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ABSTRACT

Pb(II) pollution threatens human health and environmental safety, and suitable adsorption materials
are important for Pb(I) removal. In this study, the adsorption characteristics of Pb(II) onto natural
kaolinite and bentonite in the Dalian and Heishan areas (China) were investigated, and the effects
of the solid-to-liquid ratio, pH, temperature, and reaction time on the adsorption performance of
Pb(II) were analyzed. The results showed that the adsorption capacity of kaolinite decreases as the
solid-to-liquid ratio increases, whereas the adsorption capacity of bentonite first increases to a max-
imum and then decreases. The processes by which kaolinite and bentonite adsorb Pb(II) are both
rapid, in which adsorption equilibrium is reached within 120 min, and the pseudo-second-order
kinetic model provides the best fit to the experimental results. The Langmuir model provides the
best simulation of the isothermal adsorption characteristics of Pb(II) onto kaolinite and bentonite.
The adsorption of Pb(Il) onto kaolinite is a spontaneous, exothermic, and entropy-decreasing pro-
cess, where a lower temperature is beneficial for adsorption. However, the adsorption of Pb(II)
onto bentonite is a spontaneous, endothermic, and entropy-increasing process, where high tem-
perature is beneficial for adsorption. The results indicate that both natural kaolinite and bentonite

can be used as effective adsorbents for Pb(II) removal.
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1. Introduction

The rising pollution of water resources, soil and air as
a result of rapid industrialization, urbanization and eco-
nomic development over the last several decades has led
to grave global concern [1]. The liquid effluents mostly
laden with heavy metals such as cadmium, cobalt, zinc,
copper, or lead from several industries threaten the aquatic
environment [2]. Due to their non-biodegradability and

* Corresponding author.

carcinogenicity, the pollution of aqueous streams by heavy
metals is primarily worrisome [3]. When lead ions enter
water and soil in large quantities, they agglomerate in the
bodies of animals and plants through the food chain and
cause serious environmental pollution, thus endangering
human health [4,5]. According to regulations, the con-
tent of lead in released wastewater should be lower than
1.0 mg/L, whereas the lead content in wastewater from
lead acid battery manufacturing is 2.2-97.7 mg/L. The lead
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content defined by the Environmental Quality Standard for
soils is 35 mg/kg. However, the background value of lead
in soil in China can be as high as 1,143 ug/L [6]. Therefore,
research into high-efficiency and low-cost industrial waste-
water treatment and soil recovery processes has crucial
theoretical and practical value for the protection of the
environment [7-10].

Many researchers have proven that natural or biowaste
adsorbents have excellent adsorption effects on heavy
metals, such as Pb, Cr, Cd and Zn [11-13]. Khan et al. [14]
investigated the adsorption characteristics of Pb(II) onto
multiwalled carbon nanotube-polyurethane (MWCNT/PU)
in batch and fixed-bed experiments, and found that the
adsorption capacity and breakthrough capacity reached
270.27 and 239.05 mg/g, respectively. Chaudhry et al. [15]
reported that the adsorption capacity of Pb(II) onto man-
ganese oxide-coated sand (MOCS) reached 147.06 ug/g
at 40°C, and the adsorption process was exothermic and
involved film diffusion. Khan and Singh [16] noted that the
adsorption of Pb(II) onto clay is an endothermic process and
exhibits good adsorption capacity, indicating that clay is a
low-cost and good adsorbent for Pb(Il) removal from waste-
water. Furthermore, Khan et al. [17,18] found that fly ash
and modified algal biomass are low-cost sorbents suitable
for the adsorption of Pb(Il) from wastewater, and the mono-
layer adsorption capacity reached 100.00 mg/g. However,
the adsorption process is spontaneous and exothermic for fly
ash, and spontaneous and endothermic for modified algal
biomass. Solener et al. [19] investigated the adsorption char-
acteristics of clay-poly (methoxyethyl)acrylamide (PMEA)
composites for Pb(Il) and found a maximum adsorption
capacity of 81.02 mg/g, and the adsorption equilibrium
was reached within 60 min. Rakhym et al. [20] compared
the adsorption capacities of Pb(II) on natural zeolite and
chamotte clay and concluded that the maximum uptake of
Pb(Il) was 14 mg/g for zeolite and 11 mg/g for clay. For fine
clay particles (effective diameter less than 1 pm), Yin et al.
[21] found that the maximum adsorption capacities of Pb(II)
onto cultivated loessial, dark loessial, manual loessial, and
aeolian sandy were 588.24, 476.19, 416.67, and 263.16 mg/g,
respectively. Based on batch experiments, Ahrouch et al. [22]
reported that natural Moroccan clay is a cost-effective and
potential adsorbent for Pb-contaminated wastewater, espe-
cially in developing regions. Sdiri et al. [23] indicated that
the adsorption capacity for Pb(Il) of Early Cretaceous clay
was nearly 86.4 mg/g, and more than 95% of the adsorp-
tion occurred within 30 min. Humelnicu et al. [24] found
that the maximum adsorption capacities of montmorillon-
ite and aluminum-pillared clay were 92.59 mg/g for Cu(Il),
97.08 mg/g for Pb(Il), and 73.52 mg/g for Zn(Il). Mu’azu [25]
noted that the montmorillonite content of clay had a minor
effect on the Pb(II) adsorption capacity, whereas it had a sig-
nificant effect on that of Zn(II). Therefore, different mont-
morillonite contents may affect the adsorption properties
and electrokinetic remediation process of clays. EI Batouti
and Abouzeid [26] discovered that the Pb(II) adsorption
capacity of Na-montmorillonite clay could be improved by
pretreatment with HCl and HNO,, and the optimum adsorp-
tion capacity was reached at pH 6 when using pretreated
Na-montmorillonite as an adsorbent. Abdelwaheb et al. [27]
concluded that the risk of groundwater contamination by

various pollutants followed the order Pb* < Ni** <PO} < NO;
in sandy soil and PO} < Pb* < Ni* < NOj in clayey soil.
Kushwaha et al. [28] found that the maximum adsorp-
tion capacities of natural clay and humic acid were 25.07
and 19.16 mg/g, respectively, suggesting that natural clay
is a promising adsorbent for Pb(Il) removal from soil and
aquatic environments.

Kaolinite clay has the characteristics of cost effective-
ness, a wide distribution, and a high specific surface area
and exchange capacity and is therefore a potential adsor-
bent for the removal of heavy metals. Unuabonah et al. [29]
studied the adsorption of Pb(II) and Cd(II) onto sodium
tetraborate (NTB)-modified kaolinite clay and found that
the NTB-modified kaolinite clay increased the adsorption of
Pb(II) and Cd(II) by nearly 72.2% and 96.3%, respectively,
compared to unmodified clay. Shahmohammadi-Kalalagh
et al. [30] concluded that the adsorption capacities of
Pb(Il), Zn(Il), and Cu(Il) on kaolinite were 7.75, 4.95, and
4.42 mg/g, respectively, and the kinetics were more accu-
rately predicted by a pseudo-second-order model than by
a pseudo-first-order model. Fatimah [31] revealed that the
adsorption capacity of kaolinite modified with 3-amino
propyl trimethoxy silane (APTES) was approximately sev-
enfold higher than that of raw kaolinite, mainly due to
the presence of chemical interactions on the surface of the
modified kaolinite. Unuabonah et al. [32] indicated that
the adsorption capacities of NTB-modified kaolinite clay
reached 42.92 mg/g for Pb(Il) and 44.05 mg/g for Cd(I),
which were significantly higher than those of unmodified
kaolinite clay. It can be concluded that modified kaolinite
clay is a low-cost adsorbent that has potential applications
for Pb(Il) and Cd(II) removal. Jiang et al. [33] reported
that when using kaolinite clay, the maximum adsorption
amounts of Pb(Il), Cd(II), Ni(Il), and Cu(Il) were reached
within 30 min, and the Pb(II) concentration was reduced
from 160.00 to 8.00 mg/L in real wastewater. EI-Naggar et al.
[34] found that for kaolinite/smectite-A and kaolinite/smec-
tite-B adsorbents, Pb removal increased with increasing ini-
tial concentration, contact time, and pH, and the reaction
speed was high during the initial period and then decreased
until reaching equilibrium at 45 and 30 min, respectively.
Bahah et al. [35] concluded that the maximum adsorption
capacity of Algerian kaolinite clay was 52.63 mg/g for Cu(II)
and 57.30 mg/g for Pb(Il), which indicated that kaolinite
clay has a better affinity for Pb(II) than for Cu(II).

Bentonite clay is a promising adsorbent for the removal
of heavy metal ions, and it has attracted scholarly inter-
est. To investigate the factors influencing Cd, Cu, and Pb
removal by Na-bentonite, Glatstein and Francisca [36] found
that the ionic strength significantly affects Cd removal but
has little effect on Pb and Cu removal. The test results indi-
cated that Na-bentonite has a high adsorption capacity for
Cd, Cu, and Pb. Meneguin et al. [37] studied the adsorp-
tion characteristics of Pb(II) and Cd(I) onto natural and
calcium-calcined bentonite clay (CCBC) and concluded
that the Langmuir model provided a good fit to the Pb(II)
isotherm, and the Dubinin—Radushkevich model was suit-
able for fitting Cd(II). In addition, the pseudo-second-order
model fit the kinetics of Pb(I) and Cd(II) well. Alexander
et al. [38,39] investigated the adsorption characteristics of
Pb(Il), Cd(Il), and Mn(Il) on Dijah-Monkin bentonite clay
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and concluded that the rate constant of Mn(Il) is higher
than that of Pb(II) in a multimetal system, whereas Pb(II) is
preferably adsorbed to bentonite. Furthermore, they noted
that the adsorption capacity of natural Nigerian bentonite
is greater than that of calcined bentonite, and Pb(II) removal
by natural bentonite reached 0.0448 mmol/g, which was sig-
nificantly higher than the adsorption of Cd(II) and Mn(II).
Perelomov et al. [40] concluded that the Pb(II) adsorption
amount of Na-bentonite is higher than that of Al-bentonite,
and this finding is consistent with the presence of lysine.
Inglezakis et al. [41] concluded that the removal efficiency
of Pb(Il) by bentonite reached 90% at 60°C, while the
removal efficiency by clinoptilolite was only 55%, indicating
that the removal effect of Pb(II) by bentonite is better than
that of clinoptilolite. Zou et al. [42] noted that the removal
efficiency of Pb(II) onto magnetic bentonite (MB) reached
98.9% within 90 min for an initial Pb(II) concentration of
200 mg/L, and the maximum adsorption capacity reached
80.40 mg/g. Taha et al. [43] investigated the adsorption of
heavy metal ions in polluted seawater onto Na-activated
bentonite and found that the removal efficiencies for Pb(II),
Cd(II), and Ni(II) were between 92% and 100%. Mo et al.
[44] discovered that a granular composite adsorbent con-
sisting of bentonite-polypropylene was effective in Pb(II)
removal, suggesting that pore size enhancement is effective
in increasing the adsorption capacity of granular bentonite
composites. Awadh and Abdulla [45] found that the maxi-
mum Pb(Il) adsorption capacity of Iraqi bentonite reached
0.6563 mg/g at 25°C and decreased to 0.5250 mg/g at 35°C,
indicating that bentonite is a good natural adsorbent for
Pb(II) removal. Graimed and Ali [46] reported that the max-
imum adsorption capacities of bentonite and activated car-
bon were 0.0364 and 0.015 mg/mg, respectively. Meanwhile,
the adsorption process was endothermic and the kinetic
results fit well with the pseudo-second-order model.

The adsorption performance of clay depends on its
structure, and the structure of kaolinite clay is signifi-
cantly different from that of bentonite clay. Kaolinite is a
1:1 dioctahedral clay mineral that has a two layered struc-
ture consisting of silicon-oxygen tetrahedral sheets linked
to alumina octahedral sheets through -Al-O-H...O-Si-
hydrogen bonding. The surface of one layer comprises basal
oxygen atoms belonging to the tetrahedral sheet, while
the other surface consists of OH groups from the octahe-
dral sheet [47]. Bentonite is composed of units made up of
two silica tetrahedral sheets with a central alumina octahe-
dral sheet. The tetrahedral and octahedral sheets combine
in such a way that the tips of the tetrahedra of each silica
sheet and one of the hydroxyl layers of the octahedral sheet
form a common layer. In addition, montmorillonite is the
main component of bentonite [48,49]. Recent studies have
indicated that clay has an excellent adsorption capacity
for heavy metals, especially Pb(II). However, soil exhibits
significant variations in physico-chemical properties and
adsorption capacity. To date, few studies have compared
Pb(II) adsorption between natural kaolinite and bentonite
clays, especially the adsorption kinetics and thermody-
namic characteristics. This study investigated the feasibility
of using natural clays as cost-effective adsorbents for the
removal of Pb(Il) from aqueous solution. To achieve this
aim, the adsorption kinetics, isothermal and thermodynamic

characteristics of Pb(II) were compared between natural
kaolinite and bentonite clays, and the effects of the sol-
id-to-liquid ratio, pH, temperature, and reaction time on
the adsorption characteristics were analyzed. The research
results can provide guidance for the practical engineering
of treatment methods for Pb-containing wastewater.

2. Materials and methods
2.1. Materials

The kaolinite and bentonite used in this study were
obtained from the Dalian and Heishan areas, respectively, in
Liaoning Province, China. The air-dried kaolinite and ben-
tonite were first crushed and placed in a 60°C oven (Shanghai
Jinghong Laboratory Instrument Co., Ltd, China) for 24 h,
then cooled to room temperature and passed through a
60-mesh geogrid. The meshed soils were stored in a desic-
cator before usage. The chemical compositions of the kaolin-
ite and bentonite are listed in Table 1. The main chemical
component of clays is SiO,, and the mass of SiO,, ALO,, and
Fe,O, accounted for 85.80% and 87.94% of the kaolinite and
bentonite clay, respectively. The pH values of the kaolinite
and bentonite clay were 8.85, and 8.70, respectively, which
were slightly alkaline. Based on Brunauer-Emmett-Teller
(BET) analysis, the surface area, pore volume, and average
pore size of the kaolinite clay were 14.96 m?/g, 0.028 cm®/g,
and 7.89 nm, respectively. For bentonite clay, the surface
area, pore volume, and average pore size were 31.36 m%/g,
0.074 cm®/g, and 7.75 nm, respectively. Based on the Standard
for Soil Test Method (GBT 50123-2019), the density, liquid
limit, and plastic limit for kaolinite clay were 1.65 g/cm?,
33.4%, and 17.1%, respectively, and the values for benton-
ite clay were 1.12 g/cm?® 99.7%, and 41.2%, respectively.
Analytically pure Pb(NO,), (1.598 g) was dissolved in 1 L
distilled water to prepare a 1,000 mg/L Pb(II) stock solution.
The Pb(Il) solutions used in this study were all prepared
by diluting the stock solution with distilled water.

2.2. Batch tests

Erlenmeyer flasks with prepared samples were num-
bered and placed in a thermostatic oscillator (SHA-C,

Table 1
Chemical composition of kaolinite and bentonite

Kaolinite Bentonite
Chemical Mass Chemical Mass
component (%) component (%)
SiO, 49.2 SiO, 70.70
ALO, 20.9 ALO, 14.30
Fe,0, 15.7 Fe,0, 2.94
CaO 4.34 CaO 2.99
K,O 4.09 K,O 4.38
MgO 1.75 MgO 2.00
TiO, 1.46 TiO, 0.241
Na,0 1.20 Na,0 1.91
MnO 0.108 BaO 0.197




124 G. Li et al. / Desalination and Water Treatment 262 (2022) 121-136

Guohua Electric Appliance Co., Ltd, China). The tempera-
ture was controlled according to the experimental con-
ditions, and the oscillator operated at a rotation speed of
120 rpm for 12 h. The oscillation time was sufficient to
reach adsorption equilibrium. After oscillation, the solution
was centrifuged (CT15RT, Shanghai Tianmei Biochemical
Equipment Engineering Co., Ltd., China) at 3,000 rpm for
10 min. The Pb(II) concentration and pH (pHe) in the super-
natant were measured using an atomic absorption spec-
trophotometer (AA6000, Shanghai Tian Mei Biochemical
Engineering Equipment Co., Ltd., China) and a pH meter
(Starter 2C, Ohaus Instruments (Shanghai) Co., Ltd., USA),
respectively.

The adsorption capacity g, (mg/g), removal rate R (%),
and solid-to-liquid ratio r (g/L) at equilibrium were calcu-
lated using the Egs. (1)—(3) [25,42]

c,-C
q,zi( - ’)xv 1)
m
o, _(CO_CE)
R(")—T“OO 2)
r=7 3

where C, is the Pb(Il) concentration at the initial time, C, is
the Pb(II) concentration at time ¢, C, is the Pb(II) concentra-
tion at the equilibrium time (mg/L), V is the volume of solu-
tion (L), and m is the mass of kaolinite or bentonite (g).

2.3. Theoretical models
2.3.1. Adsorption isotherm models [27,43]

In this paper, the Langmuir model, Freundlich model
and Dubinin—-Radushkevich (D-R) model were used to fit
the isothermal adsorption test data, and the adsorption
characteristics of Pb(II) on the two adsorbents were analyzed.

2.3.1.1. Langmuir model
Zeo— e 4)

where C, is the equilibrium concentration of Pb(Il) (mg/L),
g, is the adsorption capacity at equilibrium (mg/g), Q is the
single-layer maximum adsorption capacity (mg/g) of the
adsorbent, and b is the Langmuir model constant (L/mg).

R, = 1
1+0C,

®)

where R, is the separation factor (dimensionless), b is the
Langmuir model constant (L/mg), and C, is the initial con-
centration of Pb(Il) (mg/L).

The value of R, can indicate whether the adsorption reac-
tion is favorable. When 0 < R, <1, the adsorption reaction is
favorable; when R, > 1, it is unfavorable. When R, = 1, the
adsorption is reversible; when R, =0, it is irreversible [20].

2.3.1.2. Freundlich model

logg, =logK, + llogCe (6)
n

where g, is the adsorption capacity at equilibrium (mg/g),
C, is the equilibrium concentration of Pb(Il) (mg/L), K, is the
model constant related to the adsorption capacity (mg/g),
and 7 is the model constant related to adsorption strength
(dimensionless).

2.3.1.3. Dubinin—Radushkevich (D-R) model

Ing, =Ilng,, — ke ()

where g, is the adsorption capacity at equilibrium (mg/g),
g, is the maximum adsorption capacity (mol/g), k is the
model constant related to free energy (mol*/kJ?), and ¢ is the
Polanyi potential (kJ/mol).

E=——-
ok (8

where E is the average adsorption free energy (kJ/mol), and
k is the model constant (mol%/k]J?).

When 1.0 < ‘E‘ < 8.0 kJ/mol, the adsorption mechanism
is physical adsorption; when 8.0 < ‘E‘ < 16.0 kJ/mol, the
adsorption mechanism is ionic exchange.

2.3.2. Adsorption kinetic models [30,34]

According to different adsorption mechanisms and
assumption conditions, several adsorption kinetic models
were applied to study the adsorption process of the adsor-
bate onto the adsorbent and the rate of adsorption.

2.3.2.1. Pseudo-first-order kinetic model

K, )

log(q, —q,)=logq, - 5303

where g, and g, are the adsorption capacity (mg/g) at time
t and at equilibrium, respectively, and k, is the adsorption
rate constant of pseudo-first-order kinetics (1/min).

2.3.2.2. Pseudo-second-order kinetic model

t_ 1.t (10)

9, kqa 4,
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where g, and g, are the adsorption capacity (mg/g) at time

t and at equilibrium, respectively, and k, is the adsorption

rate constant of pseudo-second-order kinetics (g/mg/min).
When t approaches 0, i can be expressed as:

h=k,q; 11)
where k, is the adsorption rate constant (g/mg/min), g, is
the adsorption capacity at equilibrium (mg/g), and & is the
initial adsorption rate (mg/g/min).

2.3.2.3. Internal diffusion model

g =kt e (12)
where ¢, is the adsorption capacity (mg/g), k,, is the inter-
nal diffusion rate constant (mg/g/min'?), and c is the inter-
cept which is related to the thickness of the boundary layer
(dimensionless).

2.3.3. Adsorption thermodynamic model [38]

The adsorption thermodynamic equations can be expre-
ssed as

P~ (13)
AS AH

InK, ==—"-="x 14

8 = T RT (14

AG =AH-TAS (15)

where K is the distribution coefficient at the solid-liquid
interface (mL/g), q, is the adsorption capacity at equilib-
rium (mg/g), C, is the equilibrium concentration of Pb(II)
(mg/L), R is the molar gas constant (8.314 J/mol/K), T is
the thermodynamic temperature (K), AS is the entropy

10 T T T T
A
a \‘A\ —®— 50mg/L
\‘ —e— 100mg/L
8 - \\\ —A— [50mg/L
\. \\\
8 L ™R . i
% 6 o\\ A )
E | = e S
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4t - - g 4
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0 | | | |
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change (J/mol/K), AH is the enthalpy change (kJ/mol), and
AG is the Gibbs free energy (kJ/mol).

3. Results and discussion
3.1. Effect of the solid-to-liquid ratio on adsorption

The effects of the solid-to-liquid ratio on the adsorption
capacity of Pb(Il) at 30°C were investigated for different
adsorbents. As shown in Fig. 1a, the initial concentrations
of Pb(II) were 50, 100, and 150 mg/L, and the solid-to-
liquid ratio changed from 4 to 40 g/L. The data show that
the adsorption capacity of Pb(II) on kaolinite gradually
decreases as the solid-to-liquid ratio increases, and the ini-
tial concentration of Pb(II) significantly affects the adsorp-
tion capacity [43]. As the kaolinite content increases, an
increase in the number of active adsorption sites on the
surface of the clay results in an increase in the removal
rate. An increase in the amount of clay results in the
agglomeration of soil particles, which causes a decrease in
the total surface area and an increase in the diffusion path
length, therefore resulting in a decrease in the adsorption
capacity [32]. As shown in Fig. 1b, the initial concentra-
tions of Pb(II) were 300, 350, and 400 mg/L with varying
solid-to-liquid ratios from 2 to 40 g/L. At initial concen-
trations of 300, 350, and 400 mg/L, the adsorption capac-
ity reaches its peak value at solid-to-liquid ratios of 6, 8,
and 10 g/L, respectively. To the left of the peak value, the
adsorption capacity increases as the solid-to-liquid ratio
increases. The maximum adsorption capacity is attained at
an initial Pb(II) concentration of 300 mg/L. To the right of
the peak value, the adsorption capacity decreases as the
solid-to-liquid ratio increases. The minimum adsorption
capacity is reached at an initial Pb(II) concentration of
300 mg/L. At a low solid-to-liquid ratio, Pb(II) is easier to
hydrolyze at higher initial concentrations, and the pH of
the solution is lower. Changes on the left side of the peak
value are primarily related to the pH of the solution. At
a high solid-to-liquid ratio, the increase in bentonite con-
tent causes the agglomeration of soil particles, resulting in
a decrease in the total surface area and an increase in the
diffusion path length; therefore, the adsorption capacity
decreases.

T T
=— C =300mg/L
®— C=350mg/L |
—A— ( =400mg/L

[
T
»
1

0 10 20 0 40 50

3
r/(g/L)

Fig. 1. Effect of solid-to-liquid ratio on Pb(II) adsorption of (a) kaolinite and (b) bentonite (pH 6.0, temperature 30°C, and reaction

time 120 min).
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3.2. Effect of pH, on the removal rate

Variations in solution pH strongly affect the adsorp-
tion process for the removal of metal ions from waste-
water [35]. Visual MINTEQ v2.6.1 software was used to
calculate the forms of Pb(Il) at different pH, values. Pb(II)
primarily exists as Pb* at pH, < 6.0; when 6.0 < pH < 9.0,
the concentration of Pb* dramatically decreases; Pb(OH)"
and Pb,(OH)> form at pH, > 6.0; and the concentration
of Pb(OH)* reaches its peak value at pH = 7.5. The con-
centration of Pb,(OH)* gradually increases at pH, > 7.25
and reaches its peak value at pH, = 9.25; Pb(OH), begins
to form at pH, > 8.0 and reaches its peak concentration at
pH, = 11.0. To investigate the adsorption characteristics of
Pb(Il) onto kaolinite and bentonite, pH, was maintained
below 6 in the experiments. As shown in Fig. 2a, an ini-
tial concentration of Pb(II) of 300 mg/L, solid-to-liquid
ratio of 7.5 g/L, ionic strength of 0.001 mol/L, and vary-
ing pH, values to analyze the corresponding changes in
the removal rate. The removal rate was less than 10% at
pH, < 1.7; when pH = 2.4, the removal rate reached 83.92%;
and the rate approached 100% at pH, = 2.91-6.0. Therefore,
maintaining pH, in the range of 2.91-6.0 can effectively
increase the removal of Pb(I) in wastewater. As shown in
Fig. 2b, an initial Pb(II) concentration of 400 mg/L, solid-to-
liquid ratio of 10 g/L, and ionic strength of 0.001 mol/L. The
removal rate rapidly increased as pH, increased from 2 to
7 and nearly unchanged when pH > 7 [43], which showed
inconsistent with the results of Iraqi bentonite [45].
Kaolinite contains amphiphilic functional groups
(hydroxyl groups on the edge or surface of the clay miner-
als) and an alkaline component (CaO). pH affects the form
of the ions, the degree of ionization at adsorption sites, and
the charge on the surface of the adsorbent. The effect of pH
on Pb(II) removal by kaolinite can be summarized as follows:

¢ At pH, < 1.7, adsorption sites on the surface of kaolin-
ite are occupied by large amounts of H*, which inhib-
its the approach of Pb* and decreases the possibility
of Pb* adsorption on the surface of kaolinite, result-
ing in a lower removal rate of Pb(Il). As pH, increases,
the concentration of H' in the solution decreases, and

100 T

80 ] 1

60

R/%

40 | |

201 " -]
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the competition between H' and Pb* decreases, thus
increasing the removal rate of Pb(II).

* AtpH <pH_  =2.03, the surface of kaolinite is positively

charged due to the adsorption of H'. Therefore, electro-
static repulsion exists between kaolinite and Pb(II), where
a lower pH, promotes stronger repulsion. At pH, > pH,..
the surface of kaolinite is negatively charged due to
H* ionization. Electrostatic attraction exists between
kaolinite and Pb(II) as follows:

=S-OH; <->=SOH + H" (16)

=5-OH =50 +H" (17)
where = S represents Si or Al adsorption sites on the surface
of kaolinite, and =S-OH,, =S-OH, and =S- O are pro-
tonated, neutral, and deprotonated hydroxyls.

The measurement of the aqueous kaolinite solution
is pH =886 > pH =203 which indicates that Pb(II)
can adsorb onto kaolinite. The data in Fig. 2a show that at
pH, < 2, the removal rate of Pb(Il) by kaolinite is low, and
the mechanism of Pb(II) adsorption onto kaolinite is ionic
exchange. With a gradual increase in pH, the ionization
degree of the kaolinite surface increases, and deprotonated
hydroxyl groups form complexes with Pb* that are adsorbed
onto the negatively charged adsorption sites on the kaolin-
ite surface through electrostatic attraction. The interaction
between the heavy metal Pb* and the minerals in kaolinite
is as follows [50].

2(=XNa/H)+Pb*" «>(=X),Pb+2Na" /H" (18)
=S-OH +Pb*" «>=SOPb" + H' (19)
2=5-0 +Pb* »=S0PbOS = (20)

where =X is an ionic exchange site on the surface of the
adsorbent.

100 T T

RI%
AN

Fig. 2. Effect of pH on Pb(II) removal by (a) kaolinite (initial concentration 300 mg/L, solid-to-liquid ratio 7.5 g/L, temperature 30°C,
and reaction time 120 min) and (b) bentonite (initial concentration 400 mg/L, solid-to-liquid ratio 10.0 g/L, temperature 30°C, and

reaction time 120 min).
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For bentonite, Pb(II) exists in solution as Pb*, and
the removal of Pb(Il) by bentonite occurs via adsorption
at pH, < 7. The primary adsorption mechanism is ionic
exchange, that is, H'/Na" on the exchangeable adsorption
sites of bentonite is replaced by an equivalent amount of Pb*"
from the solution. At pH, = 7-10, Pb(OH)" and Pb(OH), are
the primary forms of Pb(Il) in the solution. The removal of
Pb(II) by bentonite includes the adsorption of Pb(OH)" and
the precipitation of Pb(OH),. When pH, > 10, Pb(OH), and
Pb(OH); are the primary forms of Pb(Il) in the solution,
and the removal of Pb(Il) by bentonite is primarily from
the precipitation of Pb(OH),. At pH < 7, the removal of
Pb(Il) by bentonite is significantly affected by the concen-
tration of NaCl, indicating that the primary adsorption
mechanism is ionic exchange (or complex formation on
the outer surface). At 7 < pH, < 10, the removal of Pb(II)
by bentonite is independent of the concentration of NaCl,
indicating that the removal mechanism is primarily com-
plex formation on the internal surface. The formulas for
hydrolysis and chemical precipitation are as follows [51].

Pb* +H,0 <> Pb(OH)  +H' (21)

Pb(OH) +H,0 <> Pb(OH) (s)+H' (22)

3.3. Adsorption kinetic characteristics

To investigate the adsorption kinetic characteristics
of Pb(Il) onto kaolinite and bentonite, experiments were
conducted at initial Pb(II) concentrations of 200, 250, and
300 mg/L and a solid-to-liquid ratio of 10 g/L for kaolinite.
As shown in Fig. 3a, the adsorption of Pb(II) onto kaolin-
ite is a rapid process that reaches adsorption equilibrium
within 120 min. The first 15 min is the rapid adsorp-
tion phase, which is consistent with the results for NTB-
modified kaolinite clay [29]. With a high concentration of
Pb(Il), the diffusion rate of Pb(Il) to the adsorption sites on
the clay surface is rapid, and the adsorption rate is high.
As the reaction time increases, the concentration of Pb(II)

15 T T T
a
A —aA A A B
—— o——— ¢
_ a—a— 0 — i
—a— C=200mg/L |
—e— (=250mg/L
A C=300mg/L
() 1 1 1
0 50 100 150 200
t/min

in the solution decreases, and the adsorption sites on the
clay surface become saturated. As the concentration dif-
ference between the soil and solution decreases, the diffu-
sion rate of the clay particles decreases, and the adsorption
rate also decreases. For bentonite, the initial concentrations
were 200, 250, and 300 mg/L, and the solid-to-liquid ratio
was 5 g/L. The dependence of the adsorption ability for
Pb(II) of bentonite on reaction time is shown in Fig. 3b. The
removal of Pb(Il) by bentonite is a rapid adsorption pro-
cess, in which the removal rate reaches 50% in 15 min and
the equilibrium state is reached within 120 min [45,46]. This
rapid adsorption phenomenon indicates that the removal
of Pb(Il) by bentonite is a chemical adsorption process
and not a physical adsorption process.

To describe the characteristics of the adsorption kinet-
ics of Pb(II) onto kaolinite and bentonite, the pseudo-first-
order kinetic model, pseudo-second-order kinetic model,
and internal diffusion model were used to analyze the exper-
imental data. The results are shown in Figs. 4 and 5. The
model parameters of the kinetic model and the coefficients
of determination are listed in Table 2. It can be concluded
that the pseudo-second-order kinetic model is more suitable
than other models for simulation the characteristics of the
adsorption kinetics of Pb(II) onto clays [19,22,37]. The inter-
nal diffusion model shows that the total adsorption rate is
controlled by both surface adsorption (liquid film diffusion)
and particle internal diffusion. Clay is a porous medium;
therefore, its adsorption process includes three continuous
steps. The first step is the surface adsorption phase, where
Pb(Il) diffuses to the outer surface of the clay through the
liquid film. The second-step is the gradual adsorption
phase, where the internal diffusion within the particles
is the rate-limiting step. The third step is the equilibrium
phase, where the residual Pb(II) concentration decreases,
the internal diffusion rate in the particles also decreases,
and the adsorption reaction reaches equilibrium. In Table 2,
the thickness of the boundary layer (c,) of particle internal
diffusion is larger than that of liquid film diffusion (c,).
Therefore, the liquid film diffusion rate (k) is significantly
higher than the particle internal diffusion rate (k).

For bentonite, a higher initial concentration of 300 mg/L
results in a larger gradient between the soil and the water,
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R |® _ _ p——n .
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Fig. 3. Effect of reaction time on Pb(II) adsorption by (a) kaolinite (solid-to-liquid ratio 10.0 g/L, pH 6.0, and temperature 30°C) and
(b) bentonite (solid-to-liquid ratio 5.0 g/L, pH 6.0, and temperature 30°C).
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Fig. 4. Fitting curves of the kinetic model for Pb(II) adsorption onto kaolinite (a) pseudo-first-order kinetics model, (b) pseudo-
second-order kinetics model and (c) intraparticle diffusion model (solid-to-liquid ratio 10.0 g/L, pH 6.0, and temperature 30°C).
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Fig. 5. Fitting curves of the kinetic model for Pb(II) adsorption onto bentonite (a) pseudo-first-order kinetics model, (b) pseudo-
second-order kinetics model and (c) intraparticle diffusion model (solid-to-liquid ratio 5.0 g/L, pH 6.0, and temperature 30°C).



17.3913 £ 0.0513
13.39 £ 0.01

3.4652 +0.0756
0.9998

19.62 £2.00

300 mg/L
0.9701

Bentonite
250 mg/L
15.4536 + 0.0523
11.77 £ 0.01

0.9998
3.3824 +0.8852

3.9793 +0.0747
0.9861

28.86 +1.99

12.7307 + 0.0475

15.22 +0.01

3.7427 +0.1018
0.9999

32.86+1.17

200 mg/L
0.9803

11.9703 +0.0180
78.91 £ 0.01

1.5908 + 0.0965
0.9999

41.04+1.73

300 mg/L
0.9685

Kaolinite
250 mg/L
10.5374 + 0.0352
59.85 +0.01

1.5557 + 0.0896
0.9999

2427 +1.61
0.9274

8.6520 + 0.0459

62.72 +£0.01

1.7482 +0.1181
0.9999

3443 +2.12

200 mg/L
0.9363

k, x 107 (1/min)

Parameters
RZ

q, (mg/g)

Model
Pseudo-first-order
kinetic model

Model parameters of the adsorption kinetic models

Table 2
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a stronger driving force for diffusion toward the surface
of the soil particles, and a greater equilibrium adsorption
capacity. However, the results from the pseudo-first-order
kinetic model show that the equilibrium adsorption capac-
ity is the smallest for the initial concentration of 300 mg/L,
indicating that the pseudo-first-order kinetic model does
not accurately reflect the kinetic process of the adsorption
of Pb(II) onto bentonite. At initial concentrations of 200, 250,
and 300 mg/L, the coefficients of determination fitted by
the pseudo-first-order kinetic model are 0.9803, 0.9861, and
0.9701, respectively. The corresponding coefficients of deter-
mination fitted by the pseudo-second-order kinetic model
are 0.9999, 0.9998 and 0.9998. Both models have a high coef-
ficient of determination, while the calculated values from
the pseudo-second-order kinetic model fit the measured
values better; therefore, the pseudo-second-order kinetic
model better explains the adsorption kinetic phenomena.
There are two reasons why the pseudo-first-order kinetic
model does not accurately describe the adsorption kinetic
process [52].

14.4117 £ 0.0376

3.9442 +1.0390
0.9285

1.7641 £ 1.0390

0.9371
0.1881 +0.0376

12.7466 + 0.0302

1.5043 + 0.8852
0.9353

0.9378
0.1595 + 0.0302

10.4359 + 0.0312

2.7532 +0.7468
1.2634 + 0.7468
0.9131

0.9337
0.1398 +0.0312

¢ The expression k, (q, — q,) does not completely repre-
sent all of the effective adsorption sites in bentonite.
Therefore, it is only suitable for describing the adsorp-
tion at the initial stage.

If the intercepts of 1gg, and the line Ig(q, — g,)-t are not
equal, the experimental g, used in the fitting of 1g(g, — q,)
may be different from the real value. However, the pseu-
do-second-order kinetic model can accurately describe
the overall process of adsorption, such as external liquid
film diffusion, surface adsorption, and particle inter-
nal diffusion, which further proves that the adsorp-
tion of Pb(Il) onto bentonite is a chemical adsorption
process [53].

11.2675 + 0.0070
L]

2.9152 +0.6155
0.9108 +0.0955
0.9691

0.9582
0.0547 +0.0070

0.0911 + 0.0147
9.3993 + 0.0147

0.6966 + 0.0717
0.9515

2.5093 + 0.4717
0.9664

The adsorption rate constants calculated from the
pseudo-first-order and pseudo-second-order kinetic mod-
els both decrease as the initial concentration increases.
The primary reason is that a higher initial concentration
results in a longer time for the soil-water interface to reach
equilibrium, which lowers the adsorption rate constant.
Similar to kaolinite, bentonite is also a porous medium,
and its adsorption process includes three continuous steps,
namely, the surface adsorption phase, gradual adsorption
phase, and equilibrium phase. The internal diffusion rate
in the particle also decreases, and the adsorption reac-
tion reaches equilibrium. In Table 2, the thickness of the
boundary layer (c,) in particle internal diffusion is greater
than that of the liquid film diffusion (c,). Therefore, the
liquid film diffusion rate (k) is significantly higher than
o the particle internal diffusion rate (k).

0.4856 + 0.0280

0.9745
0.0816 +0.0122
7.6243 +0.0122

2.0152 + 0.3280
0.9578

k, x 107 (g/mg/min)

RZ
k, (mg/ g/min'?)

q, (mg/g)
k, (mg/g/min'?)

3.4. Adsorption isotherm characteristics

The isothermal adsorption characteristics were inves-
tigated at temperatures of 20°C, 30°C, and 40°C, and the
results are shown in Fig. 6. For kaolinite, isothermal adsorp-
tion tests were carried out under the conditions of a sol-
id-to-liquid ratio of 6 g/L, and initial Pb(II) concentrations
in the range of 20 to 300 mg/L. For bentonite, isothermal
adsorption tests were carried out under the conditions of

Pseudo-second-order
Internal diffusion model

kinetic model
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a solid-to-liquid ratio of 10 g/L and initial Pb(II) concen-
trations in the range of 50 to 500 mg/L. According to the
classification of isothermal adsorption curves by Giles
and Smith, the isothermal adsorption curves of Pb(II) onto
kaolinite and bentonite at different temperatures are all
L-type curves. As the Pb(Il) concentration in the solution
increases, the slope of the curve gradually decreases, show-
ing the high affinity of kaolinite to low-concentration Pb(II),
which is consistent with the results for Algerian clay [35].
The adsorption capacity of Pb(II) on kaolinite decreases as
the temperature increases, indicating that the adsorption is
an exothermic process. However, the adsorption capacity

15 T T T T T
a
_m
12+ — |
| e
e e
o9t ,-/ A g :
~= -
&0 / o AT
g - //,,A”/
e 6 e s 1
> F
]
N
19/, —n—T720C
o —e—T-30C
Y/ —A—T=40°C
0 L 1 1 1 1 1
0 50 100 150 200 250 300
C/(mg/L)

G. Li et al. / Desalination and Water Treatment 262 (2022) 121-136

on bentonite gradually increases with temperature, which
reveals that the adsorption process of Pb(II) onto bentonite
is an endothermic process. The enhancement of adsorption
capacity with increasing temperature could result from
increased mobility and diffusion of ionic species [46].

To study the adsorption characteristics of Pb(II) onto
kaolinite and bentonite, the Langmuir model, Freundlich
model, and Dubinin—-Radushkevich (D-R) model were used
to fit the isothermal data using the least squares method,
and the results are shown in Figs. 7 and 8. Model parame-
ters and coefficients of determination are listed in Table 3.
The Langmuir model simulates the isothermal adsorption
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Fig. 6. Isothermal adsorption curves of Pb(Il) at different temperatures (a) kaolinite (solid-to-liquid ratio 6.0 g/L, pH 6.0, and
reaction time 120 min) and (b) bentonite (solid-to-liquid ratio 10.0 g/L, pH 6.0, and reaction time 120 min).
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Fig. 7. Fitting curves of the isotherm model for Pb(Il) adsorption onto kaolinite (a) Langmuir model, (b) Freundlich model, and
(c) D-R model (solid-to-liquid ratio 6.0 g/L, pH 6.0, and reaction time 120 min).
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Fig. 8. Fitting curves of the isotherm model for Pb(II) adsorption onto bentonite (a) Langmuir model, (b) Freundlich model, and
(c) D-R model (solid-to-liquid ratio 10.0 g/L, pH 6.0, and reaction time 120 min).

Table 3
Model parameters of the isothermal adsorption models
Model Parameters Kaolinite Bentonite
20°C 30°C 40°C 20°C 30°C 40°C

Q (mg/g) 18.8573 £0.2266 17.0295+0.1653 16.1264 +0.1705 20.9820 +0.0596 23.2019 +0.0704 27.2257 + 0.0968
Lang- b (L/mg) 0.0092 +0.0019  0.0064 +0.0013  0.0062 +0.0013  0.1030 +£0.0063  0.1503 +0.0069  0.3606 + 0.0080

muir R, 0.8453 0.8864 0.8904 0.1627 0.1062 0.0525
R? 0.9963 0.9982 0.9987 0.9998 0.9996 0.9989
Freun. K.(mg/g) 04052+0.0850 0.2749+0.0724 02300 £0.0641 55228 +0.0608  5.9204 +0.0518  10.3455 + 0.0625
dich " 14991 +0.0453  1.4066+0.0380 1.4223+0.0331  3.8405+0.0332  3.7401+£0.0290  4.6679 + 0.0407
R? 0.9864 0.9916 0.9934 0.9408 0.9560 0.8807
q, (mol/g)  91.8348£0.0850 89.8742+0.0877 71.3137+0.0847 432754+0.1149 47.4188+0.1046 53.7842+0.1872
k107 6.31+0.20 6.34+0.20 5.96 +0.18 2.41+0.24 2.28+0.20 1.65+0.26
D-R (mol?/kJ?)
E (kJ/mol) -8.9017 -8.8806 -9.1593 -14.4016 -14.8143 -17.4135
R? 0.9954 0.9972 0.9977 0.9622 0.9701 0.9101

characteristics of Pb(II) onto kaolinite better than the other = Langmuir model, K, from the Freundlich model and g,
two models [28]. By calculation, 0 <R, <1land 1<n <10 from the D-R model decrease as the temperature increases,
are obtained for different temperatures, which indicates  which indicates that the adsorption of Pb(II) onto kaolinite
that the adsorption of Pb(Il) onto kaolinite is favorable [19].  is an exothermic process and that low temperature is favor-
At 20°C, 30°C, and 40°C, the model parameter Q from the able for the adsorption of Pb(Il). When the temperature
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increases from 20°C to 40°C, the average adsorption free
energies are —8.90, —-8.88, and —9.16 kJ/mol, which demon-
strates that the adsorption mechanism of Pb(II) onto
kaolinite is ionic exchange. For bentonite, the coefficients
of determination from the Langmuir model are higher
than those of the Freundlich and D-R models, indicating
that the Langmuir model is more suitable for describing
the isothermal adsorption process of Pb(II) onto bentonite.
The Freundlich model is unable to predict the maximum
adsorption capacity, while the Langmuir and D-R models
can. The adsorption capacity of bentonite increases expo-
nentially as the Pb(II) concentration in solution increases,
and there is no peak value. Therefore, the Freundlich model
does not accurately describe the isothermal adsorption pro-
cess of Pb(II) onto bentonite. 1 < n < 10 occurs at different
temperatures, further indicating that bentonite is suitable
for Pb(II) adsorption [43]. 0 < R, <1 was obtained at all dif-
ferent temperatures and initial Pb(II) concentrations, indi-
cating that bentonite is suitable for Pb(Il) adsorption [42].
At a constant temperature, R, approaches 0 as the initial
concentration increases, indicating that bentonite has a
high affinity for low-concentration Pb(II). In this analysis,
b is a constant that is related to the heat of adsorption. In
this endothermic reaction, b increases with temperature.
Therefore, at the same initial concentration, R, decreases as
the temperature increases. At the same temperature, the g,
value calculated from the D-R model is higher than the sin-
gle layer adsorption capacity calculated from the Langmuir

Table 4
Model parameters of the thermodynamics model

model. This is because the Langmuir model is based on
mono molecule layer adsorption, while the D-R model is
based on the assumption that the adsorbent pores become
filled with solute [42]. The maximum adsorption capacities
calculated by the Langmuir model and the D-R model are
larger than the experimental values. These results indicate
that the Langmuir model and the D-R model represent
ideal conditions, which is rarely the case in practical appli-
cations. When the temperature increases from 20 to 40°C,
the average adsorption free energies are —14.40, -14.81, and
-17.41 kJ/mol, indicating that at 20°C and 30°C, the primary
adsorption mechanism of Pb(Il) onto bentonite is ionic
exchange. At 40°C, the adsorption of Pb(II) onto bentonite is
a chemical adsorption process. A temperature increase can
activate adsorption sites on the surface of bentonite, thus
increasing the number of adsorption sites while decreasing
the activation energy of the reaction. These conditions are
beneficial to the formation of chemical bonds and chemical
adsorption.

3.5. Thermodynamic characteristics

The thermodynamic characteristics of Pb(II) adsorption
onto kaolinite and bentonite were investigated by varying the
temperature and the initial concentration, and the results are
listed in Table 4. For kaolinite, when the initial concentration
of Pb(Il) increases from 20 to 200 mg/L, the Gibbs free ener-
gies are all negative, indicating that the adsorption reaction

Adsorbents C, (mg/L) T (K) AG (kJ/mol) AH (kJ/mol) AS (J/mol/K) R?
293 -13.2632
Kaolinite 20 303 -12.8434 -25.5653 + 0.6892 —41.9864 + 0.0762 0.9582
313 -12.4235
293 -13.1775
50 303 -12.6535 -28.5296 + 0.7564 -52.3963 + 0.0796 0.9136
313 -12.1295
293 -12.3283
150 303 -11.7298 -29.8665 + 0.7961 —-59.8571 + 0.0842 0.8484
313 -11.1312
293 -12.0369
200 303 -11.4281 -29.8757 + 0.8064 —60.8832 + 0.8319 0.8657
313 -10.8193
293 -34.8343
Bentonite 50 303 —-36.9367 26.7673 + 0.9611 210.2442 +1.1376 0.8304
313 —-39.0392
293 -34.5159
100 303 -37.5678 54.9067 + 1.4325 305.1964 + 1.7329 0.9997
313 —40.6198
293 -32.4992
150 303 -35.8072 64.4246 + 1.7538 330.7978 +1.9089 0.8597
313 -39.1151
293 -30.6263
200 303 -35.0683 99.5231 + 2.0357 444.1962 +2.0506 0.8734

313 -39.5103
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is a spontaneous process [35,37,38]. As the temperature and
initial concentration increase, the absolute value of the free
energy decreases; therefore, lower temperatures and lower
initial concentrations are favorable for the removal of Pb(II)
by kaolinite. The Gibbs free energies are all in the range of
-20 to 0 kJ/mol, indicating that physical adsorption is the pri-
mary adsorption mechanism. As the initial Pb(II) concentra-
tion increases, the enthalpy change in adsorption decreases
and becomes negative, indicating that the adsorption of Pb(II)
onto kaolinite is an exothermic process. The absolute values
of the enthalpy change are all less than 40 kJ/mol, further
confirming physical adsorption as the primary adsorption
mechanism. At different initial concentrations, the entropy
change in adsorption is negative, indicating that the entropy
of the soil-water interface decreases during the adsorption
process [45]. Ionic exchange between Pb* in solution and the
hydrogen atoms of hydroxyls on the surface of soil particles
is not the primary adsorption mechanism. One Pb* ion can
equally replace two H' ions on hydroxyl groups. Therefore,
the entropy on the soil-water interface increases, resulting in
a positive entropy change if ionic exchange is the primary
mechanism. For bentonite, as the initial concentration of
Pb(Il) increases from 50 to 200 mg/L, the enthalpy changes
in adsorption range from 26.77 to 99.52 kJ/mol, which indi-
cates that adsorption is an endothermic process. The entropy
change in adsorption is positive, indicating that the entropy
on the soil-water interface increases during the adsorption
process. The Gibbs free energy is in the range of —-30.63 to
—40.62 kJ/mol, indicating that the adsorption reaction is a
spontaneous process [34]. The free energy decreases as the
temperature increases, indicating that the removal of Pb(II)
by bentonite is easier at higher temperatures [46].

3.6. Regeneration of kaolinite and bentonite

Desorption and regeneration are important factors for
potential application in real wastewater treatment [19,24].
In this study, 0.10 M HCl was used as the desorption reagent,

Table 5
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and five cycles of adsorption -desorption were performed
to study the removal performance of Pb(Il) by kaolinite
and bentonite. The results indicated that after five adsorp-
tion—-desorption cycles under the optimum condition, the
removal rates of Pb(II) onto kaolinite and bentonite declined
by 12% and 15%, respectively, suggesting that both kaolin-
ite and bentonite are cost-effective materials with excellent
adsorption capability and easy regeneration properties for
the treatment of Pb(II)-containing wastewater [19,24].

3.7. Comparison of the adsorption capacities of clay adsorbents

To compare the adsorption characteristics of Pb(II) onto
clays, Table 5 lists the maximum adsorption capacity of
Pb(Il) on various clay adsorbents. The adsorption capacity
of Dalian kaolinite reaches 18.86 mg/g, which is significantly
higher than that of Fujian kaolinite [33], Iran kaolinite [30],
and Egypt kaolinite [54]. In addition, the adsorption capac-
ity of Algerian kaolinite [35] is superior to that of Dalian
kaolinite. For Heishan bentonite, the adsorption capacity
reached 27.23 mg/g, which is higher than those of Egyptian
Na-bentonite [43], Fujian fly ash/Liaoning Ca-bentonite [55],
South Africa Na-bentonite/carbon black [56], and Iran ben-
tonite [57]. Therefore, natural Dalian kaolinite and Heishan
bentonite without modification showed an excellent adsorp-
tion capacity for Pb(Il), suggesting that they are suitable for
Pb(II) removal from wastewater in practical engineering.

4. Conclusions

The adsorption characteristics of natural kaolinite and
bentonite clays towards Pb(II) were assessed, and the effects
of parameters such as the solid-to-liquid ratio, pH, tempera-
ture, and reaction time on the adsorption performance of
Pb(Il) were evaluated. For kaolinite, as the solid-to-liquid
ratio increases, the adsorption capacity decreases. The pH
of the solution has a significant effect on Pb(II) removal,
and the best pH range is 2.91 to 6.0. For bentonite, as the

Comparison of maximum adsorption capacities of Pb(II) onto clay adsorbents

Adsorbent pH T (°C) r (g/L) C, (mg/L) q, (mg/g) References
Moroccan clays 4.5 25 15 10-200 2.45 [22]
Ukrainian chamotte clay 6.0 - 10 5-500 11.06 [20]
India natural clay 7.0 30 10 10-20 25.07 [28]
Algerian kaolinite 7.0 25 4 50-150 57.30 [35]
Fujian kaolinite 7.0 30 25 10-150 2.35 [33]
Nigeria kaolinite 5.5 40 10 60-400 19.96 [32]
Iran kaolinite 45 20 100 50 7.75 [30]
Egypt kaolinite 6.0 25 1 5-250 15.52 [54]
Egyptian Na-bentonite 3.8 25 2.5 10 5.44 [43]
Fujian fly ash/Liaoning Ca-bentonite 6.0 25 10 100 14.88 [55]
South Africa Na-bentonite/carbon black 6 25 2-8 10-25 7.69 [56]
Iran bentonite 3.0 27 10 10-100 8.55 [57]
Turkey bentonite 5 25 12.5 50-800 55.56 [58]
Dalian kaolinite 6.0 20 6.0 20-300 18.86 This study
Heishan bentonite 7.0 40 10.0 50-500 27.23 This study




134 G. Li et al. / Desalination and Water Treatment 262 (2022) 121-136

solid-to-liquid ratio increases, the adsorption capacity ini-
tially increases up to a peak value and then decreases.
The removal rate is approximately 100% at pH = 8.0-12.0.
The adsorption processes of Pb(II) onto both kaolinite and
bentonite are rapid adsorption processes, in which adsorp-
tion equilibrium is reached within 120 min. The pseudo-
second-order kinetic model fits the kinetic experimental
values best, and the adsorption mechanisms of kaolinite and
bentonite are controlled by both liquid film diffusion and
particle internal diffusion. Langmuir model can best simulate
the isothermal adsorption of Pb(II) onto clays. The maximum
adsorption capacity of kaolinite was 18.86 mg/g at initial con-
centrations of 20 to 300 mg/L, pH 6.0, dose of 6.0 g/L and
20°C. The maximum adsorption capacity of bentonite was
27.23 mg/g at initial concentration of 50 to 500 mg/L, pH
7.0, dose of 10.0 g/L and 40°C. The adsorption thermody-
namics of Pb(II) onto kaolinite is a spontaneous, exothermic,
and entropy-decreasing process, whereas adsorption
onto bentonite is an endothermic process. Therefore, both
natural kaolinite and bentonite were proven to be effi-
cient and effective adsorbents for the removal of Pb(II)
from wastewater.

Symbols

b — Langmuir model constant, L/mg

c — Intercept related to the boundary layer
thickness, dimensionless

C, — Initial concentration of heavy metal ions,
mg/L

C, — Equilibrium concentration of heavy metal
ions, mg/L

E — Average adsorption free energy, kJ/mol

h — Initial adsorption rate, mg/g/min

k — Model constant related to free energy,
mol?/kJ?

k, — Adsorption rate constant, 1/min

k, — Adsorption rate constant, g/mg/min

K, — Distribution coefficient at the solid-liquid
interface, mL/g

K. — Model constant related to the adsorption
capacity, mg/g

- — Internal diffusion rate constant, mg/g/

min'?

m — Mass of the adsorbent, g

n — Model constant related to adsorption
strength, dimensionless

Q — Single-layer maximum adsorption
capacity, mg/g

q, — Adsorption capacity at equilibrium, mg/g

q, — Adsorption capacity at time f, mg/g

R — Removal rate, %

r — Solid-to-liquid ratio, g/L

R, — Separation factor, dimensionless

T — Thermodynamic temperature, K

\% — Volume of the solution, L

AG — Gibbs free energy, kJ/mol

AH — Enthalpy change, kJ/mol

AS — Entropy change, J/mol/K

€ — Polanyi potential, k]/mol
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