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ABSTRACT

This study aimed to investigate the adsorption of heavy metal ions onto zwitterionic and anionic
modified sierozem, dodecyl dimethyl betaine (zwitterionic modifier, BS) and sodium dodecyl sul-
fate (anionic modifier, SDS), which were used to simultaneously modify sierozems. The adsorp-
tion characteristics of Cu* and Cd* on each composite modified sierozem were studied by batch
method, and the effect of temperature, pH, and ionic strength on adsorption were compared. The
following results were obtained: (1) the adsorption isotherms of Cu* and Cd* in different modi-
fied sierozems followed the Langmuir model. The adsorption capacities of Cu* and Cd* were in
the order of BS+SDS-modified > BS-modified > unmodified sierozem. With the increase of mod-
ified proportion of SDS, the amount of Cu* and Cd* adsorbed onto BS+SDS-modified sierozem
increased. Cu* has a higher adsorption amount on the same modified sierozem than Cd*. (2) The
increase of temperature inhibited Cu* and Cd* adsorption in BS+SDS modified sierozems but pro-
moted Cu? and Cd* adsorption in BS-modified and unmodified sierozems. Low ionic strength
and high pH promoted the Cu* and Cd* adsorption in all tested modified sierozems. (3) The
adsorption of Cu* and Cd* onto different sierozem samples showed a spontaneous, entropy-
increasing, and endothermic process on CK and BS-modified sierozem and spontaneous, entro-
py-increasing, and exothermic process on B5+SDS-modified sierozem. The spontaneity and entropy
of Cu*" adsorption were higher than those of Cd*".

Keywords: Sierozem; Dodecyl dimethyl betaine; Sodium dodecyl sulfate; Heavy metal; Adsorption
mechanism

1. Introduction

Environmental problems are becoming increasingly seri-
ous with the development of the economy. Contaminants
containing heavy metals that enter the soil have significantly
deteriorated the soil environment [1-3]. Accordingly, the
use of effective methods to control and reduce soil heavy
metal pollution has become a focus in current research
[4-6]. Organic substance can fix pollutants and reduce pol-
lutants migration in soil, and then avoid being absorbed
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by the plant [7,8]. Therefore, organic modifiers are usually
used to modify clay minerals or soil to improve the adsorp-
tion capacity of heavy metal pollution, and these materials
are important for the protection of the soil environment,
groundwater resources, and human health [9,10].
Modification by surfactants can enhance the adsorp-
tion capacity of heavy metal by soil or clay [11-14]. The
adsorption capacity of Cd* on dodecyl dimethyl beta-
ine (BS-12) modified bentonite and yellow-brown soil has
been enhanced by 1.01-1.08 and 1.57-1.64 times than that
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on raw samples, respectively [15,16]. The amount of Cd*
adsorbed onto modified bentonite and yellow-brown soil
decreased with the increase of ionic strength. Cu®" adsorp-
tion of clay has been enhanced by modified with BS-12 with
a value that is 1.03-1.56 times higher than that of unmod-
ified ones [17], and the temperature effect changed when
modified with different modifier [18]. After the modifica-
tion by zwitterionic surfactants, the adsorption capacity
of Cu* on bentonite increased with the increase of tem-
perature and pH but decreased with the increase of ionic
strength. Upon modification with zwitterionic surfactants,
the adsorption capacity of Cu* on purple soil decreased
with the increase of temperature and ionic strength but
increased with the increase of pH [19]. The adsorption
mechanisms of heavy metal ions on zwitterionic modi-
fied clay or soil mainly involve ion exchange, electrostatic
attraction, and complexation [20]. The adsorption of heavy
metals by zwitterionic surfactants modified substrates has
been widely reported. The substrates mainly include pure
clay minerals or the soil in southwest China.

Sierozem in northwest China was simultaneously mod-
ified by zwitterionic and anionic modifier, and the adsorp-
tion effect of Cu* and Cd* was studied. The amount of
pollutants adsorbed is expected to be greatly increased,
and limited studies have been conducted in this field. This
paper studied the adsorption characteristics of Cu* and
Cd* in sierozem modified by BS-12 and sodium dodecyl
sulfate (SDS), and the effect of various temperatures, pH
values, and ionic strength on adsorption. This study pro-
vides a theoretical and practical basis for the remediation
of heavy metal pollution in the environment by com-
positely modified soil.

2. Materials and methods
2.1. Experimental materials

Dodecyl dimethyl betaine was used as zwitterionic mod-
ifier and referred to as BS-12 (BS, analytic reagent, Tianjin
Xingguang Auxiliary Factory, China). SDS (analytic reagent,
Tianjin Dingshengxin Chemical Co., Ltd., China) was used
as anionic modifier. The structural formulas of BS-12 and
SDS are shown in Fig. 1.

The tested sample (sierozem) was collected from farm-
land in Anningqu Town of Urumgqi City, and the surface
(0-25 cm) samples were collected using the S-point method
in a typical area. Sierozem was air-dried and ground, sieved
through a 100-mesh nylon sieve, and prepared for use.
The pH of sierozem was 8.85, the cation exchange capacity
(CEC) was 305.16 mmol/kg, and total organic carbon was
11.91 g/kg.

(a) THs
C Hys — N CH,COO~
CH,

Fig. 1. Structural formulas of BS-12 (a) and SDS (b).

Solutions of heavy metal pollutants Cu®* and Cd*
were prepared using CuSO,-5H,O (analytic reagent, Anhui
Yuxuan Technology Co., Ltd., China) and CdSO,-8H,O (ana-
lytic reagent, Fuchen Chemical Reagent Factory, China),
respectively.

2.2. Preparation of compositely modified sierozem

A wet method was used to prepare compositely mod-
ified sierozem [21]. In this method, a certain weight of
sierozem was prepared for modification, slowly added to
the prepared BS-12 solution with a sierozem/water ratio of
1:10, and then dispersed by ultrasound at 60°C for 3 h. The
samples were centrifuged at 4,800 rpm for 20 min, and the
supernatant was separated. BS-12-modified sierozem (zwit-
terionic-sierozem) could be obtained after washing thrice
with deionized water. Zwitterionic-sierozem was dried at
60°C for 12 h and then passed through a 0.25 mm sieve.
The compositely modification method was the same as the
zwitterionic modification, in which zwitterionic-sierozem
was prepared for modification, and then SDS was used
to modify the zwitterionic-sierozem to obtain the com-
positely modified sierozem. The dosage of BS-12 and SDS
were calculated using Eq. (1).

W=mxCECxMx10°xR/b (1)

where W (g) is the quality of modifier. m (g) represents
the mass of sierozem. CEC (mmol/kg) denotes the CEC of
sierozem. M (g/mol) refers to the molecular mass of the
modifier. R is the modified proportion. b stands for the con-
tent of the modifier product (mass fraction).

2.3. Experimental design
2.3.1. Tested compositely modified sierozem

BS modification was set at three proportions of 50%,
100%, and 150% by the CEC of sierozem, expressed as 50BS,
100BS, and 150BS, respectively. SDS was then modified on
the basis of BS modification, and the composite modification
ratios were set at 50BS+50SDS, 50BS+100SDS, 50BS+150SDS,
100BS+50SDS, 100BS+100SDS, 100BS+150SDS, 150BS+50SDS,
150BS+100SDS, and 150BS+150SDS. Unmodified sierozem
was used as control (CK).

2.3.2. Concentration gradient of Cu** and Cd*

The experiments were carried out by using the adsorp-
tion isotherm method. In the following experimental design,

(b) O
H Na*
O— s — O~
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both Cu* and Cd* were set to nine concentration gradients
of 5, 10, 20, 50, 100, 200, 300, 400, and 500 mg/L. The exper-
imental temperature was set to 30°C, the pH was set to 7,
and the ionic strength was 0.1 mol/L. KNO,. Three replicates
were set for each treatment.

2.3.3. Environmental factors

The main environmental conditions were temperature,
pH, and ionic strength. Three single-factor experiments were
set considering the same environmental conditions.

The temperatures were set at 20°C, 30°C and 40°C
regarding the actual temperature conditions of the local
soil environment (pH value of the initial solution: 4; ionic
strength: 0.1 mol/L KNO,). The pH value of the contaminant
solution was set to 3, 5, and 7 (the experimental temperature:
30°C; ionic strength: 0.1 mol/L KNO,). The ionic strength
was set to 0.05, 0.10, and 0.50 mol/L KNO, (pH value of the
initial solution: 4; the experimental temperature: 30°C).

2.4. Experimental method

Equilibrium adsorption experiments were carried out by
the batch method.

Approximately 0.5000 g of sample was weighed in nine
50 mL plastic centrifuge tubes, and 20.00 mL of Cu* (or
Cd?) solution of the above series concentrations was added.
At 30°C and 150 rpm, constant-temperature oscillation was
carried out for 24 h (the preliminary kinetic experiments
showed that adsorption equilibrium was reached after
24 h). The equilibrium adsorption of Cu* (or Cd*) in the
supernatant was determined by centrifugation at 4,800 rpm
for 20 min, the equilibrium adsorption amount of Cu* (or
Cd*) was determined, and the equilibrium adsorption
amounts of Cu* and Cd* were determined via subtraction.

Cu? and Cd* were determined by HITACHI Z-5000
atomic absorption spectrophotometer, the testing method
was flame method, and the Zeeman effect was used to correct
the background absorption. The above measurements were
inserted into standard solutions for analytical quality control.

2.5. Data processing
2.5.1. Equilibrium adsorption amount
The equilibrium adsorption amount was calculated using
Eq. (2):
_Vx(C,-C,)
W,

0

q @)

where C, (mmol/L) and C, (mmol/L) are the initial and
equilibrium concentrations of Cu* (or Cd*) in the solution,
respectively. V (mL) is the volume of Cu* (or Cd*) solu-
tion added. W, (g) is the weight of the tested soil sample.
g (mmol/kg) is the equilibrium adsorption amount of
Cu* (or Cd*) on the tested soil.

2.5.2. Fitting of adsorption isotherms

The Langmuir isotherm was selected on the basis of
the adsorption isotherm trend and the isothermal equation
[Eq. (3)] is as follows [15]:

1nbCy
= m 3
=1 4c, ©)

where g, indicates the maximum adsorption amount of Cu*
(or Cd*) on the different materials, mmol/kg; b represents
the apparent equilibrium constant of the Cu* (or Cd*)
adsorption, which can be used to measure the affinity of
adsorption.

2.5.3. Calculation of thermodynamic parameters

Parameter b in the Langmuir model is equivalent to the
apparent adsorption constant of equilibrium constant, and
the thermodynamic parameter calculated by b = K or K is
called the apparent thermodynamic parameters; Eqgs. (4)—(6)
are as follows [17]:

AG =-RTInK @)

AH=R| L |l Ko Ta 5)
Tz_ 1 Ku’Tl

AS = AH;AG ©)

where AG is the standard free energy change (kJ/mol), R is
a constant (8.3145 J/mol/K), T is the adsorption temperature
(T, =293.16 K, T, = 313.6 K), AH is the enthalpy of adsorp-
tion process (kJ/mol), and AS is the entropy change of
adsorption process (J/mol/K).

CurveExpert 1.4 fitting software was used in isother-
mal fitting, and SigmaPlot 10.0 software was adopted to
improve data plotting.

3. Results and discussion
3.1. Cu*" and Cd** adsorption on different modified sierozems

The adsorption isotherms of Cd* and Cu® on each
test soil sample are shown in Fig. 2. Langmuir model was
used to fit the adsorption isotherms of Cd* and Cu* on
each modified sierozem (Table 1). The correlation coeffi-
cients all reached significant level (P < 0.01), indicating that
the adsorption process of Cd* and Cu* on the modified
sierozems was suitable for the Langmuir isothermal adsorp-
tion model. The equilibrium adsorption capacities of Cd*
and Cu* on each modified sierozem were in the order of
BS+150SDS > BS+100SDS > BS+50SDS > BS > CK.

The maximum adsorption amount (g,) of Cu* on 50BS-
and 100BS-modified sierozems were 1.26 and 1.33 times
higher than those of CK, respectively. When SDS was sec-
ondly modified on BS-modified sierozems, the g values
of Cu* on BS+SDS-modified sierozems were 1.01-1.18 and
1.09-1.46 times higher than those of BS-modified sierozems.
Meanwhile, the g, of Cu* on BS+SDS-modified sierozem
was improved by 1.29-1.93 times compared with CK. The
order of g, of Cu* on each modified sierozem showed
the same order as the equilibrium adsorption capacity
in Fig. 2. Therefore, BS modification could improve and
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Fig. 2. Adsorption isotherms of Cu* and Cd* on different modified sierozems.
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Table 1

Fitting parameters of Cu** and Cd* adsorption isotherms on different modified sierozems
Treatments Cu* Ca*»

r q, b r q, b

CK 0.9916** 70.06 459.80 0.9915** 64.54 404.52
50BS 0.9765** 88.45 261.01 0.9739** 82.00 396.45
50BS+50SDS 0.9800** 90.47 338.19 0.9849** 83.94 373.21
50BS+100SDS 0.9812** 95.55 476.60 0.9800** 90.47 338.19
50BS+150SDS 0.9782** 104.50 553.00 0.9823** 98.67 330.70
100BS 0.9755** 93.10 253.50 0.9857** 87.32 299.39
100BS+50SDS 0.9776** 101.49 669.74 0.9768** 96.84 227.74
100BS+100SDS 0.9814** 111.05 997.02 0.9779** 106.65 209.83
100BS+150SDS 0.9826** 135.50 925.96 0.9814** 109.27 175.13

Note: ** indicates significance at the p = 0.01 level (r = 0.765 at p = 0.01 when the degrees of freedom f = 8).

BS+SDS modification could observably promote the adsorp-
tion capacity of sierozem for Cu*. Moreover, g, of BS+SDS-
modified sierozem has a positive relationship with the
proportion of SDS on BS-modified sierozem.

The g, of Cd* on each modified sierozem ranged from
82.00 to 102.97 mmol/kg and had the same order as the equi-
librium adsorption capacity in Fig. 2. In comparison with
CK, the g, of Cd* on 50BS- and 100BS-modified sierozem
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increased by 1.27 and 1.35 times, respectively. The g, of Cd*
on 50BS+50SDS-, 50BS+100SDS-, and 50BS+150SDS-modified
sierozems were 1.02, 1.10, and 1.20 times higher than those
on 50BS-modified sierozem, respectively. The g, of Cd* on
100BS+SDS-modified sierozem was 1.11-1.25 times higher
than that on 100BS-modified sierozem. The results indi-
cate that BS modification improved the adsorption capac-
ity of Cd*" on sierozem, and increasing the BS modification
proportion improved the adsorption capacity of Cd*" onto
BS-modified sierozem. Moreover, after being modified
with SDS, the adsorption capacity of Cd* on BS-modified
sierozem was remarkably enhanced. This result was
similar to the Cu*" adsorption in previous section.

The adsorption capacities of Cu* and Cd* on BS- and
BS+SDS-modified sierozems were higher than those on
CK, and had the trends of 100BS > 50BS > CK and BS+1
50SDS > BS+100SDS > BS+50SDS > CK. The g, of Cu* on
CK was 1.09 times higher than that of Cd*. The q, of Cu*
on 50BS- and 100BS-modified sierozems were 1.08 and
1.07 times higher than those of Cd*. The g, of Cu* on
BS+SDS-modified sierozems were 1.04-1.24 times higher
than those of Cd?*. The results showed that the adsorption
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capacity of Cu* on the tested samples was stronger than
that of Cd*. The above finding was consistent with pre-
vious studies on Cd* adsorption onto BS+SDS-modified
bentonite [20] and yellow-brown soil [16]. After being
modified by BS, the g, values of Cd* by bentonite were
1.36-1.39 and 3.63-5.44 times higher than those of sierozem
and yellow-brown soil, respectively. Under the modifica-
tion of BS+SDS, the g, values of Cd* by bentonite were
1.75-3.45 and 4.85-6.41 times higher than those of sierozem
and yellow-brown soil, respectively. The results indicated
that the adsorption capacity of Cd** on modified clay was
stronger than that of modified sierozem and yellow-brown
soil with the trend of modified bentonite > modified
sierozem > modified yellow-brown soil. This finding was
obtained mainly because the CEC of bentonite (1,003.32
mmol/kg) was higher than that of sierozem (305.16 mmol/
kg) and yellow-brown soil (184.7 mmol/kg).

3.2. Effect of temperature on Cu®* and Cd** adsorption

Fig. 3 shows the adsorption changes of Cd* and Cu*
on each tested sample at 20°C—40°C. When the temperature
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Fig. 3. Effect of temperature on Cu* and Cd*" adsorption on different modified sierozems.
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changed from 20°C to 40°C, the adsorption rates of Cu®
increased by 9.37%, 7.61%, and 14.36%, while those of Cd*"
increased by 6.18%, 6.81% and 4.73% on CK, 50BS- and
100BS-modified sierozem, respectively. The adsorption rates
of Cu* and Cd* on BS+SDS-modified sierozem decreased
by 2.43%—4.42% and 2.74%-5.57%, respectively. With the
increase of temperature, the adsorption capacity of Cu®
and Cd* by CK- and BS-modified soils gradually increased,
showing a positive temperature effect. However, the adsorp-
tion capacities of Cu* and Cd* onto BS+SDS-modified
sierozem decreased with the increase of temperature,
showing a negative effect of temperature increase.

The temperature effect of Cu?* and Cd* adsorption
shifted from positive to negative with the change if soil
sample changed from CK and BS-modified sierozem to
BS+SDS-modified sierozem. In other words, after SDS mod-
ification, the adsorption of BS-modified sierozem gradu-
ally shifted from an endothermic to an exothermic process.
In comparison with Cd?*, the adsorption capacity of Cu®
on BS-modified soil samples remarkably increased with
increasing temperature, and the adsorption capacity of
Cu? on BS+SDS-modified sierozem slightly decreased with
increasing temperature. This finding was consistent with

140
(a)
—~ 120 F
)
=
°
E 100 - a
b 5
g 8or  —— S—
E
< - 9o ——©
g 60t
E
2
7 40T —e— CK
& —o— 50BS
O 20 } —v— 50BS+50SDS
—— 50BS+100SDS
—=— 50BS+150SDS
0 . . A A A ;
2 3 4 5 6 7 8
pH
140
©
~ 120
)
=4
=
g 100 f
E
b= - S
5 sof
g S S—
_S 60 — o —————— 0
B
2
B 40t —e— CK
(t_c —O— 50BS
C ol —w— 50BS+50SDS
—2— 50BS+100SDS
—&— 50BS+150SDS
0 1 1 1 1 1 1
2 3 4 5 6 7 8
pH

205

the results of Cd* adsorption by modified bentonite and
yellow-brown soil [16,20].

3.3. Effect of pH on Cu** and Cd** adsorption

The adsorption changes of Cu** and Cd* on the tested
samples in the pH range of 3-7 are shown in Fig. 4. As the
pH value of the solution increased, the adsorption capaci-
ties of Cu*" and Cd* in all samples increased, reaching the
maximum value at pH = 7. In comparison with Cd*, the
adsorption capacity of Cu* on BS- and BS+SDS-modified
sierozem had a higher increase with the increase of pH.
When pH value increased from 3 to 7, the adsorption rates
of Cu? and Cd?* on CK, BS- and BS+SDS-modified sierozems
increased by 1.24%-3.54% and 1.05%-2.97%, respectively.
With the increase in pH, the number of OH" ions increased,
which easily co-precipitated with Cu* and Cd* and then
deposited on the sierozems surface [21,22].

3.4. Effect of ionic strength on Cu** and Cd*" adsorption

When the ionic strength was in the range of 0.05-
0.50 mol/L, the adsorption capacity of Cu* and Cd* on all
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Fig. 4. Effect of pH on Cu*" and Cd* adsorption on different modified sierozems.
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the tested samples decreased with the increase of ionic
strength (Fig. 5). When the ionic strength increased from
0.05 to 0.5 mol/L, the adsorption capacities of Cu*" and Cd*
on all the tested samples decreased by 3.05%—6.87% and
3.70%—7.17%, respectively. The amplitude of Cu* and Cd*
adsorption decreased with increasing ionic strength in the
order of CK > BS-modified sierozem > BS+SDS-modified
sierozem, indicating that sierozem modified by BS and SDS
can reduce the influence of ionic strength. In comparison
with Cd?*, with the increase of ionic strength, the adsorption
capacity of Cu* in different modified samples decreased less.
With the increase in ionic strength, the interaction between
ions in the system was enhanced, and the decrease in the
ion activity coefficient resulted in the decreased effective
concentration of Cu?* and Cd? [23].

3.5. Thermodynamic characteristics of Cu** and Cd** adsorption

The apparent thermodynamic parameters of Cu* and
Cd* adsorption on each tested sample were calculated and
listed in Table 2. The apparent free energy change AG of
Cu* and Cd* adsorption at 20°C and 40°C was negative,
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indicating that the adsorption of Cu* and Cd* on all the
tested samples were spontaneous. From CK to BS-modified
sierozem, and then to BS+SDS-modified sierozem, negative
AG was observed at 20°C and 40°C, showing a consistent
change sequence with the adsorption strength parameter
b. The AG values in the same soil samples were ~AG40 > -
AG20, indicating that with the increase of temperature, the
spontaneity of Cu*" and Cd*" adsorption was enhanced.

The apparent enthalpy change AH values of Cu* and
Cd?*" adsorption on CK and BS-modified sierozem were all
positive, indicating that the adsorption of Cu* and Cd* was
endothermic, and temperature rise enhanced the adsorption.
The apparent enthalpy change AH of Cu* and Cd* adsorp-
tion on BS+SDS-modified sierozems were all negative, indi-
cating that the adsorption of Cu?*" and Cd*" was exothermic,
and the temperature decrease enhanced the adsorption.
These AH values were completely consistent with the con-
clusion in temperature effect and mutually verified. The AS
values of all the tested samples were positive, indicating that
the surface disorder of adsorption system was large. The
adsorption of Cu*" and Cd* on CK and BS-modified sierozem
was spontaneous, endothermic, and entropy-increasing,
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Fig. 5. Effect of ionic strength on Cu*" and Cd* adsorption on different modified sierozems.
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Table 2
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Langmuir and thermodynamic parameters of Cu* and Cd* adsorption on different modified sierozems

Treatments 20°C 40°C
b AG (kJ/mol) b AG (kJ/mol) AH (kJ/mol) AS (J/mol/K)

CK 593.15 -15.55 610.56 -16.69 1.10 53.32
50BS 573.26 -15.47 585.03 -16.58 0.77 52.97
50BS+50SDS 472.18 -15.00 462.21 -15.97 -0.81 51.01
50BS+100SDS 465.20 -14.96 455.35 -15.93 -0.80 50.89

Cu* 50BS+150SDS 448.83 -14.88 440.16 -15.84 -0.73 50.60
100BS 372.36 -14.42 378.03 -15.44 0.58 49.34
100BS+50SDS 290.43 -13.82 286.05 -14.72 -0.58 47.03
100BS+100SDS 229.17 -13.24 226.00 -14.11 -0.53 45.07
100BS+150SDS 183.68 -12.70 181.21 -13.53 -0.51 43.23
CK 421.47 -14.72 436.40 -15.82 1.33 54.77
50BS 391.46 -14.60 400.63 -15.60 0.88 52.65
50BS+50SDS 366.71 -14.38 357.64 -15.30 -0.95 45.83
50BS+100SDS 320.52 -14.06 313.53 -14.96 -0.84 46.28

Cca* 50BS+150SDS 289.75 -13.80 284.15 -14.70 -0.74 45.88
100BS 258.42 -13.53 263.08 -14.50 0.68 48.03
100BS+50SDS 249.32 -13.44 245.28 -14.32 -0.62 44.25
100BS+100SDS 170.40 -12.52 167.87 -13.33 -0.57 41.27
100BS+150SDS 167.30 -12.47 164.95 -13.29 -0.54 41.45

: Cu?t or Cd2+

Dot
: Organic matter 1 X2
o

Fig. 6. Adsorption mechanism of Cu* and Cd* on CK (a), BS-modified (b), and BS+SDS-modified sierozems (c).

but that on BS+SDS-modified sierozem was a sponta-
neous, exothermic, and entropy-increasing process.

In addition, from CK to BS modification and then
to BS+SDS modification, ~AG and AS values gradually
decreased, and AH gradually changed from positive to
negative values. This finding indicates that after modifica-
tion with BS and SDS, the adsorption of Cu* and Cd* on
sierozem changed gradually from endothermic to exother-
mic. Therefore, the adsorption mechanism greatly changed.
The result was similar to the thermodynamic parameters
of Cd* adsorption by modified bentonite [20,24].

When sierozem was modified by BS, BS could eas-
ily combined with the negative charge sites on the outer

surface of the sierozem by the positive charge group —-N*
end or the organic matter on sierozem by the long car-
bon chains of BS (Fig. 6). Cu** and Cd?* could be adsorbed
by negative charge points such as the carboxyl group of
BS-modified sierozem and residual negative charge of
sierozem by ion exchange. Moreover, Cu* and Cd* could
form a complex with the lone electron pair atoms on the
carboxyl group of BS-modified sierozems, making the
g,, of Cd* and Cu* in BS-modified sierozem higher than
that of CK [25,26]. The temperature effect of Cd** and Cu*
adsorption on CK and BS-modified sierozem enhanced.
Therefore, Cu* and Cd* were mainly adsorbed by surface
complexation and ion exchange by CK and BS-modified



208 W. Liu et al. / Desalination and Water Treatment 252 (2022) 200-209

sierozems. When SDS was modified on BS-modified
sierozem, SDS was mainly combined with organic phase
on the surface of BS-modified sierozem by their long car-
bon chains in the form of hydrophobic bonds. Then, the
negative charge end extended outward [27], thus increas-
ing the negative charge adsorption points on the surface
of BS+SDS-modified sierozem [28]. The adsorption capac-
ities of Cu*" and Cd* on BS+SDS-modified sierozems were
further enhanced via electrostatic attraction. Therefore, the
temperature effect of Cu?*" and Cd*" adsorption on BS+SDS-
modified sierozems had a negative effect.

According to the above analysis, sierozem can adsorb
Cu? and Cd* by ion exchange, surface complexation, and
electrostatic attraction. However, the adsorption capac-
ity of Cu* in sierozem was higher than that of Cd*. This
parameter was determined based on the properties of
the two metal ions themselves and the adsorption form
of the metal ions in sierozem. For electrostatic attraction
adsorption, high ion charge and small ion radius resulted
in strong attraction between positive and negative charges
[29]. Both Cu? and Cd?* are divalent cations with the same
number of charges, and metal ions are usually present in
aqueous solutions as hydrated ions. However, the radius
of hydrated ions of Cu* (0.419 nm) is smaller than that
of Cd* (0.426 nm). Hence, the negative charge adsorp-
tion point has a stronger adsorption affinity for Cu? [30].
With the increase of the SDS modification proportion of
BS+SDS-modified sierozem, the adsorption point of nega-
tive charge on the surface increased. In comparison with
Cd*, Cu* in the solution was more easily adsorbed on
the surface of BS+SDS-modified sierozem by electrostatic
attraction. Hence, Cu? had a better directional distri-
bution on the surface of BS+SDS-modified sierozem.

4. Conclusion

® The adsorption isotherm of Cu* and Cd* on different
samples could be well fitted by the Langmuir model.
The adsorption capacities of Cu* and Cd* on different
modified sierozems were in the order of BS+1505DS > B
S+100SDS > BS+50SDS > BS > CK. In comparison with
Cd?, the adsorption capacity of Cu*" on the same modi-
fied sierozem was high.

* The temperature effect on Cu* and Cd* adsorption
changed from positive on CK and BS-modified sierozem
to negative on BS+SDS-modified sierozem. The adsorp-
tion capacity of Cu* and Cd* on all tested samples
increased with the increase of pH. The increase of ionic
strength reduced the adsorption of Cu* and Cd* on
different modified sierozems.

¢ Based on the thermodynamic parameters, the adsorption
of Cu** and Cd* was a spontaneous, entropy-increas-
ing, and endothermic process on CK and BS-modified
sierozem and a spontaneous, entropy-increasing, and
exothermic process on BS+SDS-modified sierozem.
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