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The electrochemical reduction of Cr(VI)-Cr(IIl) in wastewater by iron and copper-iron bimetallic plates
was evaluated and optimized. Iron has been used as a reducing agent, but in this work a copper-iron
galvanic system in the form of bimetallic plates is applied to reducing hexavalent chromium. The optimal
pH (2) and ratio of copper to iron surface areas (3.5:1) were determined in batch studies, achieving a
100% reduction in about 25 min. The Cr(VI) reduction kinetics for the bimetallic system fit a first order
mechanism with a correlation of 0.9935. Thermodynamic analysis shows that the Cr(VI) reduction is

Iéfgg:gg:;mical possible at any pH value. However, at pH values above 3.0 for iron and 5.5 for chromium insoluble
Wastewater species appear, indicating that the reaction will be hindered. Continuous column studies indicate that the
Hexavalent bimetallic copper-iron galvanic system has a reduction capacity of 9.5890 mg Cr(VI) cm~2 iron, whereas
Chromium iron alone only has a capacity of 0.1269 mg Cr(VI)cm~2. The bimetallic copper-iron galvanic system
Chromate is much more effective in reducing hexavalent chromium than iron alone. The exhausted plates were
Heavy metal analyzed by SEM, EDS, and XRD to determine the mechanism and the surface effects, especially surface

fouling.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Heavy metals exist in the wastewater discharge of many indus-
tries among which the plating facilities, tanneries and mining
operations are especially prominant. Hexavalent chromium is of
particular concern because it is carcinogenic and mutagenic, dif-
fuses quickly through soil and aquatic environments, is a strong
oxidizing agent, and irritates plant and animal tissues in small
quantities [1,2]. In aqueous solutions, Cr(VI) usually exists as
Cr,0,2-, Cr042~ and HCrO4~, the relative distribution of which
depends on the solution pH and concentration [3,4]. However, none
of them form insoluble compounds, so separation by precipitation
is not feasible [5]. While Cr(VI) oxyanions are very mobile and toxic
in the environment, Cr(III) cations are not. Like many metal cations,
Cr(Ill) forms insoluble precipitates. Thus, reducing Cr(VI)-Cr(III)
simplifies its removal from effluent and also reduces its toxicity
and mobility [6].

The most widely used industrial method for Cr(VI) removal
requires three steps: the addition of sulfuric acid (H,SO4) to adjust
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the pH of the wastewater to a value of 2-3, the addition of a sol-
uble iron salt (FeCl, or FeSO4) or sodium bisulphate (NaHSO3) for
the chemical reduction, and finally a pH adjustment up to about 9
to form the precipitate. While this method is effective, it requires
a large amount of chemical reagents and energy and produces a
considerable amount of sludge [7-9].

A novel approach for Cr(VI) reduction is the use of direct elec-
trochemical methods, since they provide good reduction yields,
require fewer chemicals, and produce less sludge. These direct
methods generate reactive species or surfaces by applied currents
and have attracted a great deal of attention because of their versatil-
ity and environmental compatibility, which makes the treatments
of liquids, gases, and solids possible. In fact, the main reagent is the
electron, which is a “clean reagent” [10-13].

We have previously reported that Fe(Il) ions can be elec-
trochemically produced from steel anodes, which then reduce
Cr(VI)-Cr(III) which are precipitated by pH adjustment [14]. Elec-
trochemical reduction with graphite-packed electrodes reduces
94% of the hexavalent chromium in solution [15]. When reticulated
vitreous carbon electrodes were used, that value increases to 100%
[16,17]. However, in all these cases the electrolysis requires energy
input into the system.

A system that does not need external energy to produce metal
ions is the galvanic or bimetallic system, like that used in cathodic
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and anodic protection. Cathodic protection has been employed for
many years to prevent the corrosion of metals. The principles may
be explained by considering the corrosion of a typical metal (M) in
an acidic environment. The electrochemical reactions which occur
are the dissolution of the metal and the evolution of hydrogen
gas:

M — M™ 4 ne” (1)
2H* +2e~ — H, (2)

Cathodic protection is achieved by supplying electrons to the metal
to be protected. Egs. (1) and (2) indicate that the addition of elec-
trons to the metal will suppress the metal dissolution and increase
the rate of hydrogen evolution. There are two ways to cathodically
protect a metal: by an external power supply or by appropriate
galvanic coupling [18]. Galvanic protection involves coupling the
protected metal with a more active metal with a higher reduction
potential, so that the more active metal is preferentially oxidized.
The active metal serves as the anode in the electrochemical cou-
ple. This anode is called a sacrificial anode since it is consumed.
The oxidation and dissolution of the sacrificial metal is faster in a
galvanic couple than it would be individually. Likewise, in a tradi-
tional galvanic cell, the anode will dissolve while the cathode may
grow.

Since the objective is to produce Fe(II) ions which will reduce
the Cr(VI) ions in the solution, the copper-iron couple is used to
enhance the oxidation of the iron in the system. Like a galvanic
cell battery the process is powered by the potential difference
between the two metals, so no external energy is required. Thus,
the system is self-contained and portable for operation in remote
locations.

2. Materials and methods
2.1. Chromium(VI), chromium(IIl), copper and iron analysis

Synthetic wastewater solutions with Cr(VI) concentrations of
10 and 100 mgL-! were prepared with reagent-grade potassium
dichromate in distilled water and adjusted to pH values between 2
and 10 with H,SO4 and NaOH. These solutions were treated with
iron and iron-copper bimetallic plates. At regular time intervals,
the solutions were analyzed for Fe, Cu, and Cr which was further
differentiated between Cr(VI) and Cr(Ill). The total concentrations
of chromium, copper and iron in the supernatant liquid samples
were determined by atomic absorption spectroscopy using a Varian
SpectrAA spectrophotometer model 10-plus. Cr(VI) concentration
was measured using the 1-5 diphenylcarbazide method (AWWA
3500-Cr D colorimetric method) with a HACH DR 4000 spectropho-
tometer at 540 nm. Thus, the Cr(Ill) concentration was calculated
as Cr(Ill) = total Cr — Cr(VI). In all cases the standard methods from
AWWA were followed [19].

2.2. Corrosion tests

The rate of iron corrosion (oxidation) in the Cr(VI)/Fe redox
reaction as a function of the copper-iron surface area ratio was
measured using a three-electrode glass cell connected to an Auto-
lab potentiostat model PGSTAT302N controlled by a PC. The system
employs a platinum counter electrode, a calomel reference elec-
trode, and a PTFE-sealed carbon steel rod (AISI-SAE 1018) working
electrode. The exposed surface area of the working electrode was
0.04524 cm?_ The electrodes were abraded with fine emery paper,
polished with alumina powder, and finally rinsed with distilled
water and then the working electrode was mounted into a PTFE
holder which controlled the surface area exposed to the solution.
The working electrode was connected to copper rods with different

surface areas (copper-iron surface area ratios=0, 2, 3.5 and 5.5) in
order to determine the influence of the cathodic area on the cor-
rosion rate. Measurements were performed in an aqueous solution
of 10 mg/L Cr(VI) solution adjusted to pH 2 by adding sulfuric acid.
The rate of corrosion induced by the bimetallic contact was deter-
mined by linear sweep voltammetry, which measures the extent of
polarization over a potential range of —0.02V to 0.02V at a rate of
1mVs1

2.3. Batch reactor experiments

Batch reduction tests were carried out on the Cr(VI) solutions
using iron, copper and copper-iron bimetallic plates as electro-
chemical systems with an area of 2 cm?2. The plates were abraded
with fine emery paper, polished with alumina powder, and rinsed
with distilled water, then brought into contact with 20mL of
10mg L~ Cr(VI) solution. All experiments were conducted at room
temperature (18 + 0.5 °C) at specified pH values.

2.4. Continuous Cr(VI) reduction

To evaluate the continuous Cr(VI) reduction in the systems three
packed columns were constructed of 14 mm x 70 mm x 0.7 mm
parallel iron, copper or copper—iron bimetallic plates, with a total
area of 784 cm? as shown in Fig. 1.

All column tests were done on a 100 mg L~! aqueous Cr(VI) solu-
tion with an initial pH of 2 atan influent-rate of 1 mL min~'.To clean
the plates, the column was washed prior to each experiment with
an acid solution and rinsed with distilled water. Column effluent
samples were withdrawn at regular volume intervals and analyzed
for the concentrations of total chromium and Cr(VI), in the super-
natant liquid samples using atomic absorption spectroscopy and
the diphenylcarbazide method described above. These results were
used to calculate the reduction capacity.

2.5. Thermodynamic analysis

In this work, the method for the construction of predominance-
zone diagrams and Pourbaix diagrams was based on methodology
previously reported [20,21].

2.6. Characterization of iron and copper-iron plates

After the process, the iron and copper plates were imaged
by scanning electron microscopy (SEM) using a JEOL-5900-LV
at 20keV to determine the topographical surface changes and
characterized by energy dispersive X-ray spectroscopy (EDS) for
semi-quantitative elemental analysis. X-ray diffraction (XRD) was
done on all the materials before and after the Cr(VI) reduction using
a SIEMENS D-5000 diffractometer.
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Fig. 1. Experimental setup: (a) storage influent Cr(VI) solution tank; (b) peristaltic
pump; (c) packed column; (d) iron or copper-iron square plates; (e) storage effluent
bottles.
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3. Results and discussion
3.1. Corrosion tests: optimization of surface areas

To optimize the ratio of copper to iron in the bimetallic mix-
ture which reduces Cr(VI) through iron corrosion (oxidation), the
current density Jeorr (Acm~2) is related to the overpotential 1 (V)
at different ratios, as shown in Fig. 2a. Since the overpotential is
related to the activation energy of the electron transfer of the redox
reaction and higher overpotentials generate the higher reaction
rates reflected by higher current densities, the reaction kinetics are
shown in the relationship between current density and overpoten-
tial. As shown in Fig. 2a, the rate of the Cr(VI)/Fe redox reaction
reflected in the slope of the current density vs. overpotential graph
increases as the copper-iron ratio increases from 0 to 3.5, but does
not increase beyond that. Therefore, 3.5 is the optimum ratio of
copper to iron surface areas and the reactor was constructed using
this ratio.

The current density Jeorr (Acm~2) as a function of time (min) for
different copper to iron surface area ratios is shown in Fig. 2b. In
all systems, the current density decreases from a high initial value
to a stable equilibrium value within about 20 min. The equilibrium
current densities increased with increasing copper to iron surface
ratios.

3.2. Cr(VI) reduction in batch mode

Fig. 3 shows Cr(VI) reduction by copper-iron bimetallic galvanic
plates, iron and copper at different pH values. At pH 2, both plates
copper-iron and iron quickly and completely reduced the Cr(VI).
The copper plates also reduce the Cr(VI) completely, but at fewer
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Fig. 2. (a) Overpotential 1 vs. current density Jeorr (Acm~2) for determining rate of
Cr(VI)/Fe redox reaction in the iron-copper galvanic systems and (b) current density
as a function of exposed time, both for different copper-iron surface area ratios in
a10mgL-" Cr(VI) solution at pH 2.
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Fig. 3. Cr(VI) concentration at a given point in time, at different pH conditions. (a)
Cr(VI) aqueous solution contact with Cu-Fe plates and (b) Cr(VI) aqueous solution
contact with Fe plates. Initial Cr(VI) concentration of 10 mgL~'.

rate. At pH 4, the iron and copper plates achieved respectively a
40% and 30% reduction after 100 h of contact time whereas the
copper-iron bimetallic galvanic system achieved almost 100%
in the same time. However, in all systems the amount of Cr(VI)
reduced decreased at higher pH values. Similar results have been
reported using electrochemical methods in which the reduction
rates are fastest and most significant under acidic conditions,
slower at neutral pH and slowest and least significant under
alkaline conditions. At high pH, less than 15% of Cr(VI) is typically
reduced [17].

As shown in Fig. 4, all systems completely reduce the hexavalent
chromium in the solution at pH 2. However, the bimetallic galvanic
system completes the reduction in the shortest time: 25 min for
the copper-iron plates, 50 min for the iron plates and 290 min for
copper plates.
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Fig. 4. Cr(VI) concentration at a given point in time at pH of 2. Initial Cr(VI) concen-
tration of 10mgL-1.
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Fig. 5. Ion concentration of Cr(VI), Cr(Ill) and Cu at a given point in time, pH 2. Initial
Cr(VI) concentration of 10mgL~".

order for the copper-iron galvanic system. All kinetic values of the
copper-iron system are listed in Table 1.

The mechanism of Cr(VI) reduction in the copper-iron galvanic
system can be explained in terms of the optimized production of
Fe2* from the iron anode due to the potential difference that exists
between the two metals immersed in a conductive solution. So,
when the iron and copper plates are placed in contact this potential
difference produces a flow of electrons between them enhancing
the corrosion of the anode metal [18]. The reactions in the system
are described below. Eq. (3) and (4) correspond to iron oxidation
and hydrogen production at the anode and cathode. Eq. (5) is the
global reaction that takes place in solution.

Fe® — FeZt 4 2e~ (3)
The batch results were fitted to zeroth-, first- and second order
kinetic models to calculate the kinetic constants and correlation 90
coefficients by nonlinear regression with Statistica 8.0. At pH 2, the
iron and the copper-iron bimetallic systems showed good correla- 20
tion with the models with correlation coefficient values of 0.9900 70 <
for the iron system in zeroth order, 0.9935 for the copper-iron gal- :
vanic system in first order and 0.9899 for the copper system in ‘: 60 - ;
first order. The iron and copper-iron systems under neutral and [T
basic conditions exhibited low correlations coefficients of around E 1
0.7. Under neutral and basic conditions the copper systems also 3 40
show correlations of around 0.9. s 7 P
Fig. 5 shows the decrease in Cr(VI) and the increase in Cr(III) = 30 yd
and Cu ions using the copper-iron galvanic system. The changes in 20 } Y ’
chromium and copper concentrations fit first order kinetics with RS
good correlations: 0.9935 for Cr(VI), 0.9920 for Cr(Ill), and 0.9971 101 2 . 5
for Cu. N e " ‘
Both iron and the copper-iron galvanic systems produce iron 0 10 20 30 40 50 60
ions, but at different rates. As shown in Fig. 6 with the kinetic mod- Time (min)
eling, the bimetallic system produces significantly more ions than |  CufePlates & FePlates — Zeroorder — Firstorder |
the iron system. The correlation coefficients of the kinetic models
are 0.9868 for the iron system in first order and 0.9953 in zeroth Fig. 6. Total Fe production in the Fe and galvanic Cu-Fe systems.
Table 1
Kinetic constants for the reduction of Cr(VI), zeroth-, first-, and second order models by bimetallic system.
Zeroth order First order
pH2 Ko Ce r? K Ce 2
Cu-Fe mgL-'h-! mgL-! h-! mgL-!
Cr(VI) 0.1122 9.4340 0.9935
Cr(III) 0.1176 9.7021 0.9920
Cu —0.0206 1.0711 0.9971
Fe -1.3602 42176 0.9953
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Several studies have reported similar behavior in iron. Magnetite
has been shown to reduce substantial amounts of Cr(VI) under
acidic and neutral conditions, but less than 20% in basic solution
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Fig. 8. Diagram of E'’as function of pH for Fe(IlI)/Fe(II) (—) and Cr(VI)/Cr(III) (- -) at
pSO4=2.3, pFe=2.27 (300 ppm) and pCr=2.71 (100mgL-1).
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at pSO4 =2.3, pFe=3.27 (30 ppm) and pCr=3.72 (10mgL-').

[22]. Ferrite nanoparticles have also been used for Cr(VI) reduction
with a sharp decrease in effectiveness as the pH increased from 2 to
9.3 [23]. Furthermore, the kinetics of Cr(VI) reduction by scrap iron
indicated a very fast reduction in acidic conditions (pH 2), but much
slower when the pH increased to 7, which was attributed to proba-
ble co-precipitation of mixed Fe(Ill)-Cr(IlI)hydroxides passivating
the surface [24]. More recently, an investigation of the reduction
of hexavalent chromium by waste slag generated from the iron
industry found that the reduction rate of Cr(VI) was strongly pH-
dependent from 2 to 6: the chromium was completely reduced in
20 min at pH 2, but only 17% at pH 4 in 300 min [25].

3.3. Thermodynamic explanation of Cr(VI) reduction under acidic
conditions

The Cr(VI) reduction reaction depends on the pH. The chromium
half reaction (6) indicates that protons are required for the reduc-
tion, but not for the iron (7) oxidation.
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Fig. 10. Breakthrough curves of Cr(VI) reduction as a function of volume at pH 2.
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3e™ +7H" + HCrO4~ < Cr3t +4H,0 (6)
S04%~ +Fe?t < Fe(S04)T +1e” (7)

Fig. 7shows the Pourbaix diagram of the redox pairs Fe(III)/Fe(II)
and Cr(VI)/Cr(Ill). The potential values of each of the species are
presented at the different pH values and indicate if the reaction
proceeds spontaneously. At pH values from 0 to 4.6 the oxidation
potential of Cr(VI)is greater than the reduction potential of Fe(II). As
shownin Eq. (8), the equilibrium constant depends on the potential
difference value and indicates the spontaneity of the reaction (K> 1
indicates spontaneous reaction). For example, at pH 2 the value of
the K is 10298 whereas at pH 10 it is 10~43-2,

K’ = 10 (Eox—E}e))/0.06 (8)

If we consider our experimental conditions of pSO4 = 2.3, pFe =2.27
and pCr=2.71, the Pourbaix diagram changes since new chemical
species are taken into account as well as the insoluble species. In
Fig. 8, all of the chemical species are presented as a function of pH.
It is significant that the reductant and oxidant lines do not cross;

X598 Suhm

this implies that the potential of the oxidant is always greater than
the reductant. Therefore, the Cr(VI) reduction reaction is thermo-
dynamically possible at any pH value. However, at a pH value of
3.0 for iron and 5.5 for chromium insoluble species of both metals
appear.

In Fig. 9, the same diagram is presented for a concentration of
10 ppm of chromium. The trends of Figs. 8 and 9 are quite sim-
ilar except that at lower Chromium concentration, the solubility
increases and Fe(OH)4~ appears.

3.4. Continuous flow systems

The Cr(VI) reduction by iron, copper and copper-iron packed
columns are presented in the form of breakthrough curvesin Fig. 10.
The analysis of these packed columns was based on the devel-
opment of effluent concentration-volume curves referred to as
breakthrough curves. The curves are obtained by passing a solu-
tion with an initial concentration Cy through the packed bed. As
the flow continues the packed bed becomes saturated, at which

Fig. 11. SEM images of plate surfaces: Fe system plate before (a) and after (b) exposure and Cu-Fe system Fe plate after (c and d) and Cu plate before (e) and after (f) exposure.
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Table 2

Service time of breakthrough curves of Cr(VI) reduction by iron, copper-iron and copper packed systems.

System Q(mgcm~2) Exhaustion time (min) Service time (min)
Cu-Fe 9.5890 46,127 17,000
Fe 0.1269 2200 1000
Cu 0 600 0

point the solute first appears in the effluent stream. As the flow
continues, the concentration in the effluent also increases. A break-
point (maximum allowable) concentration is typically designated
and the time toreach thatlevelis called the service time. The packed
bed becomes exhausted when the effluent concentration reaches a
maximum value of Cy and the time to reach this is designated the
exhaustion time.

The results show that in the iron packed column, the Cr(VI) was
completely reduced for the first 0.7 L of solution, with a service
time of 1000 min, then lost effectiveness as more volume passed
through the column, reaching exhaustion after a total of 2.2 L passed
at 2200 min.

In the copper packed column, the Cr(VI) was never completely
reduced. There was a high concentration in the first 0.01 L of efflu-
ent, so the service time is O min. The packed column completely
lost effectiveness after a total of 0.6 L, reaching an exhaustion time
of 600 min.

In the case of the galvanic copper-iron packed column, the Cr(VI)
was completely reduced for the first 16 L followed by a slow, con-
tinuous increase in Cr(VI) concentration in the effluent. The service
time for this system was found to be 17,000 min. Finally, the total
volume required to reach the maximum capacity Q of the column
was about 46 L with an exhaustion time of 46,127 min.

Table 2 lists the service and exhaustion times for each system.
The capacity Q (mg cm~2) at complete exhaustion was determined
by the Metcalf-Eddy method [26]. This capacity represents the
amount of Cr(VI) treated per unit weight/area of iron when the bed
packed is at equilibrium with the initial concentration of Cr(VI). The
breakthrough capacity was calculated as a function of the flow rate,
influent and effluent concentrations, and breakthrough time.

The galvanic copper-iron system has a reduction capacity Q of
9.5890 mg Cr(VI) cm~2 iron, whereas iron alone only has a capacity
of 0.1269 mg Cr(VI) cm~2 and copper has a capacity of zero.

3.5. Characterization of iron and copper-iron plates

3.5.1. SEM/EDS

After the Cr(VI) reduction process, the dried Fe and Cu plates
were examined using SEM to establish a means of compari-
son regarding the effect of increasing iron corrosion rate of the
copper-iron packed column, as shown in Fig. 11. The surface mor-
phologies of the iron and copper plates before the Cr(VI) reduction
(Fig. 11a and e) are continuous and homogeneous surfaces. How-
ever, an oxide layer forms on the surface of the iron system plates
afterwards (Fig. 11b). This effect is also observed on the iron plates
of the copper-iron packed column, but to a greater extent and
more inconsistently (Fig. 11c¢) with some areas being very intense
(Fig. 11d). The coating phenomenon is not observed on the copper
plates due to the effective cathode protection by iron (Fig. 11f.).

After the SEM images were taken, the plates were also analyzed
by EDS to determine the composition of the surface of the plates.
The EDS spectra presented in Fig. 12(a) and (b) show the semi-
quantitative elemental composition of the surface of the plates. As
expected, the surface of the plate from the iron system is predom-
inately iron and oxygen, with some precipitated chromium. The
coating on the iron plate from the bimetallic system also has iron,
oxygen, and chromium, but there is also a large amount of copper.

This copper on the iron plate is likely due to the electrochemical
reaction of the copper ions in solution with the iron surface, much
the same as an iron nail placed in copper sulfate will acquire a
metallic copper coating.

3.5.2. XRD

The XRD spectra (Fig. 13) of the powdered coatings from the
iron plates from both systems show diffraction peaks indicative of
iron oxides and hydroxides. The samples were identified as a mix-
ture of iron oxides (magnetite and maghemite) and iron hydroxides
(goethite and lepidocrocite). While the bimetallic iron plate did
have metallic copper, there were no copper oxides or hydroxides.

In aqueous solution the iron plates interact with the OH™ nat-
urally present in the water. Of course, the predominance of given
compounds depends on the medium'’s pH. Consequently, the vari-
ety of Fe(Il) or Fe(Ill) hydroxides formed depends on the pH. So,
from SEM and XRD analyses of iron and iron bimetallic plates, there
is no doubt that there was an effect on the surface due to the for-
mation of insoluble species. The nature of these compounds, which
coatthe surface, leads to anincrease electrical resistance of the elec-
trochemical system because they are non-conducting compounds
[27].

The passivation phenomenon has been observed for redox pro-
cesses involving Fe(0) where it was coated with a thin oxide skin
consisting mostly of magnetite. The redox process converted this
to iron(Il)-chromium(IIl) hydroxide, preventing electron transfer
from deeper layers. At high Cr(VI) concentrations the passivation
could be due to the precipitation of a sparingly soluble solid (such
as a mixed Cr(III)-Fe(III) precipitate) or by a depletion of available
Fe(Il) within the structure [22].
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Fig. 12. EDS analyses of iron and copper-iron plates.



V. Lugo-Lugo et al. / Journal of Hazardous Materials 176 (2010) 418-425 425

Relative Intensity (Counts x 10%)

<<

Iron Oxide -Tetragonal (a)
Iron Oxide -Cubic

Goethite, syn-Orthorhombic
Lepidocrocite -Orthorhombic

L}
Q
*

L

Copper syn -Cubic (b)
Lepidocrocite -Orthorhombic

Maghemite syn -Cubic
Magnetite syn -Cubic

v
a
¥V  Goethite -Orthorhombic
+
x

w‘l WMWW#W&WM

O TMKWWMMW w 'ww

100

Angle (Z—Theta)

Fig. 13. XRD patterns of powder residues of (a) iron and (b) copper-iron plates.

4. Conclusions

A bimetallic galvanic system is capable of reducing Cr(VI)
present in aqueous solution. The main advantages over traditional
methods include no energy or chemical input into the system and
lower sludge generation. The optimal conditions of pH 2 and a 3.5:1
ratio of copper to iron surface areas determined in batch studies
allow 100% Cr(VI) reduction in about 25 min. Continuous column
studies indicate that the galvanic copper-iron system has a reduc-
tion capacity 0f9.5890 mg Cr(VI) cm~2 iron whereas iron alone only
has a capacity of 0.1269 mg Cr(VI) cm~2. Iron plates are used as the
sacrificial electrodes in the system, whereas the copper can be re-
used. The exhausted plates were analyzed by SEM, EDS, and XRD to
determine the mechanism and the surface effects, principally sur-
face fouling due to iron oxides and hydroxides on the iron plates in
both systems.
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