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Abstract
Stearyl trimethyl ammonium chloride (STAC) and ethylenediamine (En) were successfully implanted into montmo-
rillonite (MMt) interlayer to fabricate the novel adsorbent STAC-En-MMt for the simultaneous adsorption of Cu2+,
Zn2+, and p-nitrophenol (PNP). X-ray diffraction, Fourier transform infrared spectroscopy, scanning electron micros-
copy, elemental analyzer, zeta potential analyzer, inductively coupled plasma mass spectrometry, and UV–visible
spectrophotometer were used to investigate the microstructure characteristics of STAC-En-MMt and their adsorption
capacity of target contaminants. Four factors such as pH, the molar ratio between En and STAC (REn/STAC), the
adsorption time (ATime), and the adsorption temperature (ATemp) were selected to investigate the adsorption capacities
of Cu2+, Zn2+, and PNP onto STAC-En-MMt in ternary solution. The results indicated that the total simultaneous
adsorption of Cu2+, Zn2+, and PNP onto STAC-En-MMt adsorbent with REn/STAC = 0.75 reached up to 260.27 mmol·
kg−1 under the condition of pH = 6, ATemp = 40 °C, and ATime = 60 min. After three regenerations, there was still a
good performance in the adsorption of STAC-En-MMt. The Langmuir adsorption isotherm indicated that the adsorp-
tion of heavy metals and PNP onto adsorbents were single-layer surface adsorption. Nonlinear adsorption kinetics
simulation indicated that chemical adsorption occupied a predominant position in Cu2+ and Zn2+ adsorption, while
PNP adsorption depended on physical adsorption. Compared with Zn2+, Cu2+ had higher affinity for the adsorption
sites on STAC-En-MMt. However, the pore blocking caused by the Cu2+ and Zn2+ adsorption had a remarkably
adverse effect on PNP adsorption.
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Introduction

Environmental pollution is a serious challenge to the sus-
tainable economic development in the world, especially
industrial sewage discharge. For a long time, water pollu-
tion control engineering research mostly focuses on the
treatment of single organic contaminants or heavy metals,
but in the actual water environment, organic contaminants
and heavy metals are not completely separated, but

coexist in the same pollution source or environment. For
example, printing and dyeing wastewater is a typical in-
dustrial wastewater with combined pollution of refractory
organic matter and heavy metal ions. Untreated printing
and dyeing wastewater contains not only a large number
of toxic dyes, but also Cu2+, Zn2+, and other heavy metal
elements (Wang et al. 2008; Ying and Liu 2014). There
are also various types of contaminants in refinery waste-
water: heavy metals such as zinc and chromium, polycy-
clic aromatic hydrocarbons, ammonium salts, sulfides, cy-
anides, phenols (Hamidian et al. 2014; Li et al. 2015).
Therefore, how to simultaneously remove organic matter
and heavy metals from wastewater economically and ef-
fectively has become an important issue in the field of
environmental protection in recent years. Among sewage
treatment technologies, adsorption is considered as the
most convenient method for the removal of heavy metal
ions and organic contaminants due to low cost
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implementation and high removal efficiency (Ennigrou
et al. 2014; Hua et al. 2012; Jin et al. 2017; Zhang et al.
2018b).

Mineral adsorbents have become an alternative of activated
carbon and have been applied to sewage treatment
(Awadallah-F and Naguib 2017; Dashairya et al. 2018;
Nicolás et al. 2016; Wang et al. 2017; Yu et al. 2018). As a
kind of clay minerals, montmorillonite (MMt) has advantage
in the changeable layer spacing, domain charge, and medium
environment (Pawar et al. 2016; Zhang et al. 2018a). Through
single organic modification, the natural interlayer hydrophilic
environment of MMt was converted to hydrophobic environ-
ment, which provides a convenient condition for organic con-
taminants adsorption. Meanwhile, the intercalation of organic
modifier can enhance the adsorption capacity of heavy metal
ions like Pb2+ and Cr3+ due to their coordination complex
reaction (Hu et al. 2016; Wang et al. 2011; Zhu et al. 2016).
However, the hydrophobic interlayer environment has a neg-
ative impact on the adsorption of heavy metals onto MMt.
Moreover, this intercalation has an adverse effect on the ad-
sorption capacity of organic contaminants due to their high
stacking density of organic modifier in MMt interlayer
(Zhou et al. 2015).

The complex modification technologies provide an ef-
fective method to avoid the reduction in the adsorption
capacity of heavy metal ions onto MMt by single organic
modification. When MnO and polymethylene diallyl am-
monium chloride were continuously intercalated into
MMt interlayer, there was a positive effect on As adsorp-
tion due to the increase in specific surface area and pore
volume of the complex–modification MMt (Hua 2015).
When Fe polycations and cetyltrimethylammonium bro-
mide (CTMAB) were adopted to prepare the modified
MMt, it was found that CTMAB was intercalated into
MMt interlayer while Fe polycations was attached to
MMt surface, which exhibited better adsorption for heavy
metal cations (Ren et al. 2014). Actually, the surface elec-
tronegativity of nature MMt is a barrier to the effective
adsorption of anionic contaminants. If heavy metal cations
and anionic organic contaminants exist in sewage, it is
necessary to find a new synthetic method of modified
MMt to achieve efficient adsorption.

Stearyl trimethyl ammonium chloride (STAC) can create a
hydrophobic environment in MMt interlayer for the adsorp-
tion of organics. Ethylenediamine (En) can improve the ad-
sorption of organic contaminants onto MMt by introducing
carboxyl, amino, and chlorine functional groups (Dong et al.
2010; Zhu et al. 2010). In our study, both STAC and En were
adopted to fabricate the organic synthetic adsorbent STAC-
En-MMt for the simultaneous adsorption of Cu2+, Zn2+, and
p-nitrophenol (PNP), revealing the adsorption behavior of in-
organic and organic contaminants and their competitive ad-
sorption mechanism.

Materials and methods

Materials

Nature Na-MMt (CEC = 0.95 mol⋅kg−1) powder was pur-
chased from Gongyi, Henan province, China. Experimental
reagents like STAC, En, HCl, NaOH, anhydrous ethanol, the
standard solution of Cu(NO3)2, Zn(NO3)2, and PNP were pur-
chased from Sinopharm Chemical Reagent Co., Ltd.
(Shenyang city, China). Deionized water was used in test so-
lution preparation and container cleaning.

Preparation of organic-modified MMt

Five grams of purified Na-MMt powder was dispersed in
200 mL deionized water, which was placed in a 400-mL
three-mouth flask. Then, 2 g STAC was added into this sus-
pension to prepare the organic-modified MMt (STAC-MMt)
by ultrasonic stirring for 20 min, then continuous mechanical
stirring at 250 r/min for 120 min. In the preparation process of
organic-modified MMt, the modifier En was introduced to
change the mole ratios of En and STAC (REn/STAC) in order
to produce STAC-En-MMt samples. The vacuum filtration
was adopted to obtain the filter cake, which was washed with
anhydrous ethanol and deionized water for three times, re-
spectively. Through drying at 90 °C in air circulation oven
for 24 h, the prepared organic-modified MMt samples were
cooled at room temperature and then were crushed into pow-
der for adsorption experiments.

Characterization

Inductively coupled plasma mass spectrometry (Optima-
PE8300, PE, USA) was adopted to measure Cu2+ and Zn2+

concentration, while UV–visible spectrophotometer (UNIC-
uv-2100, Shanghai) was introduced to determine PNP con-
centration by the absorbance value at wavelength of 317 nm.
The specific surface area, pore size, and pore volume of the
experimental samples were confirmed by the fully automated
physical adsorpt ion instrument (Autosorb iQ-C,
Quantachrome Instruments, USA). Mineral composition anal-
ysis was carried out at X-ray diffractometer (7000S,
Shimadzu, Japan) at the scanning speed 2°/min and in the
scanning range between 2 and 60o. The change in the func-
tional groups of testing samples was analyzed by the infrared
spectrometer (Nicolet iN10 MX and iS10, Thermo Fisher,
USA) at spectrum of 600–4000 cm−1. The scanning electron
microscopy (FEI-Nova NanoSEM 450, USA) was adopted to
observe the changes in microstructure of experimental sam-
ples. The changes in elemental composition and potential of
testing samples were analyzed by Elemental Analyzer (Vario
EL cube, Ellimonta, Germany) and Zeta Potential Analyzer
(Zetasizer Nano ZS, Malvern, British).
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Adsorption experiments and modeling

Adsorption experiments

Half gram of experimental powder of prepared organic-
modified MMt was placed in a conical flask containing
20 mL solution prepared by Cu2+, Zn2+, and PNP (100 mg/
L). Adsorption experiments were performed by batch tech-
nique in a temperature-controlled shaker to investigate the
effect of pH (2, 3, 4, 5, 6), REn/STAC (0.25, 0.5, 0.75, 1.00,
1.25), the adsorption time (ATime = 30, 60, 90, 120, 150 min),
and adsorption temperature (ATemp = 20, 30, 40, 50, 60 °C) on
the co-adsorption behavior of Cu2+, Zn2+, and PNP.

The adsorption capacity (Q) of three contaminants were
calculated using the following equations:

Q ¼ Co−Ceð ÞV
M ∙m

ð1Þ

where Q is the amount of adsorbate (Cu2+, Zn2+, and PNP)
adsorbed on the adsorbent at equilibrium (mmol/kg), Co and
Ce are the initial and equilibrium concentrations of adsorbate
(g/L), V is the volume of the aqueous solution containing
Cu2+, Zn2+, and PNP (L), M is the molar mass of adsorbent
(kg/mol),m is the weight of adsorbent used in the experiments
(kg).

Adsorption isotherms

The Langmuir and Freundlich adsorption isotherms were
adopted to predict the saturated adsorption capacity of the
adsorbent under best adsorption conditions, as described in
Eqs. (2) and (3)

qe ¼
qmaxKLCe

1þ KLCe
ð2Þ

qe ¼ KFCe
1
n ð3Þ

where Ce (mg/L) and qe (mmol/kg) are the concentrations of
target contaminants in the solution after equilibrium and the
amount of target contaminants onto adsorbent, respectively.
KL (L/mg) is the Langmuir adsorption constant, and KF (mg/
g) is the Freundlich adsorption constant. qmax (mmol/kg) is the
saturated adsorption capacity.

Adsorption kinetics

Pseudo-first-order (4), pseudo-second order (5), and particle
internal diffusion model (6) were adopted to investigate the
adsorption behavior of target contaminants onto organic-
modifiedMMt in adsorption process. The specific expressions
are as follows:

qt ¼ qe 1−exp −k1tð Þ½ � ð4Þ

qt ¼
q2ek2t

1þ k2qet
ð5Þ

qt ¼ Kp t
1
2

� �
þ C ð6Þ

qe and qt (mmol/kg) are the adsorption quantities of target
contaminants at equilibrium, and in any contact time, respec-
tively. k1 and k2 are the equilibrium rate constants of two
kinetic models, respectively. Kp is the internal diffusion rate
constant, while C is the y-intercept at some stage.

Results and discussions

Structural characterization

XRD analysis

Layer spacing is the most important structural information in
the internal structure characteristics of modifiedMMt, and it is
also an important parameter to judge the effect of modification
on their adsorption capacities. According to the famous
Bragg’s law, the distance between layers can be calculated
by its diffraction peak. The XRD analysis (Fig. 1) indicated
that nature MMt just had a weaker diffraction peak at 2θ =
8.6° with a distance of 0.955 nm. However, when STAC and
En was introduced into MMt interlayer, a strong diffraction
peak appeared in STAC-MMt and STAC-En-MMt, and their
interlayer spacing increased to 2.068 nm and 2.117 nm,
respectively.

BET analysis

N2 adsorption–desorption curve distributions of MMt before
and after organic modification (Fig. 2) indicated that MMt,
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Fig. 1 XRD patterns of MMt and organic-modified MMt
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STAC-MMt, and STAC-En-MMt belong to the typical type
IV isotherm, while there are H3 hysteresis loops, indicating
that all three materials have mesopore structure (Long et al.
2013). In the preparation process of STAC-MMt and STAC-
En-MMt, there was a remarkable reduction in the specific
surface area from 49.31 m2/g of nature MMt to 17.54 m2/g
and 15.47 m2/g, respectively (Table 1). The pore volume and
pore size of STAC-MMt reduced from 0.314 cm3/g and
17.011 nm of nature MMt to 0.168 cm3/g and 14.652 nm,
respectively. This phenomenon indicated that STAC entered
into MMt interlayer, and partial STAC caused the pores
blocked. When En was implanted into the interlayer of
STAC-MMt, some of STAC macromolecules were replaced
by En, which slowed down the blocking effect of pores.
Therefore, there was a slight improvement in the pore volume
and pore size of STAC-En-MMt.

Elemental analysis

Elemental analysis indicated that there was trace amount of
carbon (C) in nature MMt though the nitrogen was nil
(Table 2). When STAC (C21H46ClN) and En (C2H8N2) were
intercalated into MMt interlayer, there would absolutely be a
significant change in the content of N and C. Table 2 showed
that the N and C contents of STAC-MMt were about 2.15 wt%

and 26.14 wt%, respectively. When En was implanted into
STAC-MMt, STAC-En-MMt had an increase in N and C con-
ten ts due to the subs t i tu t ion reac t ion of STAC
macromolecules.

FTIR analysis

FTIR analysis (Fig. 3) indicated that the functional group of
STAC-MMt and STAC-En-MMt undergone a dramatic
change. There was an increase in the CH symmetric stretching
vibration absorption peak at the wave number of 2853 cm−1.
Meanwhile, another peak appeared at 2917 cm−1 attributed to
the − CH2 antisymmetric stretching vibration. The OH
stretching absorption peak at the wave number of 3444 cm−1

was reduced significantly due to the exchange of quaternary
ammonium cations with interlaminar water molecules (Long
et al. 2013). The analysis of STAC-En-MMt after adsorption
confirmed that the intensity of the OH stretching vibration
peak at wavenumber of 3444 cm−1 was further weakened,
and a new absorption peak appeared at 1382 cm−1, indicating
that the adsorbed Cu2+ and Zn2+ combined with En in MMt
interlayer to form a stable complex (Yu et al. 2010).

Table 1 BET analysis of MMt, STAC-MMt, and STAC-En-MMt

Parameter Three adsorbents

MMt STAC-MMt STAC-En-MMt

BET surface area (m2/g) 49.31 17.54 15.47

Pore volume (cm3/g) 0.314 0.168 0.202

Pore size (nm) 17.011 14.652 15.503
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Fig. 2 N2 adsorption–desorption curve distributions of MMt, STAC-
MMt, and STAC-En-MMt

Table 2 Element analysis of organic phase in MMt, STAC-MMt, and
STAC-En-MMt

Elemental Material (wt%)

MMt STAC-MMt STAC-En-MMt

N 0 2.15 2.46

C 2.01 26.14 27.33

C/N – 12.16 11.11
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Fig. 3 FTIR patterns of experimental sample before and after adsorbing
Cu2+, Zn2+, and PNP
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Microstructure analysis

SEM analysis indicated that there was a remarkable difference
in the microstructure of experimental samples prepared by
different modification methods. Though there were a large
number of irregular fragments in MMt (Fig. 4a), the large
blocks appeared in the microstructure of modified MMt due
to the aggregation effect by the intercalation of STAC and En
(Fig. 4b, c). After adsorbing the adsorption of Cu2+, Zn2+, and
PNP, the honeycomb structure appeared on the surface of
STAC-En-MMt (Fig. 4d).

Adsorption performance of modified MMt

Effect of pH value

pH is an important factor on affecting the adsorption process.
This study found that Cu2+ and Zn2+ was precipitated as hy-
droxides when pH value exceeded 6.5. The prepared STAC-
En-MMt sample was adopted to carry out the co-adsorption of
Cu2+, Zn2+, and PNP under the condition of REn/STAC = 1,
ATime = 120 min, and ATemp = 30 °C (Fig. 5) to investigate
the effect of pH value on its adsorption behavior. When the
pH value increased from 2 to 6, the adsorption capacity of
Cu2+ onto STAC-En-MMt increased from 15.44 mmol⋅kg−1

to 154.11 mmol⋅kg−1, while that of Zn2+ increased from
8.86 mmol⋅kg−1 to 29.01 mmol⋅kg−1. This phenomenon was
the reason in that the competition of H+ was better than heavy

metal ions to adsorption sites at lower pH. The adsorption
capacity of PNP onto STAC-En-MMt increased from 43.06
to 69.24 mmol⋅kg−1. This could be attributed to the enhance-
ment of hydrophobicity of STAC-En-MMt as the pH increase
(Fig. 5).

REn/STAC effect (pH = 6, ATime = 120 min, ATemp = 30 °C)

When REn/STAC = 0.75, the adsorption of Cu2+ and Zn2+ onto
STAC-En-MMt samples reached the maximum, which were
158.91 mmol⋅kg−1 and 32.35 mmol⋅kg−1, respectively

(a)                (b)

(c)                (d)

Fig. 4 Microstructure of
experimental sample: (a) nature
MMt. b STAC-MMt. c STAC-
En-MMt. d STAC-En-MMt
adsorbing Cu2+, Zn2+, and PNP

Fig. 5 Effect of pH on the adsorption properties of Cu2+, Zn2+, and PNP
by STAC-En-MMt
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(Fig. 6).WhenREn/STAC > 0.75, there was an obvious decrease
in the adsorption quantities of Cu2+ and Zn2+ onto STAC-En-
MMt due to the pores blocking caused by excess En, which
led to the inability of Cu2+ and Zn2+ to enter the interlayer
through the pores. Although the intercalation of En had a
significant effect on the adsorption quantities of heavy metal
ions onto STAC-En-MMt, PNP adsorption fluctuated within a
small range of 60–70 mmol⋅kg−1. Based on the above, STAC-
En-MMt sample with REn/STAC = 0.75 was adopted to carry
out the following research due to the total adsorption maxi-
mum of target contaminants about 256.9 mmol⋅kg−1.

Effect of contact time (pH = 6, REn/STAC = 0.75, ATemp = 30 °C)

The effect of contact time on the adsorption behavior of
STAC-En-MMt was investigated under the condition of
ATemp = 30 °C, pH = 6, and REn/STAC = 0.75. The adsorption
quantity of PNP on STAC-En-MMt was closed to the maxi-
mum value of 65.73 mmol⋅kg−1, indicating that PNP adsorp-
tion equilibrium was achieved within 30 min (Fig. 7). When

the adsorption time increased to 60 min, the adsorption equi-
librium of Cu2+ and Zn2+ onto STAC-En-MMt was achieved,
and their adsorption capacities were about 159 mmol·kg−1 and
32 mmol·kg−1, respectively. With a view to the simultaneous
adsorption of heavy metal ions and PNP, the optimum adsorp-
tion time was considered as 60 min.

Effect of temperature (pH = 6, REn/STAC = 0.75, ATime = 60 min)

Figure 8 indicated that there was a positive effect of tempera-
ture on the adsorption quantities of heavy metal ions, but the
increase of temperature had an adverse effect on PNP adsorp-
tion. The corresponding adsorption capacities of Cu2+, Zn2+,
and PNP onto STAC-En-MMt were 174.53 mmol⋅kg−1,
37.15 mmol⋅kg−1, and 48.59 mmol·kg−1, respectively.
Therefore, the total co-adsorption quantity of Cu2+, Zn2+,
and PNP added up to 260.27 mmol⋅kg−1. Although there
was a weak improvement of STAC-En-MMt adsorption ca-
pacities to Cu2+ and Zn2+ with the increase of adsorption tem-
perature, the total co-adsorption quantity of target contami-
nants was continuously decreasing.

Synchronous adsorption of target contaminants
on three adsorbents

The Langmuir and Freundlich sorption isotherms of MMt,
STAC-MMt, and STAC-En-MMt (REn/STAC = 0.75) were
plotted under the best adsorption conditions (Fig. 9). By com-
parison, it was found the Langmuir adsorption isotherm could
describe the adsorption process more accurately due to the
higher fitting correlation coefficient, which indicated that the
adsorption of heavy metals and PNP by adsorbents were
single-layer surface adsorption (Table 3). When STAC was
implanted into MMt interlayer, there was a downward trend
in the adsorption capacities of Cu2+ and Zn2+ onto STAC-

Fig. 7 Effect of ATime on the adsorption properties of Cu2+, Zn2+, and
PNP by STAC-En-MMt

Fig. 8 Effect of ATemp on the adsorption properties of Cu2+, Zn2+, and
PNP by STAC-En-MMt

Fig. 6 Effect of REn/STAC on the adsorption properties of Cu2+, Zn2+, and
PNP by STAC-En-MMt
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Fig. 9 Langmuir and Freundlich sorption isotherm analysis on three adsorbents for the adsorption capacities of Cu2+, Zn2+, and PNP

Table 3 Parameters of adsorption
isotherms of different materials Langmuir model Freundlich model

Adsorbate adsorbent qmax (mmol/kg) KL RL
2 KF 1/n RF

2

MMt 205.80 1.80 0.996 129.27 0.11 0.816

Cu2+ STAC-MMt 130.50 1.62 0.998 90.85 0.07 0.869

STAC-En-MMt 172.96 1.49 0.978 117.90 0.09 0.658

MMt 47.94 2.32 0.977 42.47 0.02 0.899

Zn2+ STAC-MMt 17.06 0.62 0.966 14.44 0.03 0.864

STAC-En-MMt 38.21 2.96 0.935 33.44 0.02 0.911

MMt 6.00 0.21 0.958 4.17 0.07 0.857

PNP STAC-MMt 43.34 4.32 0.942 35.23 0.01 0.912

STAC-En-MMt 49.70 11.67 0.997 44.90 0.02 0.954
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MMt due to the changed interlayer environment of montmo-
rillonite from hydrophilic to hydrophobic.

However, the implantation of En provided new chelation
sites for heavy metal ions, which significantly increased the

adsorption capacities of target ions. Moreover, the adsorption
capacity of heavy metal ions was also related to pore size and
pore volume of STAC-En-MMt sample based on N2

adsorption–desorption results. The adsorption capacity of
PNP onto mineral adsorbents was mainly related to the organ-
ic phase content, and the relative values of MMt, STAC-MMt,
and STAC-En-MMt were 6.00 mmol⋅kg−1, 43.34 mmol⋅kg−1,
and 49.70 mmol⋅kg−1, respectively. The elemental analysis of
three adsorbents indicated that the implantation of STAC and
En increased the content of organic carbon and organic nitro-
gen in montmorillonite. The total adsorption capacity of Cu2+,
Zn2+, and PNP onto STAC-En-MMt sample added up to
260.87 mmol⋅kg−1, which was the maximum adsorption ca-
pacity of three adsorbents.

Adsorption mechanism analysis

There are three adsorption modes of heavy metal ions on clay
mineral adsorbents: electrostatic attraction, ion exchange, and
coordination complexes (Ijagbemi et al. 2009; Wu et al. 2012;
Zhu et al. 2016). Electrostatic attraction is a physical adsorp-
tion reaction, but ion exchange and coordination

-40 -30 -20 -10 0 10 20 30

MMt

STAC - MMt

STAC - En - MMt

Zeta potential value (mV)

Fig. 10 Zeta potential values of three adsorbents

Fig. 11 The pseudo-first order and pseudo-second order plots of Cu2+, Zn2+, and PNP onto three adsorbents
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complexation are chemical adsorption reactions. Zeta poten-
tial analysis confirmed that the surface charge of organic-
modified MMt changed from negative to positive (Fig. 10),
indicating that electrostatic attraction was already not one of
the main adsorption modes for STAC-En-MMt. The FTIR
analysis on STAC-En-MMt after adsorption showed that
Cu2+ and Zn2+ combined with the chelation En to form a
stable complex due to new absorption peak appeared at
1382 cm−1, indicating that coordination complexes were in a
predominant position in the adsorption behavior of heavymet-
al ions. Since MMt before and after modification contained
the exchangeable cations Na+ and STA+, ion exchange was
also one of the main adsorption modes. Therefore, the main
adsorption behavior of Cu2+ and Zn2+ onto STAC-En-MMt
had an obvious transition from electrostatic attraction and ion
exchange of nature MMt to ion exchange and coordination
complexation.

The adsorption kinetic curves (Fig. 11) indicated that the
pseudo-second order model exhibited a higher fitting degree
to Cu2+ and Zn2+ adsorption due to higher R-square, which
explained that chemical sorption was the main rate limiting
step in the Cu2+ and Zn2+ adsorption process. However, the
pseudo-first order model had a better fitting degree to PNP
adsorption, demonstrating that physical adsorption was the
main mode in PNP sorption process. The particle internal
diffusion model (Fig. 12) showed that the linear part did not

pass through the origin, indicating that intraparticle diffusion
was not the only control step in the adsorption of heavy metals
and PNP. The first stage could be attributed to the molecular
diffusion of heavy metals and PNP from water to surface. The
second stage showed that there were chemical reactions such
as substance exchange during the diffusion of adsorbent par-
ticles. Furthermore, the particle internal diffusion of target
contaminants onto adsorbent diminished gradually after the
equilibrium of adsorption which indicated on the third stage.
The analysis of the whole model showed that the adsorption
process was mainly controlled by the diffusion of the molec-
ular surface, followed by the internal diffusion.

The prepared mineral adsorbent STAC-En-MMt (REn/

STAC = 0.75) exhibited a good adsorption performance for
Cu2+, Zn2+, and PNP (Fig. 13). The single adsorption capac-
ities of Cu2+, Zn2+, and PNP on STAC-En-MMt were
2 1 2 . 4 5 mmo l ⋅ k g − 1 , 1 7 1 . 9 8 mmo l ⋅ k g − 1 , a n d
134.14 mmol⋅kg−1, respectively. When STAC-En-MMt was
adopted to carry out the simultaneous adsorption of target
contaminants, the adsorption capacities of STAC-En-MMt
for Cu2+, Zn2+, and PNP were 174.53 mmol⋅kg−1,
37.15 mmol⋅kg−1, and 48.59 mmol⋅kg−1, respectively
(Fig. 13). These results indicated that there was a remarkable
reduction in the adsorption capacity and a significant compet-
itive adsorption. Due to the chemical adsorption between
heavy metal ions and STAC-En-MMt, it can be found that

Fig. 12 The particle internal diffusion plots of Cu2+, Zn2+, and PNP onto three adsorbents
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there was an obvious priority for Cu2+ to compete the adsorp-
tive sites with Zn2+. The adsorption of Cu2+ and Zn2+ onto
STAC-En-MMt caused a further exacerbation of the pore
blocking, leading to a significant reduction in PNP adsorption.

Regeneration performance of STAC-En-MMt

To investigate the influence of the regeneration frequency on
the adsorption capacity, STAC-En-MMt undergone desorp-
tion in the solution (0.5 mol⋅L−1 HCl) for 6 h and was calcined
in a muffle furnace at 200 °C for 4 h. After multiple desorption
and calcinations, there was a downward trend in the adsorp-
tion capacities of Cu2+ and Zn2+ onto STAC-En-MMt.
However, the adsorption capacities of Cu2+ and Zn2+ on
STAC-En-MMt through three regenerations still exceeded
150 mmol⋅kg−1 and 30 mmol⋅kg−1, respectively (Fig. 14).
The continuous regeneration reduced significantly the adsorp-
tion capacity of Cu2+ and Zn2+ due to the poor thermal stabil-
ity of the chelating agent En. Though multiple calcinations

destroyed the structure of En, it did not change the interlayer
hydrophobicity. Therefore, PNP adsorption capacity on the
regenerated STAC-En-MMt remained at a relatively high
level.

Conclusions

The organic modifiers like STAC and En were implanted into
MMt interlayer to prepare mineral adsorbent for the simulta-
neous adsorption of Cu2+, Zn2+, and PNP. Four factors such as
pH, REn/STAC, the adsorption time, and the adsorption temper-
ature were selected to investigate the adsorption performance
of MMt before and after modification. The results indicated
that the simultaneous adsorption capacities of Cu2+, Zn2+, and
PNP onto STAC-En-MMt (REn /STAC = 0.75) were
174.53 mmol⋅kg−1, 37.15 mmol⋅kg−1, and 48.59 mmol·kg−1

under the condition of pH = 6, ATemp = 40 °C, and ATime =
60 min, respectively. Meanwhile, this was the maxim for the
total simultaneous adsorption of target contaminants.
Langmuir adsorption isotherm under the best adsorption con-
ditions indicated that STAC-En-MMt had the largest total sat-
urated adsorption capacity. The adsorption mechanism analy-
sis indicated that there was a significant transition in the main
adsorption mode of Cu2+ and Zn2+ onto MMt adsorbent from
electrostatic attraction and ion exchange before modification
to ion exchange and coordination complexation after organic
modification. The pseudo-second order kinetic implied that
chemical adsorption was predominant in the adsorption of
heavy metal ions, while physical adsorption was good at elu-
cidating PNP adsorption process based on the pseudo-first
order kinetic. The particle internal diffusion model showed
that the adsorption process was mainly controlled by the dif-
fusion of the molecular surface, followed by the internal dif-
fusion. Through three regenerations, there was still a good
performance in the adsorption of target contaminants onto
STAC-En-MMt.
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