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ABSTRACT

A commercial bentonite was modified by Al/Mg-polymeric hydroxy, and its potential application of
removing Cu?, Cd*, and Pb* from aqueous solution was also discussed. The modification did not
change the bentonite microstructure, while the surface morphology becomes rough and the methyl
and methylene groups appeared on the surface of modified bentonite (B-Al/Mg). Under acidic con-
dition, the removal of Cu?*, Cd*, and Pb* raised with the increase of initial pH of solutions, media
dosage, and reaction temperature, and the efficacious contact times for Cu*, Cd*, and Pb* removal
were 6 (Cu*) and 8 h (Cd* and Pb*). The Cu*, Cd*, and Pb* adsorption processes could be better
described by Freundlich isotherm model and pseudo-second-order model. The intraparticle diffusion
might be the rate-controlling step of Cu* and Pb*" adsorption. The Cu*, Cd*, and Pb*" adsorptions
were heterogeneous, spontaneous, endothermic, and irreversible processes. The adsorptions of Cu*
and Cd* were dominated by physisorption, while the chemisorption was dominant in Pb*" adsorption.
The results of column experiments suggested that B-Al/Mg had the potential application in purifica-
tion of drinking water in practice because its removal of Cu*, Cd*, and Pb* was greater than activated
carbons selected in this study, and the breakthrough times were up to 20-30 d. Simultaneously, the
heavy metal concentrations of outlet were all less than the World Health Organization standard in
breakthrough time. The dynamic adsorption of Cu2*, Cd*, and Pb* was well described by bed-depth
service time model. B-Al/Mg had the potential for commercial applications. For single heavy metal
removal, the advised adsorption columns were column 4 (Cu* and Pb*) and column 1 (Cd*), and the
column 5 was suggested for Cu*, Cd*, and Pb* competitive adsorption.
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1. Introduction groundwater sources [1], causing serious health risks to
humans [2]. The heavy metals in water are mainly Cu?*,
Cd*, Ni*, Mn*, Pb*, Hg*, and so on [3-6]. Among them,
the Cd* and Pb* are more toxic to humans and could result
in abnormalities of muscle and nerve and organ failure [7].
Therefore, US Environmental Protection Agency and World

Due to the rapid industrialization, large amounts of
heavy metals are discharged into the surface water and

* Corresponding authors.

1944-3994/1944-3986 © 2019 Desalination Publications. All rights reserved.



244 L. Liu et al. / Desalination and Water Treatment 147 (2019) 243-254

Health Organization (WHO) strictly limit the concentrations
of Cd* and Pb* in drinking water [8]. In addition, trace
amounts of Cu* in the water also cause serious damage to
the brain of humans or animals [9]. Hence, it is very neces-
sary to remove Cd*, Pb*, and Cu* from the water for the
safety of drinking water.

In the past decades, various technologies, such as bio-
sorption [4], adsorption [10], ion exchange of membrane and
resin [11], coagulation, and sedimentation [2], have been
developed for heavy metal removal. Due to its simplicity
and efficiency, adsorption is often the preferred solution.
Among the adsorbents commonly used in adsorption,
modified bentonites have been proven to have better
removal of heavy metals in solutions [12-14]. At pres-
ent, the agents used for the modification of bentonite
mainly include inorganic and organic acids, organic com-
pounds, metals, and salts [12,15-19]. However, there are
almost no reports on the modification of bentonite by Al/
Mg-polymeric hydroxy.

In this study, a commercial bentonite was modified by
Al-Mg-hydroxyl polymerization, and then the potential of
modified bentonite for Cd?*, Pb*, and Cu* removal from
aqueous solutions was also evaluated by static experiments
and dynamic column experiments.

2. Materials and methods
2.1. Materials

The bentonite used in experiments is from Zhengzhou,
China, and its basic properties are as follows: Expansion
capacity 7.5 mL/g, Glue medium 10.4 mL/g, Methylene blue
adsorption 0.601 mmol/g, and Cation-exchange capacity
9.69 cmol/kg. The chemical reagents (NaPO,),, Na,CO,, AICI,,
NaOH, MgCl,, CuSO,, Cd(NQ,),, and Pb(NO,), are all AR.

2.2. Preparation of modified bentonite
2.2.1. Purification of bentonite

First, the pH value of 0.04 mol/L (NaPO,), solution was
adjusted to 7 with 4% Na,CO, solution. Second, 200 g of
bentonite was added to 200 mL of the above solution and
stirred for 0.5 h at 60°C. After standing for 1.5 h, the upper
suspension was dried at 105°C and pulverized through a
200 mesh sieve.

2.2.2. Preparation of Al/Mg-polymerized hydroxyl

First, 0.1 mol/L NaOH solution and 0.1 mol/L AICI,
solution were mixed at 80°C and continuously stirred for 3 h.
And then, the mixture was aged for 24 h at 80°C. Afterward,
0.1 mol/L MgCl, solution was added into the aged mix-
ture with the Mg?* and AI** molar ratio of 0.1. Similarly, the
new mixture was also stirred and aged under the above
conditions.

2.2.3. Modification of bentonite

The purified bentonite was prepared as a suspension of
3 g/Land stirred for 3 h at 50°C. Then the Al/Mg-polymerized
hydroxyl was continuously dripped into the suspension

at 90°C, until the ratio of the molar amount of Mg*/AI*" to
the mass of bentonite was 1 mmol/g. After these, the mix-
ture was aged for 36 h at the same temperature. Then, the
aged mixture was centrifugally cleaned several times to
obtain modified bentonite. Finally, the modified bentonite
was activated for 2 h at 105°C and also pulverized through
a 200 mesh sieve. And the modified bentonite was named as
B-Al/Mg.

2.3. Characterization of modified bentonite

The surface topography and crystal structure of raw and
modified bentonites were detected using scanning electron
microscope (SEM) (JEOL, JSM-6380LV) and X-ray diffraction
(XRD) (PANalytical, Xpert Pro), respectively. Fourier trans-
form infrared spectroscopy (FTIR, Thermo Nicolet 470FT-IR)
was also used to identify the surface functional groups of the
two samples.

2.4. Adsorption experiments
2.4.1. Static adsorption experiments

In this section, the effects of adsorbent dosages, adsorp-
tion temperature, contact time, and initial pH on Cd*, Pb*,
and Cu* removal were investigated. Modified bentonite with
different qualities was added into 100-mL centrifuge tubes
filled with 30 mL heavy metal solutions of concentration
of 50 mg/L. The centrifuge tubes were vibrated at 240 rpm.
After centrifugation, the heavy metal concentrations in
supernatant were measured by an inductively coupled
plasma atomic emission spectrometer (Optima 7000DV). The
removal efficiency ¢ (%) of heavy metals was calculated by
the following equation:

(Co _C)
o= . x100% (1)

0

where C; and C (mg/g) are the concentrations of initial and
adsorption ends, respectively.

2.4.2. Dynamic adsorption experiments

In order to evaluate the potential of modified benton-
ite for Cd*, Pb*, and Cu* removal from aqueous solu-
tions, seven column experiments were run in parallel in
the laboratory scale. The process of the column experi-
ments is shown in Fig. 1. The details of these columns were
as follows: 30% quartz sand + 70% B-Al/Mg for column 1;
30% quartz sand + 50% B-Al/Mg + 20% commercial acti-
vated carbon for column 2; 30% quartz sand + 30% B-Al/
Mg + 40% commercial activated carbon for column 3; 30%
quartz sand + 10% B-Al/Mg + 60% commercial activated
carbon for column 4; 30% quartz sand + 30% B-Al/Mg
+ 30% commercial activated carbon + 10% iron powder for
column 5; 30% quartz sand + 70% commercial activated car-
bon for column 6; and 100% quartz sand for column 7. The
percentages are mass percents. The analog drinking water
containing heavy metal of 40 mg/L in storage tank was
pumped into column by metering pump with the flow rate
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Fig. 1. The process of column experiment.

of 30 mL/min. The heavy metal concentrations and removal
rate of the outlet were also determined by the methods in
the section “Static adsorption experiments.”

3. Results and discussion
3.1. Characterization of B-Al/Mg

Figs. 2, 3, and 4 show the characterization results of raw
bentonite and B-Al/Mg by XRD, FTIR, and SEM, respec-
tively. From Fig. 2, it can be seen that the two patterns are
quite similar, suggesting that the material structure has not
been destroyed by modification. And the significant peaks
of B-Al/Mg are relatively small, which indicates that the
B-Al/Mg has less impurities. Based on XRD data, the main
components of B-Al/Mg and raw bentonite are montmo-
rillonite and quartz, while dolomite and kaolinite are also
present in small amounts [14,16,20].

As Fig. 3 shows, the difference between raw bentonite
and B-Al/Mg is mainly concentrated in two wave ranges
of 2,900-3,000 and 1,200-1,800 cm™, respectively. The
unique feature bands of B-Al/Mg around 3,000, 2,900, and
1,800 cm™ are assigned to —CH asymmetric stretching
vibration, bending vibration of -CH,, and C=O stretches,
respectively [21-23]. The consistent bands of the two ben-
tonites around 3,650, 3,450, 1,650, 1,050, and 500 cm™ are
attributed to Al(Mg)-OH stretching, v-H-OH of adsorbed
water, stretching vibration of —-FeOO-, stretching vibra-
tion of Si-O-Si, and stretching vibration of Al-Mg-OH,
respectively [22].

The surface of raw bentonite is obviously lamellar and
relatively smooth, while there are obvious signs of erosion
and attached small particles on the surface of B-Al/Mg
(Fig. 4). These indicate that Al/Mg-hydroxyl polymerization
has a strong etch effect [20].
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Fig. 2. The XRD patterns of raw bentonite (a) and B-Al/Mg (b).
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Fig. 3. FTIR spectra of raw bentonite (a) and B-Al/Mg (b).

3.2. Effect of operational parameters on Cu*', Cd*, and Pb** removal
3.2.1. Effect of initial pH

Because of the strong effect on the media surface [24],
the initial pH of the solution is generally the primary control
parameter. The effect of solution pH values on Cd*, Pb*, and
Cu? removal is shown in Fig. 5(a). In the pH range of 1-5,
the removal of Cd*, Pb%*, and Cu? has risen with the increase
of pH, which are consistent with the study of Ahmad and
Hasan [12]. This may be due to the increase in the number
of negative charges on the surface of B-Al/Mg [25]. And the
pH,, of B-Al/Mg measured by weight method [24] is about
6.2 (Fig. 5(b)), which also indicates that higher pH value of
solution favors the adsorptions of Cd*, Pb*, and Cu* on
B-Al/Mg.

3.2.2. Effect of adsorbent dosage

Due to increase in adsorption or ion-exchange sites, more
adsorbent could improve the removal of heavy metals [14].
As Fig. 6 shows, the variation tendencies of Cd*, Pb*, and
Cu? removal are all ascendant with the raising adsorbent
dosages. Comparing Cu®* and Cd*, the lower adsorbent
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Fig. 4. The SEM images of raw bentonite (left) and B-Al/Mg (right).
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Fig. 5. The effect of initial pH on Cd*, Pb*, and Cu* removal (a) and the point of zero charge for B-Al/Mg (b).

dosages will allow the removal rate of Pb* to reach a higher
level, indirectly indicating that B-Al/Mg may be more benefi-
cial for adsorption of Pb*".

3.2.3. Effect of contact time

Generally, the removal of heavy metals is quickly
increased in the initial short time, and then this tendency
becomes very slow [26]. This is due to the change of adsorp-
tion sites on the adsorbent surface [27]. From Fig. 7, it can
be seen that when the contact times are less than 6 and 8 h,
respectively, the removal of Cd*, Pb*, and Cu? follows the
above regular pattern. However, with the further extension
of contact time, there are different degrees of reductions of
removal. This suggests that the favorable contact times are 6
(Cd*) and 8 h (Cu?* and Pb*).

3.2.4. Effect of adsorption temperature

The effects of reaction temperature on heavy metal
removal are shown in Fig. 8. An obvious increase of removal
can be noticed in the range of 283-313 K. This indicates that
the removal of Cd*, Pb*, and Cu* is an endothermic process
[28]. At high temperature, the heavy metal ion movement
becomes intense, resulting in the improvement of collision
and reaction between adsorbates and adsorbents.

3.3. Isotherms, kinetics, and thermodynamics of Cu®', Cd*",
and Pb*" adsorption

3.3.1. Adsorption isotherms

In order to discuss the isothermal adsorption of Cu?,
Cd*, and Pb* on B-Al/Mg, experiments on the effects of
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initial concentrations of Cu?, Cd?%, and Pb* on removal rates
were performed. The results are shown in Fig. 9(a). It can
be seen that with the increase of initial concentration, the
removal rates of Cu*, Cd?*, and Pb?* are decreased. And then
the Langmuir, Freundlich, and Temkin isotherm models were
used to analyze the adsorption data. The linear expressions
of the three isotherms are as follows [20,24]:
Langmuir isotherm

Seo Lot @
Do IooKi G

Freundlich isotherm

logg, =log K, +110gC€ 3)
n

Temkin isotherm

q, :%thT +¥lnCE (4)

T T

where g, (mg/g) is the adsorption amount at equilib-
rium, which is calculated by the following equation:
g, = (C, — C) VIW, where C, (mg/L) is ion concentration
at equilibrium, V(L) and W(g) are solution volume and
adsorbent dosage, respectively, q_  (mg/g) is the maxi-
mum adsorption capacity of the adsorbent, K, (L/mg) is
the Langmuir constant related to the adsorption capacity
and adsorption rate; K, ((mg/g)(mg/L)"") and n are the
Freundlich constants related to adsorption capacity and
intensity, respectively, b, (J/mol) is the Temkin constant
related to the heat of adsorption, K, (L/mg) is the Temkin
isotherm constant, T (K) is the absolute temperature, and
R is the universal gas constant.

The linear fitting results are presented in Figs. 9(b)—(d).
And the constants of the three isotherm equations are listed
in Table 1. It is clear that the R? values of Freundlich iso-
therm are greater than 0.99, suggesting that Cu*, Cd*, and
Pb?*" adsorption on to B-Al/Mg is a heterogeneous adsorp-
tion process. And the n values of Freundlich isotherm are
all in the range of 1-10 indicating that the Cu*, Cd*, and
Pb* adsorption is preferential. Furthermore, the R? val-
ues of Temkin isotherm are around 0.90, which means the
adsorption of Cu*, Cd*, and Pb* may be a chemical adsorp-
tion-based process.

3.3.2. Adsorption kinetics

To clarify the rate-limiting mass transfer mechanisms
and to evaluate the characteristic mass transfer parameters,
the pseudo-first-order, pseudo-second-order, and intraparti-
cle diffusion models [29] were used to fit the data shown in
Fig. 7. The mathematical expressions of the four models are
presented as

pseudo-first-order model

log(q,-9,) =logq,-kt (5)
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pseudo-second-order model

=t 6)
intraparticle diffusion model
g, =kt +C @)

where g, (mg/g) is the adsorption amount at time ¢, which
is calculated by the following equation: g, = (C, - C) V/W,
where C, (mg/L) is ion concentration at time ¢, k, (1/h) is
the pseudo-first-order rate constant, k, (g/(mg h)) is the
relevant adsorption rate constant of pseudo-second order,
k, (mg/(g h*?)) is the constant of intraparticle diffusion rate,
and C is the intercept, representing the thickness effects of
the boundary layer.

The fitting results and kinetic parameters are shown
in Fig. 10 and Table 2, respectively. It is obvious that the
adsorption processes of Cu?*, Cd*, and Pb* are more con-
sistent with the pseudo-second-order model because the
R? values of the pseudo-second-order kinetic model are
higher than the other two models and are greater than
0.98. And the equilibrium adsorption amounts of Cu?,

Cd*, and Pb* calculated by the quasi-second-order kinetic
model (g, ) are very close to the experimental values
(4, ) For Cu* and Pb*, intraparticle diffusion may be the
potential rate-controlling step, since their R? values of the
intraparticle diffusion model are both greater than 0.90.
However, because the C values are greater than zero, there
may be thickness effect in the boundary layer in Cu*" and
Pb? adsorption processes.

3.3.3. Adsorption thermodynamics

According to the data in Fig. 8, the changes of Gibbs free
energy (AG), enthalpy (AH), and entropy (AS) were calcu-
lated by Egs. (8)—(10) [24], in order to assess the adsorption
heat of Cu*, Cd*, and Pb* adsorption.

AG = AH -TAS ®)

AG =-RTInK, 9
V)

K,=q,2 2~ (10



L. Liu et al. / Desalination and Water Treatment 147 (2019) 243-254 249
Table 1
Isotherm parameters of Cu*, Cd*, and Pb* adsorption on B-Al/Mg
Ions Trmasoxp Langmuir isotherm Freundlich isotherm Temkin isotherm
‘. K, R? K, n R? b, K, R?
Cu* 11.85 16.61 0.1907 0.8944 3.107 1.820 0.9936 743.6 2.335 0.9025
Ca*» 13.13 2247 0.1930 0.8236 3.817 1.546 0.9914 595.7 2.663 0.8825
Pb* 25.52 40.16 0.2019 0.9275 7.109 1.601 0.9991 310.9 2.465 0.9275
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Fig. 10. Kinetic plots of Cu*, Cd*, and Pb* adsorption on B-Al/Mg.

Table 2
Kinetic parameters of Cu*, Cd*, and Pb* adsorption on B-Al/Mg

Ions ¢, (ng/g) Pseudo-first-order model Pseudo-second-order model Intraparticle diffusion model
Qoo (M8/8) K (I/h)  R? Qo (ME/8) K, (g/(mgh)) R’ k (mg/(gh™) C R?
Cu* 13.04 2.808 0.1721 09714 1321 0.3582 0.9995  0.8600 10.65  0.9914
Cd* 13.34 131.2 1.044 0.5164 13.30 4.284 0.9999  0.2078 12.79  0.5258
Pb*  26.78 2.194 0.1027  0.8654  24.27 0.1319 0.9861  0.8981 2414 09313

where AG (kJ/mol) is the Gibbs free energy change, AH
(kJ/mol) is the change in enthalpy, AS (J/(mol.K)) is the
change in entropy, K, is the distribution coefficient of adsor-
ption, R (8.314 J/(mol K)) is the universal gas constant, and
T (K) is Kelvin temperature.

The results are shown in Table 3. The negative AG val-
ues suggest that the Cu*, Cd*, and Pb* adsorptions onto
B-Al/Mg are spontaneous [14]. As the temperature increases,
a decrease in AG values indicates that high temperature is
more favorable for Cu*, Cd*, and Pb* adsorptions [2]. The
positive values of AS reveal disorderliness at the solid/solu-
tion interface during the adsorption processes of Cu*, Cd?,
and Pb* onto B-Al/Mg, while the positive values of AH indi-
cate that the processes of Cu*, Cd*, and Pb* adsorptions
are endothermic and irreversible [28]. In addition, the AH
values of Cu*, Cd*, and Pb* adsorption processes also indi-
cate that the adsorptions of Cu* and Cd* are dominated by
physisorption, while the chemisorption is dominant in Pb*
adsorption [24].

3.4. The potential application of B-Al/Mg in practice
3.4.1. Removal of single heavy metal

Fig. 11 shows the running results of column experiments
in 60 d for Cd*, Pb*, and Cu*. Some preliminary conclu-
sions can be obtained and are shown as below: (1) there
was almost no effect on the removal of Cd*, Pb*, and Cu*
for quartz sands; (2) the removal of B-Al/Mg for Cd*, Pb*,
and Cu?" are greater than activated carbons, and the mixing
medium is better for heavy metal removal; (3) the addition
of iron powder is beneficial for Cd*, Pb*, and Cu* removal
due to the chemical reactions between Fe and heavy metal
ions; (4) the breakthrough times of B-Al/Mg which is defined
as the time when the heavy metal concentrations are beyond
the WHO standard; in this study for Cu*, Cd*, and Pb*,
the breakthrough times are 23, 25, and 31 d, respectively,
that are much higher than the previous reports [4,7]. These
evidences suggest that B-Al/Mg has the potential to treat
drinking water contaminated by Cu?*", Cd*, or Pb*in practice.
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Table 3
Thermodynamic parameters of Cu*, Cd*, and Pb* adsorption on B-Al/Mg
Ions AH (kJ/mol) AS (J/mol) AG (kJ/mol) R?
283 K 288 K 293 K 298 K 303 K 308 K 313K
Cu* 15.86 65.16 -2.793 -2.951 -3.090 -3.280 -3.826 -4.323 -4.674 0.9316
Cd* 18.10 76.09 -3.583 -3.718 -3.878 —4.795 -5.066 -5.355 —5.647 0.9442
Pb* 21.27 84.85 -2.768 -3.072 -3.548 -4.278 -4.374 -4.760 -5.328 0.9774
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Fig. 11. The column experimental results of Cu*, Cd*, and Pb* removal: (a) Cu* removal, (b) Cd* removal, and (c) Pb* removal.

3.4.2. Removal of multiple heavy metals

Since quartz sand plays useless role in the removal
of heavy metals, it is not discussed in this section. Fig. 12
shows the removal of Cu*, Cd*, and Pb* from their mix-
tures by the other six columns. It is clear that they all have
rather good effect to simultaneously remove Cu*, Cd*,
and Pb*. In the early stage, the removal of heavy metals

is very close to 100% and then gradually decreases with
the increase of running time. Since the adsorption or ion-
exchange sites are rapidly occupied, the breakthrough times
have reduced. Similarly, the addition of iron powder could
effectively improve removal efficiency of heavy metals and
delay breakthrough times. Meanwhile, the order of the three
heavy metal removal rates is Pb* > Cu* > Cd*, suggest-
ing that the Pb* is preferentially removed. Therefore, the
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B-Al/Mg also has the potential application in purification
of multiple heavy metal-contaminated drinking water, and
the process of column 5 experiment is advised. However,
there is a very important explanation. In all column experi-
ments, when the running time is more than about 15 d, there
will be a significant reduction in the permeability of the cyl-
inder due to the expansion of B-Al/Mg. This will limit the
application of B-Al/Mg in the treatment of drinking water
heavily polluted with Cu*, Cd*, and Pb* in practice.

3.4.3. Adsorption dynamics in fixed-bed columns

Adsorption models of fixed-bed columns mainly include
Thomas model, Adams-Bohart model, Yoon-Nelson model,
and bed-depth service time (BDST) model [30]. In this
study, BDST model was selected to discuss the data of Cu?*,
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Cd?*, and Pb?* removal in six fixed-bed columns. The linear
mathematical expression of BDST model is as follows [31]:

LIPS N
CF kC, (C -1

(11)

where F (m/d) is the influent linear velocity and could be
calculated from the flow rate and the cross-sectional area of
the column, N, (g/L) is the adsorption capacity, Z (m) is the
effective height of the adsorption column, k, (L/g d) is the rate
constant in the BDST model.

According to the data shown in Fig. 11, the fitting
results and parameters of BDST model for Cu*, Cd*, and
Pb* removal in different columns are presented in Fig. 13
and Table 4, respectively. It can be seen that the dynamic
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Fig. 12. The removal of Cu?*, Cd*, and Pb* from their mixture in different column experiments.
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Fig. 13. The linear fitting of BDST model for Cu*, Cd*, and Pb* breakthrough curves.
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Table 4
The parameters of BDST model for Cu*, Cd*, and Pb* removal in different columns

Column Cu? Cd* Pb*
number K 2 2 2

, (L/(g d)) N, (g/L) R K, (L/(g d)) N, (g/L) R K, (L/(g d)) N, (g/L) R
1 2.433 197.2 0.9433 2.687 175.6 0.9593 2.692 203.2 0.9103
2 2.343 200.1 0.9477 2.739 174.6 0.9592 2.728 202.0 0.8925
3 2.111 187.9 0.9512 2.679 166.2 0.8353 2411 196.2 0.9477
4 1.463 221.0 0.9786 2.478 167.3 0.8844 1.528 213.8 0.9705
5 2.203 199.6 0.9086 3.913 165.5 0.9093 5.855 167.2 0.7907
6 1.781 190.7 0.9911 2.411 168.9 0.8940 1.530 213.7 0.9680
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Fig. 14. The linear fitting of BDST model for Cu*, Cd*, and Pb* competitive adsorption process.

Table 5

The parameters of BDST model for Cu*, Cd*, and Pb* competitive adsorption
Column K, (L/(gd)) N, (g/L) R?
number Cu Cd> Pb? Cu* Cd> Pb> Total Cu* Cd> Pb>
1 5.158 9.336 5.800 43.23 37.97 52.97 134.2 0.9905 0.9909 0.9553
2 5.181 9.256 5.699 43.08 38.06 53.03 134.2 0.9900 0.9895 0.9516
3 5.876 9.318 9.503 38.54 35.32 45.80 119.7 0.9800 0.9678 0.8563
4 7.754 9.367 5.559 36.93 33.48 48.60 119.0 0.9542 0.9320 0.9527
5 4.263 9.070 6.806 47.36 39.82 54.26 141.4 0.9952 0.9947 0.9571
6 6.005 8.168 5.729 37.10 33.40 48.21 118.7 0.9835 0.9262 0.9532
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adsorption process of Cu®*, Cd*, and Pb* on different
adsorption columns can be well described by BDST model.
Comparing column 1 and column 6, the adsorption capac-
ities of Cu*" and Cd* on B-Al/Mg adsorption column are
higher than that of commercial activated carbon and the
adsorption capacity of Pb*" is very close to commercial acti-
vated carbon. This indicates that B-Al/Mg has the poten-
tial for commercial applications. For Cu?* and Pb* removal,
the column 4 is advised, while the column 1 is more
advantageous for Cd* removal.

Fig. 14 and Table 5 show the fitting results and parame-
ters of BSDT model for the dynamic competitive adsorption
process of Cu*, Cd*, and Pb* on different adsorption col-
umns (Fig. 12), respectively. It is obvious that the competitive
adsorption processes can also be well described by the BDST
model. Due to competition for the adsorbed active sites,
the total adsorption capacities of the three ions on different
columns are lower than that of the single ion. In contrast, Cd*"
is more easily adsorbed and removed. Moreover, column
5 has a better removal on the three ions.

4. Conclusions

A commercial bentonite was modified by Al/Mg-polymeric
hydroxy, and then it was used for the removal of Cu*, Cd*,
and Pb*. The characterization of raw and modified benton-
ites showed that the modification did not change the benton-
ite microstructure, while the surface morphology becomes
rough and the methyl and methylene groups appeared on
the surface of modified bentonite. Under acidic condition,
the removal of Cu?, Cd?, and Pb* raised with the increase
of initial pH of solution, adsorbent dosage, and adsorption
temperature, and the efficacious contact times for Cu?¥,
Cd*, and Pb* removal were 6 (Cu*) and 8 h (Cd* and
Pb*). The removal of Cu?*, Cd*, and Pb* under the relative
optimization conditions was close or beyond 90%. The iso-
therms, kinetics, and thermodynamics of Cu*, Cd?*, and Pb*
adsorption showed that the Cu*, Cd*, and Pb* adsorption
processes could be better described by Freundlich isotherm
model and pseudo-second-order model. The intraparti-
cle diffusion might be the rate-controlling step of Cu*" and
Pb* adsorption. Cu*, Cd*, and Pb* adsorptions were het-
erogeneous, spontaneous, endothermic, and irreversible
processes. The adsorptions of Cu* and Cd* were dominated
by physisorption, while the chemisorption was dominant
in Pb* adsorption. The results of column experiments sug-
gested that the B-Al/Mg had the potential application in
purification of drinking water in practice because its removal
for Cu*, Cd*, and Pb* was greater than activated carbons
selected in this study, and the breakthrough times were up
to 20-30 d. The dynamic adsorptions of Cu*, Cd*, and Pb*
were well described by BDST model. B-Al/Mg had the poten-
tial for commercial applications. For single heavy metal
removal, the advised adsorption columns were column 4
(Cu* and Pb*) and column 1 (Cd*). And the column 5 was
suggested for Cu*, Cd*, and Pb* competitive adsorption.
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