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ABSTRACT

Catalpa speciosa tree leaves were used to remove Pb(II) from aqueous solutions. Removal
process was optimized by applying experimental design strategy. Optimization was based
on the application of a two-level full-factorial design for screening the significant variables
followed by a Doehlert design to find out an appropriate model which leads to determine
the optimum conditions. The empirical models were developed in terms of effective factors:
pH, initial concentration of metal ion Cm and sorbent mass(s) have been found statistically
adequate to describe the process responses, that is, removal percent and the capacity uptake
of Pb(II). The multiresponse optimization of Pb(II) removal process has been carried out
using desirability function approach. To this end, Derringer’s desirability function (D) has
been applied for mathematical optimization of the simultaneous multiresponse problem.
Thus, the optimum conditions of Pb(II) removal process have been found as: pH = 4.43,
s = 0.07 g, and Cm = 104mg L−1. Responses were confirmed by experiments 86 and 14.7
mg g−1 for R% and q, respectively. The morphology and structure of biosorbent during
adsorption process was characterized by FT-IR spectroscopy, X-ray diffraction and scanning
electron microscopy techniques. Experimental data were also fitted to various isotherm
models. Potentiometric titration, pHPZC, and the competitive effect of alkaline and alkaline
earth metal ions during the loading of Pb(II) indicate that ion exchange is the predominant
mechanism for the adsorption of Pb(II) by C. speciosa tree leaves.

Keywords: Catalpa speciosa; Desirability function; Doehlert design; Pb(II); Potentiometric
titration

1. Introduction

Contamination of natural resources and wastewa-
ters with industrial development by different
pollutants has become a major concern today due to
deleterious effects of contaminants on the environment
and human health [1]. Lead is a toxic metal that has

transformed in environment during different
anthropogenic activities, such as mining, metal plat-
ing, photographic materials manufacturing, smelting,
oil refinery, acid battery manufacturing, and explosive
material manufacturing [2,3]. Emitted lead penetrates
through drinking water, soil and even food. Since lead
is nonbiodegradable, its accumulation in living tissues
is highly probable, which may cause various diseases
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and disorders [3]. The entrance of Pb(II) at high levels
can cause convulsions, coma, and even death. Lead
exposure’s effect on fetuses and young children can be
severe. It shows as delays in physical and mental
development, lower IQ levels, shortening attention
spans, and increased behavioral problems [4,5]. That
is why in recent years, considerable attention has been
devoted to reduce the Pb(II) concentration to low level
required by water quality control standards. Accord-
ing to the current standard of Environmental
Protection Agency, the maximum acceptable concen-
tration of Pb(II) in drinking water is 0.05 mg L−1 [6].
Current methods for removing metals from aqueous
solutions comprise chemical precipitation, chemical
oxidation or reduction, ion exchange, filtration,
electrochemical treatment, reverse osmosis, and mem-
brane technologies [7]. These processes may become
ineffective or extremely expensive, especially when
the concentration of dissolved metals is in the range
of 1–100mg L−1 [7,8]. Biosorption as an alternative
process offers several advantages such as low opera-
tion cost, minimum volume of chemical disposal and/
or biological sludge to be disposed of, and high effi-
ciency of detoxifying very dilute effluents [9]. Among
the biosorbent categories, agricultural residue is more
interesting due to some positive features like abun-
dance, reusability, low cost, high efficiency, and sim-
ple operations [10–12]. Up to now, some biosorbents
such as green algae Spirogyra species [6], cotton waste
[13], alga [14], seaweed [15], macrofungus [16], mansonia
wood sawdust [17], palm kernel fiber [18], and tree leaves
[19] have been effectively utilized for the removal of
Pb(II). Using tree leaves as a biosorbent, which is
cheap and easily available in great supply, has been
less attended by researchers [11,12,20]. There are only
a few reports for the removal of Pb(II) by biosorbents,
particularly by tree leaves such as Catalpa speciosa.

In this study, the potential of C. speciosa tree leaves
in the removal of Pb(II) from aqueous solution as a
new efficient sorbent was investigated. C. speciosa tree
leave is an agricultural byproduct in a tremendous
quantity in the north of Iran. Although, in previous
reports, few tree leaves were considered as efficient
sorbents for the removal of metal ions from polluted
water, the exact interaction between the metal ions
and sorbents has not been well addressed [20–22].
Thus, in order to investigate the mechanisms and rec-
ognize the functional groups involved in Pb(II)
removal by C. speciosa tree leaves, potentiometric titra-
tion was used and released concomitant cations were
determined. Moreover, in statistical viewpoint, the
experimental design strategy offers a multivariate
approach that shows many advantages over the con-
ventional one-at-a-time method for the optimization of

biosorption process. Among the experimental designs,
Doehlert design offers some advantages over the other
designs such as a lower number of runs and its ability
to illustrate the role of effective factors and their inter-
actions [23]. Therefore, the effect of major factors such
as pH, initial concentration of Pb(II), temperature, and
sorbent mass on the performance of C. speciosa tree
leaves for the removal of Pb(II) are planned to be
examined by Doehlert design. Furthermore, the
desirability function approach is employed for simul-
taneous optimization of both responses (q, R%).

Apart from the optimization of adsorption process,
the other aims of this study are clarification of the
mechanisms of binding Pb (II) to C. speciosa biomass
upon finding its number of functional groups by
potentiometric titration. Moreover, adsorbent sites and
cell surface morphology were analyzed by means of
FT-IR spectroscopy, scanning electron microscopy
(SEM) and X-ray diffraction (XRD) analysis.

2. Materials and methods

2.1. Biosorbent materials

The C. speciosa tree leaves were collected from a
coppice in suburb of Arak, an industrial city in the
center of Iran. They were washed with tap water until
the supernatant solution became clear then were
rinsed using doubly distilled water and dried on a
clean table at room temperature. The dried leaves
were pulverized and sieved to 0.125–0.177 mm, then
stored into a plastic bag.

2.2. Batch procedure

The stock solution of Pb(II) was prepared by dis-
solving appropriate quantities of Pb(NO3)2 salt in 5%
(v/v) HNO3. In a typical run, 10 mL of Pb(II) solution
was used, and a known amount of dried biomass was
added to each sample solution. The pH of solution
was adjusted with HNO3 or NaOH before the addition
of biosorbent. Fresh dilutions were made for each
study. The mixture was agitated at 300 rpm using a
shaker at known temperature for 60 min and then
filtered through 0.45-mm Whatman filter paper. In
order to obtain the adsorption isotherms, batch experi-
ments were conducted for Pb(II) aqueous solution
with an initial concentration varying from 100 to
18,000mg L−1 at pH = 5. The samples were mixed and
retained for 60 min to attain the equilibrium. The
resulting filtrate was analyzed for Pb(II) assay. The
sorbent mass in these experiments was maintained
constant at 18.9 g L−1.
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2.3. Metal analysis

The concentration of remained Pb(II) in solution
after biosorption was determined by using atomic
absorption spectrophotometer (Perkin–Elmer 2380,
wavelength = 283.3 nm, slit = 0.7 nm). The capacity
uptake q, amount of Pb(II) adsorbed onto unit weight
of biosorbent, and removal percent %R were calcu-
lated using the following equations, respectively:

q ¼ ðC0 � CÞV
s

(1)

%R ¼ ðC0 � CÞ � 100

C0
(2)

where C0 is the initial Pb(II) concentration (mg L−1), C
denotes the concentration of Pb(II) at any time t, V
and s are volume of solution (L) and the sorbent mass
(g), respectively.

2.4. Characterization of biosorbent

The chemical characterization of C. speciosa tree
leaves was investigated by pH at point zero charge,
potentiometric titration, FT-IR, XRD, SEM, and ele-
mental analysis. The pH at point zero charge (pHPZC)
for the C. speciosa tree leaves was determined by boil-
ing 100 mL deionized water for 20 min to eliminate
dissolved CO2 and quickly cooling and capping the
solution. A sample of 0.2 g of tree leaves was placed
in 15 mL of the CO2-free water, then sealed and con-
tinuously agitated for 48 h at room temperature. Then
the pH of the solution was measured, and this value
was taken as the point of zero charge [24,25]. Potentio-
metric titration was performed using suspended
leaves in deionized water (0.5 g in 90 mL), which pre-
liminary was fluxed by N2 under magnetic stirring for
15 min. A standardized HCl solution (0.1 mol L−1) is
added to each C. speciosa tree leave suspension to
lower the initial pH from 5 to 2, and then titrated with
a standard solution of NaOH 0.1 mol L−1. The pH of
the suspension was recorded after each addition of
titrant (0.1 mL) by a pH-meter (Metrohm 721) till the
equilibrium had been attained.

The Fourier transform infrared (FT-IR) spectra of
biomass before and after loading Pb(II) was taken in
the range of 400–4,000 cm−1 by using a Unicam-
Galaxy series FT-IR 5,000, to identify involved
functional groups of C. speciosa tree leave along with
their possible interactions with Pb(II) ions. Organic
elemental analysis was also performed with an ele-
mental analyzer (Elementary Vario El (III). The XRD
spectra of powder of pristine and loaded sorbent were

recorded over a range of 15–75˚ using Phillips powder
diffractometer model PW3040 with Cu Kα radiation at
a scan rate of 1min. The morphological features and
surface characteristics of samples were obtained from
SEM using a Philips XL30 Scanning Electron Micro-
scope at an accelerating voltage of 10 kV. The samples
were coated with platinum under vacuum prior to
analysis.

2.5. Response surface modeling

Response surface methodology (RSM), which
includes a group of mathematical and statistical proce-
dures, has recently shown many interesting benefits to
be used for process optimization toward developing
an appropriate relationship between the responses
and effective factors [26]. This study uses the Doehlert
design that was used as a RSM, due to its main
features such as more efficiency and requiring
fewer experiments than central composite design and
Box–Behnken design (BBD). Moreover, its ability to
take multilevel factors as three, five, and seven is
another positive point of its advantage. This character-
istic has a particular importance when there are some
restrictions in terms of cost or instrumental and exper-
imental constraints. More effective factor is studied at
higher level while the less one at lower. The number
of the experimental points for a Doehlert matrix for k
factors is given by the relation: k2 + k + n, where n is
the number of replicate points at the center of the
design. Since these points are uniformly distributed
on a spherical shell, Doehlert suggested that this
design can be called uniform shell design [27]. For
statistical calculations, the factor Xi was coded as xi
according to Eq. (3):

xi ¼ Xi � X0i

�Xi

� �
ai (3)

where xi is the coded value of the ith factor, Xi the
natural value, X0i the value at the center point, ΔXi the
step change value, and αi is the maximum value of the
coded factor (i.e. 1.0, 0.866 and 0.816 for five, seven,
and three levels, respectively) [26].

3. Results and discussion

3.1. Optimization strategy

The optimization process was carried out using a
full-factorial design followed with a Doehlert design
including three effective factors. In order to explore
the best experimental conditions, which lead to maxi-
mize the removal percent and the capacity uptake of
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Pb(II), an optimization process has been achieved
using the desirability function. It was based on four
main factors, such as initial solution pH, initial
concentration of Pb(II), sorbent mass, and temperature.
The results of the factorial design were evaluated
using the analysis of variance at 95% confidence level
along with Pareto Chart illustration. In Pareto Chart,
the bar lengths are proportional to the absolute value
of the estimated effects, helping in comparing the rela-
tive importance of the factor effects. The experimental
data were processed using the MINITAB 15 statistical
software.

3.1.1. Factorial design for factor screening

Preliminary evaluation of the significant factors
has been conducted by using a full factorial design.
The required number of experiments is calculated as
N = 2k, where (k) is the number of factors [4,26–28].
According to the prior knowledge, four factors of ini-
tial solution pH, initial concentration of Pb(II), sorbent
mass, and temperature are considered as main param-
eters on the removal of Pb(II), and a 24 full-factorial
design was performed. The results are listed in Table 1,
and importance and sequence of effective factors in
response is shown in Fig. 1. It is found that pH,
concentration of Pb (II)(Cm), and sorbent mass(s) are
statistically significant; however, the temperature has
not shown a significant effect on the removal
efficiency of Pb(II).

3.1.2. Final optimization using a Doehlert design

According to the output of the full-factorial design,
a Doehlert design, including the effective factors, was
performed. Seven levels were used for s, since this
factor presents greater influence than other two ones
(Fig. 1), then for Cm and pH, respectively; five and
three levels were appointed (Table 2).

As regression analyses depicted, obtained data via
Doehlert design are fitted well with two polynomial
equations. The following models, which relate both
responses R% and q with significant factors and their
interactions, are given in coded value.

R% ¼ 87:78þ 4:66 sþ 0:823 pH� 3:50Cm þ 4:64 s:Cm

� 5:09 pH:Cm � 2:73 s:pHþ 8:36 pH:s:Cm

� 3:97 s2 þ 1:68 s3 ð4Þ

q ¼ 8:61þ 4:91Cm � 5:35 sþ 0:12 pH� 3:82 s:Cm

þ 2:33 s2:Cm þ 0:353 pH:Cm þ 4:87 s2

� 3:60 s3 þ 0:064 s4 ð5Þ

R% and q represent the predicted removal percent and
the capacity uptake of Pb(II), respectively. The validity
of the models was checked by the Fisher’s statistical
test for analysis of variance; results are presented in
Table 3. It is evident that the both models are highly
significant and do not have any lack of fit at a
significant level of 5%. The fitness of the model can be
illustrated by the coefficient of determination (R2). The
value of R2 for both responses R% and q, respectively;

Table 1
24 full factorial design results for screening step

Run order pH s (g) Cm t(˚C) R%
(mgL−1)

1 2 0.05 50 25 80.00
2 5 0.05 50 55 85.00
3 2 0.20 200 25 83.00
4 5 0.05 50 25 84.94
5 2 0.05 200 25 70.00
6 5 0.20 50 25 98.04
7 2 0.20 50 25 99.49
8 2 0.20 200 55 84.14
9 2 0.05 200 55 70.00
10 2 0.20 50 55 100.00
11 5 0.05 200 55 75.00
12 5 0.20 50 55 96.58
13 2 0.05 50 55 80.00
14 5 0.20 200 25 90.06
15 5 0.20 200 55 90.78
16 5 0.05 200 25 75.00

Fig. 1. Pareto chart of the main effects and relation
interactions. The vertical dashed line indicates the 95%
confidence interval.

J. Zolgharnein et al. / Desalination and Water Treatment 53 (2015) 430–445 433



is greater than 99% and approximately 100. It should
be noted that the R2 value represents the percentage
variation in the response explained by the deliberate
variation of the factors in the course of the experi-
ment. Moreover, the value of adjusted R2 was also
high for both responses (> 99%), showing again the
high significance of the models [23,28]. The residual
analysis also confirms the validity of models (Figure is
not shown). Finally, the values of optimal conditions
for effective factors were found by running, the
Maple optimization toolbox. The maximum value of R
% is achieved to 99% in pH = 5, s = 0.182 g and

Cm = 50mg L−1. The q value corresponding to this
condition is 2.67 mg g−1. The maximum value of q is
29.94mg g−1 at pH = 5, s = 0.05 g and Cm = 200mg
L−1, which corresponds to R = 74.85%. As can be seen,
the maximization of each response cannot be attain-
able at the same conditions. The maximum value for
R% is in low concentration of Pb(II) and high sorbent
amount(s), while the maximum value for q is acquired
at reverse order of conditions. So the simultaneous
maximization of both responses, R% and q, requires to
apply a multicriteria decision approach, for instance a
desirability function [12,26].

Table 2
Doehlert matrix design and obtained results for Pb(II) biosorption using C. speciosa tree leaves

Experiment
Coded values Real values %R q

x1 x2 x3 S Cm pH Rep. 1 Rep. 2 Rep. 1 Rep. 2

1 0 0 0 0.125 125 3.5 87.57 88.02 8.70 8.60
2 0 1 0 0.125 200 3.5 84.36 84.74 13.50 13.52
3 0.866 0.5 0 0.2 162.5 3.5 90.18 90.13 7.33 7.32
4 0.289 0.5 0.816 0.15 162.5 5 86.38 86.86 9.60 9.63
5 0 −1 0 0.125 50 3.5 91.06 91.74 3.64 3.71
6 −0.866 −0.5 0 0.05 87.5 3.5 83.47 83.61 14.60 14.61
7 −0.289 −0.5 −0.816 0.1 87.5 2 84.19 83.85 7.55 7.63
8 −0.866 0.5 0 0.05 162.5 3.5 75.91 75.86 24.67 24.50
9 −0.289 0.5 −0.816 0.1 162.5 2 85.07 85.54 13.50 13.50
10 0.577 0 −0.816 0.175 125 2 89.96 90.06 6.43 6.42
11 0.866 −0.5 0 0.2 87.5 3.5 89.54 90.00 3.92 4.03
12 0.289 −0.5 0.816 0.15 87.5 5 91.00 90.91 5.31 5.37
13 −0.577 0 0.816 0.075 125 5 85.53 85.12 14.26 14.12

Table 3
Analysis of variance for adsorption of Pb (II) onto C. speciosa tree leaves

Source DF
R% q

SS Adj. MS F P SS Adj. SS F P

Regression 9 431.946 47.9940 644.534 0.000 802.308 89.145 29512.2 0.000
s 1 260.848 18.6563 250.544 0.000 462.559 24.605 8145.5 0.000
Cm 1 72.161 73.3332 984.827 0.000 232.996 134.048 44377.4 0.000
pH 1 4.194 5.0436 67.732 0.000 0.898 0.112 37.2 0.000
s.pH 1 2.359 9.3030 124.934 0.000 124.934 0.000
pH.Cm 1 15.796 31.0163 416.533 0.000 0.150 0.150 49.6 0.000
pH.s.Cm 1 5.825 5.8252 78.230 0.000 78.230 0.000
s.Cm 1 32.302 32.3019 433.797 0.000 23.118 21.934 7261.4 0.000
s2 1 37.405 37.4046 502.324 0.000 73.382 2.252 745.4 0.000
s3 1 1.055 1.0546 14.163 0.002 4.865 4.865 1610.7 0.000
s4 1 0.025 0.025 8.3 0.011
s2.Cm 1 4.316 4.316 1428.8 0.000
Error 16 1.191 0.0745 1.442
Lack-of-fit 3 0.298 0.0992 0.276 0.048 0.003
Pure error 13 0.894 0.0688 0.005 0.002 0.5 0.662

0.043 0.003

Notes: DF = degree of freedom; SS = sum of squares; Adj. MS = adjusted mean square (SS/DF); F: Fischer ratio; P: significance level

significance.
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3.1.3. Simultaneous optimization using desirability
function

The careful analysis of the response surface plots
reveals that the considered factors in most cases have
an opposite influence on the considered responses. In
order to overcome this conflict and to find a good com-
promise among the responses, Derringer’s desirability
function (D) was used [23,28,29]. Each response has to
be transformed into a partial desirability function di
corresponding to defined optimization criteria, and
then, an overall desirability function D is calculated by
using the geometric mean approach. D function and
the partial desirability di, were calculated by means of
the NEMRODW software. With calculation of total
desirability function ðD ¼ ffiffiffiffiffiffiffiffiffi

d1d2
p Þ, the most removal

percent R% and the capacity uptake q of Pb(II) were
found to be in optimum conditions as: pH = 4.4,
s = 0.07 g and Cm = 104mg L−1. The R% and q values
found based on these conditions are 86% and
14.7 mg g−1, respectively. Contour plots from modeling
the overall desirability function can be seen in Fig. 2.
These plots clearly show the interaction between
effective factors and region of optimum conditions.

3.2. Surface characterization

3.2.1. Potentiometric titration

Potentiometric titration method was used to char-
acterize C. speciosa tree leaves with obtaining informa-
tion about chemical nature and concentration of active
sites involved in metal removal. Accordingly, experi-
mental data were elaborated with an original chemical
model. So the experimental data of potentiometric
titration of C. speciosa tree leave was expressed as con-
centration of surface charge (Q, mmol g−1) vs. pH of
bulk solution (Fig. 3). Regarding the charge balance in
the system, equation below can be written:

½Naþ�added þ ½Hþ� ¼ Qþ ½OH�� þ ½Cl��added (6)

where the concentration of added Na+ is equal to
VbCb/VT and the concentration of Cl− equals to
VaCa/VT, with inserting these terms in Eq. (6) leads
to the following equation:

Q
mol

g

� �
¼

Vb � Cb � Va � Cað Þ þ ½Hþ� � Kw
½Hþ�

� �
� VT

s
(7)

while Vb(L) and Va(L) are added base and acid
volumes, Cb(M) and Ca(M) are the base and acid

concentrations (mol L−1), VT is the total volume (L) of
the suspension after each titrant addition, s is the sor-
bent mass (g) and KW denotes the ionization constant
of water. As seen in Fig. 3, titration curve of C. speciosa
tree leaves does not show distinct flex points due to

Fig. 2. Three-dimensional plot of desirability function
obtained by plotting: (a) sorbent mass (s) vs. Pb(II) concen-
tration(Cm); (b) Pb(II) concentration (Cm) vs. pH and (Cm)
pH vs. sorbent mass (s).
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the site dissociation. It can be due to the dissociation
of weak acid functional groups. As a primary approxi-
mation, it was considered that there are two weak
acidic sites (S1, S2) on the tree leaves. Total charge is
the sum of charges of two different sites, which are
assumed to be monoprotic. For jth site with dissocia-
tion constant Kaj, the following equations are applied
[30–33]:

½Hþ� þ ½B�
j � $ ½BHj� Kaj ¼

½Hþ�½B�
j �

½BHj� (8)

½BTj � ¼ ½B�
j � þ ½BHj� (9)

The charge can be calculated by combining Eqs. (8)
and (9) for j sites:

QH ¼
X2
j¼1

QMax;j

1þ ðKH;j½Hþ�Þ (10)

Qmax,1, Qmax,2 (mol g−1) are the total concentration of
first and second sites of functional groups existing in
the biosorbent. To evaluate four constants (Qmax,1,

Qmax,2, KH,1, KH,2) a nonlinear regression method was
used to solve the Eq. (10) using Microsoft Excel

(Solver Toolbox). Two buffering capacities in Fig. 3
denote acid–base reactions occur in the range of pH
3–5 and 8–10, which the literature lists for Carboxylic
and Phenolic groups. As could be observed from
Fig. 3, the calculated protonation curve from continu-
ous model fits better to the experimental data points
than discrete model. It suggests that the biosorbent
surface has a heterogeneous distribution of carboxylic
and hydroxyl groups. Based on equations established
by Pagnanelli [30,31], the continuous model is intro-
duced as follows:

QH ¼ QMax;1

1þ ðKH;1½Hþ�Þm1
þ QMax;2

1þ ðKH;2½Hþ�Þm2
(11)

where KH;1 and KH;2 are the median value of the first
and second peak distribution, m1 (0 < m1 < 1) is the
parameter related to the shape of distribution (if m1

decreases, the distribution will become more disperse).
The obtained parameters resulted from fitting are tabu-
lated in Table 4. As can be observed, the negative loga-
rithm of the equilibrium constant (pKH) for proton
binding of the first group was estimated to be 4.9 ± 0.08
which corresponds to carboxyl group (S–COOH) and
varies pKH values in a range from 3.5 to 5. The pKH

value of the second site was estimated to be 9 ± 0.06
that may be attributed to the presence of hydroxyl (phe-
nol) groups (S–OH) in the cell wall of sorbent [32,33].
The number of first and second acidic sites are,
respectively, 0.29 ± 0.01 and 0.82 ± 0.02 mmol g−1.

3.2.2. Biosorbent characterization by FT-IR, XRD,
SEM, and elemental analysis

The elemental analysis result of C. speciosa tree
leave is given in Table 5. It shows that the amount of

-0.0004

0

0.0004

0.0008

0.0012

0.0016

2 4 6 8 10

pH

Q
H

(m
ol

g -1
)

Experimental

Continuous model

Discrete model

Fig. 3. Comparison among experimental data of potentio-
metric titration and discrete and continuous model predic-
tions for C. speciosa tree leave.

Table 4
Values of adjustable parameters for discrete and continuous models of C. speciosa tree leave titration curves

Qmax,1 (mmol g−1) Qmax,2 (mmol g−1) pK1 pK2 m1 m2

Discrete model 0.48 0.93 5.29 9.38 — —
Continuous model 0.29 0.82 4.90 9.00 1 0.5

Table 5
Results of elemental analysis of C. speciosa tree Leave

Element %

C 43.09
H 5.50
N 2.79
O 48.62

436 J. Zolgharnein et al. / Desalination and Water Treatment 53 (2015) 430–445



oxygen and nitrogen are significant in biosorbent, and
they appeared in form of oxy-functional groups such
as C–O, C=O, O–H and nitrogen as C–N and N–H in
it. FT-IR analysis was conducted with protonated,
Pb-loaded, and pristine C. speciosa tree leaves in order
to identify the groups involved in the adsorption of
Pb(II) (Fig. 4). The protonated C. speciosa tree leaves
can be treated as a reference. The peaks at 3,327,
2,920, 1,653, 1,257, and 1,055 cm−1 were observed in
the pristine biomass spectrum (Fig. 4(a)). The broad
and strong band ranging from 3,000 to 3,700 cm−1

should be attributed to the overlap of O-H and N–H
stretching vibrations. The peaks at 1,055 and
1,257 cm−1 assigned to be C–O and C–N stretching
vibrations, thus these infer the presence of hydroxyl
and amine groups on the biosorbent surface. Also
peak at 1,653 cm−1 could be assigned to be a stretch-
ing vibrations of ionic carboxylic groups (–COO¯) like
–COONa. As seen in Fig. 4(b), after contacting the bio-
mass with HCl, the intensity of band at 3,381 cm−1

corresponding to the O–H stretching vibrations
increased due to the conversion of carboxylate ions to
the carboxylic acid. The spectra of protonated and
Pb-loaded biomass (Fig. 4(c)) typically display the
same absorbance peaks at 3,381, 1,734, and 1,653 cm−1.
The peak at 1,734 cm−1 corresponds to the stretching

vibrations of C=O due to nonionic carboxylic groups
(–COOH, –COOCH3). Comparison of the spectra
obtained from lead addition with pristine biomass
shows an increase in intensity and a clear shift in
wave number of the O–H and C–O bands from 3,327
to 3,381 cm−1 and 1,055 to 1,064 cm−1, respectively.
These shifts may be related to the complexation of
hydroxyl band with lead ions. In addition, intensity of
peaks at 1,734 and 1,653 cm−1 increased due to bind-
ing of divalent cations through ionic exchange [34–36].

Additional studies were carried out using XRD
analysis to confirm the adsorption of the Pb(II) by
C. speciosa tree leaves (Fig. 5). X-ray powder diffraction
patterns were compared with the reference database
for metallic lead. The XRD analysis of active cells
shows clear peaks of lead at 2θ = 31.31, 46.23 and
52.61, which confirms the existence of lead ions on the
loaded biosorbent [37].

3.2.3. Scanning electron microscopy

Sorbent’s surface physical morphology before and
after Pb(II) biosorption was evaluated by SEM micro-
graphs. SEM images of unloaded and Pb-loaded
adsorbent at 2,500 times of magnification are pre-
sented in Fig. 6(a) and (b), respectively. The surface of
biosorbent has irregularly been dispersed by granules
and cavities, and there are some micropores on the
rough surface. When adsorption process took place,
the surface of structure of biosorbent slightly changed
and became rough. New shiny bulky small particles
cover on the corrugated surface of biomass, which

Fig. 4. FT-IR spectra of pristine (A), Pb (II) loaded (B) and
protonated C. speciosa (C).

Fig. 5. XRD spectra of pristine (A) and Pb (II) loaded onto
C. speciosa (B).
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may be attributed to the coverage of the surface by a
layer of Pb(II).

3.3. Effect of pH on Pb(II) adsorption

It is well known that pH of the medium is among
the most important factors which influencing the
biosorption process [38]. The solution’s pH value
affects degree of ionization of functional groups, the
surface charge, and the speciation of lead, all of which
can affect the adsorption mechanism and the uptake
capacity [38,39]. It can be seen from Eqs. (4) and (5)
that increasing both R% and q values occurs when the
pH of solution goes up from 2 to 5 (sign of pH is posi-
tive). The influence of the solution’s pH on metal ion
uptake can be explained on the basis of the pH at
point of zero charge (pHPZC). The pHPZC of a material
in a solution is the pH value at which the net surface
charge of this material is equal to zero [39]. Generally,
at pH > pHPZC, the adsorption of cations is favorable,
while the anions are better adsorbed at pH < pHPZC.
The pHPZC of C. speciosa tree leaves is found to be 4.74
in this study (the crossover point in Fig. 3). It means
at pH < 4.7, due to protonation of functional groups
the surface of C. speciosa tree leave has a net positive
charge. According to Table 3, the highest investigated
pH of solution is 5, which it is so close to the pHPZC.
So the portion of electrostatic attractions in the adsorp-
tion of Pb (II) from aqueous solution in this pH range
is dispensable [20,36,40]. Both IR spectra and the
potentiometric titration plot, confirm that C. speciosa
tree leaves are containing carboxylic and hydroxyl
groups. The carboxylic groups are protonated at low
pHs and thereby become unavailable for binding
metal ions. Hydroxyl groups only become negatively
charged at pH > 9, and play a secondary role in metal

binding at low pHs [40]. An increase in biosorption
capacity by growing the pH can be explained by
ion-exchange mechanism. At highly acidic pHs, a high
concentration of H+ ions competes with Pb(II) for
exchangeable sites on the surface of adsorbent, result-
ing in poor uptake of Pb(II) on C. speciosa tree leave
surface. With increasing pH, more exchangeable sites
on the surface of adsorbent can be replaced with Pb
(II) due to weaker competitive adsorption of H+ ions
which consequently causes an increase in Pb(II)
uptake. Moreover, the chemical speciation of metal
ions is determined by pH of solution. The speciation
of lead is shown in the following pattern: Pb(II) as
dominant species at pHs < 5.5, PbðOHÞ2�4 at pHs
above 12.2 and Pb(OH)2 at pH from 5.5 to 12.5 [20,39].

3.4. Adsorption isotherms

The analysis of equilibrium data is necessary to
compare behavior of different adsorbents under differ-
ent operational conditions as well as design and opti-
mization of a process. Many equations have been
driven to describe the equilibrium relationship
between adsorbed metal ions and metal ions in the
bulk of solution [41]. In this study, to provide the best
description of Pb(II) adsorption, two and three param-
eters of adsorption models were experienced and iso-
therm parameters were estimated by nonlinear
regression method (Table 5) [41,42]. In order to mani-
fest an agreement between equilibrium models and
experimental data, applying an error function is
required. For this purpose, normalized standard devi-
ation (Δq), coefficient of determination (R2), Chi-square
(χ2), the residual or sum of square error (SSE), and the
standard error (SE) statistics need to be calculated as
follows:

Fig. 6. SEMs of C. speciosa tree leave a) before and b) after loading by Pb (II).
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High R2 value and low values of χ2, Δq, SSE, SE indi-
cate apparently that the model fits the data well.

3.4.1. Two-parameter isotherms

In the present study, two parameter isotherm mod-
els, namely Langmuir, Freundlich, Dubinin-Radushke-
vich(D–R), Temkin, and Halsey were used [41,42]. The
Langmuir isotherm is valid for monolayer adsorption
on a surface containing finite number of identical sites
which assumes the adsorption of each molecule onto
the surface has equal adsorption activation energy. In
contrast, the Freundlich isotherm supposes a heteroge-
neous surface with a nonuniform distribution for the
heat of adsorption over the surface which a multilayer
adsorption can be expressed. The Langmuir and Fre-
undlich isotherms are expressed as Eqs. (17) and (18),
respectively [41,43]:

qe ¼ QmbCe

1þ bCe
(17)

qe ¼ KFC
1=n
e (18)

where qm is the maximum amount of adsorption
(mg g−1), qe is the adsorption capacity at equilibrium
(mg g−1), b is the adsorption equilibrium constant (L
mg−1), Ce is the equilibrium concentration of sorbate
in the solution (mg L−1), KF is the constant represent-
ing the adsorption capacity, and n is the constant
depicting the adsorption intensity.

Unlike the Langmuir and Freundlich equations,
the Temkin isotherm takes into account the interac-
tions between adsorbents and metal ions which to be

adsorbed. It is based on the assumption that the free
energy of sorption is a function of the surface
coverage [44]. The isotherm is as follows:

qe ¼ RT

b
lnðaCeÞ (19)

where a is the equilibrium binding constant corre-
sponding to the maximum binding energy, b is the
Temkin isotherm constant, T is the temperature (K),
and R is the ideal gas constant.

The Dubinin–Radushkevich (D–R) isotherm is more
general than the Langmuir isotherm, because it does
not assume a homogeneous surface or constant sorption
potential [41]. The D–R equation is given below:

qe ¼ qmax exp �B½RT lnð1þ 1=CeqÞ�2
� �

(20)

where B is a constant related to the adsorption energy,
R (8.314 Jmol−1 K−1) is the gas constant, and T (K) is
the absolute temperature. The constant B (mol2 kJ−2)
gives the mean free energy E (kJ mol−1) of sorption
per molecule of the sorbate, when it is transferred to
the surface of the solid from infinity in the solution
and can be calculated using the relationship

E ¼ 1=ð2bÞ1=2 (21)

This parameter imparts information about chemical or
physical adsorption. If the magnitude of E lies
between 8 and 16 kJ mol−1, the biosorption process
follows chemical ion-exchange, while for the values of
E < 8 kJmol−1 the biosorption process turns to a physi-
cal nature [41–43]. The mean free energy of Pb(II)
biosorption was found to be 12.91 kJ mol−1 which
indicates that one of the mechanisms for the biosorp-
tion of Pb(II) onto biomass may be a chemical ion
exchange. This is confirmed by n obtained from
Freundlich isotherm (0.34) which implies that
chemisorptions has taken place [44].

The Halsey adsorption isotherm can be given as
follows:

qe ¼ exp
lnKH � lnCe

n

� �
(22)

where KH and n are the Halsey isotherm constant and
exponent, respectively. This equation is suitable to
describe a multilayer adsorption which fitting the
experimental data to this equation attests to the
heterogonous nature of the adsorbent [41,42,44].
Fig. 7(a) shows a comparative analysis of the experi-
mental data with all the two parameter models.
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Between the two-parameter isotherms, the Langmuir
model exhibits the best fitting to the experimental data
which may be deduced from its highest R2 and least
values of other statistic parameters (χ2, SSE, SE)
(Table 6). Therefore, the adsorption of Pb(II) on
C. speciosa tree leaves can be homogeneous and
monolayer.

3.4.2. Three-parameter isotherm models

In this section, Redlich–Peterson, Sips, and Toth
isotherms were used to model the experimental data.
The three-parameter models express the adsorption
capacity, qm, as an inherent function of the equilib-
rium concentration and are empirical in nature [44,45].

The Redlich–Peterson (R–P) isotherm is an
empirical isotherm incorporating three parameters. It
combines elements from both the Langmuir and
Freundlich equations, and the mechanism of adsorp-
tion is a hybrid and does not follow ideal monolayer
adsorption. This model gives a more realistic
representation of an adsorption system operating over

a wide range of concentrations. R–P model can be
represented as follows:

q ¼ KCeq

1þ aCb
eq

(23)

where K, a and β are the R–P parameters. β lies
between 0 and 1. For β = 1, the R–P equation convert
to Langmuir form. When K and a are much greater
than unit value, the equation can be transformed to
Freundlich form [44,45].

Toth isotherm model is another empirical equation
developed to improve Langmuir isotherm fittings
(experimental data), and useful in describing heteroge-
neous adsorption systems, which satisfies both low
and high-end boundary of the concentration. The Toth
model equation given as [41,42,44]:

qe ¼
qmax bTCeq

1þ bCeq

	 
n� �1
n

(24)

where b is the Toth model constant, and n is the Toth
model exponent. Obviously, if n = 1 Eq. (24) reduces
to Langmuir type equations but the Toth but could
not reflect the feature of the Freundlich-type
biosorption [41].

The Sips model equation given as

q ¼ qmax
ðk CeqÞc

1þ ðk CeqÞc (25)

Sips equation has similar form to Langmuir equation.
A distinctive feature between these isotherms is the
presence of additional parameter, γ in Eq. (25). If this
parameter takes a unity, Sips equation resembles
Langmuir equation. The parameter γ is regarded as
the characterizing parameter of the system’s heteroge-
neity. Moreover, the heterogeneity could stem either
from the biosorbent or the heavy metal, or a combina-
tion of both [41,42,44]. Fig. 7(b) shows a comparative
analysis of the experimental data with the three
parameters model. As shown in Table 5, all three-
parameter equations provide a better fit of the
isotherm data than two-parameter ones. Based on the
results of the study, best isotherm models fitted for Pb
(II) biosorption was determined as following order:
Sips > Toth > R–P. The highest coefficient of
determination for Sips model suggests that the surface
of adsorbent is heterogenic and the mechanism of
adsorption is a combination of Langmuir and
Freundlich isotherms and does not follow ideal mono-
layer adsorption.

(a)

(b)

Fig. 7. Non-linear fits of (a) two-parameter isotherm mod-
els and (b) three-parameter isotherm models for Pb (II)
onto C. speciosa tree leaves (t = 25˚C; pH = 5; s = 0.189 g).
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3.5. Kinetic modeling

Kinetic studies of adsorption for Pb(II) onto
C. speciosa tree leaves were carried out at the initial
concentrations of 150.0 mg L−1 for a contact times of
5–180 min. As can be seen in Fig. 8, the adsorption of
Pb(II) is rapid and an interaction period of 5 min sup-
plies about 72% adsorption, whereas the equilibrium
condition was reached at approximately 70 min. In
this study, the biosorption kinetics were investigated
by using kinetic models such as Lagergren’s pseudo-
first-order, the pseudo-second-order, Boyd and the

intraparticle diffusion models [42,46–48]. The pseudo-
second-order kinetic model is expressed as below:

t

qt
¼ 1

k2q22
þ 1

q2
t (26)

where q2 is the maximum capacity uptake (mg g−1) for
the pseudo-second-order biosorption, qt is the amount
of Pb(II) adsorbed at time t (mg g−1), and k2 is
the pseudo-second-order kinetic rate constant (g
mg−1 min−1). Values of k2 and q2 are calculated from
the plot of t/q against t and are 0.027 (gmg−1 min−1)
and 13.89 (mg g−1), respectively. The coefficient of
determination R2 for the pseudo-first-order model and
the pseudo-second-order model are 0.86 and > 0.99,
respectively. This implies that the adsorption of Pb(II)
onto C. speciosa tree leave does not properly meet the
first-order kinetic model condition. However, the
pseudo-second-order kinetic model is more appropri-
ate to predict kinetic behavior of Pb(II) adsorption.

Most adsorption process takes place through multi-
step mechanism comprising; (i) external film diffusion,
(ii) intraparticle diffusion and (iii) interaction between
adsorbate and active sites. The two equations given
above are not able to identify the diffusion mechanism;
the intraparticle diffusion model that refers to the the-
ory proposed by Weber and Morris is thus tested. This
theory is given as following equation [42,49,51]:

Table 6
Constant parameters and different criteria calculated for nonlinear fitting of various adsorption isotherms

Isotherm models Constants Parameter values R2 Δq χ2 SSE S.E.

Langmuir qmax (mg g−1) 120.19 0.90 0.69 54.7 2293.47 13.82
b (Lmg−1) 0.014

Freundlich Kf (mg g−1) 11.70 0.79 2.09 129.23 5438.80 21.29
n 0.34

Dubinin–Radushkevich qmax (mg g−1) 190.62 0.80 2.5 483.35 5321.16 21.06
B(mol2(kJ)−2) 3×10−9

Temkin a (Lmg−1) 0.18 0.86 1.9 47.02 3339.82 16.68
b (kJ mol−1) 111

Halsey K 6×10−4 0.79 2.1 132 5641.02 21.68
n −3

Redlich-Peterson a (1/mg) 0.003 0.92 0.54 13,251 1733.33 12.55
β 0.95
K(L g−1) 1.3
qmax (mg g−1) 102.94 0.97 0.48 666.33 7.78

Sips k(Lmg−1) 0.019 278.77
γ 2.87

Toth qmax (mg g−1) 102.75 0.95 0.34 24.67 1032.50 9.69
b (Lmg−1) 9.3×10−3

n 5.56
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Fig. 8. The effect of contact time on Pb (II) removal percent
(t = 25˚C; s = 0.189 g; pH = 5; initial conc. of Pb(II) = 150
mg L−1) and pseudo second order kinetics plot for the
sorption of Pb(II) onto C. speciosa tree leave.
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qt ¼ kit
1=2 (27)

where qt is the uptake at any time (mg g−1), and ki is
the intraparticle diffusion constant (mg g−1.min0.5).
Based on this theory, a plot of qt vs. t1/2 should be
linear if intraparticle diffusion is involved in the
adsorption process, and if this line passes through
the origin, then intraparticle diffusion is the
rate-controlling step [42,49–51].

Fig. 9(a) presents multilinearity plot which illus-
trates aforementioned three steps took place during
the adsorption process of Pb(II). The initial sharper
section in figure may be considered as external surface
adsorption, in which the sorbate (Pb(II)) diffuses
through the solution to the external surface of the
adsorbent. The second section describes the gradual
adsorption stage, where the intraparticle diffusion rate
is rate-controlling step. The third section is attributed
to the final equilibrium stage, where intraparticle dif-
fusion starts to slow down due to the extremely low
adsorbate concentrations in the solution [44–46].

In order to determine actual determining step rate
of Pb(II) sorption on C. speciosa tree leave, the obtained
data were also analyzed using the Boyd model [42,49].

F ¼ 1� 6

p2
expð�BtÞ (28)

where F is the fractional attainment of equilibrium, at
different times, t, and Bt is a function of F.

F ¼ qt=qe (29)

where qt and qe are the Pb(II) uptake (mg g−1) at time
t and at equilibrium, respectively. Eq. (28) can be
rearranged to

Bt ¼ �0:4977� lnð1� FÞ (30)

The calculated Bt values are plotted against time. The
linearity of this plot provides available information to
distinguish intra-particle diffusion and external mass
transfer rates of adsorption [42]. If a plot of Bt vs. t
becomes a straight line passing through the origin,
then adsorption fits the external external mass transfer
[47–51]. The plot shown in Fig. 9(b) is linear only in
the initial period of adsorption process and do not
pass through the origin. This Figure indicates that
external mass transfer is the rate-limiting process at
the beginning of the adsorption process.

3.6. Thermodynamic parameters

Thermodynamic behavior of the adsorption of of
Pb(II) sorption on C. speciosa tree leaves was evaluated
by finding thermodynamic parameters including the
changes in free energy and entropy. These factors
must be considered in order to determine what pro-
cesses will occur spontaneously [41–43]. The Gibbs
free energy change ΔG˚ is the fundamental criterion of
spontaneity. The free energy change (ΔG˚), enthalpy
change (ΔH˚), and entropy change (ΔS˚) for adsorption
process by biosorbent were calculated using following
equations:

�G� ¼ �RT lnKc (31)

lnKc ¼ �S�=R��H�=RT (32)

where Kc is the equilibrium constant that can be calcu-
lated from Langmuir isotherms at different tempera-
tures. ΔH˚ and ΔS˚ were obtained from the slope and
intercept of van’t Hoff plot of ln Kc against 1/T. The
values of ΔH˚ and ΔS˚ were found as 6.97 kJ mol−1

and 39.91 J(Kmol)−1, respectively. The positive value
of ΔH˚ illuminates the endothermic nature of adsorp-
tion and the positive value of ΔS˚ suggests the
increase in randomness at the solid/solution interface
during the adsorption of Pb(II) onto C. speciosa tree
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Fig. 9. (a) Intra-particle diffusion and (b) Boyd film
diffusion kinetics for adsorption of Pb(II) onto C. speciosa
tree leave.
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leaves [5,49]. The negative values of ΔG˚ at various
temperatures approve that the adsorption processes
are spontaneous. The values obtained for ΔG˚ in bio-
sorption of Pb(II) onto C. speciosa tree leaves are
−4.94 kJ mol−1 at 25˚C [17,41,42,48,50].

3.7. Biosorption mechanism and competitive effect of
alkaline and alkaline earth metal ions

To explain the behavior of Pb(II) adsorption during
the pH variation, it is necessary to examine various
mechanisms such as electrostatic attraction/repulsion,
chemical interaction and ion-exchange, which are
responsible for adsorption on adsorbent surfaces. In
this study, FT-IR spectra and potentiometric investiga-
tion show C. speciosa tree leave contain some active
adsorption sites. It is proposed that, when heavy metal
ions appear in the solution, protons and/or alkali and
alkaline earth metals presenting in the biomass will be
exchanged from these binding sites with heavy metal
ions and which the process of ion-exchange will take
place. In order to precisely determine the contribution
of ion-exchange mechanism of Pb (II) adsorption pro-
cess, the releasing amount of alkali and alkaline earth
metal ions (K+, Na+, Ca2+, and Mg2+) originally pres-
ent in the C. speciosa tree leaves, and proton H+ during
adsorption were determined. By subtracting the
released amount of these cations before and after
loading of Pb(II), the contribution of these cations in
ion-exchange mechanism can be achieved [35]. The
amount of released proton H+ during the adsorption
of Pb(II) was calculated from the amount of NaOH,
which added to maintain pH at 5 until reaching to the
equilibrium. It was observed that on contacting 200
mg L−1 of Pb(II) with C. speciosa tree leaves,
0.163 meq g−1 of Pb(II) was adsorbed, while a sum of
0.128 meq g−1 of Ca2+, Mg2+, K+, Na+ and H+ is
replaced. In other words, only 78% removal of Pb(II)
by C. speciosa tree leave is due to ion-exchange and
the remaining 22% of Pb(II) may be attributed to phys-
ical adsorption of Pb(II) onto the surface of C. speciosa
tree leave [32,35,52]. The D–R isotherm model also
confirms that the main mechanism involved in the
sorption of Pb(II) by C. speciosa tree leave is
ion-exchange.

4. Conclusion

The applicability of experimental design through
using RSM and desirability function for modeling and
multiresponse optimization of Pb(II) removal process
by C. speciosa tree leaves was evaluated. The Doehlert

design was shown to be a suitable response surface to
determine the effects of different adsorption factors
(pH, initial concentration of Pb(II) and sorbent mass)
and their interactions for removal of Pb(II) by
C. speciosa tree leave. The simultaneous optimization
of the multiresponse adsorption process by desirability
function indicated that 86% removal of Pb(II) can be
attained at the optimal conditions as: pH = 4.40,
s = 0.07 g and Cm = 104mg L−1. The graphical
response surfaces analysis was employed for identifi-
cation and discussion of main and interaction effects
of factors on responses. The adsorption isotherm was
well fitted by the Sips model indicating heterogeneous
surface structure of biosorbent. Kinetic studies also
shows better obeying the adsorption of Pb(II) from
pseudo-second-order model and intraparticle diffusion
is not solely the rate-determining step. FT-IR, XRD
spectras and potentiometric investigation justified the
involvement of functional groups of biosorbent among
the removal process. According to these all consider-
ations, it could be concluded that about 78% of
biosorption mechanism of Pb(II) by C. speciosa tree
leave is handled by chemisorption (ion exchange).
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