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Electrolytic decomposition of amaranth dyestuff using diamond electrodes
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Abstract

The electrolytic decomposition of an amaranth dyestuff solution using several combinations of electrodes with
diamond and platinum is reported. It is observed that a portion of the amaranth is decomposed on the cathode
surface while the other portion is decomposed to lower molecular weight components on the anode surface. The
decolourizing rate is higher at diamond electrodes used as the anode and the cathode than with other combinations.
This electrode combination also shows a rapid decrease in total organic carbon concentration. Acetic acid and
oxalic acid are detected as the intermediate substances, and CO, gas is generated as a final product corresponding to

the decrease in the oxalic acid concentration.

1. Introduction

Electrochemical treatment is a very promising method
for the reduction of toxic pollutants or decolourizing by
decomposing the organic substances dissolved in waste-
water. It is important to select the proper electrode
materials, because the electrolytic products strongly
depend on those materials as well as the operating
conditions [1-7].

Several researchers have been investigating electrically
conductive diamond as an electrode in various electro-
chemical fields [8—11]. Large overvoltages were con-
firmed both for oxygen evolution accompanied by ozone
during anodic polarization and hydrogen evolution
during cathodic polarization at high current densities
[12-15].

Recently, attempts have been made to fabricate new
types of diamond electrodes [16-21]. Other papers deal
with the current potential behaviour of typical redox
couples, including oxygen reduction [22, 23].

Diamond electrodes may be used in various indus-
trial applications, such as electrochemical synthesis
and effluent water treatment, wherein water decompo-
sition should be avoided in order to obtain a high
current efficiency for the target reaction [24-27]. It has
been reported that the diamond electrode has a novel
ability to destroy many kinds of organic substances [28,
29].

This paper deals with the electrolytic decomposition
of amaranth dyestuff solution using several types of cells

composed of diamond or other electrode materials,
focusing on not only decolourizing and TOC reduction
rate but also on the intermediate and final products to
clarify the decomposition mechanism.

2. Experimental details

Polycrystalline boron-doped diamond films were grown
on a 0.007 Q cm p-type silicon wafer by the hot
filament-assisted chemical vapour deposition (HF-
CVD) method. The Si substrates were scratched with
diamond powder to enhance the diamond nucleation.
The applied reactant gas was ethanol vapour containing
a small amount of boron oxide, mixed with hydrogen
gas. The doping level of boron in the diamond layer,
expressed as the B/C ratio, ranged from 1000 to 10 000
ppm. It had been previously revealed from secondary
ion microspectroscopy (SIMS) analysis that the B/C
ratio was very similar to that of the original source
solution. The value of the carbon and hydrogen ratio
(C/H) was adjusted to 0.08. The temperatures of the
filament and the substrate were controlled at about 2300
and 900 °C, respectively. The thickness of the film was
about 5 um, after keeping the substrate for 10 h in the
deposition chamber.

Doped diamond eclectrodes were also fabricated by
microwave plasma-assisted chemical vapour deposition
(MW-CVD, Denki Kogyo Co., JP). The doping level of
boron in the diamond layer was roughly 1500 ppm. The
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films were deposited at about 900 °C. The thickness of
the film was about 3 um (12 h for deposition).

Scanning electron microscopy (SEM) images and the
Raman spectra of these films showed the presence of a
typical CVD diamond layer.

Three types of cell were used for the macroelectrolysis.
A beaker cell containing 10 g 17" of sodium sulfate
(100 ml volume) was used to measure the depolarization
and decomposition behaviour, wherein electrodes of
1 cm?” area were placed at a 1 cm interelectrode gap.

A cell with a neutral separator (Poreflon, Sumitomo
Electric Ind., JP) was used for evaluating the different
products generated on the anode or on the cathode. For
compensation of the large solution IR-drop of the
solution due to a large electrode gap (10 cm in distance
between electrodes of 1 cm? area), 50 g 17! of sodium
sulfate solution (50 ml volume) was used as the electro-
lyte. A platinum plate of 0.5 mm thickness (Tanaka
Kikinzoku, KK, JP), a commercially available titanium
plate of 1 mm thickness and a glassy carbon plate of
3 mm thickness (GC-2000, Tokai Carbon, JP) were used
as comparative electrode materials.

Another cell with an ionic exchange membrane
(Nafion® 117, I. E. Du Pont De Nemours, USA) was
operated with no supporting electrolyte to confirm the
effect of the electrolyte. A large hole of 5 mm diameter
penetrated through the membrane at the bottom part in
order not to separate the anolyte from the catholyte.
The electrodes made of 1500 ppm B-doped MW-CVD
diamond-coated on silicon segmental plates (8 cm? as a
projected area) were connected to the membrane for
electrolysing in 180 ml of pure water. Platinum electro-
plated titanium mesh of 0.5 mm thickness (Tanaka
Kikinzoku KK, JP) was used as a comparative electrode
material. The macro electrolysis in these cells was
conducted at 0.01-0.2 A cm™? with 0.1 g 1™ of ama-
ranth at 35 °C.

The electrolysis for each condition was conducted
within a period of 180 min unless otherwise noted. The
electrolysis amount was expressed using OV~ (Ah I7"),
where Q is the electrical charge (Ah) divided by the cell
volume, V (1).

The change in the absorption spectra of amaranth
during electrolysis was measured using an UV-250
Spectrometer (Shimadzu Corporation, JP). The ozone
concentration was quantitatively confirmed by iodo-
metry. The concentration of hydrogen peroxide was
measured by the spectrometer after mixing TiSOy4
solution as a coloring indicator. CODyy, (Chemical
Oxygen Demand) titrated with KMnO, solution and
TOC (Total Organic Carbon) using TOC 5000A (Shi-
madzu Corporation, JP) as well as the absorption
spectra were measured to estimate the decomposition
rate and substances. The CO, content was measured by
a gas chromatograph (G-5000, Hitachi, JP). A high
performance liquid chromatograph (HPLC) (SD-8023,
Tosoh, JP) was used for identifying the intermediate
organic substances at a rate of 1 ml min~' for 20 mM
KH,PO, as the carrier solution and detected using a

216 nm light wavelength. Peroxodisulfate ion produced
on the anodes was measured by HPLC and titrated with
KMnOy solution.

3. Results and discussion
3.1. Decolourizing ability

The chemical structure and absorption spectrum of
amaranth are shown in Figure 1. The peak in the spectra
at around 520 nm corresponds to the representative
colour of amaranth (—N=N— double bond). The
decolourizing rate obtained in the beaker cell signifi-
cantly depended on the anode materials, and the
diamond anode showed a better performance than
platinum. Moreover, the diamond electrode combina-
tion (diamond as both anode and cathode) was found to
be most suitable for the decomposition, as shown in
Figure 2 curve (a). The decolourizing rate also strongly
depended on the cathode materials, and the diamond
cathode showed better performance than the other
electrodes, as shown in Figure 3. The remaining percent
of the amaranth concentration after 60 min electrolysis
at 0.2 A cm~2 was 20% for the titanium cathode, but it
was still over 60% for both the platinum and GC
anodes.

Considering the decomposition mechanism, the ano-
lyte and the catholyte were separately analysed using the
neutral separator cell. All the peaks in the anolytes
disappeared for the diamond electrodes but remained
for the platinum electrodes, as shown in Figure 4. A
rapid decrease in the u.v. peaks at a wavelength smaller
than 400 nm, which corresponded to the lower molec-
ular weight components, suggested that the diamond
anode could decompose the aromatic ring structure
more easily than platinum.
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Fig. 1. Structure and absorption spectrum of amaranth.
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Fig. 2. Comparison of absorption spectra obtained after electrolysis
with various electrode combinations using 10 000 ppm B-doped
anodes, 1000 ppm B-doped cathodes and platinum electrodes, wherein
curve (a) corresponds to that of the diamond electrode combination.
Conditions: c¢.d. 0.2 A cm™ temp. 35 °C; operating time 60 min.
Anode|cathode: (—) diamond|diamond; (- - - - -) Pt|Pt; (—-—) diamond|
Pt; (——-) Pt|diamond; (—) initial.
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Fig. 3. Time course of amaranth concentration calculated from the
absorption peak, obtained from various cathode materials using the
same diamond electrodes described in Figure 2. Current density
0.2 A cm™2. Cathode: (O) GC, (A) Pt, () Ti and (®) diamond.
Anode: diamond.

On the other hand, it was found in the catholytes that
the decolourizing rate obtained with the platinum
cathode was larger than that with diamond, as shown
in Figure 5. Because the peak at around 500 nm clearly
decreased, the azo-bond was also decomposed at both
cathodes.

This result seemed to contradict the result obtained
from the cell with no separator. The result from the
separator cell secems reasonable because the catalytic
activity of the platinum cathode is greater than that of
the diamond cathode in relation to the reduction of the
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Fig. 4. Change in absorption spectra in the anolyte using the separator
cell with platinum and the same diamond electrodes described
in Figure 2. Conditions: c.d. 0.2 A cm™% operating time 60 min.
Anode|cathode: (—) diamond|diamond; (- - -) Pt|Pt; (—-—) diamond|Pt;
(——-) Pt|diamond.
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Fig. 5. Change in absorption spectra in the catholyte using the
separator cell with platinum and the same diamond electrodes
described in Figure 2. Conditions and legend as for Figure 4.

azo-bond. It could be partially understood by the fact
the decolourizing rate for the platinum cathode in the
beaker cell was lowered due to the presence of dissolved
oxygen generated from the anode, which could be easily
reduced to water on the platinum prior to the organic
substances.

As the current density increased, the decolourizing
rate constant estimated from the spectra data increased,
as compared in Figure 6 for the diamond electrodes.

3.2. Effect of byproducts

To evaluate the indirect decomposition with byproducts,
such as ozone, hydrogen peroxide and peroxodisulfate
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Fig. 6. Time course of amaranth concentration estimated from the
absorption peak at 520 nm using the same diamond electrodes
described in Figure 2. Current density: (@) 0.1, (A) 0.05 and (m)
02 Acm™.

ion (8205_), each chemical was separately added to the
amaranth solution.

It has been confirmed that ozone could be generated
at the diamond anode [13]. The feed rate and concen-
tration of ozone gas from an electrolytic ozone gener-
ator was controlled at the same value as that of the
membrane cell with the 10 000 ppm B-doped diamond
anode. The decolourizing rate was one tenth that of the
direct electrolysis, suggesting that the main decomposi-
tion could proceed via direct oxidation on the anode.

The decolourizing behavior was also examined in pure
water using a membrane cell. It was found that almost
the same decolourizing rate was obtained as in the
beaker cell with the Na,SO, solutions. This result
suggests that the effect of the peroxodisulfate ion on
the decomposition of organic was negligible.

Hydrogen peroxide had no significant ability to
decompose amaranth when added alone to the solution.
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However, the combined effect of ozone and hydrogen
peroxide to produce active OH radicals must be taken
into consideration. It had been revealed that a high
concentration of hydrogen peroxide is obtained, as well
as ozone, when using the diamond anode, resulting in a
high concentration of the radicals [30].

3.3. Analysis of decomposition products in solution

Figure 7 shows the variations in several peaks obtained
from the electrolysis at a current density of 0.2 A cm ™2,
using the cell with the neutral separator to separately
analyse the anolytes and catholytes. It was found that
the peak corresponded to acetic acid (detected at
3.4 min by HPLC measurement) first increased, then
disappeared with electrolysis time. The peaks at 2.54
and 4.85 min are assumed to correspond to formic
acid and maleic acid, respectively. The peak correspon-
ding to l-aminonaphthalene-4-sulfonate (r = 6.6 min)
or another part of the amaranth was detected at 7.5
min, suggesting that the azo-bond was reduced to
generate two substances with aromatic rings. This
peak was mainly observed in the solution near the
cathode.

A large peak at 2.0 min that might correspond to
oxalic acid or formic acid was observed in the solutions
near both the anode and the cathode. However, not only
peroxodisulfate ion but also hydrogen peroxide showed
a peak near 2.0 min. For the purpose of identifying the
peak, additional tests were conducted as follows. The
peak area at 2.0 min in Figure 7 increased with increase
in Na,SQO,4 concentration. As the Na,SO,4 concentration
increased, the current efficiency of SgOé‘ increased and
attained over 40% (9 g1™") at 250 g 17" at 0.5 A cm ™2,
though it was below the detection level (200 mg 17
when using the platinum anode. This result was in
accordance with the data reported elsewhere [26].
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Fig. 7. Change in the HPLC peak area for the (a) anolyte and (b) catholyte corresponding to intermediates with electrical charge using the
separator cell and the same diamond electrodes described in Figure 2. Retention time (a): (@) 2.00 (A) 2.54, (O) 3.40 and ((J) 4.85 min; retention

time (b): (@) 2.00 and (®) 7.50 min.



To clarify the peak component, a membrane cell was
operated in pure water in the absence of Na,SO4 to
avoid the effect of its oxidized species. In the case of
platinum electrodes as anode and cathode, the peak
continued to increase during the measuring time as
shown in Figure 8(b). For the diamond electrodes, as
shown in Figure 8(a), the peaks at both 2.0 and 3.4 min
(acetic acid) decreased after an initial burst in a way
similar to that in the beaker cell, which showed that the
peak does not correspond to the peroxodisulfate ion.

To eliminate the effect of hydrogen peroxide on the
quantitative detection of oxalic acid, the amount of
H,0, was subtracted from the peak count. The concen-
tration of hydrogen peroxide within the electrolysis time
in pure water ranged from 16 to 27 mgl™'. It was
revealed that the main portion at 2.0 min belongs to
oxalic acid because the peak change corresponding to
the hydrogen peroxide was almost negligible.

In addition to the above analysis, oxalic acid was
detected as a yellow-coloured precipitate generated in
the solution when adding FeSO, as an indicator. The
above results revealed that the peak at 2.0 min mainly
corresponds to oxalic acid.

Figure 9 shows the change in oxalic acid concentra-
tion at the platinum and diamond electrodes. Oxalic
acid was present at 40 mg 17! at a maximum, compared
with the platinum electrode that showed 60 mg1™' at
27 Ah 1" and continued to increase with time.

3.4. TOC and COD measurements

The variations in the TOC and COD were compared as
a measure of the ability of the electrodes to decompose
both the starting organic material and the intermediates
using the membrane cell. On the one hand, the results
shown in Figure 10, which were obtained in the mem-
brane cell at a current density of 0.2 A cm ™2, suggested
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Fig. 9. Time course of oxalic acid concentration estimated from the
HPLC peak area using the same diamond electrodes described in
Figure 8. Anode|cathode: (@) diamond|diamond; (A) Pt|Pt.

that the TOC was rapidly reduced as the electrolysis
continued at the diamond electrode combination (re-
maining percentage: 6% at 27 Ah 1I™!). On the other
hand, the TOC remained almost at the same value for
the platinum electrode combination (remaining percent-
age: 90% at 27 Ah 1Y),

The TOC corresponding to the concentration of
oxalic acid after several hours of -electrolysis
(>15 Ah 1Y), as shown in Figure 11, suggested that
most of the organic carbon actually exists as oxalic acid.

The COD removal percent after 60 min operation for
the diamond anode was 69%, which was larger than
that for the platinum anode by 39% and showed almost
the same ability as a tin dioxide anode but better than
that of a lead dioxide anode [31]. In the test of the
cathode material using a diamond anode, the diamond
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Fig. 8. Change in the HPLC peak area in the membrane cell corresponding to intermediates with electrolysis time for (a) 1500 ppm B-doped
diamond electrodes and (b) platinum electrodes. Retention time (a) and (b): (@) 2.00, (O) 3.40 and (®) 7.50 min.
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Fig. 10. Variation in remaining TOC concentration with electrical
charge using the same diamond electrodes described in Figure 8.
Anode|cathode: (@) diamond|diamond; (A) Pt|Pt.
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Fig. 11. Time course of carbon amounts calculated from the TOC (@)
and oxalic acid ([J) concentration using the same diamond electrodes
described in Figure 8.

cathode was superior to any other cathode and the COD
became less than 1 mg I™" after 90 min.

3.5. Analysis of generated gas

It was expected that oxalic acid would be finally
oxidized to CO, and released from the liquid phase
when diamond electrodes were used. The CO, concen-
tration included in the effluent gas from the anode
chamber was also measured using the membrane cell.
The gas was collected for 1 h as shown in Figure 12.
CO, gas was observed to be produced and no hydro-
carbon gas was detected in the cathode gas. The reduced
amount of the carbon atom (total carbon) in the
solution showed good correspondence with the in-
creased amount of that in the gas phase, as shown in
Figure 13. There was a linear relation between them.
The recovery percent of CO,, which was supposed to be
the final product, was about 80% at 180 min.
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Fig. 12. Time course of CO, concentration in the effluent anodic gas
using the same diamond electrodes described in Figure 8. Anode|cath-
ode: (@) diamond|diamond; (A) Pt/Pt.
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Fig. 13. Relation between carbon amounts in the generated gas (y)
and the reduced TOC value in the electrolyte (x) using the same
diamond electrodes described in Figure 8. Anode|cathode: (@) dia-
mond|diamond (0-0.1 Ah); (O) diamond|diamond (0.1-0.2 Ah); (A)
Pt|Pt (0.-0.2 Ah).

4. Conclusions

It was revealed that the diamond-diamond electrode
combination shows better performance than other
electrode combinations, such as diamond-platinum
and platinum—platinum, for the decomposition of am-
aranth dyestuff. Based on the above analysis of the
intermediate and final products of the electrolytic
decomposition of amaranth using diamond electrodes,
the decomposition steps were proposed as follows:
(a) Some part of the amaranth is decomposed to I-
aminonaphthalene-4-sulfonate on the cathode sur-
face due to hydrogenation of the azo-group [32].



(b) Amaranth or hydrogenated substances are ecasily
decomposed to lower molecular weight components
on the anode, suggesting that the diamond anode
could destroy the aromatic ring structure. As inter-
mediate substances, acetic acid, maleic acid and
oxalic acid were detected.

(c¢) Lower molecular weight substances are finally de-
composed to CO, gas on the anode surface. No
hydrocarbon was detected in the effluent gas.

The diamond electrode could decompose the organic
substances not only directly but also indirectly by
reacting with the produced active species, such as ozone
and hydrogen peroxide, which may react with each
other to generate radicals [33]. These active species are
able to react with the organic substances present in the
bulk solution.

An interesting result was obtained when diamond
electrodes were used as both the anode and cathode in
the cell with no separator. The decomposition rate was
greater than that with the other combinations of elec-
trodes, suggesting a combined mechanism between the
electrodes. This suggests that a cell with no separator
will give good results for decomposing organic sub-
stances, though this may depend on the kinds of effluent.
It is also notable that a membrane cell composed of
diamond electrodes is very applicable for an effluent that
is not sufficiently conductive.
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