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Abstract
In this work, we present the application of solar photocatalysis for air purification including toxic substances such as ammonia
and methane normally related to emissions from agriculture (e.g., poultry and cattle farms), landfills, etc. The study was done in
three different laboratory and semi-pilot scale reactors: annular reactor (AR), mini-photocatalytic wind tunnel (MPWT), and
photocatalytic wind tunnel (PWT). Reactors present a physical model for estimation of air-borne pollutant degradation over
TiO2-based photocatalytic layer in respect to optimal operating conditions (relative humidity, air/gas flow, and feed concentra-
tion). All studies were performed under artificial solar irradiation with different portions of UVB and UVA light. The application
of solar photocatalysis for air purification was evaluated based on thorough monitoring of pollutants in inlet and outlet streams.
The kinetic study resulted with intrinsic reaction rate constants: kp,int,NH3 = (3.05 ± 0.04) × 10−3 cm4.5 mW−0.5 g−1 min−1 and
kp,int,CH4 = (1.81 ± 0.02) × 10−2 cm4.5 mW−0.5 g−1 min−1, calculated using axial dispersion model including mass transfer
considerations and first-order reaction rate kinetics with photon absorption effects. The results of photocatalytic oxidation of
NH3 and CH4 confirmed continuous reduction of pollutant content in the air stream due to the oxidation of NH3 to N2 and CH4 to
CO and CO2, respectively. The application of solar photocatalysis in outdoor air protection is still a pioneering work in the field,
and the results obtained in this work represent a good basis for sizing large-scale devices and applying them to prevent further
environmental pollution. In the current study, a TiO2 P25 supported on a glass fiber mesh was prepared from commercially
available materials. The system designed in this way is easy to perform, operate, and relatively inexpensive.

Keywords Methane . Ammonia . Air pollution . Photocatalytic oxidation . Solar photocatalysis . Kinetic study

Introduction

The increase of population affects development of intensive
farming and daily waste production which ends on landfills.
These activities cause larger emissions of ammonia and meth-
ane and require new solutions in passive air quality enhance-
ment in areas where abovementioned pollutants are present.
Ammonia is one of the largest pollutants of the atmosphere,
leading to an environmental problem (Vallero 2008). The

largest sources of ammonia emissions are farms producing
fertilizer containing ammonia and agriculture using fertilizers
enriched with ammonia (Bjerg et al. 2019). Methane emis-
sions are caused by human activity (mostly agriculture, ener-
gy, and waste management) and natural resources. After being
emitted into the atmosphere, the lifetime of methane is 12
years. Although it is considered a gas for a short period of
time, it is still long enough for a gas to be transferred to other
areas. In addition to being a greenhouse gas, methane also
contributes to the production of ground-level ozone, which
in turn is the largest pollutant affecting human health and the
environment in Europe (Vallero 2008; Nisbet et al. 2014).

One of the possible solutions for air purification processes is
solar photocatalysis. Solar photocatalysis belongs to advanced
oxidation processes. It is a technique where solar (normally
UV) radiation in synergy with a photocatalyst (semi-
conductor) in presence of water molecules (humidity) creates
a chain of redox reactions on the surface of the photocatalyst,
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eventually resulting in inert products such as water, carbon
dioxide, and other non-toxic species, depending on the structure
of pollutant. Due to the purification properties, environmental
impact, and economic benefits, solar photocatalysis presents an
alternative solution to conventional air purification methods
and it is listed in best available techniques (BAT) for VOC
degradation according to the Integrated Pollution, Prevention
and Control (IPPC) directive (96/61/EC) (Brinkmann et al.
2016). Within the last four decades, TiO2 heterogeneous
photocatalysis has attracted much attention because of its ad-
vantages over other conventional methods for environmental
remediation (Ibhadon and Fitzpatrick 2013). Therefore, numer-
ous studies have been carried out, to explore practical indoor
and outdoor application of various TiO2 photocatalysts.
Titanium dioxide is a non-toxic, chemically stable compound
with excellent photocatalytic properties. Under the source of
UV radiation, the electrons in photocatalysts valence band pro-
mote to conduction band thus leaving an empty space, or so-
called hole (h+), with a lack of negative charge (e−) in valence
band. These holes are crucial for initiation of redox processes
which lead to pollutant degradation because they produce hy-
droxyl radicals (•OH) in presence of humidity. These radicals
react non-selectively with pollutants oxidizing them to harmless
molecules. However, the large bandgap energy (3.2 eV) of
TiO2 considerably limits the utilization of natural solar light
or artificial visible light (Pelaez et al. 2012), while scale-up
issues limit the application on a larger scale.

The gas-phase photocatalysis was initiated in pioneering
work on the photodecomposition of nitric oxide by
McLintock and Ritchie (1965). Throughout the years, several
studies have suggested the solid-gas photocatalysis for envi-
ronmental applications since a wide range of air pollutants,
including hydrocarbons, halocarbons, alcohols, aldehydes,
ketones, and nitrogen-containing compounds, can be partially
or completely degraded with the TiO2-assisted UV irradiation
(Peral and Ollis 1992; Lichtin et al. 1996; Sopyan et al. 1996;
Zhao and Yang 2003; Zorn 2003; Sopyan 2007; Assadi et al.
2014, 2017; Stefanov et al. 2016; Abou Saoud et al. 2018).
With the increasing concerns on the indoor air quality, most of
researches have focused on photocatalytic oxidation of vola-
tile organic compounds (VOCs) at ppb levels (Zhao and Yang
2003; Wang et al. 2007). At reasonably low concentration,
photocatalytic oxidation of various pollutants such as VOCs
or inorganic gaseous compounds (NOx, SOx, CO, H2S, and
ozone) was demonstrated as feasible for commercialization in
area of air purification (Boyjoo et al. 2017). Due to the conti-
nuity of an air purification processes, the immobilization of
photocatalysts is desirable. Used supports are most commonly
porous PVC nets, monolithic sheets, optical fibers, etc. since
removal of VOCs proved to be extremely successful when the
photocatalyst was immobilized in the form of a layer of a
certain thickness (Lichtin et al. 1996; Wang and Hsieh 1998;
Chang 2000; Wang and Ku 2003; Boyjoo et al. 2017).

With the establishing of mechanisms and possible applica-
tion of photocatalysis for the air purification, developments of
photocatalytic materials and reactors have been becoming
more prominent. Hence, various modifications of the most
investigated and used photocatalyst TiO2 are being researched
in order to enhance its functionality in visible spectra. On the
other hand, each reactor’s design and geometry is unique and
depends on its purpose. To determine kinetic parameters, var-
ious plate and annular reactors are used where photocatalyst is
immobilized on the reactor wall. Other reactors, such as
packed or fluidized bed reactors, can be used for scaling.
Thereby, compact size, large throughput, low pressure drop,
optimal use of incident radiation, easy maintenance, and re-
duced catalyst losses must be optimized (Boyjoo et al. 2017)
in order to achieve effective transport of the air pollutant on
the photocatalyst surface and enable equal distribution of
photocatalyst irradiation (Mccullagh et al. 2011).

The photocatalytic treatment of air polluted with ammonia
was presented in few recent works, through lab scale tests in a
plug flow reactor covered by non-woven fiber textile coated
with TiO2 (Boulinguiez et al. 2008) or by using nano-TiO2 as
photocatalyst supported on latex paint film under UV irradia-
tion (Geng et al. 2008).

Only a few examples of methane photocatalysis are avail-
able in the current literature. Some studies have shown that
methane can be converted by photocatalytic steam reforming
to H2 and CO2 (Yuliati and Yoshida 2008; Shimura et al.
2010) or can undergo photocatalytic total oxidation, Eq. (1)
(Chen et al. 2016)

CH4þ 2O2→CO2þ 2H2O ð1Þ
Some papers reported the low yields of methanol produc-

tion via methane photo-oxidation (Gondal et al. 2004;Murcia-
López et al. 2017). Catalyst composition can play a crucial
role in the selectivity of methane conversion. For instance, a
new study reported direct selective photocatalytic conversion
of methane into carbon monoxide under ambient conditions
with only marginal CO2 production, Eq. (2) (Yu et al. 2019):

2CH4þ 3O2→2COþ 4H2O ð2Þ
The study was done over a series of catalysts developed on

the basis of metals, H3PW12O40 heteropolyacids (HPW), and
TiO2 (P25). The Zn-based catalysts showed the highest selec-
tivity towards CO, while methane photocatalysis over referent
TiO2 favored total oxidation to CO2 (Yu et al. 2019).

Recent works pointed out the field test studies concerning
the use of photocatalytic paving elements as a mitigation mea-
sure for nitrogen oxide pollution. The full-scale demonstration
of air-purifying concrete pavement containing TiO2 showed
that NOx concentration was approximately 20 to 30% lower
than the obtained values in the control street. Moreover, under
high irradiation and ideal weather conditions, the NOx concen-
tration decrease of 45% could be observed during the day
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(Ballari and Brouwers 2013; Folli et al. 2015). Those studies
were done in northern European countries despite the limited
irradiation conditions compared with the southern countries.

In this work, experiments were done to confirm the potential
application of solar photocatalysis for purification of air pollut-
ed with ammonia and methane and to provide a solid ground
for future scale-up. To verify applicability for photocatalytic
oxidation of target pollutants, series of experiments were car-
ried out in designed reactors. Three different reaction setups
using artificial solar irradiation were used. For smaller scale
experiments, the used reactors were MPWT (mini-
photocatalytic wind tunnel) and AR (annular reactor), while
experiments on semi-pilot scale were done in PWT (photocat-
alytic wind tunnel) for ammonia and methane degradation.
Inside the area of these reactors, a photocatalyst was inserted.
The used photocatalyst was TiO2-based film supported on glass
fiber mesh and it was directly exposed to irradiation. The AR
and MPWT have typical geometry from a reaction engineering
point of view, and their scale-up leads to applications as end-of-
pipe technology attached to ventilation outlet, exhausts, etc. In
contrary, the PWT represents a physical model for simulations
of photocatalytic oxidation of air-borne pollutants over an area
at desired location. In the current study, PWTwas used as flow-
through reactor with defined single inlet, but essentially it is a
modular system where different sources can be added (e.g.,
point sources distributed inside the photocatalytic chamber)
and UV levels can be changed to simulate the selected geo-
graphical location. The PWT can be also used for testing of
new photocatalytic materials as it resembles a solar simulator.
That way, scale-up of PWT leads to application of photocata-
lytic materials directly in the environment, such is the case with
previouslymentioned photocatalytic pavements. Our study was
focused on photocatalytic oxidation of chosen air-borne pollut-
ants undermoderate UV,matching theUV intensities measured
during springmonths onNorthern hemisphere around 45° (e.g.,
continental Croatia). Used reactors differ in design, and conse-
quently microscale phenomena. Therefore, kinetic study pre-
sented in this work involved development of a model based
on mass balance described by axial dispersion model including
mass transfer considerations and photon absorption effects em-
bedded in photocatalytic reaction rate constant. The results
showed the decrease of NH3 and CH4 concentration in outlet

air flow thus indicates the efficient oxidation of pollutants at
optimal relative humidity in the studied system. The instrinsic
reaction rate constants were determined.

Experimental

TiO2 photocatalyst films

Titanium dioxide (TiO2) supplied by Evonik (Aeroxide®,
TiO2 P25; with an elementary particle size of 30 nm, BET
surface area of 56 m2 g−1 and crystalline content 75% anatase,
25% rutile) was used in the present studies. The TiO2 was
fixed on the carrier using the sol-gel procedure with the help
of tetraethoxysilane (TEOS). The procedure was first de-
scribed in other publication (Grčić et al. 2018). In the current
study, suspension for the immobilization of TiO2 was pre-
pared as follows: the mixture of water, ethanol, and TiO2 were
stirred and acetic acid was slowly added until pH reached 1.5.
Following the adjustment of the pH, the stirring continued for
15min and sonication with an ultrasonic probe was performed
for 2 min (30 W, 44 kHz). Subsequently, TEOS was added
and stirring continued for additional 1 h at 50 °C. Glass fiber
mesh (GM) was then immersed in prepared solution and dried
at 70 °C. The process was repeated 5 times to obtain 5 layers
of TiO2. Prior to the first immersing, GM was treated with a
10 M NaOH solution for 5 min and then washed with
demineralized water, to ensure better adhesion on the surface.
GM was a roving fabric made completely from glass fibers
(density 480 g m−2). The dimensions of GM were 30 × 140
mm, 200 × 450 mm, and 250 × 500 mm for MPWT, AR, and
PWT, respectively. GM with supported TiO2 film was flexi-
ble, durable, and easily rolled into cylinder for application in
AR. GMs were weighed before and after TiO2 immobiliza-
tion. It was calculated that the proportion of TiO2 in the
immobilized layer was 77.6 wt% (from mass balance).
Average mass of film immobilized on GM surface was
0.0017 ± 0.0001 g cm−2. Thickness of the photocatalytic layer
(GM + TiO2 film) was 3.4 ± 0.2 mm.

The photograph of GM before immobilization and with
TiO2 film and SEM image of coated fiber are depicted in

5 mFig. 1 (from left to right) The
photo of glass fiber mesh (roving
fabric 480 g/m2, Kelteks, RT480).
The photo of TiO2 supported on a
mesh (5 layers) and SEM image
of a single glass fiber coated with
one layer of TiO2 (SEM Tescan
VEGA3, 10 kX, HV 30.0 kV)
showing fine distribution of
nanoparticles around the fiber
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Fig. 1. The material characterization and optical properties
were presented in our recent paper (Grčić et al. 2018).

Photocatalytic setups

Three different reactor setups were used. Schematics of each
reactor were given in Fig 2.

Annular reactor (AR) is cylindrical in shape and made of
glass (D = 60 mm, L = 600 mm). A full-spectrum linear fluo-
rescent light bulb (Narva BIO vital® LT T5 24W/958,
549 mm in length; the spectral characteristics of the radiation
source used correspond to the spectrum of solar radiation) was
placed in the middle of the annular reaction space. Geometry
of an annular space is exactly as follows: outer radius R = 2.7
cm, inner radius Rin = 2.0 cm. The photocatalytic film on GM
was rolled into a cylinder and attached to the outer reactor wall
inside the annular reaction space.

Mini-photocatalytic wind tunnel (MPWT) was made from
high-quality laboratory glass that transmits UV radiation >
305 nm (DURAN ®). The custom-made reactor has a cylin-
drical geometry (D = 40 mm, L = 155 mm) and it was made
from two parts for easier insertion of a catalyst and for poten-
tial scale-up. The photocatalytic film was spread in the middle
of the cylindrical space heading up. Film was fixed by wires
made of inert material (rubber-coated steel) and its shape

remained unchanged during experiments. The reactor is illu-
minated from the outside and the catalysts were positioned
perpendicular to the light irradiation. The source of irradiation
was full-spectrum compact fluorescent bulb simulating solar
spectra with higher UVB to average spectra ratio, high color
rendering Ra98/Class 1A with color temperature of 6500 K
(JBL Reptil Desert UV, 15 W). The lamp was placed in a
conical housing with the reflective inner surface. Such setup
ensures the isoactinic conditions on the photocatalyst surface.
The MPWT and AR have similar setup. The entire system
consists of an air pump, an Erlenmeyer flask (inlet evaporation
chamber) filled with distilled water or a solution of ammonia,
a glass reactor, a rinse (water trap), and a measuring chamber
for testing of air quality. An air pump (Fluval Q2, HAGEN,
max. flow rate of 240 L min−1, and resulting air flow velocity
of 3.4 cm s−1) is located at the very beginning of the system
and is connected to the inlet evaporation chamber with tubes.
The NH3 is contained in an evaporation chamber (Erlenmeyer
flask) in the form of a solution which is connected to the
reactor by tubes. MPWT and AR have one inlet for the gas
mixtures and two main outlets. Outlet 1 was attached to a
measuring chamber made from flexible HDPE bag. Outlet 2
was made for excess gas and attached to a rinse. The Rettberg
flush was connected to the Outlet 2 of the reactor to drain
excess gas. If necessary, the Outlet 2 is used to measure the

(a)

(b)

(c)

1 – air pump

2 – inlet evaporation chamber 

3 – annular glass reactor

(L = 600 mm, D = 60 mm)

4 – photocatalytic film on GM

5 – quartz tube (R = 16 mm)

6 – full spectrum linear fluorescent lamp

7 – measuring chamber from HDPE bag

8 – Rettberg flush

9 – safety valve

10 – centering tubes 
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1 – Inlet

2 – cylindrical reaction vessel

3 – photocatalytic film on GM

4 – irradiation source

5 – Outlet 1 (for measurments)

6 – Outlet 2 (rinse)

1
2

4

6

3 5

7 8
9

10

1 – Inlet 1

2 – Inlet 2

3 – PWT chamber - first part

4 – photocatalytic film on GM

5 – PWT chamber - second part

6 – irradiation emission panel

(ExoTerra Compact Top Canopy PT2227)

7 – compartment with 3 ventilation slots

8 – Outlet 1 (for measurments)

9 – Outlet 2 (rinse)

10 – cover

Fig. 2 Schematics of used reactor
setups. a AR. b MPWT. c PWT
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amount of ammonia in the system. AR has one additional
safety opening in the middle for easier gas purge between
experiments.

Photocatalytic wind tunnel (PWT) was designed as a mod-
ular system. The core of PWT is a chamber with a rectangular
cross-section where photocatalytic decomposition of pollut-
ants is carried out in an air stream. The chamber is made from
a high-quality poly(methyl methacrylate) (PMMA or
plexiglass) material in dimensions 795 × 200 × 250 mm,
consisting of two parts separated by a compartment with 3
slots for directional ventilation (Fig. 2). The first part is a
reaction space where photocatalytic oxidation occurs and it
is long 600 mm, while the second part is used as a measuring
chamber. A TiO2-supported GM was placed at a fixed dis-
tance from the irradiation source (≈ 10 cm below the radiation
source) parallel to the air flow. PWT has two outlets whereby
one tube is connected to the source of NH3 or CH4, and the
second is used for the addition of oxygen if necessary. Sensors
for temperature, humidity, and suspended particles (PM1.0,
PM2.5, PM10) were placed in the second part of chamber.
There are two outlets from the chamber, Outlet 1 for direct
measurements and Outlet 2 attached to a rinse. First part of a
chamber is covered with the irradiation emission panel. The
panel contains three radiation sources. The source of irradia-
tion was compiled from three full-spectrum compact fluores-
cent lamps simulating solar spectra with higher UVB to aver-
age spectra ratio: (1) Sunlight Pro Compact UV-B 2.0 23 W
(Trixie), (2) Compact UV Sun 20 W (Lucky Reptile), and (3)
Compact Pro 8.0 UVB 23 W (Terra Exotica). All three bulbs
emit full spectrum, with higher UVB relative to average spec-
tral intensities. The given combination gave the uniform level
of UVB and UVA irradiation at photocatalyst surface, thus
making reaction the photocatalyst surface pseudo-isoactinic,
confirmed by the radiometric readings of the incident light
intensities across the photocatalyst surface.

Experimental procedures

The MPWT and AR were used only for NH3 oxidation due to
security reasons: to prevent the possible accumulation of flam-
mable gas mixture (CH4) in irradiated confined space. The
principle of operation is as follows: by turning on the air
pump, the air flow is increased and directed through the tubes
to the evaporation chamber with 250 mL of NH3 (aq.) with
C(0)NH3,aq = 100 ppm, prepared from saturated NH3 (aq.) p.a.
(Kemika, Croatia). The stream of air then transports the H2O
(g) and NH3 (g) from the chamber into the reaction space
where the photocatalytic degradation processes take place.
One part of the air flow goes to a rinse, where gases dissolve,
and purified air exits into the environment. The rest of the air
enters the measuring chamber.

In a typical experiment of NH3 oxidation in PWT, the same
air pump and evaporation chamber as in the case of MPWT

and AR was used. Second inlet was omitted. In experiments
with CH4, commercial gas mixture (4.96% CH4, 5.03% CO2

in N2) was used (Messer). The inlet flow rate of gas mixture
was 0.7 cm3 s−1. The second inlet was used for the additional
air flow; the tube from the pump was immersed in the
demineralized water on the bottom of the first part of a PWT
chamber (VH20 = 2 L). The latter was necessary to achieve the
desired humidity in the reaction space. In experiments with
CH4, only Outlet 1 was used, while Outlet 2 was hermetically
closed, and the rinse was omitted. The gases were accumulat-
ed in the second part of PWT chamber. After the experiments,
the PWT was opened under the laboratory ventilation hood.

First set of experiments were done without the
photocatalyst in dark or under irradiation to obtain the baseline
of NH3 and CH4 in the outlet and respective residence time.
Second set of experiments were done with the TiO2 supported
on GM, in dark (adsorption process) and under irradiation
(photocatalytic oxidation). All experiments were performed
in triplicates to discard possible experimental error.

Measurements

The UVB and UVA intensities were measured by UVP UVX
radiometer, fitted with the corresponding UVB and UVA sen-
sors, matching the distance of the photocatalytic film surface.
In PWT, readings were made at different sites on
photocatalyst surface to confirm the isoactinic conditions,
both length-wise and width-wise. Resulting incident UVB
and UVA intensities were shown in Table 1.

Monitoring of gases NH3, H2, O2, CH4, CO, CO2 and
residual N2 was conducted using a landfill gas analyzer
GA5000 (Geotech). Device measures either by dual wave-
length infrared sensor (CO2 and CH4) or by internal electro-
chemical sensors for other gasses. Accordingly, measuring
accuracy for the CH4 and CO2 is ± 0.5% (vol) up to 60–
70%; for the O2 is ± 1.0% (vol) up to 25%, while for the other
gases is ± 10.0%, ± 2.5%, and ± 2.0% on a full scale of
1000 ppm measured. The instrument was attached to the
Outlet 1 using a special original tubing and a water trap (sy-
ringe). When necessary, the instrument was used at different
positions: inlets, inside the reaction space, and Outlet 2. The
NH3 concentration in water (inlet evaporation chamber and
rinse) was determined using the test strips for particular NH3

(aq.) concentration range (Macherey-Nagel). Possible forma-
tion of NOx was monitored using the industrial flue gas ana-
lyzer (Testo 350) equipped with NO2 and low NO sensors
(range 0–300 ppm NO and 0–500 ppm NO2; resolution 0.1
ppm). Measurements were done before experiments, after 10,
30, and 60 min of irradiation and after experiments showing
no trace of NOx other than ambient baseline (< 0.4 ppm).
Concentration of NO2

−/NO3
− ions was checked in water from

the rinse using Quantofix test strips (Macherey-Nagel).
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Relative humidity and temperature were monitored by
Qooarker air quality monitor (Dienmern). The PM1.0,
PM2.5, and PM10 were monitored using the Nova PM sensor
SDS011. Those instruments were placed in the measuring
chambers. The PM sensor was used to check the possible
emissions of solid TiO2 particles from the film.

Results and discussion

Preliminary information on NH3 and CH4

photocatalytic oxidation

In order to unambiguously determine the possibility of de-
composition of ammonia in the air using solar photocatalysis,
it was necessary to determine the rate of evaporation from the
chamber or the baseline corresponding to the content of am-
monia in the air in the empty reactor. As can be seen from Fig.
3a, the ammonia from the chamber under the conditions stated
in the experimental part of this paper evaporates following a
linear trend within 60 min, and continues to evaporate at a
noticeably slower rate for the remaining time. According to
these results, experiments of photocatalytic degradation were
done 60 min in dark before introducing the irradiation. The
initial evaporation rate determined experimentally is
1.9604 ppm min−1, or 4.98 × 10−8 mol min−1 calculated on
the amount of NH3 in reaction space which corresponds to the
theoretical value of the initial evaporation rate of ammonia
(4.00 × 10−8 mol min−1) calculated using an online application
(Office of Response and Restoration 2020).

In addition to measuring ammonia in the air stream, the
values of ammonia dissolved in the rinse were measured dur-
ing the experiment. In the case of AR, the final amount of
ammonia in the rinse was 1.79 × 10−5 mol, while the total of
1.92 × 10−5 mol was evaporated. The difference can be attrib-
uted to the inaccuracy of the determination of ammonia in the
aqueous solution from the rinse using test strips, but also to the
fugitive emissions of ammonia from the partially open system
(air outlet from the rinse). The next step was to test the ad-
sorption of ammonia on the surface of supported photocata-
lytic film in the dark. The actual values of the adsorbed
amount of ammonia were determined by the difference be-
tween the baseline values and the measured values of NH3

in the air stream during the adsorption process in the dark,
which was shown as a projected adsorption trend (Fig. 3a).
The “stepwise” trend of adsorption indicates the existence of
more than one layer of NH3 molecules on the film surface,
which is characteristics of physical adsorption, that is, the
binding of molecules to the catalyst surface by weak van der
Waals bonds. In order to further confirm the above assump-
tion, the adsorption in the repeated experiment on the occu-
pied TiO2 surface was determined. Furthermore, an experi-
ment of NH3 desorption from the catalyst surface was per-
formed (Fig. 3b). In this experiment, the air flowed through
pure distilled water, while the catalyst surface was either in
dark or illuminated, which contributed to the desorption of
NH3 molecules from the surface. The results indicate the ad-
sorption of ammonia to the catalyst surface in several layers,
which confirms the assumption of physical adsorption.
Clearly obtained values during desorption confirm the fact

Table 1 Summary of model parameters and irradiation conditions

Model parameter Reactor

AR MPWT PWT

km,NH3, cm min−1 844.168 37.269 18.943

km,CH4, cm min−1 990.183 45.997 23.379

kp,int,NH3 × 103, cm4.5 mW−0.5 g−1 min−1 3.04 ± 0.01 3.00 ± 0.03 3.09 ± 0.01

Average in all systems 3.05 ± 0.04

kp,int,CH4 × 102, cm4.5 mW−0.5 g−1 min−1 1.81 ± 0.02*bDNH3, cm
2 min−1** 0.108bDCH4, cm
2 min−1** 0.126

τtraceNH3, s 48 108 24

τtraceCH4, s - - 18

μUVA, cm
−1 4.95 × 104

μUVB, cm
−1 1.33 × 105

I0@photocatalytic surface, mW cm−2 I0, UVA = 1.73
I0, UVB = 1.49

I0, UVA = 1.96
I0, UVB = 1.05

I0, UVA = 2.45
I0, UVB = 1.35

*Calculated from model applied to PWT

**Dispersion coefficients were taken from available tabulated values for diffusion coefficients D12 for NH3 and CH4 in air at 25 °C (Hirschfelder et al.
1964; Baker 1969)
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that ammonia is easily removed from the catalyst surface un-
der the influence of solar radiation. The exact amount of am-
monia desorbed is difficult to determine since, in addition to
the desorption itself, part of the ammonia decomposes due to
the photocatalysis process on the catalyst surface. Moreover,
as described in a related work (Sopyan 2007), the interaction
of ammonia with hydroxyl groups of TiO2 surface creates
strong chemisorption of coordinative type. Apparently, a main
role in the mechanism holds the Lewis acidity of the catalyst
surface. NH3, as a strong Lewis basic, showed high surface
densities respectively 5.6 and 4.7 molecules nm−2 for anatase
and rutile. Those findings answered the observed phenomena
throughout current experiments. Namely, chemisorption of
NH3 on TiO2 surface can be achieved only in first monolayer,
while other layers are added by physical adsorption. This
combined adsorption is observed in dark, while under irradi-
ation loosely attached NH3 molecules absorb more energy
from photons and are released from the respective layer.

The results shown in Fig. 3b pointed out the uncertainty of
NH3 adsorption under different conditions, and further study
was focused on the NH3 photocatalytic oxidation and deter-
mination of the reaction rates with the assumption of a
chemisorbed monolayer of ammonia during photocatalytic
degradation, that is, the existence of a constant equilibrium
concentration of ammonia on the surface of the catalyst nec-
essary for the degradation itself.

Photocatalytic oxidation of NH3 in AR gave the ex-
pected results (Fig. 4a). An increase in measured NH3

concentrations was observed when photocatalyst surface
was irradiated due to faster desorption of ammonia from
TiO2 surface in presence of an additional photon energy.
The total difference between the baseline and ammonia
content in purified air stream from AR is 130 ± 7 ppm
in the 120th minute of experiment, which means that after
60 min of the photocatalytic oxidation, 636 ppm or (1.68
± 0.06) × 10−5 moles of ammonia were removed from the
air stream.

In MPWT, which is four times shorter than the AR, 15 min
were sufficient to reach the maximum ammonia concentration
in the system. As shown in Fig. 4b, maximum concentration
of ammonia changes due the presence of photocatalyst in re-
actor which indicates on the adsorption of ammonia on
photocatalyst surface. In the photocatalysis process, the mea-
sured values of ammonia concentrations in the system are
lower than in the other experiment due to the NH3 oxidation
to N2. After 60 min of photocatalytic oxidation in MPWT, the
NH3 concentration decreased by 22% compared with the
baseline. The NH3 concentration in the system was monitored
for another 60 min in dark to allow the repeated NH3 adsorp-
tion and to gain a more accurate view of the decomposition of
ammonia. Finally, after 120 min, the ammonia concentration
decreased by 43% from baseline.

Experiments with NH3 in the PWT took a total of 450 min,
with continuous monitoring of its concentration at the outlet.
The results are shown in Fig. 5a. The baseline shows that by
the 90thminute, the amount of NH3 in the system is increasing
to some constant value. Adsorption in dark is noticeable in the
presence of a catalyst. After introducing the irradiation, a sud-
den peak in NH3 concentration jump (~ 150 min) was ob-
served due to the excitation of the previously adsorbed NH3

molecules, since the excess photon energy causes the mole-
cules to move faster and the bond strength with the respective
layer on photocatalyst surface decreases. The system was il-
luminated by the 355th minute (just over 3 h in total). After
that, the amount of NH3 at the outlet continues to decrease,
suggesting re-adsorption to the catalyst surface in dark. The
total decrease in NH3 concentration in PWT relative to the
maximum recorded concentration was about 50%.

All experiments showed similar NH3 behavior during solar
photocatalysis over irradiated TiO2 surface. Residual N2

amount and NOx measurements confirmed the assumption
of oxidation of ammonia towards N2. In reality, the conver-
sion to N2 does not have to be a single-step reaction. Some
authors reported a facile photo-selective catalytic reduction
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(photo-SCR) of NOx to N2 in the presence of NH3 (Yamazoe
et al. 2008; Lasek et al. 2013). The mechanism of ammonia

conversion on the photocatalytic surface may be composed
from oxidation to N2, NO, and even NO2, while oxides
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Fig. 5 aMethane oxidation in PWT. Baseline in the dark without catalyst
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CO2 (triangles) content at the output of PWT. Experiment without blow-
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immediately undergo redox reactions and reduce toward N2.
Moreover, mass transfer limitations may hinder the diffusion
of by-products from the photocatalytic surface to bulk fluid,
making them more susceptive to photo-SCR.

In order to further verify the applicability of air purifi-
cation technology at landfills or over agricultural areas,
methane-loaded air purification was studied. The results
of the photocatalytic oxidation are shown in Fig. 5b. By
120 min, the system was filled with CH4, followed by
decomposition. At the end of the measurement, a decrease
in CH4 concentration of 41.0% was observed compared
with the initial one. When injecting additional air into the
system (to ensure an adequate amount of O2 for complete
oxidation to CO2), a slightly larger decrease in the amount
of methane in the system (70.8%) was observed. During
the decomposition of methane, the amounts of CO and
CO2 in the system were monitored to prove expected oxi-
dation (Yu et al. 2019). The results are shown in Fig. 5c.
The results indicate incomplete oxidation of CH4 to CO
(values rise up to 12% CO during the process) when less
oxygen is present in the system (Inlet 2 omitted). When air
is additionally introduced into the system, a significantly
lower proportion of CO was measured during the photo-
catalytic process (up to 2%), but an increase in CO2 (up to
4.5%) was observed. Having in mind that part of the CO2

dissolves in the water filled the bottom of the chamber, the
results revealed the complete oxidation of part of the CH4

content to CO2, which was in accordance with recently
reported study (Yu et al. 2019). An additional confirmation
was the decrease in the pH of the water in the chamber
from 7.6 to 6.4, which proves that some of the resulting
CO2 remained dissolved (Byck 1932). The result is signif-
icant because, in addition to pointing to the possibility of
pur i fy ing methane contamina ted a i r wi th so la r
photocatalysis, it supports the possibility of capturing the
excess CO2 in water instead of releasing it into the air.

Estimation of reaction rate constants

The photocatalytic oxidation of NH3 was performed in
three different reactor setups. The difference was in ge-
ometry and in incident UVB and UVA intensities. The
model used for description of photocatalytic oxidation
should have been simple yet taking into account all relat-
ed phenomenological issues. Due to particularities of cho-
sen support, i.e., macroporous mesh and finely dispersed
photocatalyst, a good contact between the photocatalyst
and pollutants in an air stream was assumed. All three
systems were approximated to the plug flow reactor
(PFR). A PFR assumption is quite acceptable in the case
of AR and MPWT, but in PWT, simplification was made
possible by setting the photocatalyst positioning along the
imaginary air stream trajectory, where pollutant

concentration can be considered constant. In the first step,
the mass balance was defined:

F0 ¼ F þ S–R ð3Þ
where F0 is the inlet molar flow, F is the outlet flow (in the
measuring chamber), and the S represents the sink (rinse). The
R stands for the disappearance due to the chemical reaction. To
address the given mass balance properly, an axial dispersion
model was used. The model applies for a dispersed plug flow
since it takes into account the fluctuations due to molecular
diffusion. In a typical PFR, the concentration of a chemical
species changes in the axial direction. In the case of photocat-
alytic reaction in irradiated reaction space, the concentration
gradient is developed, and diffusion in the axial direction will
also take place. Assuming that there is no radial concentration
profile, and taking into account the concept of eddy diffusivity,
the equation of continuity for the pollutants will be:

∂Ci

∂t
þ uz

∂Ci

∂z
¼ bD ∂2Ci

∂z2
ð4Þ

Considering the hydrodynamics and kinetics, the following
equation is obtained:

∂Ci

∂t
þ uz

∂Ci

∂z
¼ bD ∂2Ci

∂z2
− −rið Þ ð5Þ

where i = NH3 or CH4, the bD is the dispersion coefficient in
the reaction space (cm2 min−1), and ūz is the average air ve-
locity in the axial direction (cm min−1). The ri stands for the
photocatalytic reaction rate. Under the assumption of first-
order reaction rates of NH3 and CH4 oxidation, analytical
solution for Eq. (3) is well-known (Verma 2015):

Ci

C0i
¼ 4ae

1
2
uzLbD

� �

1þ að Þ2e
a
2
uzLbD

� �
− 1−að Þ2e

−a
2
uzLbD

� � ð6Þ

where

a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4kτ

bD
uzL

vuut
Note that k stands for the apparent first-order reaction rate

constant (min−1) and L is the length of the reactor. By solving
Eq. (6), the apparent reaction rate constants are obtained.
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These constants revealed a little regarding the real reac-
tion rates of NH3 and CH4 photocatalytic oxidation since
mass transfer and photon absorption effects cannot be
considered equal in all studied systems. Since the
photocatalysis can be phenomenologically described as a
two-step process: (a) mass transfer step and (b) chemical
reaction step, overall pollutant oxidation rate is composed
of mass transfer constant (km, cm min−1) and photocata-
lytic reaction rate constant (kp, min−1), written as series
resistances, Eq. (7) (Assadi et al. 2012)

1

k
¼ 1

kp
þ 1

km
þ⋯ ð7Þ

where mass transfer takes place in a limited space propor-
tional to the characteristic size of catalysts, normally a
half thickness of a photocatalytic layer (Levenspiel
1999, chap. 25). The additive effect of chemical reaction
and mass transfer is better shown in rearranged expres-
sion, Eq. (8) (Tepe and Dursun 2008), giving the apparent
rate constant that can be introduced in Eq. (6).

k 0 ¼ k 0pkmaS
k 0p þ kmaS

ð8Þ

In Eq. (8), aS stand for the surface area per unit weight of a
catalyst (cm2 g−s). N.B.: The apparent rates k' and k'p were
expressed in cm3 g−1 min−1.

In AR, mass transfer constant is given as:

km ¼ Sh bD
deq:

ð9Þ

where deq. is the characteristic dimension in an annular
space (deq. = 2R–2Rin), and Sherwood number for annular
space was given using the empirical correlation (Assadi
et al. 2012)

Sh ¼ 1:029 Sc0:33Re0:55
L
deq:

� �−q559

ð10Þ

In MPWT and PWT that are considered plate reactors due
to a positioning of photocatalytic active layer, a correlation for
the average Sherwood number over the length of a plate, L, is
given, Eq. (11):

Sh ¼ 0:664 Sc0:33Re0:5L ð11Þ
where Reynolds number is calculated over the length L, ReL =
Luz / ν. Hereby, mass transfer constant is related to Sherwood

number as km = Sh bD / L.
Furthermore, to calculate the intrinsic constant for the re-

action at TiO2 surface, one independent on photon flux and
the changes in irradiation level, the following expression was
used:

k 0p ¼ kp;int μI0ð Þ0:5UVB þ μI0ð Þ0:5UVA

h i
ð12Þ

The kp,int is the instrinsic rate of photocatalytic oxidation of
target pollutants (cm4.5 mW−0.5 g−1 min−1); the I0 (mW cm−m)
stands for the incident photon flux at thin-film surface along
the reactor axial coordinate in the case of AR, and along the
whole flat surface in reaction space in the case of isoactinic
MPWT and PWT. The μ (cm−c) is the absorption coefficient
averaged over the spectrum of incident irradiation separately
in UVB and UVA region, and 0.5 is the order of reaction with
respect to irradiation absorption in well-irradiated systems
(Grčić et al. 2018). The μ for studied photocatalytic film in
UVA region was determined in our previous paper (Grčić
et al. 2018). The absorption coefficient in UVB was approx-
imated using Eq. (13):

μUVB ¼ μUVA
κ*
UVB

κ*
UVA

ð13Þ

where κ* stands for the specific absorption coefficients of
TiO2. Values used in calculation are given in other paper
(Grčić and Li Puma 2017). Note that even though the artificial
solar irradiation was applied, the irradiation term in kinetic
equation (Eq. (12)) consisted of only absorption in UVB and
UVA regions. In the case of photocatalysts with expected
visible light absorption, the irradiation term can be expanded
and intrinsic reaction rates can be freely used, while estimating
the absorption coefficients of catalysts in the whole or a part of
visible region. In the current study, the visible light absorption
of TiO2 was not expected thus kept neglected in the kinetic
model.

Resulting concentration profiles are shown in Fig. 6a–d.
Each point corresponds to the predicted pollutant concentra-
tion in the outlet (Ci) for a single pass through the reaction
space, comparedwith the measuredOutlet 1 concentration (Ci,

out). Results confirmed the good correspondence with the
experimentally determined and the calculated values. The de-
viation is observed in the beginning due to previously ex-
plained pollutant desorption from TiO2 surface. Note that
the reaction time given in Fig. 6 is the representative reaction
time taken after initial desorption peaks.

Generally, values predicted by the model follows the trend
of experimental results in AR, MPWT, and PWT, respective-
ly. All parameters used for modeling are summarized in
Table 1. The determined kp,int is a valuable parameter neces-
sary for further scale-up of photocatalytic systems for air pro-
tection. The kp,int for NH3 was calculated from separate
models for AR, MPWT, and PWT. The equality of the intrin-
sic constant in different systems, expressed as a single value
kp,int, NH3 = (3.05 ± 0.04) × 10−3 cm4.5 mW−0.5 g−1 min−1,
justified the application of presented model, disregarding the
imparity of reactors.
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Final consideration of NH3 and CH4 photocatalytic
oxidation

The overall kinetics of the decomposition of NH3 and CH4

in each reactor setup follow the first-order kinetics with
given values of the apparent reaction rate constant (k,
min−1), suggesting an oxidation mechanism via •OH radi-
cals. In order to form •OH radicals on the catalyst surface,
a certain amount of adsorbed water at the active sites is
required. Implementation of the process in a moist air
stream (RH > 90%) provides the necessary conditions for
rapid photocatalytic oxidation of pollutants. Other authors
reported that when the RH increases, the competitive effect
toward the active sites of the water becomes predominant
(Assadi et al. 2012); an optimum RH value is observed and
then pollutant degradation rate decreases. In the current
study, the trend was more asymptotic, at RH 50 and 75%
degradation extents of both NH3 and CH4 reached the 75
and 90%, respectively, of maximum observed conversions
(calculated at RH > 90%).

The NH3 and CH4 concentration profiles are further pre-
sented as a cumulative function of time (Fig. 7a–d).
Cumulative concentration of respective pollutants is given as
follows:

Ai ¼ ∑ j¼N
j¼0 C0i; j ð14Þ

Bi ¼ ∑ j¼N
j¼0 Ci;out j≅Ci;out j

no accumulation in Outlet 1 was assumedð Þ

ð15Þ

cumSi ¼ ∑ j¼N
j¼0 Si; j ð16Þ

where j denotes the number of passes throughout the reac-
tor, and N is the total number of passes (N = reaction time / τ).

The results shown in Fig. 7 showed the difference between
the predicted cumulative values of pollutant amount due the
axial dispersion (Ai) of pollutants in empty reactor, i.e., model
baseline and the summarized amount of pollutants in outlet
streams (Bi + cumSi). This difference can be assigned to the
photocatalytic oxidation of pollutants and adsorption of
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molecules on TiO2 surface. In the case of both NH3 and CH4,
the difference became larger with prolonged reaction time,
meaning that pollutants efficiently degrade by the means of
solar photocatalysis.

The PM1.0, PM2.5, and PM10 measurements confirmed
the stability and reusability of the photocatalytic film. For
instance, during the experiments in PWT, PM2.5 showed an
increase of 1.0 ± 0.3 mg m−3 relative to the measured indoor
PM concentration (approx. 11 to 17 mg m−3).

The UVA and UVB intensities at film surface, which were
accounted for the incident photon flux at photocatalysts sur-
face, are summarized in Table 1. The measured average UVB
radiation intensities on the catalyst surface in AR is 1.49 mW
cm−2 and in MPWT and PWT are 1.05 and 1.23 mW cm−2,
respectively, corresponding to the UVB radiation in the spring
months in NW Croatia. However, the radiation sources used
have about 3 times less UVA radiation than in the case of
natural solar radiation. Given that TiO2 absorbs radiation be-
low 400 nm, much more effective ammonia and methane
decomposition can be expected under real conditions during

the summer months. On the other hand, a more stable adsorp-
tion of NH3 to the catalyst surface in the winter months at
lower air temperatures will result in a further decrease in the
ammonia concentration in the air. Recent monitoring of the
concentration of ammonia in the air above landfill exhausts
showed less than 15–18 ppm NH3 (according to personal
communications), providing the opportunity for the applica-
tion of a semi-pilot systemmodelled on PWT as an alternative
method of air purification.

Conclusions

One of the problems of air protection is pollutant emissions
from area sources and there is currently no legislative basis for
measuring and reducing emissions. This paper shows the ap-
plication of an alternative best available technique (TiO2

photocatalysis) for the removal of ammonia and methane
due to the frequency of emissions from sources caused by
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Fig. 7 The NH3 and CH4 concentration profiles as a cumulative function
of time in AR (a), MPWT (b), and PWT (c), (d). Legend: Ai - predicted
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- summarized amount of pollutant in both outlet streams (see also Eqs.
(14)–(19))
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human intensive production and consumption such as agricul-
ture and landfills.

The photocatalytic decomposition of target area source pol-
lutants was studied in respect to different operating parame-
ters, such as incident photon flux. To address the kinetics of
NH3 and CH4 photocatalytic oxidation properly, axial disper-
sion model was used coupled with mass transfer and photon
absorption effects. The model for the decomposition of NH3

resulted with the intrinsic photocatalytic reaction rate constant
kp,int, NH3 = (3.05 ± 0.04) × 10−3 cm4.5 mW−0.5 g−1 min−1 that
was the same in all studied reactor setup. The latter confirmed
the applicability of applied model and real intrinsic character
of the constant. The intrinsic photocatalytic reaction rate con-
stant for CH4 was 6 times higher: kCH4 = (1.81 ± 0.02) × 10−2

cm4.5 mW−0.5 g−1 min−1. These are valuable results necessary
for further scale-up of photocatalytic degradation of air-borne
pollutants.

Accordingly, solar photocatalysis may be applied in future
environmental strategies as a promising air purification solu-
tion due to the usage of renewable energy source and solar
irradiation, which makes processes energy sustainable.
However, further efforts are needed to make such efforts pos-
sible, which will enable the degradation of specific pollutants
in a wide range of working conditions, improve the adsorption
of pollutants on the surface of photocatalysts, prevent the for-
mation of unwanted intermediates, etc. It is conceivable that
the problems described in this paper will stimulate further
research related to air purification and the development of
photocatalytic processes. Further experiments should focus
on the upgrading of the PWT system in order to enable con-
tinuous air pollutant monitoring, such as Arduino-based mea-
surement platform, and by installing additional chamber with
controlling devices for the air flow simulation in different
conditions. Additionally, PWT should be fully used as a
multiphysical model, simulating a particular area source of
air pollution and consecutive air purification by application
of solar photocatalysis with the aid of different photocatalysts,
by simultaneous calculation of instrinsic reaction rate con-
stants of a wide variety of air-borne pollutants.
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