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ABSTRACT

Flue gas desulfurization (FGD) wastewater is a terminal wastewater in power plant which seriously
restricts the realization of zero-liquid discharge. Bipolar membrane electrodialysis (BMED) is a
sustainable and eco-friendly technology widely applied in wastewater treatment. In this study,
response surface methodology is employed to optimize the three key independent operating
parameters: feed concentration, current density and initial acid and base concentration in order
to increase desalination rate and by-product yield. The optimum condition was obtained as feed
concentration 0.675 mol/L, current density 25 mA/cm? and initial acid and base concentration
0 mol/L. In this optimum condition, the mean value of alkali conversion rate could be higher than
89.99%. The process cost for the regeneration of 1 kg NaOH from the FGD wastewater was $0.84.
Increasing current density is an effective method to enhance by-product yield and shorten opera-
tion time, but it can cause a higher energy consumption, which means that the performance of the
BMED system should be improved by optimizing operational conditions. Therefore, BMED is a
new technology to realize the resource utilization and reuse of FGD wastewater.

Keywords: Flue gas desulfurization wastewater; Bipolar membrane electrodialysis; Response surface

methodology; Process economy

1. Introduction

Coal, a major source of energy, is widely employed
in coal-fired power plants (CFPPs) worldwide, especially
in China. By the end of 2020, the installed capacity of
CFPPs had been 1.08 billion kW, accounting for approxi-
mately 49.1% of the total installed capacity. Meanwhile, the
CFPPs power generation accounted for 60.8% of the total.
Limestone-gypsum wet flue gas desulfurization (FGD)
technology has been used in more than 90% of CFPPs aim-
ing for avoiding environmental pollution caused by SO,
[1]. In order to maintain desulfurization efficiency and
prevent equipment corrosion, the wet FGD technology is

* Corresponding author.

necessary to discharge part of the FGD wastewater while
controlling the chloride concentration to be less than
20,000 mg/L [2,3]. FGD wastewater has complex trait of
high contents of suspended solids, heavy metals such as
Hg, Cr, Pb and high chemical oxygen demand. In addition,
the salinity content is at the range of 20—40 g/L, includ-
ing large amounts of Ca*, Mg*, Cl- and SO? [4]. In April
2015, Chinese government promulgated The Action Plan
for Prevention and Treatment of Water Pollution [5,6]. This
plan puts forward the requirement of zero-liquid discharge
(ZLD), especially for FGD wastewater [7].

Early ZLD systems were based on thermal processes,
where wastewater was typically evaporated in a brine
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concentrator followed by a brine crystallizer. The traditional
brine concentrator are multi-effect distillation, mechanical
vapor compression and multistage flash. These techniques
are able to achieve high concentration brine but require
high energy consumption. Subsequently, reverse osmosis
(RO) and electrodialysis (ED) were incorporated into ZLD
systems [8]. RO is a pressure-driven desalination technol-
ogy that can raise the effluent salinity up to 70,000 mg/L.
ED is applied to concentrate feed water to a high salinity
(2100,000 mg/L) with electric drive and ion exchange mem-
branes [9]. RO and ED could reduce the volume of brine and
improve energy and cost efficiencies. Recently, bypass evap-
oration tower and flue evaporation are utilized in CFPPs
to realize ZLD. However, large-scale applications of these
technologies are limited by the high operation costs and the
reuse of solid inorganic salts [10]. As a consequence, it is
necessary to find an appropriate FGD wastewater treatment
technology to reduce the negative impact to environment.

Bipolar membrane electrodialysis (BMED) is a new
membrane technique, utilizing the effect of direct-current
electric field to dissociate H,0 into H* and OH~, turning
feed solution into corresponding acids and bases. BMED is
widely used in organic acid production and recovery, heavy
metals recovery, phosphate recovery, CO, capture, especially
in wastewater treatment [11-14]. Herrero-Gonzalez et al.
[15,16] and Chen et al. [17] utilized BMED to treat seawater
reverse osmosis brine. Berkessa et al. [18] investigated the
textile wastewater treatment by three-compartment BMED
stack. Liu et al. [19] designed a novel BMED stack with
multi-raffinate chambers disposing copper ore hydromet-
allurgical raffinate. Xia et al. [20] and Zhang et al. [21] used
BMED to produce acids and bases from simulated FGD
brine. Zhong et al. [22] reported a method of using selectro-
dialysis with the bipolar membrane to reutilize coal chem-
ical industry wastewater. Jiang et al. [23] combined RO, ED
and BMED for salt recovery in the treatment of cold-rolling
wastewater.

In this work, response surface methodology (RSM) with
Box-Behnken design (BBD) was employed to establish a
mathematical correlation involving feed concentration, cur-
rent density and initial acid and base concentration and
finally optimize these parameters in order to obtain the opti-
mum operation condition and evaluate the process economy.
The optimization of operation process will lay a foundation
for treating FGD wastewater in electric power industry.

Table 1
Characteristics of membranes used for BMED stack

2. Experimental
2.1. Materials

FGD wastewater was provided by a CFPP located in
Jilin Province, China. This raw water contains large amount
of CI~and SO}~ with the molar ratio of 5:1. The concentration
of simulated FGD wastewater used in the experiments
was in the range of 0.45 to 0.75 mol/L, which was pre-
pared with NaCl and Na,SO, to control the fixed ratio.
Membranes were provided by Kejia Polymer Materials Co.,
Ltd, Hefei, China. The characteristics of cation exchange
membrane (CEM, CJMC-1), anion exchange membrane
(AEM, CJMA-1) and bipolar membrane (BPM, CJBPM-1)
are listed in Table 1. The reagents were analytical grade and
provided by Sinopharm Chemical reagent Co., Ltd., China.

2.2. Experimental set-up

BMED apparatus used in the experiments was a BPM-
AEM-CEM-BPM namely three-compartment system shown
in Fig. 1, which was provided by Kejia Polymer Materials
Co., Ltd., Hefei, China. The BMED stack was composed
of two polarizing electrodes and five repeating units. The
unit was separated by a 0.80 mm silicone partition nets and
spacers, which constituted a salt compartment, an acid com-
partment and a base compartment. It can be observed from
Fig. 1 that the simulated FGD wastewater, acid solution,
base solution and electrolyte rinse solution were circulated
in the stack driving by four peristaltic pumps, respectively.
The cathode and anode were made of titanium plated with
ruthenium. Each ion exchange membrane had an effective
surface area of 189 cm? All solutions should be circulated in
each compartment for at least 20 min in order to eliminate the
visible bubbles before applying current to BMED stack.

2.3. Analytical methods

The concentration of acid and base produced by BMED
was determined by acid-base titration, using phenolphtha-
lein and methyl orange as indicator, respectively. The volt-
age and current across the stack were recorded by a CV/
CC regulated power supply (LONGWEIL, TPR3020-2D). The
conductivity and pH of simulated wastewater in salt com-
partment were measured during the entire process by con-
ductivity meter (LEICI, DDS307A) and pH meter (METTLER

Membranes

Items

CEM AEM BPM
Type Homogeneous Homogeneous Homogeneous
Functional group Sulfonic acid Quaternary amine /
Thickness (um) 140~150 90~100 150~180
Water content (%) 35~40 15~20 45~55
Ion-exchange capacity (meq/g) 0.8~1.0 0.8~1.0 /
Electric resistance (€3/cm?) 1.5~2.5 2.5~3.5 /
Transport number (%) >98 >94 /
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Fig. 1. Schematic diagram of the BMED apparatus and membrane stack.

TOLEDO, FE28), respectively. Morphology of layers on fresh
and fouling membrane were observed by scanning elec-
tron microscope (SEM) (Hitachi SU8010, Japan). The sam-
ples were prepared before SEM imaging by coating with
a thin layer of gold in order to reduce membrane surface
charge. Fourier-transform infrared spectroscopy (FTIR)
(IRAffinity-1, Japan) was used to analyze the change of func-
tional groups on fresh and fouling membranes.

2.4. Determination of current efficiency and energy consumption

The current efficiency 1 (%) was calculated by Eq. (1).

zZF(C,V, -C,V,)

o, —

n(%) CONTT %100 1)
where z is the ion valence. F is the Faraday constant (96,500 C/
mol). C, and C, (mol/L) are the concentration of acid or base at
time t and 0, respectively. V, and V, (L) are the volume of acid
or base solutions at time ¢ and 0, respectively. N is the number
of repeating units of the stack (N = 5). I is the current in the
stack (A) and ¢ is the operation time (min).

The energy consumption E (kWh/kg) was calculated by

Eq. ().
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0160(C,V, -C,V,)M

where U, is the voltage drop (V) across the membrane stack
at time t. M is the molar mass (g/mol) of the acid or base.
The alkali conversion rate (X%) was calculated by Eq. (3).

(CV,-CV, )M
m

X% = 100 )

where m (g) is the initial weight of Na* in the salt compartment.

2.5. Experimental design

Response surface methodology is a combination of
mathematical and statistical techniques based on the fit
of a polynomial equation to the experimental data. This
method could establish the interactive effects on BMED
performance and to predict BMED performance. RSM is
widely used in chemistry, biology and engineering disci-
plines [24-26]. Box-Behnken design is a factorial combina-
tion of at least three factors in incomplete blocks. In each
block, one factor is held at the central point while the other
two are varied in four different combination values at the
upper and lower limits. RSM and BBD were employed to
investigate the effects of the three independent variables
on the response function. The independent variables were
feed concentration (A), current density (B) and initial acid
and base concentration (C). In order to obtain the opti-
mum operational condition, two dependent parameters
(alkali conversion rate and energy consumption) were
analyzed as responses. The low, center, and high levels
of each variable are designed as -1, 0, +1, respectively.
Table 2 illustrates the variable factors with the code and
actual values.

Experiments data from Box-Behnken design were rep-
resented employing a second-order polynomial models as
follows:
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Table 2
Experimental range and levels of the independent variables

Factors Symbol Coded levels
-1 0 1

Feed concentration (mol/L) A 0.525 0.6 0.675
Current density (mA/cm?) B 25 30 35
Initial acid and base concentration (mol/L) C 0 0.05 0.1

k k acid and base. The base concentration was 0.68 mol/L and
Y= B0+ZB]‘X]' +ZBijf +ZZBi,»Xin +e (4)  corresponding alkali conversion rate was 77.89% when the

j=1 =1 i<j

where Y is the estimated response variable, X, (i =1, 2, 3)

and X, (j = 1, 2, 3) represent the code independent

variables, (3, is a constant coefficient, 3, f. and 8, are inter-
. . . 7 Vi i

action coefficients of linear, quadratic and the second-

order terms, respectively, k is the number of studied

factors and ¢, is the error.

3. Results and discussion
3.1. Single-factor experiments
3.1.1. Effects of feed concentration

Fig. 2 indicates the results of BMED experiments at var-
ious feed concentrations when controlling the current den-
sity and flow rate at 30 mA/cm? and 30 L/h, respectively. The
voltage drop curves across the BMED stack are shown in
Fig. 2a. During the electrodialysis process, the voltage drop
decreased at the initial stage of the experiment, reached
an apparent minimum and then gradually increased. The
main reason of high voltage drop was the high membrane
stack resistance caused by the low concentration of acid
and base in acid and base compartments. This is in agree-
ment with values reported in literature by other authors
[27-29]. As a consequence, it is easy to modify the perfor-
mance of BMED system by changing the initial concentra-
tion of acid and base in the corresponding compartments
which will be discussed in Section 3.1.3. The initial decreas-
ing voltage drop could be ascribed to the progress of water
splitting and ion migration in each compartment, which
decreased the electrical resistance of the BMED stack [30].
Subsequently, the voltage drop maintained in a stable state,
especially in high concentration. This phenomenon was a
synergistic effect of the depletion of simulated wastewater
and the production of acid and base. The conductivity of
simulated wastewater in salt compartment decreased grad-
ually to less than 10 mS/cm (Fig. 2b), suggesting that the
solution was almost depleted and the resistance increase.
Meanwhile, the production of acid and base decreased the
resistance and maintain the resistance of BMED system
at constant value. In the later stage of the experiment, the
depletion of simulated wastewater was dominant and the
voltage drop curve sharply increased. Fig. 2c shows the
alkali conversion rate in different feed concentrations. It
is clear the higher concentration of feed solution, the more
ions could transport through the membranes at the same
time, which was favor to produce higher concentration of

simulated wastewater concentration is 0.75 mol/L. Fig. 2d
depicts the effect of feed concentrations on current effi-
ciency and energy consumption. It was found that enhance
initial feed concentration led to the increase of current effi-
ciency and the reduction of energy consumption. The cur-
rent efficiency and energy consumption at feed concentra-
tion 0.675 mol/L were 75.96% and 2.24 kWh/kg, respectively.
However, too high concentration is easy to cause a slight
decrease in current efficiency.

3.1.2. Effects of current density

The effects of current density on voltage drop, base
concentration and energy consumption were examined
in the BMED system with 0.6 mol/L simulated wastewa-
ter at flow rate 30 L/h and different current densities (20—
40 mA/cm?). The voltage drop across the BMED stack was
a U shape as shown in Fig. 3a. The higher current density
could result in higher voltage drop and shorter operation
time, while the diffusion of ions were reduced between
the adjacent compartments of BMED stack. Fig. 3b shows
the base concentration and energy consumption as a func-
tion of current density at 20 min. It was observed that the
higher current density enhanced the base concentration.
According to the second Wien effect, the water splitting
by bipolar membrane and ion transport through the mem-
brane were increased simultaneously [31,32]. However, the
energy consumption was proportional to the current den-
sity which could be ascribed to the fact that large amount
of energy was used to overcome the electrical resistance
at high current densities [33]. Accordingly, the selection
of current density should be considered comprehensively.
It is necessary to consider both the increased energy con-
sumption caused by high current density and the prolonged
reaction time caused by low current density, especially the
product is volatile [27].

3.1.3. Effects of initial acid and base concentration

In order to reduce the resistance of BMED stack, the
initial concentration of acid and base solution was modi-
fied at the range of 0-0.2 mol/L while current density, flow
rate and feed concentration were controlled at 30 mA/cm?,
30 L/h and 0.6 mol/L, respectively. Fig. 4a illustrates that
the higher initial concentration of acid and base benefited
to enhance the finial concentration. The current efficiency
and energy consumption are shown in Fig. 4b. The cur-
rent efficiency decreases with the increase of the initial
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Fig. 2. Effects of feed concentration on (a) voltage drop, (b) conductivity, (c) alkali conversion rate, and (d) current efficiency and

energy consumption.

concentration of the acid and base solution, which was
mainly caused by the transfer resistance from salt com-
partment to acid and base compartments [34,35]. The
energy consumption decreased firstly and then increased
while reached the minimum at the initial concentration
0.05 mol/L. Appropriately increasing the initial acid and
base concentration is beneficial to reduce the solution
resistance and promote the electrolysis reaction, thereby
increasing the acid and base production. However, when
the concentration is too high, the diffusion of hydrogen
ions or hydroxide ions from the acid compartment or
the base compartment to the salt compartment will be
increased due to the excessive chemical potential differ-
ence. The energy consumption will also increase if the
concentration is too high.

3.2. Response surface Box—Behnken analysis
3.2.1. Analysis of variance

The analysis of variance (ANOVA) for regression para-
meters of the predicted response surface quadratic model

for conversion rate is shown in Table 3. The F-value was
53.29 and the probability value (P_ ., < 0.0001) were suf-
ficient to indicate that the model was well adapted to the
response. The lack of fit (P = 0.1939 > 0.05) is not signifi-
cant, which is good for the model. Furthermore, the mod-
eling was evaluated by the determination coefficient (R?)
and the adjusted determination coefficient (R_, 2) In this
study, the obtained value of R* (R? = 0.9856) mdlcated that
more than 98.56% of the variability could be explained by
the model. The value of R? i (R2 = 0.9671) disclosed a high
significance of obtained model. Therefore, feed concen-
tration (A), current density (B), initial acid and base con-
centration (C), interaction of AC and A? are the significant
model terms, whereas other model terms can be considered
insignificant. Two second-order polynomial models, using
Design-Expert 8 software, in terms of coded factors are
shown in Eq. (5).

y=7208+7.04xA-550xB-3.36xC-1.10
x AB-2.40x AC-1.41xBC+1.98 x A?

+0.78 x B2 +0.52 x C? (5)
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Fig. 5 and Table 3 confirm a satisfactory correlation
between the experimental and predicted values of alkali
conversion rate. The points cluster along the diagonal line,
which indicates that the model developed in this study was
reasonably accurate.

3.2.2. Interaction effect and optimization

The three dimensional (3D) response surface graphs
of the quadratic model were utilized to assess the interac-
tive effects of the independent variables on the response.
According to the p-value and 3D response surface graphs,
the effect of feed concentration on the alkali conversion
rate was more significant than that of current density and
initial acid and base concentration. Fig. 6a shows the inter-
action between feed concentration and current density on
alkali conversion rate. It is observed that higher feed con-
centration corresponds to higher alkali conversion rate.

The effects of current density and initial acid and base con-
centration on alkali conversion rate are shown in Fig. 6b.
From the 3D graphs, increasing current density resulted
in the decrease of alkali conversion rate when keeping ini-
tial acid and base concentration constant. Fig. 6c depicts
the tendency of energy consumption with current density
and initial acid and base concentration. The energy con-
sumption was decreased with the initial acid and base
concentration and reached a minimum in the range of
0.04-0.06 mol/L. Increasing current density was accom-
panied by the increase of energy consumption which
was consistent with the single-factor experiment.

In numerical optimization performed by Design-
Expert program, the optimum operation condition was
considered. The results of numerical optimization were
feed concentration 0.675 mol/L, current density 25 mA/cm?
and initial acid and base concentration 0 mol/L, and the
alkali conversion rate provided by the model under these
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conditions was 93.36%. Experiments were implemented
using the predicted optimum conditions in order to vali-
date the developed mathematical models. The mean value
of the alkali conversion rate was 89.99%, which were in
close alignment with the predicted value. It is obvious
that the model is adequate for the prediction of the alkali
conversion rate.

3.3. Membrane surface fouling analysis

The fouling on membrane surface was identified by
SEM and FTIR. As shown in Fig. 7a and c, the fresh AEM
and CEM presented clean surfaces. After BMED process, no
noticeable fouling deposits were observed on the surface
of AEM and CEM as show in Fig. 7b and d. Fig. 7e and f
show the FTIR spectra of fresh and fouling membranes.
There is no obvious change except the decrease of some peak
intensity.

Table 3
Analysis of variance result for significant model terms

3.4. Process economy

The operating cost was estimated on the basis of the
above laboratory experimental equipment under a current
density of 25 mA/cm? and feed concentration of 0.675 mol/L.
The total cost of electrodialysis process based on the econ-
omy estimation routine contained the total investment cost
and energy consumption [36-38]. The total investment cost
consisted of stack cost and peripheral equipment cost. The
cost of stack and peripheral equipment was proportional
to the membrane cost and the cost of pumps, monitoring,
control panels, etc, which were estimated to be 1.5 times
total membrane cost and stack cost, respectively [39]. Both
membrane lifespan and peripheral equipment amortization
period were 3 y. Meanwhile, the estimate values of mainte-
nance cost and interest were 10% and 8% of the total invest-
ment cost. The calculation results are shown in Table 4. It was
clearly observed that the investment cost and energy con-
sumption cost for producing base were $236.50/y and $0.13/
kg, respectively. The process cost for the regeneration of 1 kg
NaOH from FGD wastewater was $0.84 which was lower
than that in spent caustic regeneration [36]. Meanwhile, the
total process cost could be reduced in pilot scale or indus-
trial scale and made BMED technology more appropriate
and competitive to treat FGD wastewater.

4. Conclusions

The Box-Behnken experimental design was proven to
be a suitable response surface method to determine the
effects of operative variables (feed concentration, current
density and initial acid and base concentration) and their
interaction on alkali conversion rate and energy consump-
tion. The ANOVA indicated that the quadratic model and
interaction were significant. The model fitted well with the
experimental data, as confirmed by the high R? value. The
optimal values for the three factors were feed concentration

Source Sum of squares df Mean square F-value p-value
Prob. > F

Model 787.25 9 87.47 53.29 <0.0001
A 396.95 1 396.95 241.80 <0.0001
B 242.25 1 242.25 147.57 <0.0001
C 90.52 1 90.52 55.14 0.0001
AB 4.83 1 4.83 2.94 0.1301
AC 23.11 1 23.11 14.08 0.0072
BC 791 1 791 4.82 0.0642
A? 16.47 1 16.47 10.03 0.0158
B? 2.59 1 2.59 1.58 0.2494
C? 1.12 1 1.12 0.68 0.4364
Residual 11.49 7 1.64

Lack of fit 7.55 3 2.52 2.55 0.1939
Pure error 3.95 4 0.99

Corr. total 798.75 16
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Table 4
Economic analysis of BMED process

Parameters BMED process
Current density (mA/cm?) 25
Feed concentration (mol/L) 0.675
Effective membrane area (cm?) 189
Energy consumption (kWh/kg 1.18
NaOH)

Electricity charge ($/kWh) 0.10
Energy cost for regeneration ($/  0.12
kg NaOH)

Energy cost for peripheral 0.01
equipment ($/kg NaOH)

Total energy cost ($/kg NaOH) 0.13
Membrane lifespan (y) 3
Peripheral equipment 3

amortization period (y)
Membrane prices ($/m?) 1,100 (Bipolar membrane)

100 (Membrane)

Membrane cost ($) 122.85
Stack cost ($) 184.28
Peripheral equipment cost ($) 276.42
Total investment cost ($) 460.70
Amortization ($/y) 153.57
Interest ($/y) 36.86
Maintenance ($/y) 46.07
Total fixed cost ($/y) 236.50
Total process cost ($/kg NaOH)  0.84

0.675 mol/L, current density 25 mA/cm? and initial acid and
base concentration 0 mol/L. Under this condition, alkali
conversion rate could be higher than 89.99%. The invest-
ment cost and energy consumption for producing base
were $236.50/y and $0.13/kg, respectively. The process cost
for the regeneration of 1kg NaOH from FGD wastewater
was $0.84.
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