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The  contributions  of  various  plasma  species  to  the  removal  of  low-concentration  formaldehyde  (HCHO)  in
air  by  DC  corona  discharge  plasma  in  the  presence  and  absence  of  downstream  MnOx/Al2O3 catalyst  were
systematically  investigated  in this  study.  Experimental  results  show  that  HCHO  can  be  removed  not  only
by short-living  active  species  in  the  discharge  zone,  but  also  by  long-living  species  except  O3 downstream
the  plasma  reactor.  O3 on  its  own  is  incapable  of  removing  HCHO  in  the  gas  phase  but  when  combined  with
eywords:
ormaldehyde
ischarge plasma
nOx/Al2O3 catalyst

lasma-catalysis
zone

the MnOx/Al2O3 catalyst,  considerable  HCHO  conversion  is  seen,  well  explaining  the  greatly  enhanced
HCHO  removal  by combining  plasma  with  catalysis.  The  plasma-catalysis  hybrid  process  where HCHO  is
introduced  through  the  discharge  zone  and  then  the catalyst  bed  exhibits  the  highest  energy  efficiency
concerning  HCHO  conversion,  due  to the  best  use  of plasma-generated  active  species  in  a two-stage  HCHO
destruction  process.  Moreover,  the  presence  of downstream  MnOx/Al2O3 catalyst  significantly  reduced
the emission  of discharge  byproducts  (O3) and  organic  intermediates  (HCOOH).
. Introduction

Low-concentration formaldehyde (HCHO), mainly originating
rom furnishing and building materials, widely exists in indoor
nvironments, and has been correlated to adverse health effects
uch as eye, nose and throat irritation, allergic asthma, pulmonary
unction damage and even cancer [1–3]. Conventional technologies,
uch as adsorption, catalytic and photo-catalytic oxidation, have
een widely investigated for the removal of HCHO [4–9]. Complete
xidation of 100-ppm HCHO was achieved over a Pt/TiO2 catalyst
ven at room temperature [6].  However, the limited removal capac-
ties of adsorbent materials and the expensive cost of noble metals
till limit their widespread applications.

As an alternative approach, non-thermal plasma (NTP) tech-
ology is likely to be more appropriate for indoor air purification
ecause it is capable of removing various indoor pollutants such
s particulate matters, bacteria and volatile organic compounds
VOCs) simultaneously under ambient conditions. Atmospheric
lasma discharges generate high-energy electrons, while the back-
round gas remains close to room temperature. The energetic
lectrons excite, dissociate and ionize gas molecules, producing

hemically active species for removal of VOCs [10].

NTP process alone, however, has disadvantages such as high
nergy consumption, poor selectivity towards total oxidation and
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undesired byproduct formation [11–13].  An attempt to overcome
these disadvantages is to combine plasma technology with het-
erogeneous catalysis [10,14–18].  Fan et al. [17] reported that the
BTX (mixture of benzene, toluene and p-xylene) conversion can be
greatly enhanced by introducing MnOx/Al2O3 catalyst after the dis-
charge zone, at the same time harmful O3 can be removed from the
exit gas stream.

On the other hand, despite the excellent performance of the
plasma-catalysis hybrid process [19], the underlying mechanisms
involved in the plasma-catalytic destruction of VOCs are not well
understood yet. Since various active species, such as energetic
electrons, radicals, ions, stable and metastable molecules/atoms,
coexist in the discharge plasma, the study of the contributions of
these species to the removal of VOCs can bring valuable information
about the destruction processes. Harling et al. [20] investigated the
role of O3 in the destruction of toluene and cyclohexane using the
combination of NTP with either MnO2 or MnO2–CuO catalyst. It was
deduced that the decomposition of O3 to active oxygen species over
the catalyst surface initiated heterogeneous destruction reactions,
leading to complete removal of toluene and cyclohexane.

In the present study, different plasma and plasma–catalyst
hybrid systems were designed for the removal of low-
concentration HCHO in air. A link tooth wheel-cylinder energized
by positive DC high voltage was used as the plasma reactor while

MnOx/Al2O3 was  selected as the post-plasma catalyst. The main
objective of this work is to investigate the roles of different plasma
species in the conversion of HCHO, both in the gas phase and
over the catalyst surface. Besides, the energy efficiency concerning

dx.doi.org/10.1016/j.jhazmat.2011.09.044
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:zhutl@buaa.edu.cn
dx.doi.org/10.1016/j.jhazmat.2011.09.044
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Fig. 1. Schematic diagra

CHO conversion, and the behavior of byproduct formation,
ncluding O3 and organic byproducts, were also investigated for
he plasma and plasma-catalysis hybrid processes.

. Experimental

.1. Experimental set-up

A schematic diagram of the experimental system is shown in
ig. 1. It consists of a tandem plasma–catalyst reactor system, a
5 kV/5 mA  positive DC high voltage power supply, reaction gas
upply and analytical instrumentation. A stainless steel cylinder
ith an inner diameter of 42 mm was used as the ground electrode

f the plasma reactor, while a stainless steel rod (o.d. 6 mm)  through
hich 9 discharge teeth wheels were linked with a space interval

f 10 mm  was used as the high voltage electrode. The effective dis-
harge length and discharge gap were 89 and 16 mm,  respectively.

 stainless steel cylinder with an inner diameter of 27 mm  was con-
ected to the link tooth wheel-cylinder plasma reactor in series, in
rder to construct a plasma–catalyst hybrid system or a plasma
lone system by introducing the MnOx/Al2O3 catalyst or not.

In order to investigate the roles of different plasma species in
he conversion of HCHO, six treatment systems with different gas-
eeding methods or configurations were designed, as shown in
ig. 2. Treatment systems A–C were constructed for homogeneous
eaction of HCHO while systems D–F also included heterogeneous
eactions over the MnOx/Al2O3 catalyst. HCHO was introduced
efore the plasma in systems A and D, while in other systems HCHO
as directly introduced into the post-plasma cylinder. In systems

 and F, a buffer flask with capacity of 7 L (gas residence time of
0 s) was inserted between the two cylinders in order to extin-
uish active species from the plasma except O3 (O3 has a lifetime
f several days at room temperature).

.2. Experimental methods

Gaseous HCHO and water vapor were introduced by passing dry
ir through two temperature-controlled bubble towers, contain-
ng 36 wt.% HCHO solution and deionized water, respectively. The
ater vapor was first mixed with the dilution air and then with the
aseous HCHO before or after the plasma reactor (Fig. 2). The flow
ates of air were controlled by a set of mass flow controllers and the
otal flow rate of the reaction gas was controlled at 6.0 L/min. The
he experimental set-up.

initial HCHO concentration and relative humidity (RH) of the reac-
tion gas were 2.2 ± 0.1 ppm and 30 ± 3%, respectively. All the tests
were carried out at room temperature and atmospheric pressure.

MnOx/Al2O3 (5 wt.% Mn)  prepared by the impregnation method,
with manganese acetate as the precursor and �-Al2O3 of
2.5–3.5 mm in diameter as the support, was  used as the catalyst
in this study [17]. Loading amount of the catalyst was 15.0 g, with
the residence time in the catalyst bed being around 0.21 s. When
the catalyst was introduced, the reaction was started by energiz-
ing the plasma reactor with DC only when the HCHO concentration
at the exit of the catalytic reactor reached a steady state, meaning
that initial adsorption–desorption equilibrium of HCHO over the
catalyst surface was  achieved.

HCHO, HCOOH and O3 were sampled at the exit of the catalytic
reactor and then analyzed by acetylacetone spectrophotometric
method [21], ion chromatography (ICS200; Dionex Corporation,
USA), and indigo disulphonate spectrophotometric method [17],
respectively. HCHO and HCOOH were absorbed by distilled water
while O3 by the solution of indigo disulphonate. The conversion of
HCHO and the yield of HCOOH are defined as follows.

�HCHO (%) = [HCHO]off − [HCHO]on

[HCHO]off
× 100 (1)

YHCOOH (%) = [HCOOH]
[HCHO]off − [HCHO]on

× 100 (2)

where [HCHO]on and [HCHO]off denote the concentrations of HCHO
(ppm) at the exit of the catalytic reactor with the power supply
for the plasma reactor being on and off; and [HCOOH] is the con-
centration of HCOOH (ppm) measured at the exit of the catalytic
reactor.

The energy efficiency concerning HCHO conversion (�E, the
removed amount of HCHO per kWh  of energy consumption, g/kWh)
was  also evaluated in this study to determine the capability of the
treatment processes for practical applications. Since the specific
input energy (SIE, the discharge energy deposited into 1 L of reac-
tion gas, J/L) directly reflects the energy consumption of the plasma
discharge, all the experimental results were compared on the basis
of SIE in this investigation. SIE and �E are calculated as follows.
SIE = UI

Q
× 60 (3)

�E = [HCHO]off − [HCHO]on

SIE
× 30 × 3.6

24.4
(4)
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ig. 2. Schematic diagram of the treatment systems: (A) in-plasma; (B) post-plasm

here U is the applied voltage (kV) measured with a high voltage
robe (NISSIN EP-50K); I is the discharge current (mA) calculated
y measuring the voltage across a 10 � resistor with a multimeter;

 is the flow rate of the reaction gas (L/min); 30 is the molar mass
f HCHO (g/mol); 24.4 is the molar volume of gas (L/mol) under
he ambient condition (around 298 K); and 60 and 3.6 are the unit
onversion coefficients.

. Results and discussion

.1. HCHO conversion

Fig. 3 summarizes the conversion of HCHO as a function of SIE
or treatment systems A, B, and D–F. The conversion was measured

fter the reaction reached the steady state. No HCHO conversion
as observed in system C up to an SIE of 100 J/L in this study,

lthough comparable O3 was detected at the outlet of system C
o those of systems A and B. This result validates that the reaction

Fig. 3. Effects of specific input energy on the HCHO conversion.
ozone; (D) in-plasma + catalyst; (E) post-plasma + catalyst; (F) ozone + catalyst.

of HCHO with O3 in gas phase is negligible [22]. As seen from Fig. 3,
no HCHO conversion occurred without discharge power (SIE = 0)
whether the catalyst was  introduced or not, showing that discharge
plasma is indispensable for the removal of HCHO. The MnOx/Al2O3
catalyst cannot be activated for HCHO oxidation under ambient
conditions.

For all the five treatment systems, the HCHO conversion
increased with the increase of SIE. And compared with plasma alone
(systems A and B), the presence of post-plasma MnOx/Al2O3 cat-
alyst (systems D–F) significantly enhances the removal of HCHO.
The HCHO conversion for different systems is in the order of
D > E > F � A > B under the same SIE.

3.1.1. Plasma conversion of HCHO
Generally, VOCs can be removed by discharge plasma via three

pathways, i.e., direct electron impacts, gas-phase radical attacks
and ion collisions. Results presented in Fig. 3 show that HCHO can
be removed not only in the plasma zone (system A), but also in the
post-plasma cylinder (system B). For an SIE of 20 J/L, the conversion
of HCHO was 36% and 29% for systems A and B, respectively.

Considering that unstable plasma species, such as energetic
electrons and some gas-phase radicals, cannot reach the post-
plasma reactor because of their millisecond lifetimes [23,24], the
removal of HCHO in system B can only be attributed to relatively
stable (not including O3) and/or metastable plasma species (e.g.
N2 metastable states). In fact, it has been reported that for plasma
removal of HCHO, N2 metastable states may  be more important
than electrons owing to their longer lifetime [25]. These excited
states of N2 contribute to the removal of HCHO via two possible
pathways: direct attacks towards HCHO molecules and indirect
reactions through the O2 dissociation processes, as shown in Eqs.
(5)–(9) [25,26].

N2(A3�+
u ) + HCHO → H + HCO + N2 (5)

N2(a′) + HCHO → H + HCO + N2 (6)

3 + 3 3
N2(A �u ) + O2 → O( P) + O( P) + N2 (7)

N2(a′) + O2 → O(3P) + O(3P) + N2 (8)

O + HCHO → OH + HCO (9)
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of SIE. Higher SIE favors the complete removal of HCHO (Fig. 3)
but causes serious energy inefficiency of the process. Therefore,
maximum available value for input power in the plasma reactor
will be determined not only by HCHO conversion but also by the
X. Fan et al. / Journal of Hazar

here N2(a′) denotes the three states of a′1�, a1� and ω1�,  with
 mean energy of 8.4 eV; while the energy of N2(A3�+

u ) is 6.2 eV for
he 	 = 0 level.

In the case of system A in this study, besides the efficient removal
f HCHO in the discharge zone, further removal of the unreacted
CHO can be expected in the downstream cylinder too, due to the

esidual long-living plasma-excited species.

.1.2. Plasma-catalytic conversion of HCHO
As shown in Fig. 3, HCHO can be more efficiently removed in

he plasma–catalyst hybrid systems (D–F) when compared with the
lasma alone processes (systems A and B). For an SIE of 20 J/L, the
onversion of HCHO was 87%, 76% and 72% for systems D, E and F,
espectively. This result suggests that the downstream MnOx/Al2O3
atalyst can be effectively activated by long-living plasma species
or HCHO conversion at room temperature and the heterogeneous
xidation reactions over the catalyst surface are much more impor-
ant for HCHO removal than the homogeneous reactions in the
ischarge zone.

As stated previously, not only short-living unstable reactive
pecies are produced in plasma discharges, a fraction recombines
o form more stable species such as O3 [21,27].  Comparison of the
CHO conversion in systems C and F shows that although O3 does
ot oxidize HCHO in the gas phase, it does initiate the removal of
CHO over the MnOx/Al2O3 catalyst. O3 catalytic decomposition
echanism research shows that O3 decomposition over man-

anese oxide catalyst produces atomic oxygen and peroxide as the
ntermediate species [28,29]. These highly active oxygen species
hould be mainly responsible for the catalytic oxidation of HCHO
n system F.

Besides O3, other long-living plasma-excited species, which
ccount for the HCHO removal in system B, can also exist in the
econd cylinder of system E. These species may  trigger both homo-
eneous and heterogeneous reactions of HCHO, resulting in higher
CHO conversion in system E than in system F under the same
onditions.

The test results in Fig. 3 also show that the treatment system D
ehaves the best in terms of HCHO conversion in this study, which
an be easily attributed to the best use of the plasma-generated
ctive species in a two-stage HCHO destruction process: firstly,
CHO was attacked by energetic electrons and reactive species in

he discharge zone; secondly, unreacted HCHO from the discharge
one was further removed in the post-plasma stage mainly via cat-
lytic processes initiated by O3 and also other long-living active
pecies.

Comparison of the HCHO conversion in systems D, E and F shows
hat the O3 initiated catalytic oxidation reactions play a signifi-
ant role in the plasma-catalytic removal of HCHO. Moreover, it
hould be noticed that for the three hybrid systems, the differ-
nce in HCHO conversion is not significant for an SIE lower than

 J/L. We  may  have to consider that this phenomenon occurs for
he following reasons. On the one hand, the production of high-
nergy long-living species, such as N2(A3�+

u ) and N2(a′), is very
imited in low-energy discharge plasma. Therefore, the conversion
f HCHO in system E may  only result from the catalytic ozona-
ion process just as that in system F. On the other hand, it can be
een from Fig. 3 that the heterogeneous reactions are much more
mportant than the homogeneous reactions towards HCHO con-
ersion, especially in the case of low SIE. This probably explains
he small difference in HCHO conversion between systems D and E.

evertheless, the difference in HCHO conversion among the three
ybrid systems becomes remarkable at higher SIE, with the increas-

ng production of high-energy long-living species and also higher
CHO conversion in the discharge zone.
Fig. 4. Effects of specific input energy on the energy efficiency concerning HCHO
conversion.

In summary, HCHO can be removed not only by short-living
active species in the discharge zone, but also by long-living species
except O3 downstream the plasma reactor. Compared with the
plasma alone processes, the tandem plasma–catalyst hybrid sys-
tems perform much better in HCHO conversion, mainly arising
from the O3 initiated heterogeneous destruction of HCHO over the
post-plasma MnOx/Al2O3 catalyst.

3.2. Energy efficiency

Fig. 4 presents the energy efficiency concerning HCHO conver-
sion as a function of SIE for treatment systems A, B, and D–F. It can
be seen that the energy efficiency decreased with the increase of
SIE for all the five treatment systems. Obviously, the concentration
of HCHO in the gas stream decreased with the increase of HCHO
conversion, resulting in lower collision probability between HCHO
molecules and active species and hence lower removed amount of
HCHO per kWh  of energy consumption at higher SIE. Meanwhile,
more of the energy in plasma was  converted into heat, photons, and
used for byproduct formation (as shown in Fig. 5) with the increase
Fig. 5. Effects of specific input energy on the emission of O3.
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Fig. 6. Effects of specific input energy on the production of HCOOH: (a) HCOOH

then the catalyst bed, leading to the highest energy efficiency
concerning HCHO conversion.
84 X. Fan et al. / Journal of Hazar

nergy efficiency. Nevertheless, compared with the plasma alone
rocesses (systems A and B), the energy efficiency was  greatly

mproved by introducing post-plasma MnOx/Al2O3 catalyst (sys-
ems D–F), indicating that the plasma-catalysis hybrid processes
ave higher HCHO removal capability and are more promising for
ractical applications. The maximum energy efficiency was  3.1, 3.1
nd 2.5 g/kWh for systems D, E and F, respectively, compared to
.9 g/kWh for system A and 0.3 g/kWh for system B.

.3. Byproduct formation

.3.1. Ozone
As long as the NTP process is operated in air-like mixtures, the

ormation of O3, a hazardous discharge byproduct, is unavoidable.
ig. 5 shows the O3 outlet concentration as a function of SIE for
reatment systems A and D. In fact, O3 outlet concentrations were

easured in both the presence and absence of HCHO in air in this
tudy for all treatment systems. Results prove that low levels of
CHO in the gas stream as well as the introduction of a buffer flask
ardly influence the O3 outlet concentration.

As seen from Fig. 5, the O3 outlet concentration increased with
he increase of SIE for both plasma alone and plasma-catalysis
ybrid processes. Compared with plasma alone, however, the pres-
nce of post-plasma MnOx/Al2O3 catalyst significantly reduced
he O3 emission. For an SIE of 20 J/L, the O3 outlet concentration
ecreased from 57.2 ppm for system A to 13.9 ppm for system D. It

s clear that mainly O3 induced by gas discharge was decomposed
atalytically over the MnOx/Al2O3 surface, producing highly active
xygen species which play a key role in the enhanced removal of
CHO in the plasma-catalysis hybrid processes (Fig. 3).

Nevertheless, it should be noticed that even in the presence of
nOx/Al2O3 catalyst, the O3 emission (13.9 ppm for an SIE of 20 J/L)

s still high. In future research, it will be tested if the simultaneous
atalytic removal of HCHO and O3 can be further improved by intro-
ucing catalysts that are more reactive towards O3 decomposition.

.3.2. Formic acid
Formic acid (HCOOH) is a common intermediate produced dur-

ng the HCHO oxidation process [5,22].  Outlet concentrations of
COOH were measured for treatment systems A and D in this study

o investigate the influence of downstream MnOx/Al2O3 catalyst
n the formation of decomposition byproducts. In order to obtain
easurable concentrations of HCOOH, a higher initial HCHO con-

entration of 40.9 ± 0.5 ppm was used. Fig. 6a and b shows the
utlet concentration and the yield of HCOOH as functions of SIE,
espectively.

As seen from Fig. 6a, the HCOOH concentration at the outlet of
ystem A increased with the increase of SIE, indicating that HCOOH
as indeed produced as a byproduct in the plasma decomposition

f HCHO and the absolute production of HCOOH increased with
he increase of HCHO removed at higher SIE. On the contrary, the
COOH outlet concentration of system D linearly decreased with

he increase of SIE and was much lower than that of system A under
he same SIE. For an SIE of 80 J/L, the HCOOH outlet concentra-
ion was 2.0 and 0.1 ppm for systems A and D, respectively. The
ifference in HCOOH production between the two systems indi-
ates that HCOOH produced in the discharge zone can be effectively
emoved over the downstream MnOx/Al2O3 catalyst, especially at
igher SIE. The presence of post-plasma MnOx/Al2O3 catalyst does
ot only significantly enhance the conversion of HCHO (Fig. 3), but
lso favors the elimination of organic byproducts.

In addition, results presented in Fig. 6b show that the HCOOH

ield decreased with the increase of SIE for both systems A and D.
ince the absolute removal of HCHO increased with the increase
f SIE, the decreasing HCOOH yield in system D can be easily
ttributed to its decreasing production of HCOOH, as shown in
concentration and (b) HCOOH yield.

Fig. 6a. On the other hand, although the production of HCOOH
increased with the increase of SIE in system A (Fig. 6a), the
HCOOH yield decreased monotonously, suggesting that more of
the removed HCHO tends to undergo further oxidation reactions
in higher-energy discharge plasma to form end products such as
CO2 and CO.

4. Conclusions

The roles of various plasma species in the plasma and
plasma-catalytic removal of low-concentration HCHO in air were
experimentally studied in this work. The main findings can be sum-
marized as follows:

(1) Both short- and long-living plasma species (other than O3) con-
tribute to HCHO removal in the gas phase.

(2) O3 does not initiate HCHO removal in the gas phase but
does trigger heterogeneous destruction of HCHO over the
MnOx/Al2O3 catalyst, well explaining the greatly enhanced
HCHO conversion by combining plasma with the MnOx/Al2O3
catalyst in series.

(3) The best use of plasma-generated active species for HCHO
destruction can be achieved in a plasma–catalyst hybrid sys-
tem where HCHO is introduced through the discharge zone and
(4) The introduction of MnOx/Al2O3 catalyst after the plasma reac-
tor significantly reduces the emission of discharge byproducts
(O3) and organic intermediates (HCOOH), showing great poten-
tial for indoor VOCs’ purification.
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