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Abstract In this paper, a metakaolin-based mesoporous geopolymer (GP-CTAB) was used as

adsorbent for Cu(II) and Cr(VI) through a novel and simple synthetic route using cetyltrimethylam-

monium bromide (CTAB) as an organic modifier. The application of GP-CTAB for the simultane-

ous removal of metal anions and cations in aqueous solution was studied for the first time. The

results of X-ray diffraction (XRD) spectroscopy, Fourier transform infrared (FTIR) spectroscopy,

Brunauer, Emmett and Teller (BET), and Barrett, Joyner, and Halenda (BJH) methods indicate

that GP-CTAB is still geopolymer even in the presence of quaternary ammonium salt cations.

The material was tested to simultaneously adsorb Cu(II) and Cr(VI) from an aqueous solution.

The results show that GP-CTAB can adsorb anions simultaneously without sacrificing the adsorp-

tion properties of heavy metal cations, which is superior to conventional geopolymers. The maxi-

mum theoretical adsorption capacity of GP-CTAB for Cu(II) and Cr(VI) was 108.2 mg/g and

95.3 mg/g in the binary system, respectively. It was also found that the presence of Cu(II) in the

solution promoted the adsorption of Cr(VI). Given this characteristic of GP-CTAB, it has shown

great application prospects in the prevention and control of heavy metal pollution.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Geopolymer (GP), also known as a soil polymer or inorganic

polymer, was first proposed by Davidovits et al. (1994). GP is a
three-dimensional network of inorganic polymers prepared by
acid or alkaline activation of aluminosilicate-containing meta-

kaolin or solid waste such as fly ash (Ding et al., 2019; Morsy
et al., 2014; Louati et al., 2016; Provis 2014). Although most of
the research on GPs has focused on the application of concrete
building materials, it has been considered for wastewater treat-

ment applications (Qiu et al., 2018; Javadian et al., 2015;
Messina et al., 2017). Due to the remarkable properties of
GPs in aqueous solution, and its low cost and lack of sec-

ondary pollution, GP metal adsorption performance has
attracted more and more attention (Lee et al., 2017; Siyal
et al., 2018). Na+ or K+ wrapped by the GP tetrahedral struc-
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Fig. 1 Flow-chart of the preparation of geopolymer-

cetyltrimethylammonium bromide (GP-CTAB).
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ture can be ion-exchanged with external cations and has a rich
medium porosity (Naghsh and Shams 2017). Therefore, some
work focuses on the application of this material to remove pol-

lutants such as metals ions (essentially cationic) and dyes (Li
et al., 2006; Kara et al., 2017; Barbosa et al., 2018; Naghsh
and Shams 2017).

Although GP has been studied in the field of heavy metal
adsorption, rare studies have been done to effectively adsorb
heavy metals in the form of anions like Cr(VI) (Lee et al.,

2017; Liu et al., 2016; Maleki et al., 2019). Organic modifica-
tion of kaolin with surfactants, then electrostatic adsorption
via organic functional groups on the surface is a approach
for heavy metal anions removal from wastewater. The disad-

vantage of this idea, however, is that the adsorption perfor-
mance of cations is not ideal (Lee and Kim 2002; Li et al.,
2006; Li et al., 2007). In the wastewater produced by surface

treatment industries such as electroplating, there is often more
than one heavy metal, and cations and anions are also present
in large quantities. These ions are toxic, bioaccumulate, non-

biodegradability, and flow in natural water ecosystems, so they
are categorised as major pollutants (Landaburu-Aguirre et al.,
2010; Wan Ngah and Hanafiah 2008). Neither GP nor the

organically modified kaolin can simultaneously adsorb the
anion and cation and achieve satisfactory adsorption.

Some research uses cetyltrimethylammonium bromide
(CTAB), sodium lauryl sulfate (K12), and other surfactants

in the preparation of GP (Singhal et al., 2017; Tang et al.,
2018), but only as a blowing agent to increase the GP-
specific surface area during curing, not for other modifying

uses. Also, in the adsorption performance test of pollutants,
most of the studies only carried out adsorption in a single sys-
tem, and only a few studied the co-adsorption behaviour of

binary systems, especially cations and anions. In particular,
it has been reported that the longer the carbon chain length
of the surfactant, the better the adsorption performance of

the adsorbent. Therefore, the cationic surfactant CTAB having
a longer carbon chain was selected (Liang et al., 2016; Cai
et al., 2019). This study intends to simultaneously perform
alkaline activation and organic modification of metakaolin

by adding quantitative amounts of CTAB during the fabrica-
tion of GP. The quaternary ammonium salt cation is carried
on the surface without changing the tetrahedral structure of

the GP to obtain the effect of simultaneously adsorbing heavy
metals in the form of anions and cations.

2. Materials and methods

2.1. Materials and chemicals

The metakaolin used for this study was obtained via kaolin
dehydration at 800 �C in a muffle furnace for 2 h. Its major

chemical components are listed in Table 1. Kaolin, NaOH,
NaAlO2, Na2SiO3�5H2O, CuSO4�5H2O, and CTAB used were
supplied by Aladdin Ltda. (Shanghai, China). K2Cr2O7 was
Table 1 Chemical composition of metakaolin used in this study.

Component SiO2 Al2O3 TiO2

Content (wt%) 48.45% 47.09% 0.70%
purchased from Guangzhou Chemical Reagent Factory
(Guangzhou, China). All of the above are solid reagents. All
solutions were prepared using deionised water.

2.2. Synthesis and characterisation

NaOH, NaAlO2, Na2SiO3�5H2O were used to prepare an alka-

line activator solution at a molar ratio of 1: 1.3: 2.8. Then
metakaolin was added: alkaline activator: CTAB = 1.5 g:
50 mL: 0.5 g, which formed geopolymer precursor. This pre-

cursor was then cast into a reactor for 24 h at 30 �C and 180
revs/min. Upon finishing the reaction, the solid particles were
filtered and washed with distilled water until neutral. The

resulting product was stirred with water, the precipitate was
allowed to stand, and the liquid was discarded to leave a pre-
cipitate. The procedure was repeated until the pH of the super-
natant was neutral. The precipitate was added with a little

water and centrifuged at 6000 revs/min for 5 min. The precip-
itate was collected, dried in an oven at 65 �C, and then ground
and sieved (�110 mesh). A flow-chart of the preparation pro-

cess is shown in Fig. 1. GP sample for comparison was
Fe2O3 CaO ZrO2 Loss amount

0.53% 0.45% 0.11% 2.67%
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prepared using the same synthetic method but without adding
CTAB during the preparation. The two geopolymers were
named GP-CTAB and GP respectively.

The sample structure was characterised via X-ray diffrac-
tion spectroscopy (XRD; Brook, D8-XRD-7000), operated
with Cu–Ka radiation (k = 1.5418 Å), 40 kV, 2h scan interval

of 10-70� (step size was 0.5�/min). Samples were characterised
via Fourier transform infrared spectroscopy (FTIR) (Thermo
Fisher, Nicolet 380) in the range of 4000–500 cm�1 to identify

the functional groups. The surface morphology of the GP was
observed via scanning electron microscopy (SEM; Hitachi,
SU8220). The specific surface area and micropore structure
were analysed via an automatic surface and aperture analyser

(Micromeritics, ASAP2020). The specific surface area, pore-
volume, and pore size distribution parameters at �195.85 �C
were determined by analysis of the nitrogen adsorption/des-

orption isotherm. The specific surface area, pore volume and
pore size distribution were determined by the Brunauer,
Emmett and Teller (BET), and Barrett, Joyner, and Halenda

(BJH) methods, respectively.

2.3. Adsorption experiments

Batch adsorption experiments were carried out on samples to
remove Cu(II)/Cr(VI) from aqueous solutions in a simple or
binary system to verify the adsorption capacity of metakaolin
(MK) and geopolymers (GP and GP-CTAB). The tests were

done in deionised water with a thermostated agitator employ-
ing analytical chemicals. In all experiments, the solution vol-
ume was 50 mL, the stirring rate was 180 rpm, and the

stirring temperature was 30 �C.
Adsorbent (0.02 g) was added to a 50 mg/L Cu(II)/Cr(VI)

solution, the pH was controlled at 5, the reaction vessel was

sealed, and the mixture was placed in a thermostated agitator
for different contact times (0.5–1440 min). The effect of pH
was studied by adjusting the Cu(II)/Cr(VI) mixed solution

pH (2–7) with dilute NaOH or HCl while keeping the adsor-
Fig. 2 X-ray diffraction spectra of metakaolin (MK) (a), geopolym

(GP-CTAB) (c).
bent dose (0.4 g/L) and mixing time (4 h) constant. The effect
of adsorbent dose was studied by adding 0–10 g/L of adsor-
bent, controlling the pH at 5 and shaking for 24 h. The exper-

iment was repeated three times for each series. Samples were
filtered with a 0.45-lmmembrane filter, and atomic absorption
spectroscopy (AAS) was used to analyse the filtrate and mea-

sure the amount of metal extracted from the solution. The
amount of metal ion adsorbed and the removal efficiency by
the GP was calculated using Equations (1) and (2):

Qe ¼
ðC0 � CeÞ � V

m
ð1Þ

Rð%Þ ¼ C0 � Ce

C0

� 100% ð2Þ

where C0 represents the initial concentration (mg/L) of the
metal solution, Ce represents the solution concentration after
adsorption (mg/L), Qe represents the adsorption amount
(mg/g), m represents the adsorbent mass (mg), V represents

the solution volume (mL), and R represents the removal
efficiency.

2.4. Kinetic and isotherms studies

Pseudo-first-order kinetics (Tang et al., 2018), pseudo-second-
order kinetics (Tang et al., 2018), Elovich (Barbosa et al.,

2018), Weber-Morris (intraparticle diffusion) (Tang et al.,
2018) and Boyb (Majeed et al., 2013) models are commonly
used to determine the mechanism of metal adsorption and

the factors that control the rates, according to Equations (3),
(4), (5), (6) and (7) respectively.
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Fig. 3 The Fourier transform infrared (FTIR) spectra of the m

cetyltrimethylammonium bromide (GP-CTAB) (c).

Fig. 4 Scanning electron microscopy (SEM) images of metakaolin a

geopolymer-cetyltrimethylammonium bromide (GP-CTAB) (c)).
where Qe (mg/g) and Qt (mg/g) represent the number of metal

ions adsorbed on the geopolymer at equilibrium and at time t
(min), respectively. The constants k1 (min�1) and k2
[g/(mg�min)] are rate constants, a is the initial adsorption rate

[mg/(g�min)], and b is the rate constant (g/min) for the Elovich
model. kw is the intraparticle diffusion rate parameter
[mg/(min1/2�g)], C is the Weber-Morris model constant, Q1
etakaolin (MK) (a), geopolymer (GP) (b), and geopolymer-

nd geopolymer (metakaolin (MK) (a), geopolymer (GP) (b), and
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(replace with Qe) is the ultimate adsorption capacity, F is the

adsorption mass fraction at time t, and drawing Bt is the ordi-
nate, t as the abscissa of the Boyd model.

To further investigate the geopolymer adsorption beha-

viour of metals under varying concentrations, additional
experiments were performed at a constant temperature of
30 �C to adsorb Cu(II)/Cr(VI) at different concentrations in
single/binary systems. The equilibrium isotherm curves were

fitted using the Langmuir (Barbosa et al., 2018), Freundlich
(Barbosa et al., 2018), Temkin (Araújo et al., 2018), and Sips
(Barbosa et al., 2018) models. The Langmuir isotherm (Eq.

(8)) assumes monolayer adsorption onto a homogeneous sur-
face, and its major characteristics can be expressed by the sep-
aration factor RL (Eq. (9)). The Freundlich isotherm (Eq. (10))

assumes adsorption on a heterogeneous surface. The Temkin
isotherm (Eq. (11)) assumes that the free energy of adsorption
Fig. 6 Effect of pH on adsorption of (a) Cu(II) and (b) Cr(V

Fig. 5 Adsorption-desorption curve and pore size distribution o

Table 2 Specific surface areas and pore structures of

metakaolin and geopolymers.

SBET (m2/g) Da (nm) Vmicro (cm3/g)

MK 3.11 1.56 0.015

GP 31.83 3.22 0.078

GP-CTAB 26.45 9.12 0.121
during adsorption is the effect of its surface coverage. The Sips
isotherm (Eq. (12)) is a combination of the Langmuir and Fre-
undlich isotherm.

Ce

Qe

¼ 1

Qmb
þ Ce

Qm

ð8Þ

RL ¼ 1

1þ Cob
ð9Þ

Qe ¼ KfC
1
n
e ð10Þ

Qe ¼
RT

bT
lnCe þ RT

bT
lnAT ð11Þ

Qe ¼
Qms ksCeð Þc
1þ ksCeð Þc ð12Þ

where Ce represents the equilibrium concentration of metal
ions (mg/L) and Qe represents the amount of adsorption at
equilibrium (mg/g). Qm (mg/g) and b (L/mg) are both Lang-
muir constants that are associated with the adsorption capac-

ity and adsorption intensity, respectively. Kf and n are both
Freundlich constants, which are related to adsorption capacity
and adsorption intensity, respectively. bT is the Temkin con-

stant (J/mol) associated with the heat of adsorption, AT is
the Temkin isotherm equilibrium binding constant (L/mol),
I) (C0 = 50 mg/L; t = 4 h; Adsorbent dose = 0.4 g/L).

f geopolymer-cetyltrimethylammonium bromide (GP-CTAB).
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R is the gas constant [8.3145 J/(mol�K)], T is the absolute tem-

perature at 303 K, ks is the Sips equilibrium constant, Qms is
the maximum adsorption capacity (mg/g) from Sips model,
and c is the Sips exponent.

3. Results and discussion

3.1. Samples characterization

The XRD patterns for MK, GP, and GP-CTAB are shown in
Fig. 2. The main crystal phase of MK is mullite, quartz, and

kaolinite. After the polymerisation step, the kaolinite peak
decreases as the geopolymer is produced, the XRD patterns
of the GP and GP-CTAB samples show an amorphous struc-
Fig. 7 Effect of contact time on adsorption of (a) Cu(II) and

cetyltrimethylammonium bromide (GP-CTAB) in short times (0–5 mi

Fig. 8 Effect of adsorbent dosage on adsorption of (a) Cu
ture with a significant reduction in most of the reflection peaks.
Several peaks remain that correspond to unreacted mullite.
The difference between the GP and GP-CTAB pattern is small,

proving that they have the same crystalline composition.
The infrared spectra of MK, GP, and GP-CTAB are shown

in Fig. 3. Broadband around 3350 cm�1 and a narrow band

around 1640 cm�1 are present in all of the samples, because
of the OAH stretching and the remaining adsorbed atmo-
spheric water (Song et al., 2019; Król et al., 2016). During

the polymerisation step for metakaolin, the absorption peaks
at 1052 cm�1, 714 cm�1, and 575 cm�1 in the GP indicate
the presence of SiAOASi, AlAOASi, and SiAOAAl in the
octahedral structure (Mihaly-Cozmuta et al., 2014; Sarkar

et al., 2017). When GP and GP-CTAB are aligned, the absorp-
(b) Cr(VI), and impact of contact time by (c) geopolymer-

n) (C0 = 50 mg/L; pH = 5; Adsorbent dose = 0.4 g/L).

(II) and (b) Cr(VI) (C0 = 50 mg/L; pH = 5; t = 24 h).
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tion peaks at 2920 cm�1 and 2850 cm�1 in GP-CTAB indicate
the presence of ACHn (Xu et al., 2018; Aslan et al., 2018), con-
firming the presence of quaternary ammonium salt cations

(CTA+). At the same time, the characteristic peaks of the
GP still exist in GP-CTAB, and the overall absorption peaks
do not change greatly. It is proven that even if it during the

organically modified, GP-CTAB only add CTA+ and still
belongs to the geopolymer.

SEM results are shown in Fig. 4. The metakaolin surface is

irregular and loose (Fig. 4a). After the polymerisation step,
geopolymer is formed with many fine particles caused by the
dissolution of metakaolin into microparticles, which results
from the effect of the activating agent. On the metakaolin sur-

face, aluminium and silicon tetrahedron exist in a free form
where two tetrahedra share one oxygen atom (Yunsheng
et al., 2007). Then, the first rapid polymerisation of the Al-

O-Si structure with an oligomeric state occurs, followed by
the silicate on the surface of the slow coagulation process.
The resulting structure of the geopolymer is shown in

Fig. 4b and c. Compared to metakaolin, the surface of the
geopolymer is regular and compact, and GP-CTAB is more
compact than GP maybe because of the presence of CTA+.

Table 2 presents specific surface areas (SBET), average pore
widths, and volumes of the metakaolin (MK) and geopolymers
(GP and GP-CTAB). N2 adsorption-desorption isotherms and
pore size distribution curves of the GP-CTAB are shown in

Fig. 5. According to the classification of the International
Fig. 9 Schematic diagram of the shielding effect of Cu(II) on the elec

(II). When the colour of the CTA+ group changes from grey to blue,

Table 3 Effect of adding geopolymer-cetyltrimethylammonium bro

Sorbent dose (g/L) Cu(II)/Cr(VI) binary system (50 mg/L eac

0.2 0.4 0.6 1.

PH before adsorption

PH after 24 h 5.15 5.36 5.50 6.
Union of Pure and Applied Chemistry (IUPAC), the corre-
sponding isotherm for the geopolymer was indicative of a type
IV isotherm and a distinct H3 hysteresis loop, which is charac-

teristic of mesoporous materials (Ding et al., 2019). The SBET
of the geopolymer increased from 3.11 m2/g for the metakaolin
to 31.83 m2/g (GP) and 26.45 m2/g (GP-CTAB), since the

adsorption effect greatly improved, and the SBET of GP-
CTAB is lower than that of GP due to the attachment of
CTA+ (Cai et al., 2019). The pore volume and pore size of

the geopolymer increased, but the values of GP-CTAB were
more significant than those of GP. Among GP-CTAB samples,
the largest pore size was 9.12 nm and belonged to mesopores
(2–50 nm) which are favourable for adsorption.

The results in this section demonstrate the synthesis of
geopolymers and show that the addition of CTAB to the syn-
thesis step improves the properties of the geopolymer. The use

of CTAB provided material with higher pore volume and
diameter, and also still belongs to the geopolymer containing
functional groups (CTA+). These characteristics have a cer-

tain promotion effect on the adsorption of Cu(II) and Cr(VI).

3.2. Effect of pH

The effect of the initial solution pH is shown in Fig. 6. Under
alkaline conditions, Cu(II) produces hydroxide precipitates,
and during the pH adjustment process using NaOH, some
Cu(II) is inevitably converted to precipitate. Therefore, the ini-
trostatic repulsion between Cr(VI) (a) without Cu(II), (b) with Cu

the adsorption site becomes available.

mide (GP-CTAB) on the pH of the solution.

h) Deionized water

0 1.5 3 5 1.0

5.01

16 6.72 7.62 7.93 5.07
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tial concentration of Cu(II) is less than 50 mg/L under partial
pH conditions. When the pH is greater than 7, there is no
Cu(II) present in the initial solution. The pH range chosen is

2–7 to avoid the influence of precipitation on the adsorption
effect (Mihaly-Cozmuta et al., 2014). As shown in Fig. 6, the
adsorption tendency of two geopolymers for two metal ions

is about the same. In general, the adsorption capacity of
Cu(II) order is GP > GP-CTAB > MK, and Cr(VI) is GP-
CTAB > GP > MK.

At low pH, the H+ ions and Cu(II) in the solution compete
with each other, which hinders the adsorption process of
Cu(II). The adsorption effect of both geopolymers on Cu(II)
is inferior. As the pH increases, the competition becomes

weaker because the H+ ion concentration decreases. The
adsorption capacity of Cu(II) by both geopolymers gradually
increases and is the highest in the pH range of 4–5, and the
Fig. 10 Linear fitting of the experimental data by geopolymer-cetylt

order, (b) pseudo-second-order, (c) Elovich, (d) Weber-Morris and (e)
difference is not significant. At pH > 5, the initial concentra-
tion of Cu(II) in the solution is lowered due to the pH adjust-
ment, so that the adsorption capacity is gradually reduced. GP

has a very low adsorption capacity for Cr(VI) in this pH range.
When the solution is strongly acidic (pH < 3), Cr(VI) exists in
the form of electrically neutral H2CrO4, which is not conducive

to adsorption, so the adsorption capacity of GP-CTAB is low.
When pH < 5, Cr(VI) is mainly in the form of HCrO4

� and a
small quantity of Cr2O7

2�. HCrO4
� is a negative monovalent

ion. When interacting with adsorbents, HCrO4
� required the

least adsorption free energy and occupied the fewest active
sites (Xu et al., 2019; Cai et al., 2019). When pH > 5, HCrO4

�

rapidly transforms into CrO4
2� with increasing pH. As a nega-

tive divalent ion, CrO4
2� requires more adsorption free energy

and occupies more active sites than HCrO4
�. At the same time,

OH� anions will release the adsorbed HCrO4
� decomposed
rimethylammonium bromide (GP-CTAB) for the (a) pseudo-first-

Boyd equation.
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into CTA+ and transform into CrO4
2� (Li et al., 2017). The

adsorption capacity for Cr(VI) is therefore reduced. It can also
be seen that under any pH, GP-CTAB has higher adsorption

capacity of Cr(VI) than GP where the adsorption capacity of
Cu(II) is almost the same. According to the influence of the ini-
tial pH on the removal of Cu(II)/Cr(VI), the pH in the follow-

ing experiments was 5 unless otherwise specified.

3.3. Effect of contact time

The result of contact time is shown in Fig. 7. The adsorption of
Cu(II) and Cr(VI) on both geopolymers increases as the con-
tact time increases. GP and GP-CTAB have rapid adsorption

in the first 60 min, while for the MK, the adsorption capacity
can be negligible. The adsorption capacity of Cr(VI) by GP-
CTAB is unchanged at 15.9 mg/g, which is significantly higher
than 2.3 mg/g of GP, and the adsorption capacity of Cu(II) is

~69.6 mg/g after 24 h, which is not much different from GP. As
shown in Fig. 7c, during the 0–5 min period, the adsorption
capacity of Cu(II) and Cr(VI) decreases first and then

increases. The reason may be that the initial rate of diffusion
of metal ions to the surface of GP-CTAB is too fast and the
pore size distribution of GP-CTAB is not uniform. Some of

the metal ions cannot be fixed quickly, so they return to the
solution.

3.4. Effect of adsorbent dosage

The result of adsorbent dosage is shown in Fig. 8. As the
dosage increases, the removal efficiency of Cu(II) by both
Table 4 Kinetics parameters for Cu(II)/Cr(VI) adsorption onto ge

binary system.

Kinetics Models Parameter

Pseudo-first order (0–60 min) qe (mg/g)

k1 (�10�4 min

R2

Pseudo-first order (all contact time) qe (mg/g)

k1 (�10�4 min

R2

Pseudo-second order qe (mg/g)

k2 [g/(mg�min

R2

Elovich (0–60 min) a [mg/(g�min)

b (g/min)

R2

Elovich (all contact time) a [mg/(g�min)

b (g/min)

R2

Weber–Morris (0–0.5 min) kw [mg/(min1/

C

R2

Weber–Morris (0.5–1 min) kw [mg/(min1/

C

R2

Weber–Morris (1–60 min) kw [mg/(min1/

C

R2

Weber–Morris (60–1440 min) kw [mg/(min1/

C

R2
geopolymers shows a sharp increasing trend and is almost
wholly removed at 1.0 g/L. At the same time, the adsorption
capacity shows a downward trend, mainly because of the

excess active sites provided by the geopolymer available for
adsorption, causing lowering of the adsorption capacity per
unit mass. The adsorption of Cr(VI) shows a different trend.

First, the removal efficiency of GP-CTAB increases to 25.6%
(sorbent dosage is 1.0 g/L), and then decreases to a constant
value of ~14.0%.

By comparing the adsorption capacity of GP-CTAB in sin-
gle/binary system, it is found that the dosage of GP-CTAB in
the complete removal of Cu(II) in a binary system (1.0 g/L) is
higher than that in a single system (0.6 g/L). The adsorption

capacity of Cu(II) is also lower than a single system. In the sin-
gle and binary systems, the dosage of the maximum removal
efficiency of GP-CTAB for Cr(VI) is close to or the same as

Cu(II). The GP-CTAB’s removal efficiency and adsorption
capacity for Cr(VI) in a binary system are higher than a single
system. It can be found that the adsorption of Cu(II) by GP-

CTAB is suppressed and the adsorption of Cr(VI) is promoted
in the Cu(II)/Cr(VI) binary system. The adsorbed geopolymers
will undergo ion exchange again in a specific concentration of

Na+ or K+ solution, and the adsorbed initially ions will des-
orb (Naghsh and Shams 2017). K+ ions, which are not present
in a single system, exchanges Cu(II) adsorbed by the geopoly-
mers in binary mode. This is equivalent to desorption, and K+

ions concentration is not too high, so the amount of desorbed
Cu(II) is low. Referring to the explanation of similar phenom-
ena (Zhu et al., 2016), as shown in Fig. 9, it is speculated that

Cu(II) which is not adsorbed in the solution promotes the
opolymer-cetyltrimethylammonium bromide (GP-CTAB) in the

Cu(II) Cr(VI)

45.85 12.76
�1) 185.2 280.3

0.992 0.997

32.72 7.690
�1) 73.20 51.40

0.664 0.718

63.55 14.71

)] 19.07 70.66

0.999 0.997

] 106.7 3.820

0.197 0.645

0.992 0.996

] 265921.65 4414.22

0.426 1.515

0.799 0.649
2�g)] 20.29 2.830

0.000 0.000

1.000 1.000
2�g)] �16.39 �3.580

25.94 4.540

1.000 1.000
2�g)] 8.050 2.130

3.070 0.070

0.934 0.946
2�g)] 0.520 0.090

49.92 12.64

0.999 0.972
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adsorption of Cr(VI). The adsorption rate of Cr(VI) by GP-
CTAB is faster than Cu(II). When Cr(VI) aggregates near
the adsorption site, it attracts Cu(II) in solution to maintain

electric neutrality and establishes an effective electrostatic
shield against the repulsion force between Cr(VI) cations par-
ticularly from those in adjacent sites.

This continues to explain the phenomenon that the removal
efficiency of Cr(VI) is first increased and then decreased: (1)
Since Cu(II) is wholly adsorbed, there is no Cu(II) to promote

the adsorption of Cr(VI) in solution. (2) SO4
2� ions exist in a

binary system, and SO4
2� has a stronger interference effect on

unadsorbed Cr(VI) with the decrease of Cr(VI) concentration.
(3) As the dosage continuously increases, although materials

are carefully washed, the adsorbent addition increases the solu-
tion pH ~ 0.5–2.0 units during a 24-h equilibration
(Luukkonen et al., 2016). This phenomenon was also found

in this study. Table 3 shows the results of pH changes before
and after adsorption. From Section 3.2, the adsorption of Cr
(VI) is very disadvantageous when pH > 6. Based on the

above three points, the adsorption capacity of Cr(VI)
decreases and affects the removal efficiency, which has a ten-
dency to rise first and then fall. Since GP-CTAB is the best

adsorbent, the subsequent studies were performed only using
this adsorbent.

3.5. Kinetics

Linear fitting for five kinetic models is presented in Fig. 10.
The fitting results are summarised in Table 4. It can be seen
that the entire adsorption process for the Cu(II)/Cr(VI) binary
Fig. 11 (a) Langmuir, (b) Freundlich, (c) Temkin, and (d) Sips i

cetyltrimethylammonium bromide (GP-CTAB).
system by GP-CTAB follows the pseudo-second-order kinetic
equation, and R2 reaches 0.99 or more, indicating that the
whole adsorption process is mainly chemical adsorption

(Fayazi, 2019; Ge et al., 2015). As shown in Table 4, the k2
value of GP-CTAB-adsorbed Cr(VI) is higher than that of
Cu(II), indicating that the adsorption rate of Cr(VI) by the

geopolymer in the binary system is faster. Also, in the fitting
of the pseudo-first-order kinetics in the 0–60 min segment,
R2 reached above 0.99. This shows that the adsorption process

of GP-CTAB is accurate using pseudo-first-order kinetics in
this period. Combined with the above, it shows that physical
adsorption and chemisorption dominate together in the simul-
taneous adsorption process of GP-CTAB in the range of 0–

60 min (Lee et al., 2017; Singhal et al., 2017).
As shown in Table 4 and Fig. 10c, the prophase adsorption

of GP-CTAB (within 60 min adsorption time) can be better

described by the Elovich kinetic model, in which R2 reaches
0.99 or higher. However, after the adsorption time exceeds
60 min, the experimental data gradually deviates from the fit-

ted curve. The R2 over the entire adsorption period is signifi-
cantly lower than the prophase period, which is consistent
with many works of literature (Chen et al., 2018; Barbosa

et al., 2018). Therefore, before the equilibrium phase is reached
(0–60 min), the adsorption of Cu(II)/Cr(VI) on the surface of
GP-CTAB has a non-homogeneous distribution of surface
adsorption energy.

The Weber-Morris equation can be used to describe
whether the determined step of the mass transfer process was
on the surface or internal (Mezenner and Bensmaili, 2009).

As shown in Fig. 10d, the adsorption of Cu(II)/Cr(VI) by
sotherms for the adsorption of Cu(II)/Cr(VI) onto geopolymer-
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the GP-CTAB was composed of four stages according to the
Weber-Morris model. The fitting results are summarised in
Table 4. During the first 0.5 min, Cu(II)/Cr(VI) was rapidly

absorbed. However, the slope of the fitting curve in 0.5–
1 min was negative, indicating that there was a release process
of Cu(II)/Cr(VI) during the first 0.5–1 min. This is consistent

with the phenomenon described in Section 3.3. The adsorption
was gradually saturated after 60 min. Except for the initial 0–
0.5 min portion of the fitting curve, the intercepts of others did

not pass through the origin, indicating that a certain boundary
layer thickness existed in the adsorption process, and the rate-
limiting step is not the intraparticle diffusion but the
boundary-layer diffusion (Cheung, et al., 2007; Luukkonen

et al., 2016).
Table 5 Isotherm parameters for Cu(II)/Cr(VI) adsorption

onto geopolymer-cetyltrimethylammonium bromide (GP-

CTAB).

Isotherm Models Parameter Cu(II) Cr(VI)

Langmuir (single system) Qe (mg/g) 147.1 61.30

b (mg�1) 0.048 0.004

RL 0.040 0.330

R2 0.997 0.996

Langmuir (binary system) Qe (mg/g) 108.2 95.30

b (mg�1) 0.037 0.005

RL 0.080 0.400

R2 0.996 0.989

Freundlich (single system) Kf 54.69 0.68

n 6.230 1.500

R2 0.993 0.992

Freundlich (binary system) Kf 33.26 1.390

n 5.090 1.520

R2 0.980 0.997

Temkin (binary system) AT (L/mol) 1.810 0.050

bT (J/mol) 157.8 124.2

R2 0.973 0.986

Sips (binary system) Qms (mg/g) 274.7 555.6

c 0.280 0.700

KS 0.0005 0.0002

R2 0.980 0.997

Table 6 Adsorption results of Cu(II) and Cr(VI) onto different ad

Sorbent Qmax (mg/g) Sorb

(g/L
Cu

(II)

Cr

(VI)

b-cyclodextrin polymers 164.4 – 0.5

Metakaolin based geopolymers 44.73 – 10.0

Fly ash and iron ore tailing based geopolymers 113.4 – 3.0

CTAB modified geopolymers 40.00 – 0.4

Wheat straw amphoteric adsorbent 73.53 227.3 2

Tannin-immobilized nanocellulose 51.85 94.90 0.5

Nitrogen-doped chitosan-Fe(III) composite(Binary

system)

165.8 405.5 13.7

Surfactant–modified serpentine – 55.86 2

Hierarchical porous Ni/Co-LDH hollow

dodecahedron

– 99.90 0.4

Mesoporous carbon nitride – 48.31 1

CTAB modified geopolymers(Single system) 147.1 61.30 0.4

CTAB modified geopolymers(Binary system) 108.2 95.30 0.4
To further judge the main steps of the quick control, the
Boyd equation is applied for fitting. It can be seen from
Fig. 10e that the fitting straight line of Cu(II)/Cr(VI) does

not pass through the origin, indicating that the adsorption pro-
cess is controlled by liquid film diffusion and intraparticle dif-
fusion, and throughout the adsorption process, the outer

surface diffused is rate-controlling step (Chen and Wang
2009; Javadian et al., 2015). According to the comprehensive
analysis results, in the initial stage of adsorption, the boundary

layer diffusion of the outer surface is the adsorption rate con-
trol process, and the late adsorption stage is mainly controlled
by the intraparticle diffusion.

3.6. Isotherms

In the single system, the initial concentration of Cu(II) and
Cr(VI) were adjusted in the range of 50–500 mg/L with pH 5

at 30 �C for 4 h. The tendency for adsorption differs from that
of the single system when two ions coexist. Therefore, in the
binary system, the concentration of one heavy metal ion was

varied from 50 to 300 mg�L�1, while another was fixed at
300 mg�L�1, and other conditions remain unchanged.

Linear fitting for four isotherm models is presented in

Fig. 11. The relevant isotherm parameters are summarised in
Table 5. The fitting results show that the Langmuir and Fre-
undlich isotherms of GP-CTAB adsorption Cu(II)/Cr(VI) sin-
gle/binary system can be well fitted. The results show that the

adsorption of Cu(II) and Cr(VI) by GP-CTAB is monolayer
adsorption, which may be due to the uniform interaction
between adsorbed molecules is negligible (Ding et al., 2019).

The value of RL from fitting results in the Langmuir isotherm
is between 0 and 1, or the value of n between 1 and 10 in the Fre-
undlich isotherm, indicating that the adsorption process is

favourable adsorption (Singhal et al., 2017; Gulnaz et al.,
2004). In the binary system, the maximum adsorption capacities
of Cu(II) and Cr(VI) fitted by Langmuir were 108.2 mg/g and

95.3 mg/g, respectively. Compared with the single system, the
adsorption capacities of Cu(II) is decreased, and Cr(VI) is
increased, which is consistent with the inhibition and promotion
phenomenon found in this study. The Temkin isotherm is well-
sorbents from literature reports.

ent dose

)

Time

(�C)
Adsorption time

(h)

Ref.

45 24 He et al. (2017)

– 7 Andrejkovičová et al.

(2016)

20 1.5 Duan et al. (2016)

– 2 Singhal et al. (2017)

20 6 Zhong et al. (2013)

– 12 Xu et al. (2017)

2 30 36 Zhu et al. (2016)

30 2 Mobarak et al. (2019)

30 12 Hu et al. (2019)

25 48 Chen et al. (2014)

30 4 Present study

30 4 Present study
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fitted; the adsorption process has both physical adsorption and
chemical adsorption (Araújo et al., 2018; Wang et al., 2012).
Even if the Sips isotherm was well-fitted, the amount of adsorp-

tion is different from the actual situation. Similar phenomena
are found in the literature (Barbosa et al., 2018). The determina-
tion coefficients of four models are all higher than 0.970, which

indicates that the adsorption process is similar to monolayer
chemical adsorption and has certain surface non-uniformities.
The mechanism of the adsorption process is complex (Buasri

et al., 2007). It is further confirmed that the adsorption of GP-
CTAB is mainly chemical and ion exchange adsorption between
the adsorbate molecules and the adsorbent.

In Table 6, the maximum adsorption capacity fit by Lang-

muir was selected to compare the adsorption capacities of Cu
(II) and Cr(VI) with different adsorbents reported in the litera-
ture. It can be seen that the geopolymer obtained in this study

has a higher adsorption capacity for Cu(II) and Cr(VI), and has
the advantage of being simultaneously adsorbable. Also, GP-
CTAB can be prepared from low-cost waste. Therefore, GP-

CTAB can be considered as a new type of low-cost adsorbent.

4. Conclusion

A novel mesoporous geopolymer was synthesised by using
metakaolin as silicon and alumina raw materials and CTAB
as an organic modifier. Compared with conventional geopoly-

mers, GP-CTAB’s properties for adsorbing metal cations is
only slightly reduced, but can significantly adsorb anionic
forms of metals, and conventional geopolymers do not have
this ability. After organic modification, the prepared product

still belongs to the geopolymer classification, which differs
from the traditional geopolymer in that the surface is attached
to a quaternary ammonium salt cation. In the Cu(II)/Cr(VI)

binary system, the adsorption of Cu(II) is slightly reduced by
the influence of interfering ions, and Cr(VI) may be promoted
by electrostatic shielding caused by unadsorbed Cu(II) in the

solution. No Cu(II) ions in the solution improve the presence
of interfering ions, and the increase of pH during adsorption
are the reasons for the removal rate of Cr(VI) ions rise first

and then decreases. The maximum adsorption capacities of
Cu(II) and Cr(VI) in binary systems were 108.2 mg/g and
95.3 mg/g, respectively. GP-CTAB can be in competition with
other similar adsorbents, with a specific utilisation prospect.
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