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The photochemical removal of acrolein (C:HsCHO) was investigated in air (Oz 5-20%) at
atmospheric pressure using a head-on type of 172-nm Xez excimer lamp. When 172-nm light was
irradiated to C2:H3CHO, HCHO, HCOOH, CO, CO2, and O3 were observed in FTIR spectra. The
dependence of product concentrations on the irradiation time indicated that CeH3CHO is converted to
COz via HCHO, HCOOH, and CO intermediates. The initial removal rates of C2H3CHO increased from
0.80 to 1.43 min! with decreasing the Oz concentration from 20 to 5%. Besides direct photolysis of
C2H3CHO, OGP), O('D), and Os are possible active species of C2HsCHO removal. The contribution of
O('D) was examined from the total pressure dependence of the residual amount of C2eHsCHO, and that
of O3 was obtained from the O3 + C2H3CHO reaction in the same apparatus. It was inferred that
C2H3CHO is initially decomposed by direct vacuum ultraviolet (VUV) photolysis of CeH3CHO and the
O@P) + C2H3CHO reaction. It was oxidized further by reactions of H, OGP,'D), OH, and O3 with various
intermediates such as HCHO, HCOOH, and CO, leading to COz as a final product.
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1. Introduction

Volatile organic compounds (VOCs) are
emitted as gases from certain solids or liquids.
VOCs include a variety of chemicals, some of
which may have short- and long-term adverse
health effects. Current removal techniques of

VOCs are thermal oxidation, adsorption,
biofiltration, non-thermal plasma,
photodegradation, catalysts, and

photocatalysis.'” Removal of VOCs by using
VUV photons is a new promising technique. In
discharge plasmas in air, where energetic
electrons are major active species, N2 molecules

are decomposed, and active N atoms are formed.

Therefore, toxic NOx molecules are generated
through the N + Oz and NO + Os reactions
during removal of VOCs. An advantage of 172-
nm VUV photolysis in air is that N2 molecules
are not decomposed, so that no NOx molecules
are formed during photolysis. We have studied
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removal of such typical VOCs as CHas, C2Hy,
and aldehydes using head-on and/or side-on
types of 172-nm VUV excimer lamps.814
Results demonstrated that these VOC can be
removed efficiently in air at atmospheric
pressure and at low temperatures without
using any catalysts.

Acrolein (C2HsCHO) is a highly toxic VOC
which should be removed efficiently. In this
study, 172-nm VUV photolysis of acrolein in air
is studied using a head-on type of 172-nm
excimer lamp. Removal rates of C2HsCHO in
air are measured at 20, 10, or 5% O2. Results
obtained are compared with our previous data
obtained using a side-on type of 172-nm
excimer lamp.1V

In 172-nm photolysis in air, ground state
O(P) atoms and metastable O(ID) atoms are
formed by photolysis of 02.151® O3 molecules
are formed by the subsequent three-body O(P)
+ Oz + N2 (or O2) reactions. Therefore, in
addition to direct VUV photodissociation,
reactions of O(P,'D) and Os with Co:HsCHO
might be responsible for CeH3CHO removal in
the initial decomposition reactions. The
contribution of O(1D) is examined by measuring
the dependence of the residual amount on the
total pressure. To examine the contribution of
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O3, the O3 + C2H3CHO reaction is studied using
the same apparatus. Based on these
experiments, major active species under 172-
nm photolysis of CeHsCHO are determined and
the oxidation mechanism of C2H3CHO is
discussed. All reaction rate constants and
branching ratios of products used for discussion
have been measured at about 300 K.17

2. Experimental

The VUV photolysis apparatus used in this
work was the same as that reported
previously.%19 We used a head-on type of 172-
nm excimer lamp with an input power of 20 W.
Light from an unfocused 172-nm Xe2 lamp (50
mW/cm2, 155-200 nm range, UER20H172;
Ushio Inc.) was irradiated into the photolysis
chamber through a quartz window.
Experiments were conducted using a closed
batch chamber at atmospheric pressure with a
chamber volume of 184 mL. The C:HsCHO
concentration diluted in N2/O2 mixtures (20, 10,
or 5% O2) was 500 ppm in most experiments.
Product gases in the photolysis chamber were
analyzed using a gas analysis system (FG122-
LS; Horiba Ltd.) equipped with a Fourier
transform infrared (FTIR) spectrometer. The
spectra in the 800-4000 cm' region were
monitored. The CO, COz, HCHO, and
C2H3CHO concentrations were calibrated using
standard gases. On the other hand, the O3 and
HCOOH concentrations were evaluated by
reference to standard spectral data supplied by
Horiba Ltd.

We have also studied the Os + C2:H3CHO
reaction using the same technique reported
previously.!® The initial C2HsCHO, Oz, and O3
concentrations in a C2HsCHO /air mixture were
260 ppm, 20%, and 0.69%, respectively. The
total pressure was 50 kPa.

We used the following gases: N2 (purity
>99.9998%; Taiyo Nippon Sanso (TNS) Corp.),
02 (purity >99.99995%; TNS Corp.), and
C2H3CHO (4800 ppm in N2 buffer gas; TNS
Corp.). C2HsCHO was diluted in air (5, 10, or
20%) before use.

3. Results and discussion

3.1 C2:H3CHO removal by 172-nm VUV
phtons in air at 20, 10, or 5% Oz

The 172-nm photolysis of C2HsCHO in air
was conducted at 20, 10, or 5% O2. As an
example, Fig. 1(a) shows a typical FTIR
spectrum of CeHsCHO (500 ppm) at 20% Oq
before photoirradiation, where a strong

C2H3CHO peak at about 1730 cm! and a few
weak C:HsCHO peaks are observed in the
1100-2800 cm™ region. FTIR spectra at 10 or
5% Oz before photoirradiation were essentially
identical with Fig. 1(a). Figures 1(b)-1(d) show
FTIR spectra obtained after photoirradiation
for 1 min at 20, 10, or 5% Og, respectively. After
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Fig. 1. (a) FTIR spectra of C:H3CHO and
products (a) before 172-nm photoirradiation in
20% O2 and (b)—(d) after photoirradiation for 1
min at 20% 02, 10% Oz and 5% O,
respectively.
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photolysis for 1 min, the C:2H3CHO peaks
decrease their intensities by 54-77%, whereas
CO, COz2, HCHO, HCOOH, and Os peaks
appear. The concentration of Oz decreases with
decreasing the Oz concentration.

Figures 2(a)-2(c) show the dependence of the
concentrations of C2HsCHO, HCHO, HCOOH,
CO, COg2, and O3z on the irradiation time at Oz
concentrations of 20, 10, and 5%, respectively.
Results show that the concentration CcH3CHO
rapidly decreases to zero at about 5 min in all
cases. Time profiles of the concentrations of
HCHO, HCOOH, and CO at 20 and 10% Oz are
similar and give peaks at 1.5, 3.5, and 2.5 min,
respectively. The concentrations of HCHO,
HCOOH, and CO at 5% Oz give peaks at 2.0,
2.5, and 2.5 min, respectively. The
concentration of CO2 increases to about 285
ppm at 20 min in all cases. The concentration
of Os increases to 1.29, 0.80, and 0.48% at 20,
10, and 5% Og2, respectively, after 20 min
irradiation. These time profiles imply that
C2H3CHO is finally converted to CO2 via HCHO,
HCOOH and CO through consecutive reactions.

Assuming pseudo-first order decay, the
initial CeH3CHO removal rate constants kp
were ascertained from slopes of —In(Cy/ Co) vs.
irradiation time, where (b is the 1initial
concentration of C2H3sCHO. The &, values were
0.80, 0.87, and 1.43 min! at the O2
concentration of 20, 10, and 5%, respectively.
These values were smaller than those obtained
using a side-on lamp by factors of 10.5, 13.4,
and 11.6, respectively.!V A major reason for the
small removal rates is that the window area of
the head-on lamp (8.0 cm?) was smaller than
that of the side-on type one (78.5 cm2) by about
one order of magnitude.?19 Therefore, reaction
volume in the head-on lamp experiments is
about one order of magnitude smaller than that
in the side-on ones.

With decreasing the O2 concentration from
20% to 10, and 5%, the light transmittance
distance above 95% increases, respectively,
from ~1 cm to =2, and =4 cm.?%10 Therefore, the
reaction volume increases concomitantly with
decreasing the Oz concentration because the
VUV light penetrates into the reaction chamber
with decreasing the Oz concentration. VUV
photolysis of Oz and C2H3CHO occur in a large
reaction volume uniformly with decreasing the
Oz concentration. This uniformity is a major
reason why the C2H3CHO removal rate
increases concomitantly with decreasing the Oz
concentration.
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Fig. 2. Dependence of concentrations of
C2H3CHO, products, and Os on the
irradiation time at (a) 20% Oz, (b) 10% O,
and (c) 5% Oa.

3.2 Effects of O(1D) atoms in C2HsCHO removal

The effect of O(D) was examined by
changing the total operating pressure of the
reaction chamber. O('D) atoms are formed by
172-nm photolysis of Oz (1).1® The O(D) +
C2H3CHO reaction (3) competes with the
quenching reactions by Nz (3) and Oz (4).
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02 + hv(172-nm) — OGP) + O(ID) (1
O(P) + C2HsCHO — Products 2
(k2 =4.01 x 1013 ¢cm3 molecule! s1)17
O(D) + C2H3CHO — Products (3)
0(D) + N2 — OCP) + Nz (4)
(ks = 2.6 x 10°11 cm3 molecule? s1)17
0O(D) + 02 — OGP) + O2 (5)

(ks = 4.0 x 1011 ¢cm3 molecule! s1)17

Although the rate constant of the O(P) +
C2HsCHO reaction (2) has been reported, that
of the O('D) + C2H3CHO reaction (3) has not
been measured. With decreasing the total
pressure, the relative contribution of process
(3) to those of (4) and (5) increases because
electronic quenching reactions (4) and (5) are
suppressed at low N2/Oz pressures.

Figure 3 presents the dependence of the
residual amount of C2HsCHO defined by Ci/ Co
and the concentration of Os on the total
pressure of air (20% Oz after 1 min
photoirradiation. If the O(D) + C:HsCHO
reaction (3) plays a major role in the C2H3CHO
removal as in the case of the O(D) + CHa
reaction,!? the residual amount of C2H3CHO is
expected to decrease with decreasing the total
pressure. No significant decrease in the
residual amount of C:H3CHO is found with
decreasing the total pressure from 100 to 10
kPa, indicating that O(!D) atoms play no major
role for the C:Hs3CHO removal. The O3
concentration decreases from 0.14 to 0.0064%
with decreasing the total pressure from 100 to
10 kPa because three-body OGP) + 02 + X (X =
N2, O2) reactions leading to O3 are suppressed
with decreasing the total pressure. Results

< 100f 10.20
% 80-— 0, | o
(@] 3 —0.15 o
r [ )
S 60f | 3
s F 1 o
2 —Ho0.10 2
r ] )
> 40_ E =
E 1 S
Tg 20-_ __0'05 X
E L i
2 L i
&) O- .|...|...|...|...|'0.00
0 20 40 60 80 100

Pressure / kPa

Fig. 3. Dependence of residual amount of
C2H3CHO and the concentration of O3 on the
total pressure of air (20% O2) after 1 min
photoirradiation. The initial concentration of
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Fig. 4. (a) FTIR spectra of C:H3CHO and
products by the Os + C2H3CHO reaction at
reaction times of 0, 1, and 5 min, respectively.

demonstrate that the residual amount of
C2H3CHO after 1 min photoirradiation is
essentially independent of the O3 concentration.
This implies that Os molecules are not major
active species in the initial stage below 1 min.

3.3 Effects of Os on C2:HsCHO removal

To confirm the contribution of Os for the
C2H3CHO removal, the O3 + CaH3sCHO reaction
was studied at an initial Os concentration of
0.69%. Figures 4 respectively depict FTIR
spectra of C2H3CHO obtained from the Os +
C2H3CHO reaction at reaction times of 0, 1, and
5 min, respectively, where HCHO, HCOOH,
CO, CO2, and O3 peaks are observed. The
reaction starts immediately after mixing O3
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with C2HsCHO. Therefore, HCHO, HCOOH,
CO, and CO:2 peaks appear even at 0 min
during measurement of FTIR spectra.

Figure 5 shows the dependence of
concentrations of Os and products on the
reaction time in the Os + C2H3CHO reaction.
The C2H3CHO concentration slowly decreases
exponentially. The concentrations of HCHO
and HCOOH increase up to about 0.33 and 1.33

min, respectively, and then decrease thereafter.

The COz concentration increases more rapidly
than the CO concentration with increasing the
reaction time. These results suggest that
intermediate HCHO, HCOOH, and CO species
are finally converted to COg2 in the Oz +
C2H3CHO reaction.

O3 molecules are formed through the three-
body reactions (6) and (7) and are consumed by
photolysis (8) and by the reactions with O(3P)
(9), C2H3CHO (10), and other products (11).

O+ 0z2+Nz— 03+ N2 (6)
(ks = 6.01 x 1034 cm® molecule2 s1)9

O0+02+02—>03+02 (7
(k7 = 6.20 x 1034 cm® molecule2 s'1)9

Os + hv (172-nm)— OGP,1D) + Oq (®

03 + O(P) — 202 9)
(ko = 1.28 x 104 cm3 molecule! s1)17

O3 + C2H3CHO — products (10)

(k10 = 3.63 x 1019 cm3/molecule! )17
03+ HCHO, HCOOH, CO, and

other intermediates — products (11
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Fig. 5. Dependence of concentrations of
C2H3CHO, products, and Os on the reaction
time in air (20% Os). The initial concentration
of O3 was 260 ppm.
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The rate constant of the Os + C:H3CHO
reaction (10) at 298 K is known to be very small.
It is smaller than that of the O(3P) + C2:HsCHO
reaction (2) by a factor of 1.1 x 106 times. Thus
it is expected that the contribution of the Os +
C2H3CHO reaction (10) is small under our
conditions.

If O3 molecules are consumed only by the O3
+ C2H3CHO reaction (10), little change in the
O3 concentration is expected because of its very
small rate constant. However, we found a slow
decay of Os in the 0-5 min range. Probably
ozonides are initially formed by the Oz +
C2H3CHO reaction and multiple-step reactions
of Os with unstable intermediates including
ozonides leading to HCOOH, CO, and CO:
occur. Under such a condition, Os is consumed
not only by the initial O3 + CaH3CHO reaction
but also by many other Os + intermediates
reactions. Therefore, the apparent removal rate
of C2aH3CHO by Os molecules becomes large in
comparison with that expected from the rate
constant of the Os + C2H3CHO reaction
obtained under single collision conditions.

3.4 Possible decomposition mechanisms of
C2H3CHO under 172-nm photolysis in air

Scheme 1 shows possible oxidation processes
of CeaH3CHO in air. There are two oxidation
mechanisms. One is the direct VUV photolysis
(A) and the other is H, O(3P,1D), OH, and Os
reactions (B). The contribution of direct VUV
photolysis was estimated using the absorption
coefficients at 172-nm for Oz (c = 4.63x1019
cm2/molecule)’® and for C:H3CHO (o = 1.3x
1017 cm2/molecule!® and concentrations of Og
(5-20%) and C:H3CHO (500 ppm) from oMV,
values.19 Here, oi and M are absorption cross
section of a molecule i, and its number density,
respectively.  Results show  that the
contribution of initial absorption of incident
light by C2H3CHO increases from 6.6% to 12.3
and 21.9% with decreasing the Os2
concentrations from 20% to 10 and 5%,
respectively. Therefore, the contribution of
direct photolysis by 172-nm VUV photons is not
large even at 5% Os. To the best of our
knowledge, there 1is no information on
photolysis products of C2H3CHO at 172-nm.
Since such products as HCO, CO, and H have
been obtained under 193-nm ArF laser
photolysis.!® it is likely that similar products
are formed via processes (12a)-(12c) in Scheme
1 under 172-nm photolysis of C:H3CHO. It
should be noted that active H radicals are
formed in process (12c¢).
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(A) Direct photolysis at 172 nm

C,H, + HCO
C,HACHO + hv < C,H, +CO
C,H,CO + H

(B) H, O(*P,'D), OH, and O, reactions

O(®P) + C,H;CHO ———> C,H,CO + OH

C,H,CO + H,0
OH + C,H,CHO <
other intermediates (16b)

(12a)
(12b)
(12c)

(13)
(16a)

H, O(P), OH, O; + C,H,CO, other intermediates

——> HCHO, HCOOH, CO, other intermediates

an

H, O(®P,1D), OH, O4 + HCHO, HCOOH, CO, other intermediates

————> CO, (final product)

(18)

Scheme 1. Possible oxidation processes of acrolein in air.

Major oxidation processes are initiated by
the 172-nm photolysis of Oz into O(3P) + O(D)
(1). The contribution of initial absorption of
incident light by O2 was 93.4, 87.7, and 78.1%
at Oz concentrations of 20, 10, and 5%,
respectively. After photolysis of Oz, OGP,'D)
and Os are formed. Results show that the
contribution of O(1D) atoms and Os molecules
to the C2aH3CHO removal is small in the initial
stage. It is therefore reasonable to assume that
the CeH3CHO decomposition starts from the
OGBP) + C2H3CHO reaction (2). Although no
information on products of the OGP) +
C2H3CHO reaction has been reported, it is
reasonable to assume that OH radicals are
formed though H-abstraction reaction (13) as in
the cases of the O(P) + HCHO and O(P) +
CHsCHO reactions (14) and (15).10.14

OBP) + C2HsCHO — OH + C2HsCO (13)

O(P) + HCHO — OH + HCO (14)
(k1sa = 1.67 x 1013 cm3 molecule? )17

0O(3P) + CHsCHO — OH + CH3CO (15)

(k15 = 4.47 x 1013 ¢cm3 molecule s1)17

The rate constant of OH + C2HsCHO reaction
(16) is larger than that of the O(3P) + C:H3CHO
reaction (2) by a factor of 49.17

OH + C2H3CHO — Products (16)
(k16 =1.96 x 101 cm3 molecule s1)17

Therefore, it is highly likely that OH radicals
play a major role for the CaHsCHO removal in
our conditions. Further decomposition and
oxidation of such intermediates as HCHO,
HCOOH, and CO by H, OH, O(3P,'D), and Os

provide COz as a final product. It is known that
the O(!D) + CO reaction leading to COz is fast.

0(D) + CO — CO2
(k19 = 8.00 x 101! cm3 molecule! g1)17

(19)

Therefore, O(!D) atom is added as active
species in the final step (18) in Scheme 1.

4. Summary and Conclusion

Removal of C2H3CHO by a head-on type 172-
nm VUV photoirradiation was investigated to
develop a photochemical removal technique of
VOC at atmospheric pressure and room
temperature. At 5-20% Oz in air, CaHsCHO
was oxidized to COz2 via HCHO, HCOOH, and
CO. Under 172-nm photolysis of Oz, OGP,!D)
and Os can be active species for the CeHsCHO
removal. Results demonstrated that direct
photolysis and O(®P) take part in the initial
decomposition of C2H3CHO, although the
contribution of direct photolysis is less than
about 20%. H, O(P,1D), OH, and Os contribute
to the further oxidation of such intermediates
as HCHO, HCOOH and CO leading to a final
product COz. The highest initial removal rate
of C2H3CHO 1in air, 1.43 min'l, was obtained at
a low Oz concentration of 5%. These findings
provide fundamental data required for the
development of practical removal apparatus of
C2H3CHO using a head-on type of 172-nm VUV
lamp in air at atmospheric pressure.
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