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ABSTRACT

Inorganic-organic montmorillonites (IOMts) obtained by modifying polyhydroxy-aluminum (Al;3)-
pillared montmorillonite (AIPMt) with the cationic surfactant (C16) and zwtterionic surfactant (Z16)
were investigated with the aim to remove phenol, phosphate and Cd(II) simultaneously. The structures
of [OMts prepared using different surfactant doses (0.4 and 1.0CEC) strongly depended on the types and
doses of the surfactants. The Aly3 contents of C16 modified AIPMts (C-AlPMts) decreased with increas-
ing C16 loading while that of Z16 modified AIPMt (Z-AIPMts) did not. In the single adsorption system,
all IOMts could efficiently remove phenol and phosphate, but not Cd(II). IOMts, however, could effi-
ciently remove all three contaminants simultaneously in the multi-contaminant adsorption system. The
adsorptions of phenol on IOMts were not affected by the other two inorganic components and vice versa.
Whereas the adsorptions of phosphate and Cd(II) were significantly enhanced in the multi-contaminant
system, and the adsorption of one increased with increasing initial concentration of the other one, espe-
cially the adsorption of Cd(II). The enhancements of adsorption of phosphate and Cd(Il) on the IOMts with
higher Al;3 content were much larger than that on IOMts with lower Al;3 content. The adsorption mech-
anism for phosphate and Cd(II) uptake in the multi-contaminant system possible involve the formation
of phosphate-bridged ternary complexes.
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1. Introduction

Because of industrial and agricultural activities, toxic chemicals
arereleased and transported into water and soils. This does not only
result in degradation of environmental quality but also become a
potential threat to animal and human health via the food chain
[1,2]. Organic contaminants, heavy metals, and oxyanions are the
typical contaminants in environment. Many organic contaminants
(e.g. aromatic compounds) and heavy metals (e.g. cadmium) are
potential carcinogens and/or mutagens [1]. Although phosphate, a
common type of oxyanion, is an essential nutrient for plants, high
concentration of phosphate causes risks to the environment, such
as the eutrophication of lakes and rivers [3]. Adsorption is consid-
ered to be one of the most common processes for the removal of
these pollutants from water and many types of adsorbents have
been developed accordingly. For example, activated carbons and
porous materials are used to adsorb organic contaminants, heavy
metals, or phosphates [4-6]. However, few adsorbents are available
to simultaneously remove all of these contaminants in one step. As
cost effective, efficient and sustainable adsorption materials, natu-
rally occurring clay minerals have been recognized as practical and
versatile template materials to treat a wide range of contaminants
[7,8]. In this context, montmorillonite is a typical example of an
abundant clay mineral that has been widely used in environmental
remediation.

Organo-montmorillonite (OMt), modified by surfactant, is
proved to be an efficient adsorbent for organic contaminants
[8-10]. Hydroxyl-metal pillared montmorillonites, on the other
hand, exhibits a strong affinity for heavy metals and phosphate
[11-16]. Inorganic-organic montmorillonite (I0OMts), intercalated
by both surfactant and hydroxyl-metal, have been developed to
remove both organic and inorganic contaminants [17-19]. The
adsorption capacities of IOMts toward organic contaminants and
phosphate or organic contaminants and heavy metal cations have
received a lot of attention [20-23]. Little attention, however, has
been paid to the simultaneous adsorption of all three contaminants
on IOMts. In the environment, organic contaminant, phosphate and
heavy metal cations often coexist in soil and wastewater, thus their
transport and fate may be significantly influenced by mutual effects
among them. Therefore, the adsorption behavior of organic con-
taminants, phosphate, and heavy metal cations on IOMts is worth
studying. The findings may provide novel information for devel-
oping new effective IOMt adsorbents toward multi-contaminant,
which are often encountered in practical scenarios.

The conventional IOMt is prepared by cationic surfactants, e.g.
quaternary ammounium [8-10]. Previous studies showed that the
type of organic modifier used could remarkably influence the
structure and adsorptive behavior of OMt [24,25]. Sulfobetaine
containing both positively charged (quaternary ammonium) and
negatively charged (sulfonate) groups is a type of zwitterionic
surfactant. Besides being highly water-soluble, biodegradable and
biologically safe, sulfobetaine can retain its zwitterionic character
over a broad pH range [25]. It might therefore be expected that
the IOMt, intercalated with zwitterionic surfactant and hydroxyl-
metal, will have novel properties and adsorption capacities toward
a wide range of contaminants.

To better understand how to functionalize IOMt for envi-
ronmental applications, comparative experimental work between
cationic and zwitterionic surfactant prepared [OMts is still needed.
Hence, in this study, [OMts were obtained by modifying Ali3-
pillared montmorillonite (AIPMt) with a cationic surfactant (C16)
and a zwitterionic surfactant (Z16), denoted as C-AIPMts and
Z-AlPMts, respectively (Fig. 1). Al;3 denotes the polyhydroxy-
aluminum (Keggin) cation ([AI'VAIV',04(0H)24(H30)12]7*). The
structures and adsorption properties of the resulting IOMts
were investigated. As common contaminants in the environment,
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Fig. 1. Chemical structure of the surfactants: (a) cationic surfactant, hexade-
cyltrimethylammonium bromide, denoted as C16; and (b) zwitterionic surfactant,
hexadecyldimethyl(3-sulphonatopropyl) ammonium, denoted as Z16.

phenol, Cd(II), and phosphate were selected as examples of organic
contaminants, heavy metal cations and oxyanions, respectively.
Both single contaminant and multi-contaminant adsorptions onto
IOMts were studied for comparison. Authors reasoned that the
results of this work could provide novel information for prepa-
ration and possible application of IOMts in simultaneous removal
of organic contaminants, heavy metal cations and oxyanions from
wastewater.

2. Materials and methods
2.1. Materials

The calcium-rich montmorillonite (Ca-Mt; purity >95%) was
obtained from Inner Mongolia, China. The cation exchange capacity
(CEC)is 110.5meq/100 g. The C16 and Z16 surfactants (Fig. 1), with
purities 99%, were purchased from Nanjing Robiot Co., Ltd. Phe-
nol was purchased from Shanghai Richjoint Chemical Reagents Co.,
Ltd. while Cd(NO3 ), and KH,PO4 were purchased from Guangzhou
Chemical Reagent Factory. All chemicals were of analytical grades
and used without further purification.

2.2. Preparation of IOMts

The preparation of IOMt was similar to the method of Ma et al.
(2014). A hydroxyl-aluminum solution, containing Aly3 cations,
was obtained by slowly adding a 0.5 M Na;COs solution to a 1.0M
solution of AlCl3 at a rate of 1 mL/min with vigorous stirring in a
water bath at 60°C to give a final OH~/AI?* ratio of 2.4. The mix-
ture was continuously stirred for 12 h, after which it was allowed to
‘age’ for 24 h at 60°C. 20 g montmorillonite was then added to the
mixture to give an Al/clay ratio of 10 mmol/g. The dispersion was
stirred for 24 h, and then aged for 24 h at 60°C. The product was
collected by centrifugation, washed 8 times with distilled water,
and then freeze-dried for 48 h. The Al;3-pillared montmorillonite
was denoted as AIPMt.

IOMts were obtained by dissolving a certain amount of surfac-
tant in distilled water under stirring at 60°C for 0.5h, and then
adding above fresh (nonfreeze-dried) AIPMt. The products were
collected by centrifugation after stirring for 12h at 60°C, and
washed 8 times with distilled water, then freeze-dried for 48 h.
The amount of surfactants added was equivalent to 0.4 and 1.0
times the CEC of montmorillonite. The products prepared from
AIPMt by adding 0.4CEC of C16 and Z16 surfactants were denoted as
Co.4-AIPMt and Zy 4-AlIPMt, respectively. Similarly, the other IOMt
samples were marked by subscripts indicating the CEC multiplier.

2.3. Characterization of adsorbents
Powder X-ray diffraction (XRD) patterns were recorded on a

Bruker D8 Advance diffractometer with Ni-filtered CuKa radia-
tion (A=0.154nm, 40 kV and 40 mA) between 1° and 20° (20) at a
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scanning speed of 1° (20) min—! with a 0.01 20 step size and a 0.65 s
counting time.

Nitrogen adsorption-desorption isotherms were determined
on a Micromeritics ASAP 2020 M instrument. Samples were out-
gassed under vacuum for 12 h at 120°C before determination. The
multiple-point Brunauer-Emmett-Teller (BET) method was used to
calculate the specific surface area of the materials.

The C, H, and N elemental microanalyses were performed in an
Elementar Vario EL IIl Universal CHNOS Elemental Analyzer. Major
elemental analysis was conducted on a Rigaku RIX 2000 X-ray flu-
orescence (XRF) spectrometer.

2.4. Adsorption experiments

The adsorption experiments were undertaken using two sys-
tems: (1) adsorption of a single contaminant; (2) simultaneous
adsorption of three contaminants. For the first system (#1), the
adsorption of phenol, phosphate or Cd(Il) on samples was mea-
sured with an initial concentration of 25-175mg/L for phenol,
20-140 mg/L for phosphate, and 30-210 mg/L for Cd(II). For the sec-
ond (#2), three components were adsorbed simultaneously on the
samples. The initial concentration of one contaminant was varied
similarly to that in system #1, the other two were kept constants
at 200 mg/L for phenol, 80 mg/L for phosphate or 90 mg/L for Cd(II).

Batch experiments were performed to study the adsorption
capacities of IOMts from aqueous solutions. The initial pH was
adjusted to ~5.0(£0.05) using HCl and KOH. In a typical experiment
in both systems, 0.1g of the prepared adsorbent was combined
with 20 mL solution containing different concentrations of phe-
nol, phosphate and Cd(Il) in a 25 mL glass centrifuge tube with
Teflon cover. The tube was continuously agitated on a shaker for
24 h (Preliminary experiments indicated that the adsorption equi-
librium of all three contaminants on IOMts could be reached within
4h) at 160rpm and 25°C, and then filtered. The concentration of
phenol in the supernatant was measured on UV-vis spectropho-
tometer (Perkin Elmer LAMBDA 850) at a wavelength of 270 nm;
that of phosphate was analyzed using the Ascorbic Acid method
[26] on a UV-vis spectrophotometer (Perkin Elmer LAMBDA 850)
at a wavelength of 880 nm, and that of Cd(Il) was determined by
atomic absorption spectrometry (Perkin Elmer AAnalyst 400). The
concentration of Br~ in the supernatant after the adsorption of
phosphate onto C-AIPMt was measured by ion chromatography
(Dionex ICS-900). Control experiments indicated no loss of any
of the three contaminants in solution in the adsorption process
with no interference occurring among the three contaminants dur-
ing their analysis. All the adsorption experiments were, at least,
conducted in duplicate.

3. Results and discussion
3.1. Structure of adsorbents

The basal spacing of original Ca-Mt was of 1.49nm (Fig. 2),
indicating a typical 001 plane of calcium montmorillonite. The
dgp1-value of 1.88 nm for the AIPMt corresponded to an interlayer
space of 0.92nm (Fig. 2). This value was close to the dimension
of Keggin-like Aly3 cation (0.9 nm), indicating the successful inter-
calation of Aly3 into Ca-Mt [27]. After modification by C16, the
doo1-value of 1.79 nm for C0.4-AlIPMt was slightly smaller than that
of AIPMt. When the amount of added C16 was increased to 1.0CEC,
however, the dyp1-value expanded to 2.07 nm, which suggested
that the interlayer space of AIPMt could be further expanded by
the intercalated C16. On the other hand, the dgpi-values of Z16-
modified AIPMt (~1.90 nm) were compareable with the dygq-value
of the parent AIPMt (1.88 nm) regardless of whether the dose of the
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Fig. 2. X-ray diffraction patterns of raw montmorillonite (Ca-Mt), Al;s-pillared
montmorillonite (AIPMt) and its interlayer complexes with the cationic surfactant
C16 (C-AIPMt) and the zwitterionic surfactant, Z16 (Z-AIPMt) at different surfactant
doses.

Table 1
Structural characteristic of original and C16- and Z16-modified Alys-pillared
montmorillonites.

Samples  dgo; value (nm) fc (%) Al/Si® CaO (%) Specific surface areas (m?/g)
Ca-Mt 1.49 0.04 029 2.29 65.6
AIPMt 1.88 0.05 049 Trace 283.2
Co4-AIPMt 1.79 827 0.41 Trace 20.7
Ci0-AIPMt 2.07 17.94 0.37 Trace 10.1
Zo4-AIPMt 1.89 8.15 0.50 Trace 243
Z10-AIPMt 1.90 11.68 0.49 Trace 18.5

Trace: The contents were lower than the detection limit of CaO (0.007%).
2 Al/Si is the mass ratio of Al to Si.

surfactant was 0.4 or 1.0CEC (Fig. 2). This observation indicated that
Z16 either failed to penetrate the interlayer of AIPMt, or was loaded
in the interlayer space of AIPMt in a configuration that caused no
interlayer expansion [28].

The percentages of organic carbon (foc, wWt.%), determined by
elemental analysis, were used to estimate the amount of loaded
surfactant (Table. 1). When the dose of surfactant was 0.4CEC, the
foc value of Cg 4-AlPMt (8.27%) was comparable to that of Z 4-AIPMt
(8.15%). The foc value of Cqo-AlPMt (17.94%), however, was much
larger than that of Z; o-AIPMt (11.68%). This finding suggests that
716 successfully loaded on the AIPMt but the loaded amount was
less than C16 when the dose of surfactant increased to 1.0CEC.

Variations in the Al content of the samples were deduced from
the changes in the Al/Siratio since the modification would not affect
the amount of silicon in the montmorillonite structure (Table 1).
After intercalation of Aly3 cation, the Al/Si ratio increased from 0.29
for Ca-Mt to 0.49 for AIPMt, and the calcium content was lower
than the detention limit, indicating the successful intercalation of
Aly3 via cation exchange with original calcium ions. With increased
loaded amount of C16, however, the Al/Siratio of C-AIPMt markedly
decreased from 0.41 for Cg4-AIPMt to 0.37 for C1.0-AlPMt,
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Table 2
Linear regression data for the adsorption isotherms of phenol by IOMts in single and
multi-contaminant adsorption systems.

Linear equation R? Kq (L/kg) Koc (L/Kkg)
Co.4-AIPMt Q. =0.042C, 0.993 42 507.86
C1.0-AIPMt Q. =0.131C, 0.998 131 730.21
Zo.4-AIPMt Q. =0.036C, 0.996 36 441.72
Z10-AIPMt Q. =0.054C, 0.991 54 462.32
Co4-AIPMt/m Q. =0.040C, 0.990 40 483.68
C1.0-AIPMt/m Q. =0.136C. 0.992 136 758.08
Zy4-AIPMt/m Q. =0.038C. 0.998 38 466.26
Z10-AIPMt/m Q. =0.052C, 0.987 52 445.21

" The adsorption isotherms of phenol on C-AIPMts and Z-AlPMts in the multi-
contaminant adsorption system (Cop = 80 mg/L and Cy g =90 mg/L) were denoted as
Ch-AlPMt/m and Z,-AlPMt/m, respectively. (n=the dose of surfactant).

indicating that partial replacement of Al;3 cations in the interlayer
space of AIPMt by C16 cations [19]. In the case of Z-AIPMt, the Al/Si
ratio of Z-AIPMt was closely similar to that of the parent AIPMt
(Table 1), suggesting that the modification of Z16 had little, if any,
effect on the Al content of Z-AlPMts.

The specific surface area of AIPMt (283.2 m?/g) was much larger
than that of Ca-Mt (65.6 m?/g) (Table 1), which was attributed to
the expansion of montmorillonite’s interlayer space by Al;3 cations
[17]. After modification of surfactant, the specific surface areas
of both C-AIPMts and Z-AIPMts dramatically decreased since the
interlayer space were blocked by loaded surfactant (Table 1).

The above characterization results indicated that the structure
of IOMts strongly depended on the types and doses of the surfac-
tants. For C-AIPMt, C16 could load on AIPMt by cation exchange
with pre-intercalated Alq3 cations. As a result, the basal spacing
and fo. of C-AIPMt increased with increasing C16 dose, but the
loaded amount of Aly3 cation decreased. In the case of Z-AIPMt,
The Aly3 cations cannot be replaced during the modification of Z16
and this prevents interlayer expansion. As a result, the maximum
loading of Z16 was less than that of C16 on AIPMt. Z16 might occupy
the pore space between the interlayer Aly3 pillars [19,28], and/or
the external surface of AIPMt.Because of the evident difference in
the structure of IOMts with different surfactants, their adsorption
capacities towards the three contaminants could be quite different.

3.2. Single contaminant adsorption

According to the adsorption isotherms of phenol on IOMts,
the adsorption capacities of IOMts toward phenol decreased
with decrease in fyc, in the order: Cqo-AlPMt>Z; o-AIPMt> Cg4-
AIPMt > Zy 4-AIPMt (Fig. 3a). The adsorption isotherms of phenol
were fitted by linear equation (Eq. (1)).

e=Kq4Ce (1)

where the Q. and C, are the amount of solute adsorbed by adsor-
bent at equilibrium, Ky is the adsorption coefficient. The R? values
showed that the linear equation is good fit for adsorption isotherm
data(Table 2). The adsorption coefficient K4, which was determined
by the ratio of adsorbent bound solutes to mobile portion in solu-
tion [21], was often used to characterize the adsorption capacity
of surfactant-modified minerals toward organic compounds. The
calculated Ky value of Z; o-AlPMt was slightly larger than that of
Co4-AIPMt and Zg 4-AlPMt, but much smaller than that of C; -
AIPMt (Table 2).

Phenol is weakly acidic and its pKa is 9.95 in aqueous solution.
The initial pH of adsorption test in present study was 5 and the
values of equilibrium pH were below 6. Therefore, phenol
molecules almost existed as non-ionic organic compounds (NOCs)
in the pH range used for the adsorption tests. The adsorption of
NOCs on surfactant-modified adsorbents has been considered as a
partition process that is the NOCs are partitioned into the surfactant
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Fig. 3. Adsorption isotherms of phenol (a), phosphate (b), and Cd(II) (c) on IOMts in
the single adsorption system.

alkyl chain formed organic phases [21]. Therefore, the organic car-
bon contents normalized adsorption coefficient (Koc =Kq/foc) has
been suggested to be a more appropriate parameter for evalu-
ating the adsorption efficiency of surfactant modified adsorbents
[21]. The Ko value of Zg 4-AIPMt was comparable with that of Z; -
AIPMt (Table 2), indicating they had similar adsorption capacities
toward phenol. The K, value of Cg 4-AIPMt was slightly larger than
that of Z-AIPMt (Table 2). C;o-AlPMt, however, had the largest
Koc value compared with other adsorbents, which implied that
the C16 formed a more effective organic phase toward phenol on
Cy.0-AlPMt.

In previous studies, the adsorption of phosphate on
hydroxylmetal-montmorillonite was mainly controlled by ligand
exchange between phosphate and hydroxyl group of hydroxyl-
metal [13,14,21,29,30]. Thus, the adsorption capacity of AIPMt
strongly depended on the amount of loaded Al;3 cations. Moreover,
the exchangeable counter anions (Br—) on C-AIPMt also could con-
tribute to the adsorption of oxyanions [31,32], since cationic
surfactant could intercalate in AIPMt as molecules (ion pairs) via
van de Waals force between alkyl chains [18,19].
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Table 3
Langmuir and Freundlich equation parameters for the adsorption of phosphate (P)
on IOMts in single and multi-contaminant adsorption systems.

Langmuir model Freundlich model

Qm (mgfg) Ky (L/mg) R? I\ n R?
Co.4-AIPMt 8.40 0.055 0.966 1.84 3.44 0.990
Cq.0-AIPMt 11.89 0.118 0.992 5.05 5.77 0.998
Zo4-AIPMt 10.31 0.044 0.976 1.44 2.56 0.997
Z10-AIPMt 10.98 0.029 0.952 1.01 2.17 0.992
Co.4-AIPMt/m 10.07 0.158 0.986 3.89 4.85 0.992
Cy.0-AIPMt/m 12.13 0.181 0.990 5.47 6.11 0.998
Zo4-AlPMt/m 13.04 0.185 0.988 493 4.70 0.997
Z10-AlPMt/m 12.36 0.183 0.990 4.42 4.36 0.997

" The adsorption isotherms of phosphate on C-AlPMts and Z-AIPMts in the
multi-contaminant adsorption system (Co phenol =200 mg/L and Cycq =90 mg/L) were
denoted as C,,-AlPMt/m and Z,-AlIPMt/m, respectively. (n=the dose of surfactant).

Adsorption isotherms of phosphate on IOMts were compared in
Fig. 3b. In order to better understand the adsorption of phosphate
onIOMts, Langmuir (Eq. (2)) and Freundlich isotherm (Eq. (3)) mod-
els were used to quantitatively descript the adsorption isotherm of
phosphate (Table 3).

Ce 1 Ce

=€ _ 4+ -C 2

0. ~ KiGm  Om (2)
1

1gQe = ngF"'Enge (3)

where Qn is the maximum adsorption capacity, K is the Lang-
muir constant, and Kr and n are the constants of the Freundlich
adsorption isotherm. As indicated by the R? values (Table 3), the
Freundlich model presented a better fit for phosphate adsorption
data than the Langmuir model in single adsorption system. The
Freundlich model is applicable to multilayer adsorption on hetero-
geneous surface [33]. The observer better fit of the experimental
data with freundlich isotherm can attribute to heterogeneous dis-
tribution of active sites on IOMts [33,34].

The adsorption capacities of IOMts toward phosphate increased
in the order: Cgg4-AIPMt<Z;o-AIPMt~ Zg4-AlPMt < Cq o-AlIPMt
(Fig. 3b). The adsorption capacities of [IOMts had no evident correla-
tion with their specific surface area values and Al contents at all. For
Z-AIPMts, the adsorptions of phosphate were mainly contributed
by the ligand exchange mechanism. The adsorption capacity of
Zo 4-AIPMt was slight higher than that of Z; o-AIPMt because more
intercalated Z16 might occupy more adsorption sites of phosphate
on Z1 o-AIPMt than that on Zg 4-AlPMt. Although Al contents of C-
AIPMt were much less than those of Z-AlPMts, their adsorption
capacities toward phosphate were comparable with (Cy 4-AIPMt) or
much higher (C; o-AlIPMt) than those of Z-AlPMts. Evident releases
of Br ions from C-AIPMts were accompanied with the adsorption of
phosphate on C-AlPMts (Fig. 4). The amount of released Brions from
C10-AlIPMt increased with increasing amount of adsorbed phos-
phate, but the amount of released Br ions from Cp4-AIPMt was
almost constant with increase in the adsorbed phosphate (Fig. 4).
This finding suggests the adsorptions of phosphate on C-AIPMts
were corresponded to both ligand exchange with hydroxyl group
and anion exchange with Br—, and the high adsorption of phosphate
on Cq o-AIPMt was primarily attributed by the large amount of Br~
ions on intercalated C16.

The adsorptions of Cd(Il) on IOMts were extremely low in
the single contaminant adsorption system (Fig. 3c). Montmoril-
lonite is able to efficiently adsorb heavy metal cations from water
through cation exchange [35]. The intercalation of Al;3 cations and
surfactant, however, resulted in the dramatic decrease of the
adsorption capacities toward Cd(II), since both surfactants and high
charged Al;3 (7 +) cations are not readily exchangeable in the inter-
layer space of IOMts. Binding with Alj3 cations in the interlayer
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Fig. 4. Released amount of Br~ from C-AIPMts with the adsorption of phosphate in
the single adsorption system.

space, the negatively charged groups of Z16 were not of benefit to
the adsorption of Cd(Il) on Z-AIPMt.

3.3. Multiple contaminant adsorptions

3.3.1. Adsorption of phenol in the multi-contaminant system

According to comparative adsorption (Fig. 5a) and adsorption
isotherms of phenol (Fig. 6a), the adsorption capacities of all IOMts
in the multi-contaminant adsorption system were comparable to
that in the single adsorption system. The K4 and Ko values of all
[IOMts were also similar to that in the single adsorption systems
(Table. 2). The adsorptions of phenol on IOMts were not influenced
by increasing the initial concentration of phosphate (Fig. 6b), and
neither did that by Cd(II) (Fig. 6¢). These findings indicated that the
adsorptions of phenol on IOMts were not affected by phosphate and
Cd(II), which may be due to the different adsorption sites for phenol
and other two inorganic contaminants. Phenol partitioned into the
organic phase of the interlayer space, which was formed by alkyl
chains of the surfactants. Whereas, the adsorptions of Phosphate
and Cd(II) were mainly determined by the intercalated Al;3 cations
and hydrophilic groups of surfactant on IOMts.

3.3.2. Adsorption of phosphate and Cd(1l) in the
multi-contaminant system

Different from the adsorption of phenol, the adsorptions of
phosphate and Cd(II) on IOMts were significantly enhanced in
the multi-contaminant system (Fig. 5b,c). The adsorptions of both
phosphate and Cd(II) were not affected by increasing of phenol
concentration (Fig. 7b, 8b), this is attributed to the different adsorp-
tion sites of phenol and other two inorganic contaminants. Thus,
the adsorption of phosphate and Cd(Il) in the multi-contaminant
system might be enhanced by synergistically adsorptions between
phosphate and Cd(II).

According to the equilibrium adsorption studies in multi-
contaminant system, the Langmuir adsorption capacities of [OMts
toward phosphate are higher than that in single system (Table 3).
Similar with the adsorption in single system, Freundlich model
describe phosphate adsorption on IOMts better than Langmuir
model (Table 3), suggesting the multilayer adsorption of phos-
phate on IOMts in multi-contaminant system. With the increase
in Cd(Il) concentration, the adsorptions of phosphate on IOMts
were evidently enhanced (Fig. 7c), especially for the adsorption
on Z-AlPMts and Cg 4-AIPMt. Although the adsorption capacities of
IOMts toward phosphate increased in the order: Co4-AIPMt < Cq o-
AIPMt < Z; o-AlIPMt <Zg 4-AIPMt (Fig. 7a), the enhancement of
adsorption capacities toward phosphate were increased in the
order: Cqo-AIPMt< Cy4-AIPMt<Z;o-AIPMt~ Zj4-AlIPMt (Fig. 5a),
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(Co,phenot =200 mg/L, Cop =80 mg/L, Coca =90 mg/L).

which is consistent with the order of Al{3 contents on IOMts. This
finding suggests that the additional adsorption sites for phosphate
provided by the adsorption of Cd(Il) might mainly exist on the
surface of Aly3 cations on IOMts.

For the adsorption of Cd(Il) on IOMts in the multi-contaminant
system, the equilibrium adsorption data were in good agreement
with the Langmuir isotherm (Table 4), indicating that the mono-
layer adsorption on surface with a finite number of identical sites
was the possible adsorption model for Cd(II) uptake. Compared
with single contaminant adsorption system, the Langmuir adsorp-
tion capacities of [OMt toward Cd(II) were significantly enhanced in
multi-contaminant system (Table 4). The enhancement is strongly
dependent on the initial concentration of phosphate (Fig. 8c), indi-
cating that the adsorption of phosphate provided a lot of additional
adsorption sites for Cd(II). Although the adsorption capacity of C; o-
AIPMt toward phosphate was higher than that of Cy4-AIPMt in
the multi-contaminant system, the adsorption of Cd(Il) on C; -
AIPMt was much lower than that on Cg4-AIPMt (Fig. 8a). The
adsorption capacities of [IOMts toward Cd(Il) increased in the order:
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Fig. 6. Multi-contaminant adsorption results of phenol on IOMts: (a) adsorption
isotherms of phenol on IOMts (Cop =80 mg/L, Cocq =90 mg/L); (b) the effect of ini-
tial concentration of phosphate on the adsorption capacities of phenol on IOMts
(Co,phenol =200 mg/L, Coca =90 mg/L); (c) the effect of initial concentration of Cd(II)
on the adsorption capacities of phenol on IOMts (Co ppeno = 200 mg/L, Cop =80 mg/L).

Table 4
Langmuir and Freundlich equation parameters for the adsorption of Cd(II) on IOMts
in single and multi-contaminant adsorption systems.

Langmuir model Freundlich model

Qn (mg/g) K (L/mg) R? K n R?
Coa-AlPMt 0.45 0.045 0563 008 285 0228
C1.0-AIPMt 0.43 0.013 0633 001 117 0628
Zo4-AIPMt 0.81 0.019 0795 008 264 0388
Z10-AIPMt 0.50 0.051 0659 021 532 0343
Cos-AIPMt/m’  14.10 0.045 0991 358 402 0927
Cio-AIPMt/m  10.12 0.010 0955 049 201 0.963
Zo4-AIPMt/m 1527 0.096 0998 610 573  0.963
Z10-AIPMt/m  14.14 0.085 0999 500 5045 0914

" The adsorption isotherms of phosphate on C-AIPMts and Z-AIPMts in the
multi-contaminant adsorption system (Co phenol =200 mg/L and Cop = 80 mg/L) were
denoted as C,-AIPMt/m and Z,-AIPMt/m, respectively. (n=the dose of surfactant).
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Table 5

Adsorption capacities of clay mineral-based materials for the phenol, phosphate and Cd(1I).
Adsorbents Adsorption capacity (mg/g) pH Concentration range (mg/L) References
Phenol
7Z16-Mt 9.90 5 175 [25]
C16-Mt 13.76 5 175 [25]
Bentonite 1.712 25-500 [40]
Amphoteric modified soil ~1.98 7.0-7.6 500 [41]
HMBP-montmorillonite 19.76 6 141.2 [42]
CTAB-Al;o-Bentonite 7.78 55 100 [20]
Co.4-AIPMt 6.33 5 200 This study
Cy0-AIPMt 16.93 5 200 This study
Zo4-AIPMt 6.33 5 200 This study
Z10-AlPMt 8.34 5 200 This study
Phosphate™
AIPMt-1.0 10.36 5 20-140 [16]
AIPMt-2.0 14.79 5 20-140 [16]
AIPMt-4.0 16.78 5 20-140 [16]
CTAB-Al;o-Bentonite 7.63 55 [20]
Al-Bent 12.7 3 25-60 [13]
Fe-Bent 11.2 3 25-60 [13]
Fe-Al-Bent 10.5 3 25-60 [13]
Co.4-AIPMt 10.07 5 20-140 This study
Cy0-AIPMt 12.13 5 20-140 This study
Zo4-AIPMt 13.04 5 20-140 This study
Z10-AIPMt 12.36 5 20-140 This study
cd(n)*
AIPMt-1.0 2217 5 30-240 [16]
AIPMt-2.0 22.88 5 30-240 [16]
AIPMt-4.0 23.09 5 30-240 [16]
Al13-PAAMLts 18.30 6.5 [11]
Fe-Mont 25.7 5 20-200 [12]
Co.4-AIPMt 14.10 5 30-210 This study
Cy0-AIPMt 10.12 5 30-210 This study
Zo4-AIPMt 15.27 5 30-210 This study
Z1.0-AIPMt 14.14 5 30-210 This study

" The phosphate and Cd(II) adsorption capacities are the Langmuir adsorption capacities.

C1.0-AIPMt < Cy 4-AlIPMt < Z1 o-AlPMt < Z( 4-AlPMt (Fig. 5c), consis-
tent with the Al contents of IOMts. These observations also suggest
that the additional adsorption sites provided by adsorbed phos-
phate mainly exist on the surface of Al;3 cations on IOMts, and
the phosphate adsorbed by anion exchange with Br— on Cy g-AIPMt
cannot provide the additional adsorption sites for the adsorp-
tion of Cd(II). Similar to the adsorption of phosphate on Z-AIPMt,
the adsorption capacity of Cd(II) on Z0.4-AIPMt was slight higher
than that on Z; o-AIPMt, indicating that the intercalated Z16 may
adversely affect the adsorption of phosphate and Cd(II) since their
Al contents were comparable.

Compared with the adsorption of phosphate, the adsorption
capacities of IOMts toward Cd(Il) were more dependent on the ini-
tial concentrations of phosphate and Al contents of IOMts in the
multi-contaminant adsorption system. In addition, the enhance-
ments of adsorption of Cd(Il) on IOMts were much larger than that
of phosphate (Fig. 5b and c). These finding suggests that Cd(II) did
not directly bind to the mineral surface but to the adsorbed phos-
phate that was bound directly to the surface of Al;3 cations on [OMts
in the multi-contaminant adsorption system.

The strong interaction among intercalated Aly3 cations,
adsorbed phosphate, and Cd(II) in the multi-contaminant system
indicated that the formation of P-bridged ternary surface complex
might be the possible mechanism for the synergistic adsorption
of phosphate and Cd(II) on IOMts. This means that phosphate
directly binds to Al-OH surface of interlayer Al;3 cations through
a ligand-exchange mechanism, bridging the Aly3 cation surface
and Cd(II) and forming a =Al-P-Cd ternary surface complex. Then,
the bound Cd may further adsorb phosphate, forming a =Al-P-
Cd-P complex. Zhu et al., [14] have reported a similar bonding
mode for the promoted co-adsorption of phosphate and Cd(Il) on
hydroxyliron-montmorillonite complex. Li et al., [36] also reported

the formation of ternary surface complexes for the adsorption of
Zn with glyphosate on aluminum oxide.

Because the adsorption mechanism of ternary adsorption sys-
tem might be affected by solution pH, physiochemical properties
of adsorbent and adsorption densities of contaminants [14,36-39],
the other possible adsorption models cannot be ruled out. The syn-
ergistic adsorption mechanism of phosphate and Cd(II) on IOMts
needs to be further studied by spectroscopic method and quantum
mechanical calculations [36,39].

Although some other clay mineral-based materials had been
used to remove phenol, phosphate, and Cd(II) from water (Table 5),
simultaneous adsorption behaviors of phenol, phosphate, and
Cd(II) on them was seldom reported. Compared to these reported
clay mineral-based adsorbents, IOMts as a low-cost adsorbent
shows comparable adsorption capacities toward all three contam-
inants in multi-contaminant adsorption system. Therefore, IOMt
could potentially be used as a novel adsorbent in the wastewater
treatment.

4. Conclusions

The structure characteristics of IOMts prepared by cationic and
zwitterionic surfactants modified AIPMt strongly depended on the
types and doses of surfactants. More C16 could be loaded on AIPMt
than Z16 when the dose increased, but the Aly3 contents of C-
AlIPMts were less than that of Z-AIPMt and AIPMt. In the single
adsorption system, all resulting IOMts could efficiently remove
phenol and phosphate from water, but not Cd(Il). The Cy o-AIPMt
showed the highest adsorption capacity toward phenol and phos-
phate. In the case of the multi-contaminant adsorption system,
because of the different adsorption sites on IOMts, the adsorp-
tions of phenol on IOMts were not affected by other two inorganic
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components; neither did that of two inorganic components by
phenol. The adsorptions of phosphate and Cd(II), however, were
significantly enhanced in the multi-contaminant system, especially
for the adsorption of Cd(Il). The enhancements in adsorption of
phosphate and Cd(Il) were affected by the Al;3 content of IOMts,
indicated that the synergistic adsorption sites were mainly on
the surface of Aly3 content. The formation of phosphate-bridged
ternary complex might be the possible adsorption mechanism for
phosphate and Cd(II) on IOMts in the multi-contaminant system.
Hence, the IOMts can efficiently remove NOCs, Cd(II) and phosphate
from water in one step, and might be used as novel adsorbents to
treat wastewater containing multi-contaminant.
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