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ARTICLE INFO ABSTRACT
Handling Editor: Dr. E. Brillas Industrial reverse osmosis concentrate (ROC) was electrochemically oxidized using a continuous-flow system
(CFS) with a front buffer tank. Multivariate optimization including Plackett-Burman (PBD) and central composite
Keywords: design based on response surface method (CCD-RSM) was implemented to investigate the effects of characteristic

Industrial reverse osmosis concentrate
Electrochemical treatment

High effluent quality

Multivariate optimization

Toxic byproduct control

(e.g., recirculation ratio (R value), ratio of buffer tank and electrolytic zone (Ry value)) and routine (e.g., current
density (i), inflow linear velocity (v) and electrode spacing (d)) parameters. R, v values and current density
significantly influenced chemical oxygen demand (COD) and NH{—N removal and effluent active chlorine
species (ACS) level, while electrode spacing and Ry value had negligible effects. High chloride content of in-
dustrial ROC facilitated the generation of ACS and subsequent mass transfer, low hydraulic retention time (HRT)
of electrolytic cell improved the mass transfer efficiency, and high HRT of buffer tank prolonged the reaction
between the pollutants and oxidants. The significance levels of COD removal, energy efficiency, effluent ACS
level and toxic byproduct level CCD-RSM models were validated by statistical test results, including higher F
value than critical effect value, lower P value than 0.05, low deviation between predicted and observed values,
and normal distribution of calculated residuals. The highest pollutant removal was achieved at a high R value, a
high current density and a low v value; the highest energy efficiency was achieved at a high R, a low current
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density and a high v value; the lowest effluent ACS and toxic byproduct levels were achieved at a low R value, a
low current density and a high v value. Following the multivariate optimization, the optimum parameters were
decided tobe v =1.2 cm h’l, i>8mA cm’z, d >4, Ry=10-20 and R = 1 to achieve better effluent quality (i.e.,
lower effluent pollutant, ACS and toxic byproduct levels).
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1. Introduction

While the coal chemical industry serves as an important feedstock for
many industrial sectors, abundant wastewater with complex composi-
tions (e.g., polycyclic aromatic hydrocarbons and nitrogenous hetero-
cyclic compounds (Li et al., 2021) and total dissolved solids (Shi et al.,
2020)) is generated during the production process. A combined process
including pretreatment, biochemical treatment, and reuse treatment is
usually implemented to achieve zero liquid discharge (ZDL) of coal
chemical wastewater. Currently, a typical reuse technology, i.e., reverse
osmosis (RO) technology, has been widely applied in coal chemical
factory due to its capacity for producing reclaimed water with high
quality (Lan et al., 2018; Liu et al., 2019b). However, a considerable
amount of water is converted into a waste stream (i.e., RO concentrate
(ROCQ)), which often contains high levels of toxic refractory organics and
nutrient substances and has high salinity (Lan et al., 2018; Li et al.,
2022). In most engineering practices, various
evaporation-crystallization processes (e.g., multi-stage flash evapora-
tion (Thm et al., 2016) or spray dryer (Panagopoulos et al., 2019)) were
used to achieve ZDL treatment of ROC to reduce the environmental risks.
Some membrane technologies (e.g., forward osmosis, membrane distil-
lation or electrodialysis (Panagopoulos et al., 2019)) were used to pre-
concentrate ROC to reduce the operational costs. However, a certain
amount of recalcitrant organics could cause severe microbial membrane
pollution (Tijing et al., 2015) and disturb the operation of the evaporator
and crystallizer (Li et al., 2021).

Electrochemical technology offers advantages for ROC pretreatment
including effective and robust control of reaction conditions, in-situ
generation of oxidants and operation at ambient temperature and
pressure (Bagastyo et al., 2011; Radjenovic et al., 2011), thus having
great potential to support the stable operation of ZDL treatment process.
However, high energy requirements (Soriano et al., 2019), high residual
ACS levels in effluent (Ndlwana et al., 2020), and remarkable formation
trends of toxic byproducts (Bagastyo et al., 2011) have considerably
limited the wide application of electrochemical technology. Currently,
most studies were solely devoted to the optimization of electrolytic
parameters for batch systems, while a few studies have investigated the
potential effects of specific parameters (Kaur et al., 2018a, 2019; Le
et al., 2019) on the performance of continuous-flow system (CFS). An
overall survey identified three continuous-flow electrolytic system (CFS)
types those had been widely-used, including CFS without electrolytic
effluent recirculation (Kaur et al., 2018a) (i.e., CFS-A system), CFS
system with a rear buffer tank (Radjenovic et al., 2011) (i.e., CFS-B
system) and CFS system with a front buffer tank (Dominguez-Ramos
and Irabien, 2013) (i.e., CFS-C system), whereas only few studies have
optimized the parameters of the CFS system with recirculation (Radje-
novic et al., 2011; Basha et al., 2012). Our previous study has demon-
strated that the introduction of effluent recirculation in the CFS-B and -C
system increases energy efficiency by 2.1-2.4-fold and decreases

effluent COD level by 3.8-5.4-fold compared with the CFS-A system,
attributed to the reutilization of long-lived active ACS oxidants. More-
over, a lower actual inflow rate of the electrochemical cell and signifi-
cant consumption of ACS oxidants by oxygen-consuming substances
entered into the front buffer tank of the CFS-C system considerably
reduce the effluent ACS level by 60% compared with CFS-B system (Li
et al., 2022). Finally, the CFS-C system is finally recommended for future
engineering implementation.

The existences of effluent recirculation and buffer tank are identified
as important characteristics of the CFS system with recirculation. An
overall survey showed a considerable range of the correlative parameter
levels, i.e., recirculation ratio (R) and ratio of buffer tank and electro-
lytic zone (Ry) which had been set in previous studies as 12 and 1
(Radjenovic et al., 2011) of the CFS-B system, and 27—133 (Basha et al.,
2012; Dominguez-Ramos and Irabien, 2013) and 4.2 (Basha et al., 2012)
(or ~286 (Dominguez-Ramos and Irabien, 2013)) of the CFS-C system
respectively. The significant differences of R and Ry values not only
influenced the investments and operative costs, but also the pollutant
removal performance of the electrolytic system. Unfortunately, the po-
tential effects of R and Ry values have not received much attention so far
for the treatment of wastewater. Moreover, there have been no sys-
tematic investigations concerning the potential effects of individual ef-
fects and interactions between the characteristic (i.e., R and Ry values)
and routine (i.e., inflow linear velocity, v value), current density and
electrode spacing) parameters on energy consumption, pollutant
removal, as well as effluent ACS and toxic byproduct levels.

In this study, we first adopted Plackett-Burman design (PBD) to
screen the significant variables and investigate the potential effects of
significant variables on the performance of CFS-C system; the first order
polynomial models were optimized. Subsequently, we adopted central
composite design based on response surface method (CCD-RSM) to
investigate the individual effects and interactions of statistically signif-
icant variables; the CCD-RSM polynomial models were also optimized.
Finally, we adopted the multivariate optimization tool using with
desirability function to simultaneously optimize the parameters of the
CFS-C system.

2. Materials and methods
2.1. ROC, electrolytic system and analytical method

The ROC used in this study (189 mg L™ COD, 2.6 mg L™* NHj —N,
32 mS cm~! conductivity, 4549 mg L~ CI7) was collected from the
secondary RO unit of a full-scale coal chemical wastewater treatment
plant (Shenhua Ningxia Coal Chemical Co. Ltd , Ningdong City, Ningxia
Province, China). Electrolytic experiments were performed in a CFS-C
system (Fig. 1), including a plexiglass single-compartment electro-
chemical cell placed horizontally (established by Li et al. (2022)), a
precision-regulated power supply (PS-305D, ZHAOXIN, Shanghai,
China), a 3-L feed tank, a buffer tank, two peristaltic pumps (BT100-2J,
LongerPump, Baoding, China). The details of the electrolytic system and
analytical methods are provided in Supplementary Text S1.

2.2. Screening of significant variables and optimization of first-order
models by means of PBD

In this work, we adopted PBD for screening and identifying the
variables those significantly influenced the performance of the CFS-C
system. The statistical software package Design Expert (v.20, Stat-Ease
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Inc., Minneapolis, USA) was used for conducting the analysis. Of the 11
variables screened, 5 comprised of actual variables (i.e., R, Ry and v
values, current density and electrode spacing) and the remaining six
were dummy variables. Each variable was set at two levels (Table S1), i.
e., high (+1) and low (—1), where the high/low levels were decided
based on literature and our previous study (Supplementary Text S2).
Center point (0) was defined as the average of the high and low settings.
Out of the matrix of 15 runs, 3 were replicates of the center point and the
remaining 12 were composed of various combinations of the 11 factors,
as shown in Table S2. One-way analysis of variance (ANOVA), diagram
of relationship between predicted and measured values, and pareto
chart of effects were used to identify the significance levels of the PBD
polynomial models, determine the significant variables and optimize the
models.

2.3. Optimization of CCD-RSM polynomial models and electrolytic
conditions

A three-factor CCD-RSM was then conducted to investigate the po-
tential effects of significant variables on the pollutant removal, energy
efficiency, effluent ACS and toxic byproduct levels, and to simulta-
neously optimize the levels of the significant variables. The levels of
significant variables were established in accordance with the geometry
of the design and the ranges previously used in the PBD. The analysis of
the experimental data was supported by Design Expert, including
ANOVA, diagram of relationship between predicted and measured
values, and normal probability plot of residuals to identify the signifi-
cance levels of the CCD-RSM models. Then the contour diagrams were
used to investigate the individual effects and interactions of various
variables, and to determine the optimum conditions for each response
achieving the optimum level. Finally, the simultaneous optimization of
variables was performed using the multivariate optimization tool with
desirability function. All the experiments in the PBD and CCD-RSM were
performed randomly to minimize the effect of uncontrolled factor that
may introduce bias.

3. Results and discussion

Besides the electrolytic system type, operational conditions could
impact the performance of electrolytic system, it is of great practical
significance to carry out the research for optimization of operational
parameters with specific electrolytic performance for ROC treatment. In
this study, the multivariate optimization process was performed using
the RSM strategy. The PBD was used to study the effects of five pa-
rameters such as R, Ry and v values, current density and electrode
spacing on COD, NHj —N removal and effluent ACS level, while the CCD-
RSM was used to further study the effects of significant parameters such
as R, v values and current density on pollutant removal, energy effi-
ciency, effluent ACS and toxic byproduct levels.
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3.1. Screening of significant variables and optimization of first-order
models by means of PBD

A PBD is widely used (e.g., electrochemical sensor synthesis (Armas
et al., 2016; Nezhadali and Mojarrab, 2016) and polymer material
synthesis (Ding et al., 2020)) to screen significant variables. The ob-
tained model from PBD, i.e., first-order polynomial model, does not
describe the interaction between the parameters (Nezhadali and
Mojarrab, 2016). The analysis process of the PBD experiment data was
described as follows: (1) The multivariate regression analysis was per-
formed to obtain the first-order polynomial models (Eq. (S1)-(S3) in
Supplementary Text S2); (2) The quality of polynomial models was
evaluated by exploiting ANOVA (including R? and Rgdj values, adequate
precision, F test absolute value of effect (i.e., |Eg| or F value) and prob
> F value (i.e., P value), Table 1), predicted-observed plots (Fig. 2) and
residual-predicted plots (Fig. S6); (3) The significance of each variable
was validated by exploiting ANOVA (including F and P values, and %
contribution, Table 1) and pareto charts (Fig. 3), and the optimized
polynomial models (Egs. (1)-(3)) were subsequently obtained by

Table 1
Analysis of statistical significance levels of the polynomial models and variables
included in the PBD.

Source Sum of df  Mean F- P-value %
Squares Square value contribution

Pr-cop (%)

Model * 4716 5 943 27 <0.0001*

R 10 1 10 0.29 0.60 0.20

v 990 1 990 29 0.0007* 20

i 3710 1 3710 108 <0.0001* 74

a 4.1 1 4.1 0.12 0.74 0.08

Ry 2.1 1 2.1 0.06 0.81 0.04

Residual 275 8 34

PR7NH}—N (%)

Model ” 17589 5 3518 92 <0.0001*

R 44 1 44 1.2 0.31 0.20

v 0.75 1 0.75 0.02 0.89 0.0004

i 17404 1 17404 455 <0.0001* 81

a 0.08 1 0.08 0.002 0.96 0.003

Ry 140 1 140 3.7 0.09* 0.65

Residual 306 8 38

Pa(mgL™")

Model © 173000 5 34528 16 0.0006*

R 25866 1 25866 12 0.01* 13

v 3668 1 3668 1.65 0.23 1.9

i 138600 1 138600 62 <0.0001* 72

a 1853 1 1853 0.83 0.38 0.97

Ry 2629 1 2629 1.2 0.31 1.4

Residual 17781 8 2223

*Statistically significant at o = 0.05.
aR?= 0.94; Rgdj = 0.91; adequate precision = 14.
bR2 = 0.98; Rgdj = 0.97; adequate precision = 21.
¢ R%=0.91; Rgdj = 0.85; adequate precision = 12.

(3)

™ (2) Effluent
.

<‘-.~ﬂ
Influent !

Recirculation

————

Fig. 1. The CFS-C system: (1) feed tank; (2, 4) pump; (3) buffer tank; (5) electrochemical unit; and (6) power supply.
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Fig. 2. Predicted versus actual values in the PBD: (a) COD removal, (b) NH; —N
removal and (c) effluent ACS level.

removing statistically insignificant variables.

Figs. S1 and S2 show the fluctuating variations of effluent COD,
NH4-N, and AGCS levels (Fig. S1) and pH, water temperature and con-
ductivity levels and voltages (Fig. S2) in the PBD experiments. The
fluctuating variations of physicochemical indexes within narrow ranges
indicated the CFS-C system remained under a quasi-steady state.
Table S2 shows the experimental domain of the variables and summa-
rizes the mean values and standard deviations of all responses. The first-
order regression models are shown as Egs. (§1)—(S3) in Supplementary
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Fig. 3. Pareto chart of t-value of |effect| in the PBD: (a) COD removal, (b)
NHj —N removal and (c) effluent ACS level.

Text S2. ANOVA is always used to investigate the significance levels of
polynomial models and independent variables (Nezhadali and Mojarrab,
20165 Ghosh and Mukherji, 2018). A detailed description of ANOVA is
included as Supplementary Text S3. The E value obtained applying the
modified algorithm of Dong approach (Armas et al., 2016) was 2.26.
Validation of the statistical results is analyzed using ANOVA presented
in Table 1, in the terms of R? and Rgdj values, adequate precision, F and P
values and % contribution. Figs. 2-3 and S6 display the
predicted-observed plots (Fig. 2), Pareto charts (Fig. 3) and
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residual-predicted plots (Fig. S6). The responses were well fitted to the
polynomial models with high R?, Rgdj and adequate precision (Table 1).
A F-value higher than E; and P-value less than 0.05 in the ANOVA
indicate the statistical significance of a polynomial model or variable at
the 95% confidence level (Thakur et al., 2009; Armas et al., 2016;
Ghanbari et al., 2017), while a P value higher than 0.1 indicates a model
or variable is insignificant (Cruz-Gonzdlez et al., 2010; Kaur et al.,
2018a). In this study, the PBD model F and P values showed that the
models estimated by the regression procedure were significant at the
95% confidence level. Additionally, the excellent linear regression fits
between predicted and observed values (Fig. 2), as well as randomness
of residual distribution (Fig. S6), indicated that all models were
perspective in studying the effects of influencing factors on the re-
sponses. Of five variables studied, v, R and i had considerable influences
at the 95% confidence level. With regards to the COD removal model,
the P values of estimated coefficients of v and i were significantly less
than 0.05, indicating they were significantly related to the response COD
removal. The Pareto chart of effects (Fig. 3a) revealed that the |Egy]
values of effects for i and v overpassed t-value limit, implying that they
exerted statistically significant influences. Meanwhile, the |E.| values
of effects for Ry, R and electrode spacing were lower than the signifi-
cance line, which can be attributed to random statistical errors (Chat-
zisymeon et al., 2009; Zhang et al., 2010) or the factors can be regard as
insignificant variables (Dominguez et al., 2010; Velegraki et al., 2010).
The % contribution of i and v was 74 and 20%, respectively, whereas the
total % contribution of other three variables was only 0.32%. As for the
NHZ —N removal model, only i was statistically significant, while other
variables exerted statistically insignificant influences (Table 1 and
Fig. 3b). As for the ACS level model, the roles of R and i were more
important than those of R, Ry and electrode spacing (Table 1 and
Fig. 3c).

There are studies established that a small electrode spacing improves
the pollutant removal (Jin et al., 2014), decreases the resistance and
energy consumption (Liu et al., 2019a) (due to the resistance depends
almost linearly on the electrode spacing (Martinez-Huitle et al., 2015)),
while other ones report the opposite trend observing the decrease of
current efficiency and increase of electrode maintenance complexity
when a small electrode spacing is adopted (Jin et al., 2014). In this
study, although the electrode spacing had a negligible effect on the
performance of the CFS-C system, the increase of electrode spacing
could lead to the reduction of mass transfer resistance of pollutants and
oxidants. This is because the gas generation rate and thickness of gas
bubble layer decreases as the electrode spacing increases (Liu et al.,
2018). Moreover, the greater electrode spacing had the potential for
reducing the fixed investment. The front buffer tank could be regarded
as one advanced oxidation reactor, thus oxygen-consuming substances
entered into the buffer tank could be removed by ACS oxidants gener-
ated in the electrochemical cell. Under these conditions, the HRT of
buffer tank (5.6—33 h) was significantly greater than that of the previ-
ous advanced system (e.g., ~1.3 h of ozone-biological activated carbon
system (Lee et al., 2009)), leading to the prolonged reaction between the
pollutants and oxidants. Therefore, the performance of the CFS-C system
under the conditions of smaller Ry value and greater electrode spacing
need to be further optimized to reduce the fixed investment. After
removing the coefficients having negligible influences, the optimized
polynomial models of COD, NH} —N removal and ACS level (i.e., Pr.cop
(opt.)s Pr-N; ~N(opt.) and Pagpt.)) are found to be:

Pr_cop(op) = 76.63=7.5Tv + 3.90i @
Pr_wut -niop) =17.50 + 8.46i 2
Paopr) =—=50.65 +23.21R + 23.39v 3)
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3.2. Optimization of CCD-RSM polynomial models

A CCD-RSM is applied in the optimization of variables which are
considered significant according to the results obtained in the PBD.
During the optimization process of the CCD-RSM, relationship of
response, main variables, and interactions can be formulated as a
quadratic model (Nezhadali and Mojarrab, 2016). The analysis process
of CCD-RSM experiment data was described as follows: (1) The multi-
variate regression analysis was performed to obtain the polynomial
models of pollutant removal, energy efficiency, effluent ACS and toxic
byproduct levels (Eq. (S13)—(S16) in Supplementary Text S4); (2) The
quality of polynomial models was evaluated by exploiting ANOVA
(Table 2), predicted-observed plots (Fig. 4) and normal probability plots
of residuals (Fig. S7); (3) The significance of each variable was validated
by exploiting ANOVA (Table 2), and the optimized polynomial models
(Egs. (4)-(7)) were subsequently obtained by removing statistically
insignificant variables.

Generally, CCD-RSM is characterized by three operations including a
full factorial design (2k), a star design (axial points 2k) and replicates at
center points Cy, where k denotes number of factors (Dominguez et al.,
2010; Basiri Parsa et al., 2013; Nezhadali and Mojarrab, 2016). The
three-factor CCD-RSM in this research is designed, which has been
adopted in many previous design procedures (Velegraki et al., 2010;
Basiri Parsa et al., 2013; Wang et al., 2020). Equations (S4) and (S5) (in
Supplementary Text S4) are used for calculating axial low and high
levels of R, v and i values. The various levels of the variables investigated
are calculated as shown in Table S3. Figs. S3 and S4 show the fluctuating
variations of effluent pollutant and ACS levels (Fig. S3) and pH, water
temperature and conductivity levels and voltages (Fig. S4) in the

Table 2

ANOVA results of the polynomial models of COD removal (Cgr, %), energy effi-
ciency (Cg, g COD (kW h)™1), effluent ACS level (C,, mg L™!) and toxic
byproduct level (Cg, mg L) in the CCD-RSM.

Source Sum of Squares df Mean quare F-value P-value
Cr (%)

Model * 5432 3 1811 17 <0.0001*
R 322 1 322 3.0 0.10%

v 2051 1 2051 19 0.0005*

i 3058 1 3058 28 <0.0001*
Residuals 1749 16 109

Cg (g COD (kW h)™1)

Model " 840 3 280 25 <0.0001*
R 42 1 42 3.8 0.07*

v 325 1 325 30 <0.0001*
i 473 1 473 43 <0.0001*
Residuals 176 16 11

Ca (mgL™)

Model © 88156 9 9795 93 <0.0001*
R 20657 1 20657 196 <0.0001*
v 17321 1 17320 164 <0.0001*
i 41565 1 41565 394 <0.0001*
Rv 325 1 325 3.1 0.10%

Ri 1596 1 1596 15 0.003*

vi 136 1 136 1.3 0.28

R? 4088 1 4088 39 <0.0001*
V2 1329 1 1329 13 0.01*

i 735 1 735 7.0 0.02*
Residuals 1056 10 106

Cp (mg L")

Model 0.60 3 0.20 12 0.0002*
R 0.07 1 0.07 4.2 0.06*

v 0.50 1 0.50 31 <0.0001*
i 0.03 1 0.03 2.0 0.17
Residuals 0.26 16 0.02

*Statistically significant at a = 0.05.
3 R? =0.76; Rgdj = 0.71; adequate precision = 14.
bR2 = 0.82; Rgdj = 0.79; adequate precision = 17.
¢ R? =0.99; Rgdj = 0.98; adequate precision = 36.
dR2= 0.69; Rgdj = 0.64; adequate precision = 11.
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Fig. 4. Predicted versus actual values in the CCD-RSM: (a) COD removal, (b) energy efficiency, (c) effluent ACS level and (d) toxic byproduct level.

CCD-RSM experiments. On one hand ACS can effectively oxidize many
pollutants, while on the other hand the formation of toxic organic
byproducts (e.g., THMs and HAAs, constituting approximately 25% of
total halogenated byproducts (Richardson et al., 2007)) could cause
cytotoxicity and genotoxicity (Li et al., 2022). Fig. S5 shows the effluent
levels of toxic byproducts in the CCD-RSM experiments. Dichloroacetic
acid (DCAA) and trichloroacetic acid (TCAA) were the predominant
toxic organic byproduct types, as observed in previous studies for
treatment of industrial (Li et al., 2022) or municipal ROC (Bagastyo
et al., 2012). Table S4 shows the CCD-RSM matrix and experimental
values of responses corresponding to COD removal (Cg , %), energy
efficiency (Cg, g COD (kW h)™1), NHf—N removal (Crnz—n)> %),
effluent ACS level (C4, mg L™ 1) and toxic byproduct level (Cg, mg Lh.
The COD removal was the major indicator for evaluating the perfor-
mance of the CFS-C system, thus the NH —N removal model was not
proposed. The regression models of Cg, Cg, Ca, and Cp are found as
shown in Egs. (§13)-(516) (Supplementary Text S4). For the models of
COD removal, energy efficiency and toxic byproduct level, no interac-
tion and quadratic terms were detected, hence these models can be
described adequately by simpler linear models. Specifically, the pre-
dictive accuracy of COD removal CCD-RSM model need to be further
compared with previous PBD linear model. The interaction and
quadratic terms were significant for the ACS level model, indicating that
it was a quadratic nonlinear model.

Validation of the statistical results is analyzed using ANOVA pre-

sented in Table 2. Figs. 4 and S7 display the predicted-observed plots
(Fig. 4) and normal probability plots of studentized residuals (Fig. S7).
The E; value obtained was 3.62 for the models of COD removal, energy
efficiency and toxic byproduct level, while that was 4.15 for the model
of ACS level. The responses were well fitted to the models with high R2,
Rgdj and adequate precision (Table 2). The model F and P values showed
that the models estimated were significant at the 95% confidence level.
Additionally, the excellent linear fits between predicted and observed
values (Fig. 4), as well as normal distribution of calculated residuals
(Fig. S7), indicated that all models were perspective in investigating the
effects of influencing factors and that the residuals may be explained as
random noises. To improve the predictive accuracy, the terms with P
values less than 0.1 were still included in the CCD-RSM model. The
ANOVA analysis of COD removal and energy efficiency showed that v
and i were highly significant model terms (i.e., P < 0.05) while R was
significant terms (i.e., P < 0.1). From ANOVA for ACS level showed that
R, v, i, Ri, R% v* and i were highly significant model terms while Rv was
significant term. From ANOVA for toxic byproduct level showed that R
was highly significant model terms while v was significant term. The
optimized polynomial equations for COD removal (Cr.cop(opt.)), €nergy
efficiency (Cg(opt.)), effluent ACS level (Ca(opt.)) and toxic byproduct level
(CBopt)) are given below:

Criopr) = 57.06 +2.78R-10.21v + 5.9 @
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Cropr) = 14.61 + 1.0R + 4.07v-2.35i 5)

Ch(opr) =—37.58 + 47.49R-44.26v + 27.45i-3.04Rv + 3.23Ri-5.50R*
+6.670°-1.144 (6)

Ch(opr) = 1.68 + 0.04R-0.16v @

Fig. S8 shows the comparison of experimental values of COD removal
and effluent ACS level with CCD-RSM and PBD model predicted values.
As for the COD removal, the discrepancy between experimental and
predicted values became expectedly insignificant, implying that the
CCD-RSM and PBD models were both adequate for predictions inside the
range of conditions. However, the experimental data of effluent ACS
level was more fitted to the CCD-RSM model than the PBD model, thus
the CCD-RSM model was strongly recommended for parameter design of
the CFS-C system.

3.3. Optimization of electrolytic parameters based on the CCD-RSM
models

Contour diagrams and optimum conditions for different responses. To
determine the optimum values of factors for COD removal, energy ef-
ficiency, effluent ACS and toxic byproduct levels, two-dimensional
contour plots are constructed; these plots are shown in Fig. 5. As
shown in Fig. 5a, the highest COD removal (>90%) can be achieved
when R was higher than 5 and v was lower than 1.2 cm h™%. In Fig. 5b,
the highest COD removal can be achieved when i was higher than 7 mA
cm~2 and R was higher than 3.6. In Fig. 5c, the highest COD removal can
be achieved when i was higher than 6 mA cm ™2 and v was lower than 2.4
em h™L. The slope of contour was primarily due to the variation of i and
v, while R affected the slope slightly. The increase in R value from 1.5 to
5 resulted in a slight increase in the COD removal, probably due to a
higher R value led to higher generation of ACS and thus the COD
removal. The substantial effects of v value on the COD removal, reaction
rate and energy consumption of the electrolytic process have been the
objects of previous research (Dominguez-Ramos and Irabien, 2013). The
decrease of v led to an increase in the COD removal, previous studies
have also observed that decreasing the ratio of inlet flow to anode area
(Dominguez-Ramos and Irabien, 2013) or inlet flow (Basha et al., 2012)
can lead to a higher conversion of COD. This is because lower feed rates
would increase the reactant: pollutant molar ratio and thus result in a
higher probability of collision between the reactant species and
pollutant compounds (Chanworrawoot and Hunsom, 2012). As for
current density, it has been generally verified that higher current den-
sities generally promoted ACS generation at the electrode surface,
resulting in the rapid removal of organic pollutants (Li et al., 2022).

Previous researchers have evaluated the energy consumption of the
two-stage electrochemical system enhanced by ultraviolet radiation
(Ren et al., 2021) and sequential batch three-dimensional electrode
reactor (Ren et al., 2023), aiming to assess the application potential of
the electrolytic systems. To evaluate the application potential of CFS-C
system, we calculated the energy efficiency (i.e., the amount of COD
removed from ROC (in g COD) with the consumption of 1 kWh elec-
trochemical energy), which has been used in our previous study (Li
et al., 2022). As shown in Fig. 5d, the highest energy efficiency (>20 g
COD (kW h)’l) can be achieved when R was higher than 5 and v was
higher than 3.6 cm h™!. In Fig. 5e, the highest energy efficiency can be
achieved when i was lower than 4 mA cm ™2 and R was higher than 2.9.
In Fig. 5f, the highest energy efficiency can be achieved when i was
lower than 5 mA cm ™2 and v was higher than 2.4 cm h™!. The slope of
contour was primarily due to the variation of i and v. The variation in the
response due to the variation in R value was negligible, but the increase
in R value resulted in a significant increase of energy consumption of
recirculation pump. The increase in v value resulted in a significant in-
crease in energy efficiency, as observed in previous studies (Basha et al.,
2012; Li et al., 2013; Cho et al., 2020). This is because the introduction
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of effluent recirculation enhanced the reutilization of long-lived oxi-
dants in the buffer tank to enhance pollutant removal, thus resulting in
the energy saving. Higher current densities generally result in a marked
loss of electrical energy in the form of unwanted reactions (Li et al.,
2022); this explains why a low energy efficiency of the CFS-C system was
observed at a higher current density. Therefore, the simultaneous in-
crease of R value and decrease of current density and v value could be an
effective strategy to reduce the energy consumption of CFS-C system.

As shown in Fig. 5g, the lowest ACS level (<50 mg LY can be
achieved when R was lower than 3.6 and v was higher than 3.6 cm h™?.
In Fig. 5h, the lowest ACS level can be achieved when i was lower than 4
mA cm 2 and R was lower than 2.2. In Fig. 5i, the lowest ACS level can
be achieved when i was lower than 3 mA cm ™2 and v was higher than 3.0
cm h™'. The interaction of R and i and the quadratic term of 2 had
positive effects on the response. The slope of contour was primarily due
to the variation of v, while R and i affected the slope slightly. Significant
amounts of ACS oxidants could be accumulated in the front buffer tank
at a high R level and current density. In contrast, an extremely high level
of v value had a negative effect on the accumulation of ACS oxidants.

As shown in Fig. 5j, the lowest toxic byproduct level (<1.3 mg L™1)
can be achieved when R was lower than 1.5 and v was higher than 3.6
cm h™L. In Fig. 5k, the lowest toxic byproduct level (<1.45 mg L) can
be achieved when i was lower than 4 mA cm ™2 and R was lower than 2.2.
In Fig. 51, the lowest toxic byproduct level (<1.4 mg L™1) can be ach-
ieved when i was lower than 8 mA cm™2 and v was higher than 3.0 cm
h!. The slope of contour was primarily due to the variation of v, while R
and i affected the slope slightly. An increase in v value resulted in a
marked decrease in effluent toxic byproduct level, i.e., reducing the total
HRT was helpful to control the effluent toxic byproduct level. This is
because the decrease of total HRT resulted in a decrease of collision
probability between ACS oxidants and pollutants. Many factors have
been reported to affect the effluent toxic byproduct levels, including
cathode structure (Mao et al., 2012), cathode potential (Radjenovic
et al., 2012), current density (Mao et al., 2012; Zhao et al., 2014), HRT
(Mao et al., 2012), and electrolyte level (Mao et al., 2012). Several
methods have been devoted to the optimization for controlling the
effluent toxic byproduct levels, including using high-performance elec-
trodes and electrolysis cells, optimizing the operational conditions, and
applying in combination with other remediation methods (Mao et al.,
2012). In our previous study, the effluent total THMs and HAAs levels of
the optimized CFS-C system are 0.17 and 2.1 mg L™}, respectively (Li
et al., 2022); these are still 2.1-5.2 and 25—47 fold respectively greater
than the limit values of chlorinated drinking water (i.e., 80 and 60 pg
L~ (Panizza and Cerisola, 2009)). In this study, the multivariate opti-
mization was used to resolve the aforementioned problem, exploring the
strategies to control the effluent toxic byproduct level, such as reducing
the recirculation ratio, increasing the inflow linear velocity and
reducing the current density.

The highest pollutant removal was achieved at a high R value, a high
current density and a low v value; the highest energy efficiency was
achieved at a high R, a low current density and a high v value; the lowest
effluent ACS and toxic byproduct levels were achieved at a low R value,
a low current density and a high v value. Therefore, in order to simul-
taneously achieve the maximum COD removal and energy efficiency and
minimum effluent ACS and toxic byproduct levels, the multivariate
optimization should be carried out for industrial ROC electrolytic
treatment.

Multivariate optimization for industrial ROC electrolytic treatment. The
simultaneous optimization of variables was performed using the multi-
variate optimization tool with desirability function as mentioned in
previous studies (Kaur et al., 2018a, 2018b). Depending on the preferred
targets (smaller-the-best: STB and larger-the-best: LTB) of the responses,
the individual desirability transformation function is varied. In this
study, the targets for the responses Cg and Cg were set as LTB, while Cx
and Cg as STB. One-sided desirability d; is used in the study given by
(Mondal et al., 2013; Kaur et al., 2018b):
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Fig. 5. Response contour diagrams of CCD-RSM design for the interactive effect of each pair of recirculation ratio (R), inflow linear velocity (v), and current density
(i) on the COD removal, energy efficiency, effluent ACS and toxic byproduct levels where the other uninvolved factors are held at their respective center levels (i.e.,
recirculation ratio = 5.5, inflow linear velocity = 2.4 cm h™!, current density = 5.5 mA/cm™2). The change of color from blue to red means the increasing of the
responses (i.e., from 24 to 99% for COD removal; from 2.79 to 36.29 g COD (kWh) ! for energy efficiency; from 0.26 to 246 mg L™ for ACS level; from 1.186 to
1.997 mg L! for toxic byproduct level. (a, d, g, j): Responses for recirculation ratio vs. inflow linear velocity, (b, e, h, k): Responses for recirculation ratio vs. current

density, (c, f, i, 1): Responses for inflow linear velocity vs. current density.
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where, C; is the response value, Cimin Or Cimgx is the minimum or
maximum value of response i, and r is weight and a positive constant.
This study set the weight of individual response according to its
importance (Supplementary Text S5). The desirability for response Cg,
Cg, C4 and Cp is calculated as shown in Egs. (S17)-(S20) in Supple-
mentary Text S5. The multivariate optimization is composed of a set of
constraints as shown in Table S5.

We proposed a solution for the simultaneous optimization of R, v and
i to guarantee effluent quality with less energy consumption (calculated
as shown in Eq. (S21) in Supplementary Text S5). The most appropriate
optimization conditions were foundtobeR=1, v=3.3cm h! ,i=8
mA cm~? (d = 2 cm and Ry = 20), which showed the highest overall
desirability, d4 = 0.57. At these optimum conditions, the Cg, Cg, C4 and
Cp were 74%, 10.2 g COD (kWh)~!, 57 mg L' and 1.36 mg L7,
respectively. Therefore, it is impossible to find the optimum parameters
those can simultaneously satisfy the ideal COD removal and energy ef-
ficiency as well as low effluent ACS and toxic byproduct levels. The
simultaneous optimization of R and i was thus carried out to guarantee
COD removal with less effluent ACS and toxic byproduct levels (calcu-
lated as shown in Eq. (S22) in Supplementary Text S5). The most
appropriate optimization conditions were found to be R =1.0,i =8
mAcm 2(d=2 cm,Ry=20andv=1.2cm h’l), which showed highest
overall desirability, d3 = 0.72. At these optimum conditions, the Cg, Cg,
C4 and Cg were 95%, 1.7 g COD (kWh) ™, 116 mg L ™! and 1.69 mg L},
respectively. Following the multivariate optimization, the levels of
effluent toxic byproducts (THMs and HAAs) were higher than the limit
values of chlorinated drinking water (i.e., 140 pg L™! for THMs and 60
pg L1 for HAAs (Richardson et al., 2007)). Fig. 51 indicated that effluent
toxic byproduct level increased obviously along with v, but had insig-
nificant correlation with i. Therefore, the simultaneous increase of
inflow load and current density can not only achieve the ideal COD
removal, but also control the effluent toxic byproduct level. In future
engineering practices, a high inflow load of CFS-C system should be set
according to the COD removal CCD-RSM model.

4. Conclusions

The PBD and CCD-RSM models were efficient in analyzing the re-
lations between variables and the responses. R, v values and current
density significantly influenced COD and NH4 —N removal and effluent
ACS level. High chloride content of industrial ROC facilitated the gen-
eration of ACS oxidants and subsequent mass transfer, and low HRT of
CFS-C system improved the mass transfer efficiency. Moreover, the HRT
of buffer tank in the CFS-C system was far higher than that of other
advanced oxidation devices. Therefore, the electrode spacing and Ry
value had negligible effects on the treatment performance of the CFS-C
system. The critical values of Ry and electrode spacing should be further
optimized to produce high quality of effluent with less fixed investment
inputs. The process parameters can be adjusted to effectively control the
performance of the CFS-C system according to the CCD-RSM models.
The high R value, high current density and low v value facilitated COD
removal, the high R value, low current density and high v value
improved the energy efficiency, and the low R value, low current density
and high v value reduced the effluent ACS and toxic byproduct levels.
The most appropriate optimization conditions were found to be v = 1.2
ecm h™!, i > 8 mA em™2 (or calculated according to COD removal CCD-
RSM polynomial model), d > 4 cm, Ry = 10 — 20 and R = 1.0. In
future engineering practices, a high inflow load of CFS-C system should
be set according to the COD removal CCD-RSM polynomial model in
order to simultaneously achieve the ideal COD removal and low effluent
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toxic byproduct level.
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