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HIGHLIGHTS

« A theory of the relationships between initial pH and chromic alkalinity for final pH was built.

« Final pH was conditioned by initial pH and chromic alkalinity rather than current density.

« The final pH can be detected by the features of pH evolution when p[Cr(VI)] = pH; and p[Cr(VI)] < pH;.
« A real-time control strategy for fluctuant (or stable) Cr(VI) wastewater treatment was proposed.
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The pH value is easily monitored and widely used in real-time control processes. It is also a key parameter
in removing Cr(VI) during electrocoagulation. We developed a theory of relations between initial pH (pH;)
and chromic alkalinity (p[Cr(VI)]), and the final pH of a solution. That was, when p[Cr(VI)] = pH;, the final
pH was neutral; when p[Cr(VI)] < pH;, the final pH was alkaline; and when p[Cr(VI)] > pH;, the final pH
was acidic. Response surface methodology confirmed that final pH was influenced by initial pH and initial
Cr(VI) concentration rather than by current density. Subsequently, the relationship between pH evolution

Keywords: ) and Cr(VI) removal was investigated for the aforementioned final pH conditions. Our results suggested
Electrocoagulation . L.
Final pH that the point of final pH can be detected by the features of pH evolution in case of p[Cr(VI)] = pH; and

plCr(VI)] < pH;. Rapid Cr (VI) removal rate was achieved when p[Cr(VI)] > pH;. However, the major frac-
tion of dissolved Cr (III) and the uncertain point of final pH were observed in this condition. Finally,
we proposed a real-time control strategy for treating fluctuant (or stable) Cr(VI)-contaminated wastewa-
ter based on the features of pH evolution.

Cr(VI) removal
Real-time control strategy
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1. Introduction

Regulatory demands for decreasing Cr(VI) discharge in any
chemical form are becoming stricter and will continue to do so
until this pollutant in wastewater is completely abated [1].
Consequently, it leads to the increase of the cost of corresponding
infrastructure investments and operation [2]. As a result, several
electrochemical processes such as electrocoagulation (EC) [2-7],
electrocoagulation-electrofloatation [8], electrodialysis [9-11],
and electrodeionization [12], have been developed. EC, a process
of generating metal coagulants electrochemically, is suitable for
treating Cr(VI)-contaminated wastewater because of its
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advantages over traditional chemical treatment methods. Such
advantages include no chemical requirement, minimal sludge pro-
duction, and negligible process control [2,3,6]. As such, EC is one of
the technologies used in reducing Cr (VI) discharges in the Xiangji-
ang River in Hunan Province. A 50% reduction in Cr (VI) emissions
compared with the 2008 level is one of the objectives of the “12th
Five-year Plan”, a comprehensive project for preventing and con-
trolling heavy metal pollution in Hunan Province by 2015 [13].
EC process with sacrificial iron anodes (Fe-EC) has been
extensively investigated on Cr(VI) removal [2-7]. Notably, the Fe-
EC performance is influenced by many factors such as initial pH
[6], current density [14], treatment time [15], and electrolytes
[16]. In addition, the varying practices in the production process
may cause the fluctuations of Cr(VI) wastewater from the work-
shop. Hence, the implementation of field-scale EC systems usually
operates under continuous and excess current supply conditions,
which results in a superfluous iron materials and electric energy


http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2013.11.008&domain=pdf
http://dx.doi.org/10.1016/j.cej.2013.11.008
mailto:yzh@hnu.edu.cn
http://dx.doi.org/10.1016/j.cej.2013.11.008
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej

H.-y. Xu et al./Chemical Engineering Journal 239 (2014) 132-140 133

consumption. But fortunately, some authors have proposed that
the real-time control process, operating with online monitoring
by specific index (such as pH, ORP, and DO), offers many advanta-
ges such as self-adjusted to various treatment conditions and en-
ergy savings [17-19]. Now that detailed researches on real-time
process control strategy in EC systems are scarce, a proper moni-
toring and control index appears to be the major issue for this
process.

Many reports have suggested that the pH is one of the widest
used control parameters in determining the termination points
[18,19]. It is also a key parameter in removing Cr(VI) during EC pro-
cess [16]. As observed by other investigators, the EC treatment in-
duces a pH increase from acidic to more basic condition [14,20].
Consequently, EC process is efficient in removing Cr(VI) pollutants
from wastewater, since the reduction of Cr(VI) to Cr(III) by Fe(II) is
preferred to occur in acidic conditions, and the coagulation of
Fe(Ill) and Cr(Ill) is favorable in alkali conditions [16]. However,
the presence of high concentration of proton (H*) can be disadvan-
tageous for precipitation of Fe(Ill)/Cr(Ill) hydroxides [8]. Further-
more, the iron hydroxide flocs have been reported to hardly float
up in a highly alkaline environment, due to their flocs are small
and dense [3,8,21]. Thus the optimum condition of Cr(VI) removal
in EC process is by virtue of regulating final pH at neutral rather
than acidic and alkaline.

Therefore, understanding the factors that influence final pH and
quantifying the relationships among these factors are essential.
Nevertheless, this topic is not available in current literature. Most
studies focused on the mechanisms of pH evolution during EC. The
following summary of Fe-EC for Cr (VI) removal reported in litera-
ture demonstrates the ambiguity of pH evolution mechanisms in-
volved in the process.

(1) Direct effect. Some studies show that the bulk solution pH
would increase in acidic condition, which is due to hydroxyl
ions produced at the cathode [4,16]. In contrast, others
report the precipitation of metallic species consumes the
alkalinity produced at the cathode, thereby resulting in an
invariability of pH under alkaline conditions [3,21]. Mean-
while, Mouedhen et al. suggest the pH variation is essen-
tially attributed to combined effect of hydroxyl ions
produced at the cathode and hydroxide precipitate of
Cr(OH); and Fe(OH)s [7]. Additionally, many consider the
solution pH depends on the initial pH [6,16,20].

(2) Indirect effect. Numerous studies have reported that operat-
ing parameters, such as electric current and electrolytes
enhance anode dissolution, thus causing an increase in the
pH of solutions [6,20]. In addition, CO, gas transfer has also
been reported to lead to pH increase in solutions [22]. More-
over, chloride and sulphate ions in the solution make only a
slight difference to the solubility equilibrium of Fe, and the
magnitude of the increase of solubility due to the formation
of complexes is very small compared with the change of pH
[16].

Additionally, some temporary effects can also influence the pH
value. The immediate or time lag of pH during EC process has been
noticed by Lakshmanan et al. [23]. Fortunately, the influence of this
may be eliminated by some operation methods.

The effects of the above factors towards final pH in the quoted
studies are unknown but certainly crucial factors. Therefore, the
aims of this study were to (1) find out the influencing factors on fi-
nal pH of Cr(VI) removal and determined their quantitative rela-
tions; (2) confirm the above results by response surface
methodology (RSM) experiment; (3) investigate the pH evolution
in different final pH conditions (acidic, neutral and alkaline) and
based on that, and (4) propose a real-time control strategy.

2. Material and methods
2.1. Experimental set-up

Experiments were conducted in a 2.5 L EC reactor (Fig. 1) using
1.5 cm diameter reagent-grade iron rod (99.5% Fe) with active sur-
face area of 16 cm?. The distance between the anode and cathode
was 25 mm. The electrodes, precleaned mechanically with sandpa-
per to remove any passive film, were connected to a programmable
DC power supply (RIGOL DP1116A, China, maximum 32.000V and
10.000A) which controlled by user-defined programming. Syn-
thetic solutions containing Cr(VI) were prepared by dissolving re-
agent grade K;Cr,0, into deionized water, and analytical grade
anhydrous NaCl was added as a supporting electrolyte to avoid
iron passivation in the EC process [ 16]. A magnetic stirrer with stir-
ring rate of about 300 rpm was used during the electrolysis to en-
sure adequate mixing. Samples (30 mL) were taken from the
reactor using a wide-tipped syringe based on the requirement of
the experimental object. A first set of samples was filtered through
0.45 pm nylon filters for the determination of Cr(VI) and Cr(Tot). A
second set of unfiltered samples was taken and digested in HNO3
before analysis for the determination of Fe(Il) and Fe(Tot). The dis-
solved oxygen (DO) was measured by DO meter (HI 98186, HAN-
NA, Italy). The pH of the solutions was measured by pH meter
(HI 98184, HANNA, Italy) and adjusted by adding 0.5 M NaOH or
HNOs3 solutions. The pH value was measured in pH monitoring
room by peristaltic pump to guaranteeing precision. All experi-
ments were conducted at room temperature (23 + 2 °C).

2.2. Analytical methods

Cr(VI) concentration was measured with a 721 spectrophotom-
eter (Shanghai, China) using the standard method of the diphenylc-
arbazide [24]. Cr(Tot) and Fe(Tot) concentrations were analyzed
using flame atomic absorption spectroscopy (AAS) [24]. The Fe(II)
concentration was determined by UV spectrophotometry using
the 1,10 phenanthroline method [25]. The Fe(Ill) concentration
was then calculated from the difference between Fe(Tot) and Fe(II).

2.3. Equilibrium modeling

The Visual MINTEQ ver. 3.0. was used to determine the possible
species formed [26]. Solution speciation was calculated using ther-
modynamic data and equilibrium constants of the Visual MINTEQ

Fig. 1. Schematic process and arrangement with pH monitoring system (1) DC
power; (2) sample collection; (3) gas-flow meter; (4) EC reactor; (5) magnetic
stirrer; (6) peristaltic pump; (7) pH monitoring room; (8) pH probe; (9) DO probe;
and (10) computer.
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database, which mostly relies on the NIST Critical Stability con-
stants database (database NIST 46.7) [27]. We used the Davies
equation for activity correction and van’t Hoff’s equation for tem-
perature correction [28].

Total Cr(VI), Cr(Ill), Fe(Ill) and Fe(Il) in the Visual Minteq runs
was set to 2, 2, 6 and 6 mM, respectively, and Cr(IIl), Fe(III), Fe(II)
was allowed to precipitate when the solubility product for
Cr(OH)5(s) (with log K;=—0.49, AH,=—-110.5 at 25 °C), Fe(OH)3
(with log K= 3.2, AH, = —100.4 kJ/mol at 25 °C), Fe(OH),(s) (with
log K, = 13.49 k]/mol, AH, = —91.62 kJ/mol at 25 °C) was exceeded,
respectively.

2.4. Calculations

The theoretically dissolve amounts of ferrous from Faraday’s
law (Eq. (1)). Faraday’s formula could be expressed as:

M-I At
T )

where [ is the current (A), At is the intervals time (s), Amgpe, is the
amount of iron dissolved (g), M is the atomic weight of the iron
(56 g/mol), n is the number of electron moles (n=2, in Eq. (2))
and F is the Faraday’s constant (F = 96,487 C/mol).

AIntheo =

2.5. Theory of Cr(VI) removal-pH evolution

2.5.1. Basic concept of EC process
Concerning iron material, the main electrochemical reactions
occurring at electrode surfaces during electrolysis are [29]:

At the anode : Fe — 2e~ = Fe?* E°=0.447V )

At the cathode : 2H,0 +2e~ = Hy(g) + 20H" E°=-0.828V (3)

The pH, at the vicinity of the anode, is more acidic than the bulk,
since the ferrous electrodissolved from anode (Eq. (2)) is immedi-
ately hydrolyzing and releasing hydrogen ions [7]. But cathode
vicinity is more alkaline than the bulk according to the Eq. (3).

The overall electrodissolution reaction (combination of anode
Eq. (2) and cathode Eq. (3)) can be expressed as follow:

Electrodissolution : Fe + 2H,0 = {Fe(OH), } + H,(g) (4)

where {Fe(OH),} represents the neutral products in bulk solution,
such as Fe(OH),(s), Fe(OH)" +OH", and Fe’" +20H", depending
on pH (Fig. 2).

During the acidic solution, chemical dissolution occurs.

Chemical dissolution : Fe + 2H" = Fe?* + H,(g) (5)

An ionization equilibrium reaction of H,O happens under acidic
condition:

H,0 = H* + OH logK® = —14 (6)

Substituting Eqs. (5) and (6), we also obtain Eq. (4).

Above all, {Fe(OH),} was used in this study to represent the
neutral products generated during electrodissolution and chemical
dissolution process.

2.5.2. Mechanisms for Cr(VI) removal in EC process
Cr(VI) removal by Fe-EC process contains several mechanisms:

(1) Chemical reduction [7,14,16,20,30,31]: the reduction of
Cr(VI) to Cr(Ill) by the Fe?* ions generated from electrodisso-
lution and chemical dissolution, is the predominant way for
Cr(VI) removal.
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Fig. 2. Predominance zone diagram for Cr(VI) species, Cr(IIl), Fe(Ill) and Fe(II) ratio
in solution simulated by Visual MINTEQ ver. 3.0.

In our experiments described previously (Section 2.5.1), the
{Fe(OH),} was used to indicate the iron species produced by EC
process. Therefore, we obtained the following equations:

2HCr0;, +6{Fe(OH), } +4H,0+2H" =2{Cr(OH);} + 6{Fe(OH);}; (7)
Cr,02 +6{Fe(OH), } + 5H,0+2H" =2{Cr(OH),} + 6{Fe(OH);};  (8)
2Cr02” +6{Fe(OH),} +4H,0+4H" = 2{Cr(OH),} +6{Fe(OH);};  (9)

(2) Cathode reduction [3,14,32,33]: the electrochemical reduc-
tion of Cr(VI) directly at the cathode, then the generated
{Fe(OH), } is consumed by Cr(VI) with chemical reduction
(Egs. (10)-(12)).

2HCrO, + 3Fe + 4H,0 + 2H" = 2{Cr(OH),} + 3{Fe(OH),};  (10)
Cr,0% + 3Fe + 5H,0 + 2H" = 2{Cr(OH),} + 3{Fe(OH),};  (11)

2Cr02 + 3Fe + 4H,0 + 4H' = 2{Cr(OH),} + 3{Fe(OH),};  (12)

(3) Zero-valent iron reduction [3,4,34]: in the acidic conditions,
Cr(VI) can be reduced at anode surface by zero-valent iron.

2HCrO, + 2Fe + 4H,0 + 2H' = 2{Cr(OH),} + 2{Fe(OH),};  (13)
Cr,02 + 2Fe + 5H,0 + 2H' = 2{Cr(OH),} + 2{Fe(OH),};  (14)

2Cr02 + 2Fe + 4H,0 + 4H' = 2{Cr(OH),} + 2{Fe(OH),}.  (15)

where {Cr(OH),} and {Fe(OH),} are the products of EC, which exists
in aqueous medium as neutral species, for instance, Cr(OH),(s),
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Cr(OH); + H*, Cr3(OH)" +50H", Fe(OH),(s), Fe(OH); +H", and
Fe*" +30H", etc., depending on solution pH (Fig. 2).

2.5.3. Reaction stoichiometry of Cr(VI) and protons (H")
In this section, some important assumptions were given in the
following:

(1) In the pH range of 2.0-4.0, Cr(VI) only existed in bulk solu-
tion as the species of HCrO, and Cr,03". This was consistent
with the data shown in Fig. 2, the ratio of H,CrO4 and CrOf{
was below 0.5% and 0.25%, respectively. Therefore, the spe-
cies of H,CrO4 and CrOﬁ’ could be ignored in this situation.

(2) At the end of Cr(VI) removal, no {Fe(OH),} was residual in
the bulk solution, and the final pH was between 5.0 and
12.0. Hence the products of {Cr(OH)s} and {Fe(OH);} exist
as Cr(OH)3(s) and Fe(OH)s(s), respectively (Fig. 2).

Obviously, HCrO; and Cr,02~ were removed by the route of I
(Egs. (7), (10), and (13)) and II (Egs. (8), (11), and (14)), respec-
tively. Given the stoichiometry of these reactions, 2 mol Cr(VI)
from HCrO, or Cr,0% were reduced accompanying with 2 mol
protons, and resulting in the formation of 2 mol Cr(OH),(s). It
means that 1 mol Cr(VI) reduction requires 1 mol protons. When
pH above 6.5, the CrO3~ dominated in bulk solution (Fig. 2). With
regard to the route of II], it consisted of two parts: the transforma-
tion of HCrO, and Cr,02" to CrO%~ (Egs. (16) and (17))

2HCrO, + 20H™ = 2Cr0}” +2H,0 logK® = 14.98 (16)

Cr,02 +20H = 2Cr0? + H,0 logK® = 13.44 17)

and the reduction of CrOf{ (Egs. (9), (12), and (15)). Also, the stoi-
chiometries indicate that for the reduction of 1 mol Cr(VI), 1 mol
of protons is necessary. The foregoing discussion summarized the
stoichiometry of Cr(VI) reduction and protons consumption, that
is, [Cr(VD)]rea = [H+]com-

The pH of the solution is related to initial pH and protons con-
sumption, which can be expressed in the following equation:

[H+]ini - [H+]com = [H+]ﬁn (18)
In which
(Heom = [Cr(VI)],eg = [Cr(VD)];y; — [Cr(VI)]g, (19)

Substitute Eqs. (19) to (18), then we obtain:

(H]jni = [Cr(VD)] 5 — [Cr(VD)]g, = [H']g, (20)
The logarithmic style of Eq. (20) is
1g([H )ipi — H' ) = 18([Cr (VD) 5 — [Cr(VD)]5,) (21)

Assume that initial pH is in the range of 2-4 and final pH is neu-
tral ([H ] = 1077), so [H ;i > 1077, then Eq. (21) can be described
as:

1g([Cr(VD)]iy; — [Cr(VDls,) = 1g [H iy (22)

The concentration of Cr(VI) equals to zero by the end of EC pro-
cess, which is [Cr(VI)]z, = 0.
Therefore, the final equation is:

—1g[Cr(VD);, = —1g [H' ;5 = PHii (23)

In our study, we defined the “p[Cr(VI)]” as chromic alkalinity,
which was the quantitative capacity of Cr(VI) to neutralize an acid,
and expressed as

p[Cr(VD)] = —lg[Cr(VD)] (24)

ini
On the other hand, “pH;’ was the solution pH value at the
end-point of Cr(VI) removal.

Obviously, when p[Cr(VI)]=pH; the final pH was neutral;
p[Cr(VI)] < pH;, alkaline; and p[Cr(VI)] > pH;, acidic.

2.6. Experimental design

2.6.1. RSM experimental design

The 3-Level Factorial Design, a standard RSM, was selected for
the evaluation of the factors which made sense on the final pH dur-
ing Cr(VI) removal in EC process. In this design, three factors were
the initial pH (x;), initial Cr(VI) concentration (x,) and current den-
sity (x3), respectively [35]. All factors were controlled at three lev-
els. The response variable (y) that represented final pH was fitted
by a second-order model in the form of quadratic polynomial
equation:

m m m
y=>pH+ Zﬁixi + Zﬁijxixj + Zﬁiixiz (25)
i=1 i=1

i<j

where y is the response variable to be modeled, x; and x; are inde-
pendent variables which determine y, Bo, f; and f; are the offset
term, the i linear coefficient and the quadratic coefficient, respec-
tively. p;; is the term that reflect the interaction between x; and x;.

2.6.2. Batch experiments

Our study designed a serial of batch experiments to investigate
the pH evolution in different final pH situations. Table 1 lists the
detailed experimental conditions of the batch experiments.
According to RSM experimental design, the initial Cr(VI) concentra-
tion was set in a range of 10-94 mg/L. The p[Cr(VI)] was calculated
by Eq. (24).

3. Results and discussion
3.1. Significant factors for final pH

Table 2 shows the experimental matrix for three variables
(Cr(VI) concentration, initial pH, and current density) and the cor-
responding experimental response. From the analysis of variance
(ANOVA) of response surface quadratic model [35], the significant
factors contributing to final pH were initial pH (F-value 305.01,
“Prob > F’ less than 0.0001) and Cr(VI) concentration (F-value
28.53, “Prob > F” less than 0.0001). Nevertheless, current density
(F-value 0.012, “Prob > F’ 0.8917) was not significant.

Fig. 3a and b shows that final pH increases with increasing of
the Cr(VI) concentration and initial pH, indicating a synergistic ef-
fect of these two variables on final pH. Similar studies also pointed
out that final pH in aqueous solutions depends on the initial pH of
the solution [6,7,20]. Indeed, it can be observed that the response
surface in Fig. 3b is steeper than Fig. 3a, suggesting that the initial
pH had a more significant impact on final pH than Cr(VI)
concentration.

Fig. 3c indicates that final pH was conditioned by two variables,
initial pH and Cr (VI) concentration. Additionally, final pH values
were distributed over a wide range of acidic, neutral and alkaline
zone, which confirmed our theory of Cr(VI) removal and pH evolu-
tion (Section 2.5.3). The relevance of these two variables (initial pH

Table 1
Experimental conditions applied in different final pH situations.

Cr(VI) (mg/L) p[Cr(VD)] pH;

plCr(VD]=pH;  p[Cr(VD)] <pH;  p[Cr(VI)] > pH;
10 3.72 3.72 4.00 2.00
52 3.00 3.00 4.00 2.00
94 274 2.74 4.00 2.00
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Table 2
Experimental matrix for natural variables and corresponding experimental response
to final pH.

Std no. Run no. Cr(VI) (mg/L) Initial pH i (Ajcm?) Final pH
1 29 10.00 2.00 0.010 2.19
2 8 52.00 2.00 0.010 2.81
3 16 94.00 2.00 0.010 3.03
4 22 10.00 3.00 0.010 5.51
5 28 52.00 3.00 0.010 7.60
6 21 94.00 3.00 0.010 10.93
7 23 10.00 4.00 0.010 10.04
8 13 52.00 4.00 0.010 11.02
9 1 94.00 4.00 0.010 11.31

10 24 10.00 2.00 0.025 2.12

11 25 52.00 2.00 0.025 2.53

12 11 94.00 2.00 0.025 2.96

13 20 10.00 3.00 0.025 5.63

14 12 52.00 3.00 0.025 7.66

15 15 94.00 3.00 0.025 10.97

16 17 10.00 4.00 0.025 9.92

17 27 52.00 4.00 0.025 11.09

18 26 94.00 4.00 0.025 11.31

19 14 10.00 2.00 0.040 2.13

20 30 52.00 2.00 0.040 2.77

21 5 94.00 2.00 0.040 3.05

22 19 10.00 3.00 0.040 5.73

23 3 52.00 3.00 0.040 7.95

24 10 94.00 3.00 0.040 11.02

25 6 10.00 4.00 0.040 10.08

26 9 52.00 4.00 0.040 11.05

27 7 94.00 4.00 0.040 11.24

28 18 52.00 3.00 0.025 7.60

29 2 52.00 3.00 0.025 7.72

30 4 52.00 3.00 0.025 7.82

and Cr (VI) concentration) on pH evolution would be discussed la-
ter (Section 3.2).

3.2. Effect of p[Cr(VI)] and initial pH to pH evolution

3.2.1. p[Cr(VI)] = pH;

According to the features of Cr(VI) removal rate (Fig. 4a), EC
process was divided into four periods: rapid removal stage (I), con-
stant removal stage (II), decelerating removal stage (III) and com-
plete removal stage (IV).

During the stage [, we noticed that the super-faradaic dissolu-
tion (the dissolved total iron at regular intervals greater than that
calculated by Faraday’s law (Amye,)) [23,36] happened, as shown
in Fig. 4a. Note that chemical reduction by Fe(Il) is the predomi-
nant route for Cr(VI) removal in Fe-EC process [7,14,16,20,30,31].
Additionally, according to the Cr-Pourbaix diagram [37], the cath-
ode reduction of Cr(VI) to Cr(Ill) (Egs. (10)-(12)) is thermodynam-
ically favored under acidic conditions due to an increase of its
standard potential with proton concentration [3]. Meanwhile,
zero-valent iron reduction (Egs. (13)-(15)) may occur at the anode
surface due to the strong acidic pH conditions [3,4]. Thus, it was
expected that such rapid Cr(VI) removal efficiency would be
caused by the combined effect of chemical, cathode and zero-va-
lent iron reduction. In stage II, the cathode reduction and zero-va-
lent iron reduction had no apparent favorable effect on the removal
of Cr(VI) since the solution pH was increasing [16]. Note that the
dissolved total iron was equal to that calculated by Faraday’s law
(AMypeo), it could be expected that chemical reduction becomes
the major route of the Cr(VI) removal [3,38]. This process could
be formulated in terms of two steps: ferrous dissolution (Egs.
(26), (27)) and Cr(VI) reduction (Egs. (28) and (29)) [30,39].

Fe — 2e” = Fe?* (26)

v, = —d[Fe(Il)]/dt = I/(nFV) 27)

finial pH

finial pH

finial pH

G -
r(Vf) f’?)g/;_) = .

Fig. 3. The quadratic models of 3-Level Factorial Design: (a) Cr(VI) and current
density; (b) initial pH and current density and (c) Cr(VI) and initial pH on final pH.

3Fe(Il) + Cr(VI) = 3Fe(Ill) + Cr(IIl) (28)

v, = —d[Cr(VI)]/dt = k[Fe(Il)][Cr(VI)] (29)

where v; and v, are the rate of Fe(Il) generation and Cr(VI) reduc-
tion (mol/(L s)) respectively; I is the current (A); n is the number
of electron moles (n=2, in Eq. (2)), F is the Faraday’s constant
(F=96,487 C/mol), V is the volume of solution (2.5 L), k is the pH-
dependent rate coefficient.
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Fig. 4. The changes of Cr(VI) removal efficiency, pH, DO, and total iron at
p[Cr(VI)] = pH;: (a) initial Cr(VI) 94 mg/L, pH; 2.74; (b) initial Cr(VI) 52 mg/L, pH;
3.00; and (c) initial Cr(VI) 10 mg/L, pH; 3.72. “Amge,” is the amounts of dissolved
iron at regular intervals calculated by Faraday’s law. “pHy" is pH value at the end of
Cr(VI) removal.

During stage II, considering Cr(VI) removal rate almost constant,
it was reasonable to suggest that ferrous dissolution was the rate-
determining step (v; < 37;) of Cr(VI) removal in EC process.

In stage III, the gradual decrease of Cr(VI) in solution caused a
drop in reaction rate of Eq. (29) [40]. Thereafter, the Cr(VI) reduc-
tion (Eq. (29)) became the rate-determining step (z; > 31,). Simul-
taneously, a significant increase of pH (from 5.0 to 7.0) and
decrease of DO (from 3.8 to 2.2) were observed. Previous published
experiments showed that the rate of Fe?* oxidation by DO in-
creases sharply with increasing pH (Eqgs. (30) and (31)) [41,42].
Approximately 80% Fe?* is oxidized in <10 min at pH 7.5, while
at pH 6.5 it takes approximately 300 min (5 h) for the same oxida-
tion to occur [43].

4Fe** 4+ 0, + 2H,0 + 80H™ = 4Fe(OH),(s) (30)

v3 = —d[Fe(Il)] /dt = k[Fe(I1)][OH |*p,, (31)

Compliance with the above results, so that the Cr(VI) removal
rate declined dramatically in this stage ascribing to that oxygen
would limit Cr(VI) reduction at very low Cr(VI) concentrations
and very high pH values. Complementarily, the pH point marked
with a circle in Fig. 4a represented the end of Cr(VI) removal and
was known as the “final pH".

During stage 1V, the solution pH was first observed constant at
7.0 where the ferrous was oxidized by DO (Eq. (30)) simulta-
neously (Fig. 4a). As shown, the species of Fe(Ill) predominantly ex-
isted as Fe(OH)s(s) at pH 6-12 (Fig. 2), which appeared to have no
influence on pH variation. To better understand the reason for pH
evolution during stage IV, pH variation versus Fe(Il) and Fe(IIl) with
no Cr(VI) containing was studied, and the results were shown in
Fig. 5. As expected, pH value remained constant when Fe(OH)s,
existed only in the solution (50-60 min in Fig. 5).

Nevertheless, there was a significant rise in pH to 9.0 because of
the DO deficiency (Fig. 4a). Subsequently it remained at this max-
imum value (Fig. 4a). This process was also consistent with the re-
sults of pH variation versus Fe(Il) (0-30 min in Fig. 5). The reason
for pH increase in stage IV (Fig. 4a) had not been elaborated before,
but we confirmed that the direct cause of pH increase was due to a
certain percentage of Fe** species residual in solution. Additionally,
with respect to pH above 9.0, Fe** species transferred into
Fe(OH)ys), resulting in a constant pH value.

The trend of four stages was similar among Fig. 4a-c. However,
it had to be mention that the duration of stage I in Fig. 4b and c was
shorter than Fig. 4a. Additionally, it became impossible to distin-
guish the stage I and II in Fig. 4c. This might be ascribed to an in-
crease of initial pH from 3.00 (Fig. 4b) to 3.72 (Fig. 4c). As stated in
our report previously, the effect of cathode reduction and zero-va-
lent iron reduction weakened with increasing pH.

The above results well confirmed our deduction shown in Sec-
tion 2.3 that under the situation of p[Cr(VI)] = pH;, final pH is neu-
tral. Nevertheless, the solution pH continuous increased to 9.0
since Fe?* species residual in solution.

On the other hand, by monitoring the pH evolution, the point of
final pH can be detected. Therefore, the electrolytic time for Cr(VI)
completely removed could be controlled, which avoided the exten-
sive current supply and iron dissolved.

3.2.2. p[Cr(VI)] < pH;

The features of Cr(VI) removal rate of p[Cr(VI)]<pH; and
p[Cr(VI)] = pH; were identical except for one detail: the decelerat-
ing removal stage (III) occurring before constant removal stage (II)
in the situation of p[Cr(VI)] < pH;. As shown in Fig. 6, concurrent
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: - 800
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G
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| i mmre) o [0 3
il : I Fe(ll) e
: P
-0
0 10 20 30 40 50 60
t (min)

Fig. 5. pH variation versus Fe(Il) and Fe(IlI) with no Cr(VI) containing: electrolyzing
(ON) for 30 min; then ending electrolysis (OFF), and aerating oxygen for 30 min.
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with increasing pH value to 7.0, reaction rate of Fe?* by DO also in-
creased by the end of stage I. Hence, a competition for ferrous
might happen between Cr(VI) and DO, which resulted in Cr(VI)
removal rate decrease. It had to be mention that the Cr(VI) removal
rate herein (Fig. 6a) was higher than the value of stage (III) (Fig. 4a)
in p[Cr(VI)] = pH; and the reason for this, as commented earlier,
was the kinetics rate (z,) with difference Cr(VI) concentration.

In stage I, there was no super-faradaic phenomenon, however, a
rapid Cr(VI) removal rate was also observed (Fig. 6). Since zero-iron
reduction rate would drop almost 75% when pH increased from
2.74 to 4.00 according to the zero-iron kinetics (Eq. (32)) [3,34],
and thus, we assumed the main reason for this rapid Cr(VI) re-
moval was due to the cathode reduction [32,33].

v4 = —d[Cr(VI)]/dt = ky[Cr(VD)]°°[H")** (Area) (32)

Similarly, the electrodissolution was the rate-determining step
(71 < 3v;) [40] and consequently resulted in the constant Cr(VI) re-
moval rate in stage II (Fig. 6). On the other hand, the solution pH
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Fig. 6. The changes of Cr(VI) removal efficiency, pH, DO, and total iron at
p[Cr(VI)] < pH;: (a) initial Cr(VI) 94 mg/L, pH; 4.00; (b) initial Cr(VI) 52 mg/L, pH;
4.00; and (c) initial Cr(VI) 10 mg/L, pH; 4.00.

remained relatively constant and equaled to final pH by the end
of Cr(VI) removal in stage IV (Fig. 6). Therefore, a same conclusion
was drawn from the pH monitored in EC systems: the terminal
point of Cr(VI) removal can be detected by pH-invariant feature,
which was expressed as dpH/dt = 0.

3.2.3. p[Cr(VI)] > pH;

As seen qualitatively in Figs. 4, 6 and 7, the removal rate of
Cr(VI) increased with decreasing initial pH. This was quantitatively
by calculating the electrolytic time. For initial Cr(VI) concentration
92 mg/L, it took about 120, 100 and 75 min, respectively to com-
pletely remove Cr(VI) in the situations of p[Cr(VI)]< pH;
p[Cr(VI)] = pH; and p[Cr(VI)] > pH;. Hence, faster Cr(VI) removal
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Fig. 7. The changes of Cr(VI) removal efficiency, pH, DO, and total iron at
p[Cr(VI)] > pH;. (a) initial Cr(VI) 94 mg/L, pH; 2.00; (b) initial Cr(VI) 52 mg/L, pH;
2.00; and (c) initial Cr(VI) 10 mg/L, pH; 2.00.
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Fig. 8. Real-time control strategy of EC process. The values of a and b, and the time
parameters of ty, to, t3 and t, are pre-established by experiments before using the
control system.

rate was obtained by decreasing initial pH, which was consistent
with our results earlier. Further to this, the solution pH during the
whole EC process never exceeded to 4.5 and final pH was acidic
(Fig. 7). As such, Cr(VI) removal rate remained relatively fast, and
stage Il and Il subsequently disappeared in the EC process. In
response to the lower initial pH value, there was a sharp continuous
increase in final pH, which was consistent with previous results sum-
marized in Section 3.2.1: the solution pH increased with increasing
concentration of Fe(Il) in acidic conditions. Therefore, the point of
final pH was difficult to be detected by monitoring the pH evolution
during EC process. Additionally, rapid Cr (VI) removal rate was
achieved when p[Cr(VI)] > pH;. However, the major fraction of
dissolved Cr (II) was due to the acidic bulk solution [14,16,20].

3.3. Real-time control strategy

Based on the above results, an integrated real-time control
scheme was proposed for fluctuant (or stable) Cr(VI)-containing
wastewater (Fig. 8).

Before using the control system, the range of Cr(VI), the values
of a and b, and the time parameters of t, t,, t3 and t; were pre-
established by a series debugging experiments.

If the pH value in the solution was equivalent to p[Cr(VI)]nin,
then the EC process would be carried out. During the EC process,
digital signals of pH were collected at 30 s intervals and smoothed
by the moving average filter. If dpH/dt < a lasted for t; min in the
pH range of 6.5-9.5, it indicated that Cr(VI) was removed com-
pletely (based on the features of pH evolution when
p[Cr(VI)] = pH;). Otherwise, read pH continuously, if pH was in
the range of 9.5-12.5 and dpH/dt < b simultaneously lasted for t,
min, implying Cr(VI) reduced completely (based on the features
of pH evolution when p[Cr(VI)] < pH;), then the EC and pH monitor-
ing system would be stopped and next settling and discharge
stages would be activated.

4. Conclusions

Our research identified key parameters that influence the final
pH of EC process. The final pH was influenced by initial pH and

initial Cr(VI) concentration rather than by current density. Addi-
tionally, the relations between them was that when p[Cr(VI)] = pH;,
the final pH was neutral; when p[Cr(VI)] < pH;, the final pH was
alkaline; and when p[Cr(VI)] > pH;, the final pH was acidic.

From the serial studies of p[Cr(VI)] and initial pH, four periods
(rapid removal stage, constant removal stage, decelerating removal
stage and complete removal stage) were divided according to the
rate of Cr(VI) removal.

At stage I, a rapid Cr(VI) removal efficiency was achieved by the
combined effects of chemical, cathode and zero-valent iron reduc-
tion. For stage II, a constant Cr(VI) removal rate occurred was due
to the rate-determining step (7, < 31,) of ferrous dissolution. Oxy-
gen would limit Cr(VI) reduction in the conditions of low Cr(VI)
concentration and high pH, thus causing a decelerating removal
efficiency in stage III. Overall Cr(VI) removal was completed when
the final pH was reached in the last stage.

The point of final pH can be detected by the features of pH evo-
lution in the case of p[Cr(VI)] = pH; and p[Cr(VI)] < pH;. Rapid Cr
(VI) removal rate was achieved when p[Cr(VI)] > pH;. However,
the major fraction of Cr (IIl) was still dissolved and the point of fi-
nal pH was difficult to be detected in this condition.

Thereafter, we proposed a real-time control strategy for fluctu-
ant (or stable) Cr(VI)-containing wastewater treatment.
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