¢/ Desalination and Water Treatment
www.deswater.com

() doi: 10.5004/dwt.2023.29757

303 (2023) 11-23
August

Box—Behnken multi-response modeling and optimizing of brackish water
reverse osmosis brine treatment using electrodialysis reversal with tortuous

flow path

Amir Afarinandeh?, Hamed Rashidi**, Leila Karimi¢, Kambiz Heidari¢, Amirreza Arashi®

“Chemical Engineering Department, Payame Noor University, Tehran 1659639884, Iran, email: amir.afarinandeh@yahoo.com
*Chemical Engineering Department, Kermanshah University of Technology, Kermanshah, Iran, email: h_rashidi@kut.ac.ir
‘Department of Chemical and Environmental Engineering, University of Arizona, Tucson, USA, email: Ikarimi@arizona.edu
‘Chemical Engineering Department, Payame Noor University, Tehran 1659639884, Iran, email: kambiz_1991@yahoo.com
*Engineering Department, Karpern Co., Tehran, Iran, email: amirreza.arashi@gmail.com

Received 21 May 2023; Accepted 9 July 2023

ABSTRACT

One of the most important challenges of drinking water production using reverse osmosis (RO)
is the management of the concentrated brine because of its large volume. Electrodialysis rever-
sal (EDR) technology has the potential to be integrated with RO process to treat the RO brine
stream and increase the water recovery of the hybrid treatment process. In this study, we treated
brine wastewater from brackish water RO plant using an EDR stack with tortuous flow path. We
designed the experiments utilizing the Box-Behnken method which was applied for modeling and
optimization. We modeled the EDR energy consumption, desalination efficiency, ion flux as a func-
tion of voltage, feed flow rate, and initial feed electrical conductivity as main factors. The obtained
correlations between the input and output variables were evaluated by different statistics tools. We
also maximized the ion flux and desalination efficiency while minimizing the energy consump-
tion using multi-response optimization methodology. The optimum values for applied voltage,
flow rate, and initial conductivity were founded to be 7.7 V, 25 mL/min, and 13,000 uS/cm, respec-
tively. At the optimal conditions, the desalination efficiency, ion flux and energy consumption were
8.69%, 15.25 mg/m?s, and 0.81 Wh/L, respectively, which were very close to the predicted values.

Keywords: Electrodialysis reversal; Brackish water reverse osmosis; Box-Behnken; Energy

consumption

1. Introduction

With the rapid growth of industries, the world has
encountered a serious challenge of sustaining water sup-
ply with desired quantity and quality. Today, desalination
of seawater and brackish water using reverse osmosis (RO)
to produce freshwater is being applied in some countries
as a matured and efficient process. Depending on the level
of salinity of the source brackish water, the treatment pro-
cess efficiency can vary from 60% to 85% [1]. Therefore, RO
produces a significant volume of high salinity concentrated

* Corresponding author.

brines with total dissolved solids (TDS) ranging from
500 up to 50,000 ppm [2]. The disposal of the concentrated
brine back into the environment without further treatment
results in serious environmental disasters. Thus, it is highly
important to use appropriate brine management strategies,
such as process hybridization [3]. Electrodialysis reversal
(EDR) is a promising technology for RO brine treatment
due to its robustness for scaling and fouling [4].
Electrodialysis (ED) is a membrane-based system con-
sisting of channels made up of alternating stacked anion
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exchange membranes (AEM) and cation exchange mem-
branes (CEM). There are two ED-based scenarios for RO
brine management: (I) diluting by means of a low salinity
solution in a reverse ED stack [5,6], and (II) concentrating
RO brine by applying electric potential difference in an
ED stack [7-9]. In the first scenario, the stack is fed by two
solutions with different salinity levels. The salinity gra-
dient between the two solutions leads to the migration of
ions from the concentrated solution to the diluted solution
until equilibrium is reached. During this process, the chem-
ical potential is directly converted into electrical potential
which is called salinity gradient power (SGP) [10]. In the
second scenario which is in line with the waste minimiza-
tion goal, the ED stack is fed by RO brine flowing through
both dilute and concentrate channels. Under electrical
potential difference, anions and cations are driven through
AEM and CEM, respectively, creating alternately separated
diluted and concentrated flows [1]. Although treatment of
highly concentrated RO brine stream has high potential of
scaling of less soluble salts in the membrane process, EDR
is still efficient because of periodic polarity reversal. Upon
the electrodialysis reversal (EDR), the fouling and scaling
agent are repelled back from the membrane surface, lead-
ing to self-cleaning and stability of the process [11,12]. Some
studies revealed that salinity of wastewaters streams can be
increased by up to 360% when processed by EDR [13].
Although, EDR has been used for wastewater treatment
in industrial scale, such as South Bay Water Reclamation
Plant (SBWRP) in the city of San Diego, CA [14,15], it
still needs to be investigated more because of its lower
energy efficiency for treatment of streams with high salinity.
To increase the application of EDR technology in indus-
trial scale the desalination efficiency should be maximized
while simultaneously the energy consumption should be
minimized. In general, EDR performance greatly depends
on various parameters such as applied voltage, tempera-
ture, feed velocity, feed concentration and composition
[8,18-20], membrane type [16], and ED stack configuration
[17]. Karimi and Ghassemi [21] studied the performance of
ED by varying the applied voltage, feed velocity, and pro-
cessing time in a 15-cell pairs stack in a batch process. They
used response surface methodology (RSM), based on Box—
Behnken design (BBD) aiming at optimizing desalination

Table 1
Specifications of Type 10 membranes obtained from Fujifilm
Corporation

Fujifilm membranes AEM (anion CEM (cation
permselective)  permselective)

Reinforcement Polyolefin Polyolefin

Thickness dry (um) 125 135

Resistance (QQ/cm?) 1.7 2.0

Perm selectivity 95 99

Water permeation 6.5 6.5

(mL/bar/m*h)

pH stability 1-13 1-13

Temperature stability (°C) 60 60

Area (cm?) 100 100

rate and energy consumption as the output variables. In
another study, Wang et al. [22] investigated the reclama-
tion of saline water with bipolar membrane electrodialysis.
The central composite design was carried out for modeling
of current efficiency and energy consumption as a function
of applied voltage, initial concentration of saline water, and
initial concentration of acid/base. Because EDR has a high
potential for application in reducing the volume of RO brine
as one of the effective concentrate management strategies.
It is highly important to study the desalination efficiency
and energy consumption of the EDR for designing hybrid
RO-ED plants for industrial-scale applications.

This work concentrates on the multi-response modeling
and improvement of the EDR process for the minimization
of brackish water RO brine volume by means of BBD.

2. Material and methods
2.1. Experimental set-up description

The ED stack was constructed by two commercial
CEM and AEM (Fujifilm Type 10) with the surface area of
200 ecm® Two tortuous-shaped titanium electrodes with
an effective area of 100 cm? were used. Two rubber tortu-
ous-shaped gaskets and one Plexiglas spacer were placed
between membranes to create and seal concentrate chan-
nels. Properties of the membranes and EDR stack used in
this study are shown in Tables 1 and 2, respectively. The
schematic of the experimental set-up and the position of
the valves to control the flow direction before and after
polarity reversal are shown in Fig. 1 and Table 3, respectively.

2.2. Experimental procedure

RO brines with three different TDSs were prepared
and fed into an ED stack with tortuous path flow at dif-
ferent flow rates and under different electrical potentials.
The desalination efficiency, ion mass flux and energy con-
sumption were the output responses. Apart from the pro-
motion of turbulency, the tortuous path leads to increasing
contact time of the water and membrane surfaces. Prior
conducting the experiments, the limiting current density
(LCD) was determined to avoid water dissociation in the
vicinity of the ion exchange membranes. Then the brine

Table 2
Specification of electrodialysis reversal stack

Body Material body Plexiglas
Dimensions of the body (cm) 2x15x17
Material of electrodes Titanium

Electrode Effective area (1 cm?)
Number of electrodes 2
Dimensions of spacer 6

Spacer Type of spacer Tortuous
Thickness of spacer (mm) 2.27
Material of gasket Rubber

Gasket Type of gasket Tortuous

Thickness (mm) 0.5
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Fig. 1. Scheme of the electrodialysis reversal process for reverse osmosis brine minimization.

Table 3
Performance of valves and pumps in the electrodialysis
reversal process

Valve number Pathway of streams

Normal operation Reversed operation

Valve 1 A B
Valve 2 B A
Valve 3 A B
Valve 4 B A

solutions with different electrical conductivities were made
by diluting the RO brine with deionized water, which
afterward were pumped into the EDR stack with tortuous
path flow at different flow rates and under different elec-
trical potentials. After 45 min electrodialytic brine treat-
ment, the electric field direction was reversed for 15 min
to clean up the surface of ion exchange membranes. The
desalination efficiency, ion mass flux, and energy con-
sumption were the output responses. All experiments were
carried out at room temperature.

Electrical conductivity (EC) is a water quality criterion
and a way of measuring the salinity level. The dilute stream
EC was measured using a portable conductivity meter
(Hanna HI8733 , Romania). Then the correlation between
EC (uS/cm) and TDS (ppm) in room temperature is repre-
sented using Eq. (1) [23].

TDS = kEC 1)

TDS = 0.62EC @)

where k increases with increasing ions variety in water and
generally varies from 0.55 to 0.7 [20]. Herein, to adequately
measure the value of TDS from EC, a linear regression equa-
tion [Eq. (2)] was obtained with R? of 0.9895. The desali-
nation efficiency (R, (%)) was also measured using Eq. (3),
where EC, and EC, are the initial and final electrical con-
ductivity of the brine sample, respectively.

EC. - EC
R=—-— 7

1

x100 3)

i

The ion mass flux (R, (mg/m?*s)) was calculated using
Eq. (4) as follows.

B (TDSi—TDSf)xQ

Rz - 29 (4)

where TDS, and TDSj, Q, and S are the initial and final
values of TDS (ppm), volume flow rate (mL/min), and
the effective surface area of the ion exchange membranes,
respectively.

The energy consumption (R, (Wh/L)) was also calcu-
lated by Eq. (5) as follows.

R = @)
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where Q is volume flow rate (L/h), V is the applied volt-
age and 1 is the average current (A), where is calculated

t
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2.3. Characterization of RO brine

In this study, we used the brine wastewater obtained
from brackish water RO plant (Kimia Daran Kavir, Yazd,
Iran). The brine quality specifications at 25°C are summa-
rized in Table 4.

2.4. Design of experiments

Three-factor BBD was applied to study and evaluate
the effects of applied voltage, feed flow rate, and initial
electrical conductivity of feed stream as the main input
independent variables affecting three responses including
desalination efficiency (%) (R,), ion mass flux (mg/m?s)
(R,), and energy consumption (Wh/L) (R,) in the RO brine
treatment using EDR. The input variables and their levels
and design of experiments are presented in Tables 5 and
6, respectively. Thirteen experiments were designed with
5 times replication of the central point for each response. In
this study, Design—-Expert 0.0.11 software was employed to
design the experiments as described in Table 6. To simul-
taneously maximize desalination efficiency and ion mass
flux while minimizing energy consumption, all the input
variable were justified to be in range.

3. Results and discussion
3.1. Results of limiting current density

Current density is an important operating parameter
affecting the energy consumption and water recovery rate
in the EDR process. To inhibit water splitting, the EDR sys-
tem should be operated below the LCD [21]. In this work,
LCD was determined using the experimental current-volt-
age plot. The results of current density vs. voltage is shown
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displayed in Table 6. The results of analysis of variance
(ANOVA) for each suggested regression model will be
given in flowing sections.

3.2.1. Modeling of desalination efficiency and statistical
analysis

A quadratic regression model for the prediction of
desalination efficiency vs. voltage (A), flow rate (B) and ini-
tial EC (C) has been applied. The reduced form of the sug-
gested model in terms of codded factors is given in Eq. (6).

R, =+8.52+2.65A+1.28B+1.33C +0.79AB +0.13AC

~1.41BC +1.39A% - 0.69B> — 0.6C> 6)

The results of ANOVA are summarized in Table 7. In
general, p-value less than 0.05 demonstrates that a param-
eter significantly affects the response. Herein, the p-value
of the suggested model is less than 0.0001, confirming that
the model is highly significant in the studied range of vari-
ables. The model F-value of 2,265.12 further indicates the
significance level of the model. The terms of all input vari-
ables, and mutual interaction terms, including AB, AC and
BC, and the second-order effects of parameters, including
A?, B* and C? are significant with the influence order of A >
C>B>A?>BC > AB > B*> C*> AC. Moreover, the p-value
of lack-of-fit (LoF) is 0.6843, revealing the goodness of fit
for the suggested model. The results of other statistical
analyses are shown in Table 8. The Adequate Precision of
195.229 is highly greater than 4 and implies that the sug-
gested model can be applied to navigate the design space.
The coefficient of variance (C.V.%) is the ratio of standard

Table 4
Quality of brine wastewater from brackish water reverse
0smosis process

haracteristi Val
in Fig. 2. As illustrated, the operating voltage should be Characteristics e
adjusted below 15 V. Therefore, to ensure the operation of pH 7.41
EDR stack to be in ohmic region the voltage of 11 V was con- Electrical conductivity (uS/cm) 27,300
sidered as an upper limit for the subsequent experiments. TDS (ppm) 17,010
This voltage is the overall voltage applied to electrodes. Total hardness (ppm) 4171
Effective voltage is less than these values due to potential Calcium hardness (CaCO., ppm) 1’ 612
drop in electrode chambers [24]. v PP !
Mg (ppm) 2,558
3.2. Results of modeling and optimization by BBD Cl (ppm) 7,318
M. ALK (CaCO,, ppm 189.62
The matrix of experiments designed by BBD along- P ALK (éaCO ¥ PI;)) 0
side the actual and predicted values of all responses are i v PP
Table 5
Input variables and their levels for Box-Behnken design modeling
Input variable Unit Symbol Coded and actual levels
-1 (low) 0 (medium) +1 (high)
Applied voltage \% A 5 8 11
Flow rate mL/min B 5 15 25
Electrical conductivity uS/cm C 5,000 10,000 15,000
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Table 6

Matrix of experiments designed by Box-Behnken design alongside the actual and predicted responses

Run A B C R, (%) R, (mg/m?s) R, (Wh/L)
Actual Predicted Actual Predicted Actual Predicted
value value value value value value
1 0.00 1.00 -1.00 8.63 8.65 5.51 5.49 0.73 0.72
2 -1.00 -1.00 0.00 6.11 6.15 1.91 1.95 0.03 0.02
3 0.00 -1.00 1.00 8.79 8.76 3.41 3.42 0.79 0.79
4 -1.00 0.00 1.00 7.88 7.86 9.02 8.90 0.35 0.35
5 1.00 -1.00 0.00 9.89 9.87 2.75 2.73 1.23 1.22
6 0.00 0.00 0.00 8.56 8.52 6.63 6.61 0.74 0.74
7 0.00 -1.00 -1.00 3.29 3.28 0.29 0.27 0.21 0.21
8 -1.00 0.00 -1.00 55 5.45 223 222 0.01 0.01
9 1.00 0.00 1.00 13.38 13.42 14.55 14.57 1.72 1.71
10 0.00 0.00 0.00 8.41 8.52 6.5 6.61 0.75 0.74
11 0.00 0.00 0.00 8.54 8.52 6.63 6.61 0.76 0.74
12 1.00 1.00 0.00 14.06 14.01 17.96 17.81 1.66 1.66
13 1.00 0.00 -1.00 10.48 10.49 4.39 4.47 1.34 1.33
14 -1.00 1.00 0.00 712 7.13 9.05 9.08 0.18 0.18
15 0.00 1.00 1.00 8.51 8.51 17.65 17.76 0.88 0.87
16 0.00 0.00 0.00 8.62 8.52 6.75 6.61 0.75 0.74
17 0.00 0.00 0.00 8.48 8.52 6.54 6.61 0.74 0.74
45 To evaluate the effect of each input variable on the desali-
40 o Limiting \ nation efficiency, the one-factor effect plots are shown in
B o35 Ohmic region current region Fig. 4a—c. The other input variables are considered at their
2 ) 0 g medium levels to prevent the extreme effects of them on
£ the response. The desalination efficiency is a strong func-
E 20 | tion of the applied voltage. By increasing applied voltage
¥ s Water from 5 up to 11V, the desalination efficiency is persistently
E 10l splitting accelerated. The higher applied voltage, the greater driving
@ 5 | region force for ions to move and pass through the ion exchange
o Lo membranes [25]. In terms of flow rate and initial EC (Fig. 4b
o Z 10 15 20 25 20 and c), it is found that the desalination efficiency increases

Voltage (V)

Fig. 2. Results of current density vs. voltage for determination of
limiting current density.

deviation to the mean. The lower the coefficient of variance,
the higher the accuracy of experiments. The C.V.% of 0.83
verifies the precision of experimental results. Coefficient
of determination (R?) is another tool for evaluating the fit-
ting quality of a regression model. The Pred-R? of 0.9980
is in reasonable agreement with the Adj-R? of 0.9992, and
both of them are so close to 1. Thus, the model is reliable
enough for the prediction of desalination efficiency in the
studied range of variables. Normal probability and pre-
dicted vs. actual are two diagnostic plots for evaluation of
regression models. It is evident from Fig. 3a that the resid-
uals follow a normal distribution. Besides, the predicted
vs. actual plot given in Fig. 3b depicts that the model pre-
dicts the experimental values with high accuracy. In addi-
ton, data points are well scattered around the reference
line, confirming the assumption of constant variance.

slightly when they increase and then tends to be steady at
the high levels of input variables. By increasing flow rate,
the frequency of solution exposure to the electrical filed
increases due to faster liquid circulation, which results in
increased ions availability for migration and exchange.
Moreover, increasing flow rate leads to the rise in Reynolds
number, which increases the desalination efficiency because
of suppression of concentration polarization effect [26,27].
However, when flow rate is adjusted at the high level of
25 mL/min, the residence time of the ions significantly
reduces and accordingly the ion migration rate is dimin-
ished. A similar trend is observed for the effect of initial EC
on the desalination efficiency. The desalination efficiency
increases when initial EC increases and then it reaches pla-
teau because of increasing mass transfer resistance.

The 3-dimensional (3D) surface plots of desalination
efficiency as a function of two independent variables are
shown in Fig. 5. From Fig. 5a, the best desalination effi-
ciency in a continues process can be obtained where both
the applied voltage and flow rate are in the high levels.
While both voltage and flow rate have an effect on desali-
nation efficiency in electrodialysis reversal systems, voltage
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Table 7

Results of analysis of variance for desalination efficiency modeling

Source Sum of squares df Mean square F-value p-value Prob. > F
Model 104.64 9 11.63 2,265.12 <0.0001
A-Voltage 56.18 1 56.18 10,945.17 <0.0001
B-Flow rate 13.11 1 13.11 2,553.59 <0.0001
C-Electrical conductivity 14.20 1 14.20 2,767.36 <0.0001
AB 2.50 1 2.50 486.36 <0.0001
AC 0.068 1 0.068 13.17 0.0084
BC 7.90 1 7.90 1,538.34 <0.0001
A? 8.12 1 8.12 1,582.64 <0.0001
B? 1.60 1 1.60 311.27 <0.0001
? 1.52 1 1.52 296.30 <0.0001
Residual 0.036 7 5.133E-003
Lack of fit 0.010 3 3.417E-003 0.53 0.6843
Pure error 0.026 4 6.420E-003
Cor. total 104.67 16
Table 8 both input variables are adjusted at somewhere between the

Results of other statistical analyses for desalination efficiency
modeling

Statistical analysis Value
Std. Dev 0.072
Mean 8.60
CV.% 0.83
PRESS 0.20
Adegq. precision 195.229
R? 0.9997
Adj-R? 0.9992
Pred-R? 0.9980

increases have a greater impact on desalination efficiency
than flow rate increases [28,29]. This is because increasing
the voltage increases the electric current and the potential
difference between the electrodes, causing faster movement
of ions toward the electrodes [29]. This movement reduces
the ion concentration in the dilute channels and conse-
quently reduces the electrolyte conductivity of the solu-
tion [28]. Therefore, desalination efficiency increases with
increasing voltage up to a subcritical value [29]. Therefore,
it may depend on the specific operating conditions and
process parameters of the electrodialysis reversal system,
but in general, voltage seems to have a higher effect on
desalination efficiency than flow rate.

The adequate driving force for overcoming the mass
transfer resistance and interruption of concentration polar-
ization leads to the increasing desalination efficiency. Fig. 5b
demonstrates that the desalination efficiency reaches the
maximum value when both applied voltage and initial EC
are at high levels. When initial EC is at the high level, it can
be said that there is a concentration gradient promoting
mass transfer. The curvature of desalination efficiency plot
vs. flow rate and initial EC (Fig. 5c) demonstrates that the
best value of desalination efficiency can be obtained when

medium and high levels.

3.2.2. Modeling of ion mass flux and statistical validation

As can be seen from Table 6, the results of ion mass
flux are in the range of 0.29 to 17.96, and the maximum to
minimum ratio is 61.931. A ratio greater than 10 indicates
a transformation is required. Herein, square root trans-
form is suitable to achieve a significant modeling. BBD
suggests a quadratic model for prediction of square root of
ion mass flux as a function of applied voltage (A), flow rate
(B) and initial feed electrical conductivity (C). The reduced
form of the suggested model in terms of codded factors
is given in Eq. (7).

Sqrt(R,)=+2.57 +0.36A +1.05B +0.8C + 0.24AB
+0.052AC +0.14BC +0.18 A2 = 0.18 B> —0.15C? ()

The results of ANOVA for the modeling of square root
of ion mass flux are shown in Table 9. Based on the p-value
and F-values, the suggested model is highly significant.
Moreover, all first-order input variables alongside the
mutual interactions of AB, AC and BC, and the second-or-
der effects of A% B* and C? are significant with the signif-
icance order of B> C > A > AB > A>= B*> C?>> BC > AC.
The non-significant level of LoF with a p-value of 0.2924
reveals that the model can fit the experimental data well.
The results of other statistical analyses for the modeling of
desalination efficiency are given in Table 10. The adequate
precision of 222.601 confirms an adequate signal to navigate
the design space. The C.V.% of 0.87 implies the accuracy of
the regression model. The Adj-R? of 0.9995 and Pred-R* of
0.9979 further confirm the capability of the model to predict
the square root of ion mass flux in the studied range. The
normal probability and predicted vs. actual plots are dis-
played in Fig. 3c and d. The normal probability plot exhib-
its that the residuals follow a normal distribution. Also, the
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Fig. 3. (a,ce) Normal probability and (b,d,f) predicted vs. actual plots for the regression models of desalination efficiency,
ion mass flux and energy consumption, respectively.

predicted vs. actual plot demonstrates that the predicted To assess the effects of input variables on the ion mass
responses from the regression model are consistent with  flux, the plots of one-factor effects are shown in Fig. 4d—f.
the responses from the experimental observations. The other variables are kept constant at the medium levels. It
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Fig. 4. One-factor plots of (a,d,g) applied voltage, (b,e/h) flow rate, and (c,f,i) electrical conductivity on the desalination efficiency,

ion mass flux and energy consumption, respectively.

is apparent from Fig. 4d that increasing the applied voltage
from 0 up to 11 V increases the ion mass flux, because the
applied voltage is indeed the driving force of ion migration
[21]. Based on the Nerst-Plunck equation [30], the electro-
migration of the ions is propotional to gradient of applied
voltage, thus it is reasonable that ion mass flux enhances
with the increment of applied voltage. Flow rate and initial
EC also affect the ion mass flux, as shown in Fig. 4e and f.
The increment of flow rate results in the increasing the ion
mass flux. Flow rate can affect mass transfer coefficient so
that a higher flow rate leads to the enhancement of mass
transfer flux. A similar trend is observed for the variation
of initial EC. The best value of ion mass flux is obtained at
maximum value of initial EC.

The results of ANOVA confirmed the mutual interac-
tion of AB, AC and BC. Fig. 6 depicts the 3D surface plots
of square root of ion mass flux influenced by the simulta-
neous variation of independent variables. The other input

variable is kept constant at the medium level. As can be
seen from Fig. 6a, the best ion mass flux can be obtained by
adjusting both applied voltage and flow rate at high levels.
The high value of voltage can support the driving force of
ion migration even when the residence time of ions is at the
minimum level.

Despite some slight differences, the 3D plots of square
root of ion mass flux and desalination efficiency have
a similar curvature, and the best results of ion mass flux
and desalination efficiency are obtained at the same val-
ues of input variables. It is reasonable that the higher
desalination efficiency is a result of higher ion mass flux.
Fig. 6b indicates that the ion mass flux can be maximized
by adjusting both applied voltage and initial EC at the
high levels. Fig. 6c illustrates the 3D plot of square root of
ion mass flux as a function of flow rate and initial EC. The
best response is obtained when both flow rate and initial
EC are at the high levels. These results are in agreement
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with the results obtained from the regression modeling of
desalination efficiency. While both voltage and flow rate
have an effect on ion mass flux and desalination efficiency
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in electrodialysis reversal systems, flow rate increases
have a greater impact on mass flux and mass transfer
coefficient than voltage increases [28,31]. This is because
increasing the current density by increasing the voltage
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Table 9

Results of analysis of variance for square root of ion mass flux modeling

Source Sum of squares df Mean square F-value p-value Prob. > F
Model 15.61 9 1.73 3,700.52 <0.0001
A-Voltage 1.07 1 1.07 2,272.20 <0.0001
B-Flow rate 8.76 1 8.76 18,680.17 <0.0001
C-Electrical conductivity 5.11 1 5.11 10,893.43 <0.0001
AB 0.23 1 0.23 484.74 <0.0001
AC 0.011 1 0.011 23.34 0.0019
BC 0.074 1 0.074 158.86 <0.0001
A? 0.14 1 0.14 305.58 <0.0001
B? 0.14 1 0.14 303.24 <0.0001
? 0.100 1 0.100 212.47 <0.0001
Residual 3.281E-003 7 4.687E-004
Lack of fit 1.869E-003 3 6.231E-004 1.77 0.2924
Pure error 1.412E-003 4 3.529E-004
Cor. total 15.61 16
Table 10 may cause limitations due to concentration polarization [a].

Results of other statistical analyses for square root of ion mass
flux modeling

Statistical analysis Value
Std. Dev 0.022
Mean 2.50
CV.% 0.87
PRESS 0.032
Adegq. precision 222.601
R? 0.9998
Adj-R? 0.9995
Pred-R? 0.9979
Table 11

Results of analysis of variance for energy consumption modeling

On the other hand, increasing the flow rate may enhance
the mass transport by reducing the boundary layer thick-
ness and increasing the turbulence [32]. Therefore, it may
depend on the specific operating conditions and pro-
cess parameters of the electrodialysis reversal system,
but in general, flow rate seems to have a higher effect
on ion mass flux and desalination efficiency than voltage.

3.2.3. Modeling of energy consumption and statistical
validation

The third response of this process is energy consump-
tion which is vital to be minimize for realization of the

Source Sum of squares df Mean square F-value p-value Prob. > F
Model 4.21 9 0.47 7,192.99 <0.0001
A-Voltage 3.62 1 3.62 55,662.31 <0.0001
B-Flow rate 0.18 1 0.18 2,723.27 <0.0001
C-Electrical conductivity 0.26 1 0.26 4,043.27 <0.0001
AB 0.020 1 0.020 301.54 <0.0001
AC 4.000E-004 1 4.000E-004 6.15 0.0422
BC 0.046 1 0.046 711.15 <0.0001
A? 0.055 1 0.055 852.96 <0.0001
B? 0.032 1 0.032 498.79 <0.0001
c? 2.529E-004 1 2.529E-004 3.89 0.0892
Residual 4.550E-004 7 6.500E-005

Lack of fit 1.750E-004 3 5.833E-005 0.83 0.5413
Pure error 2.800E-004 4 7.000E-005

Cor. total 421 16
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Table 12

Results of other statistical analyses for energy consumption
modeling

Statistical analysis Value
Std. Dev 0.008
Mean 0.76
CV.% 1.06
PRESS 0.003
Adegq. precision 276.139
R? 0.9999
Adj-R? 0.9998
Pred-R* 0.9992

process. The energy consumption model sugeested by
BBD is quadratic, and its codded form is given in Eq. (8).

R, =+0.75+0.67A+0.15B+0.018C +0.07 AB + 0.01AC
-0.11BC +0.11A* + -0.088 B* - 0.0077C> 8)

The results of ANOVA (Table 11) demonstrate the highly
significance level of the model with p-value lower than
0.0001 and F-value of 7,192.99 [29,30]. With p-value lower
than 0.05, the input variables of A, B and C, the mutual inter-
actions of AC, AC and BC, and the second-order effect of A?,
B? and C? are significant terms for the modeling of energy
consumption. Based on the F-values, the significance order
of A>C>B>A?>BC>B?>AB>AC > (C*is deduced. The
p-value of 0.5413 exhibits that the LoF is non-significant and
thereby the model is capable to fit the experimental data.
Moreover, from Table 12, the adequate precision of 276.139
and C.V.% of 1.06 are high and low enough, respectively.
The Pred-R? of 0.9992 is in reasonable agreement with the
Adj-R? of 0.9998. The normal probability and predicted vs.
actual plots are displayed in Fig. 3e and f to diagnosis the
validity of the regression model of energy consumption.
Fig. 3e displays that the residuals follow a straight line,
confirming that the normally distribution of data. As can
be seen from Fig. 3f, the predicted and actual points are
scattered around the regressed diagonal line, which is in
agreement with the high value of Pred-A? and indicates that
the predictability of the model is satisfactory.

The one-factor plots for energy consumption as a func-
tion of each independent variables are given in Fig. 4g—i. It
is deduced from Fig. 4g that the applied voltage has a strong
effect on the energy consumption. The effects of other input
variables, flow rate and initial EC, on the energy consump-
tion are consistent with those on the desalination efficiency
because the desalination is a result of ion transfer through
the membranes and ion transfer is responsible for generated
current. The 3D surface plots showing the effect of mutual
interactions of AB, AC and BC on energy consumption are
presented in Fig. 7. From Fig. 7a, the energy consumption
can be minimized where both applied voltage and flow
rate are at low levels. This result verifies the result obtained
from the variation of desalination efficiency as a function of
applied voltage and flow rate (Fig. 5a). Also, it is seen that
the effect of applied voltage is more significant than that
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of flow rate on the energy consumption. Fig. 7b demon-
strates that the energy consumption is minimized when
both applied voltage and initial EC are at the low levels.
Moreover, it is depicted from Fig. 7c that to minimize the
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Table 13
Predicted and actual responses at optimum condition

Responses R, (%) R, (mg/m?s) R, (Wh/L)
Predicted 8.68 15.27 0.80
Actual 8.69 15.25 0.81
12050
12000 A 11987
1951 11957 11968
—~ 11950 -
g Loy 11923
L1000 { g 11882 11892
&)
= 11850
11800 1
11750 A

Run1l Run2 Run3 Run4 Run5 Run6 Run7 Run8 Run9 Runl0

Fig. 8. Results of final electrical conductivity of diluted water
after 10 times electrodialysis reversal process at the optimum
condition.

energy consumption, both flow rate and initial EC should be
adjusted at their lowest levels. Under this circumstance, the
current carried by transferred ions is minimized, thus dimin-
ishing energy consumption. The results obtained from mod-
eling of energy consumption is in agreement with the results
obtained by the modeling of desalination efficiency.

3.2.4. Optimization and verification study

For realization of the waste minimization by EDR pro-
cess, it is important to find the optimum condition of input
variables under which by consuming the lowest amount of
energy, the highest desalination efficiency could be achieved.
Multi-response optimization was done by adjusting A, B,
and C parameters in their defined ranges to maximize both
desalination efficiency and ion mass flux, while minimizing
energy consumption simultaneously. The optimum condi-
tion of applied voltage of 7.7 V, flow rate of 25 mL/min and
initial EC of 13,000 uS/cm were found. Table 13 indicates the
predicted values of desalination efficiency, ion mass flux, and
energy consumption at the optimum condition with desir-
ability of 0.894. An experiment was conducted and tripli-
cated at optimum condition to verify the predicted results.
As can be clearly seen from Table 13, the actual values of
desalination efficiency, ion mass flux and energy consump-
tion are in reasonable agreement with the predicted values,
implying the reliability and accuracy of the models.

3.2.5. Evaluation of self-cleaning effect by reversing polarity

The influence of the polarity reversal time on the pro-
cess performances was investigated by increasing time from
10 to 60 min. considering all operational parameters 45 min
was chosen for the polarity reversal time for all test runs.
In order to evaluate the self-cleaning effect of EDR process,
under optimum condition, the ED process was performed for

45 min followed by reversing polarity for 15 min, and this
process was repeated for 10 times. The final EC of diluted
water after each run is shown in Fig. 8. As it can be seen,
the EC was diminished from 13,000 up to 11,297 uS/em for
the first run which corresponds to 8.69% desalination effi-
ciency. After 10 times self-cleaning of the membranes via
reversing polarity, the desalination efficiency was reduced
up to 7.79% which shows that the polarity reversal can sig-
nificantly help with membrane cleaning.

4. Conclusion

The performance of RO brine minimization using EDR
process is highly dependent on the operating parameters.
In this study, applied voltage, flow rate and initial EC were
studied as independent input variables and desalination
efficiency, ion mass flux and energy consumption were con-
sidered as the output responses. Box-Behnken experimen-
tal design suggested a correlation between the input vari-
ables and output responses with high values of Pred-R? The
desalination efficiency regression model shows the mutual
interactions of applied voltage-EC, applied voltage-flow
rate and flow rate-EC. It was found that there is a trade-off
between the desalination efficiency and energy consump-
tion. The energy consumption regression model was a
strong function of applied voltage and the least amount of
energy consumption was supported at the lowest value of
applied voltage. The optimization conditions for maximiz-
ing the desalination efficiency while minimizing energy con-
sumption were obtained to be voltage of 7.7 V, flow rate of
25 mL/min and initial EC of 13,000 pS/cm with the predicted
desalination efficiency of 8.68%, ion mass flux of 15.27 mg/
m?s, and energy consumption of 0.8 Wh/L. The actual
responses at the optimum conditions verified the reliability
and predictability of the models.
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