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Photocatalytic decolourization of reactive dyes
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Abstract— The photocatalytic degradation of reactive dyes with solar-irradiated TiO, was investigated in
these experiments which showed that: (1) the decolourization efficiency are determined by pH value, catalyst
amount and light intensity; (2} the reactive dyes decolourized rapidly (cleavage of the azo linkage), but the
intermediates needed more time to transform to further degradation products, and finally to produce CO;
(3) the main products were identified to be alkanes and alkyl amines which could be biolegically
degradated more easily, the toxicity decreased considerably after photodegradation.

The results demonstrated that the phetocatalylic process would become an efficient and safe method
for colour wastewater treatment and would be very useful for explaining the reaction mechanism and
decolourising structure-reactivity relationship.
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INTRODUCTION

The photocatalytic degradation of pollutants is a néw research field developed recently. In
the presence of semiconductor catalysts almost all kinds of organic chemicals can be converted to
€O, H,0 and inorganic ions (Mattews, 1986; Pelizzetti, 1986). The photocatalytic proccss could
be an efficient method for the degradation of refractory organic chemicals including dye which is
a vexed problem in its environmental toxicity and in the treatment of colour wastewater.

The research on photodegradation of soluble dye with TiQ, powder and UV-light obtained
satisfactory results: the dye solution decolourized speedily and COD decreased (Fan, 1989). The
photodegradation of dye with other catalvsts was also reported (Chen, 1990).

In this experiment, dye was photocatalytically degradated by solar-illominated TiO, instead
of Ti0,/UV, so in order to avoid the use of high energy te generate UVdight. Some factors affect-
ing the transformation of organic species and the toxicity change were investigated.

The two dyes chosen here were representatives for reactive dyes, their structural formula are
shown in the following. As the light fastness of dve is often improved in the presence of metal
ions (Graves, 1988)such as Co (II), Co (I1I), Ni (II}and Cu (II) which can react with triplet
dye to suppress singlet oxygen formation almost completely and, therefore inhibit the fading efti-
ciency, so the research of metal-ioncomplexed dye is also of interest.
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Materials

CH/CI, (A. R.), redistilled. Anhydrous Na,SO, (A. R.). TiO, anatase powder. Stock of
bacterial solution. The two dyes chosen were both commercial products. Redistilled water was
used throughout.
, qu&pmem

ZD-2 pH meter, 722 Spectrophotometer, Shimadzu UV Spectrometer, HH-3 COD Analyzer,
Shimadzu TOC Analyzer (TOC-10B), NE-713G Water Quality Toxicity Monitor, Shimadzu
GC-9A and 5988A GC-MS.
Measurement of decolourization ratio

After the pH was adjusted to the desired value, the absorbance was measured (Al), for
reactive violet solutions at 543 nm and reactive black solutions ‘at 610nm. The desired volume of
solution was mixed with certain amount of semiconductor powder, stirred vigorously and puf in
the sunlight for irradiation. After uradiation, centrifugalize the solution and the absorbance of the
clear solution was measured (A2), then decolourization ratio (Al-A2)/Al x 100% is calcu-
lated.
GC-MS analysis ‘

30 mg TiO, powder was added to 300 ml pH 12.03, 21.7 ppm reactive violet solution (or
300 m)] pH 12.01, 9.3 ppm reactive black solution}. The suspension was irradiated in the
sunlight for some time, and the photodegradation products were then extracted at different pH
value (pH 2.0, 7.0 and 12.0) with 30 ml redistilled CH,Cl, each time. The organic phase was
transferred to a flask and some anhydrous Na,50, was added to absorb the water in the orga-
nic phase which was further concentrated to 0.5 ml at 38 T (with nitrogen gas). The samples
thus obtained were analyzed with GC and the degradation products were identified with
GC-MS.
Toxicity analysis



Photocatalytic decolourization of reactive dyes 99

The sample solution (dye solution after photodegradation) was mixcd with 1 ml bacterial so-
lution, kept at constant temperature (37 C ) for 5 minutes, then 1 ml methylene blue sclution

was added and the decolourization tim¢ was measurad.

RESULTS AND DISCUSSION

Factors affecting the decolowrization efficiency

1. The effect of pH
A common feature of the photocatalytic reaction by suspended semiconductor powders in
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Fig.2 Decolourization ratio vs pH value
40 ppm reactive black solution; 1: non-stirred irradiated for 6 h
at temperature 15 C . illuminance 4100¢ Ix; 2: stirred irradiated
for 6 h more at temperature 15 C , illuminance 48500 Ix
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aqueous is the remarkable pH dependence of the reaction rate. The results (Fig. 1 and Fig. 2)
showed that these dyes can be decolourized more easily under acidic or basic condition and the
optimal values for their degradation were 13.00 and 12.00. The effect of pH to photocatalytic re-
actions may be explained in the following ways:

{1) TiO, powders was found to distribute morc uniformly in basic solution, especially when
pH is 12.00 or 13.00. In the solution the following equilibria exist:

= Ti-OH,* ¥ =Ti —~-OHZ==Ti - 0~

and TiO, powder having a larger surface area with a high proportion of strongly acidic surface
sites rather than readily protonated hydroxyls is favourable for the photocatalytic (Ohtani,
1987).

{2) With increase of pH, the bandzap of TiO, semiconductor reduced, the band-gap energy
decreased (Fox, 1983) and the part of light with longer wavelength can iradiate
the semiconductor, so the sunlight utilization efficiency is increased.

(3) The dyes may be more easily broken under such pH condition. But the structure-
reactivity relationship are not clear till now.

(4) OH- and H* may be involved in the reactions. They trap the 2..* or ¢, formed
during irradiation, and make the other available for the reactions taking place at the surface of
the semiconductor particles thereby preventing the ¢~ - h,,' recombinations. And generate
some efficient oxidants such as OH, O,, 'O, HO, and RO,+ by which the pollatants are oxidized
{Cunningham, 1988; Izuml, 1981; Kormann, 1988).

‘ hA
TiO,— ¢, + h,,"

h,* + OH— -OH, H* + e, - —~H-"
0, + ep— O, B ohoo
HO,” + h,,*—-=~HO,+ , 2HO,+ —— O,+HO,,

To,

0,—5>'0, R+ + O, RO,

2. Effect of catalyst amount

The results are shown in Fig. 3 and Fig. 4. The decolourization ratio is a function of
irradiation time and catalyst amount.

When irradiated time is short, the decolourization ratio incrcasc with increasing of catalyst
amount (in form of times of dye’s weight); when irradiation time is longer enough, it increases
with increasing of the catalyst amount and remained almost constant above a certain level.

The results can be explained as follows.

When irradiation time is short, the number of photons absorbed and the number of dye
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molecules absorbed are increased owing to
the increase in the number of TiO, particles. Afier
irractiated for some time, the available dye mole-
cules are not sufficient for adsorption by the in-
creased number of TiO, particles. Hence the added
amount of catalyst powders are not involved in
catalytic activity and the ratio no longer increases
with increase in catalyst amount beyond a certain
limit.

Fig. 3 and Fig. 4 showed that the optimal
amount of catalyst is determined by irradiated
time and light intensity.

3. Effect of initial concentration

Fig. 5 showed the relationship between IgC

and ¢. The linear correlation implies that the
prhotodegradation reaction corresponds well with
first order reaction.
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The results also imply that the photoreaction rate (r=kC) increases with the increase of dye
initial concentration, and higher concentration is better for increasing the decolourization
efficiency.

4. Effect of irradiation time

Fig. 6 and Fig. 7 showed that the decolourization ratio increases with the increase of
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irradiation time and finally. reached a constant level.
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Fig. 6 Efiect of irradiation time Fig.7 Effect of rradiation time
reactive black solution, catalyst amount; reactive violet solutions, catalyst amount; &
6 times, pH 12.00, irradiated at tempera- ' times, pH 13.00, ireadiated at temperaturs
ture 14 C , illluminance 41200 1x 1: 10 11 €, diuminance 31600 1x 1 : 10ppm
ppm 2: 2Uppm 3:40ppm 2:20 ppm

GC-MS analysis of photodegradation products

The samples were analyzed under the following condition and the chromatograms are
shown in Fig. 8.

Reactive viplet Reactive black

_J —

Fig.8 Products GC analysis of dyc photodegradation

GC condition: FID detector. Stationary phase OV-101, 25 m capillary column, i.d. 0.2 mm,
injector temperature 300 € . Column temperature programme initial 40 T for 1 minute, rising at
10 C min and @inal 200 € for | minute. Injected sample volume is 5 pl.
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Some products of photodegratation were tdentified;
Reactive violet: 1. C,,H,,C.H.O

N—CH

~ N=C:NHC,H,,
3. C|¢I'lm

4. C,H,CH=CHNHCH,NHCH,
Reactive black: 1. CH,CHCIMCH,NHOH
CH,CH, CN

2. C, H,NHCH,CH,CHCOOH

It can be deduced from the photodegradation products that in the reactions the following
processes may exist: (1) the elimination of nitrogen from azo-compounds. (2) the broken of
benzene system. (3) rearrangement of photogenerated radicals. )

Azo-compounds are extremely photoreactive as a result of the force for the elimination of
- molecular nitrogen which is a stable substance (Horspool, 1976).

The fact that the dye absorbance decreased beyond 230 nm also suggests that the azo
linkagc and the large m-clectron system were destroyed (Fig. 9).

-
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Fig.9 Absorbance decrease of dve soiution after photodegradation

a. after irradiation; b, before irradiation
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The reaction of OH-radicals with aromatic substances is well documented. Phenol
photocatalytic decomposition intermediates underwent further photocatalytic oxidation via acids
and / or aldehvdes and finally decomposed into CO, and HO (Okamoto, 1985).

The situation of toxicity change after the photolytic reaction

NAD (P) H (nicotinamide adenine dinucleotide or nicotinamide adenine dinucleotide-
phosphate as hydrogen acceptor} can reduce methylene blue from blue to colourless. The
decolourization time increases when the activity is inhibited by environmental toxicants. The
results (Table 1)showed that the toxicity of the solution decrcascd obviously after
photodegradation.

Tabk 1 The situation of toxicity change

Dye solution pH C, ppm Decolourization ratio, % EC,
RV

Before irradiation 7.55 . 13.3 1] 77.2%
RV

After irradiation 7.55 13.3 83.6 o0
RB

Before itradiation 7.80 13.3 0 66.4%
REB

After irradiation 7.80 13.3 74.0 85.6%

EC,,, is used as an indicator of relative toxicity, which equals pereent sample causing 100 percent effect

Transformation of onganic species
300 ml 40 ppm dye solutions (with 30 mg TiO, powder) were adjusted to pH 13.00 for

Table 2 Transformation of organic species

Dve solution COD,, mg/L IC, ppm Decolourization ratio, %
RV )

Before irradiation 19.4 7.0 0

RV

After irradiation 12.0 221 95.6

RB ‘

Before irradiation 21.9 23 0

REB

After irradiation , 106 8.7 96.7

"COD,, (mg/L ) means chemical oxygen demand using K.Cr0, as oxidant, in form of decrease of

oxygen concentration (mg/L ). JC means inorganic carbon
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reactive violet and pH 12.00 for reactive black and photodegradated by solar light, the bllowing
parameters were measured (Table 2}.

The dye solutions decolourized rapidly which snggests that the dye can be easily
photocatalytically degradated to other organic compounds. However the slow decrease of COD
means that the intermediates need more time to transform to further degradation products, and
the increase of 1C implies that the photocatalytic reaction finally produced CO,.

CONCLUSION

There are many factors’ influencing the decolourization efficiency. For the decolourization of
reactive violet and reactive black the optimal pH values are 13.00 and 12.00 respectively. The
optimal amount of catalyst is determined by irradiation time and light intensity and the
decolourization efficiency increases with increase of initial dye concentration.

Reactive dyes can be rather completely photocatalytically degradated by sunlight in the pre-
sence of TiO, catalyst, some products are identified to be alkanes or alkyl amines which could be
biologically degradated more easily. The decrease of COD and increase of JC imply that dye
can be photocatalytically mineralized.

The toxicity of the solutions decreased considerably afier photodegradation, the results mean
that the photocatalytic process could become a safe method for dye degradation and colour
wastewater ireatment.

The reaction mechanism and decolourizing structure-reactivity relationship are to be investi-
gated in detail.
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