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ABSTRACT
Forward osmosis is a water separation process that uses the natural energy of osmotic pressure to
separate water from dissolved solutes through a semipermeable membrane. One of the major
challenges using this process is the rejection water which contains high content of pollutants,
hindering its practical application. Herein, for the first time, this work introduces a coupled
electrochemical-physical process including iron-electrocoagulation/filtration/sedimentation as a
cost-effective treatment to the forward osmosis reject water containing hexavalent chromium to
be reclaimed. The synergistic treatment was optimized through a central composite design and
response surface methodology to enhance hexavalent Cr removal and minimize operating
costs, electrical energy consumption, and settled sludge volume. A 90.0% chromium removal
was achieved under optimized conditions: electrolysis time of 59.7 min and current of 1.24 A (J
= 6.32 mA cm−2). In addition, operating costs of 0.014 USD m−3, electrical energy consumption
of 0.005 kWh m−3, and settled sludge volume of 445 mL L−1 were obtained.
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Highlights

. Forward osmosis reject (FOR) wastewater was treated
through Fe-EC/filtration/sedimentation processes.

. Chromium (Cr(VI)+Cr(III)) removal was achieved from
FOR by Fe-EC/filtration/sedimentation processes.

. Critical parameters namely applied current and elec-
trolysis time were optimized.

. A 90% chromium removal was obtained under the
most economical conditions of central composite
design optimization.

1. Introduction

Heavy metal pollution has been associated with mining
and industrial activities [1–4]. Among these metals,
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hexavalent chromium (Cr(VI)) is one of the most con-
cerning pollutants due to its hazardous effects to
human beings and environmental health. Cr(VI) can be
present in water matrices as monomeric ions H2CrO

o
4,

HCrO−
4 , and CrO2−

4 ; or as the dimeric ion Cr2O
2−
7 [5].

These oxyanions are the most toxic species of chromium.
They have been associated with irreparable harms
including mutagenic, teratogenic, carcinogenic, repro-
ductive and birth defects. Moreover, kidney and liver dis-
orders, dermatitis, ulcers and other health effects have
been linked to the chronic exposure of wastewater con-
taining high concentrations of Cr(VI). Consequently, the
World Health Organization advised a maximum concen-
tration level of 0.05 mg L−1 [6, 7]. Wastewaters produced
by different industrial processes may contain Cr(VI),
therefore, they need to be strictly regulated and
treated before discharge to the environment [2, 3].
Some technologies such as membrane-based processes
and electrochemical techniques have been developed to
meet permissible limit. However, as individual processes,
some limitations are worth noting [1,4,8–10].

Forward osmosis (FO) is a membrane separation tech-
nology with increasing attention for water treatment [11–
14]. FO is an osmotically driven membrane process which
occurs in a spontaneous manner without requiring
hydraulic pressure [15]. The concentration gradient pro-
vides a osmotic pressure difference between concen-
trated draw solution (DS) and diluted feed solution (FS)
across a semi-permeable membrane [11,16]. Thus, FO
requires lower energy than conventional reverse
osmosis and barely experiences fouling issues [15].
However, challenges arise from the reject water handling
that contains a high content of pollutants. The removal of
pollutants from the FS is an urgent issue to ensure com-
petitive deployment of FO technology. Furthermore,
highly concentrated impurities in the forward osmosis
reject water (FOR) can cause fouling of the membrane,
which requires frequent chemical cleaning. Even though
electrocoagulation (EC) can experience challenges to
treat diluted chromium effluents [17], it arises as an elec-
trified process that can effectively treat FOR. Electrocoa-
gulation is an electrochemical technology that removes
target pollutants from water matrices based on coagu-
lation principles. This technique relies on the use of sacrifi-
cial electrodes which provide coagulant species (i.e. Fe2+,
Fe3+, Al3+). The coagulant dose is controlled by the
applied current. The electrochemical reactions occurring
in an EC reactor, with iron material used as sacrificial elec-
trode, are stated as follows [18]:

At the anode:
Fe is oxidized to ferrous iron:

Fe(s) � Fe2+(aq) + 2e− (1)

Meanwhile, at the cathode OH─ and H2 are generated
from the water reduction reaction:

2H2O+ 2e− � H2 + 2OH− (2)

In the reaction solution, hexavalent chromium is
reduced to trivalent chromium by dissolved ferrous
ions as follows [19,20].

At pH < 6.5:

HCrO−
4 + 3Fe2+ + 7H+ � Cr3+ + 3Fe3+ + 4H2O (3)

Cr2O2−
7 + 6Fe2+ + 14H+ � 2Cr3+ + 6Fe3+ + 7H2O (4)

At 6.5 < pH < 7.5:

CrO2−
4 + 3Fe2+ + 4H2O � 3Fe3+ + Cr3+ + 8OH− (5)

At pH > 7.5:

CrO2−
4 + 3Fe(OH)2 + 4H2O

� Cr(OH)3 + 3Fe(OH)3 + 2OH− (6)

Additionally, Fe3+ may be generated when ferrous ions
react with the dissolved oxygen:

4Fe2+ + 4H+ + O2 � 4Fe3+

+ 2H2O, in acid media (7)

4Fe2+ + 2H2O+ O2 � 4Fe3+

+ 4OH−, in alkaline media (8)

In the bulk solution, insoluble iron species Fe(OH)2, Fe
(OH)3, and/or FeOOH (goethite) are produced according
to Equations (9)–(11), respectively.

4Fe2+ + 8OH− �� 4Fe(OH)2 (9)

4Fe(OH)2 + 2H2O+ O2 �� 4Fe(OH)3 (10)

Fe(OH)3 �� FeOOH+ H2O (11)

These dissoluble iron hydroxides favour the for-
mation of flocs. However, ferric oxyhydroxide and
goethite are considered the preferent coagulants to
remove chromium because these species precipitate in
a greater interval of the pH value [19,20].

Trivalent chromium combines with hydroxyl ions to
form chromium hydroxide (Cr(OH)3) which precipitate
as amorphous solids. In addition, negative chromium
species might adsorb on the positively charged metal
hydroxide [21]. Moreover, trivalent chromium removal
may occur through other means as well, such as adsorp-
tion onto ferric oxyhydroxide and goethite.

Despite the potential benefits of the FO treatment
process, this interesting technique suffers from reject
water handling that contains a high content of pollu-
tants. According to the literature, it is one of the main
challenges that prevents its practical application. Here,



for the first time, this work studies as proof of concept
the performance of the iron-electrocoagulation/
filtration/sedimentation (Fe-EC/filtration/sedimentation)
process to deal with the environmental issue caused
by FOR. The Fe-EC module was optimized through
experimental design and modelling by the response
surface methodology to reclaim FOR with chromium
residues. Engineering figures of merit were used to opti-
mize technology competitiveness in terms of key indi-
cators such as chromium removal, electrical energy
consumption, operating cost and settled sludge volume.

2. Experimental

2.1. Forward osmosis reject water

FOR was obtained after the forward osmosis process
which used a commercial aquaporin-based biomimetic
polymeric membrane (Aquaporin Asia Pte. Ltd, Singa-
pore). This process was performed in our previous
work to treat a solution containing dichromate potass-
ium [22]. The composition of the obtained feed solution
includes CaCl2, KCl and MgCl2 were 0.012, 0.007 and
0.01 mg L−1, respectively. The initial concentration of
Cr(VI) in reject water (as feed solution or concentrated
solution) was 69 mg L−1. The pH value and the electrical
conductivity were 7.1 and 18 mS m−1. These initial
values were maintained constant in all the experiment
set-up. Thereupon, the obtained reject water was sub-
jected to the Fe-EC reactor as mentioned in the follow-
ing section.

2.2. Experimental set-up and procedure

The iron-electrocoagulation (Fe-EC) unit is schematized
in Figure 1. It consisted of a cylindrical glass reactor (d:
9 cm, h: 12.5 cm) with an effective volume of 500 mL.
To ensure a homogenous mixing during Fe-EC exper-
iments, a magnetic stirrer (model SHA R-50, Iran) was
placed at the bottom of the reactor at a constant rate
of 250 rpm. Four iron electrodes (70 mm (width) ×
70 mm (length) × 5 mm (depth)) were mounted on
the EC reactor where the electrode gap was fixed at
10 mm. The electrodes were vertically placed in a
monopolar-parallel connection using a power supply
(model JPS303D Iran; Emax: 30 V) operated under gal-
vanostatic mode. After each run, the electrodes were
well polished with emery paper to avoid electrode pas-
sivation and then washed with acid reagent and dis-
tilled water to remove any impurities from the
surface. All electrocoagulation runs were performed
in triplicate showing a standard deviation below 3%;
average data are reported.

The pH of the solution was monitored using a multi-
parameter analyzer (CONSORT C831, Belgium). The pH
value was maintained at approximately 8.0–8.5 by
manual addition of 0.01 M H2SO4 and 0.1 M KOH to
ensure minimum solubility of Cr(OH)3 [3]. A digital cali-
brated conductivity meter (Leybold 666222, Germany)
was used for electrical conductivity measurements.

At the end of each Fe-EC run, samples were collected
and filtered through a 0.45-µmmembrane filter for chro-
mium analysis. The treated solution was allowed to
settle for about 60 min in a quiescent state. The settled
sludge volume values were recorded after complete
settlement.

Collected samples were analysed for total chromium
content by atomic absorption spectrophotometry
using a BRAIC WFX-130 (China) spectrophotometer at
620 nm according to Standard Methods for the Examin-
ation of Water and Wastewater [23]. The chromium
removal efficiency was calculated according to Equation
(12) [22]:

R(%) = C0 − Ct

C0
× 100 (12)

where C0 is the initial concentration of chromium and Ct
is the effluent chromium concentration measured at the
end of each electrocoagulation run in mg Cr L−1.

The settled sludge volume (SSV) is one of the most
important parameters for evaluating the performance
of electrocoagulation. Sludge separation and dewater-
ing is an essential part of coagulation-based treatment
processes that can be costly. The settled sludge
volume can be determined according to Equation (13):

SSV (mL·L−1) = A × d
Vs

(13)

where A is the area of the cylindrical vessel (cm2), d is the
height occupied by the sludge (cm) and Vs is the total
volume of water treated (L).

The operational cost (OPC), electrode material con-
sumption (EMC) and electrical energy consumption
(EEC) were the main parameters investigated in this
case of study as techno-economic indicators for electro-
coagulation competitiveness. These parameters were
calculated according to the following equations [24–27]:

OPC (USD ·m−3) = a× EMC+ b× EEC (14)

EMC (kg ·m−3) = I × t ×M
z× F× Vs

(15)

EEC (kWh ·m−3) = ECellIt
1000× Vs

(16)

where EMC and EEC present the consumption quantities
of electrode material and electricity required for target



pollutant removal. ‘a’ (USD·kW·h−1) and ‘b’ (USD·g−1) are
the price of electricity and electrode material, respect-
ively. The variable I is the applied current (A), t is the elec-
trolysis time (h), M is the molecular mass of iron
(55.85 g mol−1), z is the number of electrons transferred
(z = 2), F is the Faraday’s constant (96,487 C mol−1), Vs is
the volume of the solution (m3) and Ecell (V) is the
average of the applied voltage in the cell.

2.3. Mathematical modelling for optimization

Traditionally, the most common practice in the study of
operational parameters is the traditional single factor at
time approach. It consists in looking for the effect of
one factor, which must vary systematically, while
keeping the other factors constant. The result of this uni-
variate analysis does not guarantee the optimization of
the parameters. This approach would only be valid if
the factors to be optimized were totally independent of
each other [28]. However, compared to single-factor
and orthogonal experiments, where the optimization is
find out through the study of multi-factor and level of
design method by analysing each test point. Response

surface methodology (RSM) constructs an approximate
model in the design space using known experimental
data to that meets the fitting accuracy between the
design variables and the target response [29]. Generally,
RSM has the ability to model as many responses to
measure, allows identifying the interactions between
the independent variables, to model the system math-
ematically and to save time and money by reducing the
number of experiments [30]. In this work, RSM was
employed as the optimization tool through experimental
design to maximize pollutant removal while minimizing
operational expenditure. The analysis was depicted
using expert design 10 software (Stat-Ease, Inc., Minnea-
polis, USA) to perform a full central composite design
with five levels (−1.68, −1, 0, +1, +1.68), consisting of 13
points (8 experiments and 5 central points). The selected
independent variables were electrocoagulation time (A:
15.09, 24, 45.50, 67 and 75.91 min) and current (B: 0.51,
0.8, 1.50, 2.20 and 2.49 A). The appropriate high and
low ranges were defined according to some preliminary
tests. The selected responses for process optimization
were Cr(VI) removal efficiency, operating costs, electrical
energy consumption and settled sludge volume.

Figure 1. Fe-EC set-up for the removal of Cr(VI) from FOR in a monopolar-parallel connection (1 A; an applied current density (J) =
5.1 mA cm−2).



The system was described by a numerical expression
(Equation (17)) of the polynomial statistical model that
allowed the mathematical description of the RSM
[24,31]:

Y = b0 +
∑i=k

i=1

bixi +
∑i=k

i=1

biix
2
i +

∑i=k

1≤i≤j
bijxixj + 1 (17)

where Y represents the response and xi and xj are the
coded independent variables. Then, β0 is the constant
coefficient of the model, βi is the linear coefficient, βii
is the quadratic effect coefficient, βij is the interaction
effect coefficient and ε is the residual term associated
with random error. Three replicates of the central point
were conducted to estimate the pure error of exper-
iments. The validation of the model was confirmed
through analysis of variance (ANOVA) to ensure statisti-
cal significance.

For multi-response optimization, the desirability
method is one of the most widely used approaches to
respond to multi-objectives [32]. It associates an individ-
ual scale-free desirability (di), where 0≤ di≤ 1 [33] with
each response (Yi). The values di (0 and 1) present the
complete refusal and maximum satisfaction of the
response, respectively. The overall desirability (D) con-
siders all response Yi desirability and their requirements.
D can be determined according to Equation (18) [9]:

D =
∏n
i=1

dWi
i

[ ] 1∑
Wi

(18)

where n and Wi represent the number of responses and
the weighting factors of the response Yi, respectively.

3. Results and discussions

3.1. Statistical analysis and model fitting via
central composite design

Table 1 displays the experimental results of the central
composite design matrix and the predicted responses
from the fittedmodel for Cr(VI) removal by Fe-EC. The pre-
dicted values were close enough to those experimentally
obtained, indicating good fitness. As shown in Table 1, a
complete chromium removal was achieved at 13th elec-
trocoagulation run operated at a current of 2.49 A (J =
12.7 mA·cm−2) and an electrolysis time of 45.5 min. On
contrary, the lowest current value (0.8 A) resulted in the
cheapest operation cost (0.003 USD m−3) together the
lowest settled sludge volume (180 mL L−1).

According to the obtained results, the central compo-
site design under response surface methodology
suggested a quadratic model. The quadratic equations
for study responses considering coded factors were

obtained as follows:

Cr(VI) removal efficiency(%)

= +90.69+ 1.97× A+ 6.41× B - 1.36× A

× B+ 0.65× A2+ 0.17× B2 (19)

OPC (USD) = +0.013+ 6.578E-003× A

+ 7.498E-003× B+ 3.650E-003

× A× B+ 8.000E-005× A2

+ 5.800E-004× B2 (20)

EEC (kWh·m−3) = +5.233E-003+ 2.857E-003× A

+ 4.157E-003× B

+ 2.118E-003× A× B

+ 1.064E-004× A2

+ 8.000E-004× B2 (21)

SSV (mL·L−1) = +499.00+ 91.11× A+ 247.71

× B+ 50.00× A× B - 17.94

× A2 − 6.69× B2 (22)

where A and B are the coded terms for the independent
variables of the chosen response as mentioned in Table
1.

The ANOVA results are outlined in Table S1. As can be
seen, all terms in the statistical quadratic model were
highly significant (p , 0.0001). Meanwhile, F-values for
Cr(VI) removal of 127.68, operating cost of 982.04, elec-
trical energy consumption of 139.55 and settled sludge
volume of 183.44 were non-significant, which implied
that there were only 0.01% chance that the F-values
were out of design due to noise. Accordingly, good fits
to the quadratic model were confirmed by large F-
values, small p-values, and large values of R2, R2

adjusted, and R2 predicted.
Based on the ANOVA results, Adeq precision (AP)

measures the signal-to-noise ratio, in other words, a
measure of predicted response value range at the
design points relative to associated mean prediction
error. A ratio greater than 4 is desirable. AP values of
35.417, 99.506, 37.035 and 42.992 for Cr removal, operat-
ing cost, electrical energy consumption and settled
sludge volume, respectively, indicated an adequate
signal and high capability of developed models in pre-
dicting the results. Coefficient of variance (CV) describes
the precision and reproducibility of a model. A model
with a ratio less than 10% is considered reproducible.
CV values of acceptable ranges from 0.83 to 9.83%
proved the reproducibility of the model and high pre-
cision of obtained results. The lack-of-fit test (LOF test)
describes the variation of data around the fitted



model. The LOF test would be non-significant if the
model fits the data well. The LOF test for Cr(VI)
removal (p = 0.1331), operating cost (p = 0.9253), electri-
cal energy consumption (p = 0.9351) and settled sludge
volume (p = 0.8008) were not statistically significant,
reinforcing that those points were properly distributed
around the fitted model.

The diagnostics of the experimental data yielded the
graphical results given in Figures 2 and 3. Four aspects of
graphical model validation are (i) the normal probability
plot of residuals (Figure 2(a–d)); (ii) externally studen-
tized residuals vs. predicted (Figure 2(e–h)); (iii) exter-
nally studentized residuals vs. run number (Figure 3(a-
d)) and (iv) predicted vs. actual plots (Figure 3(e-h)).
The residuals almost lied on or close to the normal prob-
ability line (Figure 2(e-h)), which indicated the presence
of very minimal errors in experimentation and testified
the reliability of the quadratic model. Moreover, as is
visible in Figure 3(a-d), the residuals lied well within
the acceptable range from −3 to +3 which further vali-
dated the quadratic model. The actual vs. predicted
plots displayed that the experimental data approxi-
mately overlapped with the predicted data (Figure 3(e-
h)), contributing as the last nail in the coffin of model.

3.2. Interaction of electrolysis time and applied
current on chromium removal

In the EC process, the amount of electro-dissolved iron
ions generated by the anode depends on the current
and electrolysis time in accordance with Faraday’s Law
(Equation (15)). An increase in the current density (J;
mA cm−2) or the current (I; A) accelerates the reaction
rate due to an increase in the amount of iron dissolved
at cathode [34–36]. At pH values between 7.5 and 8.1,
this increase in the Cr(IV) reduction rate was explained
by an increase in concentrations of FeOH+ and Fe(OH)o2
[37,38]. Increasing current or prolonging electrolysis

time also induces the formation of OH- ions owing to
the water reduction reaction occurring at the cathode
(Equation (2)), resulting in the precipitation of amor-
phous Fe(OH)3 solid [39]. At slightly alkaline pH, Cr(III)
ions are combined with OH- ions to produce insoluble
Cr(OH)3 in the bulk solution [21,39,40]. Furthermore,
two Cr(VI) removal mechanisms were proposed by Heid-
mann and Calmano [35] depending on the current value
for the EC process utilizing iron electrodes. According to
their approach, at high currents varying between 1.0 and
3.0 A, Cr(VI) might be directly reduced to Cr(III) at the
cathode surface prior to precipitation as Cr(OH)3. At
low currents from 0.05 to 0.1 A, Fe(II) produced by the
dissolution of iron anodes worked as a reducing agent
to reduce Cr(VI) to Cr(III) before precipitating as Cr
(OH)3 together with either Fe(OH)2 or Fe(OH)3 depend-
ing on the formation of oxygen at the cathode [35]. As
mentioned in the following subsection, in our case, the
second seems to be responsible for the chromium
removal mechanism even at high currents.

Both experimental and model data obtained in the
present study are consistent with the relevant literature
[34,38]. As can be seen in Table 1, chromium removal
efficiency significantly improved with increasing
current, and a complete chromium removal was
achieved at the highest applied current (2.49 A; J =
12.7 mA cm−2). Similarly, an extension in electrocoagula-
tion treatment time had an enhancement effect on
process performance in terms of chromium removal
for the current up to 2.2 A (J = 11.22 mA cm−2). Together
with this observation, it is worth noting that an extend-
ing electrolysis time from 24 to 67 min resulted in only
0.5% additional chromium removal (cf. runs 1 and 2)
for a current value of 2.2 A.

Figure 4(a-b) emphasizes the mutual interaction
between current and electrolysis time. Data indicated
that almost complete chromium removal could be
obtained by arranging of either current or electrolysis

Table 1. Design matrix of experiments and results of CCD.

Run

Std Experimental
matrix

Responses

Cr removal (%) OPC (USD·m−3) EEC (kWh·m−3) SSV (mL·L−1)

A B Actual Predicted Actual Predicted Actual Predicted Actual Predicted

1 3 −1 +1 97.9 97.3 0.011 0.011 0.005 0.005 590 580
2 4 +1 +1 98.4 98.6 0.031 0.031 0.015 0.015 860 863
3 11 0 0 90.6 90.7 0.013 0.013 0.006 0.005 495 499
4 6 +1.68 0 94.9 94.8 0.022 0.022 0.009 0.009 605 591
5 5 −1.68 0 88.3 89.2 0.004 0.004 0.002 0.001 330 334
6 9 0 0 91.3 90.7 0.013 0.012 0.006 0.005 535 499
7 10 0 0 91.0 90.7 0.013 0.013 0.006 0.005 520 499
8 7 0 −1.68 81.9 82 0.004 0.003 0.001 0.001 150 135
9 13 0 0 89.9 90.7 0.012 0.013 0.004 0.005 485 499
10 12 0 0 90.1 90.3 0.013 0.012 0.005 0.005 460 499
11 2 +1 −1 88.7 88.4 0.009 0.009 0.003 0.003 250 267
12 1 −1 −1 82.8 81.8 0.003 0.003 0.001 0.001 180 185
13 8 0 +1.68 100 100.1 0.025 0.025 0.013 0.013 830 835



time as (i) increasing the current from 0.5 (J =
2.55 mA cm−2) to 2.49 A (J = 12.7 mA cm−2) (100%) for
an electrolysis time of 45 min or (ii) extending electro-
coagulation treatment time to 69 min (98.4%) at a
current value of 2.2 A (J = 11.22 mA cm−2).

In the present study, where the initial Cr(VI) concen-
tration was 69 mg L−1, the optimum operation con-
ditions were determined as an electrolysis time of
59.7 min and a current of 1.24 A (J = 6.32 mA cm−2).
About 89.7% chromium removal was attained at these
conditions. This efficiency is similar with that obtained
by Deveci et al. [41]. They achieved a 86.27% Cr(VI)
removal at electrocoagulation conditions: current of
0.675 A, initial pH of 8, an electrolysis time of 60 min,
and a conductivity of 56.2 mS cm−1 at 20°C (± 0.1) for
a raw tannery wastewater (Cr(VI): 22.3 mg L−1 and
COD: 18,800 mg L−1). Borba et al. [42] studied the chro-
mium removal from real tannery wastewater. The
authors reported a 96.2% of removal efficiency using
the following optimal parameters: pH 4, current
density of 68.4 mA cm−2 and electrolysis time of
120 min. Khan et al. [36] reported that (i) process
removal efficiency was more sensitive to the applied
current and (ii) complete chromium (Cr(IV) of
49.96 mg L−1) removal could be achieved at optimum

conditions: an applied current of 1.48 A, pH of 3.0 and
an electrolysis time of 21.47 min. Gong et al. [43]
obtained conflicting results in the treatment of reverse
osmosis concentrates from petrochemical wastewater
by the Fe-EC process, which found that less than 20%
of chromium was removed within 20 min at
30 mA cm−2. This difference may be due to the fact
that with increasing EC time, the pH changes which
directly affect the formation of Fe(III) hydroxides and
Fe(II) hydroxides during the Fe-EC process that finally
affects the Cr(IV) removal [44].

3.3. Interaction of electrolysis time and current
on settled sludge volume

Figure 5(a,b) exhibits the settling behaviour of flocs as a
function of EC time and current value. All SSV analyses
were evaluated for 60 min settling period. This means
that after stopping the stirring, we allow the flocs to
settle for 60 min. As expected, increasing current as
well as EC time induced an increase in the sludge pro-
duction due to increase in the co-precipitation of iron
hydroxides with Cr(OH)3. Depending on effluent pH
reached at the end of EC operation, Cr(OH)3 may co-pre-
cipitate together with Fe(OH)3 flocs as aforementioned.

Figure 2. Validation of the model. Normal plot of residuals: (a) Cr removal, (b) operating cost, (c) electrical energy consumption and
(d) settled sludge volume. Residuals vs predicted: (e) Cr removal, (f) operating cost, (g) electrical energy consumption and (h) settled
sludge volume.



In our case, because solution pH was kept at a range of
8.0–8.5, both solid phases assumed to be generated
during EC treatment, resulting in high SSV values par-
ticularly at increasing currents. The formation of two
solids at pH greater than 7.0 was also confirmed by lit-
erature data [36,38].

The flocs produced at the highest current value were
the most difficult to settle, particularly, for current value
of 2 A (J = 10.2 mA cm−2). For instance, elevating current
from 0.8 to 2.2 A (J = 4.08–11.22 mA cm−2), high SSV cor-
responding to 180 and 590 mL L−1 within 24 min of Fe-
EC were produced. A similar trend was observed for all

Figure 3. Validation of the model. Residuals vs run: (a) Cr removal, (b) operating cost, (c) electrical energy consumption and (d) settled
sludge volume. Predicted vs actual plots: (e) Cr removal, (f) operating cost, (g) electrical energy consumption and (h) settled sludge
volume.

Figure 4. (a) 3D plot and (b) 2D contours for chromium removal: effect of current and electrolysis time.



Fe-EC runs with different operating times. The SSV
values ranged between 495 and 830 mL L−1 for Fe-EC
performed during 45.5 min or longer. High SSV values
were obtained at extended EC times or higher current
intensities. Ölmez [38] experimentally treated the chro-
mium plating process (Cr(VI): 1470 mg L−1) by EC with
stainless steel electrodes. In that study, SSV was
obtained as 928 mL L−1 (sludge volume index =
80 mL g−1, sludge = 11.6 g VSS·L−1) at optimum EC con-
ditions: a current value of 7.4 A, an EC time of 70 min and
an initial pH of 11.0. It is obvious that during Fe-EC,
hydrogen bubbles are evolved at the cathode and can
be trapped in the flocs consequently provoking them
to float [45]. As a result, the lower the current value of
the FOR in the Fe-EC cell, the more bubbles formed
and the more likely flotation occurring. As shown in
Figure 5(a,b), this phenomenon was most notable
when the current value was lower than 1.5 A (J =
7.65 mA cm−2) at the initial EC time (30 min).

In general, the SSV data was in line with the results of
Brahmi et al. [46] showing that the most important draw-
back of the EC process are the long settling time periods.
Whilst the results were contrary to the opinion of Ashraf
et al. [47] who found that over time, the flocs settled well
and reached a minimum of about 200 mL L−1.

3.4. Interaction of electrocoagulation time and
current on electrical energy consumption

Electrical energy consumption is defined as the amount
of electrical energy consumed per unit volume (m3) of
wastewater to be treated. Electrical energy consumption

together with electrode material consumption are gen-
erally used to estimate the operating cost of EC. There-
fore, the effect of current and EC time on electrical
energy consumption were explored at a range of 0.5–
2.5 A (J = 2.55–12.75 mA cm−2) and 15–76 min, respect-
ively. Figure 6 depicts (a) 3D plots and (b) 2D counters
as a function of current and EC time on electrical
energy consumption.

Extending Fe-EC operation time significantly
increased the electrical energy consumption as well as
improved process efficiency at all tested conditions.
For instance, an extension in EC time from 24 to
67 min resulted in a threefold increase in electrical
energy consumption in both current values of 0.8 and
2.2 A (J = 4.08–11.22 mA cm−2). It is obvious that the
effect of EC time on electrical energy consumption
became significant when the current increased. The
highest electrical energy consumption was determined
as 0.015 kWh m−3 at a current value of 2.2 A (J =
11.22 mA cm−2) and at an EC time of 67 min. For an EC
time of 45.5 min, current values of 0.5, 1.5 and 2.49 A
(J = 2.55, 7.65 and 12.7 mA cm−2) yielded electrical
energy consumptions of 0.001, 0.005 and 0.013
kWh m−3, respectively, indicating that this operating
parameter also has a significant effect on electrical
energy consumption. In these Fe-EC experiments, com-
plete Cr(VI) removals were achieved. These findings
were in good agreement with the recent literature
[36,48–51] which reported that values of specific
energy consumption were directly proportional to the
applied current and inversely proportional to the
amount of Cr(VI) removed.

Figure 5. (a) 3D plot and (b) 2D contours for settled sludge volume: effect of current and electrolysis time.



3.5. Interaction of electrolysis time and current
on operating cost

As given in Equation (16), the operating cost incurred in
Fe-EC are associated with electrode and energy con-
sumptions. Both consumptions are strictly dependent
on cell voltage, current and EC time. An extended EC
may cause the passivation of the working electrodes
and subsequently high cell potentials would be
required. These higher values will increase energy con-
sumption and costs. However, the FOR used in this
work showed high electrical conductivity (18 mS cm−1).
This last avoided the formation of this passive film.

Figure 7 exhibits the combined effect of EC time
and applied current on operating cost. The cost of the
Fe-EC, when a complete abatement of chromium was
achieved was 0.025 USD m−3 (0.013 kWh m−3). However,
as mentioned above, the current and the EC time
influenced these operating costs. For instance, a quasi-
complete reduction in Cr(VI) concentrations (98.3% and
97.9%) observed operation costs of 0.031 USD m−3

(0.015 kWh m−3) and 0.011USD·m−3 (0.005 kWh·m−3).
These last values strongly depended on the reaction
time. In the same venue, poor removal efficiency
(81.2%) was observed at 0.51 A (J = 2.6 mA·cm−2) and

Figure 6. (a) 3D plot and (b) 2D contours for electrical energy consumption: effect of current and electrolysis time.

Figure 7. (a) 3D plot and (b) 2D contours for operating cost: effect of current and electrolysis time.



45.5 min of current and EC time, respectively. These last
conditions produced an Fe-EC treatment cost of
0.004 USD m−3 (0.001 kWh m−3). In this regard, both the
percentage of pollutant removal and the operating
costs must be assessed to consider the optimal operating
conditions. In these experiments, the cell voltage varied
from 2.9 to 3.4 V. Bhatti et al. [52] reported the energy
consumption as 137.2 kWh m−3 to achieve a 90.4% of
chromium removal efficiency for an electrocoagulation
operated at pH of 5, a current of 24 V, and 24 min treat-
ment time. In the same vein, Khan et al. [36] reported
that energy consumption (12.97 kWh g−1) for a complete
removal of Cr(VI) was reduced when solutions with higher
initial concentration were treated at lower applied current
for longer durations. Elabbas et al. [53] stated that the
efficient treatment to remove chromium by electrocoagu-
lation (using aluminium electrodes) required around
20 kWh m−3 (initial concentration 7000 mg L−1). Oden
and Sari-Erkan [54] calculated the operational cost of elec-
trocoagulation for a complete chromium removal from a
metal plating wastewater as 5.34 USD m−3. Additional lit-
erature for hexavalent chromium removal by EC utilizing
either aluminium (Al) or iron (Fe) electrodes are also given
in Table 2.

Electrical energy consumption revealed an exponen-
tial increase with applied current at the same EC time
(45 min). These last two variables had a synergistic
effect on the operating costs in terms of energy con-
sumption. However, additional experiments using
different electrode material, inter-electrode gap, as
well as the mode of operation would be needed to
enhance chromium removal efficiency in terms of
energy consumption. Finally, it is important to note
that the operating costs may fluctuate based on the geo-
graphical area and domestic values.

3.6. Desirability function, optimization and cost-
effectiveness estimation

The desirability function aims to find the optimized con-
ditions that satisfy multi-objective responses, with
values between 0 and 1, where 0 represents an

undesirable value and 1 a desirable value [55]. In the
present study, the desirability function was used to
maximize chromium removal efficiency while minimiz-
ing electrical energy consumption, operating cost and
settled sludge volume. Same importance was attributed
to each response (weighting factor 1). The optimum con-
ditions for Fe-EC were predicted by the response surface
methodology and central composite design model as an
EC time of 59.7 min and a current of 1.24 A (J =
6.32 mA cm−2). As per the model predictions, Cr(VI)
removal efficiency, operating cost, electrical energy con-
sumption and settled sludge volume were calculated as
90%, 0.014 USD m−3, 0.005 kWh m−3 and 445 mL L−1,
respectively. To control the applicability of the
optimum conditions, an affirmative Fe-EC experiment
was performed. The experimental results demonstrated
Cr(VI) removal of 89.7%, operating cost of
0.017 USD m−3, electrical energy consumption of
0.008 kWh m−3 and settled sludge volume of
515 mL L−1 were attainable under such optimum con-
ditions. These results agreed with the predicted values,
suggesting the appropriateness and accuracy of these
optimization tools. However, even when lower EC
costs were estimated, renewable energy-driven electro-
chemical technologies from laboratory to industrial
scale is a crucial issue in commercialization scope as
well as in the autonomy of the process. In this way,
on-grid solar photovoltaic energy could benefit the
scale-up and industrialization of the electrochemical
technology, as already is studied by other research
groups [17, 56].

4. Conclusion

In the present study, Fe-EC/filtration/sedimentation
proved to be an efficient and promising Cr(VI) removal
method for the FOR. The following conclusions could
be drawn from the present study:

. Complete Cr(VI) removal could be achieved at a
current density of 16.94 mA cm−2 and an EC time of
45.5 min. However, the lowest current density

Table 2. Comparison with the literature data.
Electrodes Operating parameters Cr(VI) removal Energy consumption Operating costs Reference

Fe pH 3.0, 1.48 A, 21.47 min Cr(VI)o = 49.96 ppm 100% 12.97 Wh.(g Cr a)−1 – [36]
Al Al-AlAl-Al,11.57 A·m−2, electrode gap 1 cm 77.6%–97.9% – 3.148USD.m−3 [57]
Fe 20 mA·cm−2, pH 2.4, 0.05 M NaCl electrolyte, Cr(VI)o =

1000 mg.L−1
100% 2.68 kWh.m−3 – [20]

Fe + Al pH 9, t = 20 min 100% 0.37–2.78 kWh.m−3 [58]
Al
Fe

6 mA·cm−2 100 rpm
6.32 mA·cm−2; 59.7 min 89.7%

1.98 kWh.m−3

0.008 kWh·m−3
0.7 USD m−3 b

0.017 USD·m−3
[40]

Present
studyc

aThe removed Cr(VI); bproduced aluminium; cexperimental study results.



(5.44 mA cm−2) resulted in the cheapest operation
cost (0.003 USD m−3) together the lowest SSV
(180 mL L−1) as well as 82.8% Cr(VI) removal
percentage.

. The optimal predicted conditions of the response
surface methodology and central composite design
based on the highest Cr(VI) removal while minimizing
operation cost and SSV were an EC time of 59.7 min
and a current density of 6.32 mA cm−2. According to
optimization, satisfactory performance was achieved
for Cr(VI) removal efficiency, electrical energy con-
sumption, OC, and SSV of 90%, 0.005 kWh m−3,
0.014 USD m−3, and 445 mL L−1, respectively. This
prediction agreed with the experimental results
(89.7%, 0.008 kWh m−3, 0.017 USD m−3, and
515 mL L−1, respectively).

. Although FO has proved its potential in wastewater
treatment, the integration of other treatment tech-
nologies such as EC as a post-treatment can diminish
substantially the volume of reject water and maximize
water reuse. In addition, treatment and regeneration
of FOR would be economically feasible. In this
sense, a research into renewable and cleaner energy
sources to efficient energy management practices
and optimize resource utilization must be
emphasized.

. In future research, the reduction kinetics analysis
which indicates the reduction behaviour and the
reduction mechanism of Cr(VI) via electrochemical
process will be discussed. Beyond that, a new
kinetic model will be developed to simulate for the
reduction behaviour of Cr(VI) under both isothermal
and non-isothermal conditions.
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Table S1. ANOVA results of quadratic model for Cr removal, OPC, EEC, and SSV. 
Source of 
variations 

Sum of square Degree of freedom Mean square F-Value P-Value

Pro.>F 

RCr OPC EEC SSV RCr OPC EEC SSV RCr OPC EEC SSV RCr OPC EEC SSV RCr OPC EEC SSV

Model 370.02 8.515E-
004 

2.260E-
004 

5.697E
+005 

5 5 5 5 74.00 1.703E
-004 

4.519E
-005 

1.139E
+005 

127.68 982.04 139.55 183.44 < 
0.0001* 

< 
0.0001* 

< 
0.0001* 

< 
0.0001* 

A-EC
time

30.93 3.461E-
004 

6.529E-
005 

66413.
49 

1 1 1 1 30.93 3.461E
-004 

6.529E
-005 

66413.
49 

53.37 1996.01 201.63 106.93 0.0002^ < 
0.0001* 

< 
0.0001* 

< 
0.0001* 

B-Current 328.66 4.497E-
004 

1.383E-
004 

4.909E
+005 

1 1 1 1 328.66 4.497E
-004 

1.383E
-004 

4.909E
+005 

567.05 2593.39 426.98 790.37 < 
0.0001* 

< 
0.0001* 

< 
0.0001* 

< 
0.0001* 

AB 7.40 5.329E-
005 

1.794E-
005 

10000.
00 

1 1 1 1 7.40 5.329E
-005 

1.794E
-005 

10000.
00 

12.76 307.31 55.40 16.10 0.0091^ < 
0.0001* 

0.0001* 0.0051^ 

A2 2.97 4.452E-
008 

7.874E-
008 

2238.2
9 

1 1 1 1 2.97 4.452E
-008 

7.874E
-008 

2238.2
9 

5.13 0.26 0.24 3.60 0.0579 0.6279 0.6370 0.0994 

B2 0.20 2.340E-
006 

4.452E-
006 

311.11 1 1 1 1 0.20 2.340E
-006 

4.452E
-006 

311.11 0.35 13.50 13.75 0.50 0.5714 0.0079^ 0.0076^ 0.5020 

Residual 4.06 1.214E-
006 

2.267E-
006 

4347.5
0 

7 7 7 7 0.58 1.734E
-007 

3.238E
-007 

621.07 

Lack of fit 2.92 1.219E-
007 

1.965E-
007 

877.50 3 3 3 3 0.97 4.062E
-008 

6.551E
-008 

292.50 3.42 0.15 0.23 0.34 0.1331 0.9253 0.9351 0.8008 

Pure error 1.14 1.092E-
006 

2.070E-
006 

3470.0
0 

4 4 4 4 0.28 2.730E
-007 

5.176E
-007 

867.50 

Cor Total 374.07 8.527E-
004 

2.282E-
004 

5.740E
+005 

12 12 12 12 

Other parameters 
R2/R2

adj/R2
pred (%)  Mean C.V.% Press Adeq 

Precision 
*Highly 
significant 

RCr 0.989/0.981/0.939 91.19 0.83 22.53 35.417 

OPC 0.998/0.997/0.997 0.014 3.03 2.573E-006 99.506 ^Significant 

EEC 0.990/0.983/0.979 5.790E
-003 

9.83 4.632E-006 37.035 

SSV 0.992/0.987/0.979 483.85 5.15 11661.88 42.992 
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