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air polluted by chemical warfare agents (CWAs)

Guo-Min Zuo, Zhen-Xing Cheng ∗, Guo-Wen Li, Wen-Ping Shi, Ting Miao
The No. 3 Department, Institute of Chemical Defence, P.O. Box 1048, Beijing 102205, China

Received 20 March 2006; received in revised form 11 September 2006; accepted 7 October 2006

bstract

Photolytic and photocatalytic reactions of sarin (GB), soman (GD), sulfur mustard (HD), cyanogen chloride (CK) and perfluoroisobutylene
PFIB) vapors in air were carried out. It was shown that vapors of GB, GD, HD and PFIB could be efficiently eliminated by UV light from
ermicidal lamp through either photolysis or photocatalysis, but CK could hardly be done through photodegradation. It was demonstrated that
B, GD and HD might possibly undergo a photo-induced polymerization under UV light irradiation. Photocatalytic reaction would lead to a

leavage of these molecules into small inorganic compounds at TiO2 surface. The experimental results strongly suggested that both photolysis and
hotocatalysis of GB vapor at static conditions were kinetically slowed down and possibly limited by a low diffusion rate of GB molecule. It has

een testified that the static photolysis approach could be applicable for decontamination of GB vapor in an indoor space. And that, a dynamic
hotocatalysis approach for decontamination of GB vapor was proved to be much more efficient than that through photolysis, and it was also
onsidered to be feasible for decontamination of air polluted by GB vapor.

2006 Elsevier B.V. All rights reserved.

econta

h
r
c
w
d
d
i
w
o

h
s
p
t
t
o

eywords: Chemical warfare agents; Photolysis; Photocatalysis; Gas-phase; D

. Introduction

Decontamination of air polluted by chemical and biologi-
al warfare agents in an indoor space is of great importance
o the chemical and biological defense as well as the coun-
erterrorism field. Military chemists have always been trying to
evelop some new methods to safely and conveniently eliminate
hese pollutants [1]. It was early recognized that the adsorp-
ion method, typically using activated carbon, could successfully
emove sarin (GB), soman (GD) and sulfur mustard (HD) vapors
n air through physical adsorption. And that, cyanogen chloride
CK) and hydrogen cyanide (AC) could be catalytically elimi-
ated by activated carbon impregnated with copper, chromium
ompounds and other additives [2–4]. Besides, the catalytic oxi-
ation of chemical warfare agents (CWAs) over metals and
etal oxides at a temperature over 200 ◦C has also attracted
xtensive attention in recent years. Particularly, the decompo-
ition of dimethyl methylphosphonate (DMMP, a widely used
imulant for nerve agent) was frequently reported [5–11], and
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mination

igh DMMP conversion was observed at the beginning of the
eaction having CO2 and H2O as the major products. Thermo-
atalytic transformations of HD simulant [12] and CK [13,14]
ere also studied, and small molecules like CO2, SO2, Cl2 were
etected. Klabunde and co-workers [15–18] have extensively
eveloped nanoparticulate metal oxide materials for decontam-
nating CW and BW agents at ambient temperature, which
ere demonstrated to be much more reactive than common
xides.

Recently, it was revealed that the photocatalysis technique
ad a favorable potential to mineralize a range of toxic sub-
tances, and was regarded as a most promising technology to
urify the polluted air [19,20]. Attempts to use the photocatalysis
echnique to detoxify CWAs and their simulants demonstrated
his method to be principally feasible [21–33]. The studies
n photocatalytic degradation of DMMP indicated that both
–OCH3 and P–CH3 moieties could be destroyed through pho-

ocatalysis. Products like CO, CO2 and methanol were detected
n gas phase, and P-containing species including PO4

3− were

roved to form on TiO2 surface [25,26]. Photocatalytic oxidation
f HD simulant 2-chloroethyl ethyl sulfide (2-CEES) [30–33]
as also widely studied. The experimental results indicated that
hotocatalytic degradation of 2-CEES mainly proceeds via oxi-
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Scheme 1. The structures of the CWAs used in this study.

ation of S atom, cleavage of S–C bond and oxidation of C
toms. It should be noted that photolytic degradation of these
ubstances were scarcely mentioned in these literatures.

In this work, photolytic and photocatalytic degradation of five
WAs (Scheme 1) vapors in air were studied, and those two reac-

ions characteristics together with their reaction pathways were
omparatively discussed. The applicability of decontamination
ethods for GB vapor based on photolysis and photocatalysis
as also investigated in both static and dynamic conditions.

. Experimental

The photocatalyst used was P25 TiO2 supplied by Degussa.
B and GD have a purity >99%, and HD has a purity >95%. CK

nd PFIB were stockpiled in steel cylinders, both agents have a
urity >99%. All solvents were of analytical grade or distilled
efore use. Caution: All the five agents (GB, GD, HD, CK and
FIB) have high toxicity, and they should be handled only by

rained personnel using applicable safety procedures.

Static photolytic and photocatalytic reactions of CWAs

apors were conducted in a self-designed photoreactor, as illus-
rated in Fig. 1(a). It was composed of a quartz light window
f approximately 100 cm2 and a columnar stainless steel cham-

ig. 1. Schematic drawing of the photoreaction setup: (a) static photoreactor
nd (b) dynamic photoreactor.
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er with 10 cm diameter and 25 cm length, both of which were
dhered together with thermomelting adhesive to form a space
f approximately 3.3 L. The CWAs vapors were generated by a
ethod of static vacuum, i.e. to degas the reactor, to inject toxic

gent liquid (or vapor) into the chamber with a syringe, and
hen to introduce air upon complete vaporization. UV light from
n 8 W germicidal lamp (254 nm) was introduced into the reac-
or through a quartz window. The UV light irradiation intensity
as determined with an UV-B-254 ultraviolet irradiator (Photo-

lectric Instrument Factory of Beijing Normal University) close
o the inner surface of the quartz window. For photocatalytic
eactions, we firstly blended 0.3 g of P25 TiO2 powder with
mall amount of distilled water, and then made a uniform coat-
ng of the mixture onto the inner surface of the quartz window
o form a thin layer upon air-drying. It was measured that the
uartz window only caused 10% loss of the UV irradiation inten-
ity, while the irradiation intensity would decrease from 0.6 to
.025 mW/cm2 when the quartz window was coated with TiO2
ayer. This implied that most of the UV light was absorbed or
eflected by TiO2 coating, and it ensured vapors of CWAs in
eactor to absorb little light. The photoreactions were carried
ut under the conditions of atmospheric pressure and room tem-
erature of 20–25 ◦C.

In order to exemplify the potential application of the pho-
olytic and photocatalytic approach, the photoreactions of GB
apor were also studied under dynamic condition. The dynamic
hotoreaction was carried out in a quartz tube with an inside
adius of 2 cm and length of 15 cm as photoreactor, as illustrated
n Fig. 1(b). Mass flow controller (MFC) was used to control the
irflow. A stable and low concentration of GB contaminated
irflow was obtained by diluting GB vapor from a self-designed
vaporator. The photocatalyst used was prepared by coating P25
iO2 onto the quartz-sands of 20–40 meshes with a proportion
f 1%.

In addition, the static photolytic decontamination of air pol-
uted by GB was also tried in a cubic glass-tank of 1 m3, where
germicidal lamp of 20 W was placed at the central position.

Vapor concentrations of GB, GD and HD were determined by
colorimetric method, i.e. to purge the reactor with fresh dry air,

o absorb the sweep gas by cooled ethanol. GB and GD in ethanol
ere quantitatively measured by a colorimetric method based on
Schöenemann reaction, and HD was measured based on a color

eaction between HD and thymolphthalein [34]. Concentrations
f CK, PFIB and CO2 were determined by a direct sampling
ass spectrometer (OmniStarTM of Balzers).

. Results and discussion

.1. Photolysis and photocatalysis of several CWA vapors

It was experimentally shown that concentration of GB vapor
ould gradually decrease after it was generated in the static
hotoreactor. This could mainly be associated with the hydrol-

sis of GB molecules [35]. Once the GB vapor was directly
xposed to the irradiation of germicidal lamp, its concentra-
ion was observed to sharply decrease. Nearly 99% of the GB
apor was eliminated after irradiation for 2 h, as shown in Fig. 2.
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Fig. 2. Concentrations of GB and CO2 as a function of irradiation time during
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Table 1
The first-order reaction rate constant for the photolytsis and photocatalysis of
several CWAs vapors

Vapor Initial concentration
(mg/L)

k1 × 102 (min−1)

Photolysis Photocatalysis

GB 1.7 2.32 5.97
GD 0.94 4.09 7.25
HD 0.42 2.54 1.19
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hotolysis and photocatalysis of GB vapor. The initial concentration of GB is
.7 mg/L, the irradiation intensity is 0.6 mW/cm2, the relative air humidity is
0–50%, and 0.3 g of TiO2 is used for the photocatalytic reaction.

nder the same experimental conditions except for coating a
hin layer of TiO2 onto the inner surface of the quartz window,
ne could observe that the initial degradation rate of GB was
reatly enhanced by the presence of TiO2, and yet the degrada-
ion rate slowed down after around 30 min. This was possibly
ue to the slow diffusion rate of GB vapor and also the deac-
ivation of active sites on the catalyst by some polar species.
bee et al. [26] had also found that the catalyst deactivated

elatively rapidly during photocatalytic degradation of DMMP
ue to build-up of surface phosphorus-containing species. As
ne of the expected final products of photocatalysis, CO2 was
uantitatively monitored. It can be seen that concentration of
O2 remarkably increased during the reaction, while there was
early no change of CO2 concentration during photolysis of
B vapor. About 90% of GB vapor was eliminated after photo-

atalysis for 2 h, and it could be calculated from the amount of
enerated CO2 that only about 25% of the degraded molecules
f GB were mineralized into CO2.

In the same manner, photolytic and photocatalytic reactions
f vapors of GD, HD, CK and PFIB were also investigated. Sim-
lar phenomena were observed along with the photolysis and
hotocatalysis of GD, HD and PFIB, while CK could hardly
e degraded through either photolysis or photocatalysis even
hough the UV light irradiation intensity grew up to 10 mW/cm2.
heoretically, a photoreaction could not always be a first-order

eaction. However, a first-order reaction rate constant was still
asily calculated for the photolysis and photocatalysis of the
WA vapors in order to compare the rate of different photoreac-

ions studied, as presented in Table 1. It can be seen in reference
o the reaction rate constant that photocatalysis rate of PFIB was

ore than four times that of photolysis. In spite that photocatal-
sis of GB and GD during the first 30 min went nearly two times
s quickly as photolysis, it became slower than photolysis since
hat moment. Notably, the presence of TiO2 slowed down the

egradation of HD vapor during the photocatalytic reaction in
omparison with photolytic reaction. This was probably because
f a low diffusion rate of HD molecule and the deactivation of
atalyst.

r
w
o
r

FIB 4.9 0.36 1.61
K 7.7 0 0

Both mass spectrometer and gas chromatograph were used to
etect the gas-phase species during the photolytic and photocat-
lytic reaction of these vapors. The experimental results revealed
hat no products or intermediates were detected in the gas phase
uring photolytic degradation of the five vapors, and only CO2
as detected during the photocatalytic reaction of GB, GD, HD

nd PFIB. But, one could clearly observe that some sticky sub-
tances adhered onto the inner surface of the quartz window
fter photolysis of GB, GD, or HD vapor. These substances were
onvolatile and difficultly soluble in solvents, which was quite
imilar to a kind of polymer. Another experiment has testified
hat the sticky substance formed during the photolysis of GB and
D vapor had no inhibition upon acetylcholinesterase, and the

ubstance formed during photolysis of HD vapor has no positive
eaction against thymolphthalein. This suggested that the final
roducts generated by photolysis of GB had no neurotoxicity,
nd those of HD had no vesicant toxicity. Thus, the irradiation
f UV light possibly could efficiently detoxify the molecules of
B, GD and HD via a photo-induced polymerization. By con-

rast, photocatalytic reaction of the four agents could possibly
ccomplish through oxidation by •OH free radial, and the reac-
ant may be cleaved into small pieces and finally be mineralized
o CO2, H2O and other inorganic compounds.

.2. Factors affecting photolysis of GB vapor

The above experimental results indicated that all the stud-
ed CWAs, except for CK, could be directly degraded through
V light irradiation. In order to find an efficient approach to

ccelerate the degradation rate, several factors such as vapor
oncentration, irradiation intensity and air humidity affecting
he photolysis of GB vapor were investigated. The initial con-
entration of GB vapor can be adjusted by varying the volume
f the injected GB liquid. The air humidity can be augmented by
njecting water into the photoreactor. The irradiation intensity
an be adjusted by changing the distance between the lamp and
he quartz window.

Fig. 3 showed the influence of the initial concentration of
B vapor to the photodegradation rate. In order to have a kinetic

omparison, the apparent first-order reaction rate constants were
alculated, which were 0.067, 0.0464, 0.0232 and 0.0205 min−1,

espectively. It can be seen that the GB elimination reaction rate
ould increase along with decreasing the initial concentration
f GB vapor. As presented in Fig. 4, the photolytic reaction
ate was somewhat influenced by the air humidity, the apparent



138 G.-M. Zuo et al. / Chemical Engineering Journal 128 (2007) 135–140

F
i

fi
a
h
v
a
i
r

s
o
i
a
t
v
m
w
t
s

F
T
c

F
i
h

3
a

e
e
t
T
f
s
t
d
G
c
w
t

ig. 3. Photolytic degradation of GB vapor of varied initial concentrations. The
rradiation intensity is 0.6 mW/cm2, the relative air humidity is 30–50%.

rst-order reaction rate constants were, respectively calculated
s 0.0232, 0.0259, 0.0306, and 0.0377 min−1. It seemed that a
igh relative humidity would favor the photolytic reaction of GB
apor. Meanwhile, the elimination rate of GB vapor was greatly
ccelerated by strengthening the irradiation intensity, as shown
n Fig. 5. The apparent first-order reaction rate constants were,
espectively, 0.0012, 0.0024, 0.0232, and 0.0406 min−1.

Thus, it can be seen that the degradation rate of GB vapor was
ignificantly promoted by strengthening the irradiation density
r lower the initial concentration, and yet was less significantly
nfluenced by the air humidity. Generally, the rate of a photore-
ction was dominated by the primary photochemical step, where
he target molecules would be dissociated once they were excited
ia absorbing efficient photons. Accordingly, the GB molecule
ight be dissociated at the primary step, and the dissociation rate
ould greatly rely on the UV light irradiation intensity. Never-
heless, H2O molecule would not be involved in the primary
tep, and affected the degradation rate slightly.

ig. 4. Photolytic degradation of GB vapor under different relative humidity.
he irradiation intensity of germicidal lamp is 0.6 mW/cm2, and the initial con-
entration of GB is 1.7 mg/L.
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ig. 5. Photolytic degradation of GB vapor under different UV light irradiation
ntensity. The initial concentration of GB vapor is 1.7 mg/L, the relative air
umidity is 30–50%.

.3. Application of the photolysis and photocatalysis
pproach for decontamination of GB vapor in air

GB vapor in air could be efficiently eliminated through
ither photolysis or photocatalysis in a static reactor. The
limination rate of GB through photolysis seemed to be faster
han that through photocatalysis under the static conditions.
hen the photolysis approach was expected to be applicable

or decontamination of air polluted by GB in an inclosed
pace. Thereby, a large space of 1 m3 volume was used to
estify whether photolysis would be an efficient approach to
econtaminate air polluted by GB. As presented in Fig. 6, when
B vapor was introduced into the glass tank with an initial

oncentration around 3 × 10−3 mg/L, concentration of GB
ould keep lowing mainly due to adsorption of GB molecule on

he glass wall, it would achieve a relatively stable concentration

round 5 × 10−4 mg/L after 7 h. Once germicidal lamp was
ighted on, the concentration of GB vapor would sharply
ecrease to 4 × 10−6 mg/L in 100 min, but it will recover to

ig. 6. Photolytic decontamination of GB vapor in a glass tank of 1 m3. A
ermicidal lamp of 20 W as light source is placed in it. The initial concentration
f GB vapor is 3 mg/m3, and the relative air humidity is 30–50%.
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Table 2
The dynamic elimination efficiency of GB vapor through photolysis and
photocatalysis

Photolysis Photocatalysis

Initial concentration
(mg/L)

Elimination
ratio (%)

Initial concentration
(mg/L)

Elimination
ratio (%)

1 × 10−4 9.2 5 × 10−3 >99.9
8 × 10−4 30.2 7 × 10−2 >99.9
5
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[

[

[

[

[

[

[

[

× 10−3 42.0 7 × 10−1 9.8

he flow rate of the decontaminated air was 200 mL/min for photolytic reaction
nd 2000 mL/min for photocatalytic reaction.

round 1.6 × 10−4 mg/L after stewing for 12 h. This would
uggest that the elimination rate of GB through photolysis was
uite rapid, but it was greatly slowed down by the diffusion rate
f GB in gas phase and from the glass wall.

The experiments carried out in static conditions have strongly
uggested that both photolytic and photocatalytic reactions of
B were greatly influenced by the diffusion rate, then one would
uickly arise the question what would be at dynamic conditions.
hen, a flow reactor was applied to study the dynamic photolysis
nd photocatalysis of GB vapor. The intensity of UV light irra-
iated the flow reactor was adjusted closely to that in the static
tudy. As presented in Table 2, the conversion ratios for elimi-
ation of GB vapor through photolysis in the absence of TiO2
atalyst were all lower than 50% when the inlet concentration of
B varied from 5 × 10−3 to 1 × 10−4 mg/L. The apparent first-
rder reaction rate constant was evaluated as 2.4 min−1 at these
ynamic conditions and much larger than that at static conditions
2.3 × 10−2 min−1). One can observe that the ratio for elimina-
ion of GB through photocatalysis would still remain larger than
9.9% in spite of a very short contact time 1.5 s (2000 mL/min
irflow) for at least 8 h when the inlet concentration of GB was
ess than 7 × 10−2 mg/L, and it would sharply fall down to about
0% when the inlet concentration of GB vapor increased up
o 7 × 10−1 mg/L. It seemed that at dynamic conditions pho-
ocatalysis could be an approach much better than photolysis,
ut its disposable capability to detoxify GB in air was limited
ertainly by the concentration of active sites in catalyst; once
he catalyst was overcharged by GB molecule, the catalyst bed
ould quickly be broken through. The apparent first-order reac-

ion rate constant was evaluated as 40 min−1 for this dynamic
hotocatalytic reaction, and it was nearly 700 times as big as
hat for static photocatalytic reaction. Thus, it can be seen that
t dynamic conditions elimination of GB contaminated airflow
hrough photocatalysis was much more efficient and quick than
hat through photolysis and basically is feasible for decontami-
ation of air polluted by GB. Therefore, not only photolysis but
lso photocatalysis of GB vapor at static conditions were kinet-
cally slowed down and possibly limited by a low diffusion rate
f GB molecule in air.

. Conclusions
It was experimentally shown that UV light of germicidal lamp
ould efficiently eliminate vapors of GB, GD, HD and PFIB
hrough either photolysis or photocatalysis, but it was not effec-

[

[

ng Journal 128 (2007) 135–140 139

ive for CK vapor. Vapors of GB, GD and HD may possibly
ndergo a photo-induced polymerization directly under UV light
rradiation, while they may be cleaved into small inorganic com-
ounds at TiO2 surface through photocatalysis. The obtained
esults strongly suggested that both photolysis and photocataly-
is of GB vapor at static conditions were kinetically slowed down
nd possibly limited by a low diffusion rate of GB molecule. It
as testified that the photolysis approach was applicable for
econtamination of GB vapor in an indoor space in static con-
itions, and the photocatalysis approach was proved to be much
ore efficient than photolysis under dynamic conditions.
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