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Abstract -A study was mldertaken to exmv_ine the possibility of combii~ing a batd~-recirculated photoreactor with 
a ceramic membrane filter for heterogeneous photocatalysis applications. D-calgo red G S (GS) was used as the test 
substrate and titanium dioxide was used as photocatalyst for this study. The dark adsorption of GS on the TiO2 particle 
surface was also analyzed. The adsorption trends of GS at various initial concentrations followed the Langmuir iso- 
the:Ta trend. The GS were decolo:Jzed flora 20% to 70% by the dark adsorption with various concentrations. The pho- 
todegi-adatioi: of G S after the dark adsorption showed the behavior of Langmuir-Hinshelwood model. The vaiJation 
of redrculation flow rate did not much influence photocatalysis. Variation tendencies of GS concentration were almost 
similar after about 90 minutes illumination in spite of the flow rate change. The values of } (apparent first order rate 
constant) also varied with increase of the i-ecii-culatioi: flow rate, but there were no obselvable sigi~ificant differences 
between them. 
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INTRODUCTION 

The toxicity and mass production of dyes leads to the necessity 
of treatment. The major difficulty in treating textile wastewater con- 
taitmag dyes is the ineffectiveness of biological processes [Tmag and 
An, 1995]. Physical processes, such as coagulation and adsorption. 
merely transfer the polhaants fi-om wastewater to other media and 
cause seconclary pollutior~ Heterogeneous photocatalysis, based 
Imgely on the use of T iQ as a photocatalyst, has proven to be an 
effective method for treatment of enviroi~'nental pollutants [Cbai et 
al., 2000; Blake, 1993; Lee and Lee, 1998; Rajeshwm; 1995; Ra, 
jeshwar and Ibanez, 1997]. So in recent years, due to the non-toxic 
insoluble, inexpei~sive, and highly reactive n a ~ e  of TiQ under 
UV in-adiation, TiQ photocatalytic degradation tectm_ique has been 
used to oxidize wastewater containing dyes and has attracted much 
attention [Fox and Dulay, 1993]. Matthews itwestigated the photo- 
catalytic oxidation of methylene blue, rhodamine B and methyl or- 
ange using supported T i O  2 o n  sand, and the results showed that TiO/ 
UV process is effective in totally mineralizing these compouncls 
[Matthews, 1989, 1991 ]. Also, Sopajaree et aI. investigated the TiQ/ 
UV reactor-membrane ultrafiltration (UF) system, and they proved 
that TiQ rec~culation system is a possible candidate for dye waste- 
water treatment [Sopajaree et al., 1999]. Davids and Crramer used 
T i Of JV  for the treatment of m~aicilmI wastewater contakmg dyes, 
and itwas found that COD can be reduced while removing the color 
flora the sewage [Davkts and Cn~me~; 1994]. Chen and Chou showed 
that in the process of photobleactm~g methyl orange, the dye can 
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be decolozized after 40 rain of reaction [Chen and Chou, 1993]. 
Most of the studies related to such photoreaction have been car- 

tied out using suspensions of powered TiQ in the polluted solu- 
tion. In recent studies, it may have been hard to use catalyst suspen- 
sions in a slurry photoreactor because of the filtration problems linked 
to the small size of titafium oxide. This led to a large attempt to 
immobilize the catalysts on supports including ceramic [Sunada 
and Hellei; 1998], fiber glass [Shifu et al., 1996], glass quartz and 
stainless steel [Fernandez et al., 1995], activated carbon [Take& et 
al., 1998] etc. Howevez; these efforts have not produced matezials 
which meet all demands of photocatalytic activity. Importantly, the 
photccatalytic efficiency of immobilized TiO2 is often lower than 
the suspended particles [Matthews, 1990]. 

Though, thea-e have been many problems, the catalyst slurry sus- 
pension systems do have attractive features: for example, higher 
photocatalyst strface area, lower susceptibility to surface poison- 
mg/passivation effects etc. Although this process step is obviated 
by the use of an mm~obilized photocatalyst film, a slurry suspen- 
sion photoreactor system is a hopeful development of technology 
for water-borne polh~ants. 

Attempts to find a suitable recirculation process for TiQ should 
take into account several factors. The most important factor ks the 
adsorptive ability and the method of sel:arating the photocatalyst 
particles fi-om the treated water strem'n and recycling them into the 
photoreactor [Sopajaree et al., 1999]. Ceramic candle filters were 
used to remove flyash fi-om the syngas produced at the coal gasifica- 
tion l:rocess. The garticle removal efficiency of the filters was higher 
than 99.5%. 

As one of the attempts, the present study was an investigation of 
the effect of heteaogeneous photocatalysis and of a recirculation on 
dye wastewater. Also, the powder separation effect of ceramic can- 
die filter and its suitability to combine photoreactor system was in- 
vest,gated. 
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Fig. I. The stntctare of azo dye(D-cargo red GS) in experiment. 

EXPEREVIENTAL 

1. Materials  
Direct dyes at'e widely used in the ffl~-ic and shoe indumJes Most 

of the dh'ect dyes ate azo dyes that are dmtacterized by nilrogen to 
nilrogen double bonds (-N=N-). They contain at least one, and up 
to four, azo ~oups usually attached to two radicals of  which at least 
one but usually both are aromatic groups Recently, it was found 
that they have carcinogenic propexties. So, mo dyes were legally 
provided for as an important env~'omnental poUutmg. D-cmgo red 
GS (GS), one of the azo dyes, was used as the test pollutant in this 
study. The m'ucture of  GS is shovm in Fig. 1. It has the shape of 
red colored powder and is soluble in wata:  

Titanium dioxide as photocatalyst was P-25 (Degussa). The pho- 
tocatalyst (TiO2) is a nonporous 70:30% anatase-to-mtile mixture 
with a BET surface area of 55-4-15 m2g -x and crystallite sizes of 30 
tan in 0.1 rmn diatneter aggregates. To minimize effects of impuri- 
ties, P-25 in this experhnent was dried in a dry oven at 100 ~ over 
12 hours. GS were provided for vat'ious concentrations of GS sol- 
utions with suspended T i Q  powder. 
2. ' D a r k '  Adsorption 

The adsorption of GS on file TiO2 patticle strface was studied 
by equilibrating GS solutions with the TiO2 sluny in file dak. ~udies 
for the dark adsorption were separated into two parts. The f,,~ patt 
was to evaluate the adsorption property of  T iQ  powder in a batch 
reactor to conapat~e it with that o f  hmnobilized T iQ  on any sup- 
port The second was to evaluate adsatption property of TiO2 in the 
recimulated reaction system. In the former, the extent of equilib- 
rium adsoxption of the azo dye (GS) was evaluated fiom Co-C: wtdch 
is rewesents the decrease of pollutalt concer~'ation in 1 liter ali- 
quots of solution, after equilibrium has been reached flwough slow 
stirring for about 1 hour at pH 7.0 with 1 g of  TiO2. The latter was 
the sane, but reckculation was can'ied out in the reaction system. 
The equilibfimn concentrations (C,,r of pollutant (GS) remaining 
in the aqueous phase were measured by UVNisible spectropho- 
tometer (Perkin Eluler model Lamdabio 20, 457 nm) on aliquots 
of the suspensions of  small anmant after syringe-filtration fltrough 
the Micro f'dtering system (lVWS, 0.45 micron). 
3. TiOz Redrculaf ing Photochemical Reactor  

GS photodegIadation by UV-in"adiadon was investigated for var- 
iation of GS concena'ation with thne. The experimental vat'iables 
for this study were initial GS concenlration, recirculation flow rates 
and residence times (RT) of the GS-TiO2 suspension in the reactor 
vessel. The measurenlent method mid equipment ate the same as 
those of the datk reaction. 

Fig. 2 contains a schematic diagram of  the recircuMed TiO2rLIV 
photoreactor-fdter system. This system consists oftlwee m ~ l  l~tS: 
a reaction vessel, a cermnic filter and areservoir. The reaction vessel 

fi 

i 

Fig. 2. Schematic diagram of the shn'tTr redroalated photoreac- 
mr-l-liter system. 
1. Reservoir 6. UV lamp 
2. Pump 7. Ceramic filter 
3. Valve 8. Pt'essote gauge 
4. Flow meter 9. lhanp 
5. Reactor ve~el 10. Tank 

is a vextical annulus tube with the ixmer diameter o f  25 mm and the 
outer diameter ot"70 mm. Its itmer tube maerial was quartz (2 mm 
thickness) and its outer tube material was acryl (5 mm thickness). 
The top and bottonl parts of  the vessel were safely guarded by MC 
nylon flames. The top flame protected the inner tube and the bot- 
tom fi'ame protected file outer tube and the sample enlry. The sam- 
ple was gathered in the exit of the top pat* of  the vessel. The vessel 
had a volume ot"2.5 liters and a height ot"90 cm. The uluaviolet 
(UV) light source to provide illmnination in the photoreactor was 
placed in the irmer quatlz tube. illumination was provided by aUV- 
lamp (Phillips, TUV36WTS, 39 W, UV-C). The reservoir volume 
was 8 liter The reservoir containing the TiQ su~ension was Wo- 
vided with air of an air diffuser to prevent sedimentation of TiO2 
patticles To circulate the solution in the system, a variable speed 
metering pump (LG-PF-064M) was used. 

RESULTS AND DISCUSSION 

1. "Dark'  Adsorption of C-kS on TiOz 
Fig. 3 illustrates fiae results obtained fi'om measurenler~s of  the 

equilibriunl extent of  adsorption of GS onto TiO~ as afunction of 
tinre and the initial concenlration of GS. This was can'ied out in a 
batch reactor: The T i Q  dose was kept constant at 1 g/liter Dark 
adsorption means that the polhtant (GS) was adsorbed a "I102 sur- 
face under no UV illumination condition. Adsorption equilibrium 
was achieved after 20 minutes. 

The reslalt shows that the adsorption isotham for each concen- 
tration agrees directly with the Langmuir adsorption isotherm. This 
is encountered in chemisotption where the asymptotic approach to 
a limiting quantity fiom Fig. 3 indicates ilia all of the surface sites 
are occupied Consequently, it is possible to show that the d ~ w h i c h  
were tepresentadve of three different concentt~iolts of  GS ate con- 
sisCent w~h monolayer-limited adsorption of these into a s~'face 
solution monolayer under the influence ofconlpetition between sol- 
vent and solute species for a6sotption sites a the solid/solution in- 
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Fig. 3. Adsorption isotherms of GS with time (TiO2 : 1 g/liter). 

terfacial monolayer. This result nearly accords with that of a txevi - 
ous research [Sopajaree et al., 1999]. Numerous investigatoi~ have 
reported that the rates of photodegradation of chemical compo~ads 
on semiconductor surfaces folIow the classical Lan~lmir-HmsheI- 
wood expression and that the sorption of substrates to the semicon- 
ductor surfaces often follows Langrn~ sorpfion isotherms. By the 
analysis of Langmuir adsoiption isotherm model, these data can be 
analyzed m Eq. (1): 

1 1 K1 
- + - -  ( 1 )  

q qo qoC 

where q is the adsorbed GS concentration (rag/liter), C ks the initial 
GS concentration (mg/iiter) in solution, % is a empirical coilstant 
(mg/iiter) related to the adsorption affinity and K is a empizical con- 
stant (mg/Iiter) related to the saturation coverage. By plotting 1/q 
versus l/C, the slope is K/qo and the intercept is 1/%. 

Fig. 4 shows such a plot for the data in Fig. 3. From linear i-e~-es- 

sion analysis, % and K can be determined to be 54.05 rag/liter and 
25.74 mg/liter, respectively. These results may be compared with 
those obtained by a previous author [Sopaja-ee et al., 1999] for a 
batch recirculation photoreactor in which mettlylene blue (iviB) and 
Degussa (P-25) TiQ particles were used as the test substrate and 
photocatalyst, respectively In this study, values for qo and K were 
23.09mg/Iiter and 6.17 mg/liter, respectively. The higher values 
obselved for these parametei~ in our study mean that adsoiption 
activity of GS to TiQ is higher than that of IviB. 

Though the results fi-crn Fig. 3 were fit in this analysis, the devia- 
tion of adsorption isothenl~ was obselved in the higher concentra- 
tion. The adsoiption isotherm tends to decrease with the increase 
of the initial concentration. At high conce,~-atiom of GS, the adsoip- 
tion amount of GS onto TiQ was small compaatively. It seems that 
an adsorption amo~at at high concem'ations does not affect the over- 
all photochemical reaction compared to that of the UV-illumina, 
tion. 
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Fig. 5. Variations of GS concentration with time (rio2 : 1 �9149 ). 
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Fig. 4. Reciprocal plot of 1/q versus 1/C [Eq. (1)]. 
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2. 'Dark' Adsorption Before Photocatal)~ic Reaction 
GS solutions were pre-equilibrated in the dark piioi- to start of 

the photccatalytic reactiorL The result for variations of GS concentra- 
tiom with adsorption is shown on Fig. 5. Almost all attained the ad- 
so~plion equilibrium after about 20 minutes. Fig. 6 shows the amount 
of GS adsorptions onto TiQ for lower concentrations fi-om 30 mg/ 
liter to 50 m~Jlitei: They also folIowed the Langmuk-isotherm trend 
Adsorption eqv~Jiibriums of each initial concentrations are about 
25+5 mg/iiter. Regression analysis for all concentration ranges is 
shown on Fig. 7. By the Langnuk- adsorption isotherm model pre- 
sented earlier, qo and K value can be determined to 31.01 mg/iiter 
and 3.50 mg/liter respectively. 
3. Photocatalytic Reaction of GS in the Recirculation Reactor 

The result of photochemical reaction of GS in the recirculation 
reactor with recirculation flow-rate and tkne was shown in Fig. 8. 
GS sokaon was pre-equilibrated m the dark for about 20 minutes 
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Fig. 7. Reciprocal plot of l/q versus 1/12 from adsorption of recir- 
culation reactor 
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Fig. 8. Variations of GS concentration w i t h  lime and rech'culation 
flow rate (GS: 100 ppm, TiO2 : 1 g/liter). 

prior to start of the photccatalytic reaction. TiQ catalyst was added 
before Ix-e-equilibration. Recirculation flow rates were vaied 0.25, 
0.5, 0.75 and 1.0 liter/min. Flow rate can be converted to residence 
time and that points to 1 O, 5, 3.33 and 2.5 minutes, respectively. 

Sopajaree et al. suggested that under the low concentrations of 
pollutant (-10 mg/liter or lower), the Langmuir-Hinshelwcod model 
[Rajestrwa; 1995, 1997 ] Ixedicts simple f~st order !dnetics bet~doz: 

1 _ 1  K1  
- : -  + - -  ( 2 )  
Ro Rs RsCo 

where Ro is the initial reaction rate, R, is the sat~_tration rate, Co is 
the initial pollt~nt concentration and K is the empirical parameter 
which can be obtained from Eq. (1). Following this assumption, 
semilog plots of C/Co against ~m-ne should be linear, the slopes of 
which would yield estilnates of k. Thus, the apl:~ent ftrst, order rate 
constant, k (1/min) can be used as a comparative measure to assess 
the influence of the various experimental variables on the overall 
reaction rate. 

The results of photochemical reaction of GS m the recircv~tion 
reactor with the various initial GS concentration after the dark ad- 
sorption are shown on Fig. 9. The variation of recirculation flow 
rate was an influence m the beginning of UV-illumination. For the 
extremes of recirculation the reactor system approaches a mixed 
flow reactor [Levenspiel, 1999]. However, the effects of recircula- 
tion flow rate diminish with time. At%r 1 hour of illummation, GS 
concentration was almost sane in spite of the flow rate change. Re- 
moval efllciencies over 95% were reached within m the lower con- 
centrations. Those of higher concentrations of GS needed about 120 
minutes. 

The reciprocal of K is the adsorption coefficient of TiQ for GS. 
Follo~&~g this assumption, the pa-ameter K/Rs in the Lan~nuh-- 
Hishelwocd equation can be yielded fi-om the slope of 1/Ro against 
1/Co. So, a reciprocal plot would yield K and Rs from the slope and 
intercept, respectively. Fig. 10 shows the reciprocal plot for those 
data. Regression analysis yielded values of K and Rs of 2.87 mg/ 
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liter and 0.0175 mg/liter 
In this case, semilog plots are also shown to underline the extent 

of adherence to the f~t-order !dnetics Im:iting conditio:: Also, these 
experiments reveal that the recirculafion flow rate has a weak in- 
fluence on the reaction rate. Semilog plots of C against thne should 
be Imear as equation in C=ln Co+kt, the slopes of which would 
yield estilnates of k. Thus the appa-ent f~t,order rate constant, k 
(1/min) can be used as a coml~-ative measure to assess the in- 
fluence of the various experimental variables on the overall reac- 
tion rate. The photochemical reaction rate increases with increase 
of the GS concentratioi~ The apparent fn~t,order rate constant, k is 
calculated from the data obtained in Figs. 8 and 9. The values of k 
vary from 0.01 to 0.1 (l/rain) with the operating condition. 

It is interesting to note that the K values are different in the dark 
and Iight conditions of the TiQ/GS interface, the K value being 
lower in the latter case. This reflects the fact that the adsorption tend- 
ency of GS was enhanced by irradiation of the photocatalyst sur- 
face. It seems that the force of ate-action, which is caused by elec- 
Iron and hole, enhances the adsorption. 

C O N C L U S I O N  

In tNs study, the effect of heterogeneous photocatalysis for dye 
wastewater treatment was i~arestigated. 
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1. The trends of dark aclsorption in a batch reactor were identical 
to those of  Langmuir isotherms. From linear regression analysis 
for the Langmu5- isotherm, %, saturation coverage constant, and 
K, adsorption affinity, can be dete1~mned to be 54.05 rag/liter and 
25.74 mg/Iiter for lower concentrations below 50 mg/liter in the 
batch reacto~ 

2. In the photoreactor, GS solutions that were pre-equllibrated in 
the dark prior to start of the photccatalytic reaction followed the 
Langmuir isothen~a. The GS were decolorized fi-om 20% to 70% 
by the dark adsorption at various concentrations. Consequently, the 

@S photocatalytic degradation was affected by the adsorption. The 
% and K values for the concen~tion range fi-om 30 mg/liter to 100 
mg/Iiter were 31.01 rag/liter and 3.50 mg/litei; respectively. 

3. The ptmode~-adation of GS after the dark adsozpfion showed 
the behavior of Langmuir-Hinshelwood model. First order rate con- 
stat~s k were revealed variously from 0.01 to 0.1 (l/ram) the operat- 
ing conditions. The adsorption affinity value, K, was higher than 
that of the dark adsorption. It seemed that the ateactive force caused 
by electron and hole enhanced the adsorpfior~ Decomposition ef- 
ficiencies of GS by photocatalytic degradation achieved 95% with- 
m 90 minutes in the lower concentrations. Those of higher concen- 
trations of GS needed about 120 minutes. 

4. The tendencies of GS concentration were very similar after 
about 90 minutes illumination in spite of the flow rate change. The 
values of k also varied with increase of the recirct~tion flow rate, 
but there were no observable sigmficant differences between them. 
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