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ABSTRACT

In the this work, the performance of Fe—electrocoagulation in anaerobic (ANA) and aerobic
(AER) environments for simultaneous removal of Cd* and Mn* from synthetic wastewater were
investigated. Detailed experiments were carried out to evaluate the effects of oxidants and reductants,
initial pH (pH,), current density (j), nature of the anions, and initial concentration ([anions])) on
electrocoagulation performance. The results showed that ANA process was superior to AER process
due to the formation of high proportion of Fe(II)/Fe(Il) hydroxide species (green rust). These results
were supported by X-ray photoelectron spectroscopy analysis. A high current density favored the
heavy metal removal, especially in the ANA process and an R, of 95.21% and an R, of 93.83% were
obtained at a current density of 100 A/m?. A significant difference was also observed between chloride
and sulfate for the heavy metal removal; chloride was more suitable for Mn** removal than sulfate but
the opposite was true for Cd** when the initial anion concentration was 50 mmol/L. However, excess
concentrations of chloride and sulfate had an adverse influence on the Cd* and Mn* removal in the
AER and ANA processes, although the increase in CI” (from 10 to 50 mmol/L) and SO,* (from 10 to
30 mmol/L) contributed to the removal of Cd?*. Finally, kinetic isotherm and thermodynamic studies

were conducted to illustrate the removal mechanisms.
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1. Introduction

The presence of cadmium (Cd*') and manganese (Mn?")
in various industrial effluents, such as the smelting, mining,
and electroplating industries, has raised serious environ-
mental concern due to the high content, biotoxicity, and
carcinogenicity of these heavy metals [1-7]. Particularly, Cd*
and Mn?" are highly water soluble and non-biodegradable in
natural ecosystems and concentrations of less than 0.003 and
0.5 mg/L (WHO, 2011), respectively, in drinking water are
essential to human health [8-10]. Over the last decades, many
techniques, including chemical coagulation, adsorption, ion

* Corresponding author.

exchange, reverse osmosis, and membrane filtration (nano-
filtration [NF] and ultrafiltration [UF]) have been widely
employed in heavy metal wastewater treatment [11-15].
However, these methods all possess shortcomings, such as
excessive cost, serious secondary pollution, long run times,
and complex processes.

Unlike the above-mentioned methods, electrocoagulation
(EC) is considered an alternative and green technique for
various kinds of wastewater treatment due to the advantages
of high removal efficiency, no chemical requirements, use
of simple devices, lack of secondary pollution, etc. [16-18].
During the EC process, large amounts of cations (Fe* or AI**)
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are produced in situ by the anode and are subsequently
converted into monomeric and polymeric hydroxide
species [19-22], such as Fe(OH)", Fe(OH),, Fe,(OH),*,
AI(OH)*, AL(OH),*, Al (OH), *, and Al ,(OH),,*, by further
spontaneous hydrolysis. The main reactions at different pH
are shown in Table 1 [23,24].

In the traditional iron electrocoagulation (Fe-EC), two
kinds of cations are produced by the sacrificial anode, namely
ferrous ions (Fe?") and ferric ions (Fe**) and the types of Fe are
influenced by the solution pH as shown in Table 1 [25]. The
subsequently generated Fe(Il) and Fe(III) hydroxide species
have the following similarities and differences: (1) among the
two cations, Fe?" is directly generated by the anode by elec-
trochemical oxidation. However, Fe? ions and Fe(II) hydrox-
ides are unstable and highly sensitive to oxidizing agents
(dissolved oxygen and chlorine) and can quickly convert into
Fe* and Fe(III) species, especially in the presence of chloride
[21,26,27]. (2) Fe** and Fe* cations will eventually hydrolyze
into hydroxide flocs, which have strong adsorption capacity
for most heavy metals. (3) In general conditions, Fe(II) and
Fe(Ill) species in the EC process are presented in the form
of complicated hydroxides, various kinds of productions
such as goethite [28,29], magnetite [25,30], lepidocrocite
[30,31], hematite [32-34], ferrihydrite [35,36], and green rust
[30,37,38] can be produced. Although magnetite and green
rust consist of Fe(II) and Fe(Ill) cations in a layered double
hydroxide (LDH) structure, the intermediate green rust plays
an important role in EC process for contaminants removal
[25]. In previous researches [17,30,37,39], the removal of
chromium and arsenic is dominated by the existing form of
Fe(II) and Fe(IIl) in wastewater, few studies have focused on
the comprehensive performance of LDHs flocs and tried to
control its generation by creating aerobic and anaerobic con-
ditions. Therefore, the performance of the Fe(Il)/Fe(IIT) LDHs
species with regard to the removal of heavy metals should be
investigated.

Table 1

The primary objective of this study is to investigate the
EC performance of anaerobic and aerobic environments on
the removal efficiencies of Cd* (R.,) and Mn* (R, ) from
wastewater. (Hereafter aerobic and anaerobic will be abbre-
viated as ANA and AER, respectively). The existing forms
of Fe(Il) and Fe(III) hydroxide species are determined under
different aerobic and anaerobic conditions, respectively. The
removal of Cd* and Mn?* using under different EC parame-
ters was evaluated using X-ray photoelectron spectroscopy
(XPS) analysis. Moreover, the effects of current density (j),
initial pH (pH,), nature of the anions and initial concentration
([anions],) on the removal of Cd* and Mn*" were also inves-
tigated. Finally, kinetic isotherm and thermodynamic studies
were conducted to illustrate the removal mechanisms.

2. Materials
2.1. Synthetic wastewater samples

The stock solutions of Cd* and Mn* (both
1,000 mg/L) were prepared by dissolving cadmium chloride
(CdCl,5/2H,0), cadmium sulfate (CdSO,-8/3H,0), manga-
nese chloride (MnCl,), and manganese sulfate (MnSO,-H,0)
in deionized water. Na,SO, and/or NaCl salts were added as
supporting electrolytes. In addition, the aerobic and anaer-
obic conditions of the solutions were controlled by adding
the appropriate amounts of Na,SO, and H,O,, respectively.
The pH, was adjusted to the desired value by adding diluted
NaOH (1 M), HCI (1 M), and/or H,SO, (1 M) solutions. All
chemicals involved were of analytical grade and were pur-
chased from Sinopharm Chemical Reagent Co., Ltd., China.

2.2. EC setup

Rectangular batch EC cells fabricated from Plexiglas
(Nanchang inte Industrial Co., Ltd., China) were constructed
to compare the EC performance of AER and ANA

Reactions of Fe—electrocoagulation at different solution pH (pH 2, 7 and 12)

Type Reactions in different solution pH
pH2 pH7 pH 12
Anode Fe  — Fel, +2¢ Fe, —Fel +2¢°  p[o-4+0447vV (5) Fe, —Fel +3¢
E'=+0.447 V (1) Fe > Fel +e - 071y (6 =007V (12)
Fe, —Fel +3¢  [0=40037V (7)
Cathode i1 140 >2H, 2H,0, +2¢ - H,, +20H,, 2H,0, +2¢ —H,, +20H,,
E°=0.000 V @  E'=-0828V ®) E'=-0.828V (13)
Solution Fe’ +20H, —Fe(OH),, (3  Fel +20H, — Fe(OH),, ©)  Fe, +30H, - FeOH),, (14
Fefa;) +30H,,, — Fe(OH), (10)
Total 2Fe +6H,0, - 3Fe, +8H,0, - 2Fe, +6H,0, -
2F(OH),, +0,, +4H,, ¥ F(OH),,, + 2Fe(OH), , +4H,, ) 2Fe(OH),, +3H,,, (15)
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environments on the simultaneous removal of Cd* and Mn?".
The schematic diagram and dimensions of EC reactor are
shown in Fig. 1. In each experiment, wastewater samples of a
fixed volume (500 mL) were poured into the reactors. A pair
of iron plates (purity > 99.0%) with an effective surface area
of 50 cm? were installed vertically in monopolar mode and
connected to a DC power supply (SMD-60P, China). The sep-
aration distance of iron plates was fixed at 2.0 cm. During
EC process, water samples were agitated using a magnetic
stirrer at a rotational speed of 150 rpm and all experiments
were conducted at a steady room temperature of 298 + 0.5 K.

2.3. Analytical procedure

In the preparation phase, iron plates were cleaned using
sandpaper, diluted hydrochloric acid solution, ultrapure
water, and vacuum drying. The binary metal working solu-
tions of Cd* (50 mg/L) and Mn* (60 mg/L) were prepared
by the corresponding stock solutions described above. The
influence of ANA and AER conditions were evaluated based
on various operating parameters, such as the oxidants and
reductants, initial pH (pH,), the current density (j), and the
initial chloride [CI], and sulfate [SO,*], concentrations.
During the EC process, water samples of 20 mL were peri-
odically taken and filtered (0.45 um filter membrane) to
determine the residual concentrations of Cd* and Mn* using
an atomic absorption spectrophotometer (TAS-990, China).
In the meantime, well-mixed solutions containing masses
of small floc particles were immediately sampled from the
EC reactors and the zeta potentials of the Fe hydroxide flocs
were directly measured using a micro—electrophoresis appa-
ratus (HS94H, China). The Fe(Ill) and Fe(IIl) concentrations
were determined by o—phenanthroline spectrophotography
using an ultraviolet-visible (UV-vis) spectrophotometer
(L5S, China). Finally, the precipitated samples were ana-
lyzed by XPS (ESCALAB 250XI, United States). The removal
efficiencies of the Cd* (R_,) and Mn* (R, ) were calculated
using the following formula:

R,(%)=

C0 _Cr
x 100
c ()

0

where C; and C, are the initial (before EC) and final (after
t.c [min]) concentration, mg/L, respectively.

1 DC power supply
2 EC reactor

3 Magnetic stirrer
4 Anode

5 Cathode

100] - §
2

Fig. 1. Schematic diagram of the EC system.

3. Results and discussion
3.1. Effect of oxidants and reductants

The existing states of the iron species are dominated by
the solution pH, dissolved oxygen (DO) concentration, as
well as chemical agents of the solution. According to previ-
ous references [28,40], Fe(Il) species are easily transformed
into Fe(Ill) when there are enough oxidant agents in solu-
tion. In order to investigate, the performance of Fe hydrox-
ide species, AER and ANA environments were created using
hydrogen peroxide (H,O,) and sodium sulfite (Na,SO,)
according to Egs. (2) and (3). The effective dosage of H,O,
and Na,SO, was 5 mmol/L. In addition, control groups were
used with the same operating parameters, including ‘CG’
(control group), ‘ANA-SO,>’, and ‘CG-SO,*’. The initial
solution pH of all experiments was adjusted to 8.20 + 0.10
because the excess Na,SO, maintains the solution pH at 8.2
due to the hydrolysis reaction as shown in Egs. (4) and (5).

2502 +0, , —2S0%

3600 T Vg 4(aq) 2)
2H,0,, »>2H,0,, + Oz(g) 0 (3)
sog(;q) +H,0,, <> HSO;,, +OH )
HSO;(aq) + Hzoa) © HZSO3(aq) + OH(;q) (5)

The changes in the R, and R, over the reaction time
under different ANA and AER conditions are shown in Fig. 2.
The results indicated that the anoxic environments have a
more positive effect on both the Cd*" and Mn* removal than
oxygen-enriched environments, although passivation was
achieved in both samples as a result of the current efficiency
(P) of the sacrificial anode as shown in Fig. 2(d). The addi-
tion of Na,SO, reduced the dissolved oxygen in solution to
maintain a relatively anoxic environment of the Fe-EC sys-
tem. Consequently, the equilibrium of Fe(Il) to Fe(Ill) was
slowed down by controlling the reaction rate with oxygen.
In contrast, the addition of the oxidant agents promoted the
transformation efficiency of Fe(Il) into Fe(III). In addition,
the removal efficiency under different kinds of oxidation and
reduction conditions from high to low were ANA, CG, and
AER. Fig. 2(a) shows that the corresponding R ., were 85.93%,
77.1%, and 45.1% after 40 min of treatment and the R, were
65.1%, 54.75%, and 33.1%, respectively, (Fig. 2(b)). The addi-
tion of SO, favored the removal of Cd* but inhibited the
removal of Mn*, indicating that SO,* is more suitable for
heavy metal removal.

The performance of the ANA was better than that of
the AER and was attributed to the adsorption capacity of
the flocs due to the presence of SO,*. Fig. 2(c) indicates that
the zeta potentials of the hydroxide flocs for CG, AER, and
AER-50,* remained positive (after 10 min), whereas that of
the flocs generated in the presence of either SO,* or SO,* is
below 0 mV. This result is consistent with the results of many
previous studies that negatively charged flocs contribute
to the removal of positively charged metal cations to form
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Fig. 2. Effect of oxidants and reductants on (a) Cd* removal, (b) Mn* removal, (c) zeta potential of flocs, and (d) content of Fe(II),

Fe(Ill), and total Fe (pH, =8.2, j = 60 A/m* and [CI'], = 20 mmol/L).

stable flocs and precipitates [41,42]. This observation also
reflects the stronger electrostatic absorbability of fresh flocs,
which have a larger specific surface area and flocculation
efficiency, which were generated in the sulfite and sulfate
solutions. Furthermore, the significant advantages of SO,
for the removal of Cd* and Mn* can also be ascribed to the
green rust, a high ratio of Fe(II)/Fe(IlI) hydroxides, generated
during the ANA process. A similar result was observed by
Cao et al. [25] who reported that the content of Fe(II) in the
precipitate was higher than that of Fe(Ill) during the Fe-EC
process when Mn*" was present. Moreover, the reason that
the current efficiency (®) of the different methods did not
achieve the theoretical value (Faraday’s law, 420 mg/L) might
be attributed to the passivation of the anode electrode.

3.2. XPS characterization

XPS was used to analyze the precipitation produced
during the AER and ANA processes. As shown in the spectra
in Fig. 3, the precipitate formed in the presence of ANA
exhibits stronger intensities of Mn2p and Cd3d and a higher
percentage of elements (At%) than the precipitate from the
AER process, which is consistent with the removal efficiency
of Cd?* and Mn?" that is shown in Figs. 2(a) and (b). Moreover,
for the ANA process, only the peak of S2p (168.5 eV) is
observed, indicating that the Na,SO, has transformed
into Na,SO,. It can be inferred that the constitution and
characteristics of the Fe hydroxides were changed as a result
of the addition of SO .

Name | Area (P) CPS.eV [PP At %
Cls 13532.72 52.01
casd 11340.68 1.96
ANA Mndp | 11612.05 155
ey Fedp | 34098525 | 4449
3 Y
<
g L" a A A %
é‘ Fe2p Ols
2 Name |Area (P) CPS.eV [P At. %
3] Cls 18935.87 64.82
=] Cd3d | 2702082 325
= AER Mn2p Mn2p | 38469.32 5.39
Fedp | 28937445 | 2654
L‘M-—I\J Cd3d Cls
S2,
I A Clzp P
T T T T
800 600 400 200 0
Binding Energy (eV)

Fig. 3. XPS analysis of EC flocs under AER and ANA conditions.

In the traditional process (open EC system), the Fe(II) and
Fe(III) species coexist and share the responsibility for pollut-
ant removal [43]. This is contributed to one of the following
reasons as shown in Fig. 4(a): (i) according to Henry’s law, the
dissolved oxygen in the raw water originates from the disso-
lution of oxygen. (ii) Oxygen is also created by the electrolysis
of water. (iii) Chloride (NaCl), which is the most widely used
electrolyte, at the surface of the anode can also be converted to
Cl, by electrochemical oxidation at high voltage of anode. For
instance, the ClI™ ions in solution can be directly oxidized by
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anode reaction to ClO, (E° =1.599 V) [44]. (iv) Subsequently,
the production of various chlorinated by-products, such as
hypochlorous acid (HCIO), hypochlorite (ClO"), chlorine
dioxide (ClO,), and chlorite (ClO,") accelerate the formation
of Fe(III) species. The types of species and their distribution
in solution are determined by the pH. Acidic solutions were
reported to favor the formation of chlorine dioxide, whereas
alkaline conditions tend to produce chlorate. (v) The yield
of most of these perchlorates such as ClO,, ClO,", and CIO,-
(Egs. (21)—(27)) generated in EC is minimized because of the
low anode potential [44]. (vi) The generated ClO- ions act as
the main oxidizing agent which can interact with Fe?/Fe(II),
and thus promoted the generation of Fe(III) coagulation spe-
cies. (vii) The floating sludge of Fe(II) on the surface of the
solution, which is a result of the electroflotation of H,, is more
easily oxidized into Fe(III) by oxygen form the air than sludge
below the water surface. Hence, the generation of Fe(III) is
unavoidable, especially if there is an excess amount of chlo-
rine salts in the wastewater. However, the Fe(III) hydroxides
likely accounted for a small portion of total iron species based
on the color of the solution. The vast majority of iron species
existed in the form of ferrous hydroxides/hydrous hydrox-
ides and free Fe? ions as shown in Fig. 4(b). The color of the
high proportion of Fe(IIl)/Fe(Il) flocs generated by the AER
process was reddish-brown, whereas the green rust (low per-
centage of Fe(Il)) had a light—green color.
Side reactions of chloride:

2CL

g = Clyg +2e

0_
E'=+1.447V (6)

Cl,, +H,0, > HCIO + H +Cl

0_
(aq) (aq) E'=+1579V (7)

HCIO_, —»H;

(aq) (aq)

+ CIO(;q) (8)

_ _ - - po_
Cl(aq) + ZOH(aq) — CIO(aq) + Hzo(l) +2e” E'=+0.89V )
_ - - ~ po_
ClO4, +20H,, = ClOy,, +H,0, +2¢° E'=+067V  (10)
CIO;(aq) + ZOH@q) — CIO;(aq) + HZO(D +2¢ E°=+033V (11)
Clo;,, +20H,, - ClO,  +H,0 +2e" E'=+035V (12)
(a) _ ’ 11 (b)
€ o AER ANA
0,702 b 9 Sy
S #
e Fe' ng\;r:F e(ll) O i PPROX
SANINTGS N o
Ly Qz}é&}a{ln)ﬂz+0Hg
g, H'+0, )

O

Fig. 4. Oxidizing process (a) and the appearance of flocs
(b) in AER and ANA process.

In this study, the presence of the Na,SO, and H,O, inten-
sified the transformation from Fe(II) to Fe(IIl) by eliminating
and releasing O,, respectively. This process can be divided
into two parts: direct oxidation and indirect oxidation [45].
In the ANA system, the addition of Na,SO, created a rela-
tively oxygen-free environment because of the consumption
of DO, leading to Fe(Il) hydroxides existed in solution pro-
visionally, with the oxidation of Fe(Il) into Fe(IIl) by O, and
Cl production by anodic reactions, the form of GR promotes
the removal of Cd*" and Mn*" because of the high adsorption
capacity of Fe(II)/Fe(Ill) LDHs. The existence of SO,* pro-
moted heavy metals removal because of divalent SO,* ions
has stronger electric neutralization than monovalent CI- ion.
Furthermore, SO,* can also promote the flocculation and set-
tling efficiency of GR flocs, larger size of GR flocs was also
observed than single ClI- solution. Therefore, Cd* and Mn*
were removed by adsorption and co-precipitation of GR
hydroxides flocs. In addition, some of Fe*" in the GR might
be replaced by divalent Cd* or Mn* ions to form unstable
[Fe(I1)/Cd(II), Fe(IIl)] LDHs.

3.3. Effect of initial pH

Fig. 5 shows the final removal efficiency of Cd* and Mn*
under AER and ANA after 40 min EC. The results indicated
that higher removal efficiencies of Cd* and Mn*" signifi-
cantly increased with increasing initial pH from 3.2 to 9.5,
suggesting that greater amount of Fe hydroxide coagulations
were produced and thus promoted the removal of heavy
metals. There was little difference of the removal efficiency
of Mn* under AER and ANA conditions when pH, was 3.2,
further increasing pH, lead to obvious difference that ANA
condition positively affect Mn*" removal. ANA also favored
Cd* removal and the removal efficiency reached 96.2%. The
increase of the removal of heavy metals under pH, 9.5 were
caused by the increase of solution pH (alkaline solution)
which promoted the solubility constants (Ksp) for Cd(OH),
and Mn(OH), at 298 K are 107*? and 10-'%7, respectively [1,2].
Moreover, the color of the Fe flocs generated in ANA con-
ditions were also dark green at pH 3.2 and 9.5, whereas the

100

80

60

40

Removal efficiency (%)

20

32 55 7.1 8.2 9.5
Initial pH

Fig. 5. Effect of initial pH on Cd* and Mn?*" removal efficiency
under AER and ANA conditions after 40 min EC (j = 60 A/m? and
[CI], =20 mmol/L).
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flocs of pH, 3.2 become reddish-brown faster than that of pH,
9.5. it can be explained by improving the oxidation efficiency
under acid conditions [23].

3.4. Effect of current density

In the EC process, the current density is the most crucial
operating parameter because it determines the production
of iron coagulation, the generation rate of H, bubbles, and
the size of the flocs [17,46]. On the other hand, both of the
consumption of electric energy and the dissolution of Fe
electrode are directly proportional to the applied current
according to Egs. (28) and (29) (Faraday’s law). In this study,
the AER and ANA experiments were carried out at pH, = 8.2
and [CI'], = 20 mmol/L to evaluate the effect of the current
densities (j = 20-100 A/m?) on the Cd* and Mn* removal. The
removal efficiencies of Cd* and Mn?*" vs. the reaction time
and current density for the AER and ANA are shown in Fig. 6.

u-I-t
oo ==, (13)
I-t-M
C =—- 14
theo 7. E-V ( )
here E,  and C, , respectively, are the theoretical energy

consumption (kWh/m?) and amount of Fe?" ions released
(g/L); U and I, respectively, are the voltage (V) and current (A)
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applied, t is the reaction time (s), M is the molecular weight
(g/mol), Z is the number of electrons transferred, Z, =2; F is
Faraday’s constant, (96,485.34 C/mol), and V is the volume of
treated effluent (L).

Figs. 6(a)-(d) show that the increase in j from 20 to
100 A/m? led to an increase in the removal efficiency of both
Cd* and Mn* in the AER and ANA environments. The
maximum removal efficiencies of 59.34%, 67.97%, 80.4%,
88.61%, and 95.21% for Cd* and 35%, 44%, 56.75%, 78.8%,
and 93.83% for Mn** were obtained at the j of 20, 40, 60, 80, and
100 A/m? respectively. As reported in a previous reference
[46], a higher current density contributed to the release of Fe*'
and OH- directly from the anode and cathode, respectively.
Hence, the accumulated Fe(II)/Fe(IIl) hydroxides adequately
removed the heavy metals from the aqueous phase by
adsorption or co-precipitation.

However, there are some differences between Cd? and
Mn? in AER and ANA processes. It can be observed from
Figs. 6(a) and (c) that half of the Cd* is removed in ANA
conditions, even at a low current density (59.34% at 20 A/m?)
but only 13.65% of the Cd* is removed in AER conditions.
As j increases, the removal efficiency of Cd*" in AER process
increases at a larger rate than in ANA process. The increment
of more than 50% is observed when j increases to 100 A/m?
whereas the removal efficiency of Mn?" in ANA conditions
improved from 35% to 93.83% but only from 14.67% to
42.33% in AER conditions (Figs. 6(b) and (d)). Hence, the
anaerobic environment and a high current density were more
conducive to the removal of Cd* and Mn?".

(© . b 1
3 i d I
3 Y i .
& Ji A ~ §
S 1 S - L "
° T é 4 h
H R .
é) 40 Y b
= &
: N
2 20 }v Z
7/
0 | } { t
(d) 11 -—m—20Am’ %
—@— 40 A/m’
. —A— 60 A’ /§/
g 801 80 A Y
& —@- 100 Am’ /& f/
= /
o 60+
s l I
g‘ % Y ///é
g ] e ; a +/2
5 / -~ .
E 20 i//-
) / ‘/|
/
0 LJ T T T

t (min)

Fig. 6. Effect of current density on (a) Cd* and (b) Mn* removal efficiency in AER process and (c) Cd* and (d) Mn* removal efficiency

in ANA process (pH, = 8.2 and [CI'], = 20 mmol/L).
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3.5. Effect of anions nature

Generally, industrial wastewaters are rich in CI- and
SO,* and the concentration of these anions is in the range of
5-10 g/L. In our experiments, the effect of these two anionic
salts (NaCl and Na,SO,) on the simultaneous removal of two
types of heavy metals was investigated under AER and ANA
conditions. All experiments were conducted under the con-
ditions of pH, = 8.2, j = 60 A/m? and [anions], 50 = mmol/L.

The final R, and R, after 40 min AER and ANA pro-
cesses in single chloride and single sulfate systems are shown
in Fig. 7. It is observed that most of Cd*" (around 80%-90%)
was eliminated in ANA process regardless of whether chlo-
ride or sulfate was added. In AER process, the sulfate sys-
tem exhibited a more positive effect on Cd*' removal than the
chloride system, although both had removal efficiencies of
less than 30%. Moreover, the reduction conditions were most
conducive to the removal efficiency of Mn*, followed by
the chloride system. Thus, the ranking of the processes with
regard to the removal efficiency of Mn*" from high to low was
CI—ANA, SO, 7-ANA, CI-AER, and SO,*—AER and the cor-
responding removal efficiencies were 49.5%, 39.9%, 24.37%,
and 15%, respectively. Similar conclusions were reported by
many researchers, that is, the positive effect of chloride on
heavy metal removal due to the de-passivation of the anode
electrode surface [17,47,48].

In brief, the same molar weight (50 mmol/L) of chloride
and sulfate has an opposite effect on Cd* and Mn?* removal.
The reason that chloride and sulfate were, respectively, more
suitable for Mn*" and Cd* removal might be attributed to
the different approaches and mechanisms for the removal of
Cd?" and Mn?": (1) Cd*" is likely to be removed by adsorption
and co-precipitation of hydroxide species. (2) The electrore-
duction of cathode plays a large role in the removal of Mn?".
(8) The addition of counter ions with higher charges, such
as divalent SO,* anions, promoted the electric neutralization
on the surface of flocs and resulted in rapid settlement [49].
(4) Moreover, charged double layer, adsorption and bridging
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304

Removal efficiency (%)
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55
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Anions nature
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Fig. 7. Effect of CI" and SO/ ions on Cd* and Mn* removal
efficiency in AER and ANA processes (pH, =8.2, j = 60 A/m* and
[anions], = 50 mmol/L).
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between particles were enhanced by adding SO,> [50]. Thus,
the removal efficiency of Cd* was increased with the addition
of SO*.

3.6. Effect of initial anions concentration

As reported in the literatures [28,37], chloride has a
positive effect on the EC process and is generally used as
a ’‘depassivation agent’ in industrial applications because
it can break down the passivation film generated on the
surface of electrodes, whereas sulfate is able to cause the
deposition of metal hydroxides/oxyhydroxides. In this study,
the effect of the chloride and sulfate concentrations on the
heavy metals removal in the AER and ANA processes were
investigated. The Cd* and Mn?*" removal efficiencies for the
CI—AER, CI-ANA, SO>-AER, and SO,*~ANA processes
are shown in Figs. 8 and 9, respectively.

The results indicate that both Cd* and Mn?* are effec-
tively removed in an oxygen-free environment, particularly
at low anion concentrations. As an example, more than half
of Cd* was removed in the ANA process (Figs. 8(b) and (d)),
whereas the maximum R_, in the AER process was 43.8%
(Fig. 8(c), [SO,*], = 10 mmol/L). Moreover, R, significantly
decreased from 31.94% to 11% with increasing [Cl], from
10 to 200 mmol/L in the AER process. In the ANA process,
the concentration of 50 mmol/L CI- resulted in the best Cd*
removal efficiency and any increase or decrease in the [Cl],
had an adverse effect on the Cd* removal. These results are
ascribed to the dissolution of the metal hydroxides (M(OH)
.) by reacting with CI" in a short time [17]. This means that
OH- is displaced by the excess Cl" and is eventually trans-
formed into soluble M(OH),  Cl and MCI , [51]. Figs. 8(c)
and (d) show that as [SO,*], increases from 10 to 50 mmol/L,
R, decreases from 43.8% to 25% in the AER process, whereas
the highest R, (97%) was obtained when the SO,* concen-
tration was 30 mmol/L in the ANA process. As demonstrated
by Huang et al. [47], an inert film quickly formed in a highly
concentrated SO,* solution and then caused a large decrease
in the current efficiency and the Cd* removal efficiency.

The removal of Mn?* is also affected by the anion concen-
tration. As shown in Figs. 9(a) and (c), in the AER process,
less than 30% Mn?" was removed by the chloride and sulfate
systems. This efficiency is far below the values achieved in
the reduction conditions. In addition, the removal efficiency
of Mn* also decreased with increasing [CI'], from 10 to
100 mmol/L and [SO,*], from 10 to 50 mmol/L. However, in
the ANA process, regardless of the concentration, the addi-
tion of CI- hardly affects the removal of Mn*" (46.3%~50.2%)
as shown in Fig. 8(c), whereas the R, dramatically
decreased to 38.96% from 55.1% as the [SO,*], increased
from 10 to 50 mmol/L. Hence, SO,*~ANA and CI—ANA are
recommended for Cd* and Mn*" removal, respectively, and
the anion concentration should be relatively low.

3.7. Decay kinetics and operational parameters on
the reaction rate constant

The removal rate of the metals (Cd and Mn) for different
operational parameters (current density, anion type,
and concentration) after a 40 min EC process are shown
in Tables 2 and 3. The removal rate, namely k (min™) is
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calculated and predicted using a pseudo-first-order model as
reported in previous studies [52-55]. The reaction rate con-
stant, ‘K’, can be calculated from the plot log [C/C ] vs. reac-
tion time [56,57]. The kinetic parameters and the correlation
coefficients (R?) of the pseudo-first-order model for Cd*" and
Mn? at different current densities are showed in Table 2. The
removal of both heavy metals satisfies the pseudo-first-order
kinetics adequately (R, >0.98). As shown in Table 2, as
the current density increased from 20 to 100 A/m? the
apparent constant of the Cd** and Mn* in the AER process
did not change much (around kIF =0.03 and k¥ = 0.11),
whereas in the ANA process, the constant increased from
k.y=0.056 to 0.22 min™" and k,, = 0.0335 to 0.0777 min™. The

significant improvement in the removal rates of Cd* with

Table 2

Predicted parameters of pseudo-first-order removal rates of
Cd* and Mn* at different current densities (pH, = 8.2 and
[CI], =20 mmol/L)

Items | Pseudo-first order model, —dC/dt = k*?(C-C)
(A/m%) k(min) R? k, (min?) R
AER 20 0.0351 0.9917 0.1191 0.9929
40 0.0302 0.9948 0.1051 0.9823
60 0.0314 0.9963 0.1094 0.9867
80 0.0257 0.9986 0.0934 0.9991
100 0.0321 0.9977 0.1168 0.9969
ANA 20 0.0560 0.9979 0.0335 0.9979
40 0.0535 0.9995 0.0294 0.9951
60 0.0675 0.9958 0.0416 0.9991
80 0.1115 0.9980 0.0445 0.9979
100 0.2200 0.9978 0.0777 0.9940
Table 3

increasing current density in the ANA process is attributed to
the generation of the [Fe(II), Fe(Ill)] layered double hydrox-
ides (i.e., green rust). The removal rate of Cd* and Mn?" for
the different anion types and concentrations also satisfies the
pseudo-first-order kinetics (R2., > 0.983) as shown in Table 3.
All of the apparent constants k®P decreased with increasing
initial chloride and sulfate concentrations for the AER and
ANA processes. This result is consistent with the heavy metal
removal efficiency shown in Figs. 8 and 9.

In brief, the k°PP and the heavy metals removal efficiency
improved with increasing current density (ANA) and
decreased with increasing NaCl and Na, SO, concentration
in the AER and ANA systems after 40 min of reaction time.
As reported by Ghernaout et al. [44], cadmium was initially
removed by a cathodic reduction followed by coagulation.
The removal rate of Cd* and Mn?" in the AER process
exhibited no notable change with the increase in the current
density probably because the removal mechanism of Cd*
and Mn?* depended on the cathodic reduction.

In ANA processes, the removal efficiencies of Cd* and
Mn* were improved with the addition of Na,SO,, divalent
SO, ions has stronger electric neutralization than mon-
ovalent CI~ ion and promote the flocculation and settling
efficiency of Fe flocs (i.e., sulfate GR), larger size of Fe flocs
was also observed than single CI~ solution. The addition of
both CI" and SO,* are working as interlayer anions contrib-
utes to the increase in the negative charge of newly formed
Fe flocs in the EC process. Refait et al. [58,59] investigated
the oxidation of aqueous suspensions of Fe(OH), by DO in
the presence of sulfate and chloride ions. The results demon-
strated that sulfate GR generated instead of chloride green
rust even in solutions with large molar ratios of [CI']/[SO,*]
due to the Fe(Il)-Fe(Ill) LDHs (i.e., GRs) presents stronger
affinity for divalent anion (SO,*) than univalent anion (CI").
Therefore, the removal rates of Cd* and Mn* in ANA pro-
cesses were higher than in AER processes by adsorption and

Predicted parameters of pseudo-first order removal rates of Cd* and Mn* at different anions concentration (pH,=8.2 and j = 60 A/m?)

Items [anions] Ommol/L Pseudo-first-order model, -dC/dt = k***(C-C)
k.4 (min™) R? k,, (min™) R?
CI-AER 10 0.0546 0.9981 0.1808 0.9917
50 0.0508 0.9979 0.1476 0.9875
100 0.0440 0.9973 0.1098 0.9991
200 0.0318 0.9973 0.1079 0.9881
CI-ANA 10 0.0528 0.99953 0.0659 0.9920
50 0.0546 0.99782 0.0537 0.9920
100 0.0295 0.99844 0.0461 0.9966
200 0.0256 0.99363 0.0517 0.9830
SO, —AER 10 0.0378 0.9989 0.0598 0.9935
30 0.0412 0.9969 0.0432 0.9992
50 0.0382 0.9951 0.0521 0.9870
100 0.0196 0.9948 0.0365 0.9972
SO, ~ANA 10 0.0606 0.9993 0.1788 0.9935
30 0.0513 0.9994 0.1262 0.9992
50 0.0370 0.9956 0.1332 0.9870
100 0.4031 0.9978 0.0875 0.9972
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co-precipitation of GR hydroxides flocs, particularly in the
presence of SO*.

3.8. Isotherm and thermodynamic studies
3.8.1. Isotherm studies

The contaminants (heavy metals) are usually adsorbed
by the surface of metallic hydroxides in situ produced
during EC process. To investigate the mechanism of the
removal process of Cd* and Mn*, two adsorption iso-
therms, that is, Freundlich and Langmuir models were
established to evaluate the relationship between the
amounts of Cd* and Mn*" adsorbed onto the Fe hydroxides
and its equilibrium concentration in anaerobic and aerobic
EC conditions. The Langmuir and Freundlich isotherms are
illustrated below [60].

oL G 15
qe KLQmax Qmax ( )
Ing,=InK, +b.InC, (16)

where Q__ (mg/g) and K| (L/mg) are the Langmuir constants,
which are corresponding to the capacity of sorption and
energy of adsorption, respectively. C, (mg/L) and q, (mg/g) are
the equilibrium concentration and equilibrium adsorption
capacity, respectively [61]. Dimensionless b, and K, (L/mg)
are constants.

The fitted constants for the two models along with
regression coefficients were summarized in Table 4. Of
the isotherm models tested, Freundlich model was most
appropriate to represent the adsorption/removal equilib-
rium data of Cd** and Mn?*" under ANA conditions, whereas
Langmuir model was appropriate to represent under AER
environments, based on the R2. The calculated values of ‘n’ in
Freundlich model indicates the strength of adsorption and it
is desirable if 0 < 1/n <1 [62]. Hence, the values of n > 1 are
favorable for the removal of heavy metals by Fe hydroxides.
Based on the values of Q  calculated by the Langmuir equa-
tion, the Cd* adsorption capacity under ANA condition
was about four times higher than that under AER condition,
whereas Mn?* adsorption capacity under two conditions
was very close to each other. The Langmuir isotherm theory
assumes monolayer coverage of adsorbate over a homoge-
nous adsorbent surface. Once an adsorbate molecule occu-
pies a site, no further adsorption can take place at that site

Table 4

[62]. Specifically, it was found that the maximum adsorp-
tion capacity for Cd* and Mn?' under ANA condition were
263.86 and 120.85 mg/g (in iron), and 57.2 and 88.25 mg/g
under AER condition, respectively, suggesting heavy met-
als showed stronger affinity to Fe hydroxides under ANA
condition.

3.8.2. Thermodynamic studies

To understand the adsorption thermodynamic per-
formance profoundly, the thermodynamic analysis in the
temperature range 288-308 K was conducted to size up the
adsorption reaction types (endothermic or exothermic), such
as Gibb’s free energy change (AG, kJ/mol), enthalpy change
(AH, kJ/mol), and entropy change (AS, J/mol-K) were calcu-
lated according to the following equations [63]:

AS AH
InK=="-"2
R RT 17
q
K=1
c (18)
AG =AH - TAS (19)

where K is the dimensionless equilibrium coefficient
(L/mol), R is the gas constant (8.314 ] mol™ K™), and T is the
temperature in kelvin.

Table 5 shows the results of thermodynamic studies
for Cd* and Mn?* adsorption under ANA and AER
environments. The AG values for the temperatures at range
of 288-308 K were obtained between -9.8 and —-20.15 kJ/mol.
Negative values of free energy changes indicated that the
adsorption of Cd* and Mn?" on the Fe hydroxides is a spon-
taneous and a thermodynamically favorable process. With
increasing temperature from 288 to 308 K, the values of AG
decreased from -17.22 to -20.15 kJ/mol (ANA-Cd), -11.5
to 14.3 kJ/mol (ANA-Mn), -11.5 to -12.5 kJ/mol (AER-Cd),
and -9.8 to -10.5 kJ/mol (AER-Mn). The AG range —20 ~
0 kJ/mol represents a physisorption process. Positive values
of AS indicate the increasing randomness in the adsorption
process. The positive values of AH suggest the endothermic
process. Similar results of Fe hydroxides on heavy metals
adsorption were reported by Gonzalez et al. [64] and Shan
et al. [65].

Langmuir and Freundlich adsorption isotherm models for Cd* and Mn* under ANA and AER environments at 50 mg/L Cd*,

60 mg/L Mn*, pH_ = 8.2, j =20-100 A/m? and 298 K

Types Heavy Langmuir Freundlich
metals 7, (g/g) K, (L/mg) R K, (mg/g)/(L/mg)""  n R
AER Cd 57.207 0.237 0.9704 23.365 4.533 0.8342
Mn 88.248 0.028 0.9863 5.379 1.71 0.9236
ANA Cd 263.86 0.084 0.9727 29.76 1.706 0.9489
Mn 120.85 0.304 0.8953 49.706 4.336 0.9773
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Tabl
Therir?odynamic data for adsorption of Cd* and Mn* under ANA and AER environments at 50 mg/L Cd*, 60 mg/L Mn?*, pH, =82,
j =60 A/m?
Type Heavy metals Temperature (K) AG (kJ/mol) AH (kJ/mol) AS (J/mol-K)
AER Cd 288 -11.5 7.22 0.065
298 -12.1
308 -12.5
Mn 288 -9.8 5.5 0.053
298 -104
308 -10.5
ANA Cd 288 -17.22 20.22 0.131
298 -18.53
308 -20.15
Mn 288 -11.5 115 0.081
298 -13.1
308 -14.3

4. Conclusions

In this study, a comparison of the AER and ANA pro-
cesses for the removal of Cd* and Mn?* from wastewater was
conducted and the effects of various operating parameters
were investigated. AER and ANA environments are adjusted
by Na,SO, and H,O,. The following conclusions were drawn:

1. The anaerobic environment is superior to the aerobic
environment for the simultaneous removal of Cd* and
Mn?* from wastewater due to the high proportion of
Fe(Il)/Fe(IlI) species (green rust) generated in solution;
this results in stronger electrostatic absorbability, a larger
specific surface area, and better flocculation efficiency.

2. An increase in the removal efficiency of Cd* and Mn?*
is observed with an increase in the current density (j).
However, in the AER process, the removal efficiency of
Mn?* remains relatively low, even at j =100 A/m? (42.33%),
whereas a removal efficiency of 93.83% was obtained in
the ANA process.

3. The nature of the anions and the initial concentrations of
chloride ([Cl'])) and sulfate ([SO,*] ) also have a marked
effect on both the AER and ANA processes. The obser-
vation that chloride is more suitable for Mn?*" removal
than sulfate ([anions], 50 mmol/L) was also reported by
previous researchers, whereas sulfate is more suitable for
Cd?* removal. However, excess concentrations of chloride
or sulfate (>50 mmol/L) have an adverse effect on heavy
metal removal in both the AER and ANA processes.

4. The kinetic parameters and the correlation coefficients
(R?) of a pseudo-first-order model of Cd* and Mn?*" at dif-
ferent current densities were investigated. The removal of
both heavy metals satisfies the pseudo-first-order kinetics.

5. Isotherm studies were investigated. Freundlich model
was most appropriate to represent the adsorption/
removal equilibrium data of Cd* and Mn? under ANA
conditions, whereas Langmuir model was appropriate
to represent under AER environments. Thermodynamic
studies indicate the adsorption of Cd*" and Mn* on the Fe
hydroxides is a spontaneous and a thermodynamically
favorable process.

In conclusion, ANA condition of EC represents an alter-
native method for cadmium and manganese treatment. The
addition of anions should be considered and depends on the
heavy metal content.
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