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A B S T R A C T

Multifunctional adsorbents based on montmorillonite (Mt) have been of highly concerns due to their unique 2D
layer structures and impressive co-adsorption performances. To further enhance the support ability and re-
activity, a strategy was developed in this study to enable the co-existence of porous nanosilica (PNS) and hy-
drophobic interlayer spaces in Mt structure, and a novel multifunctional adsorbent (iron modified-acidified
organo-Mt, Fe-AOMt) was then synthesized, aiming to simultaneously remove hydrophobic contaminants,
oxyanion contaminants and heavy metals in water. The combination of XRD, FTIR and TEM verified the co-
existence of amorphous PNS and layered structure (containing intercalated surfactant) in the acidified organo-Mt
(AOMt), and results of STEM-EDX revealed uniform distribution of Fe after the further introduction of Fe hy-
droxides to AOMt. Additionally, pore structure analyses suggested that the acid activation can obviously increase
the pore volume and specific surface area of OMt. Batch adsorption experiments revealed that Fe-AOMt as a
promising multifunctional adsorbent was able to effectively and simultaneously remove nitrobenzene, phos-
phate, and Cd(II) in the multi-contaminant system. The synergetic adsorption of phosphate and Cd(II) on Fe-
AOMt suggested the formation of ternary surface complexes (≡Fe–P–Cd), while the pH-independent uptake of
nitrobenzene was hardly influenced by adsorption of phosphate and Cd(II), implying dissimilar adsorption
mechanisms. The co-adsorption mechanism on Fe-AOMt was further revealed via XPS. Our work provided a
novel and efficient Mt-based multifunctional adsorbent with a newly-proposed structure, which was a pre-
liminary exploration of diversifying locations and types of active sites in Mt structure.

1. Introduction

As a side effect of industrialization, hydrophobic organic con-
taminants (HOCs, e.g., nitrobenzene), oxyanion contaminants (e.g.,
phosphate) and heavy metal cations (e.g., cadmium(II)) emerge si-
multaneously in water environment (Zhu et al., 2009b; Shen and Chen,
2015; Liu et al., 2017). Since water quality must conform to stricter
regulations came up in recent years, more effective and economical
control of these co-existing contaminants in low concentrations is
pressingly needed. Adsorption has been considered as an effective
method for removing multiple contaminants in low concentrations from
water. However, an adsorbent with single functional group is often
effective towards the same type of contaminants, and shows

unsatisfactory performance in removing multiple contaminants
(Bhattacharyya and Gupta, 2008; Goh et al., 2008). Thus, multi-
functional adsorbents are drawing increasing attention nowadays and
composite adsorbents have been synthesized based on a variety of
precursors such as activated carbon, graphene, biochar, layered double
hydroxides (LDH), MoS2 and MXene (Huang et al., 2017; Li et al., 2018;
Tang et al., 2015; Dou et al., 2019; Lei et al., 2019; Rahmi et al., 2019).
However, the high cost of the starting materials, complexity and/or
production of hazards in synthesis may limit their utilizations. There-
fore, researches have been continued on inexpensive alternatives
having reasonable adsorption efficiencies (Duman et al., 2015a; Zhu
et al., 2016).

Montmorillonite (Mt) is a readily available clay mineral of
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considerable reserve. As a layered silicate of 2:1 type, Mt receives
growing attention owing to its natural nanostructure, i.e., a two-di-
mensional (2D) nanosheet-shaped layered structure featuring diverse
morphological advantages, such as high specific surface area, abundant
active sites and possession of interlayer space for hybridization with
different species (Low et al., 2014; Zhang et al., 2014). The interlayer
space of Mt is easily accessible due to the exchangeable cations con-
tained therein, which is resulted from the positive charge deficiency of
its layer (Bhattacharyya and Gupta, 2008). Because of its unique
structure, low cost, natural abundance, and environment friendliness,
Mt has been used as precursor to synthesize varied adsorbents, in-
cluding the multifunctional adsorbents for removing multiple con-
taminants from water (Liu et al., 2016a, 2016b; Ma et al., 2016a,
2016b). For example, inorganic-organic Mt, a typical multifunctional
adsorbent, can be synthesized through intercalating both inorganic and
organic species into the interlayer spaces of Mt. The resulting materials
can adsorb both inorganic and organic contaminants simultaneously
(Ma and Zhu, 2006; Zhu et al., 2009b; Ma et al., 2016c). However, such
strategy to multi-functionalize Mt can limit the support ability and re-
activity of its interlayer spaces and therefore restricts its performance.
Firstly, active sites in the interlayer spaces may be insufficient when
shared by different intercalated agents. Secondly, inorganic species can
exert “lock effect” in the interlayer spaces, which will constrain the
intercalation of surfactants (Zhu et al., 2009a). Thus, to optimize the
multifunctional modification, new strategies are needed to expand the
spaces and active sites in Mt structure for enhancing the support ability
and reactivity.

Early studies revealed that acid activation is a facile way to modify
the silicate layers of clay minerals (Komadel and Madejová, 2013;
Komadel, 2016). By complete acid leaching of their octahedral (O)
sheets, the silicon–oxygen tetrahedral (T) layers, which lacks functional
groups on their surfaces (Bhattacharyya and Gupta, 2008), can trans-
form into amorphous porous nanosilica (PNS) products with consider-
able surface hydroxyl groups and enhanced pore structure (Wang et al.,
2016; Pentrák et al., 2018; Chen et al., 2019). Wang et al. (2012, 2013,
2016, 2019) have done a lot of works on the acidified clay minerals,
and proved the derived PNS to be an excellent precursor material,
which possesses considerable advantages such as the capacity of ef-
fectively anchoring and dispersing reactive nanoparticles. By simply
controlling the acidification conditions, products with PNS and original
interlayer spaces co-existing in different ratios can be acquired (Steudel
et al., 2009; Pentrák et al., 2018). Herein, we envision that if the sup-
port ability and reactivity of interlayer spaces can be retained along
with the creation of PNS (i.e., in the acidification process of Mt), the
obtained material would be endowed with enhanced performance.
However, the generation of PNS and the preservation of original in-
terlayer spaces is mutually exclusive, since the dissolution of O sheets
will result in loss of cation exchange capacity (CEC) of the interlayer
spaces. No study has been reported, to the best of our knowledge, to
create PNS and retain the interlayer spaces simultaneously and effec-
tively in Mt structure.

Hence, we developed a new strategy to multi-functionalize Mt and
synthesized a novel multifunctional adsorbent. The route of synthe-
sizing the adsorbent and its co-adsorptive ability was illustrated sche-
matically in Scheme 1. First, organo-Mt (OMt) was prepared by inter-
calating cetyltrimethylammonium cations (CTMA+) into Mt, which can
form partition media in the interlayer spaces for sorption of HOCs. OMt
was then acidified with concentrated nitric acid to produce acid-acti-
vated OMt (AOMt). Considering the hydrophobic interaction between
the long alkyl chains of CTMA+ (Madejová et al., 2009; Tomić et al.,
2012), most of CTMA+ were expected to be retained when the CEC was
reduced. Meanwhile, massive PNS was envisioned to be generated
during the acidification process, being effective in loading of metal
hydroxides. Finally, Fe hydroxides, which can provide the affinity to-
wards phosphate and heavy metals (Ma and Zhu, 2006; Zhu et al.,
2014b; Ma et al., 2016b), were introduced to AOMt. The resulting

material, denoted as Fe-AOMt, should be able to remove HOCs, oxya-
nion contaminants, and heavy metal cations simultaneously and effec-
tively from water. Thus, the structural characteristics of Fe-AOMt and
its co-adsorptive behaviors towards nitrobenzene, phosphate, and Cd
(II) were investigated.

2. Materials and methods

2.1. Chemicals

Mt with purity above 95% was obtained from Inner Mongolia,
China. The main chemical composition of Mt was investigated by X-ray
fluorescence (XRF), and the result was reported in Table S1. The CEC of
Mt was 114 mmol/100 g. Cetyltrimethylammonium bromide (CTMAB,
C16H33(CH3)3NBr), nitrobenzene (C6H5NO2) and sodium dihydrogen
phosphate (NaH2PO4) were purchased from Macklin. Cadmium nitrate
(Cd(NO3)2·4H2O) was purchased from Aladdin. Ferric nitrate (Fe
(NO3)3·9H2O) was purchased from Tianjin Damao Chemical Reagent
Factory, China. Sodium hydroxide (NaOH) and nitric acid (HNO3) were
purchased from Guangzhou Chemical Reagent Factory, China. All of the
reagents were of analytical grade and used as received.

2.2. Preparation of OMt, AOMt and Fe-AOMt

The Mt was used as the starting material and passed through a 200-
mesh sieve (0.074 mm). First, 0.057 mol/L CTMAB was added into
100 g/L Mt suspension to achieve 50% exchange of CEC of Mt The
mixture was stirred for 2 h at 60 °C and aged for another 2 h at 70 °C in
a water bath to yield OMt. OMt (25 g/L) was then activated in 6 mol/L
nitric acid for 3 h in a water bath at 80 °C to synthesize AOMt. The
resultant AOMt was filtrated, washed with deionized (DI) water and air-
dried.

To synthesize Fe-AOMt, 100 g/L AOMt was impregnated in 0.2 mol/
L Fe(NO3)3 solution for 2 h to achieve ~10% of Fe loading amount.
After the impregnation, pH of the suspension was adjusted to ~3.2 with
dropwise addition of 4 mol/L NaOH, when the precipitates of Fe hy-
droxides just formed. After being aged for 12 h, the suspension was
evaporated at 80 °C to produce Fe-AOMt. The solid was then washed
with DI water to remove the nitrate impurities and freeze-dried.

2.3. Batch adsorption experiments

The adsorption experiments were conducted in two systems: (1)
adsorption of a single contaminant, and (2) simultaneous adsorption of
the three contaminants. For system #1, adsorption of each single con-
taminant was measured using an initial concentration of 0–100 mg/L
for nitrobenzene, 0–35 mg/L for phosphate and 0–35 mg/L for Cd(II).
For system #2, the concentration of each contaminant was constant:
60 mg/L for nitrobenzene and 25 mg/L for phosphate and Cd(II). The
initial pH was adjusted to ~4.0 (± 0.05) using 0.1 mol/L HNO3 or
0.1 mol/L NaOH.

The effects of pH on the adsorption on Fe-AOMt were investigated
in both single- and multi-contaminant systems, in which the con-
centrations of contaminants were set at 60 mg/L for nitrobenzene,
25 mg/L for phosphate and Cd(II), and the initial solution pH was set in
the scope of 2.5–6.

0.02 g solid was mixed with 20 mL solution in a 50 mL poly-
propylene tubes to investigate the adsorption performances of Fe-
AOMt, AOMt and OMt. The tubes were shaken at 200 rpm for 24 h to
reach equilibrium, and then the concentration of each contaminant in
the suspension was determined after filtration. All experiments were
carried out in triple and the error bars were displayed in the figures.

2.4. Analysis and characterization techniques

X-ray powder diffraction (XRD) data was recorded using Bruker D8
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ADVANCE X-ray diffractometer with Cu/Ka radiation (40 kV, 40 mA) in
2θ range from 3° to 80°. The amount of CTMA+ in the solid was de-
termined by total organic carbon analysis (Vario EL Cube, Elemetar).
The release of Al3+, Mg2+, and Fe3+ after the acid activation of OMt
was analyzed by inductively coupled plasma atomic emission spectro-
metry (Varian VISTA PRO ICP-AES, Agilent, USA).

Micromeritics ASAP 2020 static volumetric analyzer was applied to
obtain nitrogen adsorption-desorption isotherms of the samples. The
samples were degassed under vacuum at 200 °C for 12 h prior to de-
termination. Multiple-point Brunauer-Emmett-Teller (BET) method was
used to calculate their specific surface area, and adsorption points in p/
p0 range from 0.05 to 0.20 were selected. The total pore volume (Vtotal)
was evaluated at p/p0 ≈ 0.99, and the pore size distribution analysis
was determined according to the model of Non-Local Density
Functional Theory (NLDFT).

The Fourier transform infrared (FTIR) spectra of the samples were
recorded on a Brucker Vertex-70 FTIR spectrometer. Each specimen for
FTIR detection was a translucent chip, which was prepared by pressing
the mixture of 0.9 mg sample powder and 80 mg KBr.

Analyses of high-resolution transmission electron microscopy
(HRTEM) and X-ray energy-dispersive spectroscopy on the mode of
scanning transmission electron microscopy mode (STEM-EDX) were
conducted in FEI Talos F200S HRTEM equipped with Super-X X-ray
spectroscopy operating at 200 kV.

X-ray photoelectron spectroscopy (XPS) patterns were detected by a
Thermo Scientific K-Alpha spectrometer equipped with Al Kα source
(1486.8 eV). The spectra were collected with pass energy of 30 eV and
analysis area of 400 μm2. The C1s peak at 284.8 eV was used as re-
ference to correct the charging effect. All data were fitted with smart
background correction. The samples were collected from “P” (25 mg/L
phosphate) and “Cd” system (25 mg/L Cd(II)), “NB + P” (60 mg/L
nitrobenzene and 25 mg/L phosphate) and “NB + Cd” (60 mg/L ni-
trobenzene and 25 mg/L Cd) system, and “NB + P + Cd” system
(60 mg/L nitrobenzene, 25 mg/L phosphate and 25 mg/L Cd(II)). All
specimens were freeze-dried before the detection.

The concentration of phosphate was measured with the mo-
lybdenum blue method (USEPA, 1983), for which UV–vis spectro-
photometer (UV2400, Shanghai Sunny Hengping Scientific Instrument
Co., Ltd., China) was applied. Atomic absorption spectrometry (ZA3000
AAS, HITACHI, Japan) was used to determine the concentration of Cd
(II). The concentration of nitrobenzene was detected by High Perfor-
mance Liquid Chromatography (Agilent 1260 Infinity LC) at

wavelength of 280 nm, and methanol-water mixture (70:30, v/v) was
used as the mobile phase with flow rate set at 1 mL/min.

3. Results and discussion

3.1. Structural characteristics of adsorbents

3.1.1. Co-existence of PNS and interlayer CTMA+

According to the XRD patterns presented in Fig. 1a, the basal spa-
cing of Mt was of 1.5 nm, indicating a typical 001 plane calcium Mt
(Bergaya and Lagaly, 2013). The d001 value of 1.7 nm for OMt sug-
gested that the intercalated CTMA+ was arranged in lateral-bilayer
structure, with a loading amount of ~50% of CEC (He et al., 2006; Zhu
et al., 2007). As revealed by the XRD pattern of AOMt, acid activation
can change the structure of OMt. Firstly, the decrease in the diffraction
intensity should be ascribed to the reduction of layer stacking and the
partial transformation of OMt to amorphous silica products (Pentrák
et al., 2018). Secondly, the broadened d001 suggested the presence of
heterogeneous basal spacings of AOMt. Because of the partial exchange
of Ca2+ by CTMA+, the interlayer spaces of OMt should still contain
Ca2+, which would be further replaced by protons, as well as by the
cations released from Mt layers (Al3+, Fe3+, and/or Mg2+) during the
acid activation process. Thus, the d001 of AOMt was distributed in a
wider range because of the heterogeneous distribution of the different
replaced cations (Breen et al., 1995; Komadel and Madejová, 2013;
Komadel, 2016). On the other hand, previous studies also convinced the
retaining of surfactant cations (e.g., CTMA+) in the interlayer spaces of
acidified organoclays (Komadel and Madejová, 2013). Indeed, the re-
sults of TOC analysis and the ICP-AES analysis of the supernatant col-
lected from the acidification of OMt also revealed that CTMA+ can be
well retained on AOMt (Fig. S1). The introduction of Fe species did not
alter the central position of d001 as well, but led to obvious drop of the
intensity of all diffractions, suggesting the further decrease of the rigid
layered structure of AOMt.

FTIR spectroscopy provided evidences about the change of surface
functional groups after the acid activation and introduction of Fe hy-
droxides, as revealed by the specific signals of bond vibrations (Fig. 1b).
The emerging bands of OMt at 2926 and 2854 cm−1 can be referred to
the stretching vibration of –CH2 on CTMA+, and that at 1477 cm−1 was
attributed to the bending vibration of –CH2. These bands showed con-
sistence in the patterns of AOMt and Fe-AOMt, indicating the pre-
servation of intercalated CTMA+ after acid activation and Fe

Scheme 1. The schematic illustration of the new strategy to multi-functionalize Mt, and the expected co-adsorption performance of the novel multi-functional
adsorbent, Fe-AOMt towards nitrobenzene, phosphate and Cd(II).
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introduction, which was further convinced by the results of the TOC
analysis (Fig. S1). Note that in previous studies on acidified organo-Mt,
relatively high loading amounts (> 1.0CEC) of surfactants were applied
(Madejová et al., 2009; Tomić et al., 2012); it is rarely reported that a
lower loading amount (0.5CEC, adopted in this work) can still achieve
the defensive ability. It is unexpected that the characteristic bands for
NO3

− vibration at 1384 cm−1 appeared in the pattern of AOMt and Fe-
AOMt, even after several times of washes. A possible reason is that as
the loss of negative layer charges proceeds during acid activation, extra
negative charges (i.e., NO3

−) would be needed to compensate the po-
sitive charges from CTMA+ and Fe hydroxides. Yuan et al. (2008) also
suggested that NO3

− could be the charge-compensating anions that co-
exists with the introduced Fe hydroxides within the interlayer spaces of
Mt The band at ~1035 cm−1 for the stretching vibration of SieO
showed no obvious change in the patterns of Mt and OMt, but that of
AOMt was clearly broadened by two emerging bands at ~1043 cm−1

and ~1110 cm−1. After the introduction of Fe hydroxides, the band
was located at ~1043 cm−1. In previous studies about acidification
process of Mt or surfactant-intercalated Mt, the shifts from
~1035 cm−1 to higher wavenumbers were attributed to the conversion
of SieO bond in tetrahedral sheets to that in amorphous silica products
(Breen et al., 1997; Pálková et al., 2003; Madejová et al., 2009; Tomić
et al., 2012). Similar shifts of other layered silicates under acid acti-
vation was also observed (Vicente Rodriguez et al., 1995; Wang et al.,
2016). Broadened bands or shoulders for SieO were also found in some
studies where moderate acidification conditions were applied
(Madejová et al., 1998; Pentrák et al., 2018). Thus, the acid activation
was preliminarily determined to be successfully conducted with
amorphous silica products generated and CTMA+ kept in AOMt si-
multaneously.

The morphologies of OMt, AOMt and Fe-AOMt layers were detected
by TEM (Fig. 2a-c). Lattice fringes was shown in Fig. 2a, implying the
high crystallization of OMt, which was also convinced by the XRD
pattern of OMt (Fig. 1a). Irregular morphologies were observed in
AOMt (Fig. 2b), which were corresponded to the amorphous PNS cre-
ated by acid activation. Similar morphologies were also observed in the
PNS derived from vermiculite, another 2:1 aluminosilicate clay mineral
(Wang et al., 2016). Moreover, some lattice fringes originated from
OMt layer could be observed to co-exist with the PNS in AOMt and Fe-
AOMt (Fig. 2a-c insets). Such morphological change was consistent
with the results of XRD and FTIR results, providing evidences of the

successful creation of both PNS and hydrophobic interlayer spaces via
our new strategy. However, it is not easy to discriminate the morpho-
logical characteristics between the loaded Fe hydroxides and PNS in Fe-
AOMt (Fig. 2c), since they were both weakly crystallized and may share
similar morphologies.

3.1.2. Loading of Fe hydroxides on Fe-AOMt
The element (Fe) mappings of the three materials provided by

STEM-EDX were displayed (Fig. 2d-f), and the element contents (Al, Si
and Fe) of the scanned areas were also offered in the attached tables.
According to the results, the Fe content of OMt was ~4% in weight (wt)
(Fig. 2d), which was almost corresponded to the XRF result of raw Mt
(Table S1) with the intercalation of CTMA+ considered, and attributed
to the Fe3+ in its octahedral sheets; that decreased to ~1%wt for AOMt
due to the loss of octahedral Fe3+ during the acid activation (Fig. 2e).
The distribution of Fe on Fe-AOMt (Fig. 2f) was as uniform as that of Si
and Al (Fig. S2), revealed effective support of Fe hydroxides. Ad-
ditionally, Fe-AOMt possessed a Fe content of ~12 wt% (Fig. 2e), which
almost tallied the adding amount of Fe (~10 wt%) during the process of
impregnation, suggesting the efficient utilization of the Fe precursor. In
addition, the atomic ratio of Al and Si in OMt was ~1:3.5 (Fig. 2d), and
dropped markedly to ~1:8 after the acid activation (Fig. 2e), implying
that protons preferred to attack AleO than SieO bonds in OMt and
caused the loss of Al3+ (Fig. S1b). Such mechanism was also implied by
previous studies on the acid activation of Mt (Tkáč et al., 1994;
Krupskaya et al., 2017; Pentrák et al., 2018).

3.1.3. Pore structures
Nitrogen adsorption-desorption isotherms and pore volume dis-

tribution of the samples were obtained (Fig. 3). Parameters of the total
pore volume (Vtotal) and BET specific surface area (SBET) were calcu-
lated (Table 1). All of the isotherms were of type IV with H3 hysteresis-
loop, revealing a typical slit pores model of mesoporous (pore
width = 2–50 nm) and macroporous (pore width > 50 nm) structures
for these samples (a), and the precipitous elevation in the isotherms at
low p/p0 refers to the contribution by micropores (pore width <
2 nm). Obviously, such elevation existed in the isotherm of Mt but
disappeared in that of OMt, indicating that the micropores in Mt were
almost completely blocked or filled by CTMA+ (He et al., 2006). In fact,
modification by CTMA+ caused overall shifting of pore volume from
micropores to macropores (Fig. 4b). On the other hand, the acid

Fig. 1. (a) XRD patterns and (b) FTIR spectra of Mt, OMt, AOMt and Fe-AOMt.
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activation totally enhanced the pore volume of mesopores (Fig. 3b), and
the SBET and Vtotal was arisen accordingly from 18.2 m2/g and
0.066 cm3/g for OMt to 91.4 m2/g and 0.201 cm3/g for AOMt, re-
spectively (Table 1). Such result was in good agreement with the pre-
sence of the PNS, as it was featured as a mesoporous nanosilica product
(Ishii et al., 2005; Okada et al., 2010; Wang et al., 2016). The SBET
further increased to 117.4 m2/g after the introduction of Fe hydroxides
(Table 1), which can be attributed to their large specific surface area
(Cornell and Schwertmann, 2003; Fu et al., 2018) (Fig. 3b).

According to above characterization results, the structural change
from OMt to AOMt, and further the resulting Fe-AOMt can be sum-
marized as follows. Hydrophobic interlayer spaces were preserved as
the intercalated CTMA+ showed strong defensive ability against the

acid attack. Nevertheless, octahedral sheets of OMt layers still suffered
from the acid activation with considerable loss of their structural ca-
tions. As a result, massive amorphous porous PNS was produced, co-

Fig. 2. TEM images of (a) OMt, (b) AOMt and (c) Fe-AOMt (insets: corresponding TEM images under higher magnification) and the corresponding STEM-EDX
mapping of Fe (d) in panel a, (e) in panel b and (f) in panel c. Attached sheets in (d) to (f) offered the element contents in atomic (At.%) and mass ratio (Wt%) on the
scanned area detected by STEM-EDX.

Fig. 3. (a) Nitrogen adsorption-desorption isotherms of Mt, OMt, AOMt and Fe-AOMt. (b) Pore size distribution of Mt, OMt, AOMt and Fe-AOMt calculated via the
model of Non-Local Density Functional Theory (NLDFT).

Table 1
BET specific surface area and total pore volume of Mt, OMt, AOMt and Fe-
AOMt.

Sample SBET (m2/g) Vtotal (cm3/g)

Mt 60.6 0.125
OMt 18.2 0.066
AOMt 91.4 0.201
Fe-AOMt 117.4 0.184
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existing with the preserved OMt layer. The PNS brought about total
enhancement of pore structure, and favored the uniform loading of Fe
hydroxides. Based on the preservation of hydrophobic interlayer spaces
and effective loading of Fe hydroxides, we anticipate a promising co-
adsorptive performance of Fe-AOMt towards HOCs, oxyanions con-
taminants and heavy metals.

3.2. Adsorptive performance

3.2.1. Adsorption isotherms of single contaminants
The adsorption isotherms of each single contaminants (i.e., ni-

trobenzene, phosphate, or Cd(II)) on OMt, AOMt and Fe-AOMt were
provided (Fig. 4). The adsorption quantity of nitrobenzene (Qe(NB)) on
OMt was almost linearly correlated with its equilibrium concentration
(Ce(NB)) in the solution, suggesting that partition effect should be the
predominant sorption mechanism. It was suggested that intercalated
surfactant cations with long alkyl chain such as CTMA+ can form nano-
sized hydrophobic media in the interlayer spaces of clay minerals,
which could effectively uptake HOCs through a partition process (Zhu
et al., 2009b, 2014a, 2016; Ma et al., 2016c); raw Mt usually showed
rather weak affinity towards HOCs because of its hydrophilic interlayer
spaces (Ma and Zhu, 2006; Zhu et al., 2009b, 2014a; Ma et al., 2016c).
The capacity of organoclays for partitioning the HOCs is often quanti-
fied by the slope of the isotherms (Qe/Ce), which is defined as partition
coefficient (Kd). According to Fig. 4a, Kd of the three materials was in
the following order: OMt (276.6 L/kg) > AOMt (236.8 L/kg) > Fe-
AOMt (228.9 L/kg), showing that AOMt and Fe-AOMt retained most of
the capacity of OMt towards nitrobenzene (AOMt retained 85.6% and
Fe-AOMt retained 82.8%). These results were basically in agreement
with the characterization results (XRD, FTIR, TEM and TOC analysis)
that the intercalated CTMA+ could keep most of its content during the
acidification process of OMt and introduction of Fe hydroxides. On the
other hand, the retaining of the capacity even after the introduction of
Fe hydroxides made little loss to the Kd (Fig. 4a) and CTMA+ content
(Fig. S1a), implying that most of the Fe hydroxides may be supported in
the external pores created by the acid activation rather than the in-
terlayer spaces.

Adsorption isotherms of these materials towards phosphate in
single-contaminant system were compared in Fig. 4b. In order to better
understand the adsorption, Langmuir and Freundlich models were ap-
plied to fit the adsorption isotherms, and the former fits them better
(Table S2); similar results were obtained for the surface adsorption onto
many other adsorbents (Duman et al., 2015b, 2016, 2019; Fu et al.,
2018; Ma et al., 2016c). The maximum adsorption capacity obtained
from the Langmuir model for the three materials was in the following
order: Fe-AOMt (~7.4 mg P/g) > AOMt (~2 mg P/g) ≈ OMt (~2 mg

P/g). The poor performance of OMt and AOMt suggested that the Si–OH
created in PNS in AOMt may not be able to adsorb phosphate. Some
researches implied that Si–OH might adsorb phosphate through the
hydrogen bonding, but no solid evidence was reported (Murashov and
Leszczynski, 1999; Sabah and Majdan, 2009). The enhanced capacity of
Fe-AOMt implied that there should be differences between the ad-
sorption behaviors of Fe–OH and Si–OH. Previous studies have men-
tioned that hydroxyl groups on the solid surface of Fe hydroxides (de-
noted as ≡Fe–OH) can adsorb phosphate through ligand exchange by
forming ≡Fe–P (Ma and Zhu, 2006; Zhu et al., 2014b; Liu et al., 2017).
Similar behaviors on aluminum (hydr)oxides were also reported
(Miyazaki et al., 1996; Kasama et al., 2004; Zhu et al., 2009b).

Different adsorption performances of these materials towards Cd(II)
were observed (Fig. 4c): OMt was able to adsorb Cd(II), similar to raw
Mt (Bhattacharyya and Gupta, 2008), while AOMt almost showed no
affinity. After introduction of Fe hydroxides, the adsorption capacity of
Cd(II) was recovered. Langmuir models fits the adsorption isotherms of
Cd(II) better (Table S2). The adsorption capacity of OMt
(Qmax ≈ 7.3 mg Cd(II)/g) can be attributed to the fact that some of its
CEC was still occupied by original exchangeable cations (e.g., Ca2+).
The dramatical weakening of AOMt towards Cd(II) was probably due to
the loss of available CEC and alteration of the surface charge. The re-
covery of the adsorption capacity of Fe-AOMt (Qmax ≈ 6.75 mg/g) may
be contributed by the surface hydroxyl groups on the introduced Fe
hydroxides (≡Fe–OH) could also release H+ and adsorb Cd(II) through
ligand exchange and form surface complexes (≡Fe–O–Cd) (Zhu et al.,
2014b; Liu et al., 2017).

3.2.2. Performance in the multi-contaminant system
The adsorption performance of OMt, AOMt, and Fe-AOMt in single-

and multiple-component system was compared where the initial con-
centration of each contaminant was constant (Fig. 5). The co-existence
of phosphate and Cd(II) hardly made disturbance on the removal of
nitrobenzene by all of the three adsorbents, due to the different ad-
sorption sites they were attracted and distinct mechanisms mentioned
in section 3.1.1. However, for the adsorption of phosphate and Cd(II),
the behavior of Fe-AOMt differed from AOMt and OMt in the multiple-
component system, as the synergetic effect between phosphate and Cd
(II) was only detected on Fe-AOMt; for Fe-AOMt, the adsorption capa-
city of phosphate increased from ~7.6 to ~11.3 mg/g and that for Cd
(II) rose from ~4.3 to ~9.0 mg/g. Similar trend was observed on other
adsorbents with exposure of Fe–OH (Zhu et al., 2014b; Liu et al., 2017),
even when some other oxyanions and cations were set as the adsorbates
(Gräfe and Sparks, 2005; Liu et al., 2016a, 2016b). The synergetic effect
will be further discussed in section 3.2.3 and 3.2.4 based on pH edge
experiment and XPS patterns.

Fig. 4. Single-contaminant adsorption isotherms of OMt, AOMt and Fe-AOMt vs nitrobenzene (a), phosphate (b) and Cd(II) (c). The attached sheet in (a) offered the
partition coefficient (Kd) of each adsorbent. The attached sheet in (a) offered the partition coefficient (Kd = Qe/Ce) of each material. The experiment condition:
temperature = 25 °C, pH = 4.00 ± 0.05, adsorbent dosage = 1 g/L.
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3.2.3. Effect of pH
To investigate how solution pH influence the performance of Fe-

AOMt, its effect on the removal of each contaminant in single- and
multi-contaminant systems was examined (Fig. 6). In both systems, the
performance towards nitrobenzene was stable in the given pH range,
while a prominent pH-dependence of phosphate and Cd(II) adsorption
on Fe-AOMt was observed.

Nitrobenzene can hardly ionize and therefore exists in form of
molecule in aqueous solution. Electrostatic interaction and surface
complexation, which are pH-dependent and usually need an ionic
structure of adsorbate, can therefore contributed little to its sorption.
The removal of nitrobenzene by OMt, AOMt and Fe-AOMt is based on
partition, which is dominated by the hydrophobic media formed by
intercalated surfactant as indicated in section 3.2.1 and some literatures
(Wang et al., 2010; Zhu et al., 2010; Zhu et al., 2015). Similar sorption
process involved other non-ionizable HOCs was also reported to be pH-
independent (Ma and Zhu, 2006).

The adsorption of phosphate in single- and multi-contaminant sys-
tems (Fig. 6b) was both negatively correlated with the equilibrium pH.
As pH increased in the single-phosphate system, the surface charge of
Fe-AOMt became less positive or more negative, which would weaken
the electrostatic interaction between phosphate and Fe-AOMt (Antelo
et al., 2010; Barthelemy et al., 2012). At the same time, increasing

concentration of OH– may enhance its competitiveness in the ligand
exchange and therefore reduce the adsorption of phosphate (Dimirkou
et al., 2009). Due to the synergetic effect, the removal of phosphate in
the multi-contaminant system was enhanced in the detected pH range,
compared to that in the single-phosphate system. The co-adsorption of
Cd(II) also partly relieved the negative pH effect on phosphate, since
the adsorption of Cd(II) was enhanced in increasing pH (Fig. 6c) and
would then contribute to the adsorption of phosphate.

The effect of pH on Cd(II) in both systems was an inversion of that
on phosphate: the increase of pH strongly favored the removal of Cd(II)
(Fig. 6c). Such benefit can be ascribed to the change of electrostatic
force and reduced competitiveness of H+. In the multi-contaminant
system, the adsorption of Cd(II) at different pH was also promoted due
to the synergetic effect.

3.2.4. XPS evidence of (co-)adsorption mechanism
XPS have proven a useful tool to investigate the chemical environ-

ment and composition of surface elements (Zhu et al., 2014b; Ma et al.,
2015; Liu et al., 2016a, 2016b; Chen et al., 2018). High-resolution XPS
patterns of Fe-AOMt after adsorption in single- (containing phosphate /
Cd(II)), binary- (containing nitrobenzene and phosphate / Cd(II)) and
multi-contaminant systems (containing nitrobenzene, phosphate and
Cd(II)) were obtained to investigate its adsorption mechanism (Fig. 7).
The single peak in the range of binding energy from 126 to 143 eV is
attributed to the P 2p of adsorbed phosphate on Fe-AOMt in each
system (Fig. 7a). The P 2p peak in the “P” system (133.63 eV) did not
obviously shifted in “NB + P” (133.63 eV) and “NB + P + Cd” system
(133.68 eV), implying similar chemical environments for phosphorus in
each system (Fig. 7a). This result suggests that phosphate was preferred
than Cd(II) on the surface of Fe-AOMt and tend to dominate surface
hydroxyl groups, forming P-bridged ternary surface complexes
(≡Fe–P–Cd), as also indicated in other literatures (Zhu et al., 2014b;
Ma et al., 2015).

The peaks in the range 394–418 eV should belong to Cd 3d and N
1 s, while some unexpected overlap may occur (Fig. 7b). The peaks at
~400.0 eV and ~402.9 eV in the three systems can be attributed to the
nitrogen in CTMA+ adsorbed in Fe-AOMt via two different mechan-
isms, respectively (Naranjo et al., 2013). The peaks at 406.16 eV,
406.15 eV and 405.89 eV in “Cd”, “NB + Cd” and “NB + P + Cd”
system respectively should be considered as a combination of Cd 3d3/2
from adsorbed Cd(II) and N 1 s from NO3

− (indicated by FTIR patterns
in Fig. 1b) and sorbed nitrobenzene (Kishi et al., 1979). It is therefore
hard to discriminate the environment of adsorbed Cd(II) in different
systems from Cd 3d3/2 peaks.

The peaks at 413.20 eV, 413.23 eV and 412.76 eV in “Cd”,
“NB + Cd” and “NB + P + Cd” system are attributed to the Cd 3d5/2,

Fig. 5. Comparative adsorption of nitrobenzene, phosphate and Cd(II) on OMt,
AOMt and Fe-AOMt in single- and multi-contaminant adsorption system. The
performances in the multi-contaminant system are discriminated with dash
lines on columns. The experiment condition: temperature = 25 °C,
pH = 4.00 ± 0.05, adsorbent dosage = 1 g/L, initial concentration
C0(NB) = 60 mg/L and C0(P) = C0(Cd) = 25 mg/L.

Fig. 6. pH effect on the adsorption of nitrobenzene (a), phosphate (b) and Cd(II) (c) on Fe-AOMt in single- and multi-contaminant system. The experiment condition:
temperature = 25 °C, adsorbent dosage = 1 g/L, initial concentration C0(NB) = 60 mg/L and C0(P) = C0(Cd) = 25 mg/L. Note that equilibrium pH, i.e., the pH at
adsorption equilibrium, was set as the variable to better correspond to Qe (adsorption quantity at the equilibrium).
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which should not be interfered by any signal from N 1 s. As our previous
work reported, the Cd 3d binding energy of adsorbed Cd(II) directly
bonded to the solid surface should be much larger than that bonded
with the adsorbed phosphate (Zhu et al., 2014b; Ma et al., 2015). These
peaks revealed consistency with the previous work, that the Cd 3d5/2 of
adsorbed Cd(II) in “NB + P + Cd” system (412.76 eV) was much lower
than that in “Cd” and “NB + Cd” system, indicating obviously different
environments of adsorbed Cd(II) in system containing phosphate and
free of phosphate. Thus, one would expect that in the multi-con-
taminant system, Cd(II) was adsorbed by bonding to the adsorbed
phosphate on Fe-AOMt (≡Fe–P–Cd) rather than directly to its surface
(≡Fe–Cd).

As previous studies indicated, the synergetic effect between phos-
phate and Cd(II) on Fe hydroxides was mainly attributed to the for-
mation of P-bridged ternary surface complexes (≡Fe–P–Cd); the
bonded Cd could further adsorb phosphate, forming ≡Fe–P–Cd–P
complexes (Zhu et al., 2014b; Liu et al., 2017). Formation of such
complexes can provide additional adsorption sites for both phosphate
and Cd(II). The formation of ternary surface complexes on Al–OH in
multi-contaminant system was also reported (Li et al., 2013; Ma et al.,
2016c). However, such synergetic effect was not observed on OMt and
AOMt, because the affinity of OMt and AOMt towards phosphate was
too weak to form stable chemical bond (mentioned in section 3.1.1), and
therefore the P-bridge surface complexes could hardly form. On the
other hand, our previous work has proposed that Cd-bridged surface
complexes could also form in some cases (Liu et al., 2017). Although
OMt showed some affinity towards Cd(II) in both system (Fig. 5), the
absence of the synergetic effect suggested that neither P- or Cd-bridged
surface complexes could form in this case, where Cd(II) was adsorbed
through the cation exchange (as mentioned in section 3.2.1). It was
reported that cation exchange could be even inhibited when co-existing
phosphate appeared in relatively heavy concentration (e.g., up to
480 mg/L) due to the formation of anionic complexes in bulk solution
(e.g., [Cu(HPO4)2]2− for Cu2+ and phosphate) (Inglezakis et al., 2003).
Additionally, the poor performance of AOMt on phosphate and Cd(II) in
the multiple-component system suggested again that surface Si–OH in
the PNS possessed different adsorption behaviors from that of Fe–OH
and Al–OH.

It was verified from the adsorption performance and detection by
XPS that Mt was multi-functionalized successfully via our new strategy.
Although some other clay mineral-based adsorbent has been synthe-
sized to remove nitrobenzene, phosphate and Cd(II) from water
(Table 2), simultaneous removal of these contaminants was seldom
reported. On the other hand, the performance of Fe-AOMt in multi-
contaminant system was even comparable with these clay mineral-

based adsorbents, with respect to the removal of each single con-
taminant. Thus, Fe-AOMt was proved to be a novel and promising
multifunctional adsorbent in wastewater treatment. Its performance
was a good reflection of its structural composition, i.e., the uniformed
distributed Fe hydroxides and the co-existing interlayer organic parti-
tion media. Moreover, the improved capacity was also contributed by
the enhanced pore structure and specific surface area, which was con-
sidered to benefit the adsorption on nano-sized adsorbents in solutions
(Khajeh et al., 2013).

4. Conclusion

A novel strategy to multi-functionalize Mt was developed and a new
multifunctional adsorbent (Fe-AOMt) was then synthesized success-
fully. AOMt possessed PNS in its structure, featuring enhanced func-
tional groups and pore structure, while most of the intercalated CTMA+

could be preserved during the acidification. The introduced Fe hydro-
xides were able to be dispersed uniformly on AOMt. Accordingly, Fe-
AOMt has proven effective on the simultaneous removal of ni-
trobenzene, phosphate and Cd(II). The synergetic effect between
phosphate and Cd(II) on Fe-AOMt suggested the formation of ternary
surface complexes (≡Fe–P–Cd), while the pH-independent uptake of
nitrobenzene was hardly influenced by adsorption of phosphate and Cd
(II), implying that the HOC and inorganic contaminants were adsorbed
on different adsorptive sites with dissimilar mechanisms. Finally, XPS
verified the formation of ternary surface complexes (≡Fe–P–Cd) in co-
adsorption of phosphate and Cd(II) on Fe-AOMt. This work provided a
new strategy to synthesize Mt-based multifunctional adsorbent, which
was able to deal with HOCs, oxyanion contaminants and heavy metals
simultaneously and effectively. In addition, the proposed new structure,
where PNS and hydrophobic interlayer spaces co-exist, could offer clues
to diversifying locations and types of active sites in materials based on
layered clay minerals.
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Adsorption capacity of clay-mineral based materials for nitrobenzene, phosphate and Cd(II). The hyphen “-” means that the data is not indicated in literature.

Adsorbents Adsorption capacity (mg/g) pH Concentration range (mg/L) References

nitrobenzene
CTMA-Bent 6.0 5.5 60 (Zhu and Zhu, 2007)
CTMA-Al10-Bent 4.8 5.5 60 (Zhu and Zhu, 2007)
SB16–2.0 ~8.4 7 ~150 (Zhu et al., 2015)
T-23TMA-Mt ~10.5 – ~60 (Zhu et al., 2014a, 2014b, 2014c)
Fe-AOMt 10.15 4 60 This study

phosphate
AlPMt-1.0 10.36 5 20–140 (Ma et al., 2015)
CTAB-Al10-Bent 7.63 5.5 0–20 (Zhu and Zhu, 2007)
Fe-Bent 11.2 3 25–60 (Yan et al., 2010)
C0.4-AlPMt 10.07 5 20–140 (Ma et al., 2016c)
S10-Fe-B 9.82 ~2.5 0–12 (Ma and Zhu, 2006)
Fe-AOMt 11.32 4 0–35 This study

Cd(II)
AlPMt-1.0 22.17 5 30–240 (Ma et al., 2015)
Fe-Mont 25.7 5 20–200 (Wu et al., 2009)
Al13-PAAMts 18.30 6.5 ~500 (Yan et al., 2008)
C0.4-AlPMt 14.10 5 30–210 (Ma et al., 2015)
C1.0-AlPMt 10.12 5 30–210 (Ma et al., 2015)
Fe-AOMt 9.03 4 0–35 This study
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