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Abstract

Semiconductor-mediated photocatalysed degradation of two selected azo dye derivatives such as ajardrtisiharck browr2) has
been investigated in aqueous suspension by monitoring the change in substrate concentration employing UV spectroscopic analysis techniq
as a function of irradiation time. The degradation was studied under different conditions such as types pfHTEDbstrate concentration,
catalystconcentration, and in the presence of electron acceptors such as hydrogen pefOx)dpdtassium bromate (KBrfpand ammonium
persulphate (NK).S,0g besides air. The degradation rates were found to be strongly influenced by all the above parameters. The photocatalys
Degussa P25 showed comparatively highest photocatalytic activity. The dye derivative, bismarcknoasfound to degrade faster than
amaranth dyel().
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction The release of colored wastewaters in ecosystem from var-
ious sources such as industrial effluents, agricultural runoff
Until 1850, color was obtained from natural resources. and chemical spills is a dramatic source of esthetic pollu-
Perkin in 1856, synthesized first dye. Since then a large num-tion, eutrophication, and perturbations in aquatic life. Their
ber of dyes are synthesized and used in food, textiles andtoxicity, stability to natural decomposition and persistence in
other industries for different purposes. Most of the synthetic the environment has been the cause of much concern to the
dyes are azo dyes and are suspected to be carcinddénic societies and regulation authorities around the wi]d
From the beginning of the 19th century amarad$(Fig. 1) The control of these dye pollutants in water is an important
had been used as a food dye. However, in 70s, Russian studmeasure in environmental protection. Physical methods, such
ies showed the carcinogenecity of amaranfh[2]. On the as adsorptiorj7], biological methods (biodegradatiofg]
other hand, the dye was still used in most of the European and chemical methods like chlorination and ozonaj@jmre
countries, as textile dyes for wool and silk as well as in food frequently used. Among these processes proposed, biodegra-

and photographj3]. Whereas, bismarck browa)((Fig. 2) dation has received the greatest attention. However, many
also an azo dye is used in most of the countries as biologicalorganic chemicals, especially those that are toxic or refrac-
stains, itis also used as hair dye, leather and textilg¢4iys). tory, are not amendable to microbial degradation. Recently

considerable attention has been focussed on the use of semi-
conductor as a means to oxidize toxic organic chemicals
* Corresponding author. Tel.: +91 571 2703515; fax: +91 571 2702758. [10],' Th? m?Chamsm constituting het,emgeneous pho_tocat_—
E-mail addresses: chtl2mm@amu.ac.in, readermuneer@yahoo.co.in alyt'? oxidation processes has been d|SCU_Ssed extensively in
(M. Muneer). the literature[11-12] Briefly, when a semiconductor such
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HO SO;Na in aqueous suspensions of Tidnder a variety of condition
such as types of Ti@) pH, substrate concentration, catalyst
Na0,S O N=N O concentration and in the presence of electron acceptors.
O Q 2. Experimental methods
SO4Na
Amaranth (1) 2.1. Reagent and chemicals
Fig. 1. Amaranth () (70%) and bismarck browr2) (40%) were

obtained from Loba Chemie Pvt. Ltd., Mumbai, India and
as TiQ, absorbs a photon of energy equal to or greater thanused as such without any further purification. The water
its band gap width, an electron may be promoted from the employed in all the studies was double distilled. The pho-
valence band to the conduction band,(@ leaving behind tocatalyst, titanium dioxide Degussa P25 was used in most
an electron vacancy or “hole” in the valence bang{h If of the experiments, whereas, other catalyst types, namely,
charge separation is maintained, the electron and hole mayHombikat UV100 (Sachtleben Chemie GmbH) and PC500
migrate to the catalyst surface where they participate in redox (Millennium Inorganics) were used for comparative studies.
reactions with sorbed species. Specially,'may react with Degussa P25 contains 80% anatase and 20% rutile with a spe-
surface-bound D or OH™ to produce the hydroxyl radi-  cific BET surface area of 50fg~* and a primary particle
cal and gy~ is picked up by oxygen to generate superoxide size of 20 nn{14]. Hombikat UV100 consists of 100% pure

radical anion @*~ as indicated in the following Eqé&L)—(4). anatase with a specific BET surface area of 25@nt and a
) 3 . primary particle size of 5 nifl5]. The photocatalyst PC 500
TiO2 +hv— €™ +hvp @) has a BET-surface area of 287 gr ! with 100% anatase and

) primary particle size of 5-10 nifi6]. The other chemicals
used in this study such as NaOH, Hil®1202, (NH4)2S,0g
02*” +HO — OH®* + OH™ 4+ 02+ HOo™ ) and KBrG&; were obtained from Merck.

Ox+ep — O

+ ° +
H2O + hyp™ — OH®* + H (4) 2.2. Procedure

It has been suggested that the hydroxyl radicals® OH
and superoxide radical anions®© are the primary oxidiz- Solutions of dye derivatives amarantt) @nd bismarck
ing species in the photocatalytic oxidation processes. Thesedrown @) of the desired concentration were prepared in
oxidative reactions would result in the bleaching of the dye. double distilled water. An immersion photochemical reac-
Alternatively, direct absorption of light by the dye, can lead tor made of Pyrex glass equipped with a magnetic stirring
to charge injection from the excited state of the dye to the bar, water circulating jacket and an opening for supply of air
conduction band of the semiconductor as summarized in thewas used.

following Egs.(5) and(6); For irradiation experiment, 150 chsolution was taken
into the photoreactor and required amount of photocatalyst
Dy€ads+ hv — Dyeads (5) was added and the solution was stirred and bubbled with

air for at least 10 min in the dark to allow equilibration of
the system so that the loss of compound due to adsorption
Photocatalytic degradation of amaranth) has been  can be taken into account. The pH of the reaction mixture
reported recently in the presence of 3if13]. No major ~ was adjusted by adding a dilute aqueous solution of INO
effort has been made to study a detailed degradation kineticsor NaOH. The zero time reading was obtained from blank
that is essential from application point of view. Therefore, we solution kept in the dark but otherwise treated similarly to
have studied the photocatalytic degradation of two selectedthe irradiated solution. The suspensions were continuously

Dyeads + TiO2 — Dyeads + TiO2(e7) (6)

azo dye derivatives, amaranth) (and bismarck brown2j purged with air throughout each experiment. Irradiations

were carried out using a 125W medium pressure mercury
NH, HoN vapour lamp (Philips), the power of lamp in radiant flux is
9375uW cm~2. Samples (6 ci}) were withdrawn before and
HoN N=N N= NH, at regular intervals during the irradiation. They were cen-
trifuged before analysis.
H,C CH,

2.3. Analysis

Bismarck brown (2)
The decolorization of the dye derivatives was monitored

Fig. 2. by using UV-vis spectrophotometer (Shimadzu 1601). The
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concentration of the dye derivativé)(and @) were calcu- Table 1 ‘ o ‘

lated by calibration curve obtained from the absorbance ofthe ["® p(fod?j'fg)Stbo“t’sr rate constam r oxidation of e t‘;]VSTg'Vg'
. . — _ Ives an y the different oxiaation systems 19 n

dye _denvatlvesx) (Amax.— 524 nm) and%) (Amax= 463 nm) Sunlight/Ti,

at different concentrations. It was calculated in terms of

mol L=1 min-1. Dye derivatives Rate constaniy (
UV light/TiO, Sunlight/Ti&
Amaranth ) 6.41x 1073 3.24x 1073
3. Results and discussion Bismarck brown %) 1.89x 102 9.65x 1073

3.1. Photocatalysis of TiO; suspensions containing dye

plots to calculate the degradation rate for the decomposition
derivatives

of the compounds using expression given below,

Irradiation of an aqueous solution of dye derivativés ( —d[C] — ke @)
and @) inthe presence of Tigwith a 125 W medium pressure dr
mercury lamp leads to change in concentration as a functionc: concentrationk: rate constant;: concentration of the pol-
of time. Fig. 3shows the change in concentration as a func- |ytant, »: order of reaction.
tion of irradiation time of an aqueous suspensions amaranth
(1), 0.4mM and bismarck browrn2), 0.5mM containing
1gL~1 of TiO, in the presence of air. The concentration was
found to decrease with increase in irradiation time and nearly
total decomposition was observed within 75 min of irradia- In view of the advantages of titanium dioxide in the het-

tion for amaranth X) and 40 min for bismarck browr2].  grggeneous photocatalysis, we have tested the photocatalytic
Control experiments were carried in both cases employing 4y ity of three different commercially available Ti@ypes
UV-irradiated blank solutions. There was no observable loss (namely Degussa P25, Hombikat UV100 and PC500) on the
ofthe dye, when the irradiation was carried outin the absence jegradation of dye derivatives. The reactions were carried out
of T'.OZ as shown irFig. 3 The Z€ro irradiation time WEre  atinitial pH 5.68 for () and 3.25 for dye derivative). The
obtained from blank solutions keptin the dark, but otherwise yeqradation rate for the decomposition of the dye derivatives
treated similarly 'to the irradiated solptlons. (1) and @) in the presence of different types of Ti@t differ-

The degradation curves can be fitted reasonably well by o catalyst concentrations is showrFigs. 4 and Srespec-
an exponential decay curve suggesting first order Kinetics, tjye|y |t has been observed that the photocatalyst Degussa
i.e., the initial slope obtaine_d by the linear regression from ps5 has been found to be better for the degradation of both
the plot of the natural logarithm of the dye as a function of e gerivatives at all catalyst concentrations tested. In case of

time. Tab!e 1shows the resulting first orde;r rate constapts dye derivative 1), the photocatalytic activity of Degussa P25
for oxidation of the two substrates by the different oxidation 5 heen found to increase with the increase in catalyst con-

systems (such as TEJV Light and TiGy/Sunlight). The  ceniration from 0.5 to 4 gt and levels off at higher catalyst
resulting rate constants has been used in all the subsequent

3.2. Comparison of different photocatalysts and catalyst
concentration

. 0.008
1.1 “?o - P25
- 0.007 - =3 Uvi00
= I PC500
1.0 e
0o ‘_E 0.006
’ : : = 0.005-
—e— Amaranth / TiO,/ UV Light [=]
0.8 4 —o— Amaranth / UV Light E (004
— —w— Bismarck brown / TiO5/ UV Light (] '
% 074 —— Bismarck brown / UV Light ® 0.003 |
2 5
0.6 1 ® 0.002-
B
0.5 éi) 0.001 -
0.4 4 0.000-
0.5 1 2 4 6
0.3 ‘ ‘ ' Catalyst concentration [ g/l
0 20 40 60 80 y [ 9 ]
Irradiation time [ min ] Fig. 4. Comparison of degradation rate for the decomposition of amaranth

(1) inthe presence of different types of photocatalyst at different catalyst con-
Fig. 3. Change in absorbance as a function of irradiation time for air satu- centrations. Experimental conditiorié= 150 mL, Degussa P25, Sachtleben
rated aqueous suspension of 7i@ g L 1) containing amarantt (0.4 mM) Hombikat UV 100, PC 500 (0.5, 1, 2, 4 and 6 g4), immersion photochem-
and bismarck brown2( 0.5 mM). Light source: ‘Phillips’ 125 W medium ical reactor, 125W medium pressure Hg lamp, continuous air purging and
pressure mercury lamp. Irradiation time: 75 miy §nd 40 min 2). stirring, irradiation time =75 min.
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Fig. 5. Comparison of degradation rate for the decomposition of bismarck
brown @) in the presence of different types of photocatalyst at different 0.35 4 —8— pH 7.7/ Bismarck brown
catalyst concentrations. Experimental conditidis:150 mL, Degussa P25,
Sachtleben Hombikat UV 100, PC 500 (0.5, 1, 2, 3 and 2} Lirradiation 0.30 4
time =40 min. _
o
< 0.25 -
<
concentration. On the other hand it is interesting to note that 0.20 1
the activity of Hombikat UV100 increase with the increase in
catalyst concentration from 0.5 to 2 gt.and slight increase 015 1
efficiency was observed at higher concentrations. In the case 0.10
of dye derivative ), the degradation for the decomposition
of dye has been found to increase with increase in catalyst 0.05 ; . p : .
concentration of Degussa P25 from 0.5 to 1¢Ldecrease 0 ! 3 4 °
(b) Catalyst concentration [ g/l ]

and more or less same efficiency was observed at catalyst con-
centration from 2 to 4gtl' A S_Im”ar trend was observed Fig. 6. (a) Comparision of degradation rate of amarartth and bis-
when the photocatalyst Hombikat UV100 and PC500 were marck brown 2) as a function of pH. Experimental conditionés 150 mL,
used for the degradation of the dye derivatives. The rea- Degussa P25, pH of dy&)(3.45, 5.45, 7.73 and 9.31) and of dy (3.25,
son for better photocatalytic activity of Degussa P25 could 5-08, 6.75 and 7.85), irradiation time dy € 75 min and dyeZ) =40 min.
be attributed to the fact that P25 being composed of small (b) Change in concenltration asafunc'tion of different con_ce_ntration of TiO
. . . . s (0.5,1,2,3and 4gt") at pH 7.7 for bismarck browrf, stirring for 24 h

nanq-crystallltes of rutile being dlspe.rsed within an anatase in dark, showing adsorption of the dye on the surface of the photocatalyst.
matrix. The smaller band gap of rutile “catches” the pho-
tons, generating the electron hole pairs. The electron transfer,
from the rutile g (conduction band) to electron traps in 3.3. pH effect
anatase phase, takes place. Recombination thus inhibited,
allowing the hole to move to the surface of particle and  An important parameter in the photocatalytic reactions
react[17]. taking place on the particulate surfaces is the pH of the solu-

Whether in static, slurry, or dynamic flow reactors, the tion, since it dictates the surface charge properties of the
initial reaction rates were found to be directly proportional photocatalyst and size of aggregates formed. Therefore, the
to catalyst concentration, indicating a heterogeneous regime.degradation of both dye derivatives was studied at different
However, in some cases it was observed that above a certairpH range from 3to 10. The degradation rate for the decompo-
concentration, the reaction rate even decreases and becomesition of dye derivativesl) and @) as a function of reaction
independent of the catalyst concentration. This limit depends pH is shown inFig. 6a). The degradation rate for the dye
on the geometry and working conditions of the photoreactor derivative () has been found to be more or less same in the
and for a definite amount of Tig®in which all the particles, pH range studied within the experimental limits. However,
i.e., the entire surface exposed, are totally illuminated. When in case of 2) the rate decreases with the increase in reaction
the catalyst concentrationis very high, after traveling a certain pH and highest efficiency was observed at pH 3.25.
distance on an optical path, turbidity impedes further pene-  The adsorption of the dye derivativel) @nd @) on the
tration of light in the reactor. In any given application, this surface of photocatalyst was investigated by stirring the aque-
optimum catalyst concentration [(Ti{bp7] has to be found,  ous solution in the dark for 24 h at different pH such as 3.45,
in order to avoid excess catalyst and ensure total absorption5.45, 7.73, 9.31 for dyelj and at 3.25, 5.08, 6.75, 7.85 for
of efficient photons. dye Q). Analysis of the samples after centrifugation indicates
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Table 2 - 0.020
Absorbance in_te_nsity observed at diffgren_t pH for dye derivative bismarck e N N B—
brown @) by stirring the aqueous solution in the dark for 24 h '7*: o Bl own
Dye derivative pH Absorbance (Abs.) ;E 0.016+
Bismarck brown %) 3.25 1.696 < 0.0144
5.14 0.595 2 0012
6.64 0.125 o
7.67 0.111 ® 00101
& 0.008
I 8 o006
no observable loss of the dye derivatitg, @t any pH. How- )
ever, in case of dye derivativ@)( some considerable loss of 8 0.0044
the compound is observed at different pH studied as shown in 0.002

025 0.30 035 040 045 050 055 060 0.65

Table 2 Interestingly, it has been observed that the dye deriva- ”
Substrate concentration [ mM ]

tive (2) strongly adsorbs on the surface of the photocatalyst

at pH 7,'7 as shown by the Cha“ge |n.absorpt|on intensity a‘SFig. 7. Comparison of degradation rate of amararith gnd bismarck

a function of catalyst concentration kig. 6(b). The lowest brown @) as a function of substrate concentration. Experimental conditions:

degradation efficiency was observed at the pH where maxi- v=150mL, Degussa P25, substrate concentration of Hlyard @) (0.3,

mum adsorption takes placEig. 6a)), this may be due to  0.4,0.5and 0.6 mM), irradiation time dyE)& 75 min and dye) =40 min.

the fact that the absorption intensity decreases from 1.6 to

0.1 (463 nm, at the start of irradiation) and a new absorption

maxima appears at 367 nm. The additional absorption max-3-4 Effect of substrate concentration

ima at this wavelength indicates that the molecule undergoes o o o

structural changes at this pH. Another reason for lower degra- It is important both from mechanistic and application

dation efficiency at high pH value could also be attributed on Points of view to study the dependence of on the substrate

the basis of the fact that the excitation of Figets minimized concentrations photocatalytic reaction rate. Hence, the influ-

due to high adsorption of the dye at the surface of;TiO ence of substrate concentration of both the dye derivatives
The interpretation of pH effect on the photocatalytic pro- (1) and @) was studied in the range varying from 0.3 to

cess is very difficult because of its multiple roles such as 0-6 MM. The degradation rate for the decomposition of the

electrostatic interactions between the semiconductor surface dye derivativesl) and @) as a function of substrate concen-

solvent molecules, substrate and charged radicals formed duriration is shown irFig. 7. Itis interesting to note that the rate

ing the reaction process. The ionization state of the surface offor the decomposition of dye derivativé)(increases with

the photocatalyst can be protonated and deprotonated undefh€ increase in substrate concentration from 0.3 to 0.5mM
acidic and alkaline conditions respectively, as shown in fol- @nd a further increase in substrate concentration lead to the

lowing equations, decrease in the degradation rate. In contrast, in case of dye
derivative @) the rate was found to increase with increase in

TiOH + H* — TiOHy™ substrate concentration from 0.3 to 0.6 mM. The decrease in
the degradation rate of dye derivatitg &t high concentration

TiOH + OH™ — TiO™ + H,0. is may be due to the fact that as the initial concentrations of the

dye increases, the color of the irradiating mixture becomes

The point of zero charge (pzc) of the Ti{Degussa P25)  more and more intense which prevents the penetration of light
is widely reported at pH- 6 [18]. Thus, the TiQ surface will to the surface of the catalyst. Hence, the generations of rela-
remain positively charged in acidic medium (pH <6.25) and tive amount of OM and G*~ on the surface of the catalyst
negatively charged in alkaline medium (pH > 6.25). The bet- do not increase as the intensity of light, illumination time
ter efficiency for the degradation of compounds at lower pH and concentration of the catalyst are constant. Conversely,
may be due to the fact that the lone pairs of electrons presentheir concentrations will decrease with increase in concen-
on the nitrogen atoms of amino groups can be protonatedtration of the dye as the light photons are largely absorbed
and deprotonated under acidic and basic conditions. Appar-and prevented from reaching the catalyst surface by the dye
ently the photocatalytic oxidation seems to be favored in the molecules. Consequently, for a given mass of;[i@e degra-
structural orientation of the molecule, when it is protonated dation efficiency of the dye decreases as the dye concentration
under lower pH values. In a recent study by Guillard et al. increases.
[19] and Aguedach et g20], it has been shown that the azo
dye derivatives such as reactive black 5, reactive yellow 145 3.5. Effect of electron acceptors
and orange G undergo slow degradation at high pH values.
The author proposed that the formation of ObY reaction One practical problem in using TiCas a photocatalyst
between OH and H, at basic pH, was not at the origin of is the undesired electron/hole recombination, which, in the
the increase of the photocatalytic efficiency of the other dyes. absence of proper electron acceptor or donor, is extremely
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—O— Amaranth / UV Light
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Potasium  Hydrogen  Ammonium  pos

bromate/ peroxide/  persulfate/

P25 P25 P25 0.3 T T T
Electron acceptors 0 20 40 60 80

Irradiation time [ min ]
Fig. 8. Comparison of degradation rate in the presence of different electron

acceptors for the photocatalytic degradation of amarahthExperimen- Fig. 10. Comparison of change in concentration as a function of irradiation
tal conditions:V'=150 mL, Degussa P25, potassium bromate, ammonium time for the dye derivativel) under sunlight and UV light source in the
persulfate and hydrogen peroxide, irradiation time dye=(75 min. presence and absence of Jidrradiation time: 75 min.

efficient and thus represent the major energy-wasting stepPhotocatalytic degradation of the model compounds under
thereby limiting the achievable quantum yield. One strategy investigation. These acceptors are known to generate reac-
to inhibit electron—hole pair recombination is to add other tive species according to the following E¢8)—(12)
(irreversible) e!ectron acceptors to the. reaction. They could H,0,+e CB — OH® + OH™ @)

have several different effects such as, i.e., (1) to increase the
number of trapped electrons and, consequently, avoid recom-BrOs~ +2H" +e CB — BrO;* + H,0 ()]
bination, (2) to generate more radicals and other oxidizing B N B _

species, (3) to increase the oxidation rate of intermediate BrOs™ +6H" +6e"CB — [BrO2™, HOBI]

compound_s and (4) to ay0|d probIem; caused by onv OXygen _, Br~ 4 3H,0 (10)
concentration. It is pertinent to mention here that in highly

jtoxic Wast_ewater where the deg_r_adation of _o_rganic pollutants S,082 + € CB — SO52~ +SO;*~ (12)
is the major concern, the addition of additives to enhance 5

the degradation rate may often be justified. In this connec- SOs*~ +H20 — SO4* + OH® + H* (12)

tion, we have SIUdI.ed the effect of electron acceptors SUChThe respective one-electron reduction potentials of differ-
as hydrogen peroxide, bromate and persulphate ions on the

ent species arel (02/0°~)=—-155mV, E (H202/HO®) =
0.07

&5 —e— Bismarck brown / TiO / UV Light

S 0.06 1 [ Bismarck brown —O— Bismarck brown / UV Light
'T' ’ 1.1 —w— Bismarck brown / TiOp/ Sunlight -
= —v— Bismarck brown / Sunlight
E 0051

-

g 0041

]

W o003 =

g <

B 0.02- E

T

©

1

§ 0.01 1

0.00 T T T
Potasium bromate/  Hydrogen peroxide / P25
P25 P25 0.3 T T T T
Electron acceptors 0 10 20 30 40 50

Irradiation time [ min ]
Fig. 9. Comparison of degradation rate in the presence of different elec-
tron acceptors for the photocatalytic degradation of bismarck br@un ( Fig. 11. Comparison of change in concentration as a function of irradiation
Experimental conditiond/ =150 mL, Degussa P25, potassium bromate and time for the dye derivative2) under sunlight and UV light source in the
hydrogen peroxide, irradiation time dy2) € 40 min. presence and absence of JiQrradiation time: 40 min.
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800mV, E (BrOs~/BrO,*)=1150mV, andE (520827/ and @) presence of electron acceptors enhances the degrada-
SOy~ *)=1100 mV[21]. From thermodynamic point of view  tion rates. The adsorption study of dye derivatives amaranth
allemployed electron acceptors should therefore be more effi-(1) and bismarck brown2) on the surface of the photocat-
cient than airFigs. 8 and $how the degradation rate for the ~alyst indicate some observable loss of compound in case of
decomposition of amaranti)(and bismarck brown2j in bismarck brownZ), whereas, amaranth)(shows negligible

the presence of different electron acceptors,TéDd air. adsorption on the photocatalyst surface. It can be observed
In case of dye derivativel] all the additives were found to  that the adsorption of dye derivativ@)(on the surface of
enhance the degradation rates. However, in case of2jye ( Photocatalyst is better and hence degrades more efficiently
all the additives such as potassium bromate and hydrogends compared to dye derivative)(

peroxide showed beneficial effect on the degradation rate. In

contrast, in the presence of ammonium per sulphate the dye

(2) was found to coagulate on the surface of the semicon- Acknowledgement

ductor, which lead to decrease in absorption intensity. The

presence of oxidants reduces the time interval from 40 to  Financial support by The Department of Chemistry, Ali-
20 min for complete decolourization of dye derivatia).( ~ garh Muslim University, Aligarh and The Department of
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