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In the present work, an electrochemical reduction process with iron and titanium electrodes was
investigated for hexavalent chromium (Cr(VI)) removal. The removal of Cr(VI) and its resulting
species was investigated by measuring the efficiency of the electrochemical reduction treatment. For
the Cr(VI) removal, a lower performance was found for the titanium electrode than the iron electrode.
Therefore, the resulting Cr(VI) reduction, which occurred through electrochemical reduction using iron
electrodes, was chemical reduction by the anodically generated Fe(ll). Furthermore, the resulting
Cr(I11) was efficiently precipitated as Cr(OH)3 and was rapidly removed from solution.
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1. INTRODUCTION

A series of environmental problems have created with the development of industry and
civilization. For decades, irresponsible discharge of a large number of pollutants into the environment
has been a difficult issue. Chromium ions are among these pollutants and are produced from printing
inks, corrosion inhibitors, pigments, chemical catalysts, leather tanning, electroplating, and metallurgy.
The toxicological and chemical performance of chromium is determined by its oxidation state: Cr(VI)
or Cr(I1). Cr(VI) exhibits a high mobility in the environment since it is highly soluble in water [1, 2].
Under alkaline or slightly acidic conditions, Cr(lll) can easily precipitate as Cr(OH)3 since it is less
soluble in water [3, 4]. More importantly, Cr(V1) has been confirmed as a human carcinogen and has
an inhalation toxicity to a majority of living organisms [5-7]. As a necessary nutrient for the human
body, trivalent chromium is 500 to 1000 times less toxic toward living cells than hexavalent
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chromium [8, 9]. However, certain adverse health effects may be caused after long periods of
excessive Cr(l11) exposure [10-12]. Hence, the to-be-discharged Cr-contaminated wastewater must be
treated. It is worth noting that the regulated discharge Cr(VI) amount to surface water was set at
<0.05 mg/L (Chinese Environmental Protection Agency (USEPA)), and the total chromium level was
set at <0.1 mg/L [13-15].

The use of porous carbon felt and graphite felt as cathode materials for the electrochemical
removal of chromium from wastewater has been previously reported. To effectively remove chromium
from plating industry effluents, the application of bipolar iron electrodes for the electrochemical
precipitation of Cr(VI) has been proposed [16, 17]. After studying the chemical reduction,
electrochemical reduction and electroreduction of Cr(VI), it was found that electroreduction required
10 times more consumption of power than the electrochemical reduction [18]. Despite the high
consumption of power, the decontamination of sludge by iron contributed to the recovery and
reusability of water and chromium. As shown in the electrochemical precipitation, which involved the
removal of Cr(VI) from ground water, an increase in the Fe(ll) dosage was observed as the initial
Cr(VI) concentration decreased in the feed water. The use of scrap iron in the reduction of scrap iron
was also reported in a divided electrochemical cell that generated electrical energy through a galvanic
cell [19, 20]. This report was novel in that it minimized the overall power consumption by storing and
further using the DC energy generated during the Cr(VI1) reduction for electrolysis. As shown with the
relationship between the cell current and cell voltage, an increment was found in the rate of the Cr(V1)
reduction and energy output as the initial concentration of Cr(VI) and the solution temperature
increased. The use of continuous and batch electrochemical reactors in removing Cr(VI) from
electroplating industry wastewater has been elaborately studied by Martinez and co-workers [21, 22].
The overall kinetic model was confirmed experimentally in a continuously stirred electrochemical
reactor with industrial and synthetic wastewater based on a study of the Cr(VI) removal Kinetics
through an electrochemical reaction. This model also integrated the spontaneous dissolution of Fe(ll)
through corrosion in acidic media and the conversion of Fe(lll) into Fe(ll) through a cathodic
reduction. The experimental data had a zero-order fit when the concentration of Cr(VI) was high; the
fit was first-order when the concentrations were low. The current density, pH, and dispersion effects
integrated in the dynamic model were reported based on the electrochemical reduction of Cr(VI) in a
spiral-shaped anode — applied tubular continuous reactor [23].

In this work, two different electrodes, platinized Ti and Fe, were used to investigate the
electrochemical reduction of Cr(VI) in electroplating industry wastewater. The amount of sludge
formed during the process was quantified under the optimal conditions.

2. EXPERIMENTS

2.1. Preparation of Cr(VI) solutions and electroplating industry effluent

For the preparation of the Cr(V1) solutions (100 mg/L), H,SO, and NaOH were added to obtain
potassium dichromate solutions with pH values of 2 and 4, and the supporting electrolytes were NaCl
and Na,SOy (0.01 M). Two different electrode systems were used in this. For Fe/Fe system, both anode
and cathode were made by common Fe mesh. For Fe/Ti system, Fe and Ti mesh was used for anode
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and cathode, respectively. Deionized water was used throughout for the preparation of all synthetic
solutions. All chemicals were analytical reagent grade. The test wastewater samples were obtained
from the metal plating plant effluent, and its conductivity, pH values, and CI-, NO*", SO,*, and Cr(VI)
contents are shown in Table 1.

Table 1. Properties of the collected electroplating industry effluent

Characteristics Value Characteristics Value

Cr(VI) (mg/L) 150 Nitrate (mg/L) 0.4

Sulfates (mg/L) 124 Chlorides (mg/L) 204
pH 2.9 Conductivity (ms/cm) 24.3

2.2. Electrochemical reduction of Cr(V1)

A CHI 660B workstation was used for the electrochemical reduction of Cr(VI) and the
corresponding characterizations. A pair of rectangular iron plates were connected to a power supply as
the cathode and anode with a spacing of 1 cm. The dimensions (length x width x thickness) of the
electrodes were 20 cm x 3 cm x 0.3 cm, and the desired effective area (20.7 cm? for the most cases)
was prepared by coating part of the electrodes with insulation paint. Prior to each measurement, the
electrolytes were deaerated with Ar for 20 min and then maintained under an Ar atmosphere for the
duration of the measurements at room temperature (25 °C). The current density was chosen between
10 to 25 mA/cm?. Cyclic voltammetric profiles of the working electrode were recorded between 0.05
to 0.5 V at scan rate of 50 mV/s, whereas the amperometric characterizations were obtained using a
solution stirred at a rate of 300 rpm with a fixed potential. Note that the determination of the Cr(VI)
concentration was achieved by ICP-AES.

2.3. X-ray diffraction (XRD) measurement

A Siemens D500 diffractometer using Co Ka radiation was used to record the XRD patterns for
the precipitate generated by the electrochemical treatment. Prior to the measurement, the
abovementioned precipitate was dried and heated in a N, flow furnace at 400 °C for 1 h and cooled to
room temperature.

3. RESULTS AND DISCUSSION

The Fe/Fe and Fe/Ti (two anode/cathode electrodes) electrodes used for the electrolysis
measurements were designed to further study the reduction mechanism of Cr(\VI) using iron and
titanium electrodes. Since electrochemical chromium oxidation from Cr(111) to Cr(V1) (even when the
current density was 20 mA/cm?®) cannot occur on the surface of the platinized titanium, it was
employed as the anodic reference material [24]. Herein, the initial electrolyte pH value and initial
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concentration of chromium were 7.0 and 45 mg/L, respectively. The change in the residual Cr(VI)
concentration with different electrolysis times using different anode/cathode electrodes was recorded
in Figure 1. The effectiveness of the iron electrodes for the removal of Cr(V1) at a concentration under
0.5 mg/L is shown in Figure 1. However, an undesirable removal was observed using the titanium
electrode. Compared with the residual Cr(V1) concentration, the total chromium (Cr(VI) and Cr(l11))
concentration obtained with different electrochemical reduction times was only slightly higher in the
case of all the test electrodes. Rapid removal of the generated Cr(lll) from solution was clearly
observed via efficient precipitation as Cr(OH)s.

35 4
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Residual Cr(VI) (mg/L)

0 20 40 60 80 100 120
Electrocoagulation (min)

Figure 1. Electrochemical reduction of Cr(VI) using Fe/Fe and Fe/Ti electrodes. Electrolyte: 45 mg/L
Cr(V1) +Na,SO, (1 g/L) + 100 ppm NaCl, pH = 7.0, J = 1 A/dm>.

A remarkable increase in the pH of the electrolyte was observed using the anode/cathode
electrode of Fe/Fe. The hydrogen evolution at the cathode was the main factor that affected the pH
change during the electrolysis. However, the concentration of chromium slightly decreased in the case
of the Fe/Ti electrode. It was expected that only electro-oxidation and the reduction of water would
occur during the electrolysis with iron (cathode) and platinized titanium (anode). The chemical
reduction by the anodically formed Fe(ll) was confirmed to be the source of the Cr(\VI) reduction
through electrocoagulation with the iron electrodes.

The electroreduction of Cr(VI) was investigated using different supporting electrolytes
(45 mg/L), including NaNOs, NaCl, and Na,SO, (current density, 20 mA/cm?). The test specimens
were collected at varying time intervals with the corresponding concentration of Cr(VI) measured.
Figure 2 shows the electroreduction of Cr(VI) using varying electrolytes vs. the time. It was found that
the use of NaCl decreased the Cr(VI) concentration to below 0.1 mg/L (i.e., the limit of detection
(LOD)), whereas only a slight decrease was observed using NaNO3 and Na,SO,4. This may be due to
the passivation of the electrodes since the adsorption of Cr(VI) is pH dependent, and the removal
efficiency decreases with the increasing pH [25]. An impervious passive chromite film would be
generated after immersing the metallic iron into a Cr(V1) solution at open circuit potentials and would
influence the anodic dissolution of iron. A simple 4-probs sheets resistance measurements were



Int. J. Electrochem. Sci., Vol. 13, 2018 659

performed before and after the measurement. The results were shown in Table 1. It can be seen that the
sheet resistance increased significantly after the immersing, suggesting the formation of passive
chromite film. Nevertheless, passivation would be reduced in the case of the chloride ions, and their
adsorption could enhance the iron dissolution [26]. When the solutions were acidic, the corrosion of
iron is enhanced by nitrates, whereas only a slight influence was observed when the solutions were
neutral. In comparison with the nitrates and chlorides, the sulfate ions showed less of an effect on the
corrosion of iron.

Table 1. Sheet resistance of the electrode surface before and after immersing in different electrolytes
with Cr(V1) solution.

Before NaCl NaNO; Na,SO4
34.5 Q/sq 247.4 Q/sq 187.6 Q/sq 54.1 Q/sq

Regarding the amphoteric character of iron, the significant increase in the local pH at the
cathode vicinity, due to hydrogen evolution, induces a “chemical” attack of iron and its hydroxide film
according to the following reaction:

2Fe+6H,0+20H" — 2[Fe(OH),] +3H,

When treating the Cr(VI)-containing solutions, an electrochemical reduction of Cr(VI) to
Cr(11) at the cathode surface was proposed to occur:

Cr,0’ +6e +14H" - 2Cr* +7H,0

CrO; +3e +4H,0 >Cr* +80H"

Furthermore, the hydroxyl ions that formed at the cathode increase the pH of the wastewater,
thereby inducing precipitation of Cr(l1l) ions as the corresponding hydroxide:
Cr* +30H~ —Cr(OH),

Residual Cr(VI) (mg/L)
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Electrocoagulation (min)

Figure 2. Influence of the electrolyte on the removal of Cr(VI) on a Fe/Ti electrode using the
electrolyte at a fixed concentration (45 mg/L). Electrolyte: Na,SO,4 (1 g/L), NaSOs (1 g/L) or
NaCl (1 g/L).
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As shown in Figure 3, the electrochemically precipitated sludge was characterized via its XRD
pattern. However, this characterization was insufficient for the sample dried at 90 °C, which is
possibly due to its highly amorphous and heterogeneous structure. Therefore, the XRD pattern was
further recorded after heating the sample at 400 °C for 3 h. The obtained intensities and d values of the
treated sample were consistent with maghemite (JCPDS file no: 39-1346) and chromite (JCPDS file
no: 04-0759). It was confirmed that dichromate was transformed into chromite after reduction and
precipitation, and the remaining, unreacted iron was stabilized as maghemite at a basic pH and as
magnetite at an acidic pH [27].

400°C

Intensity (cps)

200°C
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Figure 3. XRD patterns of the sludge after electrochemical precipitation and a heating treatment at 400
°C and 90 °C drying.

Figure 4A presents the influence of the current density on the removal of Cr(VI) over a range
of 10 to 25 mA/cm? When the current densities were high, an almost linear rate of Cr(V1) removal
was observed. Furthermore, the increase in the current density doubled, which led to a faster reaction
time (almost half that of the previous time) for Cr(VI) removal to levels under the LOD, which
indicated that the Cr(VI) removal corresponded to Faraday's Law. It is evident that the mole ratio of Fe
to Cr is approximately 1.0 at a low current density and in the initial stage of the redox reaction, which
results in an increase in the current density and reaction time [28]. The pH and concentration ranges
used in these experiments imply that CrO,* is the predominant form of Cr(VI) present in the medium.
These results indicated the current dependent property of the reaction with higher current densities. As
shown in Figure 4B, the influence of the dichromate concentration on the electrochemical removal was
investigated over a range of 20 to 45 mg/L (current density, 10 mA/cm?). The necessary time for
Cr(VI) removal observably increased as the initial concentration increased. For all dichromate
concentrations, a linear removal rate was recorded in the initial stages, and an exponential removal rate
was observed after a specific amount of time. After fitting the data to zero-order rate equations and
first-order rate equations, the fit was closer to the latter.
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Figure 4. (A) Effect of the current density on Cr(VI) removal (initial concentration of 500 mg/L) at a
fixed NaCl concentration of 500 mg/L. (B) Effect of the Cr(VI) concentration on the
electrochemical removal at a constant current density of 10 mA/cm?®and NaCl concentration of
500 mg/L.
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Figure 5. CVs obtained using an Fe/Fe configuration before and after adding Cr(V1). Electrolyte: 45
mg/L Cr(V1) +Na,SO, (1 g/L) + 100 ppm NaCl, pH = 7.0, Scan rate: 50 mV/s.

Cyclic voltammetric (CV) experiments in an acidic solution were conducted to determine the
electrochemical reducing behaviour of trace levels of Cr(VI1) using a Fe/Fe configuration. After the
addition of Cr(VI), a relatively broad and weak peak was observed at 0.18 V (current density = 41
nA/cm?) (Figure 5). The physical removal mechanisms explain the increase in the Cr(V1) abatement
when passivation is achieved. In the same potential region of the corresponding blank CV pattern
without Cr(V1), a reduction peak was not recorded, which suggested that this reduction peak resulted
from the reduction of Cr(VI). Moreover, the reverse scan of the CV runs after adding Cr(V1) did not
lead to a corresponding oxidation peak, which indicated the electrochemical irreversibility of this
reaction. In comparison with the blank pattern, the CV pattern shifted slightly downward, which was
possibly a result of the Cr(VI) reduction wave [29]. Moreover, the Ti/TiO,NT/Au configurations
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exhibited an undesirable potential during further use for the removal of Cr(VI1) at trace levels in spite
of their distinct electrochemical performance for Cr(VI) reduction [30].

4. CONCLUSIONS

This work reported the use of novel electrodes based on metallic iron and titanium to remove
Cr(VI) from electroplating industry wastewater. Compared with the Fe/Ti electrode, the Fe/Fe
electrode showed a much higher electrochemical reduction rate. In the case of Na,SO, as the
supporting electrolyte, the trivalent chromium was removed at levelsbelow the LOD. However, the use
of NaCl as a supporting electrolyte led to a negligible reduction, and the use of NaNOj resulted in only
a slight reduction. The pH increased from acidic to more basic as the Cr(VI) was removed from
solution. As the current density increased, the conversion rate of chromite from Cr(V1) increased. In
the case of low current densities, the Cr(\V1) reduction exhibited a current control property in the initial
stages, and a mass transport control property was observed as the reaction proceeded.
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