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Spectroscopic studies on the oxidative decomposition
of Malachite Green using ozone

MI-HWA BAEK, CHRISTIANAH OLAKITAN IJAGBEMI and DONG-SU KIM

Department of Environmental Science and Engineering, Ewha Womans University, Seoul, Korea

Spectroscopic studies on the oxidative decomposition of Malachite Green (MG) using ozone were investigated. Parameters such
as color removal, initial dye concentration, COD reduction, reaction temperature and pH were studied to determine optimum
conditions for complete MG decomposition. Complete removal of MG color was achieved within 10 min of reaction with ozone.
The ozone oxidation reaction time increased as concentration of MG increases, inferring, there would be increase in MG removal as
concentration decreases. COD reduction was observed as reaction time increases and the rate of reaction monotonically increased
as temperature increases. From the spectroscopic analysis of the intermediates and the by-products of MG reaction with ozone, a
tentative mechanistic approach of MG decomposition was postulated. It was also observed that after five minutes of ozone oxidation,
color removal rate in the wastewater containing Malachite Green obtained from a small scale local dyeing industry reached almost

90%.
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Introduction

Malachite Green (MQG), also known as C.I. Basic Green 4,
is a toxic chemical primarily used as dye for materials like
silk, leather, and paper.l'! Though, it is an extremely effec-
tive weapon against fungus and parasitic infections in fish,
but its metabolites have serious side effects on aquatic life
and as well in humans. MG is classified as Class II Health
Hazard and has been found toxic in human cells leading
to liver tumor formations.” Several countries have banned
the use of MG in food and food processing, also the US
Food and Drug Administration does not approve its use,
but MG applications are still be found in many parts of the
world due to its low cost, availability, and efficacy for some
desired purposes.’! The oral consumption of MG is haz-
ardous and its toxicity such as carcinogenesis, mutagenesis,
teratogenesis and reduced fertility has been reported.—¢l
Therefore, the removal of MG in dye wastewater before be-
ing discharged to the environment is necessary and as well
very important.

Large fractions of dyes are wasted during dyeing pro-
cesses as most dye effluents still contain considerable dye
concentrations.”) Over the years, a great deal of studies
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has also been done on dye removal by adsorption pro-
cesses. Adsorption technique has played a very significant
role in removing toxic dyes from industrial effluents us-
ing waste materials from industrial and agricultural waste
products such as de-oiled soya, red mud, bagasse fly ash,
peat moss, rice husk, wool, bottom ash from thermal plants
and residue of animal bones.[’~!!]

Adsorption and aerobic biodegradation have been found
to be inefficient for complete decomposition and elimina-
tion of many reactive dyes.’ Recently, research work on
wastewater treatment has been channeled towards com-
plete elimination and decomposition of reactive dyes. Dye
decomposition techniques such as advanced oxidation pro-
cesses e.g. sonolysis and Fenton processes; chemical ox-
idation and reduction; photocatalytic and electrochemi-
cal treatment have been considered promising, efficient,
cleaner and greener approaches. The advanced oxida-
tion processes (AOPs) is linked to oxidative reactions by
hydroxyl radical (-OH) generated in treatment methods
such as O3/UV, H,0,/UYV, O3/H,0,/UV photolysis, pho-
toassisted Fe’*/H,0,, and TiO,-medicated photocatalytic
processes.[313-16]

Ozone oxidation is one of the most effective methods
of producing the free radicals in AOPs. The attraction
to ozone oxidation process (ozonation) over other chem-
ical oxidation methods is the provision of two possibil-
ity degradation routes: (1) the reaction of ozone by mass
transfer from the gas phase with the substrate in the bulk
solution and (2) ozone auto decomposition, which gener-
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ates radicals that react with the substrate. Literature has
shown that ozone oxidation process has been successfully
employed to decompose reactive dyes.!'3 One of the advan-
tages of the process over other dye treatment processes is
that ozone can revert to oxygen through autolysis without
yielding harmful compositions. Ozone oxidation methods
have been developed to economically generate ozone using
atmospheric oxygen.

Malachite Green was chosen as a model substrate for
this study as its decomposition by ozone has not yet been
reported. To date, various techniques including ultrasound
irradiation,['¥ UV and visible irradiation over Sn-doped
TiO, film" and Fe**-catalyzed electro-Fenton process!!®]
have been reported to decompose MG.

In this work, the decomposition of MG in aqueous solu-
tion using ozone oxidation process was investigated. Oper-
ating parameters such as color removal, initial dye concen-
tration, COD reduction, reaction temperature and pH were
studied to determine optimum conditions for complete de-
composition, discoloration, and total oxidation of the MG
dye. Based on UV-Vis, FT-IR and 'H-NMR analyses, a
tentative mechanistic approach of MG decomposition was
postulated with a proposition on the possible MG degra-
dation pathway.

Materials and Methods

Materials

The dye, Malachite Green oxalate salt with the IU-
PAC name, N, N, N, N-Tetramethyl-4,4’-diaminotri-
phenylcarbenium oxalate and molecular formula
Cs2Hs4N4O;p (MW 927) was obtained from Sigma-
Aldrich. The stock solution of ca. | mM was prepared in
a 50 mL volumetric flask and stored in a cold and dark
environment to prevent light degradation. All solutions
were prepared using triple distilled water (>18 MQ).
Ozone as an oxidizing agent was generated from dried
oxygen by feeding atmospheric air into a discharge-type
ozone generator (Ozonia Co., LAB2B) with oxygen intake
fixed at 6 L min~!. The amount of ozone generated (0.80
mg hr~!) was controlled by varying the voltage with a
variable dispenser. Figure 1 shows the schematic diagram
of the reactor.

Ozone Outlet

Ozone Inlet

LL_—

Dry Air Supplier

Ozone Generator

Magnetic Stirrer

Fig. 1. Schematic diagram of reactor.

631

Table 1. Chemical assay of real wastewater.

Items Real wastewater
pH 4~5
COD(mg L) 400 ~ 450
BOD(mg L) 300 ~ 350
SS(mg L) 100 ~120
Concentration (mg L) 550

Procedures and analyses

A Pyrex flask was used as the reactor and the experiment
was performed with 500 mL of MG solution with needed
samples drawn out at regular intervals. In the course of
the study, reduction in COD, effects of initial MG con-
centration, reaction temperature and pH were investigated.
The study on effect of concentration entails varying the
initial concentration (7, 14 and 21 mg L") of MG by dilu-
tion using distilled water at 25°C. Temperature effects were
measured with the reactor temperature controlled between
0°C and 46°C and observations at 0.1°C were recorded dur-
ing an ice bath of the reactor. For high temperature effects
the reactor was placed in a silicon oil bath. Using stan-
dard methods of COD analysis,'”! changes in COD was
observed by drawing out samples at 0 min, 5 min, 40 min,
180 min and 720 min of ozone addition. The initial pH
of MG was controlled by the addition of dilute 0.1 M of
H,SO,4 and NaOH solutions.

Using the UV-Vis spectrophotometer (Jasco, V-550), the
absorbance of the MG solution before and after ozone ox-
idation process were obtained at the maximum absorbance
frequency (Aqx = 617 nm) of MG. Study on structural
changes using FT-IR (Jasco, 300E) was carried in the region
of 600-4200 cm~!. To further elucidate structural changes
in the dye’s solution, observations on 'H-NMR (Bruker,
250 MHz) was carried out.

Dye wastewater, containing Malachite Green, obtained
from a small scale local dyeing industry was used in the
study; the assay is presented in Table 1. Fifty times dilu-
tion of the real wastewater was made to obtain the similar
concentration of dye solution in distilled water.

Result and Discussion

Decomposition of MG by ozone

The ozone consumption rate was fixed at 0.80 mg hr™!
with 14 mg L~! and 25°C as initial concentration and
temperature of the MG solution respectively. Within 10
min of the wastewater reaction with ozone, the initial
green color of the dye was completely removed. Figure
2 shows the changes in UV-Visible spectra of MG dur-
ing ozone oxidation at different ozone addition times. The
decrease in the peak of MG at the maximum absorbance
frequency indicates a rapid decomposition of the dye i.e.,
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Absorbance

T T T ——
300 400 500 600 700
Wavelength (nm)

Fig. 2. UV-Vis spectra of MG according to ozone oxidation time
(initial concentration of MG: 14 mg L~!, ozone dosage: 0.80 mg
hr~!, initial pH: 4.4).

the destruction of MG conjugated structure by ozone. For
7 min of ozone addition, the maximum absorbance wave-
length shifted from 617 nm to 605 nm. As displayed in
Figure 2, the hypsochromic shift observed in the UV-Vis
spectra, is an N-demethylation process.!'4 18l

Reduction in COD

Changes in COD were measured in order to provide in-
formation on the susceptibility of MG towards chemical
oxidation. COD removal (%) during ozone addition was
determined in 0, 5, 40, 180 and 720 min of ozone addi-
tion (Fig. 3). It was observed that COD reduction was

COD removal (%)

7
%
/
.
.
-
.

T T T T
0 50 100 150

— — :
200 250 300 350
Time (min)

Fig. 3. COD removal with ozone oxidation time (initial concen-
tration of MG: 8.4 g L™!, ozone dosage: 0.80 mg hr™!).

Baek et al.

approximately 12% after 40 min of ozone addition. It has
been reported!!! that ozone oxidation process is efficient
for dye decomposition and non-efficient for COD removal
as the reduction in COD after 6 h of ozone addition was
just 13.2%. Similar results of 11-29% and 5-20% reduction
in COD have been obtained and reported.[?>2!] Reduction
in COD monotonically decreased as ozone addition time
increases (Fig. 3).

Kinetics and effect of initial MG concentration

Figure 4 presents the remaining concentration of MG at
different initial dye concentrations for varying ozone oxi-
dation time. Temperature was 23°C and ozone dosage was
fixed at 0.80 mg hr~!. With increase in concentration of
MG, ozone oxidation time increases, this connotes, there
would be increase in MG removal as concentration de-
creases. The half-life of molecular ozone varies from few
seconds to few minutes and as well depends on substrate
solution’s pH, temperature and concentration. At low con-
centrations, molecular ozone can actively attack dye com-
position, and as such can be very unstable in water due to
its high reactivity.’?l Ozone half-life time in this study was
0.6 min, 1.0 min and 1.8 min at initial MG concentrations
of 7, 14 and 21 mg L~! respectively. The kinetics of the
reaction of MG with ozone was therefore studied under
these conditions, with the rate of dye decay determined at
various concentrations. The results obtained from calcula-
tions as presented in Table 2, portray the reactions to be of
the first-order mechanism.?*! The first-order reaction rates
were acquired using Equation 1.

In(C / Co) = —kit (1)
25
e 7mglL’
. O 14mglL"
T, 207 ® 21mglL’
D
E
c
O 15 %
g
c
[0]
8 10 4
S &
(o]
£ » O
£
% 5_.. (@)
&
o ° 5 =
e
O
0 |'|'*'|'Q'|';?'Q'l'@'l'l'slz'
0 1 2 3 4 5 6 8 9 10 11 12 13 14
Time (min)

Fig. 4. Remaining concentration of MG at different initial con-
centrations for varying ozone oxidation time (ozone dosage: 0.80
mg hr~!, temp.: 23°C).
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Fig. 5. Plot of Ink vs. 1/T (initial concentration of MG: 14 mg
L~!, ozone dosage: 0.80 mg hr~!).

where, C is the concentration of MG in the dye wastewater
after ozone oxidation, C, the initial concentration of MG
before ozone oxidation, k; is the first order rate constant
and t is the reaction time.

Effect of temperature

The influence of temperature on the rate of MG decom-
position was investigated and the results as displayed in
Table 2 imply that the rate of reaction monotonically in-
creases as temperature increases. The decomposition af-
ter 5 min of reaction was in the range of 96-98% un-
der a temperature range of 0-46°C. Equally, from Table

120

100

Color removal (%)
(2] ©
o o
1 1

N
)

n
o
|

o
|

Fig. 6. . Effect of pH on the reaction of MG with ozone (initial
concentration of MG: 14 mg L~!, ozone dosage: 0.8 mg hr!,
temperature: 23°C).
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Table 2. Reaction rate constants for MG decomposition at differ-
ent initial concentrations and temperatures.

Initial conc. Temp.

(mg L™1) ki (min~') I (°C) ky (min~!) ¥
7 1.31 0.996 0 0.786 0.993

14 0.867 0.992 23 0.867 0.992

21 0.528 0.995 34 0.904 0.997

46 0.990 0.998

2, as the reaction temperature increases, the rate of de-
composition also increases. Similar behavior has been re-
ported for some chemical processes that are chemical reac-
tion dependent.?!! The Arrhenius equation (Equation 2) is

0.2 5

(@)

Absorbance
o

0.0

T T T T T T T T T T T 1
4200 3600 3000 2400 1800 1200 600

Wavenumber (cm™)

0.2
(b) 3hr
fffff 6hr
©
2
S 0.1+
£
1)
(%]
Qo
<
0.0 ===

T T T T T T T T T T T 1
4200 3600 3000 2400 1800 1200 600
Wavenumber (cm ™)
Fig. 7. FT-IR spectra: (a) before ozone oxidation and (b) after

ozone oxidation (initial concentration of MG: 8.4 g L™!, ozone
dosage: 0.80 mg hr™!).
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given as:
Ink=-E,/RT+1nA 2)

where, k is the rate constant (min~!) and T is the temper-
ature (K). From Equation 2, a plot of Ink versus 1/T was
drawn (Fig. 5), the slope E,, yielded activation energy of
3.48 kJ mol~! indicating that the process of MG decom-
position by ozone is a spontaneous reaction process (Fig.
5). The positive E, value is in agreement with reported
literature.!?!

Effect of pH

The influence of pH on color removal from the dye wastew-
ater is shown in Figure 6. Color removal was observed in
the alkaline medium and this behavior reveals that par-
tial mineralization of MG is more pronounced when color
removal takes place. The fact that degradation is more pro-
nounced when ozone oxidation is carried out in the alka-
line medium is a consequence of the oxidation potential
presented by the hydroxyl radical. As the ozone oxidation
reaction progresses, there is a corresponding decrease in
pH value of the dye wastewater.>=>7) Shu and Chang!?%!
observed a decreasing pH in dye solutions during ozone
oxidation and it was reported that ozone oxidation process
rarely produces complete mineralization to CO, and H,O,
but leads to production of partial oxidation products such
as organic acids, inorganic acids, aldehydes and ketones
during the ozone oxidation process. Also from Figure 6, as
from the pH of 4.4, color removal reduces as pH decreases;
similar observation has been reported by Stylidi et al.[’!

Baek et al.

FT-IR and 'H-NMR spectroscopic analysis

FT-IR and '"H-NMR spectra were evaluated to elucidate
structural change during the decomposition of MG by
ozone. Figure 7 displays the FT-IR spectrum of the MG
solution acquired before and after 3 hr and 6 hr ozone ox-
idation process. From Figure 7 (a), MG presents several
bands in the region 6004200 cm~!, which can be ascribed
as follows: The band at 1714 cm™! corresponds to the car-
bonyl (C=0) stretching vibrations in carboxylic acids, and
the intense peak at 1575 cm™! can be linked to C=C aro-
matic skeletal vibration. The bands situated at 927 cm~!,
835 cm~!, and 711 cm~! were characteristics of the C-H
bond located close to N in the aromatic ring while the peak
located at 1359 cm™! could be ascribed to C-H bonding in
the CH3-N and peak at 1174 cm™! shows the presence of
the C-N bond. Important changes in the band intensities
were observed after 3 hr and 6 hr of ozone addition (Fig.
7b).

The intense band at 3149 cm~!, assigned to the N-H
bond, can be proposed to be N-demethylation while the
broad peak could signify the presence of the hydrogen bond
between N-H and H,O.?¥] The intense band that appeared
near 1714 cm~! in the FT-IR spectrum for 3 hr of ozone
addition (Fig. 7 b), may have occurred due to the stretching
vibrations in the carbonyl group, leading to formation of
carboxylic acid after ozone addition. The C-O band of
the carboxylic acid was displayed at 1205 cm~!, while the
C=C and C-H band of the aliphatics which resulted from
the breaking down of the aromatic rings, appeared at 1621
cm~! and 696 cm~! respectively. The band of CH3 appeared
at 1405 cm™!

As shown in Figure 8, the aromatic peaks in the benzene
ring appeared at 6.5-7.6 ppm and the methyl peaks in the
N(CH3); near benzene ring appeared at 3.04, 3.14 ppm.

e M\LL

W ;

AmejllJ ring peaks
FLRY, |

“J'l\ |"||

B.5 B.O 15 7 {7 E.: G.U 5.5

Fig. 8. 'TH-NMR spectra of MG according to ozone oxidation time (initial concentration of MG: 8.4 g L~!

hr1).

I
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I|
| T, -|||| 40 i
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Fig. 9. Proposed degradation pathway of MG decomposition by
ozone oxidation process.

As the decomposition reaction progresses, these peaks dis-
appear. It can be said that the decomposition of MG by
ozone took place due to the broken down of the benzene
rings which resulted in a new peak at 8.1 ppm. This peak
is the H peak of the carboxylic acid. The peak increases as
ozone oxidation time increases. Also, the complex peaks at
2.0-3.0 ppm show the presence of the aliphatic compounds
produced during decomposition process.

From Figures 2, 7 and 8, it can be said that the de-
composition of MG by ozone might have occurred via
two competitive processes: the decomposition of the con-
jugated structure and N-demethylation process. It has been
assumed that ozone reaction in aqueous solution with tar-
get substrates could be a combination of two biomelecular

100

- ]
—~ 80
S .
© [ ]
3
£ 60 -
o
s
o
o 40 -
20
04 ]
T T T T T T T T T T T
0 2 4 6 8 10

Time (min)

Fig. 10. Change in color removal with ozone oxidation time for
real wastewater.
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Fig. 11. Discoloration of dye in distilled water and real wastewater
at different temperatures.

reactions, namely, a direct or indirect manner via reactions
with its free radical decomposition products.?* The de-
composition of MG can be said to have occurred by:[**]
slightly partial degradation via the direct molecular ozone
mechanism, which is highly solute selective, slow and very
suitable for the opening of the aromatic rings by means
of ozone cycloaddition; and a major degradation via a
radical type reaction involving -OH induced by ozone’s
self-decomposing nature in aqueous solutions as shown in
Figure 9.[16:26.28]

Treatment of dyeing industry wastewater containing
Malachite Green

Figure 10 shows the change in color removal with ozone
oxidation time for real wastewater containing Malachite
Green. After 5 minutes of ozone oxidation, color removal
rate in the wastewater reached almost 90%. This discol-
oration behavior in the real wastewater can be explained by
the same mechanism of discoloration with the synthetic dye
solution. To examine the discoloration efficiency according
to temperature, Figure 11 presents the discoloration of the
dye when prepared with distilled water in comparison with
real wastewater at different temperatures. Based on these
results, ozone oxidation process showed a fairly high effi-
ciency as discoloration after five minutes of reaction was
86%, 88% and 91% at temperatures of 0.3°C, 20°C and
34°C, respectively, which is applicable to real dye wastewa-
ter treatment.

Conclusions

Results obtained from the study indicate that ozone oxida-
tion process can effectively be used in removing the initial
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green color of MG from aqueous solutions. Information on
determination of optimum conditions for complete decom-
position of the dye can be deduced from studied parameters
such as color removal, COD reduction, initial dye concen-
tration, reaction temperature and pH. Complete color re-
moval was achieved in 10 min of MG reaction with ozone.
Color removal increases as concentration decreases and
a COD reduction of 12% was observed in 40 min of the
dye wastewater oxidation by ozone. Studies on tempera-
ture effects revealed that rate of reaction monotonically in-
creases as temperature increases while the results from the
spectroscopic analyses revealed that MG decomposition
by ozone may have occurred principally by the breaking
of the benzene rings. Therefore, the decomposition of MG
by ozone might have occurred via two competitive pro-
cesses of: decomposition of the conjugated structure and
N-demethylation process. It can be suggested that ozone
oxidation process could be a way out of the current envi-
ronmental problems of industrial dye pollution.
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