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a b s t r a c t

Chloride (Cl�) is widely used for depassivation in electrocoagulation using metallic iron (Fe0-EC).
However, its optimization is still on a pragmatic approach and thus of limited success. This study pro-
posed a novel approach based on a systematic investigation of Cl�–induced pitting dissolution behavior
of Fe0 with the evolution of pH and Cr(VI) (0 6 Cr(VI) (mg/L) 6 520) in Fe0-EC. The depassivation behavior
was characterized by potentiodynamic polarization, cyclic voltammograms (CVs), galvanostatic measure-
ments, and scanning electron microscope (SEM) analysis. The proposed approach to optimize Cl� for
depassivation was as follows: (1) Build a database of minimum Cl� concentrations for pitting dissolution
(MCPD) as a function of pH and Cr(VI) in passivation region III (MCD = f (pH, Cr(VI))); (2) Record the curve
function (g) of pH and Cr(VI) evolution (g = {(pHi, Cr(VI)i), . . ., (pHf, Cr(VI)f)}) without passivation in the
Fe0-EC process; (3) Obtain the optimal concentration of Cl� for depassivation (OCD) by selecting the max-
imum MCDs by combining the curve (g) and the database of MCPD (OCD =Max{MCPD1, MCPD2, . . .
MCPDn}). This method was more accurate and stable compared with RSM.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Electrocoagulation (EC) is an attractive technology for Cr(VI)
removal because of its advantages of in-situ Fe(II)-coagulant pro-
duction [1–5], by-product (H2) recovery [6,7], and high automation
level [8–10]. In particular, Fe0-EC has been applied to decrease Cr
(VI) discharges to the Xiangjiang River as part of the ‘‘12th Five-
year Plan” to prevent heavy metal pollution in the Hunan Province
[9].

However, the passivation is widely observed in the Fe0-EC pro-
cess for Cr(VI) removal [8,9,11,12]. It severely limits the wide-
spread application of EC because it decreases the Cr(VI) removal
efficiency [8,12], induces higher power consumption [13], and
restricts hydrogen recovery [7,11]. Thus, the effective methods of
arresting passivation in the Fe0-EC process are urgently required.

Reported methods for depassivation include the mechanical
cleaning [14], alternating pulsed current (APC) [12,15,16] and
introducing aggressive agent [8,9,11,16–20]. In practice, the strat-
egy by introducing aggressive agent, especially Cl�, is an effective
and widely used method for depassivation in the large-scale and
continuous Fe0-EC processes for Cr(VI) removal [8,9,11]. It has to
be mention that insufficient Cl� is unable to avoid passivation
[8], conversely, the excess one will restrict the reuse of treated
water [21].

The optimal concentration of Cl� for depassivation is the one
that just prevents the occurrence of passivation in the EC process.
The approach to optimize Cl� for depassivation of Fe0-EC is still
very limited and only restricted to the response surface methodol-
ogy (RSM) with current efficiency (CE) as response value [19].
However, RSM has strict requirements on selection of the influenc-
ing factor’s range. Additionally, the calculation of CE is a time-
consuming process due to the determination step of total dissolved
iron [12].

So is there any other time-saving way to optimize the content of
Cl� for depassivation in the Fe0-EC process for Cr(VI) removal? To
answer this question, we first need to knowwhat and how to influ-
ence the resistance of Cl� for depassivation in Fe0-EC process, how-
ever, the crucial knowledge about it is still lacking.

In corrosion field, the behavior of Cl� for depassivation has been
largely investigated in the Fe0/H2O system, a similar system as
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Fe0-EC [22,23]. The depassivation process is due to the fact that Cl�

covering passive oxide film promotes selective dissolution of iron
hydroxide/oxide precipitation as soluble FeCl2 and FeCl3 in the
vicinity of metals [24–26]. The resistance of Cl� for depassivation
is relative to the solution pH [24–27], inhibitors (such as CrO4

2�,
MoO4

2�, and WO4
2�) [28,29] and composition and construction of

passive film [30,31]. Specially, the corrosion risk of mild steel asso-
ciated to a certain Cl� content is usually evaluated in terms of the
[Cl�]/[OH�] ratio [26]. CrO4

2� anion increases the protectiveness of
passive film not only by its higher specific adsorption than Cl� [28]
but also by its role in promoting passive film formation [12,29].
The Cl�-induced pitting resistance is improved by forming a pro-
tective barrier film with an enrichment of chromium oxide [30].

The Fe0-EC system can be essentially considered as an electro-
chemically (U0 – 0) driven accelerated corrosion process [22,23].
However, the resistance of Cl� for depassivation in Fe0-EC is more
complicated than that in Fe0/H2O system. In Fe0-EC system, the
evolution of pH and Cr(VI) varies with the increasing treatment
time, and thereby influences the behavior of passivation/depassi-
vation by changing the relative kinetics of dissolution and precip-
itation [9,12]. Additionally, the composition of passive films is
highly depended on pH and Cr(VI) concentration [12]. So, the opti-
mum of Cl� content is changing all the time due to the variation of
pH and Cr(VI) and passive film composition in Fe0-EC process.
Therefore the optimal concentration of Cl� for depassivation is
making the passivation not occur with the evolution of pH and
Cr(VI) in Fe0-EC process.

Above all, firstly, we needed to study the effects of the evolution
of pH with Cr(VI) removal on passivation in Fe0-EC process. Sec-
ondly, the influence of pH and Cr(VI) on chloride-induced pitting
dissolution should be investigated. And then, the content of Cl�

for Fe0-EC depassivation was optimized in conjunction with the
evolution of pH and Cr(VI) by the above proposed method and
finally compared with RSM.
Table 1
Coded levels of 2 variables framed by CCD.

Cr(VI)
(mg L�1)

Factors Codes Coded levels

�1.414 �1 0 +1 +1.414
2. Material and methods

2.1. Electrocoagulation experiments

2.1.1. Experimental set-up
The electrocoagulation set-up consisted of a 2.5 L reactor with

two iron rod (99.5% Fe) electrodes of 20 cm2 active surface area
and 25 mm inter-electrode spacing. The electrodes, polished by
800 grit SiC papers, were connected to a programmable DC power
supply (RIGOL DP1116A, China) with a constant current density
100 A m�2. Synthetic solutions containing Cr(VI) and Cl� were pre-
pared with appropriate amount of K2Cr2O7 and NaCl into distilled
water respectively to yield varying concentrations. And the K2SO4

was used as the supplementary supporting electrolyte to maintain
the electrical conductivity. The solution pH was adjusted by adding
0.5 M NaOH or H2SO4 solutions and measured by pH meter (FE20,
METTLER TOLEDO, Switzerland). A faster stirring rate of 600 rpm
was used during the experiments [16]. A first set of samples
(15 mL) was filtered through 0.45 lm nylon filters for the determi-
nation of Cr(VI) [32]. A second set of unfiltered samples (15 mL)
was taken and digested in HNO3 before analysis for the determina-
tion of Fe(Tot) [32]. All experiments were conducted at room tem-
perature (23 ± 2 �C).
104 Initial pH x11 2.70 3.33 4.85 6.37 7.00
Cl� x12 0 1.76 6.00 10.24 12.00

260 Initial pH x21 2.30 2.99 4.65 6.31 7.00
Cl� x22 0 2.20 7.50 12.80 15.00

520 Initial pH x31 2.00 2.73 4.50 6.27 7.00
Cl� x32 5.00 7.93 15.00 22.07 25.00
2.1.2. RSM experimental design
The central composite design (CCD), a standard RSM, was

selected to verify the results of the factors (initial pH (xi1) and
Cl� (xi2)) on the CE (yi) at Cr(VI) concentration 104, 260 and
520 mg L�1 respectively. All factors were controlled at five levels.
The response variable (yi) that represented CE was fitted by a
second-order model in the form of quadratic polynomial equation:

y ¼ b0 þ
Xm

i¼1

bixi þ
Xm

i�j

bijxixj þ
Xm

i¼1

biix
2
i ð1Þ

where y is the response variable to be modeled. xi and xj are inde-
pendent variables which determine y. b0, bi and bii are the offset
term, the linear coefficient and the quadratic coefficient, respec-
tively. bij is the term that reflect the interaction between xi and xj.
The actual design ran by the statistic software, Design-expert
7.1.3 (Stat-Ease Inc, USA), is presented in Table 1.

2.1.3. Calculation of current efficiency (CE)
The CE was calculated using the following equations:

CE ¼ Dmexp

Dmtheo
¼ FeðTotÞ � V � n � F

0:1 �M � i � A � t � 100% ð2Þ

where Dmexp is the actual dissolved iron (g), Dmtheo is the theoret-
ical dissolved iron (g), Fe(Tot) is the concentration of dissolved iron
(mg L�1), V is the volume of wastewater (L), t is the time of electrol-
ysis (s), M is the atomic weight of the iron (56 g mol�1), i is the cur-
rent density (A m�2), A is the surface area of anode (cm2), n is the
number of electron moles (n = 2) and F is the Faraday’s constant
(96,487 C mol�1).

2.2. Electrochemical experiments

2.2.1. Electrochemical cell and electrode preparation
Electrochemical measurements were conducted on the electro-

chemical work station (CHI 760E, china) with a standard three-
electrode cell. The working electrode, a pure iron disc (99.9%),
was embedded in resin with an exposed area of 8.3 mm2. A
large-area platinum electrode was used as counter electrode and
a Hg/Hg2SO4 (saturated K2SO4) reference electrode as the reference
electrode, which was connected to the cell by a luggin capillary as
described previously [12]. The working surface ground with 800
grit SiC papers, followed by a wet finish (0.3 lm alumina), and son-
icated in an ethanol for 5 min. Solutions were deaerated by N2 for
30 min before use. All potentials were quoted on the Hg/Hg2SO4

scale (0.418 V vs. SCE, 0.659 V vs. SHE).

2.2.2. Chronopotentiometry
The passive films was obtained by the chronopotentiometry

with the identical operational parameters (current density, reac-
tion time, and stirring rate) as that in Fe0-EC reactor and then used
for further analysis by potentiodynamic polarization, cyclic
voltammograms and galvanostatic measurement.

2.2.3. Potentiodynamic polarization
Potentiodynamic polarization experiments were carried out in

pH 8 and Cr(VI) = 260 mg L�1 solution with different concentration
of Cl� (0, 17, 18 and 19 mM). The scan rate was 1 mV s�1 and the



Fig. 1. Schematic illustration of determining the minimum Cl� for pitting disso-
lution by galvanostatic measurements in pH 8 with different Cr(VI) concentrations
(52, 156, 260, 416 and 520 mg L�1).

Fig. 2. Evolution of pH and Cr(VI) concentration at regular intervals (5 min) during
Fe0-EC process corresponding to different initial pH and Cr(VI) concentrations. The
pink line is with 15 mM Cl� addition, whereas the blue line without Cl� addition.
The green line is the boundary of passivation and depassivation, and the black line
is acidic and alkaline of final pH. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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starting potential was �150 mV versus open-circuit potential. The
test was terminated when the current density exceeded 2.0 A m�2.
2.2.4. Cyclic voltammograms (CVs)
The CVs were used to evaluate the electrochemical characteri-

zation of the treated samples by chronopotentiometry in different
pHi-Cr(VI)i before and after Cl� (12 mM) addition at a sweep rate of
10 mV s�1.
2.2.5. Galvanostatic measurements
Galvanostatic measurements were performed to determine the

behavior of passivation or depassivation as described previously
[12]. A constant current of 8.3E-4 A (ca. 100 A m�2) was applied
during each experiment and the potential was recorded as a func-
tion of time. The criterion of passivation/depassivation were as fol-
lows: the electrode potential value, above the reversible potential
of oxygen evolution indicated the occurrence of passivation, other-
wise, the potential between the reversible potential of oxygen evo-
lution and hydrogen evolution indicated the depassivation or
pitting dissolution of iron. Then the minimum Cl� for pitting disso-
lution (MCPD) of treated samples were determined by the above
criterion with different pH and Cr(VI), as shown in Fig. 1.
2.2.6. Scanning electron microscope (SEM)
Morphological observations of iron electrode surfaces of CVs

and EC process with Cl� (12 mM) addition were achieved by SEM
(Quanta 200 FEG, FEI, US).
3. Results and discussion

3.1. Effects of pH and Cr(VI) evolution on passivation of Fe0-EC

A pH–Cr(VI)-dissolution/passivation diagram, as described pre-
viously [12], was constructed using the dissolution (I, II) and passi-
vation regions (III) shown in Fig. 2. Passivation inevitably occurs if
the evolution of pH and Cr(VI) is in the passivation region III of Fe0-
EC [12]. The dissolution region was divided into dissolution region
I and dissolution region II depending on the relative magnitude of
chromic alkalinity (p[Cr(VI)]) and initial pH (pHi) of Fe0-EC. Specif-
ically, dissolution I, the region of p[Cr(VI)] > pHi, achieved an acidic
final pH and low removal efficiency of Cr(III), while dissolution II,
the region of p[Cr(VI)] 6 pHi, achieved a reasonable final pH for
Cr(III) precipitation and did not suffer passivation, which was opti-
mal condition for EC operation [9].

The evolution of pH and Cr(VI) was a continuous process as Cr
(VI) was removed during the Fe0-EC process [12,16]. So, a transi-
tion from the dissolution to passivation region may occur during
the evolution of pH and Cr(VI), which relies heavily on the respec-
tive initial values of pH and Cr(VI) [9].

For pHi 2.7 and Cr(VI)i = 104 mg L�1, irrespective of the addition
of Cl�(Fig. 2), the evolution of pH and Cr(VI) featured the same with
treatment time and were invariably located in dissolution region II
until Cr(VI) was removed completely, which implies that passiva-
tion did not occur throughout. Similar behavior was also observed
in pHi 2.3 and Cr(VI)i = 260 mg L�1.

In contrast, for pHi 2.0 and Cr(VI)i = 520 mg L�1 with Cl�, the
evolution of pH and Cr(VI) crossed sequentially from dissolution
region II to passivation region III during the removal of Cr(VI).
There were similar variations of pH and Cr(VI) in dissolution region
II without Cl�, but their evolution was interrupted when entering
the passivation region III. This was due to passivation hindering
the removal of Cr(VI) by forming a passive oxide film [12]. Similar
evolution was observed in pHi 3 and Cr(VI)i = 260 mg L�1 and pHi

5.7 and Cr(VI)i = 260 mg L�1.
Based on the above results, it could be conclude that passivation

is related to the initial values of pH and Cr(VI) and their evolution.
Concretely, passivation inevitably occurs when pHi and Cr(VI)i are
in passivation region III or the evolution of pH and Cr(VI) enter pas-
sivation region III, even if their initial values are in dissolution
region II. Additionally, the passivation region occupies the majority
of the pH–Cr(VI) diagram, thus it is necessary to investigate the
quantitative influence of pH and Cr(VI) on chloride-induced pitting
dissolution and optimize concentration of Cl� in the depassivation
of Fe0-EC.
3.2. Minimum chloride for pitting dissolution (MCPD) of Fe0-EC

3.2.1. Effects of chloride on pitting dissolution
The effects of different concentrations of Cl� on pitting dissolu-

tion were investigated through potentiodynamic polarization
experiments (Fig. 3). The region between 0.15 and 0.75 V (vs. Hg/
Hg2SO4), which had a roughly constant current density, was
regarded as the classic passivation region [31]. A small current
density (<0.1 A m�2) was observed in this region both with and



Fig. 3. Potentiodynamic polarization curves: the effects of different Cl� concentra-
tions on pitting dissolution in pH 8 and Cr(VI) = 260 mg L�1.
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without the addition of a concentration of 16.0 mM Cl�, which
indicated that the dissolution of iron was significantly suppressed
in the passivation region by the passive film that formed [24,26].

With increased concentrations of 17.0, 18.0 and 19.0 mM of Cl�,
the pitting dissolution phenomenon occurred along with a series of
current transients followed by a rapid rise in current [33]. This was
due to the breakdown of passive film by the Cl�covering, which
Fig. 4. Comparison of CVs. and SEM images at pH 8 and Cr(VI) = 520 mg L�1 (a–c), pH 4 an
g) were recorded on the respective solutions before (dark line) and after (red line) Cl� add
obtained with Cl� addition (12 mM). (For interpretation of the references to color in thi
promotes the selective dissolution of passive films as soluble Fe
(Cl)n in the vicinity of an anode and then avoids iron hydroxide/
oxide precipitation [34,35]. Notably, pitting potential (Epit), as a
pitting susceptibility indicator, became more negative as Cl�

increased [26,36]. It is also reasonable to assume that there is an
optimal concentration of Cl� to induce pitting dissolution for both
pH and Cr(VI) in passivation region III.
3.2.2. Effects of pH and Cr(VI) on chloride-induced pitting dissolution
The effects of pH and Cr(VI) on chloride-induced pitting dissolu-

tion were examined through CVs and surface analyses (Fig. 4).
Identical CVs (Fig. 4a) and smooth surfaces without pitting
(Fig. 4b and c) both with and without Cl� were observed. The
anode remained in the passivation region with the addition of a
concentration of 12.0 mM Cl� in pH 8 and Cr(VI) = 520 mg L�1[28].
As pH (pH 4 and Cr(VI) = 520 mg L�1 with 12 mM Cl�) decreased,
the growth of metastable pits was initiated by typical transient
current density and the decay of current density (Fig. 4d) with a
limited number of pits on the surface of the anode (Fig. 4e and f).
This observation can be interpreted by the relative kinetics of the
iron dissolution process (vd) and its precipitation process (vp),
which occurs in the process of Fe0-EC [12]. In particular, a sudden
increase in current density indicated pitting dissolution since the
anion diffuse layer of OH� promoted iron hydroxide/oxide
precipitation, which led to vd > vp[3,24]. The ensuing decay of cur-
rent density was due to chromate-induced repassivation. Chro-
mate forms a passive film by displacing the absorbed Cl� and
d Cr(VI) = 520 mg L�1 (d–f), and pH 8 and Cr(VI) = 52 mg L�1 (g–i). The CVs. (a, d, and
ition (12 mM). The SEM images of CVs. (b, e, and h) and Fe0-EC (c, f, and i) were then
s figure legend, the reader is referred to the web version of this article.)



Fig. 6. Evolution of pH and Cr(VI) and corresponding optimization of Cl� for
depassivation for Cr(VI)i = 104 mg L�1, pHi = 3.30, 4.85, and 6.37; Cr(VI)i = 260 -
mg L�1, pHi = 3.0, 4.65, and 6.31; and Cr(VI)i = 520 mg L�1, pHi = 2.73, 4.50, and 6.27
in Fe0-EC process.
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consequently causing vd < vp, which increases the protectiveness of
the passive film [12,29].

It should be noted that there is a rapid increase in current den-
sities for potentials >0.92 V vs. Hg/Hg2SO4 with sweep time
increasing in pH 8 and Cr(VI) = 52 mg L�1 (Fig. 4g). Actually, the
current density of the potential sweep moving toward the negative
was higher than the previous potential sweep moving toward the
negative because of changes to the surface area. A larger surface
area was created by the incorporative pits, which gradually merged
with the larger ones with potential sweep (Fig. 4h and i) [37].
Therefore, the sequence of the resistance of chloride-induced pit-
ting dissolution in these three conditions is pH 8 and Cr(VI)
= 520 mg L�1 > pH 4 and Cr(VI) = 520 mg L�1 > pH 8 and Cr(VI)
= 52 mg L�1, which is consistent with the stability of its passive
film [12].

3.2.3. Database of MCPD in passivation region (III)
As previously discussed, the resistance of chloride-induced pit-

ting dissolution decreased as the concentration of Cl� increased
and increased as pH and Cr(VI) increased, which is consistent with
the stability of its passive film. Therefore, there must be an MCPD
for both pH and Cr(VI) in passivation region III. It was determined
from galvanostatic measurements, as shown in Fig. 5.

3.3. Optimum chloride for depassivation (OCD) in Fe0-EC process

Based on the results presented in the preceding sections, the
optimal concentration of Cl� for depassivation is that which pre-
vents passivation during the evolution of pH and Cr(VI) in the
Fe0-EC process. The proposed approach to optimize Cl� for depas-
sivation is as follows:

(1) Build a database of minimum Cl� concentrations for pitting
dissolution (MCPD) as a function of pH and Cr(VI) in passiva-
tion region III (MCD = f (pH, Cr(VI))).

(2) Record the curve function (g) of pH and Cr(VI) evolution (g =
{(pHi, Cr(VI)i), . . ., (pHf, Cr(VI)f)}) without passivation in the
Fe0-EC process.

(3) Obtain the optimal concentration of Cl� for depassivation
(OCD) by selecting the maximum MCDs by combining the
curve (g) and the database of MCPD (OCD =Max{MCPD1,
MCPD2, . . . MCPDn}).

Take pHi 6.31 and Cr(VI)i = 260 mg L�1 for example. First, a
database of minimum Cl� concentrations for pitting dissolution
Fig. 5. Database of MCPD corresponding to pH and Cr(VI) in the passivation region
III.
(MCPD) as a function of both pH and Cr(VI) in passivation region
III (MCD = f (pH, Cr(VI))) was built. This database is described in
Section 3.2.3. Following this, the curve function of pH and Cr(VI)
evolution (g = {(6.31, 260), . . ., (pHf, Cr(VI)f)} without passivation
(30 mM Cl�) was recorded (Fig. 6). Finally, the optimal concentra-
tion of Cl� for depassivation (OCD) was obtained by selecting the
maximum MCDs by combining the curve (g) and the database of
MCPD (OCD =Max{MCPD1, MCPD2, . . . MCPDn} =Max (9.6, 10.7,
11.8, 14.3) = 14.3).

The same steps were used to optimize for other conditions.
These results are shown in Table 2. A high CE (from 97.2% to
99.7%) was also obtained from validation experiments, of which
the relative error was less than 2.2%. Next, RSMwas used to further
confirm the accuracy of our proposed method.

3.4. Verification using RSM

The central composite design of RSM was developed to obtain
the optimal concentration of Cl� for depassivation in the Fe0-EC
process. Table 3 shows the experimental matrices for two variables
(initial pH (xi1) and Cl� (xi2)) and corresponding experimental
responses (CE (yi)) for three concentrations of Cr(VI) (104, 260
and 520 mg L�1). The discrepancies (ANOVA) of RSM models were
analyzed based on the results in Table 3. The results revealed that
three models are highly significant (i.e., ‘‘Prob > F00 < 0.0001,
<0.0001 and 0.0001 for 104, 260 and 520 mg L�1, respectively)
with an insignificant lack of fit (‘‘Prob > F00 0.1135, 0.0545 and
0.0535 for 104, 260 and 520 mg L�1, respectively). This conclusion
Table 2
Optimal Cl� for depassivation in Fe0-EC by proposed method.

Concentration
(mg L�1)

Initial
pH

Optimal
Cl� (mM)

CE (%) Relative
Error (%)

Prediction Validation

260 3.00 10.2 100 99.7 0.3
104 3.30 6.2 100 97.8 2.2

4.85 10.2 100 99.2 0.8
6.37 12.2 100 98.6 1.4

260 3.00 10.2 100 99.7 0.3
4.65 12.5 100 99.5 0.5
6.31 14.3 100 99.3 0.7

520 2.73 19.7 100 98.5 1.5
4.50 23.0 100 97.2 2.9
6.27 25.1 100 99.6 0.4



Table 3
Experimental matrix for the variables and corresponding experimental response.

Run 104 mg L�1 260 mg L�1 520 mg L�1

Std x11 x12 (mM) y1 (%) Std x21 x22 (mM) y2 (%) Std x31 x32 (mM) y3 (%)

1 3 3.33 10.24 103.1 6 7.00 7.50 33.2 8 4.50 25.00 98.7
2 7 4.85 0.00 9.23 3 2.99 12.80 106.4 12 4.50 15.00 22.5
3 1 3.33 1.76 39.9 8 4.65 15.00 101.3 3 2.73 22.07 103.9
4 11 4.85 6.00 54.7 1 2.99 2.20 28.3 2 6.27 7.93 6.4
5 4 6.37 10.24 95.8 4 6.31 12.80 98.2 11 4.50 15.00 21.6
6 6 7.00 6.00 12.6 12 4.65 7.50 61.7 5 2.00 15.00 105.4
7 8 4.85 12.00 99.7 13 4.65 7.50 65.4 6 7.00 15.00 16.5
8 12 4.85 6.00 68.3 9 4.65 7.50 68.9 4 6.27 22.07 83.2
9 2 6.37 1.76 6.4 2 6.31 2.20 15.3 7 4.50 5.00 13.3

10 9 4.85 6.00 52.6 11 4.65 7.50 71.3 10 4.50 15.00 28.7
11 10 4.85 6.00 48.3 10 4.65 7.50 76.4 9 4.50 15.00 23.7
12 13 4.85 6.00 50.2 7 4.65 0.00 14.3 1 2.73 7.93 28.2
13 5 2.70 6.00 105.4 5 2.30 7.50 101.2 13 4.50 15.00 37.1

Table 4
Criteria for multiple response optimization with RSM predictions.

Conc. (mg L�1) Prediction Validation

Parameter Goal Low. limit Up. limit Weight Importance pHi Optimal Cl� (mM) CE (%) RE (%)

104 pHi Is equal to 3.30 6.34 1 3 3.30 7.9 102.1 6.9
Cl� Minimize 0 14 1 3 4.85 10.5 99.3 4.3
CE Is in range 95 100 1 3 6.37 13.1 99.8 4.8

260 pHi Is equal to 2.99 6.31 1 3 2.99 9.8 98.5 3.6
Cl� Minimize 0 15 1 3 4.65 12.0 99.2 4.2
CE Is in range 95 100 1 3 6.31 14.2 98.7 3.7

520 pHi Is equal to 2.73 6.27 1 3 2.73 20.0 99.0 3.2
Cl� Minimize 5 25 1 3 4.50 24.2 99.5 4.5
CE Is in range 95 100 1 3 6.27 24.7 98.4 3.5

Table 5
Comparison of the predicted optimal Cl� between proposed method and RSM.

Cr(VI)i 104 mg L�1 260 mg L�1 520 mg L�1 RE aver. (%)

pHi 3.30 4.85 6.37 3.0 4.65 6.31 2.73 4.50 6.27

Our proposed (mM) 6.2 10.2 12.2 10.2 12.5 14.3 19.7 23.0 25.1 1.2 ± 0.8

RSM (mM) 7.9 10.5 13.1 9.8 12.0 14.2 20.0 24.2 24.7 4.3 ± 1.0
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showed that all three models were suitable to analyze the factors
[38]. The following polynomial equations (Eqs. 3–5) in coded form
were determined and evaluated to predict the optimal concentra-
tion of Cl� for depassivation by RSM (Table 4), which matched
the results of validation experiments [9,12].

For 104 mg L�1 : y1 ¼ 57:40� 21:50x11 þ 35:07x12 ð3Þ

For 260 mg L�1 : y2 ¼ 64:76� 14:67x21 þ 35:50x22 ð4Þ

For 520 mg L�1 : y3 ¼ 26:72� 21:03x31 þ 34:16x32 þ 16:35x231
þ 13:88x232 ð5Þ

It is worth noting that the optimal concentration of Cl� obtained
using proposed method is more accurate and stable (lower RE aver.
(%)) compared with RSM (Table 5). Therefore, these results verify
that the proposed method can be used to effectively optimize the
concentration of Cl� for depassivation during the Fe0-EC process.
4. Conclusions

Passivation inevitably occurred when pHi and Cr(VI)i were in
passivation region III or the evolution of pH and Cr(VI) enter
passivation region III, even if their initial values were in dissolution
region II. The sequence of the resistance of chloride-induced pitting
dissolution in these three conditions was pH 8 and Cr(VI)
= 520 mg L�1 > pH 4 and Cr(VI) = 520 mg L�1 > pH 8 and Cr(VI)
= 52 mg L�1, which was consistent with the stability of its passive
film. MCPD data in passivation region III was determined from gal-
vanostatic measurements. The optimal concentration of Cl�

obtained using our proposed method was more accurate and stable
compared with RSM. The proposed method can be used to effec-
tively optimize the concentration of Cl� for depassivation during
the Fe0-EC process.
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