
Electrochemical reduction of dilute chromate solutions on carbon felt electrodes

INES FRENZEL1, HANS HOLDIK1, VLADIMIR BARMASHENKO1, DIMITRIOS F. STAMATIALIS2,*
and MATTHIAS WESSLING2

1FuMA-Tech GmbH, Am Grubenstollen 11, 66386 St. Ingbert, Germany
2Faculty of Science and Technology, Membrane Technology Group, University of Twente, P.O Box 217, 7500 AE
Enschede, The Netherlands
(*author for correspondence, Tel.:+31-53-4894675, fax:+31-53-4894611, e-mail: d.stamatialis@utwente.nl)

Received 4 April 2005; accepted in revised form 9 September 2005

Key words: carbon felt electrode, dilute chromate solutions, electrochemical reduction

Abstract

Carbon felt is a potential material for electrochemical reduction of chromates. Very dilute solutions may
be efficiently treated due to its large specific surface area and high porosity. In this work, the up-scaling of
this technology is investigated using a new type of separated cell and once-through flow of industrial rinse water.
A significant enhancement of the process is obtained due to copper deposition during long-term operation. The
co-deposition and re-solution of copper occurs depending on the inlet chromate concentration. When previously
deposited copper is present a current-free reduction of chromate takes place resulting in current efficiencies
apparently above 100%. Very high space time yields are obtained even for effluents at low concentration and
optimised conditions (high flow rates and pH 2). The economic feasibility of the technology is also considered.
Continuous, single-pass operation results in lower energy requirements than batch processing. The economic po-
tential of the process is also evaluated in comparison with chemical detoxification of chromate. The operating costs
for the electrochemical treatment of very dilute effluents on a carbon felt electrode are 30% lower than for the
chemical method.

1. Introduction

Rinse water containing chromic acid is almost exclu-
sively treated by chemical reduction, followed by
neutralisation and sedimentation. Alternatively, electro-
chemical chromate reduction can help meet the needs of
the industry, as well as, environmental aspects. This
process offers detoxification without chemical reducing
agents, minimization of salt freight and a lower sludge
production. This technology has been under investiga-
tion for many years using either planar electrodes [1–4],
mesh type electrodes [3, 5] or packed beds with granular
carbon [6–9]. Ibl and Frei [4] reported promising results
with two-dimensional electrodes. Chromate concentra-
tions below 0.5 ppm and current efficiencies around
95% were obtained, when using 100–1000 ppm CrO3

solutions and pH below 1.5. For the treatment of 1 m3

wastewater per day, 1.25 m2 electrode area was neces-
sary. Robertson et al. [2] developed an up-scaled system,
the so called ‘‘Swiss Roll Cell’’ obtaining a current
efficiency of 59% with 100 ppm Cr(VI) and space time
yield of 0.31 g h)1 l)1. Systems with soluble anodes were
also studied. These systems used divalent iron to reduce
the chromates [10–13]. However, the anode was steadily
consumed and additional iron ions loaded the effluent.

Recent work, however, has focused on highly porous
materials, since space time yields obtained with very
dilute waste effluents are often lower than the industrial
requirements. Therefore, the treatment of these streams
is still ineffective. Chromate reduction on carbon felt
was investigated by several groups [14–18]. Carbon felt
provides a high specific surface area (app. 22000 m2 m)3

[19]). High porosity enhances the convection of electro-
active species to the electrode surface resulting in high
conversion rates and extremely low outlet concentra-
tions even for very dilute solutions. Both single and two
stage processes for the reduction and precipitation of
chromium on carbon felt were investigated [14, 15]. The
single stage process is promising since detoxification,
precipitation and separation can be performed in a
single step without addition of chemicals. A recent study
[16] reported that the most critical factors in terms of
current efficiency are the pH and current density. For
effluents containing 50 ppm Cr(VI) the current efficiency
was low (12%) at the optimum pH (pH 3.5) and the
final Cr(VI) concentration achieved was relatively high
(5 ppm). Moreover, the risk of plugging the carbon felt
was rather high. Therefore, a two stage process, con-
sisting of (i) reduction in a sulphuric acidic environment
and (ii) separate neutralization and separation, should
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be considered. To the best of our knowledge, there is
only one publication on the up-scaling of this technol-
ogy [20]. In this work, a 50 ppm Cr(VI) solution was
maintained over 17 days by continuous reduction of
chromate on a carbon felt cathode cartridge (geometric
surface area of 150 cm2). At pH 2.6 reduction rates of
Cr(VI) between 12 and 22 mg h)1 were obtained,
corresponding to a space time yield of about
0.2 g h)1 l)1. The present work focuses on the improve-
ment of this technology to achieve higher space time
yields and downsize equipment. The process parameters
influencing the mass transport to the surface (e.g. flow
rate and initial Cr(VI) concentration) as well as the
efficiency of reduction are evaluated. Furthermore,
other distinctive features for up-scaling are taken into
account. Performance limitations due to non-uniform
current distribution, gas evolution, higher pressure drop
or channelling in the material [21] are considered and
finally a cost estimation for the treatment of very dilute
chromate containing solutions is discussed.

2. Experimental

2.1. Material and equipment

A new type of separated plug-flow electrolytic cell was
used (Figure 1). The cell was divided into anode and
cathode compartments with a cation exchange mem-
brane (CEM, type fumasep� FTN by FuMA-Tech
GmbH, Germany) preventing Cr(III) re-oxidation at the
anode. The current flows perpendicular to the electrodes
(flow-by reactor). The distinctive feature of this cell was
the use of only one electrolyte cycle – the cathodic cycle.

The cathode electrode material was commercial car-
bon felt (GFA-10 from SGL Technologies GmbH,
Germany). It was cut in 1 cm thick strips and placed
crossways in the cell to prevent channelling. Various
studies [22–24] showed that the current distribution
within porous electrodes is determined by the ratio of
conductivity between electrolyte and electrode material.
The more these conductivities converge the more uni-
form the current distribution. The specific type of
graphitised felt was used because its electric conductivity
in the transverse direction (25 to 33 mS cm)1) is in the
same order than that of the acidified rinse water (4 to
5 mS cm)1). The projected felt area was 180 cm2. The
other components were: cathode current connection
made of a stainless steel plate and an impregnated
graphite plate, which protects the stainless steel from
chromic acid attack. The set-up of the anode consisted of
a titanium mesh type electrode with mixed oxide coating
(Ir) together with a titanium perforated plate for the
anode current connection. All components were pressed
together using PVC frames and stainless steel endplates.
During our study the anode compartment was wetted

only once at the very beginning of the run by rinsing it
with water. Thereafter, it was kept empty. The mem-
brane remained humidified by water diffusion from the
cathode compartment. The open cell design and perfo-
rated lid ensured that anodic gas (oxygen) could easily
escape from the reaction zone at the electrode. The pilot
plant (Figure 2) was placed in a plating company
producing decorative and hard chromium plated parts
(Hartchrom GmbH, Karlsruhe, Germany). It consisted
of a tank with mixer, an impeller pump for the feed
supply to the cell, a flow controller, flow meter, rectifier
and PC for data acquisition (current, voltage, temper-
ature, pH and conductivity). Samples were taken
directly from the tank and the outlet stream. The Cr(VI)
concentration was determined by UV/VIS spectropho-
tometer (CADAS 200, Dr. Bruno Lange GmbH,
Germany, Test No. LCK 313 for 0.03–1 ppm Cr with
formation of complexes with 1,5-diphenyl-carbazide).
Selected samples were analysed for Cu, Fe, Ni, Zn and
Al content by ICP-OES.

2.2. Process conditions

The experiments followed the task plan earlier proposed
by Simmrock [25] and previously used for electrochem-
ical investigations of packed bed electrodes by Kreysa
[26]. The rinse water (inlet stream) was manually mixed
in a tank close to the production line ensuring constant
initial conditions for this study. The concentration was
adjusted to 3, 16 or 50 ppm Cr(VI) by dilution of
exhausted chromium etching solution (see composition
in Table 1). The pH was adjusted using technical grade
sulphuric acid (pH 1.8 to 2.5). The experiments were
either performed as continuous, single-pass experiments
or batch experiments where the outlet stream was totally
recycled to the tank until the discharge level was
reached. Current densities were calculated based on

, )

Fig. 1. Pilot plug-flow electrolytic cell (1: endplates, 2: cathode

power supply, 3: carbon felt, 4: CEM, 5: anode power supply, 6:

anode compartment, 7: frame).
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the projected area of the carbon felt electrode. Through-
out the tests the same carbon felt was used. First, the
optimum current density at each Cr(VI) concentration
was experimentally determined using the fresh carbon
felt. The later experiments were performed with the
same felt and with the optimum current density at the
specific concentration. The feed flow rates ranged from
10 to 50 l h)1 corresponding to linear flow velocities
from 0.3 to 1.5 cm s)1 in accordance with other studies
[16, 18]. The felt electrode was kept in contact with the
process solution for total of 530 h from which 120 h
were under operation.

2.3. Theoretical background

The following reactions may occur at the electrodes:

Cathode

Cr2O
2�
7 þ 14Hþ þ 6e� ! 2Cr3þ þ 7H2O

E � ¼ 1:33 V ð1Þ

HCrO�4 þ 4Hþ þ 3e� ! Cr3þ þ 4H2O

E � ¼ 1:35 V ð2Þ

2H3O
þ þ 2e� ! 2H2OþH2

E � ¼ 0:00 V ð3Þ

Cr3þ þ e� ! Cr2þ

E � ¼ �0:41 V ð4Þ

Cu2þ þ 2e� $ Cu0

E �e ¼ 0:35 V ð5Þ

Anode

2H2O� 4e� ! O2 " þ4Hþ

E � ¼ 1:23 V ð6Þ

The presence of Cr(II) according to reaction (4) is
generally not expected due to its fast oxidation by H+

and chromate. The formation of Cr(OH)3 is excluded
due to the acidity of the solution. Various parameters
may be used to describe the process performance [21,
27]:
1. Fractional conversion, XA, defined as

XA ¼ 1� nA

nA;0
ð7Þ

where nA,0, nA is the starting and final molar amount of
chromate, respectively.
2. Overall current efficiency, Fe, defined as the cur-

rent required for chromate reduction relative to
the total current applied:

�e ¼ m�eF

MIt
� 100 ð8Þ

where m is mass of the reduced chromate, M its molar
weight, F the Faraday constant, I the applied current
during time, t and me the stoichiometric number of
electrons necessary for the reaction. For the reduction of
one mole of chromium, three electrons are required (see
reactions 1 and 2). Therefore, the stoichiometric num-
ber, me, is 3.

,

Fig. 2. Pilot plant for electrochemical chromate reduction (tank capacity: 400 l, FI – flow indicator, C/T – conductivity and temperature

measurement, M – motor).

Table 1. Composition of the exhausted chromium etching solution used for preparing synthetic rinse water

Cr(VI)/g l)1 Cr total/g l)1 Fe/g l)1 Cu/ppm Zn/ppm Ni/ppm Al/ppm

113 136 15.1 571 43 160 49
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3. The space time yield (STY) qST, is the reduction
rate per cell volume and may be expressed as:

�ST ¼
�cM

�ST
ð9Þ

where Dc is the change in Cr(VI) concentration and sST
is the space or residence time, defined as the ratio of
cell volume to volumetric flow rate. Generally the STY
is used for comparison of different systems and is
expressed in kg m)3 s)1 or in g l)1 h)1. However, it
is important to note that Equation 9 contains no
information about the initial effluent concentration,
which is one of the most important factors influencing
the process.
4. The specific energy consumption, ES,m:

ES;m ¼
Uc�eF

M�e
ð10Þ

where Uc is the total cell voltage between the anode and
cathode.

3. Results and discussion

3.1. Determination of optimum current density

The limiting current densities could not be determined
by direct measurement of current at different single
electrode potentials using reference electrodes, because a
pilot electrolytic cell was used. Instead, the outlet
concentrations (conversion rate) and current efficiencies
at various current densities and at three inlet concen-
trations (3, 16 and 50 ppm Cr(VI)) were determined.
Theoretically, the curves show maximum efficiency and
maximum conversion rate at a certain current density,
which is considered as the optimum current density.
Figure 3 presents the typical conversion rate and current
efficiency at 16 ppm Cr(VI). The current efficiency is
close to 100% at 3 mA cm)2 and the conversion rate is
the highest between 3.5 and 4.5 mA cm)2. Therefore,

the optimum current density for operation is assumed at
3.5 mA cm)2. Similarly, at 50 ppm the optimum current
density is found to be 8.6 mA cm)2. At very low Cr(VI)
concentration (3 ppm) no maximum conversion rate is
found (the conversion rate is 0.99 at each current
density). Therefore, 1.4 mA cm)2 is chosen as optimum
current density, where the current efficiency is the
highest.

3.2. Influence of contaminants

Rinse water contaminants, especially copper, can have
a strong effect on the process performance due to their
deposition on the cathode even in acidic environment
[20]. Copper coated fibers could lower the specific
surface area of the porous felt acting as solid electrode
surface. This will result in a decreased limiting current
density and lower reactant conversion [28]. During our
experiments, a green coloured metal deposit was
formed on the carbon felt. This deposit was removed
with concentrated nitric acid and analysed. The anal-
ysis showed that it was copper. SEM pictures of the
carbon felt were taken (see Figure 4). Figure 4a shows
an unused felt and Figure 4b shows a sample of the
electrode used for 120 h of operation with an obvious

Fig. 3. Conversion rate, XA, and current efficiency, Fe, at various

current densities using fresh carbon felt as electrode. Process param-

eters: Cr(VI) inlet concentration ci=16 ppm, pH 2.1, feed velocity

u=0.6 cm s)1, T=26 �C.
Fig. 4. SEM photographs of carbon felt GFA 10. (a) Unused car-

bon felt and (b) After 120 h of operation.
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copper deposit on the fibres. The copper mainly
deposits in the region near the entrance and the outlet
of the electrode, in agreement with previous studies
[28]. During the study, the apparent current efficiency
was sometimes higher than 100%. For instance, it was
150% for an inlet concentration of 16 ppm Cr(VI), at
pH 2.1 and 50 l h)1. This indicates that current-free
reduction of Cr(VI) must occur by alternative reduc-
tion. In order to investigate this, we placed two felt
samples (one fresh and one used in the process for
120 h) in synthetic hexavalent chromium solution
(50 ml, 16 ppm Cr(VI) prepared from chromic acid
anhydride) for 50 h, under stirring. No hexavalent
chromium is reduced with the unused felt, but the
chromate is reduced almost completely (99%) with the
felt having the copper deposit. This clearly shows that
copper acts as a reductant of the chromate. Moreover,
it seems that both Cr(VI) reduction and copper
deposition/resolution happen simultaneously influenced
by the chromate concentration in the feed. This
behaviour is not surprising and can be explained by
the difference in the electrode potentials of reaction (1)
(1.33 V) and the copper deposition reaction (5)
(0.35 V). The concentration dependence of the equilib-
rium potential of a redox couple (Aþ e�¡A�) is
given by the Nernst equation:

E ¼ E0 þ RT

F
ln

cA

cA�
ð11Þ

where E0 is the standard electrode potential, R the gas
constant, T the temperature, F the Faraday constant
and cA=cA� the redox couple (Cr(VI)/Cr(III) and/or
Cu2+/Cu) [27]. At constant temperature, the equilib-
rium potential shifts depending on the species concen-
tration. At a low chromate concentration, when the
chromate is nearly completely reduced, the equilibrium
electrode potential decreases and reaches that of copper
(0.35 V) resulting in copper deposition on the felt. If the
inlet concentration is above 10 ppm Cr(VI), redissolu-
tion of previously deposited copper takes place. Figure 5
shows the course of a batch experiment lasting for 21 h.
The initial 300 l rinsing solution contained 50 ppm
Cr(VI) and 0.3 ppm Cu. The felt was previously used in
other experiments for 80 h but the amount of the
deposited copper was not known. In the beginning of
the experiment, the copper concentration in the tank
increases whereas the hexavalent chromium concentra-
tion decreases as desired. After approximately 6 h the
copper concentration in the tank reaches a maximum
and after 15 h it starts to decrease due to deposition on
the felt (Figure 5a). Interestingly, despite the low initial
copper concentration in the tank (0.3 ppm) the outlet
stream contains 26 ppm Cu2+ (Figure 5b). This is due
to the redissolution of copper from the felt. As a result,
the chromate concentration decreases relatively fast, the
process has an apparent current efficiency higher than
100% and the Cr(VI) outlet concentration practically
becomes zero after 13 h. At this point the copper
concentration in the outlet starts to decrease (Fig-

ure 5a), showing that the deposition of copper becomes
the main reaction again. These phenomena have a
significant importance for the long-term operation.
Either deposited copper should be reduced at the start
of batch mode operation (self-cleaning) or the felt
cathode could be cleaned when process solution flows
current-free through the cell (potential cleaning proce-
dure). Finally, it is worth noting that during all
experiments we used the same cathode felt and the
copper deposition and dissolution could not be con-
trolled. Therefore, the measurement series taken at
different operation times can not be directly compared.
However, the reactor performance in each measurement
series always shows the same behaviour for the different
conditions (ci, u and pH) even if the parameters XA, Fe

and qST are fluctuating over the whole pilot study.
Figure 6 presents a typical example, where the influence
of the feed velocity on the process performance is
studied at different operation times (all other process
conditions remain constant). As expected, lower outlet
concentrations (higher current efficiencies and conver-
sion rates) are obtained when the felt is in use for a long

Fig. 5. The changes of Cr(VI) and Cu2+ concentration during a

batch experiment. (a) In the tank (ci=cell inlet concentration) and

(b) in the outlet stream (cy=cell outlet concentration). Process

parameters: UC=2 V, u=1.5 cm s)1, i=7.8 mA cm)2 (t=0 h) and

5.2 mA cm)2 (t=21 h), pH 2.1, T=26 �C.
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time (105 h instead of 6 h) indicating once more the
additional chromate reduction by deposited copper.
Furthermore, the influence of the flow rate seems to be
different in these two cases. When the felt has been used
for only 6 h, the outlet concentration increases strongly
with the flow rate. However, after several hours of
operation (105 h), this effect weakens. It seems that
increasing feed flow rates results in increasing copper
resolution and therefore lower Cr(VI) outlet concentra-
tions compared to the fresh felt are obtained.

3.3. Influence of process parameters

3.3.1. Effluent concentration and feed velocity
The concentration of waste effluent fluctuates strongly
in plating shops. In some cases this may result in lower
cell performance and outlet concentrations above the
maximum permissible levels. Figure 7 shows the varia-
tion of the STY at three different initial Cr(VI)

concentrations for two feed flow rates. The STY
increases with the increase in Cr(VI) concentration, as
expected (see Equation 9). This increase is stronger at
higher flow rates. The highest Cr(VI) reduction rate
(10.4 g l)1 h)1) is found at 50 ppm and 50 l h)1

(1.5 cm s)1) and can be attributed to two effects. When
the reactant concentration is low, the supply of reactant
to the electrode surface becomes important (diffusion
limitation). Therefore, the conversion improves at high-
er feed velocities (see Figure 6). The conversion im-
proves at high flow rates due to increased copper
dissolution resulting in a current efficiency of �130%.
On the other hand, if the feed velocity is too high,
especially at high inlet concentrations, the residence time
might be too short to have sufficient conversion. Then,
reduction of the flow rate (increasing residence time)
might be required to reach lower outlet concentrations.
Nevertheless, our results show that the outlet concen-
tration obtained with a low concentration (3 ppm) is
below the German discharge level (0.1 ppm) indepen-
dent of the feed flow rates studied. Even at a feed rate as
high as 50 l h)1 (1.5 cm s)1) hexavalent chromium could
not be detected in the outlet stream.

3.3.2. Influence of pH
Protons are required for chromate reduction (see reac-
tions 1 and 2). Therefore, both chemical and electro-
chemical reduction of dilute Cr(VI) effluents require
addition of sulphuric acid to pH<2.5. One should
always strive for optimised acid consumption. On one
hand consumption of extra chemicals should be mini-
mized, but on the other hand, the electrolyte pH must be
low enough to ensure sufficient and complete chromate
reduction.
Most experiments in this study were performed at

pH 2.1. However, the influence of excess H2SO4 was
also investigated using a Cr(VI) inlet concentration of
16 ppm. Samples were taken every 30 min after acid
addition. Lowering the pH from 2.5 to 1.8 results in

g p p ( ) ( ) , g p p

Fig. 6. Effect of feed velocity, u, on Cr(VI) outlet concentration, cy,

at different total running times. Process parameters: Cr(VI) inlet

concentration ci=16 ppm, i=3.5 mA cm)2, pH 2.1, T=26 �C.

Fig. 7. Space time yield, qST, at different Cr(VI) inlet concentrations,
ci, and feed flow rates. Process parameters: Current density

1.4 mA cm)2 for 3 ppm, 3.5 mA cm)2 for 16 ppm and 8.6 mA cm)2

for 50 ppm Cr(VI), pH 2.1 and T=26 �C.

Fig. 8. The effect of rinse water pH on the conversion rate of

Cr(VI). Process parameters: Cr(VI) inlet concentration ci=16 ppm,

i=3.5 mA cm)2, u=1.5 cm s)1, T=26 �C.
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lower outlet concentrations from 7.8 ppm to 2.0 ppm
and to an increase of the conversion rate from 0.52 to
0.87 (Figure 8). The same behaviour was obtained for
more dilute solutions, e.g. 3 ppm Cr(VI). In this case,
the conversion rate was 0.96 at pH 2.1, but only 0.8 at
pH 3 (both for 1.2 cm s)1).

3.3.3. Potentiostatic vs. galvanostatic mode
For the estimation of energy requirements, we compared
two batch mode experiments, where the Cr(VI) concen-

tration in the tank was reduced from 16 ppm to below
0.1 ppm. The first experiment was performed at a
constant voltage of UC=1.6 V (potentiostatic mode)
and the second experiment at a constant current
(galvanostatic mode). In the latter experiment the
current was gradually lowered according to the decrease
in concentration in the tank simulating constant current
operation as in industrial scale experiments. This pro-
cess might be advantageous since the current density can
be lowered stepwise according to the particular inlet
concentration which results in energy savings. Figure 9
shows that the decrease in Cr(VI) concentration in the
tank is the same for both experiments despite the
different modes of operation. The overall STY for both
experiments is 1.9 g l)1 h)1 and roughly 50% lower than
the STY of the continuous, single-pass experiments
performed at constant Cr(VI) concentration (see Fig-
ure 7, STY�3.5 g l)1 h)1 for 16 ppm Cr(VI) and
1.5 cm s)1). This difference can be explained by the
steady decrease in Cr(VI) concentration in the tank,
resulting in a decreasing STY according to Figure 7.
The total current efficiency is 93% in batch mode and
nearly 100% in continuous, single-pass mode showing
the good performance of this technology with very
dilute waste effluents and indicating the balance of
copper dissolution and deposition. In conclusion, it
seems that the galvanostatic mode brings no additional
benefits in terms of the required carbon felt area (i.e.
equipment size). However, gradual lowering of the

Fig. 9. Batch processing at different modes of electric operation (cir-

cles: potentiostatic, triangles: galvanostatic mode). Other process

parameters: Cr(VI) inlet concentration ci=16 ppm (t=0), pH 2.1,

u=1.5 cm s)1, T=26 �C.

Fig. 10. Schematic presentation of electrochemical modes of operation. (a) Batch and (b) continuous, single-pass operation.
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current results in lower power consumption due to lower
voltage drop.

3.4. Electrochemical Cr(VI) reduction at industrial scale
– A case study

3.4.1. Energy requirements for batch and continuous,
single-pass operation
Generally the batch processing is promoted by legisla-
tive authorities. The reason is that the risk of the toxic
chromate reaching the public sewers or receiving water
seems to be less than for continuous processing. By
operating in the batch mode discharging levels can be
safely maintained, even if the waste concentrations
fluctuate. Figure 10 schematically presents future indus-
trial-scale operations using either batch (Figure 10a) or
continuous, single-pass mode (Figure 10b). The calcu-
lations are based on the STY of batch experiments of
Figure 9 (1.9 g l)1 h)1) assuming a waste water flow of
1 m3 h)1. Continuous, single-pass processing requires
only one small tank for pH adjustment, whereas batch
processing requires two tanks able to collect the total
waste stream for a certain time (1 h). For this example
the carbon felt area is the same for both modes
(�1.2 m2) due to the same average STY (1.9 g l)1 h)1).
Batch operation is realized with one module (Fig-
ure 10a), whereas the continuous, single-pass configu-
ration consists of three modules in series each running at
different current density (Figure 10b). Accordingly, the
three modules are smaller than the module used for the
batch mode. Table 2 presents the calculated energy
requirements for both modes of operation. The con-
sumed current was calculated by integrating the varia-
tion of current density over time. In the continuous,

single pass operation three different electrode areas were
used. The first cell has the largest electrode area since the
chromate concentration is the highest. In the last cell
only small amounts of chromate remain and thus, the
electrode can be smaller. The projected electrode area
was calculated from the STY at 1.5 cm s)1 (see Fig-
ure 7). We assumed chromate reduction from 16 to
10 ppm in the first stage (STY 3.5 g l)1 h)1), 10
to 3 ppm in the second stage (STY 2 g l)1 h)1) and 3
to 0 ppm in the last stage (STY 1 g l)1 h)1).
The continuous, single-pass mode has economical

advantages due to the lower specific current at the inlet
of each step. Besides higher current efficiency (�100%),
this also results in a slightly lower voltage drop and
power consumption in comparison to batch mode (2.3
instead of 2.8 kWh (kgCr(VI))

)1). On the other hand,
batch processing has advantages in terms of operational
reliability. In this mode, the deposited copper can be
removed in the starting phase of the process (self-
cleaning operation). In the continuous, single-pass mode
most of the copper may be deposited in the last module
and can only be removed by additional cleaning
procedures. The successful industrial implementation
requires further research focused on up-scaling of the
electrolytic cell, especially on carbon felt multi-layer
cathodes to provide sufficient large cross-sectional area.
Due to the limited cross-sectional area, a number of
repeating units should be used. Therefore, the detoxifi-
cation of large streams requires high investment costs,
e.g. for electrodes and power supply etc. If a multi layer
cathode is used the investment costs could be reduced.

3.4.2. Electrochemical vs. chemical detoxification
of chromate
There are few data published on the economics of other
electrochemical methods like chromate reduction on
planar or mesh type electrodes, fixed beds (granular
carbon) or soluble steel anodes. Table 3 presents some
of this data in comparison to our results. The power
consumption of the different processes for pure electrol-
ysis per kg Cr(VI) are compared. Our method using
carbon felt shows the lowest power consumption,
2.3 kWh per kgCr(VI), followed by the reduction using
graphite particles in a fixed bed.
Finally, the operating costs for chromate removal

from very dilute effluents are considered (Table 4).
Chemical and electrochemical treatments are compared

Table 3. Energy requirements for electrolytic Cr(VI) reduction using different electrochemical treatment methods

Cr(VI) reduction method Reference Power consumption/kWh kg �1CrðVIÞ

Membrane electrolysis with mesh type cathodes [5] 8–11a

Soluble anodes (indirect reduction by Fe2+) [13] 12b

Fixed bed (granular carbon) [9] 6a

Carbon felt [this work] 2.3c

aCr(VI) concentration not specified.
bci, Cr(VI)=500 ppm Cr(VI).
cci, Cr(VI)=16 ppm (this work, Table 2).

Table 2. Energy requirements for electrolytic chromate reduction in

batch and continuous, single-pass mode for 1 m3 h)1

Batch Continuous, single-pass

Stages 1 3

I t/Ah 27.4 24.7 (6.1+13.3+5.3)

Uc/V 1.6 1.6/1.5/1.3

E/Wh 44 37

ES,m/kWh kg �1CrðVIÞ 2.8 2.3

Calculation parameters: treatment of 1 m3 h)1, ci=16 ppm,

u=1.5 cm s)1, potentiostatic mode for batch operation and galvano-

static mode for continuous, single-pass operation.
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using the results obtained in this work. The operating
costs for electrochemical treatment are 30% lower than
for the chemical treatment. This is mainly due to the
lower amount of sludge produced when reducing chro-
mate without the use of reduction chemicals. The cost
for electrolysis is very low compared to that of sludge
disposal and practically does not influence the total
costs. However, additional costs arise for the hydraulic
supply of electrolytic cell. Furthermore, it should be
noted that the costs for the manufacturing of electro-
chemical plant is generally higher than that of chemical
plant. However, suitable process design (use of thicker
carbon felt and/or multi layer electrodes) could result in
a financially attractive process to detoxify chromate
containing effluents.

4. Conclusion

Electrochemical chromate reduction on highly porous
carbon felt is an efficient treatment method, especially
for very dilute solutions of chromate. In this work, high
reduction rates of chromate were obtained. This espe-
cially happened when the electrode felt was running for
long times and due to the copper deposition and
resolution from the felt; the copper in the rinse water
comes from the chromium etching process. Copper
deposited on the cathode felt when chromate was
completely reduced and dissolved when the chromate
concentration increased, for instance when a new batch
process started. The copper deposits significantly en-
hanced the process performance due to current-free
reduction of chromate.
The economics of batch and continuous, single-pass

operation were compared for effluents containing
16 ppm Cr(VI). The energy requirements of the con-
tinuous, single-pass operation were estimated to be low

(2.3 kWh per kg Cr(VI)). Finally, electrochemical
Cr(VI) reduction with carbon felt was compared to
the chemical removal of chromate. The operation costs
of the process were estimated to be 30% lower
showing the promising economic potential of this
technology.
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