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Abstract: A novel adsorbent named magnetic humic acid/chitosan composite (M−HA/Cs) was synthesized by decorating humic 
acid/chitosan composites with Fe3O4 nanoparticles. The adsorption capacity of M−HA/Cs was 1.5 times that of MCs. The effects of 
solution pH, initial concentration of Pb(II) ions and adsorption temperature on Pb(II) removal were examined in a batch system and 
further optimized using Box-Behnken analysis. The recommended optimum conditions are initial Pb(II) concentration of 139.90 
mg/L, initial pH of 4.98, and temperature of 43.97 ºC. The adsorption processes could be well described by pseudo-second-order and 
Elovich models. Isotherm studies reveal that the adsorption process follows Sips and Temkin models. The thermodynamic study 
indicats that the adsorption process is spontaneous and exothermic. The potential mechanism of Pb(II) on M−HA/Cs at pH 5 may be 
surface electrostatic attraction, coordination and hydrogen bonding. 
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1 Introduction 
 

Lead is one of the important pollutants to be 
removed from wastewaters before migration and 
transformation into environment because its bad impact 
on human health and environment security [1−2]. Many 
technologies, such as chemical precipitation, coagulation, 
ion exchange and adsorption, have been used to treat 
lead polluted water. Among these methods, adsorption is 
one of the most useful and effective techniques for 
purification of effluents polluted by Pb(II). Several 
studies have shown that adsorption is a useful and low- 
cost treatment process if the proper adsorbent is used [3]. 
Therefore, researchers have focused on searching for 
naturally materials as cheap and available adsorbents [4]. 

Chitosan is one of the potential naturally materials 
due to its low cost and wide availability. It has shown 
many good properties for its high content of amino and 
hydroxyl groups. However, chitosan cannot be directly 
used because of its bad mechanical stability in acidic 
solutions. Thus, cross-linking or grafted chitosan, like 
polyaniline grafted chitosan [5], crosslinked alumina- 

chitosan hybrid adsorbent [6], and chitosan–zeolite 
composites [7], have been synthesized to improve the 
mechanical stability, chemical properties and adsorption 
capacity. 

Humic acid (HA), ubiquitous in soil and aquatic 
environment, plays an important role in the degradation 
of organic and inorganic pollutants [8]. It can complex 
with metal ions with the functional groups (like 
carboxylic acid, methoxyl, alcoholic hydroxyl and ether) 
bore on the skeleton of alkyl and aromatic units [9]. HA 
in several physiochemical modifications such as HA 
coated SiO2 [10], HA coated kaolinite [11], and HA 
coated Fe3O4 [8] has been investigated for the removal of 
metal ions. These studies have indicated that adsorption 
capacities of adsorbents are enhanced after modified by 
HA. Thus, humic acid can be chosen to improve the 
adsorption ability of chitosan. Moreover, separation after 
adsorption is another important factor of adsorbents. 
There are several separation methods, such as 
centrifugation, filtration and magnetic separation. 
Compared with these methods, magnetic separation is 
relatively rapid and easy, cost effective and highly 
efficient. So, chitosan could be magnetized for easy 
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separation [12]. 
The main objectives of this work are to: 1) 

synthesize and characterize the magnetic humic 
acid/chitosan composites (M−HA/Cs) and apply them as 
adsorbents to remove Pb(II) ions from aqueous solution; 
2) investigate the effects of process parameters using 
Box-Behnken design; 3) study the adsorption mechanism 
with kinetic, isotherm and thermodynamic models. 
 
2 Materials and methods 
 
2.1 Materials 

Chitosan was supplied by Sinopharm Chemical 
Reagent. FeCl3·6H2O, FeCl2·4H2O, humic acid sodium 
salts, ammonium hydroxide, glutaraldehyde and 
Pb(NO3)2 were purchased from Tianjin Kermel Reagent, 
China. A stock solution of Pb(II) containing 1000 mg/L 
was prepared and diluted for the adsorption experiments. 
 
2.2 Preparation of materials 

Magnetic humic acid/chitosan composites 
(M−HA/Cs) were prepared by grafting Fe3O4 onto the 
surface of humic acid/chitosan composites. Briefly, 2 g 
FeCl2·4H2O and 5.4 g FeCl3·6H2O (molar ratio 1:2) were 
dissolved in distilled water and stirred at 85 ºC, then 
about 90 mL ammonium hydroxide was added to 
maintain the solution pH at 10. Magnetic fluid was 
cooled to room temperature and washed by distilled 
water. Then 4 g humic acid/chitosan composites with 
mass ratio of 1:1 are reacted for 48 h to be completely 
mixed and added to the magnetic fluid at 40 ºC. After 
that, 50 mL 6.5% glutaraldehyde was injected and then 
stirred at 60 ºC to form the M−HA/Cs. The obtained 
M−HA/Cs was washed and finally dried for further 
usage. Magnetic chitosan (MCs) was prepared as the 
same procedures except that the humic acid/chitosan 
composites were replaced by chitosan. 
 
2.3 Characteristic of adsorbents 

Surface morphology of materials was observed 
using a scanning electron microscope (SEM Hitachi TM 
3000, Japan). The BET specific surface areas and pore 
diameter of M−HA/Cs were measured by nitrogen 
adsorption/desorption isotherm method using the 
automated gas sorption (TriStar II 3020, USA). Fourier 
transform infrared spectrum (FTIR) was taken using 
Varian 3100 FTIR (USA). Pb(II) concentration was 
measured using atomic adsorption spectrometer 
(PerkinElmer AA700, USA). Stability of HA coating 
onto M−HA/Cs was studied using UV-vis 
spectrophotometer (Pgeneral T6, Beijing) at 254 nm. 
Surface potential of particles were determined by Zeta 
potential analyzer (ZEN3690, Malvern, UK.). 

2.4 Batch adsorption experiments 
For a typical adsorption experiments, 0.08 g 

M−HA/Cs was added into 50 mL of Pb(II) solution in 
Erlenmeyer flasks, and the flasks were agitated at 150 
r/min. After adsorption, the mixture was separated by a 
magnet. The effects of pH (3.0−5.0), Pb(II) concentration 
(50−150 mg/L), and temperature (15−45 ºC) on 
adsorption capacity (calculated as Eq. (1)) were 
investigated by BBD method. 
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where qe is the equilibrium adsorption capacity (mg/g); 
C0 and Ce are the initial and equilibrium concentration in 
the solution (mg/L); V is the volume of metal solution (L) 
and m is the mass of the adsorbent (g). 
 
2.5 Box-Behnken design (BBD) 

As is known, the solution pH, initial concentration 
and adsorption temperature have great effects on 
adsorption process. In order to investigate the effects of 
the three factors, a 3-level-3-factor BBD experimental 
design was performed to evaluate and optimize the 
effects of the three main independent parameters on the 
Pb(II) adsorption capacity. The solution pH (X1), initial 
concentration (X2) and adsorption temperature (X3) were 
set as variable input parameters while adsorption 
capacity (Y) was taken as the response. As shown in 
Table 1, the factor levels were coded as −1 (low), 0 
(central) and 1 (high). The actual experimental design 
matrix was given in Table 2. The results were analyzed 
using the correlation coefficient (R2), analysis of variance 
(ANOVA) and response plots. The experimental data 
were analyzed by the response surface method with 
Design-Expert 8.0.0 (Stat-Ease Inc., Minneapolis, MN, 
USA) and evaluated in the form of quadratic response 
model Eq.(2). 
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where Y is the response value; β0, βi, βii and βij are the 
constant, linear, quadratic and interaction coefficient, 
respectively; Xi and Xj are the levels of the independent 
variables; ε is the unanticipated error [13]. 
 
Table 1 Factors used in Box-Behnken experimental design 

Symbol Factor 
Code level 

−1 (Low) 0 (Central) 1 (High)

X1 pH 3.0 4.0 5.0 

X2 
Initial concentration/

(mg·L−1) 
50 100 150 

X3 Temperature/ºC 15 30 45 
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Table 2 Experimental and predicted values based on Box- 

Behnken design (Volume of 50 mL, absorbent dose of 0.08 g, 

contact time of 24 h and agitation speed of 150 r/min) 

Experiment 
number 

Code variable  Response 

X1 X2 X3  Yexp Ypre 

1 5 150 30  59.73 58.93 

2 5 100 45  53.01 53.85 

3 4 100 30  43.55 43.67 

4 4 100 30  43.38 43.67 

5 4 100 30  45.10 43.67 

6 3 150 30  38.61 39.5 

7 5 50 30  35.87 34.98 

8 4 50 15  28.61 28.65 

9 3 50 30  16.08 16.89 

10 3 100 15  33.65 32.81 

11 4 100 30  43.70 43.67 

12 3 100 45  35.58 34.72 

13 4 150 45  54.25 54.21 

14 4 100 30  42.64 43.67 

15 4 150 15  50.27 50.22 

16 4 50 45  29.19 29.22 

17 5 100 15  50.36 51.21 

Note: X1 represents pH; X2 represents initial concentration of Pb(II); X3 
represents adsorption temperature; Yexp represents experimental values 
(mg/g); Ypre represents predicted values (mg/g). 

2.6 Adsorption models of kinetic, isotherm and 
thermodynamic models 
Experimental data obtained from batch experiments 

were investigated using kinetic isotherm and 
thermodynamic models. All the model parameters were 
evaluated by non-linear regression. The optimal model 
was considered based on correlation coefficient (R2) and 
root mean square error (RMSE, Erms). 
 
3 Results and discussion 
 
3.1 Characterization of adsorbents 

The SEM image, pore size distribution image and 
FTIR spectra of M−HA/Cs are shown in Fig. 1. The 
SEM image shows the rough surfaces and small bumps 
on the surface, indicating the porous structure of 
M−HA/Cs (Fig. 1(a)). The porous structure is also 
verified by BET results (Fig. 1(b)). The surface area, 
average pore size and pore volume are 38.55 m2/g,   
6.55 nm and 0.06 m3/g, respectively. These results 
indicate the poriferous structure of M−HA/Cs may 
contribute to the transfer of Pb(II) ions to the surface of 
the adsorbent. 

FTIR spectral analysis was employed to confirm the 
introduction of chitosan, HA and Fe3O4 in M−HA/Cs and 
the result is shown in Fig. 1(c). From the spectrum of HA, 
the characteristic peaks are assigned at 1560 cm−1 (C=O 
stretching of carbonyl group and C—C stretching of  

 

 
Fig. 1 Characters of samples: (a) SEM image for M−HA/Cs; (b) Pore size distribution for M−HA/Cs; (c) FTIR spectra for HA, CS, 

MCs and M−HA/Cs; (d) pHPZC analysis of M−HA/Cs and MCs 
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aromatic rings), 1367 cm−1 (stretching of carbonylate) 
and 1015 cm−1 (C—O band) [14]. As for chitosan, 
distinctive adsorption peaks are observed as follows: 
3517 cm−1 (overlapping of N—H and O—H stretching 
vibration), 1645 cm−1 (stretching of amide I), 1579 cm−1 
(symmetric stretching of amide II), 1373 cm−1 (—CH3 
symmetric deformation) and 1075 cm−1 (C—OH band) 
[15]. After the modification process, several changes 
were observed in the spectra of M−HA/Cs and MCs. 
Firstly, Fe—O bond appears at 632 cm−1 on both 
M−HA/Cs and MCs, indicating the successful wrapped 
of Fe3O4. Then, the N−H peak of chitosan at 3517 cm−1 
shifts to lower frequencies, and the intensity decreases 
obviously. It indicates that N−H band is involved in the 
synthesis process. Compared to chitosan, the amide 
peaks of MCs at 1638 cm−1 and 1545 cm−1 are shifted 
and weakened, which is due to the cross-linking reaction 
between amino group and glutaraldehyde. However, the 
peaks of M−HA/Cs at 1636 cm−1 and 1371 cm−1 are 
dramatically stronger than MCs, even than chitosan, 
which may be due to the N—H and C=O merging with 
each other, showing clear indication of the incorporation 
of HA on M−HA/Cs. Furthermore, the peak of MCs at 
3292 cm−1 is shifted to 3367 cm−1 and intensity increases 
after HA is involved in M−HA/Cs. The increasing 
wavenumber and intensity could be attributed to the 
loaded HA molecules on the surface of M−HA/Cs, which 
brings a large number of carboxyl and phenol groups, 
resulting in offsetting the impact of hydrogen bonding 
[14]. These observations confirm that chitosan, HA and 
Fe3O4 have been successfully wrapped in M−HA/Cs. 

The stability of HA coated onto M−HA/Cs is tested 
at pH 2−10, but the dissolution of HA is negligible in the 
tested pH range. Thus, the stability of M−HA/Cs is 
suitable for the experiments. Additionally, as shown in 
Fig. 1(d), the pHpzc values of M−HA/Cs and MCs are 4.8 
and 5.4, respectively. 
 
3.2 Adsorption capacity comparison between M−HA/ 

Cs and MCs 
To investigate the effect of HA on adsorption 

capacity, M−HA/Cs and MCs are used to remove Pb(II) 
ions at different pH. The result is shown in Fig. 2. It 
indicates that the adsorption capacity of the M−HA/Cs is 
obviously improved after modification. At low pH, both 
adsorbents show low adsorption capacity due to the 
strong competition between Pb2+ and H+ for the 
adsorption sites. However, at pH≥4, the adsorption 
capacity increases by 37% to 50% after modified by HA. 
This is because the increased number of adsorption sites 
after modified by HA. As shown at FTIR, the peaks of 
M−HA/Cs at 3367 cm−1, 1636 cm−1 and 1371 cm−1 are 
stronger than the corresponding peaks of MCs, indicating 
more available sites after modification. In addition, the  

 

 
Fig. 2 Comparison of adsorption capacity between M−HA/Cs 

(a) and MCs (b) 

 
pHPZC values of M−HA/Cs and MCs are 4.8 and 5.4, 
respectively. It is indicated that M−HA/Cs has more 
negative surface, which results in reduced electrostatic 
repulsion at pH<4.8 and increased electrostatic attraction 
at pH>4.8. Therefore, the adsorption capacity for Pb(II) 
is successfully increased after the HA is involved. 
 
3.3 Box-Behnken analysis 

The BBD, an efficient tool for performing 
optimization studies with a reasonable number of 
experimental runs, employs a spherical design with 
excellent predictability within the design space [16]. To 
study the effect of pH, initial concentration and 
temperature, BBD experiments are conducted and the 
results are shown in Table 1. The result is expressed by a 
second-order polynomial equation with interaction terms 
and the final equation in terms of coded factors is 

 
 21321 0.331.1411.649.3843.67 XXXXXY  
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2

2
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2
31.24X                                (3) 

 
The ANOVA results for the second-order equation 

are presented in Table 3. The F-value (164.99) implies 
that the terms in the model have a significant effect on 
the response. The p-value (<0.0001) indicates that the  
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Table 3 ANOVA results for quadratic response model 

Source Sum of squares df Mean square F-value p-value 

Model 1901.42 9 211.27 164.99 < 0.0001 

X1 704.09 1 704.09 549.86 < 0.0001 

X2 1084.11 1 1084.11 846.64 < 0.0001 

X3 10.39 1 10.39 8.11 0.0247 

X1 X2 0.45 1 0.45 0.35 0.5731 

X1 X3 0.13 1 0.13 0.1 0.7585 

X2 X3 2.94 1 2.94 2.29 0.1736 

X1
2 13.09 1 13.09 10.22 0.0151 

X2
2 79.15 1 79.15 61.81 0.0001 

X3
2 6.45 1 6.45 5.03 0.0597 

Residual 8.96 7 1.28   

Lack of fit 5.75 3 1.92 2.39 0.2099 

Pure error 3.21 4 0.8   

Tm 1910.38 16    

DStd =1.13 R2=0.9953 2
AdjR =0.9893 2

PredR =0.9492 2
AdeqP =48.445 Cv=2.73% 

Note: Tm means totals of all information corrected for mean. 

 

model terms are DStd significant at the 95% of probability 
level [13, 17]. The p-value for lack of fit (0.2099) is 
found to be non-significant, indicating the validity of the 
model. The coefficient of variation value (Cv=2.73%) 
shows the precision and reliability of the experiments. 
Adequate precision (>4) indicates adequate signal to 
noise [17]. The obtained coefficient (0.9953) and 
adjusted-R2 (0.9893) indicate high correlation between 
the observed and the predicted values. The relationship 
between the actual and predicted values of Y is shown in 
Fig. 3. It can be seen that the quadratic model is adequate 
because the data points tend to be close to the diagonal 
line. Thereby, the quadratic model is statistically 
significant to represent the Pb(II) adsorption by 
M−HA/Cs. 
 
3.4 Effect of various parameters on Pb(II) removal 

The ANOVA analysis validates that the linear 
 

 
Fig. 3 Scatter diagram of predicted response versus actual 

response 

effects of X1, X2, X3 and quadratic terms of X1
2, X1

2 are 
significant since the p-values are < 0.05 for the factors. 
To visualize the relationship between the response and 
operating factors, 3D surface mapping plots are then 
obtained based on the BBD model. 3D plots performed 
the relationship between Y and two variable factors when 
the other factor is kept at the central level. The 
interactive effect of pH and initial concentration at 30 ºC 
is shown in Fig. 4(a). The convex graph shows the 
synergistic effect between pH and initial concentration. 
There are three possible reasons for the synergistic effect: 
1) the increasing driving force with temperature 
enhanced the probability of effective collision between 
Pb(II) ions and adsorbents; 2) the solution pH 
significantly affects the speciation of metal ions and the 
surface charge of the adsorbents [18−19]; 3) electrostatic 
repulsion turned to electrostatic attraction with the 
increasing solution pH. The interactive effect of pH and 
temperature at 100 mg/L is shown in Fig. 4(b). The 
higher temperature enhances the adsorption capacity of 
M−HA/Cs due to the decreased solution viscosity and 
the accelerated diffusing rate of Pb(II) ions [20]. 
Moreover, the ions distribution in the adsorbent’s 
interspaces and the process of deprotonation reactions 
were influenced by temperature obviously [21].   
Figure 4(c) shows the familiar trend with Figs. 4(a) and 
(b), which is the interactive effect of initial concentration 
and temperature. 

Based on the BBD analysis, the maximum 
adsorption capacity is 60.88 mg/g at optimized 
conditions: pH of 4.98, initial Pb concentration of  
139.90 mg/L and temperature of 43.97 ºC. To investigate 
the reliability of BBD results, the adsorption experiments  
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Fig. 4 3D surface mapping plots for interactive effect of pH and 

initial concentration (a), pH and temperature (b), initial 

concentration and temperature (c) 

 

are conducted under the optimum condition. The 
adsorption capacity of Pb(II) by M−HA/Cs is 60.38 mg/g, 
which was in good agreement with the predicted value of 
60.88 mg/g, suggesting that the model is reliable in this 
work. 
 

3.5 Adsorption kinetics 
In order to explain the mechanism of adsorption 

processes, pseudo-second-order (Eq. (4)) and Elovich 
(Eq. (5)) models are applied to simulate the experimental 
kinetic data. 

 

tkq1
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where qt (mg/g) and qe (mg/g) are the amounts of 
adsorption at equilibrium and at time t (min); k2  (g/(mg 
min)) is the second-order reaction rate equilibrium 
constant; α (mg/(g·min)) represents the rate of 
chemisorption at zero coverage; β (g/mg) is related to the 
extent of surface coverage and to the activation energy 
for the adsorption. 

The calculated kinetic results are presented in Fig. 5 
and Table 4. It could be seen that the adsorption capacity 
increases rapidly in the first 90 min and gradually 
reaches an equilibrium value in 3 h. As shown in Table 4, 
the experimental data fitted well with the pseudo- 
second-order and Elovich model, which suggests that the 
overall rate-limiting step may be the chemisorption 
process involving valence forces through sharing and/or 
 

  
Fig. 5 Kinetic model plots for adsorption of Pb(II) ions by 

M−HA/Cs at different temperatures. (Initial concentration of 

100 mg/L, volume of 50 mL, absorbent dose of 0.08 g, initial 

pH of 5 and agitation speed of 150 r/min) 

 

Table 4 Kinetic parameters for adsorption of Pb(II) ions by 

M−HA/Cs. (Initial concentration of 100 mg/L, volume of    

50 mL, absorbent dose of 0.08 g, initial pH of 5 and agitation 

speed of 150 r/min) 

Model Parameter 15 ºC 30 ºC 45 ºC 

Pseudo-
second-
order 

qe/(mg·g−1) 40.057 42.678 43.866

k2/(g·(mg·min)−1) 2.37×10−3 3.34×10−3 5.86×10−3

h/(g·(mg·min)−1) 3.810 6.084 9.621 

R2 0.967 0.968 0.962 

RSME 2.224 2.272 2.433 

Elovich

α/(mg·(g·min)−1) 70.912 388.340 1014 

β/(g·mg−1) 0.230 0.255 0.324 

R2 0.953 0.954 0.976 

RSME 2.675 2.729 1.954 

Exp. qe,exp/(mg·g−1) 40.688 43.938 45.313
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ion exchanging [22]. Meanwhile, the highest h and β 
values of Elovich at 45 ºC indicate that the adsorption 
process easily happens at high temperature. 
 
3.6 Adsorption isotherms 

The adsorption of Pb(II) ions on M−HA/Cs at 
different temperatures is investigated by Sips (Eq. (6)) 
and Temkin (Eq. (7)) isotherm models (Fig. 6). Sips 
model incorporates three parameters into an equation, 
which can be applied either in homogeneous or 
heterogeneous systems. Temkin isotherm model assumes 
that the heat of sorption of all the molecules in the layer 
would decrease linearly with coverage due to the 
sorbate/sorbent interactions [23].  

n

n

bC

bCq
q

e

emax
e

1
                                (6) 

 

)ln( eTee CK
b

RT
q                             (7) 

 
where qe (mg/g) is the amount of adsorption of Pb(II) at 
equilibrium; qmax (mg/g) is the maximum adsorption 
capacity of the adsorbent; b is the Sips model constant 
related to energy of adsorption and n is the Sips model 
exponent; KTe (L/g) is the equilibrium binding constant; b 
(kJ/mol) is related to heat of adsorption; R is the gas 
constant (8.314×10−3 kJ/(K·mol)) and T (K) is the 
absolute temperature. 
 

 
Fig. 6 Isotherm model plots for adsorption of Pb(II) ions by 

M−HA/Cs at different temperatures (volume of 50 mL, 

absorbent dose of 0.08 g, initial pH of 5, contact time of 24 h 

and agitation speed of 150 r/min) 

 
As can be seen from Table 5, all the R2 values are 

higher than 0.98, which is due to the good fitting of the 
experiment data. The values of n are 0.676, 0.567 and 
0.539, which indicates that the experimental data are 
both homogeneous and heterogeneous adsorptions but 
dominated by the homogeneous adsorption [23]. The 
qmax of Sips models increases with temperature, which 
indicates that the adsorption of Pb(II) onto M−HA/Cs is 
more favorable at high temperature. Previous research 

Table 5 Parameters obtained from isotherm models (volume of 

50 mL, absorbent dose of 0.08 g, initial pH of 5, contact time of 

24 h and agitation speed of 150 r/min) 

Model Parameters 15 ºC 30 ºC 45 ºC 

Temkin

KTe/(L·g
−1) 8.759 12.505 15.373 

bT/(kJ·mol−1) 0.299 0.302 0 .304 

R2 0.987 0.978 0.986 

RSME 2.088 3.123 2.657 

Sips 

qmax/(mg·g−1) 58.078 69.945 76.312 

b/(L·mg−1) 0.386 0.378 0.397 

n 0.676 0.567 0.539 

R2 0.986 0.981 0.984 

RSME 2.560 3.305 3.214 

 
[24] pointed out that typical bonding energy for 
ion-exchange mechanism was 8–16 kJ/mol, while 
physisorption processes was less than −40 kJ/mol. As 
our bT of Temkin is not in the two ranges, chemisorption 
and physisorption may be co-existent in the adsorption 
process. 
 
3.7 Thermodynamics 

Thermodynamic parameters are shown in Table 6. 
The negative values of ∆Gθ confirm the feasibility of the 
adsorption process and the spontaneous nature of 
adsorption [25]. The values of ∆Gθ become more 
negative with the increase of the temperature, indicating 
more favorable adsorption at higher temperature. The 
possible interpretation of this trend is that the number of 
active sites is ascended while the boundary layer 
surrounding the adsorbent is reduced [26−27]. The 
positive value of ∆Hθ further confirms the endothermic 
nature of the adsorption process. The positive ∆Sθ value 
suggests that some structural changes occur on M-HA/Cs 
surface, and thus leading to an increase in the 
disorderness at the M−HA/Cs-water interface [28−29]. 
As a result, the sorption of Pb(II) on M−HA/Cs is an 
endothermic and spontaneous process [26, 30]. The 
results obtained above imply that the adsorption of Pb(II) 
ions onto M−HA/Cs is an endothermic and spontaneous 
process. 
 
Table 6 Thermodynamic parameters for adsorption of Pb(II) 

ions by M−HA/Cs (volume of 50 mL, absorbent dose of 0.08 g, 

initial pH of 5 and agitation speed of 150 r/min) 
Temperature/

°C 
lnKθ/ 

(L·mg−1)
∆Gθ/ 

(kJ·mol−1) 
∆Hθ/ 

(kJ·mol−1) 
∆Sθ/ 

(J·K·mol−1)
R2

15 2.795 −6.695 

12.861 67.925 0.98430 3.099 −7.810 

45 3.300 −8.591 
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3.8 Potential mechanism of adsorption 
Based on the above discussions, chemisorption and 

physisorption may be both involved in the adsorption 
process. Therefore, we proposed the adsorption of Pb(II) 
onto M−HA/Cs at pH 5 which may be attributed to 
surface electrostatic attraction, coordination and 
hydrogen bonding. The potential adsorption patterns of 
Pb(II) on M−HA/Cs are shown in Fig. 7. 
 

 
Fig. 7 Potential adsorption patterns of Pb(II) on M−HA/Cs 

 
The first possible mechanism is electrostatic 

attraction. As shown in Fig. 8, the predominant Pb(II) 
species at pH 5 is Pb2+ [31]. As the pHpzc of M−HA/Cs is 
4.8, the electrostatic attraction happens between the 
deprotonated surface groups and Pb2+. Secondly, the 
hydroxyl groups and amino groups have lone pairs of 
electrons for donation, and the Pb2+ has vacant orbitals 
that can accept electron pairs from donor atoms [32]. A 
lone pair of electrons in the nitrogen atom is donated to 
 

 
Fig. 8 Distribution of Pb(II) species in solution as a function of 

pH computed by the program visual MINTEQ (C0=100 mg/L) 

the covalent bond between N and Pb2+. In addition, Pb2+ 
attaches itself to two adjacent hydroxyl groups, forming 
four coordination number compounds and releasing two 
hydrogen ions into solution [33]. The third possible 
mechanism may be the interaction between surface 
groups and hydrated cations by the formation of 
hydrogen bonding [34−35]. 
 
4 Conclusions 
 

The M−HA/Cs composites are successfully 
synthesized and could be easily separated by magnetic 
separation from the medium after adsorption. The 
adsorption capacity of M−HA/Cs is 1.5 times higher 
after modified by HA. The optimum condition obtained 
from BBD analysis for Pb(II) adsorption is pH 4.98, 
initial Pb(II) concentration of 139.90 mg/L and 
temperature of 43.97 ºC. Pb(II) adsorption is influenced 
by the initial solution pH because pH significantly 
affects the metal ions speciation and the surface charge 
of adsorbents. Kinetic studies show that the pseudo- 
second-order and Elovich model are appropriate to 
describe the adsorption process. The results illustrated 
that Pb(II) adsorption is physicochemical process and the 
chemisorption is the rate-controlling mechanism. The 
maximum adsorption capacity of M−HA/Cs is     
76.31 mg/g. The adsorption is Langmuir-type process 
and the equilibrium data fit well with Sips and Temkin 
isotherm models. Parameters from thermodynamic 
studies show that the adsorption of Pb(II) onto 
M−HA/Cs is a spontaneous and endothermic reaction. 
The hypothetical adsorption patterns of Pb(II) on 
M−HA/Cs may be due to the electrostatic attraction 
between the negative charged adsorbents surface and 
Pb(II) species, the ion exchange and the hydrogen boding. 
Consequently, the experimental results suggest that 
M−HA/Cs would have broad applications in the removal 
of Pb(II) ions from aqueous solution. 
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