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Abstract
Bentonite is a porous clay material that shows good performance for adsorbing heavy metals and other pollutants for wastewater
remediation. In our previous study, magnetic bentonite (M-B) was prepared to solve the separation problem and improve the
operability. In this study, we investigated the influence of various parameters on the Pb(II) adsorption of M-B, and it showed
effective performance. About 98.9% adsorption removal rate was achieved within 90 min at adsorbent dose of 10 g/L for initial
Pb(II) concentration of 200 mg/L at 40 °C and pH 5. The adsorption kinetic fit well by the pseudo-second-order model, and also
followed the intra-particle diffusion model up to 90 min. Moreover, adsorption data were successfully reproduced by the
Langmuir isotherm; the maximum adsorption capacity was calculated as 80.40 mg/g. The mechanism of interaction between
Pb(II) ions and M-B was ionic exchange, surface complexation, and electro-static interactions. Thermodynamics study indicated
that the reaction of Pb(II) adsorption onM-Bwas endothermic and spontaneous; increasing the temperature promoted adsorption.
This study was expected to provide a reference and theoretical basis for the treatment of Pb-containing wastewater using
bentonite materials.

Keywords Bentonite . Magnetic . Pb(II) ions . Adsorption . Kinetics . Thermodynamics . Isotherms .Mechanism

Introduction

With the rapid development of industry, excessive heavy
metals flowing into the environment will result in serious
environmental pollution. Lead is a common contaminant
found in wastewater and can come from many sources,
such as metallurgy, electroplating, manufacturing and
recycling of batteries, and the production of pigments
and ammunition (Tunali et al. 2006). Lead is toxic, non-

biodegradable, and can bio-accumulate in living cells
(Ghorai et al. 2014). It can enter the human body through
inhalation, ingestion, or skin contact and mainly accumu-
lates in the bones, brain, kidney, and muscles, which may
cause anorexia, loss of appetite, anemia, and long-term
damage to the nervous and hematopoietic system, and
even death (Kul and Koyuncu 2010; Farooq et al. 2010).
Hence, lead is the primary pollutant that is monitored and
controlled in all countries.

At present, common treatment methods for lead-
containing wastewater include chemical precipitation,
membrane filtration, electrolytic reduction, solvent extrac-
tion, adsorption, and ion exchange (Fu and Wang 2011).
Among these methods, adsorption is highly effective, con-
venient, and economical. Bentonite clay is a beneficial
adsorbent material for the treatment of environmental pol-
lution due to its large surface area, high adsorption capac-
ity, and low cost (Pan et al. 2011). However, bentonite is
difficult to separate from wastewater after it has adsorbed
the contaminant as it forms a stable dispersion.
Previously, granulated bentonite materials were prepared
to solve this separation problem; however, their adsorp-
tion capacity seems not to be very high (Cao et al. 2007;
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Mo et al. 2017). Deposing magnetic Fe3O4 particles onto
the surfaces of adsorbent powder can allow effective sep-
aration from wastewater using magnetic separation tech-
niques (Chen et al. 2012; Jin et al. 2016).

In our study, magnetic bentonite (M-B) was prepared using
the solvothermal method, aimed at developing a new low-cost
adsorption material for treating heavy metal ions. The chem-
ical composition, skeleton, structure surface morphology, and
zeta potential of M-B have previously been analyzed using a
range of instrumental techniques in our previous study (Zou
et al. 2018). The main objective of the present investigation
was to study the adsorption performance of M-B to Pb(II) for
potential industrial applications. The effects of various param-
eters, including the contact time, pH, temperature, initial
Pb(II) concentration, and dose of adsorbent on the adsorption
performance, were considered through batch experiments.
The results showed that the M-B has significant effect on the
treatment for Pb(II) ions. Moreover, the mass transfer mecha-
nisms and action mechanisms of adsorption Pb(II) from aque-
ous solutions onto M-B were studied using various kinetics,
isotherms, and thermodynamics models. This study was ex-
pected to provide technical supports for promoting wider ap-
plications of bentonite as adsorbent materials.

Materials and methods

Materials and chemical reagents

Sodium bentonite (Na-B) was obtained from Chaoyang City
(Liaoning province, China). The material was crushed and
passed through a 200-mesh sieve after purification and air
drying. The Na-B was a light yellow color. Analytical grade
chemical reagents were used, including FeCl3·6H2O, FeSO4·
7H2O, AlCl3·6H2O, CH3COONa, (CH2OH)2, NaOH, HNO3,
and Pb(NO3)2, which were purchased from Sinopharm
Chemical Reagent Co. Ltd. (China). All solutions were pre-
pared with deionized water.

Preparation of magnetic bentonite

The magnetic bentonite (M-B) was prepared through two
main modification stages with reference to our previous study
(Zou et al. 2018). The first stage was modifying sodium ben-
tonite (Na-B) to aluminum-pillared bentonite (Al-B) using a
modified method based on a recent report (Gu et al. 2011)
where a ratio of aluminum to Na-B of 6 mol/kg was used.
The second stage was modifying aluminum-pillared bentonite
(Al-B) to magnetic bentonite (M-B) by depositing Fe3O4

magnetic particles onto the surfaces of Al-B using a previous-
ly reported solvothermal method (Lian et al. 2014); the ratio of
iron to Al-B was 6 mol/kg.

Batch adsorption experiment

Simulated lead-containing wastewater was prepared by
dissolving Pb(NO3)2 in deionized water. Batch experi-
ments were carried out in a thermostatic water bath oscil-
lator at 170 rpm. Two hundred microliters of simulated
wastewater and the M-B adsorbent were added to a 500-
ml conical flask. The pH was adjusted using 0.01 mol/L
HNO3 and 0.01 mol/L NaOH solutions. After absorption
reaction, the adsorbent was separated using an external
magnet. All experiments were conducted using three rep-
licates. To examine the effects of various process vari-
ables on Pb(II) adsorption, the following experiments
were performed:

1. Contact time: initial Pb(II) concentration of 200 mg/L,
10 g/L of M-B, temperature T = 35 °C, pH 5, and contact
times 5, 10, 15, 20, 30, 45, 60, 75, and 90 min.

2. Temperature: initial Pb(II) concentration of 200 mg/L,
10 g/L of M-B, 10–50 °C, pH 5, and contact time
120 min.

3. pH: initial Pb(II) concentration 200 mg/L, 10 g/L of M-B,
35 °C, pH 2.0–6.5, and contact time 120 min.

4. Adsorbent: initial Pb(II) concentration 200 mg/L, 2.5–
15.0 g/L of M-B, 35 °C, pH 5, and contact time 120 min.

5. Initial Pb(II) concentration: initial Pb(II) concentrations
50–400 mg/L, 10 g/L of M-B, 35 °C, pH 5, and contact
time 120 min.

The Pb(II) concentration was analyzed using an AAS
novAA 400 flame atomic absorption spectrophotometer
(Analytik Jena AG, Germany).

Data processing

The removal rate (r, %) was determined using Eq. (1):

r ¼ c0−ce
c0

� 100 ð1Þ

The adsorption amount (the amount of Pb(II) ions adsorbed
per gram of M-B) (mg/g) was calculated using Eq. (2):

qt ¼
c0−ctð Þ � V

M
ð2Þ

where c0 is the initial Pb(II) concentration (mg/L), ce is the
Pb(II) concentration at equilibrium (mg/L), ct is the Pb(II)
concentration at time t (mg/L), V is the total volume of the
solution (L), M is the mass of the M-B used (g), r is the
removal rate (%), and qt and qe are the amounts of Pb(II)
adsorbed per unit mass of M-B (mg/g) at time t and at equi-
librium, respectively.
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Results and discussion

Effect of contact time and adsorption kinetics

First, the effect of the contact time was studied. The plot (see in
Fig. 1a) showed adsorption kinetics of Pb(II) on M-B consisted
of two phases: an initial rapid phase and a second slower phase.
The first phase showed a rapid uptake of Pb(II) onto the M-B
during the first 15 min. The removal rate increased gradually
with increasing contact time. The equilibrium uptake was
achieved at ~ 90–120 min. Further increased of contact time
did not result in removal rate, and Pb(II) removal for a concen-
tration of 200 mg/L reached 98.76%. Thus, to ensure maximum
Pb(II) ion removal, 120 min has been selected as optimum con-
tact time in the following experiments.

In order to further explore the rate-controlling steps during
adsorption and the dynamic characteristics of the adsorption
process, the Lagergren pseudo-first order and pseudo-second
order kinetic models were applied to the experimental data;
the kinetic equations are shown in Eq. (3) and Eq. (4), respec-
tively (Monfared et al. 2015). In order to describe the localized
adsorption for specific interactions, the intra-particle diffusion
model proposed by Weber and Morris was applied to analyze

the adsorption process, as expressed by Eq. (5) (Mohseni-
Bandpi et al. 2016).

qt ¼ qe 1−e−k1t
� � ð3Þ

qt ¼
k2q2e t

1þ k2qet
ð4Þ

qt ¼ k3t0:5 þ C ð5Þ
where k1, k2, and k3 are the rate constants of the pseudo-first
order (min−1), pseudo-second order (g/(mg min)) adsorption
equations, and the intra-particle diffusion model (mg/
(g min0.5)), respectively. C is the intercept, which is related
to the boundary layer thickness (mg/g).

The plots of the nonlinear form of the kinetic models are
shown in Fig. 1b. The adsorption and rate constants calculated
from the plots are shown in Table 1. The correlation coeffi-
cient R2 of the pseudo-second-order model was larger, and qe
values calculated using the pseudo-second order equations
were closer to those determined experimentally. The kinetic
data showed a better fit to the pseudo-second-order kinetic
model, suggesting the occurrence of chemical adsorption.

The intra-particle diffusion model was used to analyze the
rate-controlling step of the adsorption reaction. The fitting results
indicated that the adsorption of Pb(II) ontoM-Bmay be followed
by the model up to 90 min. The plots (Fig. 1b) present two
distinct adsorption stages, and the mass transfer rate in the initial
and final stages of adsorptionwas different, indicating the surface
adsorption and intra-particle diffusion concurrently operating
during the interactions of Pb(II) and M-B. The first sharper por-
tion stage was attributed to the diffusion of Pb(II) ions through
the solution to the external surface of M-B and adsorption on
active sites of the M-B surface (surface adsorption process); the
adsorption rate mainly was influenced and controlled by the
liquid film diffusion. While the second gradual stage was attrib-
uted to diffusion of Pb(II) ions in the pores of M-B and absorp-
tion in the pores (particle diffusion process), the adsorption rate
mainly was influenced and controlled by the intra-particle diffu-
sion.As shown in Table 1, the two interceptsC of the two distinct
particle diffusion processes were not equal to zero. This indicated
that the intra-particle diffusion was not the only rate-controlling
step but some degree of the boundary layer diffusion also con-
trolled the adsorption (Kang et al. 2009), which was consistent
with the analysis of pseudo-second-order kinetics.

Effect of temperature and adsorption
thermodynamics

The effect of temperature on the adsorption of Pb(II) by M-B
was analyzed as the reaction temperature is known to affect
the adsorption efficiency (Daou et al. 2017). The temperature
dependence of both equilibrium concentration (ce) and remov-
al rate (r) is shown in Fig. 2a. The removal rate increased

Fig. 1 a Effect of contact time on qt and ct,. b Pseudo-first-order, pseudo-
second-order, and intra-particle diffusion kinetic models for Pb(II)
adsorption onto M-B
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slightly from 92.0 to 98.9%with a temperature increased from
10 to 40 °C. The equilibrium adsorption quantity was
19.79 mg/g, and the residual concentration of Pb(II) was
2.15 mg/L at 40 °C. The adsorption amount decreased slightly
above 40 °C. This is because increasing the temperature pro-
motes mass transfer, which is beneficial for adsorption.
However, higher temperatures are not conducive to ion cova-
lent bonds. In general, the reaction temperature had little in-
fluence on the efficiency of adsorption. This was consistent
with the results of a previous report (Yi et al. 2015).

The adsorption process was further analyzed using thermo-
dynamic analyses. Thermodynamic parameters, such as the
changes in the Gibbs free energy (ΔG), enthalpy (ΔH), and
entropy (ΔS), depend on the adsorption process and were de-
termined using the following Eqs. (6–10) (Yao et al. 2014). In
the determination of thermodynamic, the Kd value should be

dimensionless by multiplying Ke by the density of the liquid
(Milonjic 2007; Frantz Jr et al. 2017).

Ke ¼ qe
ce

ð6Þ

Kd ¼ Ke � ρw ð7Þ
ΔG ¼ −RTlnKd ð8Þ
ΔG ¼ ΔH−TΔS ð9Þ

lnKd ¼ ΔS
R

−
ΔH
RT

ð10Þ

where Ke is the ratio of the adsorption capacity at equilibrium
(L/g), ρw is the density of the water (1000 g/L), and Kd is the
adsorption equilibrium constant.

The adsorption results between 10 and 40 °C were studied.
The plot of lnKd versus 1/T is shown in Fig. 2b; the values of
thermodynamic parameters ΔH, ΔS, and ΔG obtained are
listed in Table 2. The value of ΔH = 51.23 kJ/mol indicated
that the Pb(II) adsorption was an endothermic process; the ΔH
value exceeded 40 kJ/mol indicated that the adsorption of
Pb(II) onto M-B was chemical adsorption. The value of
ΔS = 239.2 J/(mol·K) suggested an increase in randomness
at the solid–liquid interface during the adsorption process
and reflected the affinity of M-B for Pb(II) ions (Yao et al.
2014). The ΔG values decreased from − 16.46 to − 23.64 kJ/
mol when the temperature was increased from 283 to 313 K,
which indicated the adsorption processes were spontaneous in
nature. Furthermore, the decrease in ΔG values with increas-
ing temperatures suggested that the adsorption was more fa-
vorable at higher temperatures for temperatures below 313 K
(Moussout et al. 2016).

Fig. 2 a Effect of temperature on the equilibrium concentration (ce) and
removal rate (r). b The Van’t Hoff plot of lnKd versus T

Table 2 Thermodynamic parameters of Pb(II) adsorption onto M-B

T (K) ΔG (kJ/mol) ΔH (kJ/mol) ΔS (J/(mol K))

283 − 16.46 51.27 239.2
288 − 17.66
293 − 18.85
298 − 20.05
303 − 21.24
308 − 22.44
313 − 23.64

Table 1 Kinetic parameters for
adsorption of Pb(II) onto M-B Pseudo-first order Pseudo-second order Intra-particle diffusion

qe, exp (mg/g) 19.74 qe, exp (mg/g) 19.74 – First step Second step

qe, cal (mg/g) 19.17 qe, cal (mg/g) 19.86 C 9.249 17.559

k1 (min
−1) 0.261 k2 (g/(mg min)) 0.0276 k3 (mg/(g min0.5)) 2.391 0.240

R2 0.991 R2 0.998 R2 0.992 0.986

1318 Environ Sci Pollut Res (2019) 26:1315–1322



Effect of pH

The pH of a solution is the most influential parameter deter-
miningmetal adsorption as it greatly affects the surface charge
of the adsorbent and the speciation of the metals in solution
(Liu et al. 2013). It is generally considered that acidic condi-
tions are unfavorable for the adsorption of heavy metal ions by
bentonite, while neutral and alkaline conditions are favorable
(Shi and Liu 2006). Hence, it is necessary to study the effect of
pH on the adsorption process (Shi et al. 2016). The effect of
pH on the adsorption of Pb(II) by M-B was analyzed, where
the pH dependence of both equilibrium concentration (ce) and
removal rate (r) is shown in Fig. 3.

As shown in Fig. 3, the adsorption removal of Pb(II) was
significantly affected by pH. Increasing the pH resulted in a rapid
and continuous decrease in ce. With increasing pH, r steadily
increased up to a pH of 5 to reach 98.72%. The equilibrium
adsorption capacity increased with increasing pH and was
19.74 mg/g at pH 5.0. Further increasing the pH resulted in a
little increase in r.When the pHwas 6.5, the removal rate reached
99.52%. The above results might be due to the several following
reasons. As the zeta potential measurements shown in
Supplementary Fig. 3, the point of zero charge (PZC) of M-B
corresponded to pH 3.6. At low pH, M-B exhibited positive zeta
potentials with the positively charged surface; Pb(II) ions in the
solution were repelled by the positively charged M-B surface.
Additionally, there are many H3O

+ ions in solution at low pH
which competed with Pb(II) for adsorption sites, effectively de-
creasing the adsorption of positively charged ions (Blázquez
et al. 2012). At high pH, M-B exhibited negative zeta potentials
and decreased with the increase of pH, indicating the number of
metal-binding sites on the negatively charged sites increased. As
a result, the Pb(II) adsorption capacity ofM-B increased owing to
the electro-static attraction between Pb(II) ions and the negatively
charged M-B surface. Furthermore, the adsorption of Pb(II) in-
creased as Pb(II) ions will combine with OH− ions to form

precipitates under these conditions (Singanan 2011). Similar
findings were previously reported for metal adsorption using
various adsorbents (Singanan 2011).

Effect of adsorbent

The adsorption efficiency was affected by both the saturated
adsorption capacity and the balance between ions in the two
phases. Therefore, the type of adsorbent used influences the
adsorption efficiency. The effects of the adsorbent type and
adsorbent dose on equilibrium absorption amount (qe) and
removal rate (r) are shown in Fig. 4.

The adsorption efficiency of M-B was clearly higher than
that of Na-B, indicating that the adsorption performance was
enhanced after modification. It may be due to several reasons
below: As the characterizations of specific surface area and
pore properties shown in Supplementary Table 1, the specific
surface area and the total pore volume of M-B increased after
modification, improving the adsorption sites on the surface.
And the pore size of M-B increased, which was beneficial for
Pb(II) ion diffusion into pore, increasing the utilization of
adsorption sites on the pore surface significantly. The zeta

Fig. 4 Effect of adsorbent dose on the equilibrium absorption amount (qe)
and removal rate (r) of Na-B (a) and M-B (b)

Fig. 3 Effect of pH on the equilibrium concentration (ce) and removal
rate (r) of M-B
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potential of M-B was lower than that of Na-B at pH 5.0,
indicating more metal-binding sites with the negatively
charged sites and showing stronger electro-static attraction
for Pb(II). In the weak acid solution, some Al2O3 and Fe3O4

loaded on the M-B became high flocculation adsorption ac-
tivity sites on the surface of M-B. Moreover, some Al2O3 and
Fe3O4 became cations, which increased the number of ex-
changeable cations on the M-B.

The removal rate of Pb(II) increased with increasing M-B
dose from 2.5 to 10.0 g/L, which was simply due to the in-
creasing number of adsorption sites (Singanan 2011). Further
increasing theM-B dose had a negligible effect on the removal
rate, attributed to an insufficient residual metal concentration
in solution (Hamane et al. 2015). In addition, the adsorption
process should follow isothermal adsorption equilibrium the-
ory. Up to an M-B dose of 20 g/L, the residual Pb(II) concen-
tration in solution was lower than 1.00 mg/L, which satisfies
the integrated wastewater discharge standard of China (GB
8978-1996). When the M-B dose was increased, the removal
rate (r) of Pb(II) increased while the equilibrium adsorption
amount (qe) decreased. It may be due to several reasons be-
low: Increased ofM-B dose can be attributed to aggregation of
adsorbent particles, which decreased total surface area of the
adsorbent and increased diffusional path length (Shukla et al.
2002). With further increased in the dose of the M-B, the
aggregation became increasingly significant, causing a de-
crease in active sites and hence decreased in adsorption.
Secondly, at constant volume of adsorbate, the solid/liquid
ratio increased which left many sites unoccupied during ad-
sorption process and hence a reduction in the adsorption ca-
pacity of the adsorbent (Olu-Owolabi et al. 2010). Moreover,
the equilibrium absorption amount (qe) is mainly affected by
the adsorption capacity of adsorbent and the concentration of
Pb(II) in aqueous solution. The adsorption process should
follow isothermal adsorption equilibrium theory. As the dose
of M-B increased, the amount of Pb(II) absorbed on M-B
increased, i.e., the amount of Pb(II) remaining in the solution
decreased, which decreased the driving force for mass transfer
between the aqueous and solid phases provided by the Pb(II)
concentration and hence decreased in adsorption.

Effect of initial Pb(II) concentration

The main mechanism of heavy metal ion adsorption on ben-
tonite is related to ion exchange. The ion exchange capacity is
mainly affected by the cation exchange capacity of bentonite
and the concentration of heavy metal ions in aqueous solution.
Increasing the heavy metal ion concentration can improve the
exchange capacity. In addition, the initial concentration pro-
vides a driving force for mass transfer between the aqueous
and solid phases (Oubagaranadin et al. 2010). The effects of
different initial Pb(II) concentrations on equilibrium absorp-
tion amount (qe) and removal rate (r) are shown in Fig. 5.

With the initial Pb(II) concentration increased from 50 to
400 mg/L, the adsorption amount of Pb(II) ions increased
from 4.95 to 39.26 mg/g. The r decreased slightly over the
measured concentration range; this may be due to the equilib-
rium adsorption quantity being far from the saturated adsorp-
tion capacity. Only when the initial concentration was <
100 mg/L did the residual Pb(II) concentration fall below the
wastewater discharge limit of 1.00 mg/L (GB 8978-1996).
The preparation of magnetic bentonite with strong adsorption
ability was demonstrated. However, it was difficult to achieve
the Pb(II) concentration limit for high-concentration wastewa-
ter only once using continuous stirred method. If it was used
for the pretreatment of high-concentration Pb(II) wastewater,
M-B would adsorb most of the Pb(II) ions. In addition, if it
was used in a multilevel series operation mode, M-B could
reduce the residual Pb(II) ion concentration below the limit
required by the standard.

In order to further clarify the adsorption mechanism, we in-
vestigated the relationship between the Pb(II) adsorbed per gram
of M-B and the equilibrium concentration. The adsorption pro-
cesswas analyzed using the Langmuir and Freundlich adsorption
isotherms (Shah et al. 2017; Kameda et al. 2018). The adsorption
isotherm equations are shown as Eq. (11) and Eq. (12).

Langmuir : qe ¼ Q
KLCe

1þ KLCe
ð11Þ

Freundlich : qe ¼ K FC
1=n
e ð12Þ

where Q is the Langmuir monolayer adsorption capacity (mg/
g), the Pb(II) content required to occupy all the available sites
for a unit mass of M-B (mg/g); and KL is the Langmuir con-
stant (L/g). KF and n are the Freundlich constants referring to
the adsorption capacity and the adsorption intensity,
respectively.

The equilibrium data (amounts of Pb(II) adsorbed per gram
of M-B and the equilibrium concentrations of Pb(II)) were
fitted using isotherms. The plots of the nonlinear form of the

Fig. 5 Effect of initial Pb(II) concentration on the equilibrium absorption
amount (qe) and removal rate (r) of M-B
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adsorption isotherm models are shown in Fig. 6, and the con-
stants obtain from plots were shown in Table 3. The R2 value
of the Langmuir model was larger than that of the Freundlich
model; therefore, the Langmuir isotherm equation can better
describe the adsorption behavior of Pb(II) on M-B and indi-
cated it was a monolayer adsorption reaction. In addition, the
adsorption saturation capacity of M-B was calculated as
80.40 mg/g. The fractional value of 1/n = 0.689 (0 < 1/n < 1)
indicated a heterogeneous surface structure of the material
with an exponential distribution of active sites. In addition, a
strong affinity of M-B toward Pb(II) ions was indicated by the
higher values of the Freundlich adsorption capacity obtained.

The essential characteristics of the Langmuir isotherm can
be expressed by a dimensionless constant called the equilibri-
um parameter (RL), as defined by the following Eq. (13) (Yao
et al. 2014):

RL ¼ 1

1þ kLC0
ð13Þ

The RL value indicates the nature of the isotherm: irrevers-
ible (RL = 0), favorable (0 < RL < 1), linear (RL = 1), or unfa-
vorable (RL > 1) (Kang et al. 2009). The KL value calculated
from the plot was 0.132 L/mg.When the initial Pb(II) concen-
tration increased from 50 to 400 mg/L, the calculated RL

values ranged from 0.132 to 0.0186, indicating a favorable
adsorption.

Additionally, the adsorption mechanism can be deduced
from the average adsorption free energy (Es) calculated using
the Dubinin-Radushkevich (D-R) adsorption isotherm model
(Eqs. (14–16)) (Chen et al. 2017):

qe ¼ qm � e −kdε2ð Þ ð14Þ

ε ¼ RT ln 1þ 1

ce2

� �
ð15Þ

Es ¼ 1ffiffiffiffiffiffiffi
2kd

p ð16Þ

where qm is the maximal adsorption capacity (mg/g), ce2 is the
Pb(II) concentration at equilibrium (mol/L), kd is a constant
(mol2/J2), T is the temperature (K), R is the universal gas
constant (8.3145 J/(mol·K)), and ε is the Polanyi potential
(J/mol).

The fits obtained using the nonlinear equation of D-R mod-
el are shown in Fig. 6. As shown in Table 3, qm value calcu-
lated from the D-R model was significantly larger than Q
value calculated from the Langmuir model. This was because
the Langmuir model is based on mono molecule layer adsorp-
tion; adsorption only occurs on the outer surface of the adsor-
bent, while D-R model is based on the assumption of the
adsorbent pores filling with solute (Cantuaria et al. 2015;
D'Arcy et al. 2011). Based on the obtained kd value, Es was
calculated as 10.28 kJ/mol according to Eq. (16). The fact that
this value was in the range of 8–16 kJ/mol indicated the oc-
currence of ionic exchange, surface complexation, and
electro-static interactions during adsorption; the adsorption
process was controlled by a chemical mechanism
(Daneshvar et al. 2012; Hu et al. 2011).

Conclusions

The prepared M-B showed effective performance on Pb(II)
adsorption. At 40 °C and pH 5.0, adsorption in an initial con-
centration of 200 mg/L Pb(II) ions with 10 g/L of M-B, the
equilibrium adsorption quantity was 19.79 mg/L; the residual
concentration of Pb(II) ions was 2.15 mg/L, and the adsorp-
tion removal rate reached 98.9%. The adsorption process of
Pb(II) ions on M-B fit well by a pseudo-second-order model,
and also followed the intra-particle diffusion model up to
90 min. Moreover, adsorption data were successfully de-
scribed by the Langmuir model, and the adsorption saturation
capacity of Pb(II) calculated as 80.40 mg/g. The adsorption
data were well fitted with D-R isotherm model, and the aver-
age adsorption free energy change calculated was 10.28 kJ/
mol, indicating the adsorption process mainly corresponded to
ionic exchange, surface complexation, and electro-static inter-
actions. Overall, the thermodynamic parameters implied that
the endothermic adsorption process occurred spontaneously,
and increasing the temperature promoted adsorption.

Fig. 6 The Langmuir, Freundlich, and D-R isotherm models for Pb(II)
adsorption onto M-B

Table 3 Parameters of the Langmuir, Freundlich, and D-R isotherm
models

Langmuir Freundlich D-R

KL (L/mg) 0.132 KF 10.31 qm (mg/g) 1061

Q (mg/g) 80.40 n 1.451 Es (kJ/mol) 10.28

R2 0.995 R2 0.990 R2 0.993
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