisting, or wagging). It is difficult to assign these
ig. 1. X-ray patterns of host montmorillonite (M0) and complex modified mont-
orillonite (CM1, CM2, and CM3).

.3. Adsorption–desorption experiment

The Cu(II) and Co(II) adsorption experiments were conducted
y dissolving appropriate amounts of CuCl2·2H2O and CoCl2·6H2O
eparately, in distilled water. The pH of Cu(II) and Co(II) solutions
ere adjusted to 5.0 by addition of 0.01 mol/L HCl or NaOH solution.
atch adsorption experiments were carried out in 150 mL Erlen-
eyer flasks by mixing together 0.15 g of adsorbent with 50 mL

queous solution of metal ions. The flasks were agitated by a table
oncentrator, and constant temperature maintained with the water
ath for a known time interval. The mixture was then centrifuged
nd the concentration of unadsorbed metal ions remaining in the
upernatant liquid was determined by atomic absorption spec-
rometry.

The desorption experiment was conducted using the following
rocedure: After adsorption of metal ions, the suspension was cen-
rifuged, and the solid material was mixed with 50 mL distilled
ater in a 150 mL Erlenmeyer flask and agitated by placing in a
ater bath thermostat (needs defined) for 24 h. The final suspen-

ion was centrifuged again and the concentration of metal ions
n the supernatant liquid was determined by atomic absorption
pectrometry.

The equilibrium adsorption quantity q (mg/g) was calculated as:

= V(C0 − C)
1000 m

, (1)

here V (mL) is the volume of metal ions in solution, m (g) is the
ass of adsorbent; C0 and C (mg L−1) are the concentrations before

nd after adsorption, respectively.

. Results and discussion

.1. Structural characteristics

.1.1. X-ray diffraction and FTIR spectra of montmorillonites
The XRD results of montmorillonite and complex modified

ontmorillonite are shown at Fig. 1. CM1 and CM3 show two

eflections. The first unusual one corresponds to large d-spacing
nd the second to a d-spacing attributed to the (0 0 1) reflec-
ion. The (0 0 1) reflection of M0 is 1.55 nm, which represents a
ind of Ca-montmorillonite (Ca–Mt). It has been demonstrated
hat Ca–Mt also exhibits two d-spacings, and the first XRD peak
s Materials 173 (2010) 62–70

with large d-spacing of Ca–Mt has significantly lower intensity
than Na–montmorillonite [41]. So it is difficult to detect the first
weak and broad peak of M0. Another reason is that some authors
reported a raw Ca–Mt sample from Hebei province (China) shows
a XRD pattern without the peak at the large d-spacing [41]. This
may be true of Ca–Mt used in our experiments. The same authors
also concluded that the water treatment process might have had
a prominent influence on the porous structure of powdered Mt.
The exhibition of large d-spacings of CM2 and CM3 indicates the
formation of a secondary house-of-cards structure, which results
from the three-dimensional co-aggregation of clay platelets and
iron hydroxycations or iron oxides nanoparticles. The disordered
porous structure in raw montmorillonites might just be the “house
of cards” structure resulting from aggregation of clay platelets [42].
Previous researches have demonstrated that the large d-spacing
does not correspond to the classic periodic pillared structure of
iron species intercalated into the host montmorillonite but corre-
sponds to a disordered porous structure existed even in the host
montmorillonites [41].

The basal spacing of modified montmorillonite was increased
slightly by 0.06 nm, indicating that not all the sheets have been
intercalated [43], and because Fe-oxycations likely differ in size and
are able to interact with clay layers (aggregation and adsorption
on the surface of flakes). As indicated in the literature, iron species,
besides locating between layers in different forms, can be adsorbed
on the outer surfaces of the clay flakes [20]. The 0 0 1 reflection of
the host clay was sharper and a higher order harmonics appeared,
while CM1 and CM3 were dispersed and the intensity was weak-
ened after modification. This suggests the formation of a much more
disordered pillared structure. Therefore, the resulting Fe modified
montmorillonite show a delaminated structure containing inter-
calated or pillared fragments. But this reduction did not obviously
occur in CM2, and is due to the fact that polycations in the presence
of surfactants are protected from hydrolysis resulting in the crystal
structure of CM2 being retained.

Fig. 2 shows FTIR spectra of host montmorillonite and mod-
ified montmorillonites. The frequencies and assignment of the
Fig. 2. FTIR spectra of host montmorillonite (M0) and complex modified montmo-
rillonite (CM1, CM2, and CM3).
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Table 1
Infrared frequencies and assignment of montmorillonite.

Position/cm−1 Assignments Position/cm−1 Assignments

3626 OH stretching of structural hydroxyl groups 839 Al–Mg–OH deformation
3434 OH stretching of water 1034 Si–O stretching
2958 Symmetric stretching of the CH3 914 Al–Al–OH deformation
2922 CH2 antisymmetric stretching 795 Si–O stretching of cristobalite
2852 CH2 symmetric stretching 695 Si–O stretching of quartz
1643 OH deformation of water 624 Coupled Al–O and Si–O, out of plane
1468 CH2 bending 519 Al–O–Si deformation
1385 NO3 stretching 467 Si–O–Fe deformation
1086 Si–O stretching of cristobalite

Table 2
The surface and size characteristics of host montmorillonite (M0) and complex modified montmorillonite (CM1, CM2, and CM3).

Species Surface area (m2/g) Mesoporous volume (cm3/g) Average mesoporous diameter (nm) Microporous volume (cm3/g)

b
c
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w

3

O
a

M0 73.2 0.153
CM1 114.0 0.125
CM2 117.2 0.129
CM3 115.8 0.139

ands more precisely. Indeed, the 695 cm(1 band position is almost
ertainly influenced by the presence of surrounding Fe ions. The
odified montmorillonite samples exhibit broader bands near

434 cm−1 and a shift at lower frequencies, which can be attributed
o an OH stretching either from water or from the protonated
igand. The assignments are based on previous reports of montmo-
illonite and polyoxometalates samples [44]. As shown in Fig. 2,

vibration mode at 1385 cm−1, attributed to the NO3 stretch-
ng mode, was observed in the FTIR spectra of modified clays. It
as been reported that the NO3 band suggests that some redun-
ant positively charged iron species outside the interlayer of
ontmorillonite might exist, and act as counterions to balance

he positive charge of the iron species [44]. Shoulders charac-
eristic of symmetric stretching of the CH3 groups on the alkyl
hains at 2958 cm−1 and bands due to the CH2 groups of the alkyl
hains at 2922 cm(1 and 2852 cm−1 (antisymmetric and symmetric
tretching), 1468 cm−1 (bending) are present for modified mont-
orillonites. All of these demonstrate the existence of –CHn and

an be evidences for binding of the polar segment of the surfactant,
hich are consistent with literature data [45].
.1.2. XPS experiments
In order to observe the existence of Fe and its combination with

H more precisely, the XPS spectra of the C 1s and Fe 2p2/3 levels
re shown in Fig. 3(parts a, b). The C 1s and Fe 2p2/3 main peaks

Fig. 3. XPS spectra of (a) C 1s, (b) Fe 2p2/3 in Al K� for host montmorillonite
7.81 0.0170
4.46 0.0288
4.39 0.0292
5.08 0.0303

are at 284.6 eV and 711.6 eV, respectively. These values are con-
sistent with those reported in the literature for Fe(III) and –CH2–
[46,47]. The high intensity of –CH2– and Fe(III)–O contributions
from complex modified montmorillonites is attributed to the pil-
laring process, which is consistent with a high coverage of SDS and
Fe(III) oxyhydroxide at the surface. The –CH2– component indicates
the appearance of SDS. The weak signals of C O at 288.7 eV and C O
at 285.7 eV may be due to the influence of substances used in the
production of the host montmorillonite. From Fig. 3(b), we can see
that Fe(III) species are rare in M0. However, they are believed to
play a crucial role in adsorption and catalyzing the oxidation pro-
cess [48]. The spectra of Fe 2p are qualitatively equivalent for each
modified montmorillonite, and analysis of these spectra indicates
that the modified montmorillonite surface was covered by a Fe(III)
oxyhydroxide layer.

3.1.3. Size characteristics
The textural properties established from the nitrogen sorp-

tion isotherms are indicated in Table 2. The specific surface area
of the host montmorillonite is 73.2 m2/g, while for the modi-

fied montmorillonites it is 117.7 m2/g, 114.0 m2/g, and 115.8 m2/g,
respectively. The composites have much higher surface areas but
smaller mesopore volumes and average mesoporous diameter than
for the host montmorillonite. This confirms that the modified
species used during preparation entered between the montmo-

(M0) and complex modified montmorillonite (CM1, CM2, and CM3).
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ig. 4. (a) Nitrogen adsorption–desorption isotherms, (b) BJH pore size distribution
M3).

illonite layers, increasing nitrogen accessibility. Most research
as shown that the total pore volume and average pore diame-
er changes are mainly related to microporosity, and the pillaring

ethods result in more micropores [49–51]. Fig. 4, which dis-
lays the nitrogen adsorption–desorption isotherms and pore size
istributions of the four kinds of montmorillonites, demonstrates
hat the mesoporous distributions of modified montmorillonites
re very similar and the mesopore volumes of the montmoril-
onites decrease after modification. However, there is an increase
n the proportion of smaller diameter pores, especially for the mod-
fied montmorillonites. Hence, the decrease in mesoporous volume
nd mesoporous diameter may be attributed to blockage of some
esopores by the pillaring process, leading to smaller volume and

iameter.

.2. Results of the adsorption experiments

.2.1. Effect of contact time
Adsorption experiments with Cu(II) at pH >6.0, or for Co(II) at

H >8.0 will have precipitation of the metal hydroxide, which intro-
uces uncertainty into the interpretation of the results. The results
how that up to pH values of 8–9, the dominant chemical form of
o in aqueous media is Co2+. Above pH 9, forms like CoOH+ and
o(OH)2(aq) become increasingly present [52]. Accordingly, it is

pparent that, within the experimental conditions of this study,
he dominant form of cobalt in aqueous media is Co2+. Thus the pH
f the solution was adjusted to be acidic. In these experiments, the
H of Cu(II) and Co(II) solutions was adjusted to 5.0 by addition of
.01 mol/L HCl or NaOH solution. The adsorption results for vari-

Fig. 5. Effect of time on the adsorption of Cu(II) and Co(II) by host montmorillo
ost montmorillonite (M0) and complex modified montmorillonite (CM1, CM2, and

ous contact times are shown in Fig. 5. The efficiency of adsorption
is high with 30 min enough to almost reach equilibrium and after
45 min equilibrium is achieved. This characteristic is desirable for
the treatment of industrial waster water and for emergency use, e.g.
the leakage of contaminated water, metal ions pollution in ground-
water, water pollution emergency, which need rapid adsorbents.

3.2.2. Effect of pH
The primary concentration of the Cu(II) and Co(II) solutions was

100 mg/L and 40 mg/L, respectively. The pH of the solution was
adjusted to be acidic. Since a 60 min contact time was found to be
enough to reach equilibrium, all the samples were shaken 60 min.
Fig. 6 shows the trend in the amount of metal ions adsorbed (qe)
with respect to pH. It can be seen that the adsorption of metal ions
onto complex modified clay has a strong pH-dependent relation-
ship and the uptake of metal ions by modified-clays increases with
an increase in pH. CM2 and CM3 have a higher adsorption capacity
than the raw montmorillonite when pH >5, but the lower when pH
<4. The influence of pH on adsorption may be explained as follows:
At very low pH, the number of H+ ions exceeds that of metal ions by
several times and the metal ions cannot compete with H+ ions for
the binding sites on the montmorillonite. The number of negatively
charged surface sites increases with pH, so at high pH values, the
metal ions are increasingly removed. Of the three kinds of modified

montmorillonites, CM2 is the best adsorbent and CM1 the worst.
This result indicates that the way of preparation, especially order of
addition of reactants has a significant effect on adsorption behavior.
The change in the order of addition will probably cause a change
in the surface hydrophylicity. CM1 has more hydrophobic surface

nite (M0) and complex modified montmorillonite (CM1, CM2, and CM3).
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Fig. 6. Effect of pH on the adsorption of Cu(II) and Co(II) by host montm

han other modified clay. The hydrophobic character of CM1, in
greement with some results published earlier, is synthesized using
similar process [7,26–28,33,34]. It is reported that the loading

y co-adsorption of surfactant species on pillared montmorillonite
ncreases the affinity of the adsorbent. The surface properties of the
dsorbent change from hydrophilic to hydrophobic character and
eads to an increasing adsorption capacity for organic compounds.
t has also been observed that hydrophobicity is usually related to
he change in pH, which affects the solubility or polarity of solutes.
he pH of the pillaring solution of CM2 and CM3 is lower than that
f CM1 due to the existence of Fe-hydrate solution afterward.

Universally, rules of metal selectivity depend on a number of fac-
ors such as the chemical nature of the reactive surface groups, the
evel of adsorption (i.e. adsorbate/adsorbent ratio), the pH at which
dsorption is measured, the ionic strength of the solution and the
resence of soluble ligands that could complex the free metal. Fig. 6
hows that the response of Co2+ to pH is different from Cu2+ and
here are several reasons for it. Specific adsorption plays a more
mportant role than nonspecific adsorption (i.e., cation exchange)
f Cu2+. Hydroxyl ferrous materials are the most likely to bind Cu in
nonexchangeable form [53]. Cu(II) ions were taken up by the clays
s pH was increased with the only limiting factor being the precipi-
ation of Cu(II) as a hydroxide at pH 6.0. The amount of Cu2+ sorbed
s larger than that of Co2+, as has been also observed previously
54]. When pH >6.0, the dominating removal process is precipita-

ion and the difference between modified clays and initial clay are
ot distinct. On the other hand, Co adsorbed by montmorillonite
as been identified in two forms. The first form, which is character-

zed as being slowly dissociable, seems to be bound in a monolayer
y chemisorption and would exchange with other Co2+ ions but

Fig. 7. The Langmuir adsorption isotherms of Cu(II) and Co(II) by host montmoril
ite (M0) and complex modified montmorillonite (CM1, CM2, and CM3).

not with a Ca2+or Mg2+ ions. The second form of Co is not disso-
ciable and is believed to either enter the crystal lattice or become
occluded in the precipitates of another phase. Otherwise, most clay
surface is intercalated with SDS (RSO3Na). The exchange reactions
in solutions during sorption are shown below [55].

XNa + H+ ⇔ XH + Na+ (2)

SOH2
+ ⇔ SOH + H+ (3)

2RSO3Na + M2+ ⇔ (RSO3)2M + 2Na+(main) (4)

RSO3Na + H+ ⇔ RSO3H + Na+(main) (5)

As shown in Eq. (4), the equilibrium constants of Cu2+ and Co2+

are different, and this is another reason for the diverse amount of
sorption between two metals.

3.2.3. Adsorption isotherm
The equilibrium adsorption isotherm data of Cu(II) and Co(II) at

varying concentration were analyzed using Freundlich (Eq. (6)) and
Langmuir (Eq. (7)) adsorption expressions [53]:

qe = KFCn
e (6)

qe = b
(

KLce

1 + Kce

)
(7)

where KF and n are the Freundlich constants and KL is the Langmuir

constant. The quantity qe of Cu(II) and Co(II) adsorbed is related to
the equilibrium solution concentration of the adsorbate ce by the
parameters KL and b. The steepness of the isotherm is determined
by KL. KL can be looked upon as a measure of the affinity of the adsor-
bate for the surface. b is the monolayer capacity and it is commonly

lonite (M0) and complex modified montmorillonite (CM1, CM2, and CM3).
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Fig. 8. Linearized Langmuir plot for Cu(II), Co(II) adsorption by host montmorillonite (M0) and complex modified montmorillonite (CM1, CM2, and CM3).
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Fig. 9. Desorption plots of Cu(II) and Co(II) from host montmorillon

enoted by the maximum adsorption which is determined by the
umber of reactive surface adsorption sites. The Freundlich and
angmuir parameters were obtained by nonlinear least-squares
egression analysis. The parameters are calculated from adsorption
ata by converting Eqs. (6) and (7) into the linear form:

og qe = log KF + n log ce (8)
qe

ce
= bK − Kqe (9)

From the adsorption isotherms at Fig. 7, it can be seen that both
M2 and CM3 have greater uptake of Cu(II) than the host mont-
orillonite, but CM1 is less. CM2 has greater Co(II) adsorption than

he host montmorillonite and the other modified montmorillonites,

hich may is related to its structure. The linear form of Langmuir

sotherm is shown in Fig. 8 and the results of fitting Freundlich
nd Langmuir equations to isotherm curves are summarized in
able 3. The r2 (coefficient of determination) of the Langmuir equa-
ion and the Freundlich equation is calculated. The r2 values of the

able 3
angmuir linearized equations and correlative parameters.

Species Clays qi b r2 (Langmuir) r2 (Freundlich)

Cu(II) M0 18.6 0.123 0.988 0.999
CM1 11.0 0.585 0.992 0.890
CM2 20.6 0.220 0.992 0.989
CM3 18.7 0.336 0.997 0.9931
M0 24.0 0.064 0.987 0.959

Co(II) CM1 13.2 0.267 0.995 0.954
CM2 20.2 0.333 0.996 0.976
CM3 16.0 0.383 0.999 0.984
0) and complex modified montmorillonite (CM1, CM2, and CM3).

Langmuir equation are all >0.98, greater than for the empirical Fre-
undlich equation. The value of qi is 18.60 mg/g, 20.21 mg/g for M0,
and 20.56 mg/g, 20.21 mg/g for CM2 of Cu(II) and Co(II) adsorption,
respectively. These values indicate that the Langmuir isotherm is a
good fit to the results. CM2 has the best potential to be used as an
adsorbent for Cu(II).

3.2.4. Desorption experiment
The intent of the desorption experiment was to determine the

ultimate treatment for the adsorbent and to prevent secondary
contamination. If the adsorbed metal ions are desorbed easily, the
pollutants would be transferred to the desired medium. The initial
concentration after the first adsorption, related to the concentra-
tion determined by desorption is shown in Fig. 9. There was hardly
any desorption of the adsorbents indicating binding sites of the
modified montmorillonites are strong.

4. Conclusions

The 0 0 1 reflection of the host clay was sharper and higher
order harmonics appeared, while CM1 and CM3 were dispersed and
the intensity was weakened after modification. The results of FTIR
reveal that the organic ion has been intercalated into the clay layers.
The composites have much greater surface areas but smaller meso-

pore volumes and average mesoporous diameters than the host
montmorillonite. The decrease in mesoporous volume and meso-
porous diameter is attributed to blockage of some mesopores by
the pillaring process, leading to greater microporous volume and
diameter.



zardo

r
l
m
b
t
a
m

m
p
t
a

A

S
4
E
o
2
d
t
i
E

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

S.-Z. Li, P.-X. Wu / Journal of Ha

pH, contact time and metallic concentration can affect the
esults of adsorption. The optimal pH for modified montmoril-
onites is 5–6. CM2 is the best adsorbent among the three modified

ontmorillonites, and CM1 the worst. This is due to the hydropho-
ic property of CM1. The contact time experiment indicates that
he efficiency of adsorption is really high; 30 min being enough to
lmost reach equilibrium and 45 min is more than adequate. This
eans the modified clays are excellent for practical applications.
The adsorption isotherm experiment indicates that the Lang-

uir isotherm is a better fit than the Freundlich. CM2 has the best
otential to be used as adsorbent for Cu(II). The results of desorp-
ion show that there was hardly any desorption of the adsorbents
nd the binding sites of the modified montmorillonites are strong.
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