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Abstract Non-thermal plasma (NTP) driven catalytic decomposition of gas-phase

benzene under oxygen plasma was carried out at room temperature over silver on

titanium dioxide catalysts. Three preparation methods were investigated as well as

the effect of silver loading amount. The catalysts were prepared using impregnation

method (IP), deposition–precipitation method with NaOH (DPN), and deposition–

precipitation method with H2O2 (DPH) with 1, 3 and 5 % silver loading by weight.

The catalysts were characterized using XRD, XPS, SEM–EDS and N2 adsorption,

and the catalytic activity was tested on 200 ppm benzene. Low energy treatment by

NTP alone only showed insignificant change in benzene concentration but upon the

addition of catalysts, IP catalysts were able to decompose the pollutant up to 20 %

and with DPN and DPH catalysts up to 100 %. DPN catalysts were also able to

decompose the ozone produced in the reactor. The 3 % Ag/TiO2 prepared by DPN

method showed the highest energy efficiency capable of decomposing benzene at

392 g/kWh.
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Introduction

Recently, raising environmental awareness and promoting environmental protection

is becoming an issue of growing concern as the world is becoming more polluted.

Industrialization has led to the emission of various substances in our atmosphere

that pose significant threats to both human and ecological life.

Emissions by industrial, commercial and agricultural processes are major sources

of air pollution and are a concern for human health and the environment. One major

group of these pollutants are volatile organic compounds (VOCs). Depending on

their structure and concentration, VOCs together with nitrogen oxides and sulfur

containing compounds reacts in a series of complex chemical reactions once released

in the troposphere. These lead to the formation of secondary pollutants such as

photochemical smog, secondary aerosol, suspended particulate matter, tropospheric

ozone, acid deposition, and formation of organosulfuric compounds [1–3].

Conventional methods dealing with VOCs can be classified as either recovery or

destruction of the pollutant. Recovery includes the use of technologies such as

absorption, adsorption, condensation, and separation and destruction, this usually

involves thermal and catalytic oxidation, and bio-filtration. However, the problem

with these methods is that they are only cost effective for mid-to-high concentra-

tions and are usually energy intensive [2].

Benzene was chosen as a representative VOC due to its wide use in many

industrial processes primarily as a raw material, additive in gasoline and as a

solvent. Industrial processes, its presence in gasoline, and its use in the production

of ethylbenzene and styrene are major emission sources into waste streams and to

the atmosphere. Exposure to benzene can cause drowsiness, dizziness, confusion

and unconsciousness. Long-term exposure can lead to adverse effects such as

anemia, leukemia, blood diseases, and cancer [4]. Also, compared to other aromatic

compounds, benzene has low reactivity. The reaction rate coefficients of aromatic

compounds to OH radicals (in 10-12 cm3 molecule-1 s-1) are in the following

order: benzene (1.2)\ toluene (5.96)\ ethylbenzene (7.1)\ o-xylene (13.7)\ p-

xylene (14.3)\m-xylene (23.6) at 298 K [5].

Non-thermal plasma (NTP), such as those produced in dielectric barrier

discharge (DBD), corona discharge, surface discharge, and packed-bed plasma

reactor, defined by the non-equilibrium characteristic between electrons and

particles including ions, radicals, and neutrals, has recently been investigated for

VOC abatement [1–3]. The most widely used method for generating NTP is by the

application of an external electric field between two electrodes surrounded by a

volume of gas and this is achieved by application of a sufficiently high voltage

across the electrodes. The breakdown voltage defines the minimum voltage required

to break down a gas to form a plasma discharge. At the point where the breakdown

voltage is reached, the current flow will increase sharply due to an intensive

avalanche of electrons in the discharge gap between the electrodes. These highly

energetic electrons will collide with gas molecules leading to the formation of new

active plasma species which includes excited molecules and atoms, radicals, ions

and new stable gas molecules [6].
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NTP has promising applications due to its low power requirement and its

capacity to induce physical and chemical reactions with gases at low temperatures.

Compared with high-temperature technologies such as combustion and catalytic

oxidation, NTP can be operated at room temperature thus removing the need for

warm-up time. NTP can be applied to a wide range of VOC concentrations up to

10,000 ppm, and is especially effective for concentrations lower than 100 ppm, in

which conventional methods are no longer appropriate [2, 7]. The electrons within

the discharge can reach temperatures ranging from 10,000 K to 100,000 K, while

the bulk gas temperatures can remain as low as room temperature. It is the mixture

of high temperature electrons, highly excited atoms and molecules, ions, radicals,

and photons that are generated in NTP that is used in VOC decomposition [8–10].

However, energy efficiency (EE) still needs to be improved for further industrial

application. To address these problems, NTP catalysis is being investigated. This

combination of NTP and catalysis combines the advantages from these technolo-

gies, the fast ignition and response from the NTP and the high selectivity from

catalysis [11–15].

Non-thermal plasma driven catalysis (PDC) has been researched as an alternative

technology and has shown great potential in decomposing VOCs. This has been

studied on various types of catalysts such as zeolite, noble metal, supported metal

and metal oxide catalysts. Silver on titanium dioxide has repeatedly shown great

activity toward VOC decomposition at a wide range of energy densities raging from

several hundreds to a thousand. The addition of small amounts of silver on titanium

dioxide significantly increased the decomposition efficiency as well as the

selectivity towards carbon dioxide [1, 2, 10].

In PDC, active chemical species are generated from the excitation of electrons

and various molecules that form short- and long-lived radical species, and in the

case of oxygen, atomic oxygen and ozone. These species promote the oxidation of

pollutants over the catalyst surface at room temperature where normally oxidation

would not occur. Active oxygen species from catalytic decomposition of O3 are

considered to be mainly responsible for the promotion effects of VOC oxidation in

PDC [16, 17].

As NTP driven catalysis systems are mainly concerned with gas-phase and

surface-phase reactions, this study aims to investigate the effect of different

preparation methods of Ag/TiO2 with varying Ag loading on the decomposition of

gas-phase benzene in a PDC system operated at low energy range under oxygen

plasma. Three catalyst preparation methods for Ag/TiO2 at 1, 3 and 5 % silver

loading, catalyst properties, conversion of benzene, ozone generation and decom-

position, and EE were investigated.

Experimental

Catalyst preparation

The Ag/TiO2 catalysts were prepared by three methods: impregnation (IP),

deposition–precipitation with sodium hydroxide (DPN), and deposition–
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precipitation with hydrogen peroxide (DPH) with varying silver loading of 1, 3 and

5 % by weight. Anatase type TiO2 pellets were obtained commercially from Sakai

Chemical Industry Co., Ltd., Japan and were used as the base catalyst. The pellets

were sieved through various mesh sizes and pellets with diameters between 1.4 and

1.7 mm were used. All other reagents used were analytical grade and used without

further purification.

In the IP method, silver nitrate (99.8 % AgNO3, Wako Ltd.) was dissolved in

pure water and was added to a beaker with TiO2 and aged for 24 h under room

temperature before drying in an oven at 100 �C. The dried catalyst was then

calcined at 500 �C for 5 h under air flow. In the DPN method, the same aqueous

precursor solution was used and was added to TiO2 in a beaker, heated to 80 �C then

0.5 M NaOH was added dropwise to the mixture under vigorous stirring until a

pH = 9 was reached. The mixture was continuously stirred for 2 h at 80 �C and

then repeatedly filtered and washed until a pH of 7 was obtained before drying in an

oven at 100 �C. In the DPH method, silver chloride (99 % AgCl, Sigma Aldrich)

was dissolved in ammonia solution to form a silver diammine complex and this was

added to a beaker containing TiO2. The mixture was stirred for 30 min and then 2 %

by weight H2O2 was added dropwise under vigorous stirring to facilitate silver

precipitation. The mixture was stirred for another 30 min before repeated filtering

and washing until a pH of 7 was reached and finally, dried in an oven at 100 �C.

Catalyst characterization

The catalysts were characterized by powder X-ray diffraction (XRD) using a Rigaku

diffractometer with Cu Ka radiation. X-ray photoelectron spectra (XPS) were

recorded using a ULVAC-PHI 1600 fitted with a monochromated Al Ka source at

1486.6 eV. The anode was operated at 300 W and the analyzer at a constant pass

energy of 23.5 eV with a resolution of 0.025 eV. The binding energy shifts due to

surface charging were corrected using the C 1 s level at 284.8 eV from adventitious

carbon. The XPS peaks were resolved assuming Lorentzian–Gaussian line profiles

and a Shirley function was applied for background correction. Catalyst surface

morphology and element distribution were scanned by a JEOL JSM-5310LV

scanning electron microscope with energy dispersive X-ray spectroscopy (SEM–

EDS). Catalyst surface area, pore volume and diameter were determined by BET

method from N2 adsorption isotherm at 77 K using Autosorb-1 gas sorption

analyzer.

Experimental set-up and PDC reactor

Continuous flow-type experiments were carried out using a plasma-driven catalysis

(PDC) system. The experimental set-up used for the activity experiments is shown

in Fig. 1. The bubbling method was used to set the benzene concentration in the gas

stream and the concentration was controlled either by the flow rate of oxygen gas

into liquid benzene or by adjusting the temperature of the water bath. Total feed

flow rate was controlled using oxygen as balance gas and was set at 550 ml/min at

standard conditions. The resulting gas feed was flowed through a mixing tank before
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entering into the DBD reactor. The corresponding gas hourly space velocity

(GHSV) in the PDC reactor was 26,750 h-1 and was calculated based on the gas

residence time in the void of the catalyst bed which was 0.35.

Activity tests were performed by varying the voltage applied to the reactor and

effluent composition were analyzed using a gas chromatograph-mass spectrometer

(GCMS-PQ5050A, Shimadzu Corp.) equipped with an Equity-5 column and an

ozone gas detection tube system (Ozone 182SA&B, Kitagawa Komyo Rikagaku

Kogyo).

The DBD reactor (Fig. 2) was made of a quartz tube with an outside diameter of

15 mm, length of 200 mm and thickness of 1 mm. A 9 mm diameter stainless steel

rod was fixed inside the center of the quartz to function as a high-voltage electrode

and silver paste was coated outside the reactor as the ground electrode. The silver

paste was coated at a length of 50 mm on the center of the quartz tube to make the

effective length of the reactor. The Ag/TiO2 catalysts were packed within the

effective length of the reactor during experiments.

Electrical measurements

AC high voltage was supplied by a neon transformer (LECIP Co. Ltd, 100-A-15HCS)

connected to a volt slider and a 50 Hz 100 V AC power source. The applied high

voltage, V, was measured with a 1000:1 high voltage probe (Agilent Technologies,

N2771B) and the charge, Q (i.e. time-integrated current), was determined by

measuring the voltage across a 10 nF capacitor connected in series with the ground

line of the reactor. The signals were recorded by an oscilloscope (GW Instek, GDS-

1072A-U) by averaging 64 scans. The discharge power was calculated using V-

Q Lissajous figure method. The area of the plotted V-Q parallelogram was multiplied

by the frequency to get the discharge power and the specific input energy (SIE) by

dividing the discharge power with the gas flow rate. Energy efficiency was calculated
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Oscilloscope
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power 
supply

Capacitor

DBD 
reactor

Vent

Fig. 1 Schematic diagram of experimental setup
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by dividing the amount of decomposed pollutant by the input energy used and

corrected with the necessary conversion units.

Specific input energy J=Lð Þ ¼ discharge power Wð Þ
gas flow rate L/minð Þ � 60 ð1Þ

Energy efficiency g/kWhð Þ ¼
3:6CinletðiÞgiMi

24:4 SIE
ð2Þ

Results and discussion

Characterization of Ag/TiO2 catalysts

Bulk crystal structure was analyzed by XRD and Fig. 3 shows the XRD

diffractograms for TiO2 and 5 % Ag/TiO2 prepared by different methods. All

prepared catalysts retained its anatase crystal structure. Silver or any of its oxides

were not seen in the XRD diffractograms due to the small amount loaded on TiO2.

Silver 
paste

Quartz 
tube

Insulator

Ag/TiO2

Stainless 
steel rod

Fig. 2 Schematic diagram of the DBD reactor
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Fig. 3 XRD diffractograms of TiO2 and 5 % Ag/TiO2 prepared by IP method, deposition–precipitation
method with sodium hydroxide (DPN) and with hydrogen peroxide (DPH)
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The chemical state and chemical binding energy of the catalysts were

investigated by XPS. Depending on the preparation method, various oxidation

states of silver is assumed to be produced. The Ti 2p, Ag 3d, O 1 s and C 1 s core

level XPS high-resolution spectra was recorded for TiO2 and the prepared Ag/TiO2

catalysts. The spectra were decomposed assuming Gaussian line profiles and

resolution of the Ti 2p spectrum and Ag 3d spectrum were fitted to conform with the

differences in binding energies (BEs) of the spin–orbit pairs, 5.7 eV for titanium

oxide and 6.0 eV for silver oxide.

Fig. 4a shows the narrow scans of Ti 2p peaks for the different catalysts. The

peak for the Ti 2p3/2 state for TiO2 catalyst is narrow and sharp with slight

asymmetry and has a binding energy of 458.2 eV with a full width at half maximum

(FWHM) of 1.13 and is attributed to the tetravalent Ti4? state. As silver was

incorporated in the catalysts, the Ti 2p peaks became broader for IP and DPN

catalysts but retained a similar value for the DPH catalyst. Curve-fitting analysis of

the Ti 2p3/2 peaks of the different catalysts revealed two peaks for the DPN catalyst

at 458.2 eV and at 457.4 eV, which corresponds to the tetravalent Ti4? state and

trivalent Ti3? states of Ti, respectively [18, 19]. Although the FWHM of the Ti 2p3/2

of the IP catalyst increased to 1.55, curve-fitting analysis did not show the Ti4? and

Ti3? states of Ti.

The binding energy of the Ag 3d peaks exhibit a negative shift as oxidation state

is increased and these shifts are in the range of a few tenths of an eV [20].

Resolution of the Ag 3d spectra (Fig. 4b) shows peaks at 368.0 eV for Ag0,

367.6 eV for Ag?, 367.3 eV for Ag2? and 366.5 eV for Ag3?. These results match

well with previous studies found in literature [20–22]. The Ag 3d5/2 XPS signal

found at 366.5 eV can be attributed to a chemical state of Ag3?, which was first

found in doped TiO2, and this could explain the presence of Ti3? in this sample.

Previous works also reported the existence of Ag3? in the form of Ag2O3, which

could easily decompose into Ag2O at room temperature in air [22]. Since the peak

for Ag3? was found for the DPN catalyst even after long storage period, this

indicates that Ag in this catalyst exist as both surface Ag oxide (Ag2O3) and

substitutional Ag formed by the substitution of Ti sites by Ag atoms in the

crystalline lattice.

From these results, it can be inferred that the IP catalyst is composed of metallic

Ag while DPN catalyst is composed mainly of Ag2O and a small fraction of Ag2O3,

and finally for DPH catalyst, mainly composed of AgO and a small fraction of

metallic Ag. Table 1 shows the Ti 2p3/2- and Ag 3d5/2 peak positions for the

different chemical species, FWHM and content fractions for the catalysts.

Images of surface morphologies and metal dispersion on the catalyst surface were

taken using SEM–EDS. Fig. 5 shows the different images of the 5 % Ag/TiO2

prepared catalysts and in Fig. 6, the corresponding Ag metal dispersion is

displayed. IP catalysts showed small aggregate structures on its surface from

calcination and was not seen in DPN and DPH catalysts. Digital mapping of Ag by

EDS showed that DPN and DPH catalysts had very good Ag dispersion on the

catalyst surface as compared to IP catalysts. In the DPN and DPH methods, slow

addition of the precipitating agent facilitates the precipitation of silver on the

catalyst surface as compared to IP method. Furthermore, the long aging time in the
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IP method as compared DPN and DPH methods allowed the silver salt to enter into

the pores of the catalyst instead of retaining it on the TiO2 surface.

Table 2 shows the characterization results of N2 adsorption by BET method. For

IP catalysts, the surface area decreased from 64.95 m2/g of the base TiO2 to

49.00 m2/g with increasing Ag loading, the pore diameter increased from 17.30 to

20.88 nm and the total pore volume slightly decreased from 0.2809 to 0.2557 cm3/g

in 5 % Ag/TiO2. This is mainly due to the calcination of the catalysts, which

Fig. 4 High resolution XPS spectra of a Ti 2p and b Ag 3d peak profiles for TiO2 and 5 % Ag/TiO2

catalysts
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resulted in the widening of its pores and also the presence of the silver within the

pores of TiO2. DPN and DPH catalysts showed no significant change in its structural

properties.

Benzene decomposition

Benzene decomposition experiments were performed using NTP and a PDC system.

The initial benzene concentration was set at 200 ppm and benzene decomposition

experiments were performed by varying the voltage applied to the reactor while

monitoring effluent composition and concentration. The effect of plasma on

benzene concentration was tested by allowing the pollutant to go through the reactor

without the catalysts while the plasma was turned on and testing its concentration

afterwards. For the PDC system, the catalysts in the reactor were first saturated with

gas-phase benzene until adsorption equilibrium was reached. After the adsorption

equilibrium was established, activity tests were performed by using the same range

of applied voltages to the reactor similar with the plasma alone experiment.

Results for the plasma alone treatment and PDC treatment are presented in

Fig. 7. The results showed that oxygen plasma alone was not able to decompose

benzene significantly but the addition of catalysts greatly improved the decompo-

sition of benzene. IP catalysts decomposed benzene up to 20 % while DPN and

DPH catalysts were able to fully decompose benzene even at lower SIE values. The

differences in the catalytic activity of the catalysts are attributed to the decrease

Table 1 Chemical binding energy properties of TiO2 and Ag/TiO2 catalysts determined by XPS

Catalyst Chemical

species

Position

(eV)

FWHM

(eV)

Fraction Chemical

species

Position

(eV)

FWHM

(eV)

Fraction

TiO2 Ti4? 458.2 1.13 1.0

Ag/TiO2

(IP)

Ti4? 458.2 1.55 1.0 Ag0 368.0 1.43 1.0

Ag/TiO2

(DPN)

Ti3?

Ti4?
457.4

458.2

1.65

1.10

0.54

0.46

Ag1?

Ag3?

367.6

366.5

1.16

0.60

0.78

0.22

Ag/TiO2

(DPH)

Ti4? 458.2 1.05 1.0 Ag0

Ag2?

368.0

367.3

0.84

1.09

0.24

0.76

Fig. 5 SEM images of the prepared 5 % Ag/TiO2 catalysts

Reac Kinet Mech Cat (2016) 117:103–118 111

123



in the surface area of the IP catalysts as well as the improved metal dispersion on

the catalyst surface of the DPN and DPH catalysts. The decrease in the surface area

of the IP catalysts reduced the probability of the adsorption of the pollutant on the

catalyst surface, thus showed lower decomposition efficiencies than DPN and DPH

catalysts. On the other hand, the improved metal dispersion on the DPN and DPH

catalysts also increased the active metal surface concentration which allowed more

of the pollutant to react on the catalyst surface promoting pollutant decomposition.

In PDC, the mechanisms are rather complex due to the simultaneous action of

plasma and catalysis and their interaction with each other. Many publications report

the synergetic effect in plasma-catalysis decomposition of VOCs even at low

temperatures [11–15], where thermal catalysis does not occur. Although the detailed

mechanism is still unclear, the synergetic effect can be explained by the

involvement of catalyst surface activated by the plasma. These include ozone,

UV, local heating, changes in the work function of the catalyst, activation of lattice

oxygen, plasma-induced adsorption/desorption, generation of electron–hole pairs

and their subsequent chemical reactions, direct interaction of gas-phased radicals

with the catalyst and the adsorbed molecules and so on [1]. Two important modes

Fig. 6 SEM–EDS digital mapping of Ag on the prepared 5 % Ag/TiO2 catalysts

Table 2 Textural properties of

catalysts
Catalyst Surface area

(m2/g)

Pore volume

(cm3/g)

Pore diameter

(nm)

TiO2 64.95 0.2809 17.30

IP1 61.64 0.2700 17.52

IP3 53.54 0.2540 18.98

IP5 49.00 0.2557 20.88

DPN1 64.73 0.2843 17.56

DPN3 64.60 0.2717 16.80

DPN5 63.28 0.2664 16.82

DPH1 65.54 0.2783 17.03

DPH3 65.14 0.2782 17.14

DPH5 64.94 0.2767 17.04
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for explaining the plausible mechanisms for the catalytic reactions are the

Langmuir–Hinshelwood (L–H) model and the Eley–Rideal (E–R) model. In the

L–H model, both reactants need to be on the adsorbed surface, and then followed by

migration to the active site. In the E–R model, only one reactant is adsorbed on the

surface and the other exists in the gas-phase [23].

To help explain the effect of the different catalysts on benzene decomposition,

ozone generation efficiency during the decomposition of benzene was investigated.

In the next section, the effect of catalysts on ozone concentration and the role of

metal oxidation state on ozone generation efficiency and its contribution to benzene

decomposition are discussed.

Ozone generation and decomposition

Ozone generation efficiency is often used as a good indicator of DBD reactor

performance. Ozone formation proceeds via two-step process involving atomic

oxygen formation (Eq. 3) and then recombination of this atomic oxygen with an

oxygen molecule to form ozone (Eq. 4). Despite ozone being a powerful oxidant

that can be used for VOC oxidation, tropospheric ozone is a hazardous by-product

resulting from gas discharge. The decomposition of ozone to dioxygen is a

thermodynamically favored process and is thermally stable up to 523 K [24]. Ozone

can also be catalytically decomposed into active oxygen species (Eqs. 5 and 6),

which is beneficial for PDC as it showed higher activity towards hydrocarbons than

ozone [16, 25, 26].
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Fig. 7 Effect of catalysts on the decomposition of benzene using non-thermal plasma driven catalysis
system. Reaction conditions standard atmospheric conditions; GHSV, 26,750 h-1; benzene initial
concentration, 200 ppm; catalyst weight, 2.0 g
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O2 þ electron ! O 1D
� �

þ O 3P
� �

ð3Þ

O 3P
� �

+ O2 + M ! O3 + M ð4Þ

O3 + catalyst ! O 3P
� �

+ O2 + catalyst ð5Þ

O3 + catalyst ! O� + O2 + catalyst ð6Þ

Initial ozone concentrations at specified applied voltages were determined by

allowing the feed gas to pass through the plasma reactor without benzene and the

catalysts. Ozone concentrations during the PDC treatment of benzene were also

monitored. The results showed that ozone concentration increased linearly with SIE

obtaining a maximum of 1940 ppm at the highest voltage setting. During PDC

treatment, a similar linear trend was observed but with lower ozone concentrations.

The ozone generation efficiency was then calculated from the slope of the

linearized data from ozone concentration and SIE. Fig. 8 shows the comparison of the

ozone generation efficiency and the effect of catalysts on ozone concentration during

benzene decomposition. The ozone generation efficiency decreased from 43.81 to

28.70 ppm/SIE during plasma alone treatment which could indicate that ozone was

utilized in benzene decomposition. However, based on the results presented in Fig. 7,

there was only a slight decrease in benzene concentration. This may be due to the

competing reactions between oxygen and benzene with the energized electrons

formed in the discharge, thus, resulting in lower ozone concentrations.

Upon the addition of catalysts, ozone generation efficiency further decreased.

The results showed that with increasing silver loading, ozone generation efficiency

decreased and the degree of reduction observed in ozone generation based on the

preparation method of the catalysts were as follows: DPN[DPH[ IP. The DPN3

and DPN5 catalysts were also able to fully utilize the ozone produced in the reactor

as ozone was no longer detected in the effluent during the treatment of benzene.
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Fig. 8 Comparison of ozone generation efficiency during PDC decomposition of benzene. Reaction
conditions standard atmospheric conditions; GHSV, 26,750 h-1; benzene initial concentration, 200 ppm;
catalyst weight, 2.0 g
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The decrease in ozone generation could be explained by the decrease in discharge

volume due to the presence of the catalyst which would limit ozone production; the

self-decomposition of ozone on the catalyst surface; and by the utilization of ozone

in the decomposition of benzene on the catalyst surface. As all PDC experiments

used the same amount of catalyst, the latter would explain the differences in their

catalytic performance. An alternative mechanism for ozone decomposition on metal

oxides was proposed based on the following reactions [27]:

O3þ Mnþ½ � ! O2 + O� Mnþ1
� �

ð7Þ

O3 + O� Mnþ1
� �

! 2O2 þ Mnþ½ � ð8Þ

2O� Mnþ1
� �

! O2 þ Mnþ½ � ð9Þ

Based on these reduction–oxidation reactions, the catalytic activity towards

ozone decomposition depends on the rate of Eq. 7. Higher metal oxidation states

are also good for ozone adsorption and would also lead to the generation of more

adsorbed oxygen (O2
-, O-, O2

2-) that has partial ionic character and is favorable

for ozone decomposition [28]. Within the prepared catalysts, both DPN and DPH

catalysts had multiple oxidation states which meant higher activities for ozone

decomposition and were reflected on the results presented in Fig. 8. As these

active oxygen species were reported to have higher activity towards VOC

decomposition [16, 25, 26], this could also help explain the results from Fig. 7
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Fig. 9 Effect of specific input energy on energy efficiency during PDC decomposition of benzene.
Reaction conditions standard atmospheric conditions; GHSV, 26,750 h-1; benzene initial concentration,
200 ppm; catalyst weight, 2.0 g
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where DPN and DPH catalysts were able to fully decompose benzene as

compared to IP catalysts.

Energy efficiency

As energy consumption is related to the life span cost, which is an important

parameter in assessing the capability of the process for practical applications, EE

was calculated. Fig. 9 shows the effect of SIE on EE for benzene decomposition.

The results show that the highest efficiency was reached at low SIE and decreased

with increasing SIE. This suggests that most of the input energy at low SIE was used

for benzene conversion while further increase in input energy was wasted or

converted into heat or photons and was used for by-products formation [26].

For the DPN and DPH catalysts, it is important to compare EE as catalysts

prepared by both methods showed 100 % benzene decomposition. A maximum

value of 392 g/kWh was obtained with 3 % Ag/TiO2 by DPN method compared to

220 g/kWh for 3 % Ag/TiO2 by DPH method. Therefore, maximum available value

for input power in the plasma reactor should not only be determined by benzene

decomposition but also by its energy efficiency.

Conclusions

Benzene decomposition was investigated at room temperature on Ag/TiO2 catalysts

with different Ag loading using a low energy density PDC system. Among all the

catalysts that were used, 3 % Ag/TiO2 prepared by DPN method showed the best

performance reaching 100 % benzene conversion, complete ozone utilization and

with the highest EE at 392 g/kWh. Catalyst properties were determined through

characterization by XRD, XPS, SEM–EDS and BET method. From these results, it

can be concluded that surface area together with the oxidation state and metal

dispersion on the catalyst were the key factors that contributed in benzene

decomposition. The low surface area of IP prepared catalysts significantly decreased

its activity compared to DPN and DPH prepared catalysts. The higher oxidation

state of silver found in DPN prepared catalysts was able to effectively decompose

ozone into active oxygen species which further promoted benzene decomposition on

the catalyst surface. Moreover, the homogeneous dispersion of the metal on the

catalyst surface found in DPN and DPH prepared catalysts provided more accessible

active sites for chemical reactions.
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