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Abstract: To understand the influence of sodium-modification pretreatment on the adsorption of
anionic dye by amphoteric modified bentonite, three kinds of adsorbent materials, including sodiummodified bentonite, amphoteric modified calcium-based bentonite and amphoteric modified bentonite
pretreated by sodium modification, were firstly synthesized and characterized, and afterwards their
adsorption performance and mechanism for a form of anionic dye, Acid Yellow 11, were investigated
comparatively. The crystalline phases, hydration property, surface charge characteristic and functional
groups of prepared modified bentonite were characterized and evaluated by X-ray diffraction swelling
volume, Zeta potential and Fourier transform infrared spectroscopy, respectively. The sodium
modification expanded the interlayer space of montmorillonite, released the internal surface area and
improved the hydration performance of bentonite. Due to the replacement of Na+ for Ca2+, the
probability of interlayer cations overflowing from the interlayer space and exchanging with the
amphoteric modifier increases. Therefore, the content of interlaminar organic material in amphoteric
modified bentonite pretreated with sodium-modification pretreatment was higher than that in
unpretreated amphoteric modified bentonite. The hydration and dispersibility were significantly
stronger, and the adsorption capacity of acid dye was also better. The findings of this investigation
suggest that sodium modification pretreatment is very positive and necessary in the process from
sodium–amphoteric modification.
Keywords: calcium-based bentonite, sodium modification pretreatment, amphoteric modification,
anionic dye
1. Introduction
The textile dyeing and finishing industry is a pillar industry in many countries and regions worldwide.
China has been ranked as the world's largest textile and dyed fabric producer for several consecutive
years. In 2019, the production of yarn in mainland China was 28.921 million tons, and that of cloth was
57.56 billion meters, which were 6.1% and 17.6% less than in 2018, respectively (National Bureau of
Statistics of the PRC, 2020). Among them, from January to October 2019, the output of dyed cloth
produced by enterprises above a designated size reached 44.169 billion meters, an increase of 4.51%
over the same period in 2018 (Liang, 2020). The huge industrial scale also brought huge environmental
pressures. Even if the latest national emission standards are strictly implemented (Ministry of Ecology
and Environment of the PRC, 2012), the annual generation of dyeing wastewater exceeds 700 million
tons (40% reuse). With the continuous strengthening of environmental protection awareness, the
government has issued a series of guiding policies for the dyeing industry, with a view to achieving
healthy industrial development while reducing pollutant emissions and environmental hazards
(Ministry of Ecology and Environment of the PRC, 2017; Ministry of Ecology and Environment of PRC,
2018). However, as of September 2019, according to the list of enterprises conforming to the standards
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and conditions of the printing and dyeing industry (2017 edition) published by the ministry of industry
and information technology in two batches, there were only 22 enterprises conforming to the standards
(Ministry of Industry and Information Technology of the PRC, 2019). Compliance emissions have
become a bottleneck, restricting the development and even survival of the dyeing industry. Dyeing
wastewater has deep chroma, poor biochemical properties and is difficult to treat. The currently studied
methods for treating dyeing wastewater include biochemical oxidation, biodegradation and
photocatalytic degradation (Hameed and Ismail, 2020; Lum et al., 2020; Oliveira et al., 2020), functional
microbial flocculant flocculation (Wang et al., 2020), ozone and fungal combined treatment methods
(Vanhulle et al., 2008). Among them, the physical and biochemical oxidation methods represented by
sewage treatment plants are still the mainstream of industrial applications (Wang et al., 2011; Yuan et
al., 2020), and there are also studies that try to improve the treatment efficiency and the stability of the
treatment (Vives et al., 2003). Compared with other treatment methods, the decolorization effect of the
adsorption is stable, and the resistance to wastewater quality changes is better (Zhuang et al., 2009). The
adsorbent is cheap and has a wide range of sources (Malik, 2004; Ebrahimi et al., 2013; Georgin et al.,
2016), so the adsorption method has a stronger competitiveness in industrial production applications.
Due to the existence of exchangeable hydrated cations (Na+, Ca2+, etc.) in the interlayer domain of
montmorillonite particles, the bentonite naturally has a good adsorption performance for cationic dyes
(basic dyes) (Leodopoulos et al., 2015) and, furthermore, it also endows bentonite with good modifiable
ability (Rawajfih and Nsour, 2006; Haghseresht et al., 2009; Hou et al., 2011; Arellano-Cardenas et al.,
2013). Bentonite can be divided into many types according to the type of interlayer hydrated cations,
including calcium-based bentonite and sodium-based bentonite, as well as hydrogen-based, aluminumbased, sodium- based, calcium-based and other types of bentonite. Bentonite is widely distributed in
many countries worldwide(Aronson and Lee, 1986; Benito et al., 1998; Mitchell et al., 2004; Kirali and
Lacin, 2006; Afolabi et al., 2017; Belousov and Krupskaya, 2019). Among them, China's bentonite
resources are very rich. As of 2017, the identified reserves of bentonite ore resources in mainland China
have been 3.06 billion tons (National Bureau of Statistics of PRC, 2019), of which 70% is calcium-based
bentonite (Wu et al., 2016). Compared with natural sodium-based bentonite, calcium-based bentonite
has poor adsorption properties and modifiable properties, but calcium-based bentonite has large
reserves and cheap prices. It is more cost-effective as an adsorbent and has more potential for use in
industrial applications.
Amphoteric surfactants contain both anionic and cationic hydrophilic groups in the same molecule,
so they can both donate protons and accept protons (Yan et al., 2004). Amphoteric modified bentonite
is obtained by amphoteric surfactants intercalated into the montmorillonite layer through ion exchange
or adsorbed on the outer surface of montmorillonite particles due to hydrophobic bonding (LI, 2012).
The amphoteric surfactant has a hydrophobic long carbon chain at one end and anionic and cationic
hydrophilic groups at the other end, so that the amphoteric modified bentonite has better adsorption
performance for nonionic organic pollutants and cationic pollutants (Meng et al., 2007; Pang et al., 2008;
Sun and Zhu, 2010). However, there are some limitations in the study of amphoteric modified bentonite:
First, most studies on amphoteric modified bentonite have selected high-quality sodium-based
bentonite as the object of modification in order to obtain better adsorption performance. However, few
studies on amphoteric modified bentonite choose calcium-based bentonite as the object of modification,
and the effects of sodium modification pretreatment on the adsorption performance of amphoteric
modified bentonite have been neglected. Second, the adsorption studies of amphoteric modified
bentonite are mainly focused on nonionic organic pollutants and cationic pollutants, but few anion
organic pollutants.
Therefore, in this study, high-grade natural calcium-based bentonite was used as the modification
object, and medium–long chain amphoteric surface-active BS-12 was used as the modifier to prepare an
amphoteric modified bentonite. The acid dye AY11 was used as the adsorption object to evaluate the
adsorption performance of modified bentonite on anionic organic matter, with a view to achieving the
following research objectives: (1) preparation and characterization of amphoteric modified bentonite
based on calcium-based bentonite; (2) explore the adsorption mechanism of amphoteric modified
bentonite on anionic organic matter; (3) investigate the mechanism of the influence of sodium
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modification pretreatment on the modifiable properties of bentonite and the adsorption properties of
amphoteric modified bentonite.
2.

Experimental

2.1. Materials and Reagents
Bentonite minerals were supplied from a bentonite mine in Huludao, Liaoning, China. Raw bentonite
(RB) was purified by free settling with a classification size of 10 µm and dried. After drying, the sample
was crushed in an agate mortar to produce bentonite concentrate (BC).
Dodecyl dimethyl betaine (BS-12, CAS: 683-10-3), an amphoteric surfactant produced by the
Qingdao Usolf Chemical Technology Co., Ltd., was used as the amphoteric modifier. Fig. 1a shows the
chemical structure of BS-12. The C.I. Acid Yellow 11(AY11, CAS:6359-82-6), a form of acid azo dye, was
purchased from Hubei Baidu chemical Co., Ltd., China. Fig. 1b shows the chemical structure of AY11.

Fig. 1. Chemical structure of AY11 and BS-12

2.2. Adsorbent preparation
To prepare the Na-modified bentonite (NB), 100 g of BC powder was transferred to a quartz conical
flask blended with a 500 ml solution of Na2CO3 with 1 wt%, and stirred for 30 min at 60℃. The conical
flask was sealed with a polyethylene film and aged at 50℃ for 72 h, dried at 95℃ and then ground into
powder form and screened by a sieve size of 45 µm. Then, 10 g of the NB and BC were transferred to
two quartz conical flasks blended with 200 ml distilled water and stirred at 60℃.Then, 2 ml dodecyl
dimethyl betaine (BS-12) solution (35wt%) was dropped into the slurry at a rate of 1 ml/min, stirring
for 4 h at a constant temperature of 60 ℃. The conical flask was sealed and aged at 50℃ for 72 h. Finally,
the bentonite slurry was washed 10 times with distilled water and then dried at 80 ℃ and ground into
powder form and screened by a sieve size of 45 µm. The two prepared adsorbents were Amphoteric
Modified Na-Bentonites (AMNB) and Amphoteric Modified Ca-Bentonites (AMCB). The preparation
flow is shown in Fig. 2.
BC (100g) +
Na2CO3 solution
(1%wt 500ml)

Stirring
( 60豺/30 min)

Aging
( 50豺/72h)

Drying
(95豺)

Crushing
(45μm)

NB

a: Sodium-Modification Pretreatment Fow Chart
BS-12 solution 35%wt 2ml
1ml/min

BC /NB(10g)
+H2O(200ml)

Stirring
( 60豺/4h)

Aging
( 50豺/72h)

Drying
(80豺)

Crushing
(45μm)

AMCB/
AMNB

b:Flow Chart for the Preparation of Amphoteric Modified Bentonite

Fig. 2. Adsorbent preparation flow chart

2.3. Adsorption experiments
For adsorption experiments, the desired concentration and dosage of AY11 and adsorbent were
transferred into a 100 ml quartz conical flask and shaken for a certain time in temperature controlled by
a water bath shaker (SHA-BA, XINBAO, Jintan, China). The solid phase was separated from the solution
using a high-speed centrifuge (H2050R-1, CENCE Instruments Co., Ltd., Hunan, China). Then, the
absorbance of the residual AY11 in the supernatant was measured at 398 nm, using a UV–Vis
spectrophotometer (A-360, AOE Instruments Co., Ltd., Shanghai, China). The concentration of the
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residual AY11 was determined using the linear regression equation (y = 0.0158 x +0.008, R2 = 0.9999),
obtained by plotting a calibration curve for AY11 over a concentrations range. The percentage removal
of pigment was calculated using the following equation:
Removal efficiency(%) =

(34 536 )
34

× 100

(1)

where C0 and Ct are the initial and at time t concentrations (mg/L) of AY11, respectively. The amount
of adsorbed AY11 at equilibrium qe (mg/g) was calculated using the formula:
𝑞; =

(34 53<)=
>

(2)

where Ce is the equilibrium concentration of AY11 solutions (mg/L), V is the volume of pigment
solution (L) and m is the mass of adsorbent (g).
2.4. Testing methods
2.4.1. Zeta potential measurement
For zeta potential measurement, the samples were ground in an agate mortar. The particle size of the
ground powder was below 2 µm, as measured by the Leica DMLP Microscope. In total, 30 mg of ground
minerals was mixed with 50 mL DI water in a beaker. After stirring for 2 min, HCl or NaOH was added
to adjust the slurry pH and stirred for another 6 min. The slurry was then injected into a Tiselius cell in
a Zeta Plus Zeta Potential measurement unit. Each sample was measured three times and the average
zeta potential was reported.
2.4.2. Infrared spectroscopic analysis
Fourier transform infrared spectroscopy (FTIR) analysis was conducted by a Nicolet iS10 FTIR
Spectrometer. A small amount of mineral sample was mixed with KBr and ground in an agate mortar.
The ground powder was pressed into a pellet and then transferred into the spectrometer for
measurement.
2.4.3. XRD
X-ray diffraction patterns were obtained with X-ray diffractometer D/Max-IIIA (RIGAKU, Japan) with
monochromatic Cu Kα radiation, at an angle range of 3°–70° and a rate of 0.02 °/s.
2.4.4. Cation exchange capacity (CEC)
The method of CEC measurement was based on GB/T 20973-2007 (General administration of quality
supervision, inspection and quarantine of the PRC and Standardization administration of the PRC,
2007). The method is as follows:
A total of 1.00 g of the dried bentonite sample was weighed, put it into a 50 mL centrifuge tube and
then covered and weighed (m1). Then, 30 mL barium chloride solution (0.1mol/L) was added, shook
mechanically for 1 h, centrifuged at 3000 g relative centrifugal force for 10 min, poured out in suspension
in a 100 mL volumetric flask. The above process was repeated more than twice and add 100 mL volume
of suspension. The bottle was adjusted to 100 mL with barium chloride solution. This was named filtrate
A. The bentonite was dispersed and precipitated with 30 mL barium chloride solution (0.0025 mol/L),
shook mechanically for 1 h and left to stand for more than 5 h. Then, the bentonite was centrifuged at
3000 g relative centrifugal force for 10 min, and the supernatant was poured out. The centrifugal test
tube of precipitated bentonite was weighed and covered (m2), then 30 mL of magnesium sulfate solution
(0.0200 mol/L) was added to disperse the precipitated bentonite, shook mechanically for 1 h and left to
stand for more than 5 h. Then, it was centrifuged for 10 min under the condition of a relative centrifugal
force of 3000 g and poured onto the upper layer. The clear liquid was filtered through a 7 cm diameter
filter paper into an Erlenmeyer flask. This was named filtrate B. The above steps were followed without
adding bentonite to test as a blank control sample. Then 0.200 mL of filtrate B and control blank test
solution were transferred from the Erlenmeyer flask to a 100 mL volumetric flask, 10 mL lanthanum
nitrate solution (10mg/L) was added and diluted to the mark with water. At the wavelength of 285.2
nm, the absorbance was measured on an atomic absorption spectrophotometer with an air acetylene
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flame, and the magnesium concentration of filtrate B (C1) and the magnesium concentration of the blank
test solution (Cb1) were calculated from the standard curve. The cation exchange capacity (CEC) was
calculated according to the formula:
𝐶𝐸𝐶 =

(3AB 53C )DEEE
>

(3)

𝐶F = 𝐶G (30 + 𝑚F − 𝑚G )/30

(4)
where CEC is he cation exchange capacity of the sample (mmol/100g), Cb1 is magnesium
concentration of blank test solution (mmol/L), C2 is magnesium concentration in filtrate B after
correction (mmol/L), m is the mass of the sample (g), C1 is magnesium concentration in filtrate B
(mmol/L), m1 is mass of centrifugal tube and dry sample (g), m2 is mass of centrifugal tube and wet
sample (g).
2.4.5. Swell volume (SV)
The method of SV measurement is based on SNT 0990-2001(General administration of quality
supervision, inspection and quarantine of the PRC, 2001). The method is as follows:
First 2.0 g of the sample was weighed and added to a measuring cylinder with a stopper of about 60
ml of water added in several times. The sample was shook during adding to avoid the agglomeration
of the sample. After all the samples were added, 25 mL of hydrochloric acid (1mol/L) was added, shook
for about 1 min and diluted to 100 mL with water. This was left to stand for 24 h and the scale value at
the interface of the precipitate was read. The swell volume was expressed as the expansion
volume/sample weight (mL/g) and was calculated according to the formula:
N
𝐴=>
(5)

where A is the SV of the sample (mL/g), B is expanded volume of bentonite (mL), m is the mass of
the sample (g).
2.4.6. Methylene Blue Index (MBI)

The method of MBI measurement is based on GB/T 20973-2007. The method is as follows:
First 0.2 g ± 0.001 g of bentonite sample that had been dried at 105℃ ± 3℃ for 2 h was weighed and
placed in a 250 ml conical flask pre-filled with 50 ml water. This was made wet, and dispersed on a
magnetic stirrer for 5 minutes. Then, 20ml of 1% sodium pyrophosphate solution was added and stirred
for 2 to 3 minutes. Then, the sample was heated on an electric furnace to slight boiling for 2 min, before
removal and cooling to 25 ± 5°C.
Methylene blue standard solution was added dropwise with a burette while stirring. For the first
time, about two thirds of the total amount of methylene blue solution was added, stirring for 2 minutes
to fully react, and then 1 to 2 ml was added each time. After stirring for 30 seconds, a drop of test solution
was taken with a glass rod and quantified at a medium speed. On the filter paper, we observed whether
or not there was a light blue halo around the blue spots. We continued to drip the methylene blue
solution. When the blue halo started to appear, we continued stirring for 2 minutes, and then dipped a
drop of test solution on the medium-speed quantitative filter paper with a glass rod and observed
whether the light blue halo remained. In the event that the light blue halo did not appear, we continued.
Methylene blue solution was carefully added dropwise. When a light blue halo appeared after stirring
for 2 minutes, this indicated that the end point had been reached, and the titration volume was recorded.
The methylene blue index is calculated according to the formula:
𝑀𝐵𝐼 =

DRS.UG=3
GEEE>

× 100

(6)

where MBI is methylene blue index (g/100g), C is concentration of methylene blue solution (mol/L), V
is the titer of methylene blue solution (mL) and m is the mass of the sample (g).
3.

Results and discussion

3.1. Characterization of modified bentonite
Fig. 3 shows the main phase compositions of the PB and BC analyzed by X-ray diffraction patterns
analysis (XRD). Raw bentonite (RB) is made up of montmorillonite, feldspar and calcite. The d spacing,
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a typical characteristic peak of the 001 plane (d001) of montmorillonite, was 15.43Å, indicating that this
bentonite sample belongs to calcium bentonite. After purification, the calcite in the sample is almost
completely removed, but a small amount of feldspar remains.

Intensity

M d=15.4337Å

M- Montmorillonite
F - Feldspar
C - Calcite
M

M

C

F

BC

M

M
5

10

M

15

20

FC
25

C

RB

30

2q/degree

Fig. 3. XRD diffraction patterns of the Raw bentonite and BC

Table 1 lists the chemical composition of the RB and BC. The content of Al2O3 and MgO in BC
increased, and the other components decreased. The decrease in CaO could be related to the removal of
calcite, while SiO2, K2O and Na2O were related to feldspar.
Table 1. Chemical composition of RB and BC
Component
RB (wt. %)
BC (wt. %)
Component
RB (wt. %)
BC (wt. %)

SiO2
61.887
61.542
K2O
0.599
0.553

Al2O3
17.616
18.971
Na2O
0.254
0.205

MgO
4.970
5.352
TiO2
0.137
0.113

CaO
2.365
2.183
P2O5
0.135
0.034

Fe2O3
1.580
1.215
L.O.I.*
10.458
9.832

The MBI showed that the montmorillonite content in the purified sample BC increased from 82% to
90%.
Fig. 4 shows the XRD patterns of the four samples. As seen in Fig. 3, the Na-modified treatment of
BC leads a decrease in d00l values and changes in basal reflections from d001 = 15.43 Å to d001 = 12.44
Å, resulting from the replacement of interlayer Ca2+ by Na+, which indicates that the calcium bentonite
modified to be sodium bentonite. The CEC of BC was 92.05 mmol/100g, and that of NB was 97.87
mmol/100g. The increase in CEC indicated that the total amount of cation exchange increased due to
the replacement of calcium ions by sodium ions, which could also prove the success of sodium
modification. The influence of amphoteric organic modifier BS-12 on bentonite was also reflected by the
change in d001 value. The d001 values increased from d001 = 15.43 Å of BC to d001 = 16.41 Å of AMCB,
and from d001 = 12.44 Å of NB to d001 = 14.74 Å of AMNB, caused by the intercalation of amphoteric
surfactant. By comparing the change in the d001 value before and after the amphoteric modification, it
can be found that the d001 value of both calcium bentonite and Na-modified bentonite increases after
the amphoteric modification of BS-12. This indicates that both calcium bentonite and Na-modified
bentonite can be modified by the intercalation of an amphoteric organic modifier, such as BS-12. In
addition, the d001 value of NB that had been Na-modified as a pretreatment increased more after
amphoteric modification than that of BC. The difference in d001 values between AMCB and AMNB is
caused for two reasons. On the one hand, after BS-12 enters the BC and NB layers, it cannot completely
replace the original interlayer hydrated cations, and the remaining hydrated cations continue to affect
the interlayer spacing. On the other hand, due to the large difference in hydration properties between
NB and BC, the amount of BS-12 entering the layers is different. Generally speaking, the greater the
amount of modifier entering the interlayer, the greater the increase in d001 value (Xiao et al., 2020a).
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The hydration performance of NB is better than that of BC, so more BS-12 enters the interlayer of NB,
making the value of NB d001 increase larger than that of BC.
d=15.4337Å

BC

Intensity

d=12.4402Å
NB
d=14.7404Å
AMNB
d=16.4128Å
AMCB
5

10

15

20

25

2q/degree

Fig. 4. XRD patterns of the four samples

3.2. Batch adsorption tests
AY11 is a widely used acidic anionic dye with moderate molecular weight, easily soluble in water, stable
in acid and alkali resistance, strong color rendering, and stable coloration. It is representative of an azo
dye. The adsorption test with AY11 can reasonably and accurately evaluate the adsorption capacity of
modified bentonite for acidic anionic dyes.
In order to estimate the equilibrium contact time for adsorption of AY11 onto BC, NB, AMCB and
AMNB, the adsorption study was carried out at different time interval ranges from 0 to 120 min under
certain conditions and the results are shown in Fig. 5a. It can be seen from Fig. 5a that BC can hardly
adsorb AY11. The adsorption performance of modified bentonite on AY11 is AMNB > NB > AMCB.
AY11 was rapidly adsorbed by AMCB and AMNB with an increasing contact time of up to 15 min,
which then became constant as the contact time went by. The adsorption rate was faster at the beginning
because the AY11 molecules were adsorbed by the exterior surface at an early stage, and then after their
saturation, were adsorbed by the interior surface of the adsorbent (Amin, 2009). However, the
adsorption of AY11 on NB quickly reached saturation (≤15min), and then the adsorption curve is nearly
flat and unchanged without an obvious phase change, indicating that the adsorption of NB on AY11 is
different from the adsorption mechanism of AMCB/AMNB on AY11. For further study, 60 min was
selected as the equilibrium time.
The effects of initial concentration of AY11 on the amount of adsorbed pigment (Fig. 5b) were
discussed in detail. Within the range of the initial concentration of AY11, the adsorption capacity of
AMNB is always significantly better than that of AMCB and NB, which once again confirms the
superiority of the adsorption performance of composite modified bentonite. When the initial
concentration of AY11 was low (10–50 mg/L), there was no significant difference between the
adsorption capacity of AMCB and NB for AY11. When the initial concentration was higher (60–80
mg/L), NB shows better adsorption performance. During the initial concentration increase in AY11, it
was not adsorbed by unmodified bentonite. However, the adsorption capacity of the other three
modified bentonites increased with the increase in the initial concentration in the range 10–80 mg/L at
the same temperature. These amounts can be higher with higher concentration of AY11 for the same
amount of adsorbent. This results from an increase in mass transfer driving force due to the
concentration gradient developed between the bulk solution and surface of the adsorbent (Purkait et
al., 2006).
3.3. Adsorption kinetics, isotherms and thermodynamics
In order to investigate the adsorption process of AY11 onto NB, AMCB and AMNB kinetics data were
checked through the pseudo-first-order and pseudo-second-order model (Ho and Mckay, 1999). The
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NB
AMCB
AMNB
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NB
AMCB
AMNB
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2

Adsorption Capacity (mg/g)

Adsorption Capacity(mg/g)
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2
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100
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0
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Fig.5a
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Fig.5b

Fig. 5. Effect of contact time on AY11 adsorption capacity (a) (dose of adsorbent = 1 g/L, AY11 = 50 mg/L,
temperature = 298 K, pH = 6.5) and effect of initial concentration on AY11 adsorption capacity (b) (dose of
adsorbent = 1 g/L, contact time = 60 min, temperature = 298 K, pH = 6.5)

comparison of pseudo-first-order and pseudo-second-order is shown in Table 2. Among them, the
relative error was calculated by dividing the absolute value of the difference between the two sets of
values by the set of values with a high correlation coefficient. It can be seen from Table 2 that, for the
quasi-first-order kinetics model, the correlation coefficients of the three samples' nonlinear fittings are
significantly higher than those of the linear fitting, indicating that the nonlinear fitting results of the
quasi-first-order kinetics of the samples are better than the linear fitting results. The linear fitting
correlation coefficient of quasi-second-order kinetics is slightly better than that of nonlinear fitting, but
the difference is small. The regression coefficient value (R2) of linear fitting is all higher than 0.999, and
the relative error of Qe and K is smaller than that of quasi-first-order kinetics fitting, indicating that the
three samples followed the pseudo-second-order kinetics model better.
Table 2. Kinetic parameters for the adsorption of AY11 (308 K)
308 K

NB

AMCB

AMNB

Parameter
Equation
qe (mg/g)
k1 (min-2)
R2
qe (mg/g)
k1 (min-2)
R2
qe (mg/g)
k1 (min-2)
R2
Equation

NB

AMCB

AMNB

qe (mg/g)
k2 (g/mg min)
R2
qe (mg/g)
k2 (g/mg min)
R2
qe (mg/g)
k2 (g/mg min)
R2

Nonlinear fitting
pseudo-first-order

Linear fitting

𝑞V = 𝑞; (1 − 𝑒 5XB V )
ln(𝑞; − 𝑞V ) = 𝑙𝑛𝑞; − 𝑘G 𝑡
7.92
14.34
0.5247
0.6152
0.9978
0.8786
6.21
2.93
0.2084
0.0530
0.9882
0.8699
10.24
3.89
0.2566
0.0916
0.9957
0.8282
pseudo-second-order
𝑡
1
𝑡
𝑘F 𝑞; F 𝑡
=
+
𝑞V =
𝑞V 𝑘F 𝑞; F 𝑞
1 + 𝑘F 𝑞; 𝑡
8.06
6.29
0.0271
0.0255
0.9989
0.9999
6.72
5.15
0.0527
0.9977
10.84
0.0177
0.9896

0.0377
0.9998
9.33
0.0115
0.9998

Relative error

81.06%
17.25%
52.82%
74.57%
62.11%
64.30%

28.14%
6.27%
30.49%
39.79%
16.18%
53.91%
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The experimental results of isothermal adsorption, shown in Fig. 6a–c, are adsorption isotherms of
NB, AMCB and AMNB at 298, 308 and 318 K, respectively, and the initial concentration range is 10–
80mg/L.
Adsorption isotherms are characterized by certain constant parameters associated with surface
characteristics, the affinity of the adsorbent and the adsorption capacity of the adsorbent, which can be
used to evaluate the feasibility of this process for a given application and determine the adsorbent
dosage required (Purkait et al., 2006; Zheng et al., 2017).
In this study, to describe the adsorption equilibrium, Langmuir and Freundlich isotherm models
were used to fit the experimental results for the AY11 adsorption onto NB, AMCB and AMNB. All
isotherms can be linearized, and then the parameters can be determined graphically or by linear
regression (Periasamy and Namasivayam, 1995; Otker and Akmehmet-Balcoglu, 2005).
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Fig. 6. Effect of initial concentration of AY11 and temperature on the amount (dose of adsorbent = 1g/L, contact
time = 60 min)

The Langmuir isotherm is applicable to homogeneous sorption, where the sorption of each sorbate
molecule onto the surface has equal sorption activation energy. The isotherm properties by fitting
Langmuir and Freundlich equations are shown in Table 3. As can be seen, the RL values obtained when
fitting the Langmuir equation were less than 1, indicating the great affinity of the NB, AMCB and AMNB
for AY11. The magnitude of the exponent n gives an indication of the favorability of adsorption when
fitting the Freundlich equation. Generally, n in the range 2–10 represents good, 1–2 represents
moderately difficult, and less than 1 represents poor adsorption characteristics. The Freundlich equation
describes heterogeneous systems and reversible adsorption. This is not restricted to the formation of
monolayers. The isotherms model results of three samples showed similar rules: the correlation
coefficients (R2) of the linear form of the Langmuir model were higher than those of the Freundlich
model, which means that the adsorption process of AY11 onto NB, AMCB, and AMNB follow the
Langmuir model better. The thermodynamic model results of three samples showed similar behavior:
the adsorption process has a spontaneous nature as indicated by the negative values of ΔG°. Physical
adsorption may have played an important role in AY11 uptake for the ΔG° values in the range of –20 to
0 kJ·mol-1 (Li et al., 2011). The positive value of ΔH° reveals endothermic adsorption, and this is in
agreement with the expected higher negative values of ΔG° at higher temperatures. The positive value
of ΔS° suggests increased randomness at the solid–solution interface during the adsorption (Acemioglu,
2004).
The thermodynamic parameters provide in-depth information on the energetic changes associated
with the adsorption process, and the adsorption thermodynamic parameters of the three samples are
shown in Table 4.
Table 3. Isotherm properties of AY11 adsorption when fitting Langmuir and Freundich equations
308 K
NB
AMCB
AMNB

Qm,ca. (mg/g)
29.50
25.84
50.25

Langmuir
KL (L/mg)
R2
-3
3.832 × 10
0.9882
4.468 × 10-3 0.9970
6.642 × 10-3 0.9961

RL
0.77–0.96
0.74–0.96
0.65–0.94

Freundich
KF (mg/g)/ (mg/L)1/n
0.072
0.128
0.436

n
0.84
1.04
1.16

R2
0.9700
0.9915
0.9915
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Table 4. Thermodynamic parameters for the adsorption
Sample
NB
AMCB
AMNB

286 K
–3.97
–4.83
–2.61

ΔG (kJ·mol-1)
298 K
–4.43
–5.32
–3.10

308 K
–4.73
–5.58
–3.86

ΔS (J·K-1mol-1)

ΔH (kJ·mol-1)

16.02
18.77
13.52

6.18
6.31
11.17

3.4. Adsorption mechanisms
The test results of CEC, SV and Qm are shown in Fig. 7. Comparing the SV of BC and NB, it can be
seen that the swelling performance of bentonite was significantly improved by sodium modification,
and the swelling performance of NB was 640% that of BC. This means that the degree of dispersion of
NB particles in water is much higher than that of BC. Meanwhile, after the Na-modified bentonite
particles are dispersed in water, the water–soil system formed has high stability. In addition, BS-12
modification can also improve the swelling properties of bentonite. The swelling capacity of AMNB
increased by more than 50% compared with NB, and that of AMCB increased by 165% compared with
BC. This indicates that amphoteric modification can greatly improve the dispersion property of
bentonite and improve the stability of the water–soil system. However, by comparing the SV of AMNB
and AMCB, it can be seen that the effects of sodium modification on the dispersion properties of
bentonite was greater than that of ambidextrous amphoteric modification. At the same time, Fig. 7
shows the positive correlation between bentonite's adsorption capacity for AY11 and swelling
performance—the higher the swell volume (SV), the stronger the adsorption capacity (Qm). For
bentonite, the higher the swelling performance and the better the dispersibility, the more favorable it is
for the occurrence of adsorption, which is consistent with the test results. It follows that the effects of
sodium modification on the swelling performance of bentonite is particularly significant. Therefore, in
order to improve the adsorption of bentonite, the pretreatment of sodium modification is necessary.
To better understand the effect of modification on bentonite, the electro-kinetic phenomenon of
mineral suspensions was investigated. Fig. 8 shows the zeta potential of four samples as a function of
pH.
In the pH range of 2–8, the surface of four samples always accumulated negative charges. With the
increase in pH, the negative charge on the surface of the particles showed an increasing trend, and the
change trend of the surface charge of the four samples was consistent. By comparing the surface zeta
potential changes in BC and NB, it can be found that sodium modification greatly increases the amount
of surface negative charge of bentonite. The larger the surface potential, the stronger the electrostatic
repulsion between the colloidal particles, the less the possibility of mutual aggregation and
precipitation, and the better the stability of the system. The zeta potential changes and the swelling
capacity of NB and BC are consistent with this rule (Barast et al., 2017). After the modification of BS-12,
160
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the negative surface charges of BC and NB were reduced, indicating that BS-12 had similar effects on
BC and NB. On the other hand, although the surface electronegative properties of AMNB and AMCB
are weaker than those of NB and BC, their swelling performance is stronger, indicating that the stability
of organic modified bentonite in the water–soil system no longer depends only on the ions’ charge. After
the intercalation of organic modifiers, the colloidal swelling in bentonite's swelling mechanism is
amplified. Therefore, although the negative charges on the surface of AMCB and BC decreased
compared to AMNB and NB, their swell volume increased (Yang, 2018).
The FT-IR spectra of the four samples are shown in Fig. 9. It can be seen from Fig. 9 that the FT-IR
spectra of the four samples have many similarities—of which, in the high-frequency region, the
absorption band at about 3617 cm-1 belongs to the stretching vibration mode of OH- in montmorillonite
Al-Al-OH and Al-Mg-OH (νOH-A) (Bianchi et al., 2013). The interlaminar water stretching vibration of
montmorillonite is around 3418 cm-1, while the bending vibration is around 1637 cm-1, and the
absorption band is strong (Dawodu and Akpomie, 2014). The infrared absorption band at 1035 cm-1 is
attributed to the Si-O stretching vibration modes in Si-O-Si, Si-O-Al, and SiO2 in montmorillonite (νSi-O-1
B) (Madejova, 2003). The infrared absorption band at 916 cm is attributed to the bending vibration
mode of OH in montmorillonite Al-Al-OH (δOH- 1-A) (Slany et al., 2019).The infrared absorption band at
845 cm-1 is attributed to the bending vibration mode of OH- in montmorillonite Al-Mg-OH (δH- 2-A). The
infrared absorption band at 789 cm-1 is attributed to Si-O-Si symmetric stretching mode corresponding
to SiO2 in montmorillonite (νO- Si-O-A) (Santos et al., 2020a). The band at 520 cm-1 represents the coupling
vibration of Si-O-M (M means cation) at the octahedron of montmorillonite (Zhu et al., 2016) and the
absorption band at 466 cm-1 represents the bending vibration of Si-O-Si (δSi-O-Si) (Saidi et al., 2012). These
absorption bands are generated by Si-O vibration, OH and interlayer water vibration, and Mg-O/Al-O
vibration in bentonite, and they are observed in the infrared spectrum of bentonite (Madejova, 2003).
The differences in the FT-IR spectra of the four samples are as follows: Compared with BC, the wide
absorption band of NB at 1454 cm-1 belongs to the CO32- stretching vibration mode, which is caused by
the Na2CO3 in the sodium modification (Yang et al., 2020). The spectra of NB and BC are very similar,
especially in the low-frequency region of the lattice bending vibration band, the peak shape and
intensity are almost identical, indicating that Na+ only replaces the Ca2+ between the layers of
montmorillonite in BC, but has no effect on Mg2+ and Al3+ in the montmorillonite lattice. In the AMCB
and AMNB spectra, -CH-symmetric (νsCH) and anti-symmetric (νasCH) stretching vibration bands appear
at 2926 cm-1 and 2854 cm-1 in the intermediate frequency region (Ren et al., 2018), indicating that BS-12
was inserted between montmorillonite layers. The AMNB spectrum has a small absorption peak at 722
cm-1, which is attributed to the out-of-plane bending vibration peak (ωCH) of the carbon chain -CH2(Santos et al., 2020b).
Three small and dense finger-type absorption peaks at 1464 cm-1, 1435 cm-1, and 1407 cm-1 belong to
-CH- bending vibrations in the carbon chain. Among them, 1464 cm-1 is the in-plane bending vibration
peak (NCH) of -CH at CH3-CH2- in the carbon chain (Xiao et al., 2020b). These absorption bands are
common in hydrocarbons. Both the wide absorption band at 1333 cm-1 and the absorption peak at 1549
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cm-1 belong to the stretching vibration of C = O (νC = O) in the carboxylate group -COO-, which is also
proof of the intercalation of BS-12 to montmorillonite of NB (Lapo et al., 2020).
Comparing the FT-IR spectra of the four samples, the vibration of Al-O (OH) -Al and Si-Mg of the
clay octahedral in the low-frequency lattice bending vibration band did not change significantly,
indicating that, for the composition of silicate in the interlayer domain, changes have taken place, but
the basic silicate skeleton vibration has not changed and maintains the original structural state.
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Fig. 9. FT-IR spectra of the four samples

According to the adsorption results and the test results of Fig. 7–9, the sodium modification
improved the CEC of NB compared with that of BC, resulting in a stronger negative charge on the NB
surface than that of BC. Strong surface electronegativity increases the repulsion between
montmorillonite particles, enhances dispersion, and increases the swelling capacity. The replacement of
interlayer hydrated calcium ions by sodium ions is the root cause of this series of changes, However, it
should be noted that, since the adsorption of NB on AY11 is not an ion exchange adsorption caused by
the increase in CEC, the change in the type of interlayer hydrated cations is not the cause of the change
in the absorption performance of bentonite to AY11. The surface of montmorillonite is very hydrophilic.
When the two particles are close to each other, a strong hydration repulsion force is generated, which
hinders the aggregation of the particles (Yang et al., 2017). The hydration energy of calcium ions
between layers of natural calcium bentonite is less than that of sodium ions, so when it is dispersed in
water, the hydration repulsion force on the particle surface is lower than that of natural sodium
bentonite and sodium-modified bentonite, which is reflected in its lower swelling capacity and poor
water absorption (Barast et al., 2017). Under the dual effects of poor dispersibility and negative surface
charge, it is extremely difficult for AY11, an organic compound with an anionic group, to come into
contact with the surface of the montmorillonite particles, so BC showed extremely poor adsorption to
AY11. As shown in Fig. 10, after sodium modification, Na+, which has a large hydration energy between
the crystalline layers, escapes from the interlayer space when it comes into contact with water,
weakening the bonding force between crystal layers, which enables the H2O molecule to be inserted
into the layers and increases the layer spacing sharply, making the mineral particles swell rapidly. On
the other hand, each unit cell of montmorillonite contains 0.25–0.60 structural negative charges, so a
large number of cations are adsorbed on the surface of montmorillonite. These cations diffuse into the
solution in the aqueous solution, forming an electric double layer on the particle surface. The surfaces
of adjacent particles are negatively charged and repel each other, which increases the spacing between
the particles and causes the volume of the clay particles to expand. The increase in CEC and the increase
in the surface negative electricity signify that the number of cations attached to the montmorillonite
surface has increased during the sodium modification process, which makes the electric double layer
on the surface of the NB particles more repulsive and further improves the swelling performance of
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bentonite. Sodium modification increased the swelling capacity of the bentonite several times, released
the large internal surface area of the montmorillonite particles and greatly increased the probability of
AY11 contacting montmorillonite particles and adsorbing to the montmorillonite surface under the
action of van der Waals force (Yang, 2018). Therefore, compared with BC, NB shows a better adsorption
capacity for AY11.
According to FT-IR spectroscopy, it was found that the inter-layer organic content of AMCB is
limited, while the inter-layer organic content of AMNB is much higher. There are two reasons for this
phenomenon. On the one hand, the poor hydration properties of calcium-based bentonite make the
interlayer space limited, which is not conducive to the exchange and replacement of calcium ions by BS12 entering the interlayer. However, the bentonite interlayer domain after sodium modification is fully
expanded and the internal surface area is increased, which increases the chance of BS-12 entering the
interlaminar region and exchanging with cations. On the other hand, the larger hydration of sodium
ions makes it easier for sodium ions to overflow from the interlayer space of Na-modified bentonite
than for calcium ions to overflow from the interlayer space of calcium-based bentonite, which increases
the probability of being replaced by BS-12. The amphoteric surface modifier BS-12 has a hydrophobic
carbon chain and two hydrophilic groups with positive and negative charges, respectively. After
modification by BS-12, the hydrophilic group of BS-12 is combined with the surface of bentonite, and
its long hydrocarbon chain hydrophobic group extends outward, forming an organic phase on the
surface of the bentonite, which makes the surface of the bentonite have a certain degree of
hydrophobicity. AY11 molecules are easily adsorbed on the surface of modified bentonite, so the
adsorption capacity of the modified bentonite to AY11 is greatly increased compared with unmodified
bentonite (Meng et al., 2008)．

Fig. 10. Schematic of modification mechanism

4. Conclusions
The effects of sodium modification pretreatment on the amphoteric modification of calcium bentonite
was studied by the evaluation standard of the adsorbability of anionic dye AY11. Natural calcium
bentonite does not absorb anionic dyes easily, but amphoteric modification can improve the adsorption
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capacity of anionic dyes, and sodium modification also has the same effect. The adsorption capacity of
calcium bentonite can be improved by sodium–amphoteric modification (AMNB), which is evidently
better than that of amphoteric organic modified calcium bentonite (AMCB) and sodium modification
bentonite (NB). The natural calcium-based bentonite has poor dispersibility and hydration
performance, and a large amount of negative charges are accumulated on the particle surface, making
it difficult for AY11 to adsorb on the particle surface; therefor it demonstrated poor adsorption
performance. The sodium modification expanded the interlayer space and released the internal surface
area of the particles, which greatly increased the probability of AY11 contacting with montmorillonite
particles and adsorption with montmorillonite under the action of van der Waals force. The adsorption
mechanism research shows that the adsorption mechanism of AMNB and AMCN for AY11 is different
from that of NB. The adsorption of AY11 by NB takes place on the exterior surface of the adsorbent and
proceeds rapidly. BS-12 adsorbs on the bentonite surface through the combination of a hydrophilic
group and permanent negative charge on the bentonite surface and replaces a part of the interlayer
hydrated cation. Its outwardly extending hydrophobic carbon chain forms an organic phase on the
surface of bentonite, with the result that AY11 is adsorbed by the amphoteric bentonite. In the process
of amphoteric modification, the pretreatment of sodium modification also played a similarly positive
role in the release of interlayer space; however, since the hydration energy of Na+ is greater than that of
Ca2+, when Ca2+ is replaced by Na+, Na+ is more likely to escape from the interlayer space and exchange
with the modifier. Therefore, the amphoteric bentonite pretreated by sodium modification has a higher
organic content in the interlayer than that of amphoteric bentonite without pretreatment, and the
hydration performance, dispersion performance, and adsorption performance are significantly
improved.
The findings of this investigation suggest that the pretreatment of sodium modification is positive
and necessary for sodium–amphoteric modification.
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