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Abstract

Reduction of chromate in very low concentration (20 ppm) has been carried out in a GBC reactor. Final
concentrations below 0.5 ppm have been achieved at reasonable reaction rates. Spontaneous reduction of chromate
by hydrogen in a GBC reactor without an external power source requires careful selection of cathode material.
Chemically stable materials such as titanium and RVC tend to passivate when in contact with chromate solution
and are unsuitable for use as cathode materials. Graphite, active carbon and graphite felt show no obvious
passivation. Reduction of oxidized groups and oxygen are the major side reactions. These occur significantly,
especially when using an activated carbon bed as a cathode.

List of symbols koy  overall rate constant (m3s™!); ko, = kde
koven overall chemical rate constant (m?s™');
ae specific surface area of bed (m™!) kovch = kenAb
Ap surface area of bed (m?) kovno overall rate constant without oxygen purging
Ae effective electrode area of bed (m?) (m?s1)
A, geometric surface area of gas diffusion kovox overall rate constant with oxygen purging
electrode (m?) (m?s!)
Cus concentration of sulfuric acid (mol m—3) K constant with value of 1 (mol'~* m3*~3)
C; concentration of chromate in reactor (molm=3) =n number of electrons involved in electrode
Cy concentration of chromate in reservoir (mol m~—3) reaction (dimensionless)
Cyo initial concentration of chromate in reservoir rer reaction rate (mols™')
(mol m~3) t time (s)
D¢,  diffusion coefficient for chromate ion (m?s™') T temperature (K)
Dg. diffusion coefficient for ferric ion (m?s~!) Os volumetric flow rate of solution (m?s=!)
Doy diffusion coefficient for oxygen ion (m?s~') Us mean velocity of solution (ms™')
F Faraday’s constant (96 487 C mol~!) Vi reactor volume (m?)
i current density (Am™2); i =1 /A, Vs volume of solution (m?)
icr chromate current density (A m~2) Vv, volume of solution in reservoir (m?)
iT total current density (A m~2)
1 current (A) Greek symbols
Icr chromate current (A) o apparent order of reaction
It total current (A) € bed voidage
k electrochemical rate constant (ms™!) Ty solution residence time in reservoir(s);
ken chemical rate constant (ms~!) Ty = Vi /Os
ke mass transfer coefficient (ms™") Tr solution residence time in reactor(s);
km,cr mass transfer coefficient for chromate ion (m s7h 7 = ep i/ Os

kmox mass transfer coefficient for oxygen (ms™!)
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1. Introduction

Hexavalent chromium has received increased attention
because of its toxic nature. Waste water polluted with
hexavalent chromium results from sources such as the
textile, metal finishing, pigment, drug and organic
chemical industries, and from cooling systems where
hexavalent chromium is added as a corrosion inhibitor
[1, 2]. Several procedures have been suggested for the
treatment of waste solutions containing chromium.

Some processes based on electrochemistry have been
proposed, such as the use of a three dimensional cathode
to reduce chromate, a rotating cylinder cell [1, 2] and,
most recently, the combination of a hydrogen gas
diffusion anode and a three-dimensional cathode [3-5]
to form the GBC reactor. The application of a three-
dimensional cathode has been particularly useful in
treating solutions with a low chromate concentration to
improve the productivity of a commercial system and
therefore meet the operation costs on a realistic level [6].

Chromium can be captured electrochemically as a
nonsoluble ionic compound such as Cr(OH); [2, 7].
Chromate can also first be electrochemically reduced to
Cr(III) ions which can later be precipitated as Cr(OH);
[3]. The electrochemical reduction of chromate ions may
also give rise to the formation of poorly soluble
compounds on the electrode. It is reported that, in the
absence of foreign ions, chromic acid can only be
reduced at graphite and gold electrodes [8].

The use of the GBC for the reduction of chromate is
reported in [3]. This is a reactor which combines a
porous cathode and a gas diffusion electrode to reduce
chromate ions without the need for an external power
source. The working principle of this type of reactor has
been described earlier [3-5].

Several studies have been reported on the kinetics of
the electrochemical reduction of hexavalent chromium
and have shown that the reduction products depend on
the acidity of the solution. Most of these studies have
shown that the final product is usually a Cr** compound
and the electro-deposition of chromium metal from
divalent and trivalent chromium salts from strongly
acidic solutions below pH 1.8 is impossible [1]. Deposi-
tion of chromium metal from Cr®" solutions is possible
only within certain limits of the CrO;/SO3™ ratio which
ranges from 18.2 to 127.5; beyond these limits deposi-
tion of chromium metal is not possible [9].

The aim of this work is to investigate the reduction of
chromate in low concentrations (~20ppm Cr®") in
acidic solutions with a GBC reactor. In industrial
process waters such low chromate concentrations are
quite normal. The amount of Cr®" tolerable for the
environment is in the ppb range, hence the decision to

work with low concentrations in this study [10]. The
influence of solution properties and the cathode material
on reduction kinetics as well as the contribution of side
reactions are investigated.

2. Theory

The working principle of GBC reactor has been de-
scribed in [S]. A procedure is proposed for treating batch
recycle data to fit the macroscopic equation

—rcr = KkA.C} = Kkoy CY (1)
where K is an arbitrary constant with a value of 1 and
dimensions mol'=* mG*3)_ The actual electrode area
Ae depends on the active bed thickness and is not
necessarily equivalent to the total electrode area Ay. The
overall rate constant ko, = k4. governs the GBC reactor
performance during chromate reduction. When the
system is diffusion controlled, £ is essentially the mass
transfer coefficient &, and can be predicted using mass
transfer correlation equations.

For a batch recycle system with a low conversions per
pass, the system can be described as a continuous stirred
tank electrochemical reactor (CSTER), and a non
steady mass-balance equation can be obtained [5],

1 dCr K/46k
In(—(C —G) -5 =1
n(fr(C Cr) dt> n(Eer

) +aln(C) (2)

The chromate concentration in the reactor C; is calcu-
lated from an equation obtained from the mass balance
describing changes in the reservoir, namely,

dc, 1
dt 1y (G =

Cv) 3)

For reactor residence times 7, < 5 s dC,/dt is less than
2% of (Cy — C;)/t: and therefore the term dC;/d¢ in
Equation 2 can be neglected. This, in combination with
Equation 3, simplifies Equation 2 to

In (— ddC;V) =In (K:z)v) +aln C;
This implies that the order and the overall rate constant
koy may be obtained from the concentration—time data
for the reservoir. The procedure adopted is similar to
that in [5]. The chromate ion concentration in the
reservoir is monitored at discrete time intervals, then

dC,/dt is calculated at discrete time intervals using a
three-point differentiation formula. During a batch
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recycle operation with a divided cell both the current
across the cell and the concentration of the electroactive
species can be followed during the experiment. The
chromate current is related to the reaction rate in the
reactor by

[Cr = }’lFI/‘Cr (5)

3. Experimental details

The experimental set-up was a batch recycle system
consisting of a laboratory scale cell, a 3dm? glass
reservoir, a pump, a flow meter and a heat exchanger. A
schematic representation of the cell is shown in Figure 1.
Five types of material were used for the cathode, namely
a bed of graphite particles of sizes between 1-2 mm and
irregular shapes, a bed of active carbon particles
(NORIT), cylindrical in shape with a diameter of
I mm and an average length of 3 mm, a block of RVC
(ElectroCell AB) with a porosity of 97 and 100 pores per
inch (ppi), a stack of expanded titanium sheets and a
piece of graphite felt. The cathode chamber was 1.8 cm
thick, 2.7 cm high and 2.6 cm wide. The cathode filled
the whole cathode chamber. A graphite plate approx-
imately Smm thick was used as the cathode current
feeder.

The anode was an E-TEK Elat Vulcan GDE with
dimensions of 2.0 cm x 2.0 cm and one side was covered
by a Nafion® 117 layer. The catalyst loading of the
GDE was 0.4mgcm—2 platinum. The GDE was sup-
ported by a perforated platinum plate placed on the gas

1
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Fig. 1. Schematic representation of GBC reactor.
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side as a current collector and to enhance mechanical
stability. A platinum foil of about 0.5 mm thick was
used as anode current collector. Before each run
nitrogen gas was purged through the solution in the
reservoir and through the gas compartment of the cell to
protect the GDE from reaction with hydrogen and
oxygen inside the electrode. The gas diffusion electrode
was thereafter fed with pure hydrogen from a gas
cylinder; a nitrogen purge in the reservoir was main-
tained during the experiments.

The electrodes were short-circuited via an external
resistance. The potential drop across this resistance was
continuously recorded during the experiments and was
used to calculate the current flowing through the circuit.
The current densities were calculated based on the
geometric surface area of the GDE. Table 1 shows the
standard conditions of experimentation.

Laboratory solutions were made of potassium dichro-
mate (Merck p.a) in 1M H,SO4. Millipore water was
used to make up the solutions. Determination of
chromate ion concentration was carried out using an
ultraviolet spectrophotometer type Ultrospec 11 (LKB
Biochrom) at a wavelength of 350nm. The initial
chromate concentration was 0.4 molm~3 (20 ppm), the
temperature was varied between 298 and 332K, the
H,S0,, the molarity between 100 and 1000 mol m~3 and
the solution flowrate between 6.02x 107 and
1.6 x 107> m3s~!. The initial volume of solution was
3.00dm?. The volume of a sample was Scm® and
sampling was carried out every 10 min.

4. Results

4.1. Effect of the materials of the three-dimensional
cathode

4.1.1. Packed bed of graphite particles

The current and the chromate concentration were
followed as a function of time during chromate reduc-
tion on a graphite bed electrode. Standard conditions
were applied. The total current was measured during the
experiment while the chromate current I, was calcu-

Table 1. Standard parameters

Parameter Data

Flowrate of solution 1.58 x 10 m’s™!
Temperature 298 K

Initial CrOi’ concentration 0.4molm™ (20 ppm)
H,SO, concentration Im

Cathode material graphite particles
(1 mm < d < 2 mm)

Cathode thickness 1.8 mm
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lated from the conversion measurements using Equation
5 where n = 3 for the reduction of chromate ion to Cr3*.
The plots of current density for chromate icy = Icr /A,
and the total current density it = I1/4, as a function of
time are shown in Figure 2. It can be seen that the two
current densities are very close to one another and both
decline steadily with time. It can also be seen that a
maximum current density of about 375Am~2 was
observed and towards the end of the experiment the
current density was very low (about 10 A m~2).

4.1.2. Packed bed of active carbon particles

The same procedure was applied as in Section 4.1.1. The
plots of the current density for chromate reduction ic;
and the total current density it as a function of time are
shown in Figure 3. The chromate current density
declines steadily with time, while the total current
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Fig. 2. Total it (e) and chromium ic, ([J) current densities as a
function of time for a bed of graphite particles at 25°C.
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Fig. 3. Total it (e) and chromium ic.([J) current densities as a
function of time for a bed of active carbon particles.

density increases in the first 600s from about 313 to a
maximum of about 463 Am™2, thereafter remaining
almost constant for 600 s and then declining steadily to
275 Am~2 at the end of the experiment. There is a very
big difference between it and ic, throughout the
experiment, caused by a reduction of oxidised groups
present on the large surface of the active carbon
particles and oxygen present in the solution despite
nitrogen gas bubbling through the solution in the
reservoir. Since the potential of the cathode must be
more positive than the reversible potential of the
H, = 2H" +2e~ redox couple, reduction of chromate
to chromium metal is not possible.

4.1.3. Reticulated vitreous carbon

Reduction of a standard solution of chromate on RVC
was carried out without chromate concentration mea-
surements. The total reduction current was followed
with time. The results of total current density—time
measurements are shown in Figure 4. Initially a very
low current density of about 0.5 A m~2 was obtained.

4.1.4. Stack of expanded titanium mesh

A similar experiment to that in Section 4.1.3. was
conducted using a stack of expanded titanium meshes.
The results of the total current density—time data are
also shown in Figure 4, which shows that very low
current densities were also encountered during the
reduction process.

4.1.5. Graphite felt

Similar experiments to those in Section 4.1.3. and Stack
of expanded titanium mesh were conducted using
graphite felt. The total current density—time data are
shown in Figure 5. Current densities it comparable to

ir/Am?

0
0 16200 32400 48600 64800 81000
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Fig. 4. Total reduction current density for RVC ([]) and a stack of
expanded titanium mesh (e) as a function of time.
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Fig. 5. Total reduction current density as a function of time for
graphite felt.

those obtained during chromate reduction on graphite
material are observed, although slightly lower. To check
whether the electrode had been passivated after the first
run, the concentration of chromate was increased from
about 0.02mm™m to about 1 mm. The experiment was
continued and the current density increased to
283 Am~2.

4.2. Effect of solution properties

4.2.1. Temperature

The effect of temperature on the electrochemical reduc-
tion of chromate on a graphite bed cathode was
investigated. The temperature was varied from 298 to
332 K. The chromate concentration — time data were
used to calculate the o and ko, using Equations 3 and 4.
Figure 6 shows a typical log(—dCy/d¢) against log C;
curve.
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Fig. 6. Log (—dCy/dr) is plotted against log C; for chromate reduc-
tion on a graphite bed under standard conditions.
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Fig. 7. Log ko, and loga as a function of 7-!.

The values of the order o« and the apparent rate
constant k,y at different temperatures are plotted against
T-! in Figure 7. The apparent order o increases from
0.68 to 0.84 and k., increases from 1.07 x 10~ to
2.96 x 107°m? s~!, with temperature increasing from
298 to 332 K. It can also be deduced from the log ko
against 1/7 curve that the activation energy for the
overall process is 22.1 kJ mol .

4.2.2. Solution flowrate
The effect of solution flowrate on the rate parameters o
and ko is shown in Figure 8, where it can be seen that
the effect of the flowrate on o and k., is relatively low.
The slope of the log &,y against log Qs curve was 0.18.
In a separate experiment where the packed bed was
replaced by a flat graphite plate, chromate solution
containing 5mol m~* CrO3~ ions was reduced at differ-
ent flowrates. The flowrate was varied within short time
intervals so as to minimize the changes in CrOj~ ion
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Fig. 8. Overall rate constant, k., and order of reaction, o, as a
function of solution volumetric flowrate, Q.
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concentration. The reduction current was monitored
and was used to calculate the reduction rate. The
calculated rate was plotted against the flowrate in
Figure 9 where it is seen that the rate increased by 9%
from 3.4 x 107* to 3.6 x 107*mol m~2 s~! when the
flowrate was increased from 5 x 1073 to 50 x 1073 m?
s~!. Moreover, it can be seen that above 20 x 1073 m?
s~!, the rate was practically constant. The results of this
experiment have confirmed that the influence of flowrate
during the reduction of chromate in a GBC is small.

4.2.3. Sulfuric acid concentration

The sulfuric acid concentration was varied from 0.1 to
1 M, all the other conditions being kept standard. The
effect of the sulfuric acid concentration on the reaction
rate parameters is shown in Figure 10 where it can be
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Fig. 9. Reaction rate as a function of flowrate in a GBC reactor with a
graphite plate cathode. CrO3~ concentration: Smolm~, (+) increas-
ing and (o) decreasing the flow.
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Fig. 10. Overall rate constant, k., and order of reaction, o, as a
function of H,SO4 acid concentration.

seen that the overall rate constant and the order increase
steadily with increasing sulfuric acid concentration.

4.3. Ageing effect of the packed bed

The effect of changes in the behaviour of the active
carbon bed with time was investigated by carrying out
successive runs with hydrogen gas feed to the GDE.
Standard conditions were used. The results of the log C,
against time for a run with nitrogen feed to the GDE
and thereafter two consecutive runs with hydrogen feed
are shown in Figure 11 showing a clear ageing effect.
Moreover, it was found in [3] that the rate constant for
chromate reduction by carbon decreases strongly with
ageing of the carbon particles. This means that the rate
of chromate reduction by carbon decreases during the
series of experiments and an accurate correction for the
chromate reduction by carbon cannot be carried out for
the experiments with hydrogen. It can also be seen that,
with a fresh bed, the rate parameters are determined
mainly by the chemical reduction of chromate by the
active carbon particles.

4.4. Direct reduction of chromate by the
cathode material

4.4.1. Reduction of chromate by graphite bed

Chemical reduction of chromate by a bed of graphite
particles in a GBC reactor with nitrogen gas as feed for
the GDE was investigated. Standard conditions were
maintained. Samples were taken and analysed to deter-
mine the decrease in chromate concentration. It was
observed that the conversion after 2.5 h was only 1.5%.
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Fig. 11. Ageing effect of the active carbon bed: ([J) run 1, N, gas feed
to the GDE, (+) run 2, H, gas feed to the GDE, (W) run 3, H, gas feed
to the GDE.



4.4.2. Chromate reduction on an active carbon bed
Chemical reduction of chromate on a bed of active
carbon was investigated by maintaining a stream of
nitrogen gas over the GDE. All the other conditions
were maintained. In Figure 11 the results for successive
experiments are represented; the first was carried out
with nitrogen gas as feed for the GDE and the others
were carried out using hydrogen gas. Figure 11 indicates
a linear relationship between log C, and ¢ with nitrogen
feed. This means that « = 1 for chromate reduction by
active carbon. The overall chemical rate constant
koven = 1.24 x 107 m3s~! has been deduced from the
slope of the straight line from Figure 11.

4.5. Oxygen reduction

Reduction of a 1 M H,SOy4 solution without chromate,
but initially saturated with air, on a bed of active carbon
was investigated with hydrogen gas feed for the GDE.
The reduction current was followed as a function of
time. No gas bubbling through the solution was carried
out during this experiment. The log [T against time data
are shown in Figure 12, which shows a linear decrease
with time ¢, and therefore o = 1. Moreover, from this
figure and using Equations 1 and 5, it may be deduced
that the rate constant for oxygen reduction koyno =
9.51 x 1077 m3s~!. Using a KMnOy4 solution as a
titrant, it was found that a small quantity of H,O;
was present in the solution after the experiment.

In another experiment, oxygen was continuously
purged through 1™ sulfuric acid solution in the reser-
voir. Samples were analysed for hydrogen peroxide. It
was found that the concentration of hydrogen peroxide
reaches a limit of 1.5molm™3 within about 2h. The
current efficiency for the production of hydrogen per-
oxide during the experiment was 2.2%. The results of
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Fig. 12. Reduction of oxygen on an active carbon bed: (H) with
oxygen bubbling (e) no gas bubbling.
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log I against time are also shown in Figure 12, and show
that a steady current of 0.29 A is reached.

5. Discussion
5.1. Mass transfer coefficient for chromate ion

The mass transfer coefficient for chromate &y c; under
standard conditions, but for the bed of active carbon
particles was calculated from the known data for Fe3*
[11]. In Section 2, it was shown that for u; > 0.05ms™!
the mass transfer coefficient for Fe*" ions is related to
the mean flow velocity [11] by

ke pe = 8.5 x 1074080 (6)

In terms of dimensionless numbers in this flow region
this becomes

md
Sh ="
D

= aRe*85c!? (7)

where a is a constant.
Substituting parameters for ferric and chromate ions
in Equation 10, it can be shown that

Do\ 2/3
km,Cr = (DED km,Fe (8)

The diffusion coefficients for Fe3* and chromate in 1M
H,S04 at 25°C are reported to be 4.86 x 10719 m?s~!
[11] and 9 x 10~19m? s~ [12], respectively. The mean
solution velocity, us, in the GBC reactor was calculated
from the cross-sectional area of the reactor and bed
voidage e, = 0.4, and was found to be 8.44 x 102ms~.

The mass transfer coefficient kype at us = 8.44 X
10->ms~' was then calculated from Equation 11 and
found to be 1.17 x 10~*ms~!. The mass transfer coef-
ficient for chromate kn c;, under standard conditions is
therefore 1.76 x 10~*m s~!. The value of ki ¢ 4p can be
calculated from the volume of the reactor and the
specific bed electrode area a. = 2800 m~! [11] which has
been calculated from the external surface of the parti-
cles, assuming that the internal surface of the carbon
particles does not take part in the reduction of chro-
mate. The value kncd, was found to be
6.23 x 1079 m3s!.

5.2. Three-dimensional electrode material
From Section 4.1.1. follows that the electrochemical

reduction of chromate from dilute acidic solutions using
GBC reactor fed with hydrogen is highly dependent on
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the type of cathode substrate. Inhibition of the electrode
surface during electrochemical reduction of chromate
has been reported for gold and platinum electrodes [12].
It was noted in [12] that during a positive potential
sweep in rotating disc electrode (RDE) experiments,
clear inhibition is observed. The more chemically stable
carbon materials, such as RVC, and noncarbon mate-
rials, such as titanium, show a high degree of passivation
during chromate reduction. This passivation has been
attributed to the formation of stable inhibiting com-
pounds on the surface of the cathode which remain well
attached to the cathode surface.

The good performance of the less stable carbon
cathodes, such as graphite, active carbon and graphite
felt may be the result of the occurrence of a direct
chromate reduction on the oxide-free surfaces of carbon
to form carbon oxides. A fresh active carbon bed shows
the highest reactivity to the chemical chromate reduction
while graphite materials show weak reactivity. It is
possible that the reduction of oxidised groups on carbon
takes place and thereafter re-oxidation by chromate
occurs in which Cr(i) is formed. It is suggested that the
direct reaction of chromate with carbon substrate re-
freshes the surface of the cathode, and part of the carbon
surface remains active to electroreduction of chromate.
Although this behaviour seems to be of advantage, it
must be pointed out that the reduction of chromate by
the substrate consumes the electrode material and thus
reduces the bed compactness, a situation which can,
significantly decrease the overall conversion over the
reactor [11] due to poor electrical contact. The reaction
of carbon with chromate for active carbon has been
observed in Section 4.2.2 to proceed at a rate constant
koven = 1.24 x 107 m?® s~!, which is five times lower than
the value of &y, cr Ap, whichis 6.23 x 107 m3 s=! (Section
5.1). This means that the chemical reduction of chromate
is also determined by kinetic parameters.

5.3. Spontaneous reduction of chromate by hydrogen

Despite the low chromate concentration, chromate
reduction in a GBC reactor is influenced by both
electrochemical and diffusion processes. In all condi-
tions tested, a value of the order <1 was ob-
served. Low final concentrations (< 0.5ppm) were
obtained in relatively short experimental times, that is,
between 1 and 2 h, depending on the conditions of the
experiment.

There is an increase of o with increasing temperature
indicating an increasing influence of the diffusion
process. An activation energy of 22.1kJmol™' was
obtained from the plots of log ko, against T~!, showing
a process that is highly influenced by mass transfer. In

these experiments the influence of solution conductivity
on o and ko, as shown in Figure 10, is less significant
because of the low current through the reactor.

As shown in Equation 7, ko is proportional to Q%1%
The exponent 0.18 is much lower than would be
expected for a pure mass transfer coefficient 4,,, which
would be between 0.45 and 0.8 in the flow regime used
[13]. This means that kinetic parameters of electro-
reduction also affect the rate of chromate reduction.

5.4. Oxygen reduction

Oxygen reduction by hydrogen is the major side reaction
during reduction of chromate on active carbon particles.
The diffusion coefficient for oxygen in 1 M H,SO4 and
25°C is 2.02 x 10" m? s~! [15]. Similarly to the calcu-
lation of kn cr, the mass transfer coefficient of oxygen in
1M H,SO, was found to be 3.03 x 10~*ms~! and
km.oxAp was 1.07 x 1075 m* s, From the slope of the
log It against ¢ curve in Figure 12, the overall rate
constant for oxygen reduction in the experiment without
gas bubbling ko no was found to be 9.51 x 107" m? s~ 1.
The steady current obtained during the experiment with
oxygen bubbling was 0.29 A. The overall rate constant
for oxygen reduction during the experiment with oxygen
bubbling was calculated using lox = 4 F kovox Cox and
the solubility of oxygen in 1 H;SO4, namely,
1.0l molm~3 [14]. It was found that the overall rate
constant for oxygen reduction koyox = 7.45 X
107"m3s~!. Both values of k,, for oxygen reduction
are practically the same. From this it is concluded that
dissolved oxygen is reduced in both cases and that
oxygen reduction on active carbon particles is kinetically
controlled.

6. Conclusion

The reduction of chromate in a GBC reactor can be
carried out to a very low chromate concentration,
namely below 0.5 ppm. Spontaneous reduction of chro-
mate by hydrogen in a GBC reactor requires a careful
selection of bed material. Graphite, active carbon and
graphite felt have shown good results while the more
chemically stable materials, namely expanded titanium
and RVC, are unsuitable as cathode materials.
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