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Application of response surface methodology for modeling and optimization
of lead (Pb(II)) removal from seaweed extracts via electrodialysis
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ABSTRACT

The Box-Behnken design response surface methodology (BBD-RSM) was utilized to model and
optimize electrodialysis process for lead (Pb(II)) removal from seaweed extracts. The experiments
were conducted with three influential variables including the operational voltage and initial lead
concentration and flow rate using a full 2* factorial experimental design. According to the ridge and
canonical analysis, the effect of major factors on Pb(Il) removal in ED process follows the order:
operational voltage > flow rate > initial lead concentration. Under the optimized parameters, the
lead removal of 76.52% was acquired which showed good agreement with model predicted (75.45%)
result. The feasibility of RSM model for lead removal response was verified by analysis of variance
(ANOVA), which indicated a good reproducibility and fit of the experimental data with a high value
coefficient (R?=0.9945 and R? = 0.9874). The results suggested that electrodialysis with Box-Behnken
design response surface methodology is regarded as the promising technology for lead removal
from seaweed extracts.

Keywords: Response surface methodology; Lead removal; Electrodialysis; Box-Behnken design;
Seaweed extracts

1. Introduction

Seaweed is widely distributed in the ocean, and its
extracts have demonstrated immense potential for bio-
fuel production [1,2], nanocomposites [3], food [4,5],
etc. Seaweeds have been promoted for their therapeutic

* Corresponding authors.

capabilities, including antioxidant, anti-inflammatory, anti-
viral and antibacterial properties [6]. Seaweed extracts can
also promote the growth of plants and strengthen the health
of soil in agricultural applications [7], and has the effects of
antitumor and anticancer in the medical field [8,9]. Although
seaweed is a source of essential minerals, vitamins and
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antioxidants, they have a high absorption capacity that can
lead to a high accumulation of toxic metals [5]. Nowadays,
high concentrations of heavy metals in seaweed and other
seafood products have become a thorny problem as the
result of more and more serious pollution of heavy metals to
the oceans [10]. Lead is considered as one of the most toxic
metals as the result of its persistent and irreversible damage
to people and live organisms [11-13]. Kelp and seaweed are
main sources of sodium alginate. The seaweed extracts con-
taining lead ions cannot be directly used for the further pro-
cessing of food and daily chemicals. The intake of lead ions,
even the concentration is at a notably low level (15 pg/L), can
cause a series of serious and long-term human health prob-
lems such as poisoning, anemia, brain hemorrhage, renal
impairment, neurological disorders and even death [13-16].
Therefore, removal of heavy metal from seaweed extracts
has become an urgent problem to be solved [16].

Numerous conventional physicochemical techniques
were developed for the removal of lead (Pb(Il)) from aqueous
solution such as extraction [17], adsorption [18,19], chemi-
cal precipitation [20], coagulation [20-22], and ion exchange
[23]. However, most of the processes are not cost-effec-
tive and have limitations such as long operating time and
potential contamination caused by the chemical additives
[24-27]. Membrane separation technology is a non-polluting
separation process that competes with the above-mentioned
processes of the lead removal of aqueous solution [28,29].
Nowadays, many membrane technologies including reverse
osmosis, nanofiltration [30], membrane distillation [31] and
electrodialysis (ED) [24,32] were used to remove heavy metal
from aqueous solution and wastewater. As a promising
method of lead removal, ED process has been widely applied
in heavy metal removal due to its selective desalination, low
energy consumption, eco-friendliness and applicability to
decentralized system [2]. The removal of lead by ED in syn-
thetic aqueous solutions has been investigated by Gherasim
et al. [24]. However, there is a dearth of literature for the lead
(Pb(II)) removal from seaweed extracts via ED.

As a hybrid of mathematical and statistical strategy,
response surface methodology (RSM) is widely utilized to
acquire optimal operating parameters with minimum num-
ber of experiments and also to evaluate the interactive effects
of possible influential factors on treatment efficiency [33-35].
Box-Behnken design (BBD), one of the most common spher-
ical and revolving RSM designs, was employed to develop
the design matrix which is made up of 17 experiments with
five centre points and two replicates [36,37]. Recently, RSM
involving BBD has been verified to be an effective approach
in designing experiments, developing empirical models
and establishing optimal process variables in environmen-
tal, chemical engineering, material synthetic, and biological
experimental processes [38-41]. However, as far as we are
concerned, the literature regarding the optimization and
modeling on the interactive effects of the operating param-
eters on Pb(II) removal applying by ED process based on
RSM from seaweed extracts are scarce.

In this study, for the first time, RSM using Design-Expert
10.0.3 Trial software based on BBD was employed to opti-
mize operational variables and investigate individual and
interactive effects of influential factors on Pb(Il) removal
from seaweed extracts by ED process. In a perspective of

optimization, the percentage of Pb(II) removal has been eval-
uated in terms of statistical experimental design. The qua-
dratic polynomial regression models involving three oper-
ational variables such as operating voltage, flow rate, initial
concentration of Pb(Il), and taking the removal of Pb(Il) as
the major response were successfully developed. The good-
ness of fit of the model and the significance of influential
factors were validated by means of the analysis of variance
(ANOVA).

2. Materials and methods
2.1. Materials

The sodium alginate, as the seaweed extract, was pur-
chased from Qingdao Bright Moon Seaweed Group Co., Ltd.,
China. Lead chloride, glucose, sodium sulfate, nitric acid,
hydrochloric acid and lead nitrate were of analytical grade
and provided by Chengdu Chron Chemicals Co., Ltd., China.
Deionized water was used throughout all experiments.

2.2. Electrodialysis system

The ED experiments were conducted by a commercial
laboratory scale TRBP3010-I unit (Beijing Tingrun Membrane
Technology Co., Ltd., China). The ED system contains 16
pieces of anion exchange membranes and 15 pieces of cat-
ion exchange membranes (manufactured by Beijing Tingrun
Membrane Technology Co., Ltd., China). The dimensions
of the membranes were 100 mm x 300 mm x 0.21 mm with
the effective surface area for each membrane of 150 cm?
The main properties of membranes such as thickness, burst
strength, IEC, resistance and transport number are listed in
Table 1. These membranes were separated by polypropyl-
ene plastic sheet flow mesh spacers with the dimensions
for each plastic sheet of 300 mm x 100 mm x 0.85 mm. The
polypropylene loop-less baffle consisted of baffle frame and
baffle net, comprising inlet and outlet water distribution
hole, sealing perimeter, water distribution tank and grid
section. The spacers can support the membrane and form
stack’s compartments which can promote turbulent flow of
stream. The ED equipment equipped three cylindrical res-
ervoirs for electrode rinsing, dilute and concentrate solution
allowing for continuous circulation by centrifugal pumps
[28,42]. Furthermore, the stack comprises a programmable
DC power supply (PS-305DM, Longwei Instruments (HK)
Co., Ltd.) with automatic voltage regulation on ED module
in the range of 0-30 V. The DC power supply device was
connected to module through ruthenium-coated titanium
electrode and stainless-steel electrode. The cathode plate and
the anode plate are, respectively, located on both sides of the
stack. A 0.05 M Na,SO, solution was circulated between the
anolyte and catholyte compartments. A single experimental
run was carried out for 50 min. All the experiment runs were
performed at ambient temperature 25°C + 0.5°C.

2.3. Experimental procedure

In this work, the schematic of ED process is presented in
Fig. 1. Synthetic solutions containing seaweed extracts and
Pb(II) were prepared by dissolving reagent grade sodium
alginate and PbCl, into deionized water as feed solution
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Table 1
Properties of membranes used for experiments

X. Wang et al. / Desalination and Water Treatment 179 (2020) 280-287

Type Thickness Burst strength IEC Resistance Transport
(um) (kPa) (mmol/g) (Q-cm?) number
Cation exchange membrane
160-230 >250 2.0-2.9 1-3 95-99
(JCM-I1-05)
Anion exchange membrane 160-230 5250 1897 48 90-95
(JAM-II-05) o

Note: The resistance was tested in 0.5 mol/L. NaCl environment; transport number was tested with Na* and Cl- as the target

ions.
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Fig. 1. Schematic illustration of electrodialysis process.

for the ED process. The concentrations of sodium alginate
in actual solutions are variational and hence an average
sodium alginate concentration of 0.17 g/L was used in all
experiments. A few of glucose was added to the feed solu-
tions to promote the dissolution of sodium alginate in
water. In the present study, the effect of various parameters
including flow rate (30, 60 and 90 L/h), operating voltage (5,
7 and 9 V) and initial concentration of lead (3, 5 and 7 mg/L)
on the removal of Pb(Il) from seaweed extracts were inves-
tigated. Based on the withstand voltage of each membrane,
the upper limit of the voltage is selected by sum of with-
stand voltage of total membranes. The lower limit of voltage
is selected by experiment. The dilute compartment and con-
centrate compartment were added with 1 L of feed solution,
respectively. The feed solutions of diluted and concentrated
compartments had same volume, initial components and
concentration. Each compartment was connected to a sep-
arate external 5 L tank, allowing for continuous circulation
by four magnetic driving pumps. In order to determine
removal efficiencies, samples were periodically taken from
the dilute and concentrate compartment during ED process.

After each experimental run, the ED system was carefully
rinsed twice with hydrochloric acid solution (10%, v/v)
for a few minutes and several times with deionized water.
Experiments were carried out according to the experimen-
tal scheme in Table 2. The concentrations of lead in dilute
concentrate solutions were measured by flame atomic
absorption spectrophotometer (TAS-986F, Beijing Purkinje
General Instrument Co., Ltd., China) at a wavelength of
283.3 nm. The solutions were filtered using 0.45 um PVDF
filter (Millipore). Three repetitions were performed for all
the analysis. The conductivity and pH of the dilute and con-
centrate compartment solutions were surveyed during the
whole process by a conductivity meter (DDC-307, Shanghai
INESA & Scientific Instrument Co. Ltd., China) and a pH
meter (PHS-3E, Shanghai INESA & Scientific Instrument
Co. Ltd., China), respectively.

2.4. Technical indicators of electrodialysis

The percentage removal of lead refers to the percentage
of reduced lead concentration and initial lead concentration
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Table 2
Box-Behnken design matrix for three variables together with the
observed response

Coded values of the variable

Experimental  Factor 1 Factor 2 Factor 3 Y

run A:U (V) B:c(mg/L) C:v(L/h) (%)
1 9 5 90 65.8
2 7 3 90 67.0
3 7 5 60 75.1
4 7 5 60 75.1
5 7 5 60 75.9
6 9 5 30 624
7 7 3 30 64.1
8 7 7 30 65.9
9 5 3 60 62.7
10 7 5 60 75.1
11 5 5 90 62.4
12 5 5 30 60.7
13 9 3 60 64.1
14 7 5 60 75.1
15 9 7 90 65.3
16 7 7 90 67.7
17 5 7 60 61.0

and reflects the efficiency of the ED. The percentage removal
of lead is defined as:

0 %100 a)

where F is the percentage removal of lead, C, and C, are lead
concentration of 0 min and f min, respectively.

2.5. Box—Behnken design

The three variables of applied voltage (A), initial lead
concentration (B) and flow rate (C) were selected based on
the preliminary single-factor experiments. The experiment
was carried out with different operating parameters such as
flow rate (30, 60 and 90 L/h), operating voltage (5, 7 and 9 V)
and initial concentration of lead (3, 5 and 7 mg/L). The BBD
method was utilized to discuss the interaction and individ-
ual influences of three factors, so as to obtain the optimal
lead desalination efficiency and its corresponding variable
value. The BBD contained three levels for each factor which:
the centre points (coded 0), the high level (+1) and the low
level (-1). According to the BBD model, a total of 17 points
was chosen to find optimum settings for three variables that
result in maximum responses (optimal percentage removal
of lead, Y). In this study, the experimental plan was deter-
mined by Design-Expert 10.0.3. The actual experimental
design matrix of lead removal is given in Table 2. The value
of each Y represents the average of the identical experiments
performed. In order to assure the reproducibility of the
results, each experiment was performed at least two times.

Considering all the linear terms, square terms and linear
by linear interaction items, the quadratic response model can
be described as:

Y:BO +zﬁixi +2Biixizi +zﬁijxix]‘ (2)

where Y is the predicted response surface function (percent-
age lead removal), 3, is the model constant, 3, 3, and [31.]. are
the linear, quadratic and interaction constant coefficients,
respectively. x, (i = 1, 2, 3) and x; (j =1, 2, 3) represent the
coded independent factors.

3. Results and discussion
3.1. Model fitting to responses of lead removal

The performance of ED investigated under various pro-
cess conditions was investigated here with the aim to opti-
mize the process by selecting the most convenient operating
parameters. The levels of factors (voltage, initial concentra-
tion and flow rate) and the influence of their interactions
on the lead removal are determined by means of the Box—
Behnken design of response surface method. Experiments
are finished for 17 experimental combinations, which consist
of 12 trials and 5 center points, of the conditions selected by
statistically designed experiments. An empirical relation-
ship, which fits between the input variables and the data,
is represented by a regression equation with interaction
terms. The data are given from Box-Behnken design model.
The final obtained equation (Eq. (3)) in terms of the coded
factor is:

Y(%)=7520+1.76x A+0.66x B+1.30xC +1.55x AB+
0.57x AC-0.13x BC~7.26x A* ~391x B* -5.04xC* (3)

Table 3 shows the model F-value of 140.75, which implies
that the model is significant [40]. The values of “Prob > F”
less than 0.0001 indicate that the model terms are extremely
significant, less than 0.05 and greater than 0.001 indicate
model terms are significant, greater than 0.05 indicate model
terms are not significant. The lack of fit F-value greater than
0.05 implies the lack of fit is not significant relative to the
pure error [43]. Predicted R? is the judging indexes of how
good the model predicts a response value. The predicted
R? and adjusted R* should be within approximately 0.20 of
each other to be in reasonable agreement [44]. In our case,
the predicted R* of 0.9227 was in reasonable agreement with
the adjusted R? of 0.9874, demonstrating the suitability of the
model.

The p-values are utilized to examine the significance of
each coefficient, which in turn might demonstrate the pat-
tern of the interactions between the variables. It is showed
that the coefficients (A, B, C, AB) are significant. The other
term coefficients are not significant.

In this case, the normality of residuals is checked by ana-
lyzing the data. Fig. 2a shows the normal probability plot of
these residuals. The distribution of points pretty close to a
straight line indicates that the data were reasonable [22]. The
model adequacy can be judged on diagnostic plots such as
actual response and predicted response. It is showed that the
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Table 3
ANOVA for response surface reduced quadratic model

Source Sumof df Mean F-value  p-value
squares squares

Model 495.85 9 55.09 140.75 <0.0001
A 22.36 1 22.36 57.11 0.0001
B 3.15 1 3.15 8.05 0.0252
C 13.96 1 13.98 35.65 0.0006
AB 7.85 1 7.71 20.06 0.0029
AC 1.41 1 1.33 3.60 0.0997
BC 0.068 1 0.060 0.17 0.6902
A? 207.75 1 207.15 530.73 <0.0001
B? 60.31 1 60.17 154.08 <0.0001
c? 87,54 1 89.49 223.64 <0.0001
Residual 2.74 7 0.40

Lack of fit 223 3 0.77 5.80 0.0612
Pure error  0.51 4 0.13

Cor. total 498.59 16

data points form fairly straight line and the residuals are dis-
tributed relatively near to the diagonal line. The distribution
of all plots in Fig. 3 revealed that the data are reasonable and
the model can describe the lead removal process well.

3.2. Effects of interactive variables on the removal
efficiency of lead

The interaction of voltage corresponds with flow rate
and initial lead concentration is shown in Figs. 3b and c.
Considering safety, potentiostatic mode is employed in this
experiment which has advantage over galvanostatic mode.
When the dilute concentration reaches a low value, the
potentiostatic mode will limit the generation of high volt-
ages, which protects the membranes. With the driving force
of voltage, the anion and cation will get through the ion
exchange membrane achieving the result of solution con-
centration or desalination [2]. It can be seen that the increase
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in voltage promotes the lead ions transfer. The relationship
between lead flux and voltage is parabola, which agrees
with the key respective contributions to migration of salt
under current via electro-osmosis. This phenomenon is dif-
ferent from the linear relation of Le Han and Jia Wei Chew’s
findings [2,24], which is due to the limiting current density.
Excessive voltage cannot promote the efficiency of lead
removal and will increase the risk of scaling and precipi-
tation, which will greatly shorten the life time of the mem-
branes [29]. The results are given in Figs. 3b and ¢, which
show the effects of different voltages on the variation of lead
concentration. The lead concentration is high at the onset
of the experiments with small resistance and large driving
force of the mass transfer, so that migration speed is accom-
panied by a fast desalting speed of the lead removal [29].
However, with the lead removal, the resistance of the entire
ED continues to increase but current decreases, and thus
reduces the speed of lead removal [38]. And there is a max-
imum lead removal percentage when the operating voltage
is set as 7.27 V. The reason is due to the higher ion perme-
ate flux at larger voltage. Moreover, compared with range
from 5 to 7.27 V, the removal efficiency of lead decreases
when the voltage exceeds 7.27 V at same operating time.
Compared with Gherasim et als [24] research, this ED
process also shows ideal lead removal performance under
lower voltage. The high voltage takes the responsibility for
the occurrence of concentration polarization, which limits
the process of ion transferring through the membrane. The
ions transport between solution and membrane caused the
decrease of the lead concentration on the dilute side and
increase on the concentrate side near the membrane estab-
lishing a concentration profiles and building up a boundary
layer. The increase in resistance of boundary layer caused
by concentration polarization phenomenon hinders lead ion
transfer [2]. The suitable flow rate is an effective strategy
to eliminate the consequence of concentration polarization
phenomenon.

The flow rate of ED process is an important process con-
dition. The ED experiments were performed in the flow rate
range of 30-90 L/h. Figs. 3a and c show the influence of flow
rate on removal efficiency of lead. The figures show that the
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Fig. 2. Normal probability plot (a) and residual error (b) between the predicted response and actual response.
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Fig. 3. Response surface plot: (a) the influence of initial concen-
tration and flow rate on lead removal for the fixed voltage of
7 V; (b) the influence of initial concentration and voltage on lead
removal for the fixed flow rate of 60 L/h; (c) the influence of flow
rate and voltage on lead removal for the fixed initial lead concen-
tration of 5 mg/L.

increase in flow rate promotes the lead removal of lead-con-
taining aqueous solution under the range of flow rate from 30
to 70 L/h. However, the removal efficiency of lead decreases
similar to a parabola with the increase in the flow rate from
60 to 90 L/h. The reason is that the thickness of the turbu-
lence layer on both sides with the membrane decreases due
to the increase in the flow rate. This reduced the resistance
of the membrane itself, improved the current efficiency and
reduced the energy consumption of the ED process [24].
However, the flow rate cannot be infinitely increased. The
flow rate exceeding the allowable range of the membrane
stack, a portion of the lead is washed away by the stream flow
before it passes through the membrane. This phenomenon
causes the lead removal efficiency is poor for the ED process.
Excessive flow rate not only increases energy consumption
but also damages the ion exchange membrane. Therefore, the
appropriate choice of flow rate can properly reduce energy
consumption, increase lead migration rate [24], and extend
the service life of ion exchange membrane.

The initial lead concentration, which affects the appli-
cability of ED process, is also an important ED parameter.
The experiments are performed on various initial lead con-
centrations on the range of 3-7 mg Pb(II). Figs. 3a and b
show the interactive influence of initial lead concentration
on the removal efficiency of lead. The relationship between
lead removal percentage and initial lead concentration is
parabola [38]. At a range of initial lead concentration from
3 to 5.2 mg/L, the dilute concentration of lead is decreased
rapidly. However, the processing capacity of the entire ED
cannot deal with the increase in lead, and thus the percent-
age of lead removal cannot meet the requirements under
high initial lead concentration. This deficiency can be met
by multiple ED processes. With the migration of Pb(II), the
ion transport between the solution and membrane results
in a decrease in the Pb(I) concentration on the dilute side
and an increase in the Pb(II) concentration on the other side
near the membrane; this difference in concentration creates a
boundary layer that increases the resistance of the dilute and
slows down the rate of removal of the Pb(I) [2]. In view of
this phenomenon, an appropriate increase in flow is the ideal
way to deal with it [24].

According to the test and design of Box-Behnken
response surface, the voltage, initial lead concentration and
flow rate of feed solutions is stabilized in the values which are
determined to be optimal for the ED, that is, 5.22 mg/L, 7.27 V
and 64.06 L/h, respectively. Under the optimized parameters,
the lead removal of 76.52% was acquired which showed good
agreement with model predicted (75.45%) result. Compared
with similar studies [2,24,30,45], the experimental results can
guide the lead removal performance to meet the require-
ments. The experiment results are highly consistent with the
predicted values, indicating BBD could be effectively applied
to optimize the ED factors for the lead removal.

4. Conclusion

This work aimed to optimize experimental method of
lead removal from seaweed extracts by ED using RSM and
fit experimental data. The experiments contained a function
of various operation parameters (initial lead concentration,
flow rate and voltage). In order to examine the role of three
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operation factors (initial lead concentration, flow rate and
voltage) on lead removal we used RSM by the Box-Behnken
model. As can be seen, a second-order polynomial regression
model could appropriately account for the experimental data
onto coefficient of determination (R?) value of 0.9945. The
simultaneous optimization of the multi-response system by
desirability function indicated that 76.52% removal of lead
can be possible by using the optimal process parameters
of initial lead concentration of 5.22 mg/L, voltage of 7.27 V
and flow rate of 64.06 L/h. The fitting data of lead removal
indicated that applied voltage and flow rate could signifi-
cantly affect the lead removal from the seaweed extracts
by ED. Operational voltage and time were the most signifi-
cant factors that influenced energy consumption of ED. This
work showed that the Box-Behnken model was suitable to
optimize the experiments for lead removal from seaweed
extracts by ED.
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