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Photochemical Removal of Formaldehyde in Air by
Using a 172 nm Xe2 Excimer Lamp
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The photochemical removal of formaldehyde (HCHO) was investigated in air (20 or 1% O2) using
a side-on type of 172 nm vacuum ultraviolet (VUV) Xez excimer lamp at atmospheric pressure.
Experiments were carried out in a closed batch system and a flow system. HCHO was finally oxidized
to CO2 via HCHO, HCOOH, and CO intermediates at HCHO concentrations of 145 or 113 ppm. It was
found that the initial OGP) + HCHO — OH + CHO reaction and the subsequent OH + HCHO — CHO
+ H20 reaction play major roles in the initial stage of the decomposition of HCHO. At 1% Os, direct
VUV photolysis of HCHO and HCOOH also participates in the removal pathways of HCHO. The
removal rate constant of HCHO at 1% Oz, 25.0 min!, was 3.5 times larger than 7.2 min?® at 20% Ox.
When the HCHO removal was attempted using a flow system at a low HCHO concentration of 16 ppm,
it was completely removed in the flow rate range of 1000—2000 ccm.

Key words: Indoor pollution, VOC, Formaldehyde, Oxidation, VUV photolysis, 172 nm Xez excimer
lamp, OGP) atoms, OH radicals, CO, COs, Batch system, Flow system

1. Introduction

Formaldehyde (HCHO) is a typical volatile
organic compound (VOC). It is widely used for
the production of organic chemicals,
synthetic/artificial leather, textiles, pesticides,
paints, adhesives, inks, and -electronic
equipment. In view of its widespread use,
toxicity, and volatility, HCHO poses a
significant danger to human health even at low
levels. HCHO is also a causative agent of indoor
pollution of air, because it liberates from
tobacco smoke, furniture, and other consumer
goods in houses.

Extensive studies have been conducted using
effective  and  economically  reasonable
techniques for HCHO removal in air.
Conventional HCHO removal techniques are

absorption, physisorption, chemisorption,
biological and botanical filtration,
photocatalytic =~ decomposition, = membrane

separation, plasma, and catalytic oxidation.®

We have recently used 172 nm VUV excimer
lamps to remove such hydrocarbons and
aldehydes as CH4, C2H4, CéHs, CH3CHO, and
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CzH3CHO.™2 They could efficiently be
decomposed and finally oxidized to COgz in air
at atmospheric pressure without using any
expensive noble-metal catalysts. In the present
study, we attempt to use a 172 nm Xez excimer
lamp with a photon energy of 7.21 eV as a new
photochemical removal method of HCHO in air
at atmospheric pressure.

Previous UV + VUV photolysis of HCHO in
air was carried out by using a mixture of 254 +
185 nm light from mercury lamps and
photocatalysts.2® The threshold wavelengths
for the formation of O(P) and O(D) from
photolysis of Oz are as follows.13

Oz + hv (£242.4 nm: >5.11 eV)

— OGP) + OGP) 6))
Oz +hv (£175.0 nm: >7.08 eV)
— O(P) + O('D) (2

On the basis of these facts, O2 cannot be
decomposed into O(3P) + O(P) at 254 nm (4.88
eV), whereas it can be decomposed into OGP) +
OGP) at 185 nm (6.70 eV) with a small
absorption cross section.1?

Oz +hv (185 nm) — OGP) + O(3P) 3
03 = 3.3 x 1020 cm? molecule!

Although previous investigators reported that
Oz is decomposed into O(GP) + O(D) at 185
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nm,3% it is energetically impossible.

02+ hv (185 nm)
% O(GP)+0(D)-0.38eV  (4)

Therefore, the contribution of O(D) atoms in
the HCHO removal by 185 nm photolysis was
overestimated. Reaction mechanisms of HCHO
under 185 nm photolysis in Refs. 3—5 should be
revised.

02 is selectively decomposed into OGP) +
O(D) at 172 nm with a larger absorption cross
section.!3.14

Oz + hv (172 nm) — OCGP) + O(D) (5)
05~ 4.63 x 1019 cm?2 molecule!

Since the absorption cross section of process (5)
is 14 times larger than that of process (3), 172
nm light is expected to be more suitable than
185 nm one for the HCHO removal. In addition,
mercury-free process 1s desirable as an eco-
friendly photochemical removal technique.

The major purpose of this study is to obtain
fundamental information on photochemical
reactions of HCHO under irradiation of 172 nm
Xez2 excimer lamp in air. Not only direct VUV
photochemical reactions of HCHO, but also
reactions of OGP,'D), OH, and Os with HCHO
may contribute to the decomposition and
oxidation of HCHO. Major photochemical
reaction pathways of HCHO in air are
discussed. All reaction rate constants and
branching ratios of products used for discussion
have been measured at about 300 K.19

2. Experimental

VUV photolysis apparatus used in this work
was the same as that reported previously.89
Lights from an unfocused side-on type of 172
nm Xez lamp (UER20H172; Ushio Inc) were
used to remove HCHO at room temperature.
Experiments were carried out in a closed batch
system and a flow system. The chamber volume
was changed by inserting different size of
stainless-steel disks. Batch experiments were
conducted at a chamber volume of 235.5 cm3
and a chamber thickness of 3 cm, whereas flow
experiments were carried out at a chamber
volume of 39.3 cm3 and a chamber thickness of
0.5 cm.® The total pressure was maintained at
atmospheric pressure. The Oz concentration
was 20 or 1% in the batch experiments,
whereas it was 1% in the flow experiments. The
HCHO concentrations were 145 or 113 ppm in
the batch experiments and 16 ppm in the flow

experiment. The flow rate was varied from
1000 to 5000 ccm in the flow experiment.

Sample gases before and after
photoirradiation were analyzed by a HORIBA
gas analysis system (FG122-LS) equipped with
an FTIR spectrometer. The IR spectra were
measured in the 980-4000 cm™ region with an
optical resolution of 4 cm™. The concentrations
of HCHO, HCOOH, CO, COgz, and O3 were
determined from peak intensities of each FTIR
band. The concentrations of HCHO, CO, and
CO:2 were calibrated using their standard
samples supplied from gas companies. The
concentrations of HCOOH and Os were
evaluated by reference to the standard spectral
data supplied by HORIBA Ltd.

The following gases were used without
further purification: Nz (purity >99.9998%;
Taiyo Nippon Sanso (TNS) Corp.), Og
(>99.99995%; TNS Corp.), HCHO (4840 ppm in
high purity Na2; TNS Corp.). HCHO was diluted
in air (20 or 1% Os) before use.

3. Results and discussion

3.1 HCHO removal in the batch system

Figures 1(a)-1(d) show FTIR spectra of
HCHO (145 ppm) in air (20% O2) before and
after photoirradiation for 1, 10, and 30 s,
respectively. Before photoirradiation, strong
and weak HCHO bands are observed in the
1650—-1830 and 2700-3000 cm regions,
respectively. After photoirradiation for 1 s, the
HCHO bands reduce their intensity by about
15%, whereas Os Dbands appear. With
increasing the photoirradiation time from 1 s to
10 and 30 s, the HCHO bands decrease and
disappear, Os bands become strong, and COsg,
CO, and HCOOH bands appear.

Figures 2(a) and 2(b) show the dependence of
concentrations of HCHO, CO, COs, HCOOH,
and Os on the irradiation time in air (20% Os)
in the 0-50 and 0-600 s ranges, respectively. In
Fig. 2(a), the concentration of HCHO almost
linearly decreases from 145 ppm to 10 ppm
with increasing the irradiation time until 18 s,
and then slowly decreases to zero at 30 s. The
concentration of CO increases to 229 ppm until
18 s and slowly decreases to 218 ppm in the
20-50 s range. The concentration of COs:
increases almost linearly to 112 ppm until 50 s.
The concentration of HCOOH increases to 78
ppm at 16 s, and then decreases to zero in the
16-35 s range. The concentration of O3 linearly
increases to 2.2% after 50 s.

At longer irradiation times shown in Fig. 2(b),
the concentration CO decreases from 218 ppm
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Fig. 1. (a) FTIR spectrum of HCHO in air (20%
02) (a) before photoirradiation and (b)—(e)
after photoirradiation for 1, 10, and 30 s,
respectively.

to zero in the 50-600 s range. The
concentration of COz increases from 112 ppm to
255 ppm in the 50-600 s range. The
concentration of Os increases from 2.2 to 6.2%
in the 50-300 s range, and then slowly
decreases to 5.7% in the 300-600 s range. Time
profiles of concentrations of HCHO, CO, COsq,
and HCOOH suggest that HCHO is finally
oxidized to CO2 via HCOOH and CO
intermediates.

The removal of HCHO in air was also studied
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Fig. 2. Dependence of concentrations of
HCHO, products, and Os on the irradiation
time in air (20% O2) in the (a) 0-50 s and (b)
0-600 s ranges.

at a low Oz concentration of 1%, because the
removal rates of CH3CHO and C2H3CHO at 1%
Oz were faster than those at 20% 02.919 Figures
3(a)-3(d) show FTIR spectra of HCHO (113
ppm) before and after photoirradiation for 1, 2,
and 5 s, respectively. Before photoirradiation,
HCHO bands are observed in the 1650—1830
and 2700-3000 cml regions. A residual
impurity band of Hz20 is partially overlapped
with the main HCHO band in the 1650—-1830
cm’! range. It should be noted that the removal
rate of HCHO at 1% Oz is faster than that at
20% Os2. After photoirradiation for 1 s, the
HCHO bands decrease in their intensities by
about 50%, whereas CO2 CO, and Os bands
appear. It should be noted that HCOOH band,
which 1s observed at 20% Oz, is not detected at
1% O2. With increasing the photoirradiation
time from 1 to 2 s, HCHO bands decrease,
whereas COgz, CO, and O3 bands become strong.
Further increasing the irradiation time from 2
to 5 s, HCHO bands disappear, whereas COg,
CO, and Os bands further increase.
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Fig. 8. (a) FTIR spectrum of HCHO in Oz (1%)
(a) before photoirradiation and (b)—(d) after
photoirradiation for 1, 2, and 5 s, respectively.

Figure 4 shows the dependence of
concentrations of HCHO, CO, COgz, and Os on
the irradiation time. The concentration of
HCHO rapidly decreases from 113 ppm to zero
at 5 s. The concentration of CO increases to 174
ppm until 7 s and slowly decreases to 150 ppm
in the 7-10 s range. The concentration of CO2
increases linearly to 30 ppm until 10 s. These
time profiles suggest that HCHO is oxidized to
COz via CO. An outstanding feature of HCHO
removal at 1% O2 is that [COl/[CO2] ratios at
1-5 s are larger than those at 20% Oz by factors
of 1.5-4.7. This suggests that an additional
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Fig. 4. Dependence of concentrations of
HCHO, products, and O3 on the irradiation
time in air (1%) Oz in the 0-10 s range.

process takes part in the formation of CO at 1%
O2. The concentration of Os linearly increases
to 0.2% after 10 s.

Assuming a pseudo-first order reaction,%1?
initial removal rate constants of HCHO were
determined to be 7.2 min! at 20% Oz in the
0-18 srange and 25.0 min! at 1% Oz in the 04
s range. This indicates that the removal rate
constant of HCHO at 1% Oz is larger than that
at 20% Oz by a factor of 3.5.

3.2 Possible removal mechanisms of HCHO
under 172 nm photolysis in air

Under 172 nm photolysis of HCHO (145 or
113 ppm) in N2/O2 mixtures (20 or 1% Os), the
172 nm light is initially absorbed by HCHO and
Og2, because N2 has no absorption for the 172
nm light.!® In general, the total photon energy
absorbed by such a mixture as HCHO and O:2
during passing through the decomposition
chamber, E;,;q, 1s calculated from the relation:

Etotar = Eo — Eqexp(—1X; 0y N;) (6)

Here, E,, I, 0;, and N;, are the energy of
excimer lamp, the length of decomposition
chamber, absorption cross section of a molecule
i, and its number density, respectively. Photon
energy absorbed by a molecule i, E;, is
obtained from the relation.

L (7

oucio and oo, values at 172 nm were
reported to be 8.1 x 101® and 4.63 x 1019
cm? molecule!, respectively.!31® When we
calculated EHCHO/(EHCHO + Eoz) and EOZ/
(Eycho + Eoz) values at 172 nm using these
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values at HCHO concentrations of 145 and 113
ppm, they are 1 and 99% at 20% Og, and 17
and 83% at 1% Os, respectively. These values
imply that most photons are absorbed by Oz at
20% Oz, whereas 17% of incident photons is
absorbed by HCHO at 1% Oz in the initial
stage.

Photolysis of HCHO at 20% O3 starts from
selective photolysis of Oz into OGP) + O('D)
under 172 nm photoirradiation: process (5).
Metastable O('D) atoms are rapidly quenched
to the ground O(3P) atoms by collisions with Ny
and Oz atoms in air.

O(D) + N2 — O(3P) + Ny ®
(ks = 2.59 x 10°11 ¢cm3 molecule! g1)15

O(D) + Oz — OBP) + O2 9)
(ko = 4.05 x 10°!1 ¢cm3 molecule! g1)15

The rate constants and products of the
OGP)/HCHO reaction have been measured.

O(P) + HCHO — HCO + OH (10)
(k10 =1.67 x 1013 cm3 molecule g1)15

OH radicals formed in reaction (10) further
react with HCHO.

OH + HCHO — HCO + H=0 (11)
(k11 =9.38 x 10712 cm3 molecule g1)15

Since the OH/HCHO reaction (11) is faster than
the OGP)/HCHO reaction (10) by a factor of 56,
it is expected that not only the OGP)/HCHO
reaction (10) but also the OH/HCHO reaction
(11) play major roles in the initial oxidation
processes of HCHO. The same HCO radical is
formed in reactions (10) and (11). It is further
oxidized to CO by the fast HCO/Oz2 reaction.

HCO + Oz — CO + HO2 (12)

(k12 =5.20 x 10712 ¢cm3 molecule® s1)15

CO is finally converted to COz by the two-body
and three-body reactions.

O(D) + CO — COq (13)

(/13 = 8.00 x 1011 cm3 molecule g1)15

OH+CO - CO2+H (14)

(k14 =1.48 x 10713 ¢cm3 molecule! s1)15

CO+0+Nz— COz+N: (15a)
(k154 = 6.89 X 10736 cm® molecule? s'1)19

SUHIRFR AR & B Tty

FTaTE F1E 13
CO+0+ 02— COz2+ 02 (15b)

(k15p = 2.81 x 10735 ¢cm® molecule2 s1)15

Here, the ks, value at 300 K was estimated by
extrapolating the equation reported in the
373—-525 K range.!51” On the basis of above
reactions, the formation of CO2 from HCHO
proceeds via HCHO — CHO — CO — CO:
oxidation processes, where HCOOH is not
involved as an intermediate.

The OH/HCO reaction is the most possible
formation process of HCOOH under 172 nm
photolysis of a HCHO/O2 mixture.

OH + HCO — HCOOH (16)

(k16 = 9.20 x 1013 cm3 molecule! g1)15

HCOOH molecules
following processes.

are oxidized by the

OH + HCOOH — HCOO + H:0 amn

(k17 = 5.66 x 1013 cm3 molecule! g1)15

O(P) + HCOO — CO:+ OH (18)

(k1s = 1.44 x 101! ¢m3 molecule! g1)15

As shown above reactions, the formation of CO2
proceeds through HCOOH — HCOO — COgq,
where CO is not involved as an intermediate.
At 1% Og, besides above reactions, direct
photolysis of HCHO by the 172 nm light
contributes to the removal of HCHO. Possible
photolysis processes of HCHO as follows.

(19a)
(19b)

HCHO + hv(172 nm) — HCO + H
— CO + H2

Based on reported VUV photolysis study by
Sperling and Toby,® process (19a) is dominant
at 254 nm, whereas process (19b) is main at 147
nm. Under 172 nm photolysis at 1% Og,
[COl/[CO2] ratios below 5 s are larger than
those at 20% Q2. It is therefore reasonable to
assume that process (19b) contributes to the
formation of CO at 1% Oa.

At 1% Oz, HCOOH is not detected. One
reason for the absence of HCOOH is direct 172
nm photolysis of HCOOH with an absorption
cross section of 2.5 x 108 cm?2 moleculel.19
Schwel et al.29 reported that both HCOO + H
and HCO + OH are major product channels of
VUV photolysis of HCOOH in the 6-13 eV
(95.3—207 nm) region.
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HCOOH + hv(95.3-207 nm)
— HCOO +H
— HCO + OH

(20a)
(20b)

Therefore, it is expected that processes (20a)
and (20b) occur at 172 nm (7.21 eV) photolysis
of HCOOH at 1% Oa.

It i1s known that the OsyHCHO reaction is
very slow.

O3 + HCHO — Products (21)
(k21 =2.09 x 1024 cm3 molecule® s1)15

When the Os/HCHO reaction is studied using
the same technique as that reported
previously,? no reaction can be observed. This
observation is consistent with its reported very
small rate coefficient.

Schemes 1(a) and 1(b) summarize the major
reaction processes of HCHO removal in air
under 172 nm photolysis at 20 and 1% Osg,
respectively. Processes described by red lines in
Scheme 1(b) are additional photolysis channels,
which occur only at 1% O2. Although we do not
show photolysis of Oz and O3 under 172 nm
irradiation in Scheme 1, photolysis of a
HCHO/O2 mixture initiates from the
photodissociation of Oz into OGP) + O(D), as
we have recently reported in oxidation schemes
of CHs and C2H4 under 172 nm photolysis in
air1512 At 20% Oz, HCHO molecules are

(a) 20% O,
O(°P) OH
OH H,0

oxidized via two processes: HCHO — HCO —
CO — COz and HCHO — HCO — HCOOH —
HCOO — COg, where major active species are
OGP), OH, and Os. OH radicals are mainly
generated by the fast OGP)/HCHO reaction (10).
At 1% Og, besides processes observed at 20% Osg,
direct VUV photolysis of HCHO and HCOOH
contributes to the removal of HCHO. The rapid
formation of CO and absence of HCOOH at 1%
can be explained by effects of direct photolysis
of HCHO and HCOOH by 172 nm photons.

In Table 1 are compared the initial removal
rate constants of HCHO at 20 and 1% Oz with
those of CHsCHO and C:H3CHO measured by
using the same apparatus. At 20% Os, the
removal rate constant of HCHO is larger than
that of CHsCHO by a factor of 2.2, whereas it is
smaller than that of CeHsCHO by 14%. At 1%
02, the removal rate constant of HCHO 1is
larger than those of CH3CHO and C2H3CHO by
36 and 30%, respectively. These results suggest
that HCHO can be oxidized efficiently as in the
cases of CHsCHO and C2H3CHO both at 20 and
1% Oa.

For all aldehydes we studied, removal rate
constants at 1% Oz were larger than those at
20% Og2. There are two possible reasons for
these results. One is a longer penetration
length of incident light at 1% 02.9 Therefore,
the photolysis of HCHO can occur uniformly in
a larger reaction volume at 1% O2. The other

OH,
Hoo J——{"co }=h{ co, ]

M =N, O,

Scheme 1. Major oxidation processes of HCHO under 172 nm photolysis at (a) 20% Oz and (b)
1% Oz in air. Direct VUV photolysis processes, which take part in the HCHO removal only at

1% Oq, are described in red in (b).
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reason is competition between (10) and (15a) +
(15b).

O(P) + HCHO — HCO + OH (10)
OGP) + 02 + 02 — O3 + O¢ (15a)
OGP) + O2 + N2 — O3 + Na (15b)

At 1% Og, the relative contribution of reaction
(10) to that of (15a) + (15b) is larger than that
at 20% Oz, because three-body reactions (15a) +
(15b) are greatly suppressed at 1% Oq. This is
consistent with much lower concentration of O3
at 1% Oz than that at 20% Oz. This is the other
reason for the larger removal rate constant of
HCHO at 1%.

Table 1. Removal rate constants of aldehydes by
using a side-on type of 172 nm excimer lamp at
20% or 1% Oa.

SUHIRFR AR & B Tty

Oq Removal
Aldehyde fraction rate constant  Ref.
/% / min'!
20 7.2 This
HCHO 1 25.0 work
20 3.3 Ref.
CHsCHO 1 18.4 9
20 8.4 Ref.
C:H3CHO 1 19.3 10

3.3 HCHO removal in the flow system

For actual application of the photochemical
removal of formaldehyde, a flow system, by
which continuous removal of HCHO gas is
possible, is required. Figure 5(a) shows the
dependence of the concentrations of HCHO, CO,
COg2, and Os on the flow rate at an initial HCHO
concentration of 16 ppm. Figure 5(b) shows the
dependence of residual amount of HCHO,
[HCHOJ/[HCHOlo, on the flow rate. Here
[HCHOIlo denotes the initial concentration of
HCHO. Results show that all HCHO is
removed in the low flow rate range of
1000-2000 ccm. The concentration of HCHO
increases from 6.6 ppm to 8.3 ppm with
increasing the flow rate from 3000 to 5000 ccm,
whereas those of CO, COg2, and Os decrease
with increasing the flow rate from 1000 to 5000
ccm. Although all HCHO is removed in the low
flow rate range of 1000-2000 ccm, the residual
amount of HCHO increases from 36% to 42% in
the 3000—5000 ccm range.

In the flow system, the irradiation time
corresponds to the residence time of HCHO gas
in the photolysis chamber. The average
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Fig. 5. (a) dependence of concentrations of
HCHO, CO, and COsz on the flow rate. (b)
dependence of residual amount of HCHO on
the flow rate.

residence time of HCHO in the photolysis
chamber, ¢ is estimated from the relation, ¢ =
Vv, where V is the total volume of the
photolysis chamber and vis the flow rate. The
residence time of HCHO in the photolysis
chamber decreases concomitantly with
increasing flow rate. Actually, at flow rates of
5000, 2000, and 1000 ccm, the ¢ values were
estimated respectively as 0.47, 1.2, and 2.4 s.
Based on the results presented above, the
HCHO removal in air is possible in the flow
system at a low Oz concentration of 1% during
short photoirradiation times of 1.2-2.4 s.

4. Summary and Conclusion

The photolysis of formaldehyde by using a
side-on type of 172 nm Xez excimer lamp was
studied in air (20 or 1% O2) at atmospheric
pressure. We found that HCHO was oxidized to
CO:z via HCO, HCOOH, and CO in air. In the
presence of Oz, O(3P,1D), OH, and O3 can be
active species for the removal of HCHO.
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Results showed that O(P) and OH are major
active species under the 172 nm photolysis of
HCHO in the initial stage. At 1% Os, direct 172
nm photolysis of HCHO also contributes to the
HCHO dissociation.

The removal rate constant of HCHO at 1% Oz
was 3.5 times faster than that at 20% O:
because of larger irradiation volume in the
reaction chamber and slower loss of O(P) by
the three-body OGP) + 02+ M — O3+ M (M =
Nz and O2) reactions. The removal rate
constant of HCHO at 20% O2 was 2.2 times
larger than that of CHsCHO, whereas it was
14% smaller than that of C2HsCHO. The
removal rate constant of HCHO at 1% was
larger than those of CH3sCHO and C2H3CHO by
30—-36%.

Photochemical removal of HCHO was also
studied using a flow system at a low HCHO
concentration of 16 ppm. It was completely
removed in the flow rate range of 1000—2000
ccm. The present results demonstrate that
mercury-free 172 nm Xez excimer lamp is
useful for the HCHO removal in air without
using any expensive novel-metal catalysts.
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