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Abstract 

The effect of the amount of TiO2 loading on activated carbon support on the photodecomposition of dichloromethane was studied. The 
apparent adsorption constant of the TiO2-1oaded activated carbon for dichloromethane was found to decrease with increase of the fraction of 
the loaded TiO2. It was found that the apparent rate constant of CO2 evolution became small with increase of the activated carbon cont¢ nt, 
suggesting that the adsorbed substrate on the activated carbon support was not easily involved in the photodecomposition reaction. However, 
the use of mixed suspensions of TiO2 and activated carbon showed lower activities than the TiO2-10aded activated carbon for photodegradation 
of dichloromethane. The role of the activated carbon support in the photodecomposition of dichloromethane is discussed. © 1997 Elsevier 
Science S.A. All rights reserved. 
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1. Introduction 

Recently, fairly intensive studies have been done on light- 
induced mineralization of organic pollutants with use of TiO2 
photocatalysts [ ! -9] .  The photodecomposition of haloge- 
nated organic compounds is of particulm" importance [ 10a- 
10f, l l a - I l b -21 ] ,  because they are formed from various 
sources in the course of water treatments using chlorine and 
chlorite. Photodegradation processes in general occur with 
attack of organic substrates by activated oxygen species, such 
as OH', O2"-, and HOOH, generated on TiO2 particle surfaces 
by reduction of dissolved oxygen in solution and/or oxida- 
tion of surface hydroxyl of TiO2 [ !-9,22-26]. For target 
substances to be photodecomposed, it is essential for them in 
the bulk solution to be supplied to TiO2 particles to make 
adsorption. Unfortunately the TiO2 particles usually have low 
adsorption abilities for organic pollutants, and furthermore 
target substances are in such low concentrations as in a ppm 
level or below. Accordingly, the rate of photodecomposition 
of pollutanL~ to be expected is usually very low. 

One strategy to enhance the rate of photodegradation has 
been proposed recently: use of adsorbents as the support for 
TiO2 provides high concentration environments of target sub- 
stances around TiO2 photocatalyst [27-30a-30d-34]. We 
demonstrated previously that the use of zeolites, silica and 
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activated carbon as supports for TiO2 loading was effective 
in concentrating propyzamide of a ppm level onto the sup- 
ports and thereby the rate of its photodecomposition was 
greatly enhanced as compared to the case of using naked TiO2 
[ 30d]. In order to obtain high decomposition rates of target 
substances of very dilute concentration, the target substances 
must be exclusively adsorbed on the absorbent supports, and 
the adsorbed substances must be quickly oxidized at the 
loaded TiO2. However, such situations are not necessarily 
guaranteed with the use of adsorbeni supports. If adsorbed 
substances are tightly bound to adsorbent supports, they may 
not be involved in photodecomposition reactions. 

In the present study, photodecomposition of dichlorome- 
thane on TiO2-10aded activated carbon photocatalysts was 
investigated focusing to the effect of adsorbed of dichloro- 
methane on its decomposition rate. 

2. Experimental 

Activated carbon powder (Wako Pure Chemicals) was 
used as a support for TiO2 loading. Other chemicals used in 
this study were of reagent grade and purchased from Wako 
Pure Chemical Industry. Aqueous solutions were prepared 
using doubly distilled water. 

The TiO2-10aded activated carbon (TiO2/AC) was pre- 
pared using the same procedures as those described in our 
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previous paper [30a-30d]. 3.7 cm 3 of titanium tetraisopro- 
poxide was added drop by drop to 15 cm a of 1 M HNO3 
aqueous solution, followed by agitation for 2 h to give a 
transparent TiO2 sol in which 1.0 g TiO2 was contained. The 
pH of the colloidal solution was adjusted to pH 3 with addition 
of 1 M NaOH solution after dilution of the colloid with 
50 cm 3 water, resulting in a turbid TiO2 colloid. After adding 
an adequate amount of activated carbon to the TiO2 colloids, 
the resulting mixed suspension was agitated for 1 h at room 
temperature, followed by centrifugation and then washing 
with distilled water. The centrifugation-washing procedures 
were repeated several times until the pH of the supernatant 
became neutral. Then the isolated TiO2/AC was dried under 
vacuum and subjected to heat treatments at 300°C for ! h. 
The amount of the loaded TiO2 on the adsorbents was deter- 
mined by colorimetric analysis using sodium 1,2-dihydrox- 
ybenzene-3,5-disuifate (Tiron) as a complex agent [35]. 
Naked TiO2 powder was prepared using the same procedures 
as described above except for addition of the adsorbent. The 
BET specific surface area of the prepared TiO2/AC was 
determined by argon adsorption at liquid nitrogen tempera- 
ture using a model 2205 Shimadzu-Micromeritics surface 
area analyzer. We use the term "photocatalysts" below in 
cases where there is no need to discriminate between TiO2/ 
AC and the naked TiO2. 

The aqueous solutions of dichloromethane, tfichlorome- 
thane (chloroform) and tetrachloromethane for photodegra- 
dation experiments were prepared with use of air-saturated 
water, l0 cm 3 of an air-saturated aqueous solution :ontaining 
1.0 mmol dm-  a of substrate was put in a Pyrex reaction cell 
( 1.5 cm diameter, I l cm height, 18 cm 2 capacity) and then 
an adequate amount of the photocatalyst was added to give 
the concentration of 0.20 g TiO2 dm- a. After the gas phase 
in the reaction cell was filled with air, the top of the cell was 
sealed with a rubber septum through which sampling was 
made intermittently during the photodecomposition experi- 
ments. Prior to the photodecomposition experiments, the sus- 
pension was stirred for more than 12 h in the dark to achieve 
adsorption equilibrium of the substrate to the photocatalyst. 
The illumination of the suspension was carried out with use 
of a l0 W fluore:cent black lamp at room temperature. The 
fluorescent black lamp had a nearly symmetrical distribution 
of the spectrum ranging from 300 nm to 430 nm with 352 nm 
at its peak. The light intensity was 1.8 mW cm-2, as deter- 
mined by an Eppley Lab Model E-6 thermopile. The amount 
of CO2 produced by the photodecomposition of dichloro- 
methane was determined by means of gas chromatography 
using a Yanaco (;2800 gas chromatograph equipped with a 
TCD detector and a Porapak T column (Waters) at 100°C. 
Helium was used as a carrier gas. 

Adsorbability of the photocatalysts for the substrates was 
determined as follows. 10 cm 3 of an aqueous solution con- 
taining various concentrations of substrate was put in the 
Pyrex reaction cell and then an adequate amount of the pho- 
tocatalyst was added to give the concentration of 0.20 g TiO2 
dm -3. After stirring for a given time, the suspension was 

subjected to filtration using a 0.2 p,m membrane filter. The 
determination of substrates in the filtrate was performed using 
a GC-MS (Shimadzu, GC- 17A and CLASS-5000) equipped 
with a fused silica capillary column (DB- 1, J & W Scientific, 
30 m long, 0.252 mm i.d., 0.25 I~m film thickness) with 
ascending temperature from 60 to 100°C at 0.5°C s -  ~. The 
amount of the adsorbed substrates was determined by sub- 
tracting the amount of the substrate in solution from its total 
amount after the adsorption was completed. 

3. Results and discussion 

3.1. Characterization of TiO2-1oaded activated carbon 
photocatalyst 

The specific surface area of the photocatalysts was linearly 
increased by increasing the content of the activated carbon in 
TiO2/AC, because the specific surface area of activated car- 
bon of 950 m 2 g -  ~ was much greater than that of TiO2 which 
had the specific surface area of 152 m 2 g -  ~. Fig. I shows the 
time course of the concentration decrease of dichloromethane 
caused by adsorption onto the photocatalyst. If the naked 
TiO2 was added to 1.0 mmol dm -3 dichloromethane solu- 
tion, only 10% of dichloromethane was adsorbed. On the 
other hand, if 80 wt.% TiO2-1oaded activated carbon was 
suspended in the same solution about 60% of dichlorome- 
thane was removed. As shown in the figure, the adsorption 
equilibrium was attained at about 5 h. Fig. 2(a) shows rela- 
tionships between the amount of adsorbed dichloromethane 
on the photocatalysts having different amounts of the loaded 
TiO2 (Sad) and the concentration ofdichloromethane in solu- 
tion phase (Cs) under equilibrium conditions. The increase 
of the content of activated carbon in the photocatalysts caused 
an increase of adsorption of dichloromethane on the photo- 
catalysts depending on the concentration of dichloromethane. 
The effect was more marked when the TiO2 content in the 
photocatalyst become small. If the Langmuir adsorption iso- 
therm given by Eq. (1) is applied to the results given in 
Fig. 2(a),  results given in Fig. 2(b)  were obtained. 
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Fig. l .  Changes in the concentration o f  dichloromethane in solut ion caused 
by adsorption onto the photocatalyst in the dark: ([:3) naked TiO2 and (C)) 
the 80 wt.% TiO2-10aded activated carbon. Photocatalyst was suspended in 
10 cm 3 of 1.0 mmol din-3 dichloromethane aqueous solution so as to give 
0.20 g TiO2 d m -  3. 
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Fig. 2. Relationship between the amount o f  adsorption o f  dichloromethane 

(S=a) and its concentration in solution (Cs) obtained by suspending TiO2/ 
AC (a)o and plots of the left-hand side ofEq. ( 1 ) as a function of Cs (b). 
The photocatalyst was suspended in 10 cm 3 of dichloromethane solution 
with various concentration to give 0.20 g TiO2 dm-3. The loaded TiO2 
content was 65 ( A ) ,  80 (<~), 90 (r-]) and 100 (O) wt.%. 
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Fig. 3. Influence of the loaded TiO2 content on the adsorption constant of 
dichloromethane (Kaa) and the maximum amount of adsorbed dichloro- 
methane (sa~a~). The photocatalyst was suspended in i0 cm ~ of dichloro- 
methane solution with various concentration to give 0.20 g TiO2 din- 3. 

C~ Cs l (1) 
~ad"- aSia  + KaaSan~ ax 

where Kaa is the adsorption constant and ~ is the maximum 
value of Saa.Values of Cs/Saa depended line~,'ly on Cs, and 
from the relations obtained, K~o and S"aad =' were determined. 

Fig. 3 shows the dependence of K~a and aS'~dd on the content 
of TiO2 of the photocatalyst. With increase of the TiO2 con- 
tent, the Sad =` decreased linearly, indicating that the amount 
of adsorption sites of the photocatalysts was controlled by 
the content of activated carbon. On the other hand, the K,o 
values were almost constant for TiO2 contents lower than 
90 wt.% and beyond that they decreased steeply. Considering 
that K~o of the naked TiO2 is small but Kaa of the photo,:atalyst 
greatly increased with increase of a little an~ount of activated 
carbon, it is concluded that the activated carbon has a great 

adsorption strength and d[chloromethane is mainly adsorbed 
on the surface of the activated carbon rather than on the 
surface of the loaded TiO2 particles. 

3.2, Photodecomposition of dichloromethane 

Fig. 4(a)  shows the time course of CO2 evolution with 
illumination of the naked TiO2 and TiO2/AC having 80, 90 
and 100 wt.% of the TiO2 content. The complete decompo- 
sition of dichloromethane to CO2 is given by 

CH2CI  2 -I- 0 2  --* CO2 -I- 2HC!  (2) 

Since 10 ~mol of dichloromethane was contained in the reac- 
tion cell, the evolution of the same amount of CO2 is theo- 
retically expected, and the results given in Fig. 4(a) show 
that the theoretically predicted amount of CO2 evolved with 
irradiation for more than 50 h. It is evident that the rate of 
CO2 evolution increased with increase of the TiO2 content. 
If it is assumed that the photodecomposition of CH2CI2 to 
CO2 proceeded with the pseudo-first-order kinetics with 
respect to its concentration [ 11a,36], the rate of CO2 pro- 
duction at a given illumination time is given by 

'~d(CO2~" = kco2{ (CO2)m= -- (CO2) } (3) 
dt 

where/(co2 is the apparent rate constant for C O  2 evolution, 
(CO2) max is the amount expected from complete decompo- 
sition of CH2C12, 10 p,mol, and (CO2) is that obtained at a 
given illumination time. Integration of Eq. (3) gives 

In[ (CO2)m~/{ (CO2),,,~., - (CO2) } ] = kco2t (4) 
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Fig. 4. Time course of CO, evolution in photodecomposition of dichloro- 
methane over various photocatalysts (a) and plots of the left-hand side of 
Eq. (4) as a function of the illumination time (b). (O) naked TiO2, 90 ([]) 
and 80 (A) wt.% TiOa-loaded activated carbon. Photocatalyst was sus- 
pended in 10 cm 3 of !.0 mmoi dm -3 dichloromethane aqueous solution to 
give 0.20 g TiO2 dm -3. The illumination was performed with a 10 W fluo- 

rescent black lamp. 
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When the left-hand side of Eq. (4) was plotted as a function 
of the illumination time for the results given in Fig. 4(a), 
fairly good linear relations were obtained as shown in 
Fig. 4(b), from which kco2 was determined. 

Fig. 5 shows kco2 determined in this way as a function of 
the TiO2 content. With an increase of the amount of the loaded 
TiO2, kco2 increased, while the amount of adsorbed CH2CI2 
under the present experimental condition (~ho,o) decreased 
with increase of the TiO2 content. About 80% of dichloro- 
methane was adsorbed for 30 wt.% TiO2-1oaded activated 
carbon, while as small as 10% for the naked TiO2. When the 
photodecomposition occurs, dichloromethane must be sup- 
plied from the bulk solution to the loaded TiO2 by diffusion. 
If the adsorbed dichloromethane is involved in the photode- 
composition, it must be supplied to the loaded TiO2 mainly 
by the surface diffusion. Considering that kco2 increased with 
increase in TiO2 content of TiO2/AC whereas SAd decreased, 
the non-adsorbed dichloromethane seems to be more predom- 
inantly involved in the decomposition reaction. The diffusion 
constant of dichloromethane adsorbed on activated carbon 
must be much lower than that in the bulk solution. The results 
obtained here make a marked contrast to those obtained for 
photodecomposition of propyzamide, where adsorbed pro- 
pyzamide is more readily photodecomposed [ 30a,30]. 

In order to get positive evidence of the TiO2-10ading on 
activated cerbon for enhancing the photomineralization of 
dichloromethane, comparative studies were carried out using 
mixed suspensions of 80 wt.% TiO2 and 20 wt.% activated 
carbon. The results obtained are also plotted in Fig. 5. The 
kco2 obtained at the mixed suspension was much lower than 
that obtained from the TiO2/AC used, evidencing that the 
loaded TiO2 onto activated carbon is certainly involved in the 
photodecomposition of adsorbed dichloromethane. In the 
case of using the mixed suspension, the photodecomposition 
occurs at the time when the irradiated TiO2 particles strike 
on the dichloromethane-adsorbed activated carbon. The prob- 
ability of colliding the irradiated TiO.. with activated carbon 
is said not to be high even with use of 80 wt.% TiO2. 

The photodecomposition of trichloromethane and tetrach- 
loromethane was also investigated using TiO2/AC. Fig. 6 
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Fig. 5. (a) Relationship b~ween the rate constant of CO, evolution and the 
TiO.~ content inthe photocatalysts. ((3) TiO2/AC and ( 1 )  a mixture of 
80 wt.% TiO, particles and activated carbon. (b) The amount of adsorbed 
dichloromethane on the photocatalysts under the experimental condition as 
a function of the TiO2 content (A).  
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Fig. 6. Time course of CO2 evolution in photodecomposition of CH2CI 2 
(O),  CHCI3 (A),  and CC!4 ([]) over 80 wt.% TiO2-10aded activated car- 
bon. The photocatalyst was suspended in 10 cm 3 of 1.0 mmol dm-  3 solution 
to give 0.23 g TiO2 dm-3. The illumination was performed with a 10 W 
fluorescent black lamp. 

shows the time course of CO2 evolution caused by their pho- 
todecompositions together with the results on photodecom. 
position of dichloromethane with use of the 80wt.% 
TiO2-10aded activated carbon as a photocatalyst. This figure 
shows the rates of photodecomposition obtained were almost 
same. OUis et al. reported that the rate constant of photode- 
composition of chlorinated methane on naked TiO2 photo- 
catalysts decreased with order of CHCI3 > CH2CI2 > CCl4 
[ 10a]. They obtained the rate constant for adsorbed species 
in which the influence of the diffusion of the substrate from 
the solution bulk was not included. In the present study the 
amount of tetrachloromethane, trichloromethane and dich- 
Ioromethane adsorbed on the TiO2/AC was found to be 
almost the same with each other. Considering that not the 
adsorbed species but the species in solution was mostly 
involved in the photodecomposition reaction, the finding that 
the same photodecomposition rate obtained between the three 
kinds of chlorinated methanes then suggest that the rate of 
supply of the~e substances were not greatly different. 
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