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A novel sacrificial anode comprised of scrap iron packed inside a cage made of titanium mesh was devel-
oped for Cr(VI) reduction. With electric currents applied, the surface passivation of scrap iron electrode
could be avoided. Due to the large surface area with open structures provided, the applied current densi-
ties (1.18-3.54 mA/cm?) were low, resulting in low operating voltage and energy consumption. Complete
Cr(VI) removal was achieved with electric currents applied, whereas only 20% of the Cr(VI) was removed

Keywords: without electricity. Direct Cr(VI) reduction on the iron surface was a dominant mechanism for the sys-
Cr(VI) removal tem operated at low (0.25 A) or no current. Acidic pH levels were more effective in Cr(VI) removal, due
Scrap iron to more adsorption of Cr(VI) onto the precipitated Fe hydroxide. The trend in total Cr removal was almost

Oxidation-reduction

the same as that of Cr(VI) removal, but time required to complete total Cr removal was extended. With
Titanium mesh

intermittent electricity supply at a high electric current intensity, the energy consumption of the system
was more efficient. Using scrap iron as a sacrificial anode under the intermittent current condition can
save 72-77% of the total operational costs required by the conventional plate electrode.

© 2018 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction

Scrap iron is a low-cost material generated from the drilling or
turning processes in metal processing plants, being produced with
different shapes and sizes, such as iron powder, iron shavings, and
iron spiral fibers, etc. [1]. Scrap iron packed columns were em-
ployed previously to treat Cr(VI)-containing water [1-8]. The re-
moval of Cr(VI) in a scrap iron packed column involves the di-
rect reduction of Cr(VI) on the iron surface which generates ferrous
ions, followed by the precipitation of Cr(Ill) as Cr(OH)3 precipitates.
These ferrous ions generated will subsequently react with Cr(VI) in
the solution [5]. The reduction of Cr(VI) on the iron surface is de-
noted as direct Cr(VI) reduction, and the overall reaction of the di-
rect Cr(VI) reduction is written as Eq. (1), showing that 1 mol of

* Corresponding author.
E-mail address: chiwang@mail.tku.edu.tw (C.-W. Li).

https://doi.org/10.1016/j.jtice.2018.03.016

iron is consumed for each mole of Cr(VI) reduced.
7H* + Fe® + HCrO; — Fe3* + Cr3* + 4H,0. (1)

In highly acidic media, hydronium ions could oxidize iron gen-
erating ferrous ions [9,10] as shown in Eq. (2) and, the generated
ferrous ions will then react with Cr(VI) in solution (see Eq. (3)).
This is denoted as indirect Cr(VI) reduction and the overall reaction
is shown in Eq. (4) which indicates that each mole of Cr(VI) re-
duced consumes 3 mol of iron. Gould [9] reported a 1.33 mol iron
were dissolved for a mole of Cr(VI) reduced regardless of pH levels.
Although the reaction mechanism was not demonstrated by the
authors, the value of 1.33 mol iron consumed per mole of Cr(VI)
removal suggests that direct Cr(VI) reduction should be the domi-
nant mechanism.

Fe + 2H* — Fe?* + H, (2)
7H* 4 3Fe?* + HCrO,; — 3Fe** 4 Cr3* + 4H,0 (3)

H* + HCrOj + 3Fe + 8H,0 — 3H, + Cr(OH); + 3Fe(OH);  (4)

1876-1070/© 2018 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

Please cite this article as: V. Ya et al., Scrap iron packed in a Ti mesh cage as a sacrificial anode for electrochemical Cr(VI) reduction to
treat electroplating wastewater, Journal of the Taiwan Institute of Chemical Engineers (2018), https://doi.org/10.1016/j.jtice.2018.03.016



https://doi.org/10.1016/j.jtice.2018.03.016
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jtice
mailto:chiwang@mail.tku.edu.tw
https://doi.org/10.1016/j.jtice.2018.03.016
https://doi.org/10.1016/j.jtice.2018.03.016

JID: JTICE

[m5G;March 29, 2018;12:51]

2 V. Ya et al./Journal of the Taiwan Institute of Chemical Engineers 000 (2018) 1-7

The Cr(VI) reduction capacity of scrap iron packed columns was
limited by the passivation of iron particle surface by freshly formed
iron oxides or mixed Cr(IIl)-Fe(Ill) oxides [1,3,4,7]. Depending on
shape and size of scrap iron, contact time, solution pH, and influ-
ent Cr(VI) concentration, the reduction capacity varied from 0.51
to 41.4mg Cr(VI)/g Fe [1,6,11], corresponding to only 0.051-4.14%
of the packed iron was actually used. Several studies indicated that
the treatment capacity of scrap iron packed columns could be en-
hanced with the column being operated at highly acidic pH val-
ues [4,5,8,11,12] or with the presence of nitrate ions [3]. Other than
altering the solution chemistry, Lu et al. [13] had applied electric
current to remove passivation layer to recover iron reactivity in a
permeable reactive barrier system which was constructed with 8
pieces of iron meshes for treating Cr(VI)-contaminated water.

Using a sacrificial iron anode in electrolytic system (ES) for the
reduction of Cr(VI) has been reported [5,14,15]. Although the di-
rect electro-reduction of Cr(VI) on the cathode is possible, Cr(VI) is
mainly reduced through indirect reduction by the anodically gen-
erated ferrous ions [16]. The effect of initial pH on the Cr(VI) re-
duction by ES was reported, revealing the increase of removal ef-
ficiency with decreasing initial pH [17]. The increased Cr removal
at acidic pH was thought to be due to the excessive Fe(Il) gener-
ated by chemical dissolution of the iron anode. Regarding the ef-
fect of solution chemistry on the Cr(VI) reduction using a sacrificial
iron anode, Chuang et al. [14] reported that the rate of Cr(VI) re-
moval increased with decreasing initial pH. The amount of Fe(II)
generated per mole of Cr(VI) reduced was compared with the sto-
ichiometric ratio between Cr(VI) reduction and Fe(Il) oxidation via
indirect Cr(VI) reduction (see Eq. (4)), i.e., 3 mol of Fe(Il) oxidized
per mole of Cr(VI) reduced. It was found that Fe(OH); precipitates
contributed to the additional adsorption of Cr(VI) at low initial pH
values [14,18].

Currently, there is no report using scrap iron in a ES for Cr(VI)
reduction except few reports using scrap iron anode for the re-
moval of Ni [19], color and COD [20], and Ni-EDTA [21]. The scrap
iron anode used in ref. [19] was metal scrap sheets which has been
pre-treated (degreasing, acid pickling and alkaline treatment) and
cut into a uniform surface area. In both refs. [20] and [21], scrap
iron was packed in a perforated polyvinyl chloride (PVC) tube. A
thin wire or a rod was buried inside the scrap iron particles to
conduct electric charge from the power supply. Although the scrap
iron anode having much higher surface area than traditional tubu-
lar anode, the energy consumption was still higher than that of the
tubular anode due to the resistance caused by concentration polar-
ization [20].

Therefore, the present study focused on a new design of a sac-
rificing anode for Cr(VI) reduction using scrap iron while pack-
ing it inside a cage made of titanium mesh with rhombus shape
opening of the size of 7 x 7mm. The titanium mesh cage, which
is non-corrosive, lightweight, durable and strong [22], could pro-
vide multiple points of contact to conduct electricity to the scrap
iron. Meanwhile, the scrap iron anode packed inside the Ti mesh
had more open structures and thus was expected to enhance elec-
trochemical reactions. The surface passivation of scrap iron could
be potentially avoided as well due to electric currents [13]. With
various electric current intensities applied, the Cr(VI) removal ef-
ficiency and dissolution behavior of scrap iron were investigated.
More specifically, the effects of key parameters (i.e., electric current
density, solution pH, and intermittent electricity supply) on the Cr

removal efficiency were evaluated. Finally, the energy consumption
and operational costs of various ES processes were assessed.

2. Materials and methods
2.1. Scrap iron

Scrap iron materials (mainly iron shavings), collected from a lo-
cal machine shop manufacturing automobile parts, were shipped
to the laboratory, washed with acidified de-ionized water (adjusted
to pH 2 using HCl) to remove the oxide layer on the surface, and
stored in acetone solution (see Fig. S1). Before each experiment,
scrap iron was taken out of the acetone solution and dried out
with compressed air. Other than iron, the scrap iron contains trace
amount of other elements (less than 1%) as indicated in Table S1.

2.2. Feed wastewater

To have consistent wastewater quality during the whole study,
the simulated wastewater used in this study was prepared by di-
luting liquid collected from the electroplating bath of a local sur-
face finishing plant. The liquid was diluted 100 times with de-
ionized water to simulate the wastewater generated from cleaning
electroplated objects. The wastewater prepared has the Cr(VI) con-
centraiton in the range of the actual wastewater generated in the
plant. The electroplating bath liquid contained Cr(VI) as well as Ni,
had a highly acidic pH level of 1.1, and contained a lot of dissolved
ions with a conductivity of 74.4 mS/cm. Table 1 shows the charac-
teristics of the concentrated liquid collected.

2.3. Electrolytic system operation

Fig. 1 shows the experimental setup and photo of the actual an-
ode and cathode assembly. A 2.5-L reactor was mixed using a mag-
netic stirrer plate (Cemarec™ Stirring Hot Plates, MA, USA). The
scrap iron packed anode was constructed by filling 50¢g of scrap
iron on a cage made of titanium mesh being rolled into a cylindrial
form (diameter x high of 4.78cm x 17cm). Two stainless steel
plates with a dimension of 20cm x 3cm x 0.3cm were used as
the cathode. The gap between the stainless steel plate and titanium
mesh is 1.1cm. The area of scrap iron can be roughly estimated
based on the average thickness of scrap iron shavings and fibers.
With the average thickness of 0.06 cm and the estimated iron den-
sity of 7.87 g/cm3, the total surface area for 50 g of scrap iron was
approximately 212 cm?, corresponding to the specific surface area
of 4.24 cm?/g. The scrap iron provided much larger specific surface
areas than that of the iron plates used in our previous study (ca.
0.94 cm?/g) [14].

The electric current conveyed by a power supply (GPS-
3030DD, Taiwan) was set before each experiment, and voltage and
oxidation-reduction potential (ORP) were recorded using two mul-
timeters (CENTER 122, Taiwan). All experiments were carried out
at room temperature (~25 °C). Samples were collected during pre-
determined reaction time. An aliquot of the sample was filtered
through a 0.45-pm membrane filter for the determination of total
chromium, Cr(VI), and Ni(Il) concentrations; some were digested
with concentrated sulfuric acid for the determination of the to-
tal iron generated from the anode. XPS analysis was performed for
selected samples. Triplicate experiments were conducted, and the
mean and one standard deviation were reported.

Table 1

Water quality of electroplating wastewater.
pH  Conductivity (mS/cm)  Cr(VI) (mg/L)  Total Cr (mg/L)  Ni(Il) (mg/L)  TOC (mg/L)
11 74.4 11136 25176 945 271
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