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Abstract

The photodegradation of various dyes in aqueous solution was studied. Experiments were carried out using glass coated titanium dioxide
thin film as photocatalyst. Photodegradation processes of methylene blue (MB), methyl orange (MO), indigo carmine (IC), chicago sky blue
6B (CSB), and mixed dye (MD, mixture of the four mentioned single dye) were reported. As each photodegradation system is pH dependent,
the photodegradation experiment was carried out in each dye photodegradation reactive pH¥@83€athe dyes removal efficiency was
studied and compared using UV-vis spectrophotometer analysis. The total removal of each dye was: methylene blue (90.3%), methyl orange
(98.5%), indigo carmine (92.4%), chicago sky blue 6B (60.3%), and mixed dyes (70.1%), respectively. The characteristic of the photocatalyst
was investigated using X-ray diffractometer (XRD). The amount of each dye intermediate produced in the photodegradation process was also
determined with the help of total organic carbon (TOC) analysis.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction [1-8]. Thus, a more effective method must be found and used
to eliminate such recalcitrant pollutants.

Large quantities of dyes are extensively used inthe funda-  Lots of excellent studies have been published on the photo-
mental processing steps of textile industries. It is estimated catalytic degradation of organic dyes in wastewater utilizing
that from 1% to 15% of the dye is lost during dyeing processes titanium dioxide (TiQ). TiO, was chosen because it shows
and is released in wastewatdr3]. Hence, the wastewa- relatively high chemical stability and exhibits high activity
ter discharge in rivers or public sewage treatment plants arefor photocatalysis, which scientists are beginning to exploit.
highly contaminated. The existence of colour substances inWhen TiQ, an n-type semiconductor is irradiated with light
dyeing effluents will affect its aesthetic view significantly of wavelengthi. <390 nm, electron (g)-hole () pairs are
besides causing potential toxicity. Moreover, environmental produced. The generated electron—hole pairs are capable of
pollution by organic dyes also sets a severe ecological prob-initiating oxidation and reduction reactions on the surface of
lem, which is increased by the fact that most of them are TiO» particles. In aqueous solution, the holes are scavenged
often toxic to microorganisms and have very long degra- by surface hydroxyl groups to produce the very efficient oxi-
dation time in the environment. Consequently, traditional dizing hydroxyl radicals {OH). Subsequently, the reactive
wastewater treatment methods such as flocculation, adsorphydroxyl radicals will react rapidly with organic compounds
tion, and biological degradation are increasingly ineffective leading to the total mineralization of the organic substrate

[1,9-13]
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principle of photosensitization of wide band gap semiconduc- seek a safer and more economical light source besides using
tors[3,6,14] Anew method for the treatment or pre-treatment sunlight. It is in this regard that, we wish to report herein,
of dye-containing wastewater was suggested. When excitedthe results of our studies of blue fluorescent light assisted
with visible light, the excited states of a sensitizing dye are photocatalytic decomposition of some commonly use model
capable of injecting an electron into the conduction band of dye pollutants, such as methylene blue (MB), methyl orange
semiconductor particles to form an oxidized radical. The oxi- (MO), indigo carmine (IC), chicago sky blue 6B (CSB), and
dized form of the dye molecules will then undergo further mixed dye (MD, mixture of the four dyes).

degradation. Detail mechanism of dye degradation under vis-

ible light irradiation is described by Eg€l)—(6) [3,14] ) )
2. Experimental details

Dye+ hv— Dye* Q)
2.1. Materials
Dye* + TiO, — Dye*™ + TiOz(e) )

) ) - Standard ethanol solutionM(=46.07 g/mol, purity
TiOa(€) + Oz~ TiO2+ 0z (3) 99.8%) was purchased from Fluka Chemical. Nitric acid
0,*~ +TiOz(e) + 2HT — H,0, (4) (M=63.01 g/mol, purity > 65%, 1 k= 1.40 kg) was supplied

by Hamburg Chemicals GmbH. Tetraisopropyl orthotitanate
H20; + TiO2(e) — *OH + OH™ ) solution with more than 98% TiM=284.25g/mol) was
obtained from Merck-Schuchardt. Hydrochloric acid and

Dye*t + Op(or O2*~ or *OH) sodium hydroxide solution used for the pH adjustment of the

model pollutants were of analytical grade. The model dyes
powder used were purchased from two different suppliers.
— degraded or mineralized products (6) MB (basic blue 9),M=319.00g/mol,~85% dye content

. . , o and MO (4-[4-(dimethylamino)-phenylazo]benzenesulfonic
However, it is evident that in any wastewater purification ;.4 sodium salt),M =327.34 g/mol, ~85% dye con-

process, filtration'and.resuspension of semiconductor pow- .t \vere purchased from BDH Laboratory Supplies in
der should be avoidedif possible. Matthdds, 16]and Zhao - gngjang. IC (5,5indigodisulfonic acid, disodium salt),
etal.[17] have reported the use of TiGhin film in photo- \y —466 36 g/mol,~85% dye content and CSB (direct blue
catalytic degradation of organic |mpur|t.|§s in wgter. They 1), M=992.8g/mol,~50% dye content were purchased
haq _attempted bettertechno[ogmal conditions to improve t,hefrom Aldrich Chemical Company in USA. The structure
eff'c'e”CY of the photocatglytlc Process as cor_n.pared tousiNg ot the four dyes molecule is illustrated Fig. 1 All the
suspension method. The idea of using immobilized photocat- 1o 5 ents were used as received without further purification.

alyst especially in the form of thin film is also beginning to 14" \water used in the experiments was deionized using
be widely accepted as this would help to save unnecessaryM”“pore Alpha Q system.

cost for catalyst separation and at the same time simplify the
purification procedure. On the other hand, the use of immo- 2.2, Preparation of Ti@/glass photocatalyst
bilized photocatalyst also fulfills one of the important criteria
to adsorb the dye on the TiQurface for an efficient photo- TiO sol-gel was synthesized using acid-catalyzed sol-gel
sensitization to take place. Photodegradation efficiency will formation method. Procedure for the preparation of 2TiO
be enhanced as photocatalytic reaction under illumination of sol-gel was followed as described elsewh§2é]. Ten
visible light only takes place on the TiGurface3]. In line milliliters of standard ethanol solution, 1 ml of 18 M nitric
with the research studies done thus far, it will be interesting acid, and 28.1g (28.1 ml in equivalent) of tetraisopropyl
to investigate the relationship between %iin film charac- orthotitanate solution were dissolved in 200 ml of deionized
teristic prepared in our laboratory and its photodegradation water in a 250 ml beaker. The produced slurry was peptized
ability. for 8 h. During the peptization process, concentrated light
Another restriction which slowed down the photocat- yellowish slurry was formed. The slurry was dried by evap-
alytic system to be widely accepted by the general public oration at 50C for 2-3 h to get the desired sol-gel. The
is the costly and hazardous UV source. This may be over- resulted sticky sol-gel was slightly transparent or clear white
come if acceptable photocatalytic system efficiency can bein colour.
achieved using general light source capable of providing a Pieces of 50 mnx 100 mmx 3mm glass plates were
photon of light which is more energetic than Ti®and gap used as support for Tigsol—gel. The glass plates were first
[1,18]. A few groups of researchers have achieved promising degreased, cleaned thoroughly and dried before deposition.
photodegradation results utilizing alternative light sources, Then, the glass plates were dipped in the viscous sol-gel
namely San et al. applying black fluorescent ligid,11], with a uniform pulling rate manually. Dipping repetition
Chen et al[3], Bauer et al[6] and Chatterjee and Mahdi®] was done as desired. The readily dipped photocatalysts were
applying visible light and Neppolian et $20] utilizing solar dried at 100C inside an oven or heat treated at 200800
light. Thus, the use of fluorescent and visible light helps to in Thermolyne Type 21100 furnace for 2h. A thin film

— peroxylated or hydroxylated intermediates
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N with initial concentration of 10 ppm was used as the model
pollutant. A constant-temperature water bath was maintained
& —_ at ~28°C. The experimental parameter used was followed
+ 3/2
‘

(CHy)N from a reported previous work as it had been found out
capable to photodegrade methylene blue solution efficiently
[21]. The pH of the solution was adjusted to the desired
values using dilute hydrochloric acid and sodium hydroxide
solutions. Hydrochloric acidl] and sodium hydroxide

)‘@*MCWb solutions were chosen because its effect on the adsorption
Naoas_{ >—N

C
(a) *3H,0

surface properties of Tigis negligible.

Ten milliliters of the samples were taken at regular inter-
val time during irradiation and analyzed by a Perkin Elmer
Lambda 20 UV-vis Spectrophotometer to measure the con-

(b)

SONa 7 H centration of dye in the model pollutants. The determination
N wavelength is 661.0 nm for MB, 505.0 nm for MO, 466.4 nm
O — O for IC, and 618.0 for CSB, which is the maximum absorp-
N SO;Na tion wavelength. Lost of total organic carbon in the samples,
() o before and after photodegradation process were determined

using TOC 5000 A with ASI-5000 A auto sampler machine.
For comparison purpose, the same experimental procedure

s was applied for all of the used model pollutants.
N
’Hu QO
N

N . .
$0,Na 3. Results and discussion
HO O 3.1. XRD characterization of Tiphotocatalyst
H,N O S0;Na The principal goal of carrying out XRD analysis was to
identify the TiQ polymorphs and their crystalline phases.
SO4Na Fig. 2 shows the X-ray diffraction patterns of Ti@lass
(d) when heat treated at different temperature. THeafigle

of the reflection corresponding to the basal spacing of the
Fig. 1. The structure of (a) MB, (b) MO, (c) IC, and (d) CSB molecule. TiOZ/gIass were 25.28 37.80, 48.05, and 55.06 for

pe@ks 1, 2, 3, and 4, respectively. These corresponded to the
of titanium dioxide was formed on the glass plates and d(A) values for all of the peaks exist in Tilylass from 100
they were used for photocatalytic reaction, otherwise the to 600°C with the standard JCPDS values 3.52, 2.38, 1.89,
photocatalysts were stored in the dark to avoid pre-activationand 1.70 nm for peaks 1, 2, 3, and 4, respectively, showing
by room light or sunlight. The phase composition of existence of anatase phase FiGhe intensity of TiQ peak
photocatalyst was studied by the powder and plate XRD increases when the sample was heated at higher temperature.
technique. The patterns were recorded on a ShimadzuThis shows that heating has a significant effect on the
X-ray Diffractometer XRD-6000 using Cu K radiation. TiO2/glass crystallinity. Higher intensity of Tipeak indi-

Diffraction patterns were taken over the ange 5—60. cates that the availability of TiEcompound increases as well,
especially in the conversion of amorphous Ti@in film into
2.3. Photodegradation of model pollutants the active anatase TpOOur result is in good agreement with

the one reported by Harizanov and Harizan{®2]. They

The experiments were carried out in a custom made had observed that exothermic peaks of Jigel, localized
photocatalytic ~ oxidation  reactor = measured by between 250 and 55 show the process of oxidation of
15cmx 12cmx 15cm. Five pieces of Tigglass with the organic residuals and crystallization of }i@natase
five times of sol—gel dip-coating were used as photocatalyst structure. Similarly, Mazzarino et §23] and Facchin et al.
and irradiated with four pieces of 20W blue fluorescent [24]also found the conversion of amorphous titania thin film
lamps at a distance of 10cm from the top of the model into the active crystallite structure of the catalyst (anatase)
solution. Air was bubbled continuously into the solution by a thermal treatment at 50C. Following that, removal
reservoir using an aquarium pump to ensure constant supplyefficiency of the organic waste should increase as well due
of oxygen and to give agitation effect to the solution to to better crystallinity of the synthesized photocatalyst.
achieve equilibrium state of model solution—piglass The average crystallite sizes of Ti@vere calculated by
surface. In typical experiment, 1000 ml of each dye solution Scherrer's equation using the full width at half maximum
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Fig. 2. XRD patterns for Ti@/glass with five times of sol-gel dip-coating and heat treated at different temperature.

(FWHM) of the X-ray diffraction peaks at62=25.3 for

temperature, the amount of rutile formed was larger. Tryba et

anatase. Typical values of anatase crystallite size have beeral. only observed such characteristic at a higher temperature
calculated to be in the range of 4-11 nm for the synthesized (800°C) as compared to our samples (6@), the reason

TiO» particles on glasszig. 3shows the change of the T3O

may be the different support used for the Fi@in film.

crystallite size with different thermal treatment temperature However, co-existence of both anatase and rutile phase in

from 100 to 600C. The anatase crystallite size of BHO

the photocatalyst may be detrimental to the photoactivity as

increased with increasing heating temperature. It indicatesrutile is connected with its fast recombination rate of gener-
that heat treatment enhanced the growth of anatase crystahted electrons and hol¢25]. The study on heat treatment

of TiO».

Whereas, the Ti@glass heat treated at 600 shows
another new peak (peak 5)da(t&) value 3.25 nm correspond-
ing to the existence of rutile phase TOTlhe co-existence

was limited as the prepared Ti@lass cannot be heat treated

at temperature above 60C because it started to deform at
higher temperature.
Fig. 4 shows XRD spectrum to compare Ti@xistence

of both anatase and rutile phase in the sample heated ain clean glass, dried Ti© powder, and TiQ/glass with

600°C was expected to be a characteristic trend of;Tiin
film. Tryba et al.[25] had also observed the same charac-
teristic of TiO, thin films heat treated at 80C and above

five times of dip-coating and dried at 100. Dried Ti&
powder sample shows very clear and intgnse peaks. All
of its peaks from 1 to 7 corresponding do(A) values of

using activated carbon as support. The higher the calcination3.52, 2.43, 2.38, 2.33, 1.89, 1.70, and 1.67 nm, respectively
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Fig. 3. Crystallite size of the anatase phase of;Iglass particles with five
times of sol-gel dip-coating as a function of different thermal treatment
temperature.

indicate the existence of anatase form JiGomparatively,

the XRD pattern for TiQ@/glass with five times of sol-gel
dip-coating and heat treated at @ is also quite signifi-
cant. TiQ/glass spectrum shows four humpsizﬁf\) =3.52,
2.38, 1.89, and 1.70nm attributable to the presence of
anatase Ti@ The peaks shown are relatively broad and low
in intensity due to the co-existence of dried piPowder
sample. The peaks for sample heat treated at°COf@re

the same in botlrigs. 2 and 4The intense peaks of dried
TiO, powder sample had “over-shadowed” it, making it
relatively broad and low in intensity. It may suggest that
the content of TiQ@ in the prepared photocatalyst was not
so significant analytically. The intensity of TjOpeaks
should increase with increasing number of times of sol-gel
dip-coating as more photocatalyst were loaded on the glass
or with the increase in heating temperature as discussed
earlier.
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Fig. 4. XRD spectrum for the comparison of clean glass, drieg fi@vder, and Ti@/glass with five times of sol-gel dip-coating (dried at 2Q).

Contrarily, clean glass did not show any intense peak. It using the prepared photocatalyst. The results reported in

only shows a big hump arourtd(,&) value of 3.50 nm indi- Table 1confirmed that the removal of dyes was insignificant
cating its amorphous nature and non-existence o a® for the mentioned condition. It must be stressed that total
expected. By considering the facts that Fi@ading will removal of the model pollutants were not contributed by

increase with increasing times of dip-coating, the analyzed the effect of photodegradation alone. A small portion of the
results may suggest that the number of dip-coating shouldremoval efficiency was attributable to the rapid attainment
have a significant effect on organic waste removal efficiency of adsorption equilibrium of the dyes onto Ti@lass with

up to a certain extent. Nevertheless, other factors such asMO being the most significant (38.9%). However, when
the effect of heat treatment and catalyst overlapping causingthe photodegradation experiments were carried out under
blockage of irradiating light source should also taken into illumination of light, total removal of pollutant was enhanced
consideration. By considering all the consequences, such asignificantly. Total removal of pollutant can be attributed to
simplicity, efficiency and cost effectiveness, we had chosen more than 50% of photodegradation capability in addition
TiOy/glass with five times of sol-gel dip-coating and dried to the above-mentioned surface adsorption effect.

at 100°C to be used as the photocatalyst in the photodegra- Optimum set of parameter was used for each of the exper-

dation of the prepared model pollutant. iment to investigate the effectiveness of photodegradation
process using glass loaded BiGn various types of organic
3.2. Photodegradation of various types of dye dye. The investigation involves the comparison of removal

efficiency among solution of MB (basic or cationic dye),
A preliminary test was done to obtain a few sets of stan- MO (acid dye of the monoazo series), IC (acid dye of the
dard control data for each dye used in the photodegradationindigoid series), CSB (direct dye of the diazo series), and
experiments. The preliminary test was carried out in the dark MD thereof[26,27] Photodegradation of mixed dye solution

Table 1
Preliminary test and experiments carried out applying optimum parameters

Initial concentration (ppm)  Adsorption remo%gbpm/%) Photodegradation remo¥&ppm/%)  Total removal(ppm/%)

Methylene blue 1B08 0.399/3.5 9.819/86.8 718/90.3
Methyl orange 1850 4.027/38.9 6.165/59.6 1®2/98.5
Indigo carmine 123 2.796/26.8 6.842/65.6 .688/92.4
Chicago sky blue 6B 883 2.601/26.3 3.368/34.0 .959/60.3
Mixed dyes 10058 1.553/15.5 5.493/54.6 .046/70.1

Five pieces of TiQ/glass, four pieces of blue fluorescent lamp, 1000 ml of each dye solution with initial concentration of 10 ppm and tempe28t@§ (
@ Total removal in the dark using photocatalyst.
b Total removal- adsorption removal = photodegradation removal.
¢ Total removal under light illumination using photocatalyst applying optimum parameters.
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Fig. 5. GraplC/Cy vs. time,t (min) for the removal efficiency of different type of dyes. Five pieces ofIifass, four pieces of blue fluorescent lamp, 2000 ml
of each dye solution with initial concentration of 10 ppm and temperatureGR8nset shows the temporal changes of TOC expresséfiCas/s. time,t (min)
from the same experiments.

involves the photodegradation of four dyes which were pre- needed to photodegrade MO is just 41.5 min. Although MO
pared in one mixed solution consist of MB, MO, IC,and CSB removal is very impressive, most of MO molecules were only
with the same concentration (10 ppm) each. This experimentdegraded into intermediate compounds (42.9% as shown in
was carried out to determine the effectiveness of photodegra-Table 2 instantaneously rather than the expected non-toxic
dation process on the four single dyes when they were mixedand safer HHO, CO, CQ, and mineral acids. It is possible
together into one aqueous solution imitating the actual com- also that complete mineralization of MO solute may not be
plex nature of industrial wastewater pollutant.

Removal efficiency of different type of dye is reported Table 2
in Fig. 5 It shows that the concentration of each type of Percentage for total removal of various dyes and the intermediates content
dye decreased effectively with time. Temporal changes of after 270 min of photodegradation

TOC obtained from the same experiments also indicates theDyes Cs Cs70 % Removal [Intermediatesjo

decrease in TOC is consistent with the observe results from (ppm) _ (PPm) (%)

the UV-vis absorbance. Evidence of TOC decrease confirmsMethylene blue 9.6 0.9 90.3 g

that each of the model dye pollutant can be photocatalyti- Mthy' orange 2-8 8-1 32-5 ﬁ

cally degraded using Tiglglass under blue fluorescent light ghi'ggg%aggﬁue 6B 4'% 270 60'43 00

illumination. However, the decrease of the TOC content is \ixeq dyes 86 26 704 49

significantly slower than the dyes conversion. This implies

thata significantamount of intermediates are produced beforeTable 3

the total mineralization of the dyes substrates. The apparent rate constakgppand half timety > for the of photodegradation

Table 2shows the percentage of total dyes removed and various dyes

the intermediates content after 270 min of photodegradation. py e Apparent rate constant, Half ime.

The results show that photodegradation process using tita- Kapp (x 1073 min-1) ty/ (min)

nium dioxide supported on glass is most effective in removing yetylene biue ® 1004

MO (98.5%). As higher removal efficiency will have a higher methyl orange 16 415

apparent rate constarkpp value, shorter time was needed  Indigo carmine a 856

for the dye to be totally photodegraded as confirmed by the Chicago sky blue 68 3 2235
Mixed dyes 37 1874

half time, ty/2 value inTable 3 It is shown that the half time
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achieved because the intermediates produced during the phaothus transfer rate plays an important role. Similar effect had
todegradation process are quite stable. The results shown heralso been discussed widely by many prominent researchers

were in agreement with the research findings oifoBeh et elsewhere[10,29] They reported that photodegradation
al. [28]. Thus, more analysis should be done to confirm this experiments run with lower initial concentration will give
phenomenon. a higher removal percentage. Corresponding to initial con-

On the contrary, CSB is the most difficult to photodegrade centration of MD, it is therefore the intermediates produced
with its removal efficiency of only 60.3%. As for IC (92.4%) at the early stage of the experiment were also less. As MD
and MB (90.3%), their removal is as effective as for MO concentration decreases with prolong experiment time,
with their half time value in the range 6100 min. It is the photodegradation efficiency increased, thus producing
suggested that photodegradation efficiency of each dye maymore intermediates. This may also be the reason as why
be affected by their molecular size. A bigger molecular the intermediates produced in the photodegradation process
size of the dye may require prolong experimental time was quite high and remained almost constant after 150 min.
for it to be photodegraded completely. Since the molec- Another important point for this behaviour is that as the
ular size of CSB is much bigger than the other three as initial concentration of MD is higher compared to the
shown inFig. 1 (Myg =319.00 g/molMwo = 327.34 g/mol, other dyes, the path length of photon entering the solution
Mic =466.36 g/mol,Mcsg=992.80 g/mol), lower removal  will be less, and in low concentration the reverse effect is
efficiency of its dye content seems to be acceptable. Fur-observed20]. Thus, this proves that the rate of degradation
thermore, total intermediates detected after 60 min of CSB will adversely affected with increase in the concentration
photodegradation is almost nil, it may have been totally min- of dye.
eralized into the end products. Itis also possible that CSB was
directly mineralized into the end products without producing
any intermediate. However, this suggestion will only indicate 4. Conclusion
that total mineralization of CSB into the end products at
a relatively slow rate, considering that both UV—vis spec- Itis evident that the photocatalytic degradation of various
trophotometer and TOC analysis produced an almost similarorganic dyes and mixed dye illuminated by blue fluorescent
result &60.3% of removal efficiency). Photodegradation lamps give a promising result in the presence of titanium
of CSB maybe rather slow comparatively, but direct miner- dioxide coated on glass plates. The research work done shows
alization of the intermediates produced in less than 60 min that other than a small portion of model pollutant removal
may prove to be a much more successful photodegradationattributed to adsorption process, photodegradation process
process. using titanium dioxide supported on glass is most effective in

Photodegradation process of MD is the most difficult to removing methyl orange (98.5%). On the contrary, chicago
predict among all of the model dyes pollutant, taking into sky blue 6B is the most stable against photodegradation
consideration that it involves four types of dye with each process with total removal of only 60.3%. Relatively, the
dye having their own characteristics. The intermediates removal efficiency of indigo carmine (92.4%) and methylene
produced in the photodegradation process of MD solution blue (90.3%) is as effective as for methyl orange.
increased with time almost through out the whole 270min  However, none of the organic solutes were instantaneously
of experiment time. It shows that when the solute concen- oxidized to the desired safer end products. Itwas shown by the
tration decreased, the intermediates produced increasegresented results of TOC together with UV—vis spectropho-
concurrently. This may due to the effect of the solution con- tometer analysis that many intermediates may be produced
centration, in which photodegradation efficiency is higher during the course of photodegradation process. Some of the
when the experiment was carried out with lower initial produced intermediates may be easily further oxidized to the
concentration. non-toxic final products, while some of them may be quite sta-

As MD was the mixture of the other four single dyes ble and required prolong reaction time. The presented results
with the same concentration, its initial concentration was in this study are in agreement with the reported results of
four times higher than the others. The initial concentration Turchi and Ollis[30]. Photodegradation process will most
dependence of the photodegradation rate of MD can be basegrobably degrade and oxidize various dyes and mixed dye
on the fact that the degradation occurs on Jffarticles as  to non-toxic and safer end products such a®HCO, CQ,
well as in solution[11]. On the surface of Ti@ particles, and mineral acids proceeding via a number of intermediate
the reaction occurs between th®H radicals, generated at compounds.
the active OH sites and a MD molecule from the solution.

When the initial concentration is high, the number of these

available active sites is decreased by MD molecules, becausedcknowledgements

of their competitive adsorption on TiOparticles. In this

case, rate of transfer of MD from the solution does not  Financial support from IRPA funding with the nos. 09-02-
affect the degradation rate. However, the other model dyes04-0104 and 09-02-04-0255-EAQ001 is gratefully acknowl-
pollutant have a lower initial concentration comparatively, edged.
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