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Photocatalysis is an effective method of air purification at the condition of a higher pollutant concentration. However, its wide
application in indoor air cleaning is limited due to the low level of indoor air contaminants. Immobilizing the nanosized TiO2

particles on the surface of activated carbon filter (TiO2/AC film) could increase the photocatalytic reaction rate as a local high
pollutant concentration can be formed on the surface of TiO2 by the adsorption of AC. However, the pollutant removal still
decreased quickly with the increase in flow velocity, which results in a decrease in air treatment capacity. In order to improve the
air treatment capacity by the photocatalytic oxidation (PCO) method, this paper used formaldehyde (HCHO) as a contaminant to
study the effect of combination of PCO with nonthermal plasma technology (NTP) on the removal of HCHO. The experimental
results show that HCHO removal is more effective with line-to-plate electrode discharge reactor; the HCHO removal and the
reaction rate can be enhanced and the amount of air that needs to be cleaned can be improved. Meanwhile, the results show that
there is the synergistic effect on the indoor air purification by the combination of PCO with NTP.

1. Introduction

Indoor air quality has become an important issue in recent
years. Research shows that the level of indoor contaminants
is 2–10 times higher than that in outdoor. In general, in-
door volatile organic compounds (VOCs) coming from
office products, insulting materials, synthetic furniture, press
wood, and so forth have the relations to adverse health effects
such as allergic reactions, headache, eye, nose, and throat ir-
ritation, and even cancer. The traditional method of cleaning
indoor contaminants is physical adsorption, but the adsor-
bent has the properties of adsorption saturation and needs
to be alternated periodically.

Photocatalysis is a promising technology for indoor air
purification, which has been used in many fields since the re-
search of photocatalytic water split on TiO2 electrodes was
reported in 1972 [1–10]. This photocatalytic method is
effective in the case of a higher pollutant concentration, but
its wide application is limited due to the low level of in-

door air contaminants. In order to improve the removal of
pollutant in indoor air, many researches have investigated the
photodegradation of indoor air pollutants by loading TiO2

catalysts on activated carbon filter (TiO2/AC film) to in-
crease the local concentration of pollutants on the surface
of catalyst [11–20]. However, the contaminants removal still
decreased sharply with the rise in flow velocity, especially at
the low level of indoor pollutant concentration. Therefore, it
is needed to improve the reaction rate at higher flow velocity
for the flow velocity will directly affect the amount of air to
be cleaned, which is important to the practical application of
this method.

Nonthermal plasma (NTP) technology has been widely
studied for VOCs oxidation. It has been reported as a most
hopeful air cleaning technology to remove toxic volatile
contaminants in air. The NTP approach is energy-efficient
and is capable of removing various indoor pollutants simul-
taneously. Atmospheric plasma discharges generate high-
energy electrons, while the background gas remains close to
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room temperature [21, 22]. The energetic electrons excite,
dissociated, and ionize gas molecules producing chemically
active species (atomic oxygen, hydroxyl radicals, ozone, etc.).
These species are capable of oxidizing volatile organic com-
pounds. Recently, activated carbon, catalyst, and nonthermal
plasma are combined together as a new treatment method to
solve the problem of environmental pollution [23]. Studies
[24] have proved that the atmospheric electric discharges
emit radiation with wavelength between 290 and 400 nm.
This UV emission range lies within the absorption spectrum
range of TiO2. Therefore, placing photocatalytic material,
such as semiconductor TiO2, into the plasma zone can im-
prove the photocatalytic efficiency of air purification because
the photocatalytic reaction can be triggered by both the high-
energy plasma species and the UV emission during the plas-
ma discharge. At the same time, the directional migration of
electrons in the high voltage electric field can decrease the re-
combination of the electron-hole pairs in the process of pho-
tocatalysis. However, the effects of the plasma discharge con-
figuration, flow velocity and humidity on the removal of con-
taminants by the combination of NTP with PCO are still
scarce.

The objective of this study is to investigate the effect of
combination of PCO with NTP on the removal of indoor
HCHO. The effects of plasma discharge configuration, the
applied voltage, the flow velocity and the humidity on the
HCHO removal were studied. The reaction rate and HCHO
removal were used as two parameters to evaluate HCHO
removal efficiency.

2. Experiment

2.1. Reagents and Catalyst Preparation. The reactant gas
HCHO was acquired from an HCHO penetration equip-
ment. The detailed experimental setup has been described
elsewhere [12].

TiO2 (Degussa p-25) was used as the photocatalyst.
Water suspension with 5 wt% of TiO2 was coated on a piece
of honeycomb activated carbon (AC) filter by the dipping
method and then was calcined at 180◦C for 1 h with a ramp
of 3◦C/min to form the TiO2-coated film (i.e., TiO2/AC
film). The area of the netlike AC film was 75 mm × 25 mm.
The amount of TiO2 loaded was determined by the weight
difference before and after the coating procedure. The weight
of TiO2 loaded was about 0.12 g. Figure 1 shows the TiO2

films coated on the honeycomb AC filter.

2.2. Electrode Configuration of Plasma Discharge System.
Because the indoor HCHO concentration is low relative to
that coming from industry, the indoor contaminants remo-
val method should have properties such as low energy con-
sumption, no undesired intermediate products, safe use,
simple configuration and being used at room temperature
and atmospheric pressure. Comparing the characteristics of
different plasma methods, the direct current (DC) stream-
er discharge mode can satisfy the above properties. Pine-to-
plate and wire-to-plate electrode configuration were design-
ed for producing plasma, as shown in Figures 2 and 3. The

Figure 1: TiO2/AC film.

Figure 2: Pine-to-plate electrode configuration.

two-electrode configuration adopted anode discharge to pro-
duce plasmas. The anode pine (or wire) was connected with
the positive side of the high-voltage DC power and the cath-
ode plate was connected with negative (ground) electrode.
When the DC high-voltage power was turned on, the NTP
will be produced between anode needle (or wire) and cath-
ode plate.

2.3. Plasma and TiO2/AC Hybrid Configuration. Figure 4
shows the hybrid configuration of plasma and catalyst film.
The TiO2/AC film was placed between the wire and the
plate electrode. Using such a combination of PCO with
NTP, HCHO can be fully degraded for the HCHO and its
secondary products can be absorbed on the surface of TiO2

by the adsorption of active carbon until it was completely
oxidized into carbon dioxide and water. Also, the local higher
HCHO concentration generated by the adsorption of active
carbon on the TiO2 surface can improve the removal of
HCHO.

2.4. Experimental Section. The schematic experimental sys-
tem is detailed [12], and the configuration of the experimen-
tal section is illustrated in Figure 5. The reactant gas with a
constant concentration, humidity, and reaction flow velocity
can be formed in the experimental system [12]. The reactant
gas flowed through the reactor and was decomposed in it.
The reactor in the experimental section was made of stain-
less steel with a volume of 195 mL (3H × 13L × 5W cm).
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Figure 3: Wire-to-plate electrode configuration.

Figure 4: The hybrid configuration and catalyst film.
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Figure 5: Experimental section. (1) Reactant stream inlet. (2) Zero
air inlet (3) Humidified air inlet. (4) Mixer. (5) Electrode wire (6)
Quartz glass window. (7) UV lamp (8) Electrode plate. (9) TiO2
film. (10) Lead thread. (11) Sampling port. (12) Humidity and
temperature sampling port.

The upper wall of the reactor is made of quartz for light
entrance. Illumination was provided by an 8 W UV lamp,
which emits light at a primary wavelength of 365 nm and
was horizontally placed on the upper of the quartz window
of the reactor. The UV light intensity of 1180 µW/cm2 was
determined by a UV meter (UV-A) in all of the experiments.
The TiO2 film was inserted between the plasma electrodes
to take advantage of the UV emission coming from the
plasma discharge. The one-pass removal efficiency of HCHO
in plasma discharge system with and without TiO2 film
was studied. There is a fully developed region before the
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Figure 6: The removal of HCHO varies with flow velocity by
different corona discharge.

reactor to form a stable air stream, and a mixer was placed
inside it to mix the reactant gas well. The sampling port
was set at the end of reactor. After the inlet concentration
equaled to the outlet concentration, that is to say, the experi-
mental system reached equilibrium (about 1 to 2 h), the
HCHO concentration, temperature, and humidity in exper-
imental system were recorded as an initial data. Then the
UV lamp and the DC high-voltage power were turned
on and the HCHO removal reaction was initiated. After
HCHO concentration at the reactor outlet did not change
with time, the concentration, temperature, and humidity
were recorded again. Then the degradation of HCHO was
ended and the reaction product mixture was collected. The
experiments were carried out at room temperature, and
under atmospheric pressure. The HCHO concentration was
measured with the HCHO analyzer 4160 type (measure
accuracy of ±2.0% of reading), which was produced by
the American Interscan Corporation. The temperature and
humidity were measured by a Vaisala HUMICAP indicator
HMI41 and probe type sensor HMP46 (at 20◦C, measure
accuracy of ±1.0% RH at the humidity range of 0∼90% RH
and of ±1.0% RH at the humidity range of 90∼100% RH).

3. Results and Discussions

3.1. Optimal Electrode Configuration of NTP Discharge.
Figure 6 shows the HCHO removal by pine-to-plate and
wire-to-plate corona discharge with or without TiO2 photo-
catalyst at different flow velocity with initial HCHO concen-
tration 1.19 mg/m3. The HCHO removal is defined as

HCHO removal (%) = 100(Cin − Cout)
Cin

, (1)
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(a)

(b)

Figure 7: Corona discharge variation with the increase of applied voltage for the different electrode system. (a) Corona discharge variation
with the increase in applied voltage for the line-to-plate electrode system. (b) Corona discharge variation with the increase in applied voltage
for the pine-to-plate electrode system.

where Cin and Cout are the initial concentration and the
steady outlet concentration (mg/m3), respectively. It can be
seen that the HCHO removal with wire-to-plate electrode
discharge configuration was higher than that with pine-to-
plate configuration. For example, the removal of HCHO was
only 18.2% by the pine-to-plate plasma discharge config-
uration but nearly 41% by the wire-to-plate discharge at
flow velocity of 3 cm/s. However, when the plasma discharge
coupled with TiO2 film the HCHO removal can be enhanced
significantly. As shown in Figure 6, the HCHO removal
reached nearly 60% when wire-to-plate plasma discharge
coupled with photocatalysis and about 35% by combination
of pine-to-plate plasma discharge with photocatalysis at the
same flow velocity. Apparently, the wire-to-plate discharge
configuration has a higher HCHO removal. The reason can
be explained obviously by the streamer discharge photos of
different electrode configuration, as shown in Figure 7. The
photos from left to right in Figure 7 show the electrode
discharge intensity varying with the increase in applied
voltage. It can be seen that the streamer discharge propagated
from the wire (or the tip of pine) electrode to plate electrode
and its length and luminescence intensity increased with
the increase in applied voltage. These streamers bridge
the gap with flamelike discharge pattern and cover the
surface of the catalyst. The wire-to-plate corona discharge
has higher luminescence intensity than that of the pine-
to-plate discharge when the discharge voltage increased
from the lower to the breakdown voltage. So the wire-to-
plate discharge system has higher removal of HCHO than
that in the pine-to-plate discharge system. Also the in situ
oxidative species (·HO) can be produced during the NTP
production, which can decompose the low-concentration
organic compounds. At same time, some physical effects,
such as strong fields and streamer (including ultraviolet
(UV) light), can also enhance the photocatalytic removal
of HCHO during corona discharge process. Therefore, the
removal of HCHO can be improved by the combination of
plasma with TiO2 photocatalysis.

Wire-to-plate corona discharge
Pine-to-plate corona discharge

Flow velocity: 3 cm/s
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Figure 8: Corona current as a function of applied voltage.

The higher performance of the wire-to-plate electrode
structure can also be explained by the time-average current-
applied voltage characteristics, as shown in Figure 8. It
can be seen that corona current was very small when
applied voltage is less than 8 KV. At first, corona current
generated by pine-to-plate discharge was greater than that
generated by the wire-to-plate discharge with the increase in
applied voltage. With the further increase in applied voltage,
the corona current from wire-to-plate discharge increased
sharply, and exceeded the corona current from the pine-to-
plate discharge. The corona current was 0.1 mA in wire-to-
plate discharge system at the applied voltage of 12.5 KV and
only 0.06 mA in the needle-to-plate discharge system. From
the above analysis, one can conclude that the wire-to-plate
electrode system is effective for the removal of HCHO.
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Figure 9: The removal of HCHO varies with the applied voltage.

Based on the above optimization results, the following
study used the wire-to-pine discharge system to investigate
the effect of applied voltage, flow velocity, and humidity on
the removal of HCHO.

3.2. Effect of Applied Voltage on the HCHO Removal.
Figure 9 shows that the HCHO concentration and reaction
rate vary with the applied voltage in the wire-to-plate
electrode discharge system. In this paper, the reaction rate
(mg/(m3 ·min)) is defined as [10]

r = (Cin − Cout)Q
V

, (2)

where Q is the flow rate of air stream (mL/min) and V is the
volume of photoreactor (mL).

One can see that the HCHO concentration remained
constant and the reaction rate of HCHO was zero when the
applied voltage was small, which shows that there was not any
NTP produced at small applied voltage. With the increase
in applied voltage, the reaction rate of HCHO increased
and the concentration of HCHO began to decrease. When
the applied voltage reached breakdown voltage, the con-
centration of HCHO and reaction rate changed irregularly.
Figure 9 only shows the result at the applied voltage that was
less than breakdown voltage. It can be seen that the corona
discharge was excited between wire and plate electrode when
the applied voltage was larger than the exciting voltage, and
corona discharge intensity enlarged when the applied voltage
increased. As a result, a large amount of higher-energy
plasmas produced, which collided with HCHO molecule
and decomposed it. So the HCHO concentration decreased
and the reaction rate increased with the increase in applied
voltage. However, the applied voltage should not exceed the
breakdown voltage to maintain high HCHO removal.

3.3. Effect of Flow Velocity on the HCHO Removal. Figure 10
shows the effect of flow velocity on the HCHO removal
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Figure 10: The effect of flow velocity on the HCHO removal and
reaction rate by different method.

and reaction rate by the different method with HCHO
initial concentration of 1.18–1.24 mg/m3 at humidity level
of 2.1 g/kg (relative humidity, 18.8%) and applied voltage
of 11.5 kV. From Figure 10, we can see that HCHO removal
decreased (but the reaction rate increased) with the increase
in flow velocity. The HCHO removal and reaction rate were
higher by the NTP method than those by the PCO. The
reason is that the high-energy active species (atomic oxy-
gen, hydroxyl radicals, ozone, etc.) generated in the NTP dis-
charge process have stronger reactivity than the ·HO radical
generated during the PCO process. So the HCHO was
strongly oxidized by the NTP method. As a result, the combi-
nation of NTP with PCO enhanced the HCHO removal and
reaction rate significantly.

In fact, for the photocatalytic removal of HCHO, our
study has found that the photocatalytic reaction rate first
increased and then changed little with the increase in flow
velocity, while the removal of HCHO decreased with it. The
reason is that photocatalytic reaction took place from the
diffusion control process to the photocatalytic reaction con-
trol process with the rise in flow velocity [12]. The same
results marked by hollow and solid circles in Figure 10 were
found again. However, for the removal of HCHO by the NTP
method, the increase in flow velocity improved the reaction
rate continuously with the applied voltage of 11.5 kV. It
means that the number of NTPs is far greater than the HCHO
molecules that collided with it. Therefore, the increase of
flow velocity enhanced the diffusion of HCHO and resulted
in the increase in reaction rate, which was consistent with
reaction kinetics. So the reaction rate of HCHO by the
NTP method was controlled by diffusion transfer. However,
the removal of HCHO decreased with the increase in flow
velocity for the predominant influence of residence time
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Table 1: The synergistic effect of NTP and PCO.

Velocity/(cm/s) 0.56 1.11 1.67 3.0 6 10

Removal (%)
PCO 58.4 44.4 27.0 15.8 6.3 5.2

NTP 70.2 59.2 45.6 40.5 33.6 31.4

Both 98.4 91.3 83.6 58.3 46.8 37.9

Reaction rate (mg/m3 · s)
PCO 1.87 2.87 2.54 2.77 2.21 2.77

NTP 2.23 3.64 4.69 7.06 11.1 17.1

Both 3.15 5.89 7.84 10.2 16.3 20.3

reduced. The less residence time means that the collision
probability of active species with HCHO gas from inlet to the
outlet of the reactor decreased, while the amount of HCHO
gas per unit time that collided with the plasma increased
with the rise in flow velocity, which was coincident with the
effect of flow velocity on the reaction rate. Comparing with
the rise in reaction rate, the amount of pollutant needed
to be cleaned increased quickly with the increase in flow
velocity, so the removal of HCHO was higher at the lower
flow velocity than that at the higher flow velocity due to the
predominant influence of residence time.

Because the high energy plasma and the UV light emis-
sion from the association of the NTP can excite the TiO2

photocatalyst to produce the ·HO radical, which not only can
enhance the oxidative ability of NTP but also can improve
the photocatalytic ability of PCO, the combination of PCO
with NTP shows the synergistic effect of both. As shows in
Table 1, which is the same data as that in Figure 10, the
HCHO removal (or reaction rate) by the combination of
NTP with PCO was larger than its sum by PCO and by NTP
with the rise in flow velocity. For example, HCHO removal
was 37.4% at the flow velocity of 10 cm/s, which was larger
than the sum of 5.2% by PCO and 31.4% by NTP. Also,
the reaction rate of 20.3 mg/(m3 ·min) by combination of
NTP and PCO was larger than the sum of 2.77 mg/(m3 ·min)
by PCO and 17.1 mg/(m3 ·min) by NTP. Therefore, the
synergistic effects of PCO and NTP can obviously enhance
the degradation of indoor pollutant. It can be seen that the
synergistic effect mainly exists in the process that is con-
trolled by photocatalytic reaction (as flow velocity is larger
than 1.1 cm/s). It implies that the TiO2 photocatalyst activity
was not fully excited by the UV light lamp in this paper
during the process predominated by photocatalytic reaction
when the flow velocity was larger than 1.1 cm/s. The combi-
nation of PCO with NTP excited the photocatalyst activity
and resulted in the synergistic effect. When flow velocity was
less than 1.1 cm/s, the photocatalytic reaction was controlled
by diffusion process, during which the number of ·HO
radical generated by PCO far outweighed the HCHO mole-
cule that touched it, so the synergistic effect was not be
manifested.

The above results proved again that the HCHO removal
is controlled by the resident time of HCHO in the reactor,
while the reaction rate is controlled by the diffusion of
HCHO. At the lower flow velocity, the resident time of
HCHO in the reactor is higher, so the collision probability
of HCHO with the active species is higher when the unit

volume HCHO gas flows from the inlet to the outlet of
the reactor. While the collision probability per unit time
reduced at the lower flow velocity as the diffusion of HCHO
was weak, this resulted in the decrease in reaction rate. At
the higher flow velocity, the resident time was lower, while
the collision probability per unit time was enhanced, so the
HCHO removal decreased, but the reaction rate increased.
For the practical indoor air purification, higher flow velocity
and higher reaction rate can increase air treatment capacity
and decrease air treatment time, which is very important for
the practical application of air purification technology. It can
be seen that the combination of PCO with NTP can improve
the HCHO removal in higher flow velocity, which may be a
route to purify the indoor pollutants.

3.4. Effect of Humidity on the HCHO Removal. For the pho-
tocatalytic oxidation of HCHO, the bound molecular water
on the surface of TiO2 will directly affect the production of
the hydroxyl radical (·HO). The ·HO is one of the most im-
portant oxidative species in the decomposing of HCHO for
its higher oxidation potential (2.8 eV). The primary reactions
are given as follows:

TiO2 + hv −→ e− + h+,

H2O + h+ −→ ·HO +H+,

OH− + h+ −→ ·HO .

(3)

So, a certain amount of water vapor benefits the removal
of HCHO. However, the heavy or light water vapor on the
catalyst surface will lead to the decrease in reaction rate. In
the absence of water vapor, the production of the ·HO is
limited, while excessive water vapor on the surface of TiO2

will occupy the active sites of reactants on the surface, which
results in the competitive adsorption of water vapor and
reactant on the TiO2 surface.

For the nonthermal plasma discharge, it has been ob-
served that air humidity affects to a great extent the behaviors
of coronas [24]. When a high voltage is applied to the anode
(thin wire), electrons presented in the air move towards
the anode and are ionized by collision, forming avalanches
within the ionization zone around the anode. The ionization
process in the gap is dependent on the field strength as well
as the water vapor content in air. So the water vapor content
controls the ionization process, which in turn controls the
growth of the second generation of avalanches. The lower
content of water vapor in air accelerates the collision of
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Figure 11: The effect of humidity on the removal and reaction rate
of HCHO by different methods.

electron with water. As a result, the hydroxyl radical pro-
duces, which can oxidize the HCHO molecule touched with
it. As the relative humidity increased, the thin water film
formed on the surface of wire anode, which baffled the emis-
sion of photons from the primary avalanche. Therefore, the
number of activated plasma decreased and the removal of
HCHO reduced. Therefore, there exists the optimal humidity
for the removal of HCHO by NTP discharge.

From the above analysis, it can be concluded that the ef-
fect of humidity on HCHO removal by combination of PCO
with NTP should have the similar results. Figure 11 shows the
effect of humidity on the HCHO removal and reaction rate
by different methods with flow velocity of 3 cm/s at the ap-
plied voltage of 11.5 kV. The similar results were obtained.
The effect of humidity on HCHO removal and reaction
rate had optimal value. The optimal humidity was about
4.1 g/kg (relative humidity, 37.2%) by NTP discharge, but
4.3 g/kg (relative humidity 39.1%) by PCO method, and
about 4.8 g/kg (relative humidity 43.4%) by the combination
of PCO with NTP. Because water vapor is the main substance
for generating the active species during the degradation of
HCHO by PCO (or by NTP), more water vapor is needed for
HCHO removal by the combination of PCO with NTP. To
the photocatalytic degradation of HCHO, the effect of humi-
dity on the reaction rate was not obvious after humidity
was greater than the optimal value, which has been proved
by our research group years ago [25], but it is clear by
NTP discharge method. Therefore, for the HCHO removal
by the combination of PCO with NTP, the reaction rate
increased quickly with the rise in humidity and reached the
maximum at optimal humidity and decreased hereinafter.
When the humidity was far above the optimal value, the
effect of humidity on the HCHO removal was unobvious.
The reason is that the excessive water can form competitive
adsorption with HCHO on the TiO2 surface, but its influence

is relatively small, so the photocatalytic reaction became the
control process for HCHO removal when humidity was larg-
er than the optimal value. From Figure 11, one can see that
the HCHO removal was nearly 87% and the reaction rate
was 14.7 mg/(m3 ·min) at optimal humidity of 4.8 g/kg by
the combination of PCO with NTP. However, the optimal
humidity is still lower than that that in common ambient
conditions. Therefore, as a future method of indoor air puri-
fication application, it is needed to improve the HCHO
removal at higher humidity conditions.

4. Conclusions

(1) The wire-to-plate configuration electrode system for
producing NTP can be used in pollutant degradation
for indoor air purification.

(2) The combination of PCO with NTP shows the syn-
ergistic effect for HCHO removal. When the photo-
catalytic reaction changed from the diffusion control
process to the photocatalytic reaction control process
with the increase in flow velocity, the synergistic effect
became more and more obvious. So the combination
of PCO and NTP might be a valid pathway to purify
indoor air.

(3) The effects of humidity on the removal of HCHO
by PCO, NTP discharge, or the combination of the
both had an optimal humidity range. But the opti-
mal humidity was lower than that in the common
ambient conditions. Therefore, it is needed to try to
redesign the reactor so as the combination of NTP
with PCO can work effectively in a higher humidity
range.
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