
International Journal of Earth, Energy and Environmental Sciences

ISSN: 2517-942X

Vol:9, No:10, 2015

1214

 

 

 
Abstract—Ultraviolet photocatalytic oxidation (UV-PCO) 

technology has been recommended as a green approach to health 
indoor environment when it is integrated into mechanical ventilation 
systems for inorganic and organic compounds removal as well as 
energy saving due to less outdoor air intakes. Although much research 
has been devoted to UV-PCO, limited information is available on the 
UV-PCO behavior tested by the mixtures in literature. This project 
investigated UV-PCO performance and by-product generation using a 
single and a mixture of acetone and MEK at 100 ppb each in a 
single-pass duct system in an effort to obtain knowledge associated 
with competitive photochemical reactions involved in. The 
experiments were performed at 20 % RH, 22 °C, and a gas flow rate of 
128 m3/h (75 cfm). Results show that acetone and MEK mutually 
reduced each other’s PCO removal efficiency, particularly negative 
removal efficiency for acetone. These findings were different from 
previous observation of facilitatory effects on the adsorption of 
acetone and MEK on photocatalyst surfaces. 
 

Keywords—By-products, inhibitory effect, mixture, 
photocatalytic oxidation.  

I.  INTRODUCTION 

HE Urban Pollution Island (UPI) is an unwelcome 
consequence of urbanization [1]. Unpleasant outdoor air 

quality (OAQ) poses a challenge for indoor air quality (IAQ) in 
terms of outdoor air intake rates defined by the ventilation rate 
procedure [2]. In the context of comprehensive energy 
conservation campaigns, developments of high performance air 
filters have received considerable attention due to reducing the 
amount of outside air for a supply, saving energy for heating 
and/or cooling, and still providing an acceptable indoor air 
quality.  

Nanotechnology is an emerging advanced technology that 
offers many opportunities towards improvement of IAQ in 
indoor environmental applications. One of the most highly 
anticipated practices is the photocatalytic oxidation (PCO) 
technology, which represents the newest generation of 
proactive air purification technology. This technology provides 
an alternative and energy efficient solution to air quality 
challenges by utilizing nano-photocatalysts under the exposure 
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of ultraviolet (UV) light. Photosensitive semiconductors, 
usually titanium dioxide (TiO2), absorb UV light to form 
reactive hydroxyl radicals (•OH) in the presence of oxygen and 
water vapor. These free radicals take a series of reactions with 
kinds of gaseous pollutants; ultimately pollutants can be 
mineralized to CO2 and water. 

Over the years, comprehensive research on the working 
mechanisms of PCO for treatment of air have been performed 
[3]-[9]. Although much research has been devoted to UV-PCO, 
limited information is available on the UV-PCO behavior for 
the mixtures in literature. 

Indoor air contains hundreds of volatile organic compounds 
(VOCs) at ppb levels, which leads to the necessity to explore 
their competition effect on the catalyst surface for the same 
active sites and quantify their impact on UV-PCO performance. 
Adsorption and photocatalytic oxidation of methanol-benzene 
and 2-propanol-toluene binary mixtures were investigated [10], 
[11]. Their results indicated that relative humidity (RH) is a key 
parameter in competition adsorption and photocatalytic 
oxidation efficiency. Twesme et al. [12] observed 
photocatalytic degradation of a tertiary mixture of propane, 
isobutane and n-butane with ZrO2-TiO2 thin films 
photocatalysts under conditions of 70°C and 30% RH, and 
results showed n-butane has the highest photoconversion 
followed by isobutane and propane resulting from differences 
in strength of adsorption to the catalyst. Photocatalytic removal 
of the components for seven binary mixtures of VOCs over 
Degussa P-25 TiO2 at 360 nm was investigated [13], and 
promotion and inhibition of removal of one component by the 
other were observed with explanation of competitive 
adsorption and chemical mechanism. Observation of 
photocatalytic degradation of four carbonyl compounds 
mixture at low level on adsorptive TiO2/SiO2 photocatalyst was 
conducted [14] and the decreasing order of PCO rates is 
propionaldehyde, acetone, acetaldehyde and formaldehyde. 
These observations indicate that competition effect has been 
examined for few compounds with rationalization, however, 
the complex interactions between mixtures frequently 
encountered in the indoor air in the processes of photocatalytic 
reactions are still not clear and need to be further explored. This 
study attempts to deeply expand the current understanding of 
competitive behaviors through comparative investigations of 
UV-PCO by testing a single VOC and a binary mixture. 
Acetone and methyl ethyl ketone (MEK) are selected as 
representative VOCs since their various nature properties, 
including solubility, molecular weight, and molecular structure, 
can be used to fully study the competition effect. Also, 
occupants are subject to exposure to these VOCs emitted from a 
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variety of internal sources, such as paints, gasoline, combustion 
products, lacquers, vanishes, polish removers and adhesives. 
This project investigates UV-PCO performance as well as 
by-product generation in a single-pass duct system in an effort 
to obtain knowledge associated with photochemical 
mechanism, catalysis, surface adsorption and desorption 
processes, and surface chemistry involved in UV-PCO 
technology. The obtained knowledge is critical to explain the 
competitive UV-PCO phenomenon and may help improve the 
UV-PCO performance for a specific pollutant by introducing or 
avoiding compounds/radicals. 

II.  EXPERIMENTAL 

A. Reactor 

The experiments of photocatalytic degradation of mixtures 
were conducted in a pilot-scale single pass mode test rig. The 
detailed description of the UV-PCO test apparatus can be found 
in our previous work [15] and its dimensions are available in 
[16]. A commercial PCO filter (Quartzel® PCO, Saint-Gobain 
Quartz) and our prepared carbon cloth-TiO2 PCO filter were 
used in this study. The commercial PCO filter was made up of 
long, continuous amorphous silica fibers coated with a layer 
TiO2. The preparation method for carbon cloth-TiO2 PCO 
filters can be found in [17]. The detailed physical properties are 
presented in Table I. Ultraviolet (UV) light sources used are 
low-pressure mercury lamps of each 18.4 W (Ster-L-Ray, 
Atlantic Ultraviolet Inc.) with peak output at 254 nm (UVC). 
The location of UV lamps inside a duct system and 
arrangement of UV-PCO filter banks are depicted as Fig. 1. The 
airflow was driven by fans installed in the UV-PCO system, 
one at the front of the mixing chamber and four at the end of 
each duct. At this study, the airflow rate was controlled at 128 
m3/h (75 cfm).  

 
TABLE I 

TECHNICAL DATA OF PCO FILTERS 

Property Fiberglass-TiO2 Carbon cloth-TiO2 

Fibers diameter, µm 9 14 

Areal weight, g/m2 100 280-320 

Specific surface area, m2/g 120 890 

Thickness, mm 15-20 2-4 
Pressure drop at 0.4 m/s (75 fpm), 

Pa 
33 450 
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Fig. 1 (a) Arrangement of UV lamps (front view) and (b) arrangement 
of PCO filters (side view) in a UV-PCO reactor 
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Fig. 2 Schematic diagram of the testing system 

B. Chemicals 

Two reagent grade chemicals were selected as model air 
contaminants, including MEK (99.9%) and acetone (99.5%) 
from Fisher Scientific Inc. (Canada). These two compounds are 
frequently encountered in indoor environments and possess a 
variety of physical properties, which is shown in Table II. 

 
TABLE II  

PHYSICAL PROPERTIES OF THE SELECTED VOCS 

Property Acetone MEK 

VOCs Class Ketones 

Molecular Formula C3H6O C4H8O 

Molar Mass (g/mol) 58.1 72.1 

Density (g/mL) 0.7925 0.8050 

Boiling Point (°C) 56.1 79.4 

Vapor Pressure (mmHg) 180 78 

Solubility (at 20-25°C) miscible 28% 

Dielectric Constant (at 20-25°C) 20.7 18.51 

 
The continuous gaseous flow containing a binary mixture 

was generated using two syringe pumps (KD Scientific) which 
separately injected the selected pure liquid VOC into a 
chemically inert polytetrafluoroethylene (PTFE) tube at an 
appropriate injection rate depending on the desired inlet 
concentration. The injected liquid VOC was immediately 
evaporated by the laboratory compressed air which was used as 
a carried gas to bring the vaporized chemical into the UV-PCO 
injection port. The gaseous VOCs were fully mixed with the 
inlet air in a center-located mixing chamber to uniformly 
distribute the VOCs of expected concentrations in the four-duct 
system. 

C. Measurement Scheme 

The UV-PCO experiments were performed at 20 % RH, 
22°C. The UV-PCO experiments were first performed with 
acetone and MEK at a concentration of 100 ppb, respectively, 
to observe the PCO air cleaner behavior challenged by a single 
gas. Then, a mixture composed of 100 ppb acetone and 100 ppb 
MEK was used as challenge gases to examine the competitive 
effect on the PCO performance. For all tests, the inlet 
concentration was balanced for 10 min in dark condition 
followed by turning on UV lights and balancing for 5 min to 
obtain a constant UV irradiance level. After that, DNPH 
impregnated silica cartridges (Supelco Inc.) were placed at both 
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upstream and downstream and were consecutively taken 
samples at a flow rate of 1 L/min for 60 min for various PCO 
treatment times (1, 2, 3 and 4 h). The total duration of UV-PCO 
tests lasted 4 hours. Upon completion of UV-PCO tests, DNPH 
samples were analyzed with high performance liquid 
chromatography (HPLC, Perkin Elmer) to quantitatively 
evaluate removal performance of challenge compounds and 
generated gaseous by-products. 

D. Qualification Method 

Single-pass removal efficiency of PCO is calculated from the 
ratio of experimentally measured decrement of a challenge 
VOC to its inlet concentration, which is defined by (1). 
By-products concentration represents the net amounts of 
compound produced during the PCO reaction in a certain 
volume and it can be obtained by (2). 

 

=௧ߟ
ொೌ೔ೝሺ஼ೠ೛,೟ି஼೏೚ೢ೙,೟ሻ

ொೌ೔ೝ஼ೠ೛,೟
ൈ 100 ൌ

஼ೠ೛,೟ି஼೏೚ೢ೙,೟
஼ೠ೛,೟

ൈ 100               (1) 

 

௕௣,௧ܥ ൌ
௠೏೚ೢ೙ష್೛,೟ି௠ೠ೛ష್೛,೟

௧ൈொೞೌ೘೛೗೔೙೒ൈ௕
                                     (2) 

 
where ηt (%) is the single-pass efficiency of a VOC; Cup,t 
(mg/m3) is the upstream VOC concentration as a function of 
time; Cdown,t (mg/m3) is the downstream VOC concentration as 
a function of time; Qair (m

3/min) is the airflow rate; Cbp,t (ppb) is 
the net by-product yield through PCO filters; mup-bp,t-mdown-bp,t 
(µg) is the net mass of generated by-products analyzed by 
HPLC; Qsampling (L/min) is the sampling airflow rate through a 
DNPH-silica cartridge; t is the sampling duration (60 min), and 
b is the conversion constant from µg/m3 to ppb for a specific 
by-product. 

III.  RESULTS AND DISCUSSION 

A. Single Compound Tests 

Before examination of PCO of a mixture, a single VOC was 
performed by the PCO technology. The observed PCO 
performance was regarded as a reference for comparison with 
that of a mixture. The temporal evolution of acetone conversion 
rate as a function of irradiance time for carbon cloth-TiO2 
filters and fiberglass-TiO2 filters is presented in Fig. 3. The 
single-pass removal efficiency of acetone for carbon cloth-TiO2 
filters shows a slightly decreasing trend. On the contrary, the 
conversion rate of acetone for fiberglass-TiO2 filters presents a 
slight increasing trend. In general, the average conversion rates 
of acetone under the experimental conditions for two filters are 
in the same level.  

Yield of formaldehyde decreased from 14.8 ppb after 1 h 
PCO treatment to 12.0 ppb after 4 h treatment in the case of 
carbon cloth-TiO2 filters. Yield of acetaldehyde almost kept a 
constant during 4 h PCO processing. Similarly, formaldehyde 
and acetaldehyde show the same tendency in the case of 
fiberglass-TiO2 filters. It is worthy to mention that yields of 
formaldehyde and acetaldehyde from fiberglass filters are 
around twice of those from carbon cloth filters. 

0

2

4

6

8

10

12

0

2

4

6

8

10

12

14

16

1 2 3 4

Si
ng

le
-p

as
s 

re
m

ov
al

 e
ff

ic
ie

nc
y 

(%
)

B
y-

pr
od

uc
t (

pp
b)

Irradiance hour

Carbon cloth-TiO2

Formaldehyde

Acetaldehyde

Efficiency

 

(a) 
 

0

2

4

6

8

10

12

0

5

10

15

20

25

30

1 2 3 4

Si
ng

le
-p

as
s 

re
m

ov
al

 e
ff

ic
ie

nc
y 

(%
)

B
y-

pr
od

uc
t (

pp
b)

Irradiance hour

Fiberglass-TiO2

formaldehyde

acetaldehyde

Efficiency

 

(b) 

Fig. 3 PCO of 100 ppb acetone for (a) carbon cloth-TiO2 filters and (b) 
fiberglass-TiO2 filters 

 
MEK removal efficiencies on two PCO filters and formation 

of gaseous by-products are shown in Fig. 4. The conversion rate 
of MEK on carbon cloth-TiO2 filters rapidly decreased from 
59.7% to 16.0% within 4 h PCO treatment, indicating 
adsorption is the dominant technology. On the contrary, PCO of 
MEK removal performance on fiberglass-TiO2 filters slightly 
increased from 13% to 17%. Hence, it is concluded that PCO is 
more sustainable and durable technology than adsorption under 
the experimental conditions. Another obvious difference from 
PCO of acetone shown in Fig. 3 is that gaseous by-products of 
formaldehyde and acetaldehyde steadily increased during the 
tests, particularly in the case of carbon cloth filters. Previous 
studies [15]-[18] demonstrated that bond energy plays a critical 
role on adsorption of molecules on the adsorption sites, and it 
consequently impacts on PCO performance. Therefore, the 
PCO performance is closely related to the property of PCO 
filters and nature of challenge compounds. 
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Fig. 4 PCO of 100 ppb MEK for (a) carbon cloth-TiO2 filters and (b) 
fiberglass-TiO2 filters 

B. Mixture Tests 

Acetone and MEK with each concentration of 100 ppb were 
mixed and tested by PCO technology. Assuming the number of 
active catalyst sites remains a constant for all experiments. Fig. 
5 shows the profile of removal efficiency and by products with 
irradiance time for two filters. The single removal efficiencies 
for single compound were both higher than that of simultaneous 
degradation of two ketones. Unexpectedly, this mutual 
inhibition effect was not consistent with the promotional 
adsorption trend of the two ketones on the TiO2 [18]. As 
indicated in Fig. 4, acetone was a significant intermediate 
during the PCO of MEK, which resulted in the negative 
removal efficiency of acetone as a component of ketones. On 
the other hand, acetone molecules competed with MEK 
molecules for the adsorption sites on TiO2, which led to a 
decrease of degradation performance of MEK as a single 
compound. However, adsorption demonstrates as a dominant 
technology for MEK on the carbon cloth-TiO2 filter, and PCO 
of MEK was slightly affected by acetone competition. The 
amounts of acetone as a by-product detected from output on 
carbon cloth-TiO2 filters were much higher than those from 
fiberglass-TiO2, further indicating that acetone was replaced by 
MEK due to the major adsorption technology. 
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Fig. 5 PCO of a mixture of 100 ppb acetone and 100 ppb MEK for (a) 
carbon cloth-TiO2 filters and (b) fiberglass-TiO2 filters 

 
IV.  CONCLUSION 

 Photocatalytic oxidation of a single gaseous acetone and 
MEK and their 1: 1 binary mixture using carbon cloth-TiO2 
filters and fiberglass-TiO2 filters was investigated in a 
single-pass duct system. The following conclusions can be 
derived from this study: 
1) Competitive PCO of MEK and acetone shows lower single 

pass removal efficiency than that of PCO of MEK or 
acetone, which is different from competitive adsorption of 
MEK and acetone on the same photocatalyst. 

2) The inhibition effect on the competitive PCO is mainly 
resulted from transient strongly adsorbed carboxylic acids, 
which is the key point that differentiates competitive 
adsorption and competitive PCO. 

3) Due to acetone is one of by-products by the PCO of MEK, 
the negative removal efficiency of PCO of acetone was 
observed when a mixture of acetone and MEK was tested.  

4) More VOC mixtures with various combination ratios under 
different environmental conditions are needed to be 
explored in the future for obtaining clearer mechanism 
knowledge on competitive PCO. 



International Journal of Earth, Energy and Environmental Sciences

ISSN: 2517-942X

Vol:9, No:10, 2015

1218

 

 

ACKNOWLEDGMENT 

The authors gratefully acknowledge the financial support of 
the Institut de Recherché Robert-Sauvé en Santé et en Sécurité 
du Travail (IRSST).  

REFERENCES  
[1] Mirzaei PA, Haghighat F. Approaches to study Urban Heat Island – 

Abilities and limitations. . Building and Environment. 2010;45:2192-201. 
[2] ANSI/ASHRAE Standard 62.1-2013 - Ventilation for Acceptable Indoor 

Air Quality, American Society of Heating, Refrigerating, and 
Air-Conditioning Engineers, Inc., Atlanta. 

[3] Jo WK, PARK KH. Heterogeneous photocatalysis of aromatic and 
chlorinated volatile organic compounds (VOCs) for non-occupational 
indoor air application. Chemosphere 2004: 57: 555-65.  

[4] Jeong J, Sekiguchi K, Lee W, Sakamoto K. Photodegradation of gaseous 
volatile organic compounds (VOCs) using TiO2 photoirradiated by an 
ozone-producing UV lamp: decomposition characteristics, identification 
of by-products and water-soluble organic intermediates. J Photoch 
Photobio A. 2005;169:279-87.  

[5] Sleiman M, Conchon P, Ferronato C, Chovelon JM. Photocatalytic 
oxidation of toluene at indoor air levels (ppbv): Towards a better 
assessment of conversion, reaction intermediates and mineralization. 
Appl Catal B-Environ. 2009;86:159-65.  

[6] Zhong L, Haghighat F, Blondeau P, Kozinski J. Modeling and physical 
interpretation of photocatalytic oxidation efficiency in indoor air 
applications. Building and Environment. 2010;45:2689-97.  

[7] Quici N, Vera ML, Choi H, Puma GL, Dionysiou DD, Litter MI, et al. 
Effect of key parameters on the photocatalytic oxidation of toluene at low 
concentrations in air under 254+185 nm UV irradiation. Appl Catal 
B-Environ. 2010;95:312-9.  

[8] Zhong L, Haghighat F. Modeling and validation of a photocatalytic 
oxidation reactor for indoor environment applications. Chemical 
Engineering Science. 2011;66:5945-54.  

[9] Destaillats H, Sleiman M, Sullivan DP, Jacquiod C, Sablayrolles J, 
Molins L. Key parameters influencing the performance of photocatalytic 
oxidation (PCO) air purification under realistic indoor conditions. 
Applied Catalysis B: Environmental. 2012;128:159-70. 

[10] Geng, Q., Wang, Q., Zhang, B., 2012. Adsorption and photocatalytic 
oxidation of methanol-benzene binary mixture in an annular fluidized bed 
photocatalytic reactor. Industrial & Engineering Chemistry Research, 51, 
15360-15373. 

[11] Vildozo, D., Portela, R., Ferronato, C., Chovelon, J-M., 2011. 
Photocatalytic oxidation of 2-propanol/ toluene binary mixtures at indoor 
air concentration levels. Applied Catalysis B: Environmental, 107, 
347-354. 

[12] Twesme, T. M., Tompkins, D. T., Anderson, M. A., Root, T. W., 2006. 
Photocatalytic oxidation of low molecular weight alkanes: Observations 
with ZrO2-TiO2 supported thin films. Applied Catalysis B: 
Environmental, 64, 153-160. 

[13] Lichtin, N. N., Avudaithai, M., Berman, E., Grayfer, A., 1996. 
TiO2-photocatalyzed oxidative degradation of binary mixtures of 
vaporized organic compounds. Solar Energy, 56 (5), 377-385. 

[14] Zhang, M., An, T., Fu, J., Sheng, G., Wang, X., Hu, X., Ding, X., 2006. 
Photocatalytic degradation of mixed gaseous carbonyl compounds at low 
level on adsorptive TiO2/SiO2 photocatalyst using a fluidized bed 
reactor. Chemosphere, 64, 423-431. 

[15] Zhong L, Haghighat F, Lee CS, Lakdawala N. Performance of ultraviolet 
photocatalytic oxidation for indoor air applications: systematic 
experimental evaluation. Journal of hazardous materials. 2013;261:130-8. 

[16] Zhong L, Haghighat F, Lee C-S. Ultraviolet photocatalytic oxidation for 
indoor environment applications: Experimental validation of the model. 
Building and Environment. 2013;62:155-66. 

[17] Lee, C-S., Zhong, L., Haghighat, F., Coulthrust, C. Evaluation of ozone 
removal performance of ultraviolet photocatalytic oxidation air cleaning 
systems, ASHRAE Annual Conference, Atlanta, USA, June 27-July 1, 
2015. 

[18] Zhong L, Lee CS, Haghighat F. Adsorption performance of titanium 
dioxide (TiO2) coated air filters for volatile organic compounds. Journal 
of hazardous materials. 2012;243:340-9. 

 
 


