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ABSTRACT: This study examined the potential for photocatalytic oxidation to treat pollutants landfill gas
(LFG). Three example LFG constituents were tested: methane, xylenes, and carbonyl sulfide. Methane,
which comprises 40-60% of landfill emissions, is flammable and explosive at high concentrations, and is a
greenhouse gas with global warming potential of 22 times that of carbon dioxide (100 year time horizon).
Xylenes represent the second-highest concentration of hazardous air pollutants in LFG, and also contribute
to ground-level ozone formation. Carbonyl sulfide was chosen as an example of a LFG constituent that is a
hazardous air pollutant, as well as an odor-causing compound. Reaction rate constants are necessary for
photocatalytic reactor design; accordingly, rate constants were determined for the compounds of interest
over Degussa P-25 titanium dioxide (TiO,) catalyst in a continuous mixed-batch reactor. Plots of compound
concentration versus time indicated first-order decay for all compounds tested. Destruction rates were higher
for the smaller molecules methane and carbonyl sulfide and lower for the more complex xylenes. The
destruction rates for methane were found to depend on relative humidity. The research concludes that
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photocatalytic oxidation is a potentially promising method to treat emissions from landfills.
Keywords: Carbonyl Sulphide, Landfill Gas, Methane, Photocatalytic Oxidation, Xylene

INTRODUCTION

Refuse disposal is an issue that must be addressed by
every community worldwide. Landfills can serve not only
as waste repositories but also as significant sources of
renewable energy. As microbes degrade the organic
fraction of waste, methane (CH,) is generated, along with
carbon dioxide (CO,), water, and other trace landfill gas
(LFG) constituents. Comprising 40-60% of LFG by
volume, methane is a potent greenhouse gas, with global
warming potential 22 times that of CO, on a weight basis
over a 100-year period (IPCC, 2004). Landfills are the 3rd
largest human source of CH,; emissions world-wide
(12%). Capturing and converting a molecule of CH, to
CO; reduces the molecule’s ability to trap the Earth’s
outgoing radiation by a factor of 21/22, or 95%. In
addition, methane control is necessary because methane
can pose a danger to the operators of the plant and public
residing near the landfill site: mixtures of methane with
air are explosive within the range 5-15% by volume of
methane (Comenius, 2007).

The trace LFG constituents include many volatile
organic compounds (VOCs), which contribute to ground-
level ozone formation, and many of which are air
pollutants (HAPs). According to the U.S. Environmental
Protection Agency’s AP-42, nearly 30 compounds found
in LFG are hazardous air pollutants; exposure to these
pollutants can lead to adverse health effects (U.S. EPA,
2008). The trace constituents also include odor-causing
compounds.

Potential pollutant removal techniques for the trace
constituents in LFG include flaring, adsorption,

absorption, biofiltration and photocatalytic oxidation.
EPA’s New Source Performance Standards for landfills
require a control device capable of reducing non-methane
organic compounds (NMOCs) in the collected gas by 98%
by weight (U.S. EPA, 2008). Flaring is a commonly-used
technique, but studies have indicated that is efficiency in
many cases is less than 98%; in addition, it requires a
continuous fuel supply and can generate combustion by-
products. Adsorption and absorption do not destroy
contaminants, but transfer them to a solid or liquid media,
respectively, which must then be cleaned; moreover, they
are not effective in removing methane. Biofiltration uses
microorganisms fixed to porous media to break down
pollutants present in an air stream.

Photocatalytic oxidation is a promising technique
for sources with small flow rates (Al-Ekabi et al., 1993;
Zeltner et al., 1993; Lyons et al., 1995; Henschel, 1998;
Stevens et al., 1998; Sattler and Liljestrand, 2003; Zhou
and Yang, 2003). In cases where the methane
concentration is too low for it to be burned as a source of
fuel, PCO could be a useful method of reducing the global
warming potential. Photocatalytic oxidation converts
hydrocarbons to water and carbon dioxide in the presence
of ultraviolet light (350 — 400 nm) and a catalyst such as
titanium dioxide. Photocatalytic oxidation utilizes
ultraviolet radiation to promote electrons from the valence
band to the conduction band of the titanium dioxide
semiconductor. As electrons are promoted to the
conduction band, corresponding holes are created in the
valence band. The electrons act as reducing species and
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the holes act as oxidizing species. Although the exact

mechanism is not completely understood, it is believed

that in the presence of water vapor, the hole oxidizes OH-
from adsorbed water vapor to form a hydroxyl radical

(OH°®). The hydroxyl radical, which is extremely reactive,

acts as a nonselective oxidizer and repeatedly attacks most

organics, converting them to carbon dioxide and water via
free radical reactions. Although photocatalytic oxidation
can occur via other mechanisms in the absence of water
vapor, catalytic activity has been found to decrease
dramatically after only a few minutes of irradiation and

eventually to become negligible (Zeltner et al., 1993).

Advantages of PCO over other available techniques

include:

» High destruction efficiencies achieved at room
temperature.

« Inexpensive, non-hazardous catalyst (titanium
dioxide).

» Applicable to a large number of organics.

» Effective for low concentrations of pollutants.

» Applicable in humid conditions.

» No consumption of expensive oxidizing chemicals; the
oxidant is atmospheric oxygen.

* No auxiliary fuel required.

» Complete oxidation of organics to carbon dioxide
(CO,) and water (H,O) is possible.

The PCO technique has a wide range of
applications in air as well as water. Some of the
applications include (Stevens et al., 1993; Zhou and Yang,
2003; Gogate and Pandit, 2004; Lynntech, 2006):

« Portable indoor air cleaners for indoor gaseous
pollutant removal.

* Preparation of high purity water for medical
applications.

« Detoxification of drinking water.

* Preparation of high purity industrial water for
electronics manufacture.

» Polishing wastewater effluent streams; PCO is
effective in removal of BOD, COD, TOC, taste and
odor components.

» TiO, applications on window panes, turning them into
self cleaning panes.

Although numerous of studies have examined the
effectiveness of PCO for treating landfill leachate
(Bekbolet et al., 1996; Cho et al., 2002; Cho et al., 2004;
Wiszniowski et al., 2004; de Morais and Zamora, 2005;
Wiszniowski et al., 2005; Zheng et al., 2009; Zhao et al.,
2010; Jia et al., 2011; Poblete et al., 2011; Rocha et al.,
2011; Vilar et al., 2011; Zhang et al., 2011; Jia et al.,
2012; Meeroff et al., 2012; Poblete et al., 2012; Vilar et
al., 2012a; Vilar et al., 2012b; Chemlal et al., 2013), none
to our knowledge has examined the potential for using
PCO to treat landfill gas. This study thus explored the
potential of photocatalytic oxidation to treat landfill gas,
by examining its effectiveness for several example
constituents of landfill gas.

PCO reaction rate constants were determined for
destruction of methane, o-xylene, m-xylene, p-xylene, and
carbonyl sulfide. As mentioned previously, methane
comprising 40-60% of LFG by volume and is a potent
greenhouse gas. Xylenes together represent the second-
highest concentration of hazardous air pollutants in LFG
(9.23 ppm), according to the U.S. EPA’s AP-42 (2008),
for landfills with waste in place after 1992 (U.S. EPA,

2008). Xylenes also contribute to ground-level ozone
formation, with an incremental reactivity of 0.5 ppm
Os/ppm C (Carter, 1991). Carbonyl sulfide (COS) was
chosen as an example of a LFG constituent that is
hazardous air pollutant, as well as an odor-causing
compound.

A number of recent studies have examined PCO of
methane in air (Wada et al., 1993; Dreyer, et al., 1997;
Kleinschmidt and Hesse, 2002; Yoshida et al., 2003;
Krishna et al., 2004; Bellobono et al., 2006a; Bellobono et
al, 2006b; Imanaka et al., 2011; In Su-il et al., 2011; Costa
et al., 2012; Suzuki et al., 2012) and xylene in air (Peral
and Ollis, 1992; Blanco et al., 1995; dHennezel and Ollis,
1997; Ameen and Raupp, 1999; Ohkubo and Fukuzumi,
2000; Pichat et al., 2000; Chun et al., 2001; Jo et al., 2001,
; Ao et al., 2003; Ao and Lee, 2003; Kim et al., 2003;
Lewandowski and Ollis, 2003; Negishi and Takeuchi,
2003; Disdier et al., 2005; Strini et al., 2005; Yu et al.,
2006; Tsoukleris et al., 2007; Boularnanti et al., 2008; Jo
and Kim, 2009; Jo and Yang, 2009; Park et al., 2009;
Tseng et al., 2009; Liang et al., 2010; Phuong et al., 2011,
Sumitsawan et al., 2011; Destaillats et al., 2012; Jo and
Kang, 2012a; Jo and Kang, 2012 b; Sangkhun et al., 2012;
Tang and Yang, 2012; Ye, et al., 2012). However, these
studies do not necessarily use concentrations
representative of LFG, or use Degussa’s P-25, a widely-
used inexpensive TiO, photocatalyst. In particular, many
of the studies examined xylene concentrations typical of
indoor air (tens of ppbs), which is a factor of a hundred to
a thousand lower than LFG. No previous PCO tests
involving COS have been reported.

MATERIALS AND METHODS

Experimental setup

The photocatalytic oxidation system was a closed
loop batch reactor comprised of a photocatalytic oxidation
reactor, pump, DC supply double output system,
injection/sampling port, and Teflon tubing. Figures 1 and
2 show the system layout.

DC
Supply

Injection/Sampling Port Reactor Loop

Pump ] Reaction Chamber | >Iz.5 cm

I ‘ i 23.6 cm | ‘

| 30 cm |

Figure 1. Photocatalytic reactor experimental setup - plan
view

Ultraviolet Bulbs

\ T{SS cm
Titanium Dioxide Rel

Coating on Glass Plate Q

2.5 cm
Figure 2. Photocatalytic reactor experimental setup - side
view
A glass column, 30 c¢cm in length and 3 cm in
diameter, placed horizontally served as the photocatalytic

Reaction Chamber

LEXEICRGINEENE® Mita S. Upadhyay, Melanie L. Sattler. 2013. Photocatalytic Degradation of Air Emissions from Municipal Solid Waste Landfills. J. Civil Eng. Urban.3 (4): 128-

135.

oIV RATOTITETOETOER Nitp://www.0jceu.ir/main/

129



oxidation chamber, as shown in Figures 1 and 2. A 2.5x30
cm titanium dioxide-coated glass plate was placed in the
column. However, only 23.6 cm of the length of the slide
were directly exposed to the light due to the fact that the
transparent portion of the chamber was only 23.6 cm. A
lamp with two 15 watt cylindrical bulbs (NIS F15 T8BLB
15W black light blue), 2.6 cm in diameter set 2.6 cm
apart, was set 4.35 cm above the glass slide. The bulbs
provided illumination at a wavelength of 366 nm.

A diaphragm pump (Cole-Parmer Model No. L-
79200-10) set at maximum pressure of 20 psi provided
circulation through the closed loop for the purpose of
mixing. A DC supply double output system from
Shenzhen Mastech connected to the pump was set at 15
volts, which reduced the voltage reaching the pump from
its normal value of 110 volts, and thus reduced the pump
speed by a corresponding amount. The contaminated air
stream circulated in the entire system via Teflon tubing.
All the components of the system were made up of either
glass or Teflon, neither of which react with organics.

Photocatalyst

Degussa’s P-25 grade titanium dioxide (TiO,), an
effective and widely used photocatalyst, was chosen for
this research. P-25 particles have an average surface area
of 50 + 15 m?/g, an average diameter of 21 nm based on
number count, and an average diameter of 32 nm based on
surface area measurement (Nargiello and Herz, 1993). P-
25 contains a mixture of 70-80% anatase and 20-30%
rutile (Nargiello and Herz, 1993). The titanium dioxide
was deposited onto the glass plate by immersing the plates
in a suspension of titanium dioxide in distilled water and
allowing the water to evaporate, leaving behind a titanium
dioxide coating on the plate surface.

Compounds tested

The selected compounds were tested with their
initial concentration equivalent to the concentrations at
which they are emitted from landfills. Methane typically
comprises 40-60% of landfill gas on a molar or volume
basis (Tchobanoglous et al., 1993). In this research, due to
experimental constraints, an initial methane concentration
of 30% was tested.

U.S. EPA’s AP-42 lists a default concentration of
9.23 ppm total xylenes for landfill gas from landfills with
waste in place after 1992, and 12.1 ppm for landfills with
waste in place prior to 1992 (U.S. EPA, 2008). For this
research, due to detection limits associated with the gas
chromatograph, higher initial xylene concentrations of
200-400 ppm were used.

U.S. EPA’s AP-42 lists a default concentration of
COS in municipal solid waste landfill gas of 0.122 for
landfills with waste in place after 1992, and 0.49 ppm for
landfills with waste in place prior to 1992 (U.S. EPA,
2008). Previous field data collected from wastewater
treatment plants has shown COS concentrations of up to 2
ppm (Alan Plummer Associates, 2003a&b). Industrial
processes can produce concentrations of up to 400-600
ppm. For this research, due to detection limits associated
with the COS sensor and the COS cylinder regulator, an
intermediate initial concentration of 30 ppm was chosen
for testing. A compressed gas cylinder of 3% COS, with
balance nitrogen, was obtained from Matheson Tri-Gas
and diluted with air to 30 ppm.

During the experiments, the initial concentration
varied slightly from the listed values since it was difficult
to inject exactly the same concentration in the
photocatalytic oxidation system for every experimental
run.

Reactor operation and analysis methods for
methane and xylene

The PCO system was left open to the atmosphere
before starting the experiments to establish ambient
conditions of temperature, pressure and humidity inside
the system. Before starting each experimental run, the
system was closed, the DC supply and pump were turned
on, and the methane or xylene was slowly injected into the
system through the injection/sampling port and allowed to
mix inside the system for 6 minutes. During that time
(with UV lights turned off), samples were collected at 2-
minute intervals and analyzed by the gas chromatograph
(GC) described below to ensure thorough mixing, no
leakage and no destruction in the absence of UV light.

At the start of an experiment, a sample from the
PCO system was collected and injected into the GC to
determine the initial pollutant concentration. The UV
light was then turned on to initiate PCO. During
experiments, samples were collected at intervals of 2
minutes or more, depending on the destruction rate of the
compound. Each experimental test was continued until at
least 95% of the initial concentration was destroyed, or
until the compound concentration was below the detection
threshold of the GC.

The gas chromatograph used for measuring
destruction of methane and the xylenes was an SRI Model
8610C, with flame ionization detector (FID). Methane
destruction was detected by a Haysep D packed column,
and xylene destruction was detected by a packed column
from Restek, 2 m in length, which had the capability to
detect BTEX compounds (benzene, toluene, ethyl benzene
and xylene). Helium was used as the carrier gas. Windows
based Peak Simple software regulated the carrier gas flow,
temperature and other GC parameters. The software also
displayed detector parameters and results.

Reactor operation and analysis methods for
carbonyl sulfide

The carbonyl sulfide sensor was an International
Sensor Technology model 1Q-350 with a solid state
sensor. It was configured to measure carbonyl sulfide
concentrations within the range of 0 to 50 ppm. The
sensor was incorporated into the photocatalytic system by
connecting the input and output ends of the sensor to the
photocatalytic system to form a closed loop batch reactor.
This was possible since the sensor was non-destructive.
During the COS experiments, the photocatalytic system
DC supply double output unit and pump were turned off.
The carbonyl sulfide sensor’s pump aided the circulation
of the contaminant laden air in the photocatalytic system.

Initially, the power supply to the sensor and the
sensor pump were turned on. A sample of carbonyl
sulfide was injected into the system via the
injection/sampling port. The system was allowed to
stabilize until a constant concentration value was
displayed by the sensor’s digital display, after which the
UV bulbs were turned on. The carbonyl sulfide
destruction rate was measured by observing the time
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elapsed and concentration values at regular intervals. The
experimental run was carried until the sensor read 0 ppm.
After completion of the test, the system was opened to
release the byproducts and ensure ambient conditions
inside the system for the following run.

Determination of reaction rate constants
Previous studies (Sattler and Liljestrand, 2003;
Wang and Chao, 2000) suggest that a first-order reaction
is applicable to photocatalytic oxidation systems. In a
first-order reaction, the reaction rate depends on the
concentration of the reactants and the rate constant has
units of 1/time. The general form of the reaction rate
equation is:
Rate of reaction = -d[A]/dt = K[A] 1)

Variable separation and integration results in:
[A] = [Alo exp(-kt) )

where [A] = concentration of A, k = rate constant, [A]0 =
initial concentration of A.

A curve-fit of [A] vs. time can be used to determine
the value of the reaction rate constant.

RESULTS AND DISCUSSION

Methane

Graph 1 shows the destruction of methane as an
example. An exponential curve of the form [A] = [A],
exp(-kt) fits the data with an R? value of 0.96, indicating
that a first-order rate expression fits the data well. Graph 2
shows the data from Graph 1 plotted in the form of —
In(C/Co) vs. time t, where the slope is equal to the first
order rate constant k.
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Graph 1. Example plot of methane concentration versus

time.
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Graph 2. Example plot of —In(C/Co) vs. time for methane

Table 1 presents results for methane. The overall
average PCO rate constant for methane was 0.096 min™.
There was a significant variation in the values of k for the
4 runs. Rate constants are known to depend on parameters

such as initial concentration, temperature, humidity, UV
intensity, type of catalyst, reactor configuration and
oxygen concentration. All tests were performed with the
same experimental setup so the type of catalyst, reactor
configuration and the UV light intensity remained same.
Oxygen concentration can be assumed to be constant.
Variations in initial concentration and temperature were
small, and thus unlikely to significantly impact the rate
constant. The only parameter that varied substantially and
may have thus affected the rate constant is humidity. Due
to its role in forming OH° radicals which attack organics,
relative humidity would be expected to impact PCO
destruction rate.

Table 1. Photocatalytic oxidation rate constants for

methane
RUN I&')t:il Tem Relative First -Order
No Co (OF)p' Humidity ~Rate Constant  R?
: % k (min*
(ppm) ( 0) ( )
1 277,827 72.1 60.1 0.151 0.81
2 307,390 72.4 49.3 0.064 0.99
3 319,872 70.5 54.3 0.079 0.84
4 302,980 72.0 56.4 0.090 0.89
AVG 0.096

Graph 3 presents a graph of methane PCO
destruction rate constant versus relative humidity. In the
relative humidity range of 49.3% - 60.1%, the rate
constant increases with the increase in the relative
humidity. It was found that an exponential curve best
describes the relationship. Previous studies have shown,
however, that water vapor concentrations typically reach
an optimum value; if humidity levels are too high, water
vapor may decrease destruction rates by competing with
contaminant molecules for available surface sites (Pichat
et al., 1981; Obee and Brown, 1995; Wu et al., 2001).
Further testing over a wider range of relative humidities is
recommended.

0.16 ,
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R? = 0.8945 /
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Graph 3. Photocatalytic oxidation rate constant for
methane as a function of relative humidity

Xylenes
The results for the tests carried out for o-, m-, and
p-xylene are summarized in Table 2. The average reaction
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rate constant values were 0.0275 min™, 0.025 min™, and
0.0125 min™ for o-, m-, and p-xylene, respectively. These
values are lower than the rate constant for methane, which
would be anticipated due to the fact that the xylenes are
larger molecules with more complex structures compared
to methane.

Table 2. Photocatalytic oxidation rate constants for

xylenes
Initial First-
Com- Run Conc. Temp. Relatlye order 2
o Humid- rate R
pound No. Co (°F) o
(ppm) ity (%) cons’_car}t
k (min™)
o- 1 207 715 445 0.028 0.89
xylene 2 305 74.5 46.8 0.027 0.83
m- 1 262 71.6 43.1 0.040 0.82
xylene 2 211 72.3 47.5 0.010 0.71
p- 1 401 72.1 55.0 0.012 0.74
Xylene 2 355 706 457 0.013 0.74

Carbonyl sulfide

Two runs with an initial concentration of 30 ppm
were carried out to determine the rate constant for
carbonyl sulfide. Results are presented in Table 3. The
average first-order destruction rate constant for COS is
1.13 min-1, which is substantially higher than that for
methane. This may be due to the two double bonds in the
COS structure, which contain high densities of electrons
and are thus prone to hydroxyl radical attack. As
mentioned previously, hydroxyl radical attack is likely a
primary method of PCO compound destruction.
Additionally, the humidity level was high (61.1 — 63.1%)
during the COS experiments; increased water vapor
concentrations lead to higher potential for hydroxyl
radical production.

Table 3. Photocatalytic oxidation rate constants for
carbony! sulfide

Initial Relative First -Order
G T mdy M w
' (%) P

(ppm) (min™)
1 30 71.5 61.1 111 0.95
2 30 71.5 63.1 1.15 0.90
AVG 1.13

Applicability of rate constants

The experiments were conducted at ambient
temperature, pressure and humidity conditions. The rate
constants developed during the experiments may not be
directly applicable to another system, since they depend
on various parameters like ultraviolet light intensity,
reactor configuration, and catalyst characteristics, which
are specific to any given system. However, since rate
constants are functions of these parameters, they can be
scaled and applied to another system (Sattler and
Liljestrand, 2003).

CONCLUSIONS

This study determined first-order PCO rate constants for 3
constituents of landfill gas, methane, xylenes, and

carbonyl sulphide, over Degussa P-25 titanium dioxide
(TiO,). The average rate constant for COS destruction was
substantially higher than that for methane, possibly due to
the two double bonds in the COS structure, which contain
high densities of electrons and are thus prone to hydroxyl
radical attack. Methane destruction rates were found to
depend on relative humidity, in an exponential
relationship.

Reaction rate constants for methane and carbonyl
sulfide were higher than those for the xylenes. A smaller
and simpler molecule like methane or carbonyl sulfide
would be anticipated to break down more quickly than a
larger and more complex molecule like xylene. A reactor
treating a mixture of compounds, such as those in landfill
gas, would need to be designed large enough to provide
sufficient residence time for the slowest-degrading
compound.

Future research should test other landfill gas
constituents, singly and in mixtures.

Acknowledgements

The authors would like to thank Paul Shover for his
assistance with lab equipment maintenance.

REFERENCES

Alan Plummer Associates, Inc. (2003a). Odor Abatement
Evaluation and Master Plan. Prepared for the City of
Garland Rowlett Creek Water Recycling Center.

Alan Plummer Associates, Inc. (2003b). TRA Central Regional
Wastewater System 2003 Odor Abatement Evaluation and
Master Plan: Final Report. Prepared for Trinity River
Authority of Texas.

Al-Ekabi H, Butters B, Delany D, Holden W, Powell T, Story J.
(1993). The Photocatalytic Destruction of Gaseous
Trichloroethylene  and  Tetrachloroethylene ~ Over
Immobilized  Titanium Dioxide, in Photocatalytic
Purification and Treatment of Water and Air, Ollis, D.F.
and Al-Ekabi, H., Ed., Elsevier Science Publishers.

Ameen MM, Raupp GB. (1999). Reversible catalyst deactivation
in the photocatalytic oxidation of dilute o-xylene in air.
Journal of Catalysis, 184(1):112-122.

Ao CH, Lee SC, Mak CL, Chan LY. (2003). Photodegradation
of volatile organic compounds (VOCs) and NO for indoor
air purification using TiO,: promotion versus inhibition
effect of NO. Applied Catalysis B-Environmental,
42(2):119-129.

Ao CH, Lee SC. (2003). Enhancement effect of TiO,
immobilized on activated carbon filter for the
photodegradation of pollutants at typical indoor air level.
Applied Catalysis B-Environmental, 44(3):191-205.

Bekbolet M, Lindner M, Weichgrebe D, Bahnemann DW.
(1996). Photocatalytic detoxification with the thin-film
fixed-bed reactor (TFFBR): Clean-up of highly polluted
landfill effluents using a novel TiO,-photocatalyst. Solar
Energy, 56(5):455-469.

Bellobono IR, Stanescu R, Costache C, Canevali C, Morazzoni
F, Scotti R, Bianchi R, Mangone ES, de Martini G, Tozzi
PM. (2006a). Laboratory-scale photomineralization of n-
alkanes in gaseous phase by photocatalytic membranes
immobilizing titanium dioxide. International Journal of
Photoenergy, Article Number: 73167.

Bellobono, IR, de Martini G, Tozzi PM, Canevali C, Morazzoni
F, Scotti R, Bianchi R. (2006b). Modelling of quantum
yields in photocatalytic membrane reactors immobilising

LEXEICRGINEENE® Mita S. Upadhyay, Melanie L. Sattler. 2013. Photocatalytic Degradation of Air Emissions from Municipal Solid Waste Landfills. J. Civil Eng. Urban.3 (4): 128-

135.

oIV RATOTITETOETOER Nitp://www.0jceu.ir/main/

132



titanium dioxide. International Journal of Photoenergy,
Article Number: 26870.

Blanco J, Avila P, Bahamonde A, Alvarez E, Sanchez B,
Romero M. (1996). Photocatalytic destruction of toluene
and xylene at gas phase on a titania based monolithic
catalyst, 2nd Japan-EC Joint Workshop on the Frontiers of
Catalytic Science and Technology for Energy, Environment
and Risk Prevention (JECAT 95), Lyon-Villeurbanne,
France, April 26-28, 1995, Catalysis Today, 29(1-4):437-
442

Boularnanti, AK, Korologos CA, Philippopoulos CJ. (2008). The
rate of photocatalytic oxidation of aromatic volatile organic
compounds in the gas-phase. Atmospheric Environment,
42(34):7844-7850.

Carter WPL. (1991). Development of ozone reactivity scales for
volatile organic compounds; EPA 600/3-91-050. Prepared
for the U.S. Environmental Protection Agency: Research
Triangle Park, NC.

Chemlal R, Abdi N, Drouiche N, Lounici H, Pauss A, Mameri
N. (2013). Rehabilitation of Oued Smar landfill into a
recreation park: Treatment of the contaminated waters.
Ecological Engineering, 51:244-248.

Cho SP, Hong SC, Hong SI. (2004). Study of the end point of
photocatalytic degradation of landfill leachate containing
refractory matter. Chemical Engineering  Journal,
98(3):245-253.

Cho, SP, Hong SC, Hong SI. (2002). Photocatalytic degradation
of the landfill leachate containing refractory matters and
nitrogen compounds. Applied Catalysis B-Environmental,
39(2):125-133.

Chun HD, Kim JS. Yoon S, Kim CG. (2001). Physical properties
and photocatalytic performance of TiO, coated stainless
steel plate. Korean Journal of Chemical Engineering,
18(6):908-913.

Comenius: European Cooperation on School Education.
Chemical Safety Data: Methane.
http://ptcl.chem.ox.ac.uk/~hmc/hsci/chemicals/methane.ht
ml, accessed 10/27/07.

Costa A, Chiarello GL, Selli E, Guarino M. (2012). Effects of
TiO, based photocatalytic paint on concentrations and
emissions of pollutants and on animal performance in a
swine weaning unit. Journal of Environmental
Management, 96(1):86-90.

de Morais JL, Zamora PP. (2005). Use of advanced oxidation
processes to improve the biodegradability of mature landfill
leachates. Journal of Hazardous Materials, 123(1-3):181-
186.

Destaillats H, Sleiman M, Sullivan DP, Jacquiod C, Sablayrolles
J, Molins L. (2012). Key parameters influencing the
performance of photocatalytic oxidation (PCO) air
purification under realistic indoor conditions. Applied
Catalysis B-Environmental, 128(SI):159-170.

dHennezel O, Ollis DF. (1997). Trichloroethylene-promoted
photocatalytic oxidation of air contaminants, Journal of
Catalysis, 167(1).

Disdier J, Pichat P, Mas D. (2005). Measuring the effect of
photocatalytic purifiers on indoor air hydrocarbons and
carbonyl pollutants. Journal of the Air & Waste
Management Association, 55(1):88-96.

Dreyer M, Newman GK, Lobban L, Kersey SJ, Wang R,
Harwell JH. (1997). Enhanced oxidation of air
contaminants on an ultra-low density UV-accessible aerogel
photocatalyst. In Materials Research Society Symposium
Proceedings, 141-146.

Gogate PR, Pandit AB. (2004). A Review of Imperative
Technologies for Wastewater Treatment I: Oxidation

Technologies at Ambient Conditions. ScienceDirect —
Advances in Environmental Research, 8(3-4):501-551.

Henschel DB. (1998). Cost Analysis of Activated Carbon Versus
Photocatalytic =~ Oxidation for Removing  Organic
Compounds from Indoor Air. Journal of the Air & Waste
Management Association, 48:985.

Imanaka N, Masui T, Yasuda K. (2011). Environmental
Catalysts for Complete Oxidation of Volatile Organic
Compounds and Methane. Chemistry Letters, 40(8): 780-
785.

In S, Nielsen MG, Vesborg PCK, Hou Y, Abrams, BL,
Henriksen TR, Hansen O, Chorkendorff 1. (2011).
Photocatalytic methane decomposition over vertically
aligned transparent TiO, nanotube arrays. Chemical
Communications, 47(9):2613-2615.

Intergovernmental Panel for Climate Change (IPCC). (2004).
"Fourth Assessment Report (AR4) by Working Group-1
(WG-1), "Chapter 2 : Changes in Atmospheric Constituents
and Radioactive Forcing".

Jia C, Wang Y, Zhang C, Qin, Q. (2011). UV-TIiO,
Photocatalytic Degradation of Landfill Leachate. Water,
Air, and Soil Pollution, 217(1-4):375-385.

Jia CZ, Wang YX, Zhang CX. (2012). Variation Characteristics
of 3D-Excition Emission Matrix Fluorescence Spectra of
Dissolved Organic Matter from Landfill Leachate during
Photocatalytic Degradation. Chinese Journal of Analytical
Chemistry. 40(11):1740-1746.

Jo WK, Kang HJ. (2012). LED Irradiation of a Photocatalyst for
Benzene, Toluene, Ethyl Benzene, and Xylene
Decomposition. Chinese Journal of Catalysis, 33(10):1672-
1680.

Jo WK, Kang HJ. (2012). Photocatalytic performance of
cylindrical reactor inserted with UV light-emitting-diodes
for purification of low-level toxic volatile organic
compounds. Applied Surface Science, 259:657-663.

Jo WK, Kim JT. (2009). Application of visible-light
photocatalysis with nitrogen-doped or unmodified titanium
dioxide for control of indoor-level volatile organic
compounds. Journal of Hazardous Materials, 164(1):360-
366.

Jo WK, Park JH, Chun HD. (2002) Photocatalytic destruction of
VOCs for in-vehicle air cleaning HD, 1st International
Conference on Semiconductor Photochemistry (SP-1),
University of Strathclyde, Glasgow, Scotland, July 23-25,
2001, Journal of Photochemistry and Photobiology A-
Chemistry, 148(1-3):109-119.

Jo WK, Yang CH. (2009). Granular-activated carbon adsorption
followed by annular-type photocatalytic system for control
of indoor aromatic compounds. Separation and Purification
Technology, 66(3):438-442.

Kim HS, Lee EA, Han CH, Ha JW, Shul YG, Yoo GK. (2003).
Discharged  photoelectrocatalytic  system  for  the
enhancement of photocatalytic performance, Editor(s): Kim
HS, Park SY, Lee SW. 4th International Symposium on
Eco-Materials Processing and Design, Gyungpodae, South
Korea, Feb. 04-06, 2003, Eco-Materials Processing &
Design, Materials Science Forum, 439:205-209.

Kleinschmidt O, Hesse D. (2002). Kinetics of the photocatalytic
total oxidation of different alkanes and alkenes on TiO,
powder. Canadian Journal of Chemical Engineering,
80(1):71-78.

Krishna V, Kamble VS, Selvam P, Gupta NM. (2004). Sunlight-
assisted photocatalytic oxidation of methane over uranyl-
anchored MCM-41. Catalysis Letters, 98(2-3):113-116.

Lewandowski M, Ollis DF. (2003). Halide acid pretreatments of
photocatalysts for oxidation of aromatic air contaminants:

LEXEICRGINEENE® Mita S. Upadhyay, Melanie L. Sattler. 2013. Photocatalytic Degradation of Air Emissions from Municipal Solid Waste Landfills. J. Civil Eng. Urban.3 (4): 128-

135.

oIV RATOTITETOETOER Nitp://www.0jceu.ir/main/

133



rate enhancement, rate inhibition, and a thermodynamic
rationale. Journal of Catalysis, 217(1): 38-46.

Liang WJ, Li, Jian J, Yu Q. (2010). Photocatalytic degradation
of gaseous acetone, toluene, and p-xylene using a TiO, thin
film. Journal of Environmental Science and Health Part A-
Toxic/Hazardous Substances & Environmental
Engineering, 45(11):1384-1390.

LYNNTECH, INC. Photocatalytic Oxidation.
http://www.lynntech.com/licensing/oxidation/index.shtml
accessed February, 2006.

Lyons CE, Turchi C, Gratson D, National Renewable Energy
Lab. (1995). Solving Widespread Low-Concentration VOC
Air  Pollution Problems: Gas-Phase Photocatalytic
Oxidation Answers the Needs of Many Small Businesses.
AWMA’s 88th Annual Meeting & Exhibition.

Meeroff DE, Bloetscher F, Reddy DV, Gasnier F, Jain S,
McBarnette A, Hamaguchi H. (2012). Application of
photochemical technologies for treatment of landfill
leachate. Journal of Hazardous Materials, 209:299-307.

Nargiello M, Herz T. (1993). Physical-Chemical Characteristics
of P-25 Making It Extremely Suited as the Catalyst in
Photodegradation of Organic Compounds. In Photocatalytic
Purification and Treatment of Water and Air, D.F. Ollis and
H. Al-Ekabi, ed. Elsevier Science Publishers.

Negishi N, Takeuchi K. (2003) Preparation of a transparent thin-
film photocatalyst for elimination of VOC. Research on
Chemical Intermediates, 29(7-9):861-879.

Obee TN, Brown RT. (1995). TiO, Photocatalysis for Indoor Air
Applications: Effects of Humidity and Trace Contaminant
Levels on the Oxidation Rates of Formaldehyde, Toluene,
and 1,3-Butadiene. Environmental Science & Technology,
29(5):1223.

Ohkubo K, Fukuzumi S. (2000). 100% selective oxygenation of
p-xylene to p-tolualdehyde via photoinduced electron
transfer. Organic Letters, 2(23):3647-3650.

Park JH, Seo YS, Lee JK, Kim IK. (2009). Photodegradation of
Toluene and Xylene by Fluidized Bed Gaseous System with
TiO,/SiO, Photocatalysts. Journal of Chemical Engineering
of Japan, 42(2):139-146.

Peral J, Ollis DF. (1992). Heterogeneous Photocatalytic
Oxidation Of Gas-Phase Organics For Air Purification -
Acetone, 1-Butanol, Butyraldehyde, Formaldehyde, and
Meta-Xylene Oxidation. Journal of Catalysis, 136(2): 554-
565.

Phuong DT, Tuan NQ, Linh BTH, Hy LG, Cuong TM, Hoa
TTK, Cam LM, Tuan VA. (2011). Photocatalytic
degradation of p-xylene over doped titania thin film, 6th
Conference of the Aseanian-Membrane-Society (AMS)/7th
International Membrane Science and Technology
Conference (IMSTEC), Membrane Soc Australasia (MSA),
Sydney, Australia, Nov. 22-26, 2010, Desalination and
Water Treatment, 34(1-3):246-250.

Pichat P, Disdier J, Hoang-Van C, Mas D, Goutailler G, Gaysse
C. (2000). Purification/deodorization of indoor air and
gaseous effluents by TiO, photocatalysis, 2nd Asia-Pacific
Catalysis Conference (APCAT 2000), Darling Harbour,
Australia, Feb. 2000, Catalysis Today, 63(2-4):363-369.

Pichat P, Herrmann JM, Disdier J, Courbon H, Mozzanega MN.
(1981). Photocatalytic Hydrogen Production from Aliphatic
Alcohols over a Bifunctional Platinum on Titanium Dioxide
Catalyst. Nouveau Journal de Chimie, 5:627-636.

Poblete R, Otal E, Vilches LF, Vilches LF, Vale J, Fernandez-
Pereira C. (2011). Photocatalytic degradation of humic
acids and landfill leachate using a solid industrial by-
product containing TiO, and Fe. Applied Catalysis B —
Environmental, 102(1-2):172-179.

Poblete R, Prieto-Rodriguez L, Oller, I, Maldonado MI, Malato
S, Otal E, Vilches LF, Fernandez-Pereira C. (2012). Solar
photocatalytic treatment of landfill leachate using a solid
mineral by-product as a catalyst. Chemosphere, 88(9):1090-
1096.

Rocha EMR, Vilar VJP, Fonseca AS, Isabel B, Rui AR, (2011).
Landfill leachate treatment by solar-driven AOPs. Solar
Energy, 85(1):46-56.

Sangkhun W, Laokiat L, Tanboonchuy V, Khamdahsag P,
Grisdanurak N. (2012). Photocatalytic degradation of
BTEX using W-doped TiO, immobilized on fiberglass
cloth under visible light. Superlattices and Microstructures,
52(4):632-642.

Sattler ML, Liljestrand HM. (2003). Method for Predicting
Photocatalytic Oxidation Rates of Organic Compounds.
Journal of the Air & Waste Management Association, 53:3-
12.

Stevens L, Lanning JA, Anderson LG, Jacob WA, Chornet N.
(1998) Investigation of the Photocatalytic Oxidation of
Low-Level Carbonyl Compounds. Journal of the Air &
Waste Management Association, 48:979-984.

Strini A, Cassese S, Schiavi L. (2005). Measurement of benzene,
toluene, ethylbenzene and o-xylene gas phase
photodegradation by titanium dioxide dispersed in
cementitious materials using a mixed flow reactor. Applied
Catalysis B-Environmental, 61(1-2):90-97.

Sumitsawan S, Cho J, Sattler ML, Timmons R. (2011). Plasma
Surface Modified TiO2 Nanoparticles:  Improved
Photocatalytic ~ Oxidation ~of  Gaseous  m-Xylene.
Environmental Science & Technology, 45(16):6970-6977.

Suzuki S, Tsuneda T, Hirao K. (2012). A theoretical
investigation on photocatalytic oxidation on the TiO,
surface. Journal of Chemical Physics, 136(2), 024706.

Tang F, Yang X. (2012). A "deactivation" kinetic model for
predicting the performance of photocatalytic degradation of
indoor toluene, o-xylene, and benzene. Building and
Environment, 56:329-334.

Tangpagasit J, Cheerarot R, Jaturapitakkul C, Kiattikomol K.
(2005). Packing effect and pozzolanic reaction of fly ash in
mortar. Cement and Concrete Research, 35: 1145 1151.

Tchobanoglous G, Theisen H, Vigil S. (1993). Integrated Solid
Waste  Management,  Engineering  Principles and
Management Issues, McGraw-Hill: New York.

Tseng HH, Wei MC, Hsiung SF, Chiou CW. (2009).
Degradation of xylene vapor over Ni-doped TiO,
photocatalysts prepared by polyol-mediated synthesis.
Chemical Engineering Journal, 150(1):160-167.

Tsoukleris DS, Maggos T, Vassilakos C, Falaras P. (2007).
Photocatalytic degradation of volatile organics on TiO,
embedded glass spherules. Catalysis Today, 129(1-2):96-
101.

U.S. Environmental Protection Agency. (2008). Solid Waste
Disposal: Municipal Solid Waste Landfills. Ch. 2 in AP 42
Compilation of Air Pollutant Emission Factors, Fifth
Edition, Vol. 1.

Vilar VJP, Moreira JMS, Fonseca A, Saraiva |, Boaventura
RAR. (2012b). Application of Fenton and Solar Photo-
Fenton Processes to the Treatment of a Sanitary Landfill
Leachate in a Pilot Plant with CPCs. Journal of Advanced
Oxidation Technologies, 15(1): 107-116.

Vilar VJP, Rocha EMR, Mota FS, Fonseca A, Saraiva I,
Boaventura RAR. (2011). Treatment of a sanitary landfill
leachate using combined solar photo-Fenton and biological
immobilized biomass reactor at a pilot scale. Water
Research, 45(8):2647-2658.

LEXEICRGINEENE® Mita S. Upadhyay, Melanie L. Sattler. 2013. Photocatalytic Degradation of Air Emissions from Municipal Solid Waste Landfills. J. Civil Eng. Urban.3 (4): 128-

135.

oIV RATOTITETOETOER Nitp://www.0jceu.ir/main/

134



Vilar VJP, Silva TFCV, Santos, MAN, Fonseca A, Saraiva I,
Boaventura RAR. (2012%). Evaluation of solar photo-Fenton
parameters on the pre-oxidation of leachates from a sanitary
landfill. Solar Energy, 86(11): 3301-3315.

Wada K, Yoshida K, Takatani T. (1993). Selective
Photooxidation of Light Alkanes Using Solid Metal-Oxide
Semiconductors. Applied Catalysis A-General, 99(1):21-36.

Wang JB, Chou MS. (2000). Kinetics of Catalytic Oxidation of
Benzene, n-Hexane, and Emission Gas from a Refinery
Oil/Water Separator over a Chromium Oxide Catalyst.
Journal of the Air & Waste Management Association,
50:227.

Wiszniowski J, Robert D, Surmacz-Gorska J, Miksch K, Malato
S, Weber JV. (2004). Solar photocatalytic degradation of
humic acids as a model of organic compounds of landfill
leachate in pilot-plant experiments: Influence of inorganic
salts. Applied Catalysis B-Environmental, 53(2):127-137.

Wiszniowski J, Robert D, Surmacz-Gorska J, Miksch K, Weber
JV. (2005). Leachate detoxification by combination of
biological and TiO,-photocatalytic processes, 3rd IWA
Leading-Edge Conference Water and Wastewater
Treatment Technologies, Sapporo, Japan, June 06-08, 2005,
IWA, in Water Science and Technology, 53(3):181-190.

Wu JF, Hung CH, Yuan CS. (2001). Photocatalytic
Decomposition of Toluene under Various Reaction
Temperatures. In Proceedings of A&AWMA’s 94th Annual
Conference and Exhibition, Session AE-2b.

Ye Z, Wang C, Shao Z, Ye Q, He Y, Shi Y. (2012). A novel
dielectric barrier discharge reactor with photocatalytic

electrode based on sintered metal fibers for abatement of
xylene. Journal of Hazardous Materials, 241:216-223.

Yoshida H, Chaskar MG, Kato Y, Hattori T. (2003). Active sites
on silica-supported zirconium oxide for photoinduced direct
methane conversion and photoluminescence, International
Symposium on Photochemistry at Interfaces, Hokkaido
University, Sapporo, Japan, August 9-11, 2002, CRC
Journal of Photochemistry and Photobiology A-Chemistry,
160(1-2):47-53.

Yu KP, Lee GWM, Huang WM, Wu CC, Yang SH. (2006). The
correlation between photocatalytic oxidation performance
and chemical/physical properties of indoor volatile organic
compounds. Atmospheric Environment, 40(2):375-385.

Zeltner WA, Hill CG, Anderson MA. (1993). Supported titania
for photodegradation. Chemtech, 23:21-28.

Zhang CX, Wang YX. (2011) Effects of dissolved organic
matter in landfill leachate on photodegradation of
environmental endocrine disruptors. International Journal of
Environment and Pollution, 45(1-3):69-80.

Zhao J, Yang X. (2003). Photocatalytic Oxidation for Indoor Air
Purification: = A Literature Review. Building and
Environment, 38:645-654.

Zhao X, Qu J, Liu H, Wang CX, Xiao SH, Liu RP, Liu PJ, Lan
HC, Hu CZ. (2010). Photoelectrochemical treatment of
landfill leachate in a continuous flow reactor. Bioresource
Technology, 101(3):865-869.

Zheng HL, Pan YX, Li DD, Wu YQ. (2009). Degradation of
Organic Contaminant in Landfill Leachate by Photo-Fenton
Process. Spectroscopy and Spectral Analysis, 29(6):1661-
1664.

LEXEICRGINEENE® Mita S. Upadhyay, Melanie L. Sattler. 2013. Photocatalytic Degradation of Air Emissions from Municipal Solid Waste Landfills. J. Civil Eng. Urban.3 (4): 128-

135.

oIV RATOTITETOETOER Nitp://www.0jceu.ir/main/

135



