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The aim of our study is to develop apparatuses that use TiO2 for effective decontamination of air contami-
nated by Sarin gas. We performed photocatalytic decomposition of gaseous dimethyl methylphosphonate
(DMMP) by TiO2 and identified the oxidization products. The high activity of TiO2 (0.01 g) was observed
under UV-light irradiation and high concentration DMMP (33.5 �M) was removed rapidly. On the other
hand, DMMP was not decreased under UV-light irradiation without TiO2. This indicates that photocat-
alytic treatment is very effective for the removal of DMMP. Methanol, formaldehyde, formic acid, methyl
formate, CO, CO2 and H2O were detected as the primary products. In the gas phase, no highly poisonous
hotocatalytic decomposition
dsorption
epeated-batch reactions
MMP
iO2

substances were detected. In order to examine the performance of photocatalytic activity during long-
term reactions, we performed photocatalytic decomposition by repeated-batch reactions using TiO2. High
photocatalytic activities decreased gradually. Meanwhile, the strong adsorption of TiO2 against DMMP
was observed as photocatalytic activities decreased. During the repeated-batch reactions with the sam-
ple scaled up (TiO2: 0.1 g), the total amount of removed DMMP reached 968.5 �M by both photocatalytic
decomposition and the strong adsorption of TiO2. These results suggest the possibility of removing large

amounts of DMMP.

. Introduction

In 1994, the first Sarin gas terrorist attack by a cult occurred in
atsumoto, Japan. About 600 people were injured either slightly

r seriously and seven were killed [1]. Then, in 1995, the same cult
ommitted a further terrorist attack in the Tokyo subway Sarin inci-
ent, in which 12 were killed and about 5500 were injured [2]. At
his time, as a consequence of washing of contaminated parts with
opious amounts of running water, poisonous gas and contami-
ated waste water spread through this treatment causing serious
econdary damages.

In recent years, photocatalysis has attracted attention as a low
ost, environmentally benign method, and detoxification for chem-
cal warfare agents has been studied using this high technology. The
ollowing studies report on the decontamination of DMMP (Sarin
imulant) in the gas phase: photocatalytic decomposition on TiO2-

oated glass support [3], photooxidation on powdered TiO2 surface
4], the adsorption and photocatalytic degradation on TiO2 powders
nd thin films [5], the effect of air humidity and DMMP quan-
ity on hydrolysis and photocatalytic oxidation over TiO2 [6] and

∗ Corresponding author. Tel.: +81 29 861 8165; fax: +81 29 861 8866.
E-mail address: n-negishi@aist.go.jp (N. Negishi).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.12.029
© 2009 Elsevier B.V. All rights reserved.

adsorption and photocatalytic degradation over dry and humidified
TiO2 [7]. The primary products generated by DMMP photooxi-
dation were shown to be CO, CO2, and H2O as final products,
and methanol, formaldehyde, and formic acid as intermediates in
the gas phase, and phosphoric acid and phosphorus-containing
products as nonvolatile compounds on TiO2. However, the strong
adsorption and accumulation of nonvolatile compounds on the
TiO2 surface caused deactivation of its photocatalytic reaction
[3–7]. Moss et al. [5] reported that the PO4

3− and methylphos-
phonic acid products remaining bound to surface adsorption sites
block further adsorption of DMMP vapor, and this leads to an inhibi-
tion of photooxidation. In their study to resolve this problem, Obee
and Satyapal [3] reported that washing of deactivated catalyst with
water is sufficient for complete regeneration of the catalyst, and
that the solubility of methyl phosphonic acid and phosphates in
water aids in removing these species from catalytically active sites.
Kiselev et al. [7] reported that on a wet surface that contains only a
few monolayers of water the concentration of intermediate surface
species is reduced, and that it is possible to optimize the sustained

photocatalytic degradation of organic phosphorous compounds by
controlled humidification of the reaction gas. On the other hand, in
the negative effect of air humidity, Trubitsyn and Vorontsov [6]
examined the adsorption, natural hydrolysis and photocatalytic
oxidation at high DMMP surface coverage on TiO2 under both

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:n-negishi@aist.go.jp
dx.doi.org/10.1016/j.jhazmat.2009.12.029
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% and 50% relative humidity, and reported that under 50% rela-
ive humidity, while both adsorption and natural hydrolysis were
nhanced, the gas-phase product concentrations observed in pho-
ocatalytic oxidation were a little smaller than that of 1% relative
umidity. Furthermore, Chen et al. [8] reported on photocatalytic
egradation of DMMP in the presence of low-frequency ultra-
ound in the liquid phase and showed that sonication increases the
pparent rate constants of DMMP photocatalytic oxidation with-
ut releasing intermediate products, and these phenomena were
ttributed to increased mass transport of DMMP into pores and
o the surface of TiO2. These methods have proved to be excellent

easures for the regeneration or maintenance of photocatalytic
ctivity for a relatively short time or for a single batch reaction.
owever, the effects of photocatalytic activity on gaseous DMMP
uring long-term reactions have not been fully examined. In a real
etting, swift and effective decontamination are required for large
ontaminated areas or multiple subway cars that are exposed to
arin gas with high concentration. Thus, it is very important that
he performance of TiO2 in its photocatalytic activity and the pos-
ibility of success in removing large amounts of Sarin gas under
ong-term continuous reactions are tested.

The aim of our study is to develop apparatuses that use TiO2 for
ffective decontamination of air contaminated by Sarin gas. In this
tudy, using a batch type photocatalytic-reactor system that was
onstructed for DMMP analysis in the gas phase (i) we carried out
hotocatalytic decomposition of gaseous DMMP with TiO2 and con-
rmed the identity of the photooxidation products in the gas phase.
urthermore (ii) we performed the repeated-batch photocatalytic
eactions using TiO2 in order to examine the performance of pho-
ocatalytic activity during long-term reactions, and to remove large
mounts of gaseous DMMP by repeated-batch reactions on a prac-
ical scale.

. Materials and methods

.1. TiO2-plate, reagents and lighting

Commercial TiO2 powder (photocatalyst P-25; Nippon Aerosil
o., Ltd., Tokyo, Japan) was used in this study. TiO2-plate was
repared as follows: TiO2 (0.01 g) was dispersed in 3.0 mL of dis-
illed water and spread on a glass-plate (5 cm × 5 cm), which was
eated on a hot plate (about 80 ◦C). Distilled water was evaporated
nd thus TiO2 was immobilized on a glass-plate. Sarin simulant
sed was DMMP (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan)
nd a UV lamp with a center wavelength of 357 nm (Black Light
FD15BlB-T; Toshiba Lighting and Technology Co., Tokyo, Japan) as
ighting was used. TiO2-plate was pre-exposed to UV light for 1 h
o remove organic compounds adsorbed on the TiO2-plate. Then,
he TiO2-plate was placed in the photocatalytic-reaction system.
V-light intensity on the TiO2-plate surface in this system was mea-

ured to be 6.3 mW/cm2, using 51002 Digital Illuminance Meter
Yokogawa Co., Tokyo, Japan).

.2. Photocatalytic-reaction system, photocatalytic
ecomposition and repeated-batch reactions

Fig. 1 shows a schematic diagram of the photocatalytic-reaction
ystem for DMMP analysis in the gas phase. Air supplied by the com-
ressor was dried with silica gel, let through a soda lime container
o remove CO2, and bubbled into 97% DMMP undiluted solution.

he vaporized DMMP was passed through mist trap to remove
erosol and introduced into a 200-mL PYREX-glass reactor, where a
iO2-plate was placed. The following were the reactor optimization
rocess employed in order to prevent its inner wall from adsorb-

ng DMMP: the use of a Teflon O-ring as sealing material, by silane
Fig. 1. Diagram of DMMP photocatalytic-reaction and analysis system.

application to the interior wall, and the temperature control with
ribbon heater. Silane application using 5% (w/v) dichlorodimethyl-
silane toluene solution (Wako Pure Chemical Industries, Ltd., Osaka,
Japan) was performed following the instruction manual [9] and
the procedure described by Näykki [10]. After DMMP concentra-
tion in the reactor became stable, valves were closed on both
sides to obtain batch condition and DMMP was photocatalytically
decomposed with UV irradiation above upside under high tem-
perature (100 ◦C) and room temperature (27 ◦C) conditions. Gas
chromatograph GC-2014 (GC; Shimadzu Co., Kyoto, Japan) was
used to analyze DMMP decrease in the reactor every 12 min. Sample
gas in the reactor was injected automatically through the stainless
steel pipe connected directly with the reactor. For GC, Rtx-1 capil-
lary column [30 m length × 0.53 mm diameter × 5.0 �m thickness]
(Shimadzu GLC Ltd., Kyoto, Japan) and temperature-programmed
chromatography (from 50 ◦C to 80 ◦C) were used. Organic com-
pounds and phosphoric compounds were detected by FID and FPD,
respectively. The gaseous products generated by DMMP photooxi-
dation were analyzed by gas-chromatography–mass spectrometry
GC–MS-QP2010 (GC–MS; Shimadzu Co.). Sample gas in the reactor
was injected manually using warmed syringe. For GC–MS, Rtx-1
capillary column (above mentioned) and InertCap for amines capil-
lary column [30 m length × 0.32 mm diameter × 0.5 �m thickness]
(GL sciences Inc., Tokyo, Japan), and temperature-programmed
chromatography (from 50 ◦C to 80 ◦C) were used. Products in the
gas phase were identified using GC–MS Postrum Analysis software.

Repeated-batch reactions using TiO2-plate were carried out
by introducing vaporized DMMP repeatedly until photocatalytic
activity and/or adsorption of TiO2-plate against DMMP were lost.
Photocatalytic decompositions by repeated-batch reactions were
performed under intermittent irradiation of UV light for a long-
term period.

Concentration of DMMP in the reactor was obtained from
the standard analytical curve. The photocatalytic decomposition
rate of DMMP was obtained by subtracting the decrease ratio of
DMMP before UV irradiation under the dark condition (sum up
the adsorption and the thermal decomposition of DMMP) from
the found value of photocatalytic decomposition rate. Net pho-
tocatalytic decomposition rates of TiO2-plate were calculated by
deducting adsorption rates (before UV irradiation) from photocat-
alytic decomposition rates (under UV irradiation).

3. Results and discussion

3.1. Photocatalytic decomposition of gaseous DMMP by TiO2
Fig. 2 shows the photocatalytic decomposition of DMMP by TiO2
(0.01 g) in photocatalytic-reaction system. Under high temperature
conditions of 100 ◦C, in the presence of TiO2 (Fig. 2A; closed circles),
DMMP concentration in the reactor became stable at about 33.7 �M
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of UV irradiation). Chromatograms of “after photocatalytic decom-
ig. 2. Photocatalytic decomposition of DMMP in the gas phase under (A) high tem-
erature conditions at 100 ◦C and (B) room temperature conditions at 27 ◦C. Closed
ircles: with TiO2, open circles: without TiO2 and (a) before UV.

4 min after the introduction of DMMP during the flow condi-
ion. Then, photocatalytic decomposition was carried out for DMMP
nder UV irradiation during the batch condition. Excellent photo-
atalytic activity was observed and high concentration DMMP in
he gas phase decreased rapidly to the measuring limit (0.40 �M)
ithin 24 min under UV irradiation. DMMP decomposition rate

bserved before UV irradiation due to adsorption and/or thermal
eaction was 0.25 �M/h, which is the sum of the adsorption rate
nd thermal decomposition rate. This rate – we call the “adsorp-
ion rate” in this paper – was subtracted from the total DMMP
ecomposition rate to obtain the net photocatalytic decomposi-
ion rate, which was shown to be 76.5 �M/h. Another experiment
f DMMP decomposition without TiO2 was performed in order
o examine the photolysis reaction by UV irradiation alone (open
ircles). The concentration of introduced DMMP became stable at
round 34.9 �M during the flow condition, and the concentration
emained at about the same level under UV irradiation during the
atch condition. Therefore, it was shown that gaseous DMMP was
ot decomposed by photolysis reaction with UV irradiation alone.

Photooxidation of DMMP in the gas phase by TiO2 was car-
ied out at room temperature (27 ◦C)—the temperature close to
atural conditions (Fig. 2B; closed circles). Introduced DMMP con-
entration in the reactor became stable at about 28.5 �M during
he flow condition, and DMMP concentration was decreased grad-
ally by photocatalytic decomposition to the measuring limit
ithin 144 min under UV irradiation during the batch condition

0.30 �M). Adsorption rate before UV irradiation and net pho-
ocatalytic decomposition rate were 2.65 �M/h and 3.65 �M/h,
espectively. On the other hand, in the experiment without TiO2
open circles), the concentration of introduced DMMP became
table at about 29.2 �M during the flow condition, and DMMP
oncentration remained constant under UV irradiation during the
atch condition, also.

Several studies have been conducted in order to investigate the
ffects of temperature conditions on adsorption and decomposition
f DMMP on TiO2 surface [11–16]. Rusu and Yates [15] reported
hat at the temperature lower than −113 ◦C, DMMP condenses as
n ice layer on the outer surface of TiO2. In the temperature range
rom −113 ◦C to −73 ◦C, DMMP diffuses into the TiO2 interior and
hemisorbs on TiO2 through the phosphoryl oxygen to the surface
ydroxyl groups and to surface Lewis acid sites. Above −59 ◦C (from
59 ◦C to 213 ◦C), cleavage of P–OCH3 groups takes place, with the
roduction of Ti–OCH3 species, and the dissociation of chemisorbed
MMP is seen. Sheinker and Mitchell [16] reported on the thermal
ecomposition of DMMP on �-Al O at temperatures from 25 ◦C to
2 3
00 ◦C and showed that the DMMP that is adsorbed is decomposed
t 25 ◦C and increasing temperature brings about an increase in the
ecomposition activity of the surface. In our study, the temperature
f the interior reactor was controlled as one of the optimization
Fig. 3. Detection of primary products generated by DMMP photooxidation in the gas
phase under (A) high temperature conditions at 100 ◦C and (B) room temperature
conditions at 27 ◦C.

processes, in order to prevent DMMP adsorption as far as possible.
Under both high temperature and room temperature conditions
with TiO2 (Fig. 2; closed circles), although the DMMP concentra-
tions in the gas phase before UV irradiation were almost constant,
we consider that the adsorbed DMMP on the TiO2 surfaces was
decomposed by thermal decomposition of TiO2 in both cases. Most
studies on the photocatalytic decomposition have been carried out
at room temperature [3–7]. Segal and Suib [14] reported that the
advantages of photocatalysis are that benign products such as CO2
and H2O can be produced, high temperatures can be avoided, and
that it may be possible to utilize solar energy for reactions. Further-
more, photoassisted decomposition and thermal decomposition of
DMMP over amorphous manganese oxide catalysts were carried
out at low temperature (70 ◦C). They reported that during thermal
reactions, significantly less product was formed than during the
photocatalysis experiment and no CO2 was observed. In this study,
photocatalytic decompositions of gaseous DMMP by TiO2 were
carried out at both high temperature (100 ◦C) and room temper-
ature (27 ◦C). Initial concentration of DMMP (28.5 �M) at 27 ◦C was
slightly lower than that of 33.7 �M at 100 ◦C. This result suggested
the increasing adsorption of DMMP to the inner wall of reactor at
27 ◦C. It was considered that the amounts of products generated by
thermal decompositions were small (this is shown in Section 3.2 in
detail) and most DMMP was photocatalytically decomposed under
UV irradiation under both temperature conditions. Furthermore,
the net photocatalytic decomposition rate at a high temperature
was 20.9-fold higher than that at room temperature. No decreases
of DMMP were observed under UV irradiation alone without TiO2
in both cases (open circles). The results proved that photocatalytic
treatment is an effective method for decomposition of DMMP in the
gas phase, and that photocatalytic decomposition was especially
promoted at high temperature.

3.2. Identification of primary products

After photocatalytic decomposition, DMMP decomposition
products in the gas phase were examined in order to clarify whether
highly poisonous products were generated as volatile compounds.
Fig. 3 shows gas chromatograms at a few points both before DMMP
introduction (corresponding to Fig. 2A and B before DMMP intro-
duction) and after photocatalytic decompositions (corresponding
to Fig. 2A after 36 min of UV irradiation and Fig. 2B after 132 min
positions” at both temperatures showed similar patterns and have
five distinctive peaks in common, which represent the main decom-
position products. The peak heights were outstanding at high
temperature. Thus, we focused on photocatalytic decomposition
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ig. 4. Time courses of area values of primary products in the gas phase during
hotocatalytic decomposition at high temperature (100 ◦C). Fig. 4 corresponds to
he time course of Fig. 2(A). TiO2 (put): TiO2 placed in the reactor.

t high temperature condition to proceed with effective investiga-
ion in a short period. Fig. 4 shows the time courses of area values of
roducts in the gas phase that correspond to photocatalytic decom-
osition at high temperature in Fig. 2A. The intensities of Product
(closed circles) were the largest of all products and increased

specially under UV irradiation. However, Product 2 dramatically
ecreased at 36 min of the UV irradiation. Because this intensity
as also increased before UV irradiation, it was suggested that

roduct 2 was generated from gaseous DMMP by both photocat-
lytic decomposition and thermal decomposition. Other Products
1, 3, 4 and 5) were also increased when TiO2 was irradiated with
V light. However, these intensities decreased as the UV irradia-

ion continued, except Product 3 (diagonal circles). It was shown
hat these products were intermediates of DMMP photocatalytic
ecomposition. As for Product 3, it was indicated that this product
as one of the final products of DMMP photooxidation because its

ntensity remained relatively stable under the UV irradiation.
The gas-phase products from DMMP decomposition were iden-

ified by GC–MS analysis. Three inorganic compounds—CO, CO2
nd H2O, and four organic compounds—methanol, formaldehyde,
ormic acid, and methyl formate were detected. Based on retention
ime by GC analysis using standard reagents, we examined which
rganic compound corresponds to which peak in Fig. 3. We found
hat methanol was Product 2 (easily generated compound), methyl
ormate was Product 3 (one of the final products), formic acid was
roduct 5 (intermediate). Product 1 and 4 (intermediates) were yet
o be identified. Table 1 shows the increase rates, net photocatalytic
ecomposition rates, photocatalytic decomposition rates, maxi-
um concentrations and minimum concentrations of methanol,
ethyl formate and formic acid after photocatalytic decomposition

f gaseous DMMP. In the case of methanol, increase rates before UV
rradiation (thermal decomposition) and net photocatalytic decom-
osition (under UV irradiation) were 3.35 �M/h and 9.65 �M/h,

espectively. The decrease rate that was observed after 24 min
f UV irradiation was 19.5 �M/h. Methanol reached maximum
oncentration under UV irradiation within 24 min (8.65 �M) and
ecreased rapidly to 0.85 �M. As for methyl formate, increase rates
ere 0.55 �M/h (before UV irradiation) and 1.25 �M/h (net photo-

able 1
ncreasse rates, net photocatalytic decomposition rates, photocatalytic decomposition ra
ormate and formic acid after photocatalytic decomposition of gaseous DMMP.

Product no. Organic compound* Rate (�M/h)

Before UV Under UV irradiation

Increase Net photocatalytic decom

2 Methanol 3.35 9.65
3 Methyl formate 0.55 1.25
5 Formic acid 0.10 5.25

sterisk (*) organic compounds correspond to gaseous products in Fig. 4.
Materials 177 (2010) 274–280 277

catalytic decomposition), respectively. However, the decrease rate
was very low (1.00 �M/h). Maximum concentration under UV irra-
diation was 1.65 �M, and only a slight decrease was observed (to
1.45 �M). For formic acid, increase rates were 0.10 �M/h (before
UV irradiation) and 5.25 �M/h (net photocatalytic decomposition),
respectively. The decrease rate was 4.50 �M/h after 24 min of
UV irradiation. Maximum concentration under UV irradiation was
2.25 �M and decreased to 0.45 �M.

Studies have been conducted regarding the primary products
generated by DMMP photooxidation, and CO, CO2, H2O have been
identified as final products and methanol, formaldehyde, formic
acid as intermediates in the gas phase [3–7]. Obee and Satyapal [3]
reported that complete conversion of any methanol or formalde-
hyde to produce CO2 and CO appears to be the dominant reaction
and that phosphate remains on the surface along with methyl
phosphonic acid, which retains a portion of the carbon content of
DMMP, thereby explaining the mass balance discrepancy based on
gas-phase CO2/CO alone. Furthermore they showed the possibil-
ity of methyl formate formation from methanol and formic acid
with readiness, and reported that methyl formate was observed
only by injecting a mixed gas-phase sample of formic acid and
methanol into the GC–MS. In our study, methyl formate (Product
3 in Fig. 4) was detected in the gas-phase products. It was indi-
cated that methyl formate was one of the final products of DMMP
photooxidation because its peak intensity remained relatively sta-
ble under UV irradiation (Fig. 4). Furthermore, we reconfirmed
the stability of methyl formate against photooxidation by carry-
ing out photocatalytic decomposition of methyl formate standard
reagent by TiO2. While 33.5 �M of DMMP were photocatalytically
decomposed (Fig. 2A), the final concentration of methyl formate
was very low (1.45 �M). Thus, it was shown that most DMMP was
mineralized (into CO, CO2, H2O) by photooxidation. However, the
analysis of the formation of these kinds of products that show sta-
bility against photocatalytic decomposition would be an important
aspect in this field of study. As for the formaldehyde was detected
by GC–MS analysis, it could not be identified with the peak in Fig. 3
because the retention time of formaldehyde was not clear using
GC analysis with FID detector. Sheinker and Mitchell [16] reported
that dimethyl ether and methanol were produced as volatile prod-
ucts by thermal decomposition of DMMP with �-alumina at both
25 ◦C and 100 ◦C. Knagge et al. [17] reported that thermal reaction
of DMMP and O2 on nanocrystalline NaY at 200 ◦C yielded several
gas-phase products including dimethyl ether, formaldehyde, CO,
CO2. Therefore, we assumed that unidentified Products 1 and 4 (or
in reverse order) in Fig. 4 were dimethyl ether and formaldehyde.
We will examine them further. These results show that no highly
poisonous substances were produced in the gas phase.

3.3. Decomposition of gaseous DMMP by repeated-batch

reactions

In considering the possibility of long-term reaction of TiO2, we
performed photocatalytic decomposition of DMMP by repeated-
batch reactions under intermittent irradiation of UV light in order

tes, maximum concentrations and minimum concentrations of methanol, methyl

Concentration (�M)

position Photocatalytic decomposition Maximum Minimum

13.0 8.65 0.85
1.80 1.65 1.45
5.35 2.25 0.45
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ig. 5. Photocatalytic decomposition of gaseous DMMP by repeated-batch reactio
ark and UV irradiation period, respectively. F and B are flow and batch period, res
f the reactor. No UV: without UV irradiation.

o examine the performance of photocatalytic activity of TiO2 over
long time. Fig. 5 shows the results of eight repeated-batch reac-

ions with TiO2 (0.01 g) for 22 h and the ninth batch without TiO2
t high temperature. In each batch, introduced DMMP in the gas
hase became stable at about the same concentration (11.6 �M
n average). In the first batch reaction, excellent photocatalytic
ctivity was observed under UV irradiation. For the second and the
hird batches, the performances of photocatalytic activities were
till very high. Yet, after that, it decreased gradually with repeated-
atch reactions and in the seventh batch, no photocatalytic activity
as observed. Instead, we found that the strong adsorption perfor-
ance of TiO2 against DMMP appeared as photocatalytic activities

ecreased. The amount of DMMP decreased by adsorption before
V irradiation while the first and the second batches were very

mall. This rate increased gradually with repeated-batch reactions
hereafter. The strong adsorption was observed in the seventh
atch and the concentration of introduced DMMP was decreased by
5.6% due to the adsorption on TiO2 before UV irradiation. During
he eighth batch, even though the reaction was carried out without
V light, most DMMP in the gas phase was removed by adsorption
lone (82.5%). When we took TiO2 out of the reactor for the ninth
atch, DMMP concentration in the gas phase was not decreased.

Fig. 6 shows the net photocatalytic decomposition rate and
dsorption rate before UV irradiation for each batch. The net pho-
ocatalytic decomposition rate was as high as 55.8 �M/h in the
rst batch. However, the net photocatalytic decomposition rates

or the second batch (18.4 �M/h) and the third batch (12.6 �M/h)
ere 0.33-fold and 0.23-fold lower than that of the first batch,
espectively. The rate was only 2.70 �M/h for the sixth batch
0.05-fold of first batch), and during the seventh batch, no net
hotocatalytic decomposition was observed. On the other hand,
dsorption rates before UV irradiation were gradually increased
s the repeated-batch reactions proceeded. Although the adsorp-

ig. 6. Net photocatalytic decomposition rates and adsorption rates in the repeated-
atch reactions. Net photocatalytic decomposition rates were calculated by
ubtracting adsorption rates (before UV irradiation) from photocatalytic decom-
osition rates (under UV irradiation).
ng TiO2. The number is the number of the times of repeated-batches. D and U are
ely. (a) before UV. TiO2 (put): TiO2 placed in the reactor. TiO2 (out): TiO2 taken out

tion rates for the first and the second batch were only 1.20 �M/h
and 1.10 �M/h, it was increased to 3.80 �M/h for the third batch.
The adsorption rates at in the sixth batch (6.80 �M/h) and the sev-
enth batch (9.65 �M/h) were 5.66-fold and 8.04-fold higher than
that of the first batch, respectively. It was increased to 11.5 �M/h
(9.58-fold of the first batch) in the eighth batch. Fig. 7 shows the
amount of gaseous DMMP removed by repeated-batch reactions
(the amount of net photocatalytically decomposed DMMP plus
adsorbed DMMP). Most of the DMMP that was introduced for each
batch was removed by TiO2 and the average amount of removed
DMMP in each batch was 11.2 �M. The percentages of net photo-
catalytic decomposition were more than 90% of removed DMMP
in the first two batches. Yet, the percentages of net photocatalytic
decompositions decreased gradually to 63.3% in the third batch and
15.6% in the sixth batch. Instead, amounts of adsorbed DMMP were
increased. Although the percentage of adsorption in the first batch
was very low (7.4%), these percentages increased to 36.7% in the
third batch and 84.3% in the sixth batch. In the seventh batch where
TiO2 lost the performance of photocatalytic activity and in the eight
batch without UV irradiation, the whole DMMP were removed only
by adsorption performance.

Methyl methylphosphonate (MMP), methylphosphonic acid
(MPA) and phosphoric acid are nonvolatile compounds that are
adsorbed on the TiO2 surface. In the photooxidation of adsorbed
DMMP, Moss et al. [5] reported the loss of methoxy groups, to
form MMP and MPA, then the loss of the P-bound methyl group
to leave a surface-bound PO4

3− species, and showed that the for-
mation of the complete mineralization product PO4

3− is slow,

and a high surface concentration of bound MPA remains even
after long irradiation times. Furthermore, several studies have
investigated the photocatalytic decomposition of DMMP in the
liquid phase [18–22]. Vorontsov et al. [19] reported that some
other nonvolatile products that appeared in smaller quantities,

Fig. 7. The amounts of removed gaseous DMMP by net photocatalytic decomposi-
tions and adsorptions of TiO2 in repeated-batch reactions.



rdous Materials 177 (2010) 274–280 279

w
u
h
n
p
o
e
p
t
o
[
s
d
p
b
p
a
o
t
t
t
r
n
i
D
h
r
c
p
o
9
p
t
b
i
c
i
t
c
a
d
a
t
b
h
a
g
b
r
r
t
F
r
a
S
a

3
r

s
t
s
e
o

N. Mera et al. / Journal of Haza

hich are not included among the above-mentioned major prod-
cts: dimethylphosphoric acid, methylphosphoric acid, dimethyl
ydroxymethylphosphonic acid, methyl hydroxymethylphospho-
ic acid and hydroxymethylphosphonic acid. The deactivation of
hotocatalytic activity by nonvolatile compounds that are adsorbed
n TiO2 is a serious obstacle for DMMP decomposition. Moss
t al. [5] reported that the PO4

3− and methylphosphonic acid
roducts remaining bound to surface adsorption sites block fur-
her adsorption of DMMP vapor, and this leads to an inhibition
f photooxidation. In resolving this problem, Obee and Satyapal
3] reported that the water wash strategy (deactivated catalyst
equentially dipped in four fresh cylinders of distilled water and
ried at approximately 35 ◦C for roughly 10 min) was found to com-
letely rejuvenate the catalyst with respect to both DMMP and
utene reactivity. Kiselev et al. [7] reported on the adsorption and
hotocatalytic degradation of DMMP over dry and humidified TiO2
t room temperature (relative humidity was 7%), and showed that
n a wet surface that contains only a few monolayers of water,
he concentration of intermediate surface species is reduced, while
he rate of decomposition is approximately the same. They showed
hat it is possible to maintain a high photocatalytic degradation
ate of organic phosphorous pollutants. On the other hand, in a
egative effect of air humidity, Trubitsyn and Vorontsov [6] exam-

ned the adsorption, hydrolysis and photocatalytic oxidation at high
MMP surface coverage on TiO2 under both 1% and 50% relative
umidity at room temperature, and showed that although the 50%
elative humidity enhanced both adsorption and hydrolysis pro-
esses, the gas-phase product concentrations that were observed in
hotocatalytic oxidation were a little smaller than that in the case
f 1% relative humidity. In this study, dried air was bubbled into
7% DMMP undiluted solution to generate a gaseous DMMP, and
hotocatalytic decomposition for DMMP by repeated-batch reac-
ions were carried out at high temperature (100 ◦C). In the second
atch (Fig. 6), the net photocatalytic decomposition rate was inhib-

ted significantly and the adsorption rate was slightly decreased
ompared to the first batch. Thus, the deactivation of TiO2 was
ndicated. Through this experiment, however, we found out that
hrough long-term reactions, although the performance of photo-
atalytic activity was lost gradually, TiO2 started showing strong
dsorptive performance against gaseous DMMP. It was shown that
uring the eighth batch, most DMMP was removed by adsorption
lone without UV irradiation. Moreover, these results suggested
hat even after the eight batches, a large amount of DMMP could
e removed by adsorption (Fig. 7). In our experiment, the relative
umidity of the reaction gas was low (dried air was introduced,
nd the temperature was 100 ◦C in the reactor). The H2O in the
as phase that was generated by DMMP photooxidation in each
atch was exhausted from the reactor when gaseous DMMP was
e-introduced during the flow condition for next repeated-batch
eaction. Thus, the effects of relative humidity on the strong adsorp-
ion of TiO2 against DMMP were assumed to be small in our case.
urthermore, we expect that the higher relative humidity of the
eaction gas would contribute to the maintenance of photocatalytic
ctivity and enhance the adsorption of TiO2 against gaseous DMMP.
ince the mechanisms of the strong adsorption performance of TiO2
re as yet unknown, detailed studies are currently underway.

.4. Removal of a large amount of gaseous DMMP by
epeated-batch reactions

In order to remove a large amount of DMMP on a practical

cale by both photocatalytic decomposition and the strong adsorp-
ion of TiO2, we performed repeated-batch reactions using TiO2
caled up by a factor of 10 (0.1 g). The repeated-batch reaction was
xtended to 38 batches for 119 h. Photocatalytic activities were
bserved in the first 19 batches under intermittent irradiation of UV
Fig. 8. Total amounts of removed gaseous DMMP by repeated-batch reactions using
TiO2.

light, and large amount of DMMP was removed only by adsorption
without UV irradiation from the 20th to the 38th batches. When
we took TiO2 out of the reactor for the 39th batch, DMMP con-
centration in the gas phase was not decreased. Fig. 8 shows the
total amount of removed DMMP by repeated-batch reactions using
TiO2 (0.01 g and 0.1 g). During the repeated-batch reactions with
0.01 g of TiO2 (Fig. 5), in the first seven batches, the amount of
DMMP removed by adsorptions (before UV irradiation) and pho-
tocatalytic decompositions (under UV irradiation) were 13.0 �M
and 67.5 �M, respectively. In the eighth batch, the removed DMMP
by adsorption alone was 8.95 �M without UV irradiation. Total
removal of DMMP in eight-batch reactions reached 89.5 �M while
the total amount of introduced DMMP was 93.0 �M (The removal
rate: 96.2%). During the reactions with 0.1 g of TiO2, for the first 19
batches, the amount of DMMP removed by adsorptions (before UV
irradiation) and photocatalytic decompositions (under UV irradi-
ation) were 157.5 �M and 412.0 �M, respectively. From the 20th
to 38th batches, the DMMP removed by adsorption alone was
399.0 �M without UV irradiation. Total removal of DMMP in the
38th batch reactions reached 968.5 �M when the total amount of
introduced DMMP was 1131.5 �M of gaseous DMMP (The removal
rate: 85.6%).

Regarding the adsorption characteristics of TiO2 in the liquid
phase, Matsuda et al. [23] conducted the adsorption test of TiO2 for
organic phosphates, sugars, carboxylic acids and other compounds,
and found that organic phosphates are selectively adsorbed by
TiO2. Furthermore, Sano and Nakamura [24], who belong to this
same research group, reported that they developed the column-
switching HPLC system for the determination of phosphopeptides
on the basis of chemo-affinity of TiO2. In our experiment with 0.01 g
of TiO2 (Fig. 5), although photocatalytic activity was lost gradually
with repeated-batch reactions, we found that the strong adsorp-
tion of TiO2 against gaseous DMMP appeared as a new performance
while photocatalytic activities decreased. We did not carry out fur-
ther investigation for adsorption of TiO2, but it is expected that
the amount of removed DMMP would be increased by adsorptions
of TiO2 with repeated-batch reactions if continued. With 0.1 g of
TiO2 (Fig. 8), we performed the removal of DMMP on a practical
scale by both photocatalytic activities and the strong adsorption
of TiO2. The percentage of adsorption accounted for 57.4% of total
removal of DMMP. This rate was higher than that of the reactions
with 0.01 g of TiO2 (24.4%). We expect that, for a reaction with 0.01 g
of TiO2 also, the percentage of adsorption would increase if we con-
tinued to carry out repeated-batch reactions. These results indicate
the possibility of removing large amounts of DMMP on a practical

scale, and this may be possible under natural conditions by taking
advantage of both photocatalytic activity and the strong adsorption
of TiO2. Currently, with the flow type photocatalytic-reactor sys-
tem we have constructed, through which the air contaminated with
gaseous DMMP flows, we have been performing the photocatalytic
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ecomposition of DMMP under long-term continuous treatments.
hese results will be reported later.

. Conclusions

With the aim of developing an effective decontamination sys-
em that uses TiO2 for the purification of air contaminated with
arin gas (chemical warfare agents). We performed photocatalytic
ecomposition of gaseous DMMP and identified oxidation prod-
cts in the gas phase. On the basis of these results, we carried
ut repeated-batch reactions for a long time period. In the pho-
ocatalytic decomposition, high concentration of DMMP in the gas
hase decreased rapidly with the presence of TiO2, and no decrease
f DMMP was observed under UV irradiation alone. It was shown
hat photocatalytic treatment was very effective for removal of
aseous DMMP. Three inorganic compounds (CO, CO2, H2O) and
our organic compounds (methanol, formaldehyde, formic acid,

ethyl formate) were detected as the primary products in the
as phase. No highly poisonous substances were generated. In
he repeated-batch reactions, photocatalytic activities decreased
radually with repeated-batch reactions due to the accumulation
f nonvolatile compounds on the TiO2 surface. Meanwhile, the
trong adsorption of TiO2 against gaseous DMMP was found as
hotocatalytic activities decreased, leading to decrease of a large
mount of DMMP. During the repeated-batch reactions using TiO2
caled up by a factor of 10, the total removal of DMMP reached
68.5 �M due to both activities of TiO2 (photocatalytic activity and
he strong adsorption), while the total amount of introduced DMMP
as 1131.5 �M. These results suggest the possibility of removing

arge amounts of DMMP (Sarin simulant) on a practical scale, as well
s continuous removal of DMMP under natural conditions by tak-
ng full advantage of photocatalytic and adsorptive performances
f TiO2.
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