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Abstract

The present work is focused on the heterogeneous photocatalytic degradation of H-acid, a toxic and non-biodegradable dye interme-
diate, in TiQ suspensions and TiQhin film fixed bed reactor (TFFBR). The degradation studies in slurry form are investigated using
TiO, Degussa P25 and different Millennium PC50, PC100 and PC500 photocatalysts under UV illumination. The study includes dark
adsorption experiments in different pH conditions, influence of the amount of photocatalyst, effect of H-acid concentration, effect of pH on
chemical oxygen demand (COD), biological oxygen demand (BOD) and the sulfate ion formation during the photocatalytic degradation.
Photocatalytic treatment significantly reduces COD and increases the biodegradability of H-acid. The intermediates have been identified
by LCMS. The study with slurry is extended to the immobilization of preformed D@gussa P25 in thin film using an acrylic emulsion
by simple spray technique on inert Cuddapah stone. This method of immobilization does not require the thermal treatment of the catalyst
at high temperatures. It may be used for the photocatalytic treatment of effluents at a higher scale.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction and in the valence band, respectively. These species undergo
charge transfer reactions across the interface with the oxy-
Dye and dye intermediates with high degree of aromatic- gen, water or organic pollutants adsorbed onjT&Drface.
ity and low-biodegradability are introduced into the aquatic The reaction of i with OH~ or H,O leads to the generation
system results in the increase of the environmental risk. Con-of reactive*OH radicals which are powerful oxidants at-
ventional methods such as biological, physical and chemical tacking the recalcitrant organic compounds of intej2s8].
processes are having several drawbacks and they are not Most of the studies related to photodegradation have been
effective for complete degradation of recalcitrant organic carried out using the suspension of powder Jiadqueous
compounds[1]. The development of alternative methods solutions. However, the use of agueous suspension is limited
able to degrade toxic organic compounds is necessary. In thigfor practical application by filtration problems due to the
regard advanced oxidation processes (AOP) have attracted @mall size of TiQ particles. Alternatively, the catalyst may
great attention. Heterogeneous photocatalysis mediated bybe immobilized on to a suitable solid inert support, which
TiO» is of considerable interest for the wastewater treatment. eliminates the need of removing the catalyst. Unfortunately,
Many semiconductors like Ti§) ZnO, CdS, etc., have been when the catalyst is immobilized there is a decrease in the
employed as photocatalysts. As generally observed O  available surface area for the reaction since the catalyst must
an efficient photocatalyst with high quantum yields. Photo- adhere to the solid support and the reactor design is limited
catalysis by TiQ (Eg = 3.2eV) involves under UV light by the optical absorption constraints.
excitation the generation of'eand h" in conduction band Many techniques were proposed for the immaobilization
of TiO, on solid supports like glasg®], quartz[10], sil-
T 1ICT Communication no. 020308. ica, activated carbofi1], fiberglass cloth, zeolitg42] and
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comparable activities for the photocatalytic transformation thalene disulfonic acid monosodium salt) was from Aldrich
of phenol. However, supporting Tigds commonly reported  (structure given below) and used as received. Acrylic emul-
to be less photoactive. Generally, the process of immobiliza- sion (with percentage of solids of 551 and viscosity of
tion involves the use of expensive precursors of JTidthe 4-10 Poise; pH 7-9; percent free monomeld.5; particle
form of sol-gel and a thermal treatment of the film between size by SEM: 0.3-0.5 nm; MFT: 20-2&). All the solutions
400 and 500C. Zeolites based photocatalysis is new and were prepared with de-ionized water.
the work reported involves the use of high Bibading.
However, very recently Durga Kumari et 4L3] reported NaO, O3H
that the dispersions of Ti¥Jon zeolite enhance the photo-
catalytic properties.

H-acid (4-amino-5-hydroxy-2,7-naphthalene disulfonic
acid monosodium salt) is an important dye intermediate
and its presence is significant in effluents of dye industries H, OH
existing in Hyderabad. Because of its high toxicity and hy- Structure of H-acid
drophilicity, H-acid is extremely difficult to eliminate. Ear-
lier communication from Yu et a[15] reported that 90% of
H-acid was degraded during 5 h illumination over Degussa
P25 TiG. They showed that the degradation rate is enhanced

by the presence of inorganic oxidants like Wge*, but . . LS
their study is limited to the disappearance of H-acid. trometer. The TiQ thin films were observed in Hitachi

The present investigation highlights the photocatalytic >-229 Scanning EIec(tjron_Microscope. The COD m((ajasure-
degradation of H-acid in suspensions of Degussa P25 Tio Ments were performed using a HACH COD meter and BOD
and on various Millennium Ti@ photocatalysts. The influ- parameters were analyzed by measuring dissolved oxygen

ence of various operational parameters like the amount ofW'th a DO probe YS1 (5010, USA) instrument. The sam-

catalyst, the concentration of H-acid and pH of the solution, ples were kept in BOD incubator for 5 days at"Z Sulfate

on the adsorption properties of the acid, COD, BOD and ion concentration was quantified spectrophotometrically at
sulfate ion generation are studied. Some of the intermediate420 nm using a CECIL 2021 spectrophotometer, at the end

products formed during photocatalytic degradation processOf ere]lcr; iIIumi.natiofn. experirg_en(ﬂBé. ina the d dati ¢
are identified. Furthermore, the study is planned a method to The formation of intermediates during the degradation o

immobilize commercially available Ti©powder (Degussa the salt was monltc_)red by HPOLC using a C'1.8 column a_nd
P25) in the form of a film, using an acrylic emulsion by methanol/water Ta“lo of 70/304’ (vIv) as mobile phase with
spray technique or simply spread with a brush on a solid a floyv. of Imimim* and the intermediate products were

support like Cuddapah stone from Andhra Pradesh (India). identified by LCMS.

Immobilized TiG film in the form a thin film fixed bed re- ) _ _ )

actor (TFFBR) was used to study the degradation of H-acid. 2-3- Adsorption experiments—H®uspensions

2.2. Analytical techniques

UV-Vis DRS of films were recorded on Cintra 10 spec-

Prior to the start of the photocatalytic experiments, ad-

2. Experimental sorption (dark) experiments were done. The adsorption was
investigated initially with the H-acid solution (pH 5) and
2.1. Materials at pH 2 and 10 (adjusted with HCl and NaOH) on dif-

ferent TiG, catalysts and the percent adsorption of solu-
tions were monitored. An amount of 30 mg of HiGvas
0 used in all the adsorption experiments using 10 ml of H-acid
’5(1.46 x 10~4M) solution. The samples were left overnight
in dark with stirring to reach the adsorption equilibrium on
the surface of the catalyst and then filtered. The extent of the
adsorptions was determined from the decrease in the H-acid
solution concentratiofiL7].

Titanium dioxide Degussa P25 and Ti®lillennium In-
organic Chemicals that are denoted as Millennium PC5
PC100 and PC500, were used and their physical propertie
are listed inTable 1 H-acid (4-amino-5-hydroxy-2,7-naph-

Table 1
Physical characteristics of the TiQatalysts

Origin Type Composition Csztzlﬁ;s :rlg;ace 2.4. Photocatalytic experiments—piGuspensions
(nm) (m’g™)
Degussa P25 Anatase/rutile 30 554+ 15 Photolysis experiments were carried out in 100 ml quartz
(70/30) reactor illuminated with 250 W mercury lamp. In a typ-
Millennium — PC50 Anatase 20-30 4b 5 ical experiment a known concentration of H-acid, 50 ml
Millennium — PC100  Anatase 15-25 80-100 (146 x 104 M) and TiO, were kept under continuous stir-
Millennium PC500 Anatase 5-10 >250

ring. Prior to the start of irradiations, the adsorption studies
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Fig. 1. Photograph of Ti@ TFFBR. Size: 144 cnx 52 cmx 10 cm; solution flow rate: 750 mImirt; batch size: 51.

(dark) were done for all the catalysts for 30 min. The photo- circulation pump. The degradation experiments were mon-
catalytic experiments were monitored for 5h and the sam- itored under solar illumination. A partial view of the thin
ples were collected at regular intervals of time and filtered film fixed bed photocatalytic reactoFiQ. 1).

with syringe filters (0.2@um) and the concentration changes

of the H-acid solution were measured with UV absorption

spectrophotometer (Cintra 5). The remaining part of the sam-3  Results and discussion

ple is used for the measurements of COD, BOD, etc.

3.1. Characterization of Ti@thin film
2.5. Preparation of TiQ TFFBR
3.1.1. Scanning electron micrographs (SEM)

A TFFBR was made of Cuddapah stone (size:144 cm; The thin films of TiQ prepared by spray technique
b = 52cm andk = 10cm). It is an inert solid support were analyzed by SEMFig. 2 shows the SEM of emul-
for the immobilization of TiQ. The TiG, is suspended in  sion bound TiQ thin films: (a) emulsion film; (b) before
minimum amount of water (4 g of Ti©in 100 ml of water) use; and (c) after 30 days of use. From the micrographs
and 5 ml of acrylic emulsion is added under stirring. After it is observed that the Ti©is present on the surface
cleaning the stone, the T3 acrylic emulsion mixture was  of the film and that the emulsion matrix does not cover

spread with a laboratory spray gun. The coated,Tii®n it. The emulsion matrix improves the adherence of the
was left for air-drying. Coating was repeated twice to get an photocatalyst that is necessary to obtain a good photo-
uniform film without pin holes. catalytic activity. TiQ (white spots inFig. 2(b) and ()

The H-acid (10* M) solution of 51 is continuously run  is still present on the films even after continuous use for
through the reactor at the flow rate of 750 ml mtnusing 30 days. The film is showing good abrasion resistance
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(b) EFELLE 1AKY X2,308K 12,08um

Fig. 2. SEM images of Ti@ thin films supported on Cuddapah stone: (a) emulsion film (withoub)fi() TiO, + emulsion film (before treatment);
(c) TiO2 4+ emulsion film (after 30 days treatment).

confirming the stability and good adherence even on con- strate and TiQ surface, resulting in high adsorption in acidic

tinuous use. medium. As the pH increases (pH 6.4), TiO; surface
is negatively charged, resulting in repulsive forces between
3.1.2. Diffuse reflectance spectra (DRS) the substrate and TiOsurface thus decreasing adsorption

In order to check the role of emulsion and its interaction [17,19]
with the film if any, the DRS of TiQ films were recorded.
The DRS of the films shows no shift in the band gap of the 3.2.2. Photocatalytic degradation of H-acid—suspensions
TiO» after immobilization Fig. 3). Thus the TiQ does not of TiO, Degussa P25 and Millennium PC50, PC100,
interact with the emulsion which is just used as an adhesive PC500 (light experiment)
for holding the catalyst intact and enhancing the strength of ~ Photolysis experiments show 10-12% decrease in the

the film. H-acid concentration after 5 h of UV illumination as shown
in Fig. 5. The photocatalytic degradation of H-acid over P25
3.2. H-acid degradation—Ti©suspension TiO2 is compared with Millennium Ti@ photocatalysts,
with an amount of 3g1l. Adsorption (dark) experiments
3.2.1. Effect of pH on H-acid adsorption were carried out for all the catalysts. The results show
(dark experiment) greater adsorption on P25 TiGompared to Millennium

The semiconductor oxide particles are generally ampho- catalysts. In contrast, faster photocatalytic degradation rate
teric in nature and the photocatalytic process takes place onis observed for PC500 compared to P25 FiBurthermore,
the surface of Ti@. The pH of the solution shows strong in- PC100 shows slow rate of degradation among the Millen-
fluences on the surface properties of Tj@article. In order to nium catalysts. It is well known that for a photocatalytic
investigate the effect of pH on the adsorption of H-acid over process, adsorption properties of a photocatalyst play an

different catalysts, experiments were performed atpl3 important role during the degradation process and that the
(free pH of H-acid solution) pH 2 and 10, and the percent TiO assisted photodegradation occur on or near, the semi-
adsorption with the corresponding pH is plottedFiy. 4. conductor surface. In view of this, further experiments were

It is observed that the percent adsorption increases in acidiccarried out over Degussa P25 Ti@s a model photocatalyst.
medium and decreases in basic pH. The same trend was ob-

served for all the TiQ catalysts. P25 shows a greater adsorp- 3.2.3. Influence of the amount of titania in suspension

tion of H-acid than Millennium TiQ@ catalysts. The strong Photocatalytic degradation of H-acid may depend on the
influence of pH on the adsorption of H-acid depends on the catalyst amount. In order to investigate the effect of cata-
specific nature of Ti@ surface and it may be due to the lyst amount on the percent degradation, experiments were
intrinsic behavior of TiQ particle (isoelectric point at pH  performed over P25 Ti@ It is seen that with increase in
4.3-6.4)[18] and also the nature of the H-acid. As H-acid the amount of Ti@ up to 3g I there is an increase in the
has two negatively charged sulfonic groups, it is expected percent degradation and above which there is no much im-
that at low pH, attractive forces are developed between sub-provement in the degradation of the H-acid with an increase
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Fig. 3. UV-Vis DRS absorbance spectra of %ithin film: (a) before use; (b) after effluent treatment for 30 days.

in the catalyst amount as is shownFiyg. 6. It is observed dering the penetration of ligit 7,19]. The optimum amount
that H-acid degradation is faster on L@t 3gt?t. For of 3gI~1is in good agreement with results previously re-
higher TiG amount the rate of degradation is reduced due ported[15]. All other series of experiments were carried

to the shielding effect of the suspended Tigarticles hin- using 3gt?! of TiOs.
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Fig. 4. Effect of pH on H-acid (10" M) adsorption over different Ti@ photocatalysts (3 gf).
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H-acid (104M)
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Fig. 5. Time dependence photocatalytic degradation of H-acid4() over different TiG catalysts (3g1?).

3.2.4. COD and BOD of degraded H-acid—3%iO creases with increasing concentration of H-acid for the same

suspensions irradiation time. Thus higher concentrations of H-acid may
The influence of H-acid concentration on percent COD need longer illumination time.

removal over P25 Ti@is shown inFig. 7. It is seen clearly The studies were extended to the effect of pH on the COD

from the figure that the percentage of COD reduction de- and BOD levels in P25 Ti@suspensions as shownFig. 8.
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Fig. 6. Effect of photocatalyst amount (P25 F)on the degradation of H-acid (1&6M) with illumination time.
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Fig. 7. Effect of H-acid concentration on percent COD reduction after 5h UV irradiation over Degussa B2BGiD?).

It appears that the photocatalytic degradation is faster at3.3. H-acid degradation—TFFBR

pH ~ 5 (pH of H-acid solution). In highly acidic as well as
in basic media there is a low degradation of H-acid. Thus,

The degradation of H-acid on immobilized TiQTFFBR)

the pH 4-8 is the best range for the effective photocatalytic was monitored under solar illumination for 3 days. H-acid

degradation of H-acid. The TiOmediated photocatalytic

of 10~*M solution was run through the TFFBR of area

process considerably decreased the COD by 41% and therg488 cn? at a flow rate of 750 mImint. To compensate the
is a substantial increase in the BOD values. These featuregoncentration due to evaporation, water is added at regular
imply that the photocatalytic process enhances biodegrad-intervals. The samples collected at the end of experiment

ability.

The effective degradation was confirmed by the formation
of sulfate ion concentration in solution with time. The sulfate
ion formation at pH~ 5 is maximum and it is minimum at
pH 2 and 10 as is shown Fig. 8 The formation of sulfate
ion is a proof of the degradation of organic moiety by the
attack of hydroxyl radical20].
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Fig. 8. Effect of pH on variation of percent COD decrease and BOD in-
crease and the formation of sulfate ion (ppm). Initial H-acid concentration
(10~*M); P25 Ti0; (3gI™Y); illumination time: 5h.

were analyzed for the COD and BOD values in order to eval-
uate the extent of biodegradability of H-acid. COD removal
was 62% and there was an increase of BOD at the end of third
day of solar photocatalytic experiments as showhahle 2

3.4. Post-characterization of thin films

In the method developed for the immobilization of BiO
the adherence of Ti®is improved by using the acrylic
emulsion. On drying, the emulsion binds to the support sur-
face and forms a matrix like network that maintains JiO
particles without affecting their photocatalytic activity. The
TFFBR was used continuously in order to test the strength
of the film, it was noted that at the end of 30 days of treat-
ment, the film was intact and the activity of Ti®emained
almost unchanged. Then the film was analyzed by SEM and

Table 2
Photocatalytic degradation of H-acid over BiGuspension (using UV
light) and TiG thin film over Cuddapah stone (using solar illumination)

Parameters Ti@ suspension

irradiation time:

TiO; film
irradiation time:

5h 15h (3 days)
Percentage of degradation 100 100
Percentage of COD removal 41 62
Percentage of BOD increase 15 18
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Fig. 9. LC-chromatogram of the H-acid degradation and LCMS of: (a) phenol; (b) unidentified product obtained on photocatalytic degradation of H-acid

DRS. The presence of Tgdon the surface of emulsion ma- that radical induced reaction processes involves number of
trix is as shown inFigs. 2(c) and 3(b)The immobilization intermediates at very low concentrations.

of TiO2 using the emulsion does not bring any interaction

between TiQ and the emulsion matrix, since the prepara- 36, Transformation of slurry reactor of lower scale

tion of the film involves only a physical mixing. It may be o TFFBR of higher scale

noted from DRS spectra of the films that there is no shift in
the band gap of emulsion bound HO

TiO2 suspension Tigimmobilized (TFFBR)
3.5. Degradation pathway Slurry reactor Fixed bed reactor
, _ . 3gTioplt 49gTiO, 5171 (used for thin film)
In the present study some intermediates formed during Batch size: 50ml of  Batch size: 5000 ml of H-acid
the photocatalytic degradation have been identified. Ex- H-acid (104 M) (104 M)
periments were carried out with UV light using titania g rce of jllumination: Source of illumination: solar

Degussa P25 as a reference photocatalyst. The oxidiz- UV light light

ing hydroxyl radical attacks at the aromatic ring leads to Time of treatment: 5h  Time of treatment: 15h (3 days)
the formation of hydroxylated intermediates. Furthermore, Decrease in COD is Decrease in COD is-62%

on repeated photooxidation a decrease in the aromaticity. _ 41%

Phenol (z/z = 94), benzoquinones(/z = 108) were iden-
tified from LCMS. The valuen/z = 122 was tentatively
attributed to benzoic acid. The mass spectrum of another
product was obtained but not identifiefig. 9). These
products result from the elimination of sulfonyl group and separation and
a multistep oxidation of one aromatic ring. The oxidative washing
photodegradation of H-acid involves several intermediates Batch process
and it is very difficult to identify all of them, as it is known

Separation of Separation of photocatalyst not
photocatalyst required
required

Catalyst is reused afterFilm is reused after washing

Continuous process
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