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TiO2 photocatalytic oxidation of nitric oxide:
transient behavior and reaction kinetics
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Abstract

Photocatalytic oxidation (PCO) of nitric oxide (NO) over TiO2 catalyst was studied at source levels (5–60 ppm). The PCO process involves
a series of oxidation steps by the OH• radical: NO→ HNO2 → NO2 → HNO3. The product NO2 can be collected in an adsorbent bed
and either recycled back to the combustion chamber or recovered as nitric acid. The ratio of NO2

− to NO3
− from spent catalyst liquor drops

with irradiation time until a steady state is reached. The reactions are limited by thermodynamic equilibrium after∼12 s space time. The
steady-state experimental data from space time and inlet concentration effects can be described with the Langmuir–Hinshelwood (L–H)
kinetic model withR2 = 0.9208.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Nitrogen oxides (NOx) generally refer only to the ma-
jor species: nitric oxide (NO) and nitrogen dioxide (NO2)
in air pollution control. NOx is responsible for tropospheric
ozone/particulate (urban smog) through photochemical re-
actions with hydrocarbon. Further, NOx together with SOx
(sulfur dioxide and sulfur trioxide) is the major contribu-
tor to the “acid rain” that harms forest and crops, as well
as aquatic life[1–3]. Thus, NOx emission has been a fo-
cus of environmental regulations, especially in the ozone
non-attainment areas.

Reactive nitrogen, denoted NOy, is defined as the sum
of the two oxides of nitrogen (NOx = NO + NO2) and
all compounds that are products of the atmospheric oxi-
dation of NOx. These include nitric acid (HNO3), nitrous
acid (HNO2), nitrate radical (NO3), dinitrogen pentoxide
(N2O5), peroxynitric acid (HNO4), peroxyacetyl nitrate
(PAN) (CH3C(O)OONO2) and its homologues, peroxyalkyl
nitrates (RC(O)OONO2). Such compounds may be labile
via photolysis (e.g. HNO2) or thermal decomposition (e.g.
PAN) and can be regarded as reservoirs for NO2. However,
they do not play the same critical role that NO2 and NO do
as O3 precursors[2,4].
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Currently, the NOx control technologies include combus-
tion modifications, dry processes, and wet processes. The
combustion modification technologies, such as gas reburn-
ing, flue gas recirculation, diluent injection, and low NOx

burners, are considered to be suitable for operations with
single-digit NOx emission levels[5]. Dry processes include
selective catalytic/non-catalytic reduction (SCR/SNCR)
of NOx to N2 with ammonia, urea, and hydrocarbons,
non-selective catalytic reduction (NSCR) of NOx to N2
with H2, CO, and hydrocarbons, and adsorption[6]. Wet
processes include absorption with liquid phase oxidation,
absorption with liquid phase reduction, and gas phase oxi-
dation followed by absorption. Among the above-mentioned
NOx emission control technologies, the combustion modi-
fication (e.g. low NOx burners) and SCR are the most pop-
ular [6–8]. Alternate NOx oxidation technologies with O3,
H2O2, or electron beam can also achieve nitrogen fixation,
but require high energy[3].

2. Photocatalytic oxidation (PCO)

PCO has gained much attention in the purification of
air and water because it provides an attractive alternative
to the more conventional methods such as carbon adsorp-
tion, incineration, and catalytic oxidation. PCO employs
semiconductors such as SrTiO3, TiO2, ZnO, ZnS, and CdS
as a photocatalyst[9,10]. Titanium dioxide (TiO2), which
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has a band gap of 3.2 eV, is most widely used. With TiO2,

the chemical activation is provided by UV (<387 nm) to
generate electron–hole (e−–h+) pairs. Holes are trapped by
the OH− ions or H2O present on the surfaces and electrons
reduce the adsorbed oxygen yielding highly oxidative hy-
droxyl radical (OH•), hydroperoxide radical (HO2•), and
superoxide ion (O2•−), which are responsible for the ox-
idative attacks[10–12]. In the water treatment, PCO has
been applied to treat water contaminated with TCE, MEBE,
dye, cyanide, and metals. In the purification of air, PCO has
found applications in dry cleaning, surface coating, photo
processing, process vent treatment, soil vapor extraction,
air stripping, and indoor air purification[13,14]. PCO is
shown to be more cost-effective than incineration, carbon
adsorption, and bio-filtration for flow rates up to 20,000 cfm
(ft3/min) for treating a 500 ppm VOC-laden stream[14].

PCO offers the following distinctive advantages when
compared to competing technologies: (1) ability to oxidize
low-concentration and low-flow rate waste streams at, but
not limited to, ambient temperatures and pressures; (2) ease
of operation (instant on/off), modularity, and portability; (3)
complete mineralization for hydrocarbons; (4) by-products
amenable to bio-remediation for oxygenates[15,16]; (5)
potential utilization of solar energy with semiconductor
particles (e.g. TiO2) with a mechanism similar to that of
photosynthesis in green plants[17].

2.1. PCO of NOx-nitrogen fixation

As of today, most of the PCO applications involve the min-
eralization of VOCs to CO2, water, and chloride. In Japan,
PCO also has been applied to remove ambient NO by coat-
ing TiO2 on the walls of traffic tunnels, paved roads, and
buildings[18]. Along this line, the applications also include
indoor air cleaners and car deodorizers where indoor VOCs
are oxidized over TiO2 activated by sunlight or fluorescent
light [10,17,19]. Ibusuki and Takeuchi[18], Suzuki[19], and
Negishi et al.[20] all mixed activated carbon with TiO2 to
adsorb the pollutants and intermediates. Anpo[17] reported
that visible light irradiation of metal-implanted TiO2 leads
to significant photocatalytic reactions, including the reduc-
tion of NO.

The present paper deals with PCO of NO in source levels
(5–60 ppm). The oxidation yields nitric acid and nitrogen
dioxide (NO2). The latter can be collected in an adsorbent
bed (e.g. activated carbon and Na-Y zeolite) and either recy-
cled back to the combustion chamber or recovered as nitric
acid[7,20,21]. In our view, photocatalytic oxidation of NOx
offers the following distinctive advantages: (1) no extra re-
actants such as NH3 or O3 required; (2) NOx recycled or re-
covered as nitric acid, a potential raw material for fertilizers.

While the most popular NOx control methodology is to
reduce NOx back to N2, another approach is to oxidize NO
to NO2 and HNO3 along the general direction of nitrogen
fixation. The combustion process that generates NOx is part
of the fixation process but does not go far enough. Further

oxidation to nitric acid (HNO3) will complete nitrogen fix-
ation and become beneficial. As the availability of nitrogen
fertilizer is almost always the limiting factor in crop produc-
tivity, the nitrogen fixation process is quite desirable[22].

In this study, nitric oxide, the major component of NOx,
was photocatalytically oxidized over titanium dioxide cat-
alyst. The transient behavior of photocatalytic oxidation of
NO, oxidation products, and effects of catalyst weight, space
time, inlet concentration, humidity, and light intensity were
examined. All steady-state kinetic data were analyzed and
fitted into the Langmuir–Hinshelwood (L–H) model, and a
reaction mechanism is proposed for the PCO of NO.

3. Results and discussion

The experimental setup—including the gas supply, reac-
tor, and analytical system—is shown inFig. 1. One stream
of air bubbled through a gas wash bottle, which contained
water. By varying the flow rate of this stream, the humidity
can be adjusted. The air, NO, and N2 streams were mixed
to obtain the desired concentration and to adjust space time.
Space time is defined as the reactor volume divided by the
gas flow rate and is also known as residence time or reten-
tion time.

NO was oxidized using a thin-film photoreactor coated
with TiO2. The P-25 TiO2 powder (Degussa) was 70%
anatase. The Pyrex reactor was irradiated with two 8 or
25 W black lights (GE, F8T5-BL or F25T8-BL) from both
sides. The light intensity of the 25 W bulbs was varied with
a dimming electronic ballast. The reactor setup and light
sources were set in an insulated chamber, which could con-
trol temperature. The light intensity was measured with the
UVA radiometer (Extech Instrument, Model 40736A) in the
range of 320–390 nm. The radiometer was placed inside the
reactor, and the average of 10 light intensity readings was
taken at each input voltage. NO and NO2 were measured
with Thermo Environmental Model 10S chemiluminescent
NO–NOx gas analyzer. The NO gases (28.5, 472 ppm) were
purchased from Air Liquide. Used catalyst was scrubbed
with de-ionized water, and the liquor was injected into an
Alltech 490101 Universal Ion Chromatography System for
analyzing NO2

− and NO3
−.

TiO2 (500 mg) was first mixed with 20 ml de-ionized wa-
ter to make slurry. The cleaned inner tube was placed in the
oven (300◦C) for 6 min. The tube was then brush-coated
with the catalyst slurry for nine times. The heating and
brushing process was repeated until the desired catalyst
weight was obtained. It was found that a catalyst loading
>0.7 mg/cm2 did not further increase the conversion of NO.
A typical catalyst loading was 1.0 mg/cm2.

Blank tests (with black lights turned on but without TiO2)
using 20–200 ppm inlet NO with the presence of 0–20%
oxygen did not show any NO photolysis at room tempera-
tures. There was also no NO2 observed when black lights
were turned-off and TiO2 catalyst was present in the reactor.
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Fig. 1. Experiment setup.

3.1. Transient behavior

At the beginning, a very high conversion was observed.
The initial high conversion then decreased and approached
a steady state after hours of operation,Figs. 2 and 3. The
initial high conversion is believed to come from the high
initial rate of adsorption plus reaction (chemisorption) of
NO. The time to steady state increased with the amount of
catalyst coated[23,24]. The highest conversion reached ap-
proximately 95% at 0.5–3 min irradiation time depending on
the catalyst loading. Note that the steady state is achieved

Fig. 2. Transient behavior of the catalyst during the first 2 h of operation (space time: 12 s, inlet concentration: 40 ppm, light source: 2× 8 W BL; relative
humidity: 50%; catalyst weight: 1.07 mg/cm2).

after around 6 h of irradiation and all the nitrogen is ac-
counted for in the gas phase: NO out(26 ppm) + NO2 out
(14 ppm) = NO in (40 ppm),Fig. 3. The conversion of NO
is 35%. The gas phase mass balance indicates that there is
no N2O produced in our reaction system at steady state.

3.2. Inlet concentration/space time effect

At the steady state (with average catalyst loading of
1 mg/cm2), a lower initial concentration yields a higher
conversion,Fig. 4. A longer space time leads to a higher
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Fig. 3. Long-term behavior of the catalyst (all concentrations are measured in the effluent, space time: 12 s, inlet NO concentration: 40 ppm, light source:
2 × 8 W BL, relative humidity: 50%, catalyst weight: 1.11 mg/cm2).

conversion until the space time is 12 s, after which the con-
version remains constant. This phenomenon indicates that
the PCO is limited by equilibrium after 12 s space time.
With the same space time, a lower initial concentration
gives rise to a higher conversion.

Fig. 5 indicates that the NO2 selectivity increases at low
inlet concentrations and then reaches a plateau once the inlet
concentration is higher than 10 ppm. The NO2 selectivity,
however, remains steady at 100% versus space time from 2
to 24 s. NO2 selectivity is defined as the percent of converted
NO that yields NO2.

Fan[25] reported the NO conversion versus gas flow rate
at constant space time of 9.2 s,Fig. 6. The NO conversion
was kinetics limited rather than external-mass-transfer lim-
ited when flow rates were greater than 0.4 l/min. This was
the same flow rate range used in this study.

Fig. 4. Inlet concentration and space time effects.

3.3. Light intensity effect

The light intensity was varied as described in the exper-
imental section. NO conversion and NO2 selectivity were
measured at the steady state (approximately 18–24 h of ir-
radiation time). The NO conversion increases with light in-
tensity. At 5 ppm, NO conversion changes only a little from
0.2 to 0.8 mW/cm2 corresponding to 12.5–50 W. At 40 ppm,
the rate of NO conversion increases steadily from 0.2 to
0.8 mW/cm2. It is possible that at 5 ppm, the NO conversion
is limited by the amount of NO adsorbed on the active sites
while at 40 ppm the limiting factor shifts to available UV
light, Fig. 7.

Fig. 8shows the NO2 selectivity remains constant at 100%
for 40 ppm inlet NO and increases with light intensity for
5 ppm inlet NO with a 50% RH. Therefore, for 40 ppm inlet
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Fig. 5. NO2 selectivity vs. inlet concentration (space time: 12 s, light source: 2× 8 W BL, relative humidity: 50%, temperature: 74◦F, catalyst weight:
∼1 mg/cm2).

Fig. 6. NO conversion vs. gas flow rate at constant space time (9.2 s).

NO at the steady state, all NO should be converted to NO2.
We believe that for 5 ppm inlet NO the true steady state is
not reached yet. Thus, increasing the light intensity disso-
ciates HNO3 back to NO2 and OH• and promotes the NO2
selectivity from 82 to 95%.

Fig. 7. NO2 conversion vs. light intensity (space time: 12 s, inlet concentration: 5 and 40 ppm, relative humidity: 50%, temperature: 74◦F, catalyst weight:
∼1 mg/cm2, light source: 2× 25 W BL with controller).

3.4. Humidity effect

In this set of experiments, the percent of relative humidity
(% RH) was varied from 0 to 75% at 25% increment with a
24 h irradiation time. The water concentration ranged from
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Fig. 8. NO2 selectivity vs. light intensity (space time: 12 s, inlet concentration: 5 and 40 ppm, relative humidity: 50%, temperature: 74◦F, catalyst weight:
∼1 mg/cm2, light source: 2× 25 W BL with controller).

0.12 to 870 mol/m3. The other parameters were kept constant
at the base condition: 40 ppm inlet concentration, 12 s space
time, 74◦F, 2× 8 W light source, and∼1 mg/cm2 catalyst
loading.

The conversion of NO increases from 0 to 50% RH and
remains constant after 50% RH with a 24 h period of irradia-
tion, Fig. 9. Since water is an essential contributor to OH•, it
makes sense that increasing relative humidity enhances the
NO conversion at the steady state. Note that the reactions
take hours to reach a steady state; the TiO2 surface that is
initially hydroxylated thus needs to be replenished with wa-
ter. NO2 selectivity keeps constant at 100% at steady state
for 40 ppm inlet concentration of NO over the entire RH
range tested.

Tawara et al.[26] also carried out a similar experiment
in which the gap between catalyst and wall was smaller
(5 mm) and the inlet concentration was 1 ppm. As the rela-

Fig. 9. Humidity effect on NO conversion (space time: 12 s, inlet concentration: 40 ppm, light source: 2× 8 W BL, temperature: 74◦F, catalyst weight:
∼1 mg/cm2).

tive humidity went higher than 50%, the conversion of NO
decreased. This decrease may be due to the competitive ad-
sorption between water and NO. As the NO concentration
increases, NO has better chances to adsorb onto the catalyst
surface as indicated in this study.

3.5. Nitrite and nitrate analysis

The liquor from washing the spent catalyst with deionized
water was analyzed for NO2− and NO3

− with an Alltech
ion chromatograph as described in the experimental section.
After 6 h of irradiation, the ratio of NO2− to NO3

− from
the spent-catalyst scrubbing liquor is steady,Fig. 10. The
fact that nitrite and nitrate ions in the liquor are still not in
equilibrium corroborates the observed transient behavior at
the first few hours of operation. NO3− comes from HNO3
[20] while nitrite comes from adsorbed HNO2 (molecular
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Fig. 10. Nitrite/nitrate ratio from spent catalyst scrubbing liquor vs. irradiation time.

and ion forms). It should be noted that HNO2 is converted to
NO (∼90% efficiency) in the NOx analyzer’s molybdenum
converter and reported as NO2.

3.6. Reaction mechanism

The proposed reaction pathways are based on the prod-
ucts/intermediate species detected and the reaction data from
literature and our laboratory. Homogeneous, atmospheric
reactions rate constants involving hydroxyl/superoxide rad-
icals and NO are abundant in the literature[27–30]. For
example,k is reported to be in the order of 10−9 M−1 s−1

for OH with gas phase NO. Second-order rate constantk is
6.7 × 10−9 M−1 s−1 for O2

− reacting with NO in vivo.k
is 3× 10−9 M−1 s−1 for OH reacting with gas phase NO2.
However, no rate constants are reported for heterogeneous
photocatalytic reactions over TiO2.

The photocatalytic oxidation of NO produces two major
products: NO2 gas and HNO3 on catalyst surface. HNO2
is a minor species on catalyst surface as seen inFig. 10.
As mentioned earlier, both HNO3 and HNO2 are produced
in the initial/transient periods until the equilibrium between
HNO2, NO2 and HNO3 is established on the catalyst. When
equilibrium is established, the feed NO is converted to NO2
only. When a larger amount of catalyst is coated, a longer
period of time is needed to reach a steady state. The key
oxidant in this reaction is believed to be OH• produced from
water, O2, and electron–hole pair on the catalyst surface.

When the UV light is first turned on, OH• radical quickly
reacts with adsorbed NO to form adsorbed HNO2. At this
point, the adsorbed HNO2 can dissociate to H+ and NO2

−.
Little NO can be desorbed, and NO2 formation is slow as
seen in the spike of nitrite, quick disappearance of NO, and
the lack of gas phase NO2, Figs. 2 and 10. This initial period
only lasts about 0.5–3 min depending on the catalyst loading
(0.7–2.9 mg/cm2). Next, the formed HNO2 further reacts
with OH• radical to generate adsorbed NO2 and water. This

second reaction gradually becomes competitive with the first
reaction because the adsorbed NO becomes scarce (i.e. the
active sites are occupied by more strongly adsorbed HNO3
and HNO2). The phenomenon can be seen inFig. 10where
NO2

− gradually decreases and NO3
− gradually increases.

The third reaction in series, i.e. NO2 reacting with OH•
radical to form HNO3, is always fast and eventually reaches
equilibrium with its reverse reaction on the surface of the
catalyst. The transient period is thus characterized with a
series of oxidation steps: NO→ HNO2 → NO2 → HNO3.

In Fig. 10, after 3 h, the amount of NO2− reaches a con-
stant level. After 6 h, the amount of NO3

− also reaches a
constant level. It is believed that at the steady state and lat-
ter part of the transient period, the stable HNO3 and its
dissociated form (H+ and NO3

−) become dominant. Since
the adsorbed HNO3 dissociates to H+ and NO3

− to a great
extent, the buildup of H+ ion lowers the scrubbing liquor
pH. The lower pH is responsible for the decrease of NO2

−
ion. As [H+] increases, the equilibrium shifts back to form
HNO2 and consumes NO2−. The labile HNO2 will further
undergo an oxidation or reduction reaction. The pH values of
spent catalyst were measured by washing spent catalyst with
500 ml 18 M	 water after different irradiation time. The pH
value quickly goes down from 6.04± 0.07 to 4.85 after an
initial irradiation and to 4.39 after 19 h irradiation[25].

At steady state, the equilibrium between HNO3 and NO2
is already reached on the catalyst surface. Once the cata-
lyst is saturated with HNO3, the oxidation reaction can only
go as far as NO2. At space time >12 s, a longer space time
will not further increase the conversion of NO because the
equilibrium has been established between all species on the
catalyst surface including adsorbed NO,Fig. 4. The reac-
tion regimes are described inFigs. 11 and 12. At the initial
phase of the series reactions, NO is quickly adsorbed onto
the catalyst and reacts with the hydroxyl radical to form ni-
trous acid (HNO2). The adsorbed HNO2 is in equilibrium
with its dissociated ionic forms and can further react with
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Fig. 11. Reaction regimes for photocatalytic oxidation of nitric oxide over
TiO2.

another hydroxyl radical to produce adsorbed NO2. During
the transient period, the adsorbed NO2, which is in equilib-
rium with the gas phase NO2, can be oxidized to produce
HNO3. The reaction mechanism of photocatalytic oxidation
can also be presented in the networks shown inFig. 12.

The following comments summarize the photocatalytic
oxidation reactions of nitric oxide over TiO2:

• At the initial stage, HNO2 quickly accumulates, no NO2
is observed.

Fig. 13. Actual vs. predicted rates by the L–H model.

Fig. 12. Reaction networks for photocatalytic oxidation of nitric oxide
over TiO2.

• In the transient period, oxidation of HNO2 to NO2 and
subsequent oxidation of NO2 to HNO3 take place.

• The stable HNO3 and its dissociated ions become domi-
nant at the latter transient period.

• At steady state, the oxidation reaction can only go as far
as NO2.

• With a long space time, equilibrium is virtually estab-
lished for all fast reactions.

3.7. L–H model

The results from space time and inlet concentration effect
studies were fitted into the L–H model. From the Marquardt
nonlinear regression, the reaction constants and the adsorp-
tion equilibrium constants were determined. The L–H model
is shown below:

−rNO= K′
ACNOCH2O − K′

BCNO2

(1 + K′
H2OCH2O + K′

NOCNO + K′
NO2

CNO2)
2

(1)
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Table 1
Constants from nonlinear regression analysis

Constant Estimate Unit

K′
A 431.68± 179.46 m3/(mol s g catalyst)

K′
B 81.84± 60.65 1/(s g catalyst)

K′
H2O 43.55± 4.56 m3/mol

K′
NO 3.28 × 104 ± 2.06 × 104 m3/mol

K′
NO2

9.04 × 104 ± 8.58 × 104 m3/mol

wheret is the space time (s);−rNO = −dCNO/dt for a plug
flow reactor;−rNO the disappearance rate of NO (mol/m3 s);
K′

A , K′
B the reaction rate constants;K′

H2O, K′
NO, K′

NO2
the

adsorption equilibrium constants; andCNO, CNO2, CH2O the
concentration of nitric oxide, nitrogen dioxide, and water in
gas phase (mol/m3).

The L–H model agrees very well with the experimen-
tal data (25 data points,R2 = 0.9208), Fig. 13. The
determinedK′

A , K′
B, K′

H2O, K′
NO and K′

NO2
are shown in

Table 1. These constants are based on the room temperature
data.

4. Conclusion

Photocatalytic oxidation of nitric oxide (NO), the ma-
jor component of NOx, yields nitric acid and nitrogen
dioxide (NO2). The latter can be collected in an adsor-
bent bed and then desorbed as NO2 gas or hydrolyzed
as nitric acid [21]. The treatment is a nitrogen fixation
process and converts a pollutant into a raw material of
fertilizer.

The thin-film photoreactor was irradiated with two 8 or
25 W black lights with an adjustable light intensity. The pro-
cess involves a series of oxidation steps by the OH• radical:
NO → HNO2 → NO2 → HNO3. There is a pronounced
transient period, typically lasting several hours. The amounts
of NO2

− and NO3
− recovered from the catalyst change with

irradiation time until a steady state is reached. The con-
version increases with space time and decreases with inlet
concentration. The reactions, however, are limited by ther-
modynamic equilibrium after∼12 s space time. Two 25 W
black lights were used with a dimming electronic ballast
to vary the light intensity. The light was measured with a
radiometer in the range of 320–390 nm. Light intensity in-
creases the capability to oxidize NO from 0 to 0.8 mW/cm2.
The NO2 selectivity increases with light intensity for 5 ppm
inlet NO but remains constant for 40 ppm inlet NO. The
steady state NO conversion increases with relative humid-
ity from 0 to 50% and then levels off at a higher relative
humidity.

A photocatalytic oxidation mechanism is proposed in
which hydroxyl (OH•) radical is a key oxidant in the PCO.
The intermediate species, HNO2, can be further oxidized to
NO2 and H2O. The former is then oxidized to HNO3, the
major product deposited on the catalyst. The experimental

data from space time and inlet concentration effects can be
described with the L–H model withR2 = 0.9208.
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