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Abstract

A metal surface is chromatized with a chromic acid solution to obtain a good adherence of polymer coatings. In this
process Cr(VI) is reduced to Cr(III). The oxidation strength of the solution decreases during use. The chrome
solution needs to be regenerated and purified. A new anode material, namely boron-doped diamond, was used to
investigate the oxidation of Cr(III) to Cr(VI). It was found that the current efficiency for Cr(III) oxidation decreases
with increasing total current density. The current density of Cr(III) oxidation increases linearly with increasing
Cr(III) concentration and is practically independent of the Cr(VI) concentration. It was concluded that the diffusion
of Cr(III) is the rate-determining step for the Cr(III) oxidation at Cr(III) concentrations form 40 to 160 mol m)3. The
surface of the boron-doped diamond shows no signs of chemical corrosion or mechanical destruction. A filter-press
type cell divided into two compartments by a cation exchange membrane was proposed. A cost calculation was
carried out for the oxidation of 1.28 mmol s)1 Cr(III) in a 40 mol m)3 chrome(III) solution. Factors affecting the
feasibility of this process include the costs of chemical waste disposal, the costs of chromic acid, government
legislation and to a great extent the costs of the new anode material.

1. Introduction

Chromate conversion coatings are formed on metal
surfaces by treating these with a chromic acid solution
to guarantee paint adhesion. During this treatment the
metal surface dissolves to a small extent causing a pH
increase at the surface–liquid interface. This results in a
deposit consisting of Cr(VI), Cr(III) and the coating
metal itself [1]. Moreover, a large part of the Cr(III) and
the coating metal ions enter the solution and the Cr(VI)
concentration decreases. When the Cr(VI) concentration
becomes too low and the Cr(III) concentration too high,
the solution has to be replaced or regenerated.
To prevent the formation of large quantities of sludge

and the high cost of sludge disposal, the spent chroma-
tizing bath has to be regenerated and purified.
To remove metallic impurities from spent chrome

plating baths, ceramic diaphragms have been proposed
[2–4]. Since the chromate concentration in spent chro-
matizing baths is much smaller than that in spent
chrome plating baths, commercial cation exchange
membranes like Nafion� may be useful as separators
in the cell to regenerate the spent chromatizing bath.
Lead dioxide is the only practical choice as anode

material to oxidize Cr(III) to Cr(VI), where some oxygen
evolution will occur as a competing reaction [5]. Also
Bi-doped lead dioxide anodes have been proposed [6].
However, lead dioxide is subject to slow corrosion in the

electrolysis conditions. Recently, highly promising bo-
ron-doped diamond anodes have become available. In
this paper, experimental results on the efficiency of
Cr(VI) formation for a spent chromatizing bath and
Cr(III) model solutions are given. An economic evalu-
ation is also presented.

2. Experimental details

2.1. Electrolysis experiments

During the electrolysis of Cr(III) solutions, two reactions
take place at the anode under practical conditions
forming Cr(VI) and oxygen. From the current efficiency
for oxygen formation /O2, the efficiency for Cr(III)
oxidation, /Cr, was determined using /Cr ¼ 1� /O2 .
The electrolysis was carried out in a glass cell divided

into two compartments by a cation exchange membrane
(Nafion 117). Figure 1 represents the set-up schemati-
cally. The working electrode was placed inside the
compartment on which a burette stood. At the start of
experiments the burette was partly filled with the
anolyte. During the electrolysis the liquid level inside
the burette decreased because of oxygen gas formed
at the anode. To calibrate the gas burette oxygen
evolution experiments were carried out with a Pt anode
in 1 M H2SO4, where the current efficiency for oxygen
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evolution is practically 100%. The counter electrode was
placed inside the other compartment, containing 1 M
HNO3 catholyte. Two types of working anode were
used: namely, a boron-doped diamond sheet placed
vertically in the centre of the anode compartment (not
shown in Figure 1) and a boron-doped diamond elec-
trode disc placed horizontally underneath the anode
compartment. As a counter electrode a platinum sheet
of 10 cm2 was used.
The anode compartment consisted of two cylindrical

parts of different diameter; the part with the biggest
diameter was on top. At the connection between the two
cylindrical parts, a funnel with a burette was placed so
that the produced oxygen gas completely rose into the
burette. Before starting the measurement, the solution
was drawn into the burette until the desired level was
reached. The produced oxygen gas lowered the liquid
level in the burette. The amount of produced oxygen gas
over a certain period was read from the drop of liquid
level with time. This method is described in more detail
elsewhere [7].
The current delivered by the power supply (Delta

Elektronika, E030–1) was kept constant. The complete

cell and burette were thermostrated. All experiments
were performed at 25 �C.

2.2. Voltammetric experiments

Voltammetric experiments were carried out with an
undivided cell with three electrodes. The working
electrode was a flat boron-doped diamond sheet. The
counter electrode was a flat platinum sheet and the
reference electrode was a saturated calomel electrode
(SCE). The measurements were performed using an
Autolab potentiostat (Pgstat20, Ecochemie). The mini-
mum potential of the scanning range was 0 V and the
maximum potential varied from 3 to 4 V and the sweep
rate was 20 mV s)1. The electrode potential was cor-
rected for the ohmic potential drop.

2.3. Working electrodes

Boron-doped diamond electrodes material was supplied
by C.S.E.M. (Switzerland). Two types of boron-doped
diamond electrodes were used (small rectangular sheets
with an active electrode surface of 0.195 and 0.248 cm2)
and a disc with a diameter of 30 mm with only one
active side. The material of the disc consisted of a silicon
wafer of 1 mm thickness with a boron-doped diamond
coating of 1 lm on one side of the wafer. To prevent too
high currents a large part of the disc was covered with
an insulating layer, so the electrode surface area was
reduced to 0.090 cm2. A platinum sheet was pressed
against the reverse side of the disc electrode for current
supply.

2.4. Chrome solutions

Experiments were done with an industrial solution and
with model solutions. The industrial solution was taken
from a finished chrome bath used in the zinc chroma-
tizing process. It contained 0.23 M Cr(III), 0.48 M
Cr(VI), 0.048 M HNO3, 0.015 M HF, and small concen-
trations of Zn and Fe ions.
Two series of model solutions were used. Since the

initial HNO3 concentration in a chrome bath is equal to
0.1 M, this HNO3 concentration was used for all model
solutions. Series 1 solutions contained 0.1 M HNO3,
0.13 M Cr(III) and various concentrations of Cr(VI) (0 to
0.5 M). Series 2 solutions contained 0.1 M HNO3, 0.2 M
Cr(VI), and various concentrations of Cr(III) (0 to
0.16 M). Cr(III) was added as Cr(NO3)3 and Cr(VI) as
Na2Cr2O7.

3. Results and discussion

3.1. Electrolysis

Figure 2 shows a typical result for the volume of evolved
gas saturated with water, VO2þw as a function of time at a
current density of 2.0 kA m)2.

Fig. 1. Schematic arrangement of measurement of oxygen evolution

rate.
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A straight line describes the results. Its slope gives the
rate of water saturated oxygen gas evolution, vO2þw. To
obtain the oxygen evolution rate the water content is
eliminated using

vO2 ¼ vO2þw
PO2þw � Pw

PO2þw

From Pw ¼ 3� 103 Pa and PO2þw ¼ 105 Pa at 25 �C it
follows that vO2 ¼ 0:97 vO2þw.
From the oxygen evolution rate the current efficiency

is calculated using

/O2 ¼
vO2
v�O2

with v�O2 ¼ itAe
VM;O2

nF

where v�O2 is the oxygen evolution rate at a current
efficiency for oxygen of one.
Figure 3 shows the current efficiency for chromate

formation as a function of current density. From this
characteristic plot it is concluded that the current
efficiency of Cr(III) oxidation decreases with increasing

current density. It is likely that this decrease is caused by
limitation of Cr(III) transfer to the electrode surface. It is
well known that the rate of mass transfer strongly affects
the rate of gas evolution [8].
To show this effect, iCr is plotted as a function of iO2

double logarithmically in Figure 4. This is a straight line
with a slope of 0.53. This value is almost equal to the
value in [8] for the relation between the mass transfer
coefficient of Ce(III) ions and the rate of oxygen
evolution in 1 M H2SO4 solution for a vertical electrode.
To determine the effect of Cr(VI) concentration on the

rate of Cr(III) oxidation, electrolyses were carried out
with model solutions of varying Cr(VI) concentration.
Figure 5 shows the results. When taking into account
the spread in the experimental results it follows from
Figure 5 that the Cr(VI) concentration does not affect
the rate of chromate formation.
To determine the effect of Cr(III) concentration on the

rate of Cr(III) oxidation, electrolyses were carried out at
total current densities where the current density for the
oxygen evolution was around 800 A m)2. Since the total
current density is adjusted, generally iO2 deviated a little

Fig. 2. Oxygen evolution rate against time at a current density of

2.0 kA m)2 on a boron-doped diamond electrode sheet of 0.248 cm2

placed vertically in the industrial Cr(III) solution and at 25 �C.

Fig. 3. Current efficiency of chrome(III) oxidation as a function of

total current density for a boron-doped diamond electrode sheet of

0.248 cm2 placed vertically in the industrial Cr(III) solution and at

25 �C.

Fig. 4. iCr against iO2 on a double logarithmic scale with boron-doped
diamond electrode sheet of 0.248 cm2 placed vertically in the industrial

Cr(III) solution and at 25 �C.

Fig. 5. Current efficiency of chrome(III) oxidation as a function of

total current density for a vertically placed boron-doped diamond

electrode (0.248 cm2) in model solutions with 0.13 M Cr(III), 0.1 M

HNO3 and 0 M (·), 0.1 M (e), and 0.5 M (n) Cr(VI) and at 25 �C.
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from 800 A m)2. The effect of this deviation was taken
into account using the proportionality between iCr and
i0:53O2

to obtain the current density iCr at iO2 ¼ 800 A m)2

as a function of Cr(III) concentration. The results are
given in Figure 6.
The results show that the rate of Cr(III) oxidation

increases linearly with the Cr(II) concentration, inde-
pendent of the Cr(VI) concentration and increases
linearly with i0:53O2

. It can be concluded that in the dilute
Cr(III) solutions diffusion of Cr(III) ions is the rate-
determining step for the chromate formation.

3.2. Voltammograms

A typical voltammogram for a horizontal boron-doped
diamond electrode in the industrial chromate solution is
given in Figure 7. The direction of the potential scan has
practically no effect on the voltammogram. From this
Figure

E ¼ 1:76þ 0:245 log it

where it is expressed in A m
)2.

4. Cell design and correlations

4.1. Cell design

To ensure a constant composition of a chromatizing
bath, a continuous regeneration process is proposed.
The solution is pumped from the chromatizing bath
through a regeneration unit consisting of electrolysis
cells. This unit can be considered as a batch-recircula-
tion reactor, where the cell is a plug flow reactor and the
chromatizing bath a continuously stirred tank reactor.
The aim is to keep the Cr(III) concentration and the
Cr(VI) concentration of a 0.2 m3 chromatizing bath on
40 and 80 mol m)3, respectively, at a Cr(VI) conversion
rate of 1:28� 10�3 mol s)1 in the chromatizing bath.
Boron-doped diamond electrodes are only commer-

cially available as flat plates and it is assumed that a
dimension of 50� 50 cm2 will be attainable in the near
future.
In this case the well-known filter press cell is the

appropriate choice. This cell has to be divided into two
compartments by a cation exchange membrane to
prevent reduction of Cr(VI) at the cathode and to
remove metal ions originated from the chromatized
material. The dimensions of both the anode and cathode
compartment are 50 cm in height, 50 cm in width and
1 cm in thickness, because of the limited size of diamond
electrodes.

4.2. Cell correlations

4.2.1. Mass transfer coefficient
During the regeneration of the chromatizing bath under
industrial conditions oxygen evolution also takes place.
Its rate will effect significantly the rate of mass transfer
of Cr(III) ions to the diamond anode. The mass transfer
coefficient of combined forced liquid convection and gas
evolution is described [9] by the empirical relation:

k2t ¼ k2c þ k2g ð1Þ

where kg ¼ aibO2 and from Figure 4. It follows that
a ¼ 4:4� 10�7 A m)2 and b ¼ 0:53.
In electrolysis cells under industrial conditions the

solution flow rate is usually lower than 1.0 m s)1 [2]. It
can be shown that the solution flow is laminar at
vs < 0:2 m s

)1 and is in the transition from laminar to
turbulent at 0.2 m s)1 < vs < 2 m s)1.
The Sherwood number for fully developed laminar

flow [10] is

Sh ¼ 1:85Re1=3Sc1=3ðde=LeÞ1=3 ð2Þ

and for the transition range [11]

Sh
Sc1=3

¼ �5:8910�8 Re2 þ 4:57� 10�3 Re� 3:02 ð3Þ

where Re ¼ devs=ms, Sc ¼ ms=D and Sh ¼ kcde=D

Fig. 6. iCr against Cr(III) concentration at iO2 ¼ 800 A m�2 for a

vertically placed boron-doped diamond electrode in model solutions

with 0.2 M Cr(VI), 0.1 M HNO3 and various Cr(III) concentrations and

at 25 �C.

Fig. 7. Voltammogram for a boron-doped diamond electrode disc in

the industrial Cr(III) solution and at 25 �C and a sweep rate of

20 mV s)1.
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4.2.2. Cr(III) oxidation
Design equations for a plug flow reactor are well
described [10]. Under complete mass transfer control
and by definition of the mass transfer coefficient

kt ¼ ig=nFcb ð4Þ

it can be shown that:

cout ¼ cin exp½�ðktAe=NsÞ	 ð5Þ

where Ns ¼ vsdm�aWe ð6Þ

The bulk concentration of Cr(III) decreases with in-
creasing distance from the cell inlet, since on the anode
Cr(III) is converted to Cr(VI). From results for the
distribution of mass transfer over a 0.5 m tall vertical
hydrogen evolving electrode [12] it is likely that the
Cr(III) mass transfer coefficient kt decreases very slightly
for the topmost 0.4 m of the working electrode. In
vertical gas evolving electrolyses the current density
decreases only slightly with increasing height, in partic-
ular at low gas voidages [13]. From [12, 13] it follows
that the local limiting current density for Cr(III) oxida-
tion will be given by a very complex correlation of many
parameters, that is, cCr(III), kt, iO2 and vs. As a first
approach it is assumed that it, ig,Cr and iO2 are constant
over the whole cell height, where ig,Cr is calculated using
Equations 1–4 at the Cr(III) concentration at the cell
inlet.
Figure 8 shows the relation between ig,Cr and iO2 at

cCr(III)¼40 mol m)3 for natural convection and at a
solution flow rate of 1 m s)1.
Assuming vs has to be smaller than 1 m s

)1 and it
smaller than 2.5 kA m)2 it can be shown that at least
four cells in parallel configuration are needed to oxidize
1:28� 10�3 mol s)1 Cr(III) to Cr(VI), corresponding to
ICr ¼ 370 A. Calculations have also been carried out for
cells in serial configuration [4]. It has been found that
the electrolysis power consumption is smaller for the
parallel than the serial configuration; therefore the serial
configuration is not discussed extensively in this paper.

In Figure 9 the total current It and in Figure 10 the
current efficiency for Cr(III) oxidation /Cr are given for
various numbers of cells in parallel configuration at a
Cr(III) concentration of 40 mol m)3 and ICr ¼ 370 A.
From Figure 10 it follows that no oxygen gas is

evolved using more than seven cells at vs ¼ 1:0 m s)1.
The model shows that for I < Ig,Cr only Cr(III) ions are
oxidized. Also at high solution flow rates the current
efficiency for Cr(III) reduction has to be smaller than 1,
since the limiting current density for Cr(III) oxidation
occurs in the potential range where oxygen gas is also
formed. This Figure also shows a clear effect of the
solution flow rate; so both IO2 and It decrease with
increasing number of cells and solution flow rate.

4.2.3. Cell voltage and total power
The cell voltage was calculated as a function of total
current density at 25 �C for the cell with spent solution
as anolyte and 1 M H2SO4 as catholyte and a cation
exchange membrane with a specific resistance of
1:67� 10�4 W m2. The cell voltage Ecell as a function
of the number of cells in the parallel configuration is
plotted in Figure 11 at various solution flow rates. The
results for the total costs are given in Figure 12. At a
solution flow rate equal to and smaller than 1 m s)1 the

Fig. 8. Calculated relation between ig,Cr and iO2 , at natural convection
vs ¼ 0 m s)1 (·) and at a flow rate of 1 m s)1 (e).

Fig. 9. Total current as a function of the number of cells at It ¼ 370 A
and 40 mol m)3 Cr(III) solution for several flow rates 0.1 (e), 0.2 (·),
0.5 (h) and 1.0 m s)1 (þ).

Fig. 10. Current efficiency of chrome(III) oxidation as a function of the

number of cells at It ¼ 370 A and 40 mol m)3 Cr(III) solution for

several flow rates 0.1 (e), 0.2 (·), 0.5 (h) and 1.0 m s)1 (þ).
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pumping power is much smaller than the electrolysis
power [14] and can be neglected.

5. Economic evaluation

To build a regeneration plant, divided cells, a power
supply, an anolyte pump and a catholyte pump and two
solution reservoirs are needed. For a plant consisting of
four cells the purchased costs for the anodes is about
80% of the total purchased costs for the plant [14],
assuming that the purchased costs for the diamond
anode per m2 is given by 12 700 Ae

)0.27 Euro, where Ae
is the anode surface area in m2.
Details of the purchased costs, capital costs and

variable costs are given in [14]. The total costs are the
sum of the capital and the variable costs. Figure 12 gives
the total costs per year as a function of the number of
cells at It ¼ 370 A and a bulk Cr(III) concentration of
40 mol m)3 and at various solution flow rates. In this
case the results indicate a minimum of total costs for a
regeneration unit consisting of six cells. The minimum

total costs decreases strongly with increasing solution
flow rate.
Using a stack of six cells it was found that in this case

at a solution flow rate of 1 m s)1 the capital costs are
about the half of the total costs, being 56 000 Euro. It
can be concluded that the economic possibilities for this
regeneration process depend strongly on the price of
boron-doped diamond anodes.
A decrease in anode price gives a decrease in both

capital and variable costs and the regeneration process
becomes more attractive.

6. Conclusions

(i) Under industrial conditions the oxidation of chro-
me(III) is limited by its transport to the boron-
doped diamond anode.

(ii) The mass transfer coefficient for chrome(III) is de-
termined by the rate of oxygen evolution as well as
the solution flow rate.

(iii) A stack of filter press cells in parallel configuration
is proposed as regeneration plant.

(iv) The number of cells has been calculated for a fixed
rate of chrome(III) oxidation, where a maximum
solution flow rate of 1 m s)1, generally acceptable
under industrial conditions, is taken into account.

(v) The economic evaluation shows that the price of
boron-doped diamond electrodes is most deter-
mining for the industrial application of this regen-
eration process.
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