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Abstract 

Photocatalytic abatement of o-xylene was investigated by 
immobilized ZnO on granular activated carbon (ZnO/GAC) 
under UV irradiation. Immobilization of ZnO increased the 
breakthrough time and removal capacity by 51 and 57%, 
respectively, in optimal conditions. The catalytic potential 
of the ZnO/GAC (86.5%) for o-xylene removal was far 
greater than simple GAC (13.5%), at the optimum 
condition. The maximum removal capacity with ZnO/GAC 
(3.12g o-xylene /gZnO/GAC) was observed at 100 °C, while 
the maximum removal capacity of simple GAC (1.37 g o-
xylene/g GAC) was observed a t 20 °C. The main 
intermediates of the o-xylene oxidation in photocatalytic 
process with GAC were methanoic acid, o-nitro-p-cresol, 
phenylmethanal, and methyl di-phenyl-methane. ZnO/GAC 
can highly catalyze the degradation of o-xylene in the 
presence of UV, with methanoic acid being the major 
intermediate desorbed from the bed. The results 
demonstrated that the ZnO/GAC is an efficient option for 
the removal of VOCs and biohazards emitted from 
industrial streams. 

Keywords: Volatile organic compounds (VOCs), O-xylene, 
Photocatalyst, Zinc Oxide(ZnO), Granular Activated 
Carbon(GAC) 

1. Introduction 

Volatile organic compounds (VOCs) are primary pollutants 
in atmosphere characterized by a high vapour pressure at 
about room temperature (>0.01 kPa at 20 °C), favoring 
their transfer from liquid/solid emission origins to the 
atmospheric air (Adjimi et al., 2014). Atmospheric VOCs can 
be generated by variety of industrial and commercial 
activities such as oil supplying, transportation, use of 
paints, polymers synthesis, metal degreasing, domestic 
activities, etc. (Arfaeinia et al., 2015; Assadi et al., 2014; 
Barzegar et al., 2014). Exposure to VOCs might cause 
headache, fatigue, irritation of respiratory tract, dizziness 
and nausea, skin irritation, rhinitis, and also toxic effects to 
the nervous system (Auvinen and Wirtanen, 2008; Mirzaei, 
2016; Mo et al., 2009). Moreover, some VOCs derived from 

aromatic molecules such as BTEX (benzene, toluene, 
ethylbenzene, and o-xylene s) can have mutagenic and 
carcinogenic effects on humans (Tunsaringkarn et al., 
2012). The intrinsic hazard of VOCs to public health and the 
environment has motivated investigations into finding a 
new technique for reducing and, if possible, removing 
these hazardous pollutants. 

Some conventional techniques have been proposed to 
eliminate VOCs emissions including adsorption 
(Boulinguiez and Le Cloirec, 2010), condensation (Dunn and 
El-Halwagi, 1994), thermal incineration(Le Cloirec and 
Germinet, 1998), combustion (Maldonado-Hódar, 2011), 
and biofiltration (Wang et al., 2010). However, these 
techniques have some limitations such as cost-
ineffectiveness and operational difficulty especially in the 
cases where low concentrations of VOCs (less than 100 
ppm) are required to be treated (An et al., 2011). Thus, 
these methods are not very satisfying and do not meet 
current strict social requirements. Photocatalytic systems 
are the most effective and economical way which do not 
have the above mentioned limitations and can be used in a 
wide range of concentrations and gas flow rates (Özçelik et 
al., 2009). In this technique, a semi-conductor 
photocatalyst is activated by photons generated by a UV 
radiation lamp (sunlight or UV lamps) (Assadi et al., 2013; 
Bouzaza et al., 2006). It is proved that this technique has 
the ability to abate a large number of VOCs with a low 
energy consumption (Assadi et al., 2014; Pichat et al., 
2000). Therefore, it seems to be a suitable method for 
treatment of air polluted by VOCs. 

The practical utilization of metal oxide catalysts in 
photocatalytic processes needs the development of highly 
porous supports allowing an appropriate dispersion of 
immobilized metal oxide nanoparticles, a good 
conductance of UV radiation to the active sites, and a high 
adsorbing capacity (Adjimi et al., 2014). Various porous 
materials have recently been used as a support for TiO2 and 
other nanoparticles, including silica (e.g., glass, quartz, 
optical fibers (Danion et al., 2004), molecular sieves (Choi 
et al., 2001)), porous polymers (Wu and Chang, 1998), clay 
(Kibanova et al., 2009), stainless steel (Candal et al., 2000), 
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carbon fibers (Herbig and Löbmann, 2004), activated 
carbon (Ao and Lee, 2005), zeolite (Ichiura et al., 2002), 
alumina (Ding et al., 2001), and cellulose fibers (Uddin et 
al., 2007). Amongst them, Granular activated carbon (GAC) 
can be the most suitable adsorbent and catalyst support. A 
good designed GAC adsorption system can eliminate VOCs 
to non-detectable levels from the polluted air (Granda et 
al., 2003), mainly due to high adsorbing capacity, high 
surface area and macro-size pore distribution (Das et al., 
2004). In addition, both of the GAC and VOCs are basically 
hydrophilic and therefore encourage the interaction of 
VOC molecules toward the carbon surface (Kwong et al., 
2008a; Shepherd, 2001). Moreover, GAC can be used as 
catalyst support without a considerable decreeing of its 
BET surface and pore volume (El-Sheikh et al., 2004). 
Furthermore, it is reported that the pores of GAC are not 
blocked by the agglomeration of photocatalyst particles 
and there is a proportion between the pore volume 
reduction of GAC and its amount in the catalyst (Puma et 
al., 2008). Thus, it will be possible to take advantage of both 
adsorption and catalytic degradation processes by 
impregnating GAC with an efficient catalyst agent. 

Accordingly, in the present study, the capabilities of GAC 
and GAC impregnated with ZnO as catalyst were 
investigated in a photocatalytic system for the removal of 
a model VOC, o-xylene, from polluted air in a continuous-
type reactor. O-xylene was selected as the VOC model 
because it is one of the most common VOCs in occupational 
and industrial settings, highly toxic for human health and is 
listed as a hazardous air pollutant (HAP) by EPA (EPA). 
Moreover, the influence of some important operational 
variables including inlet o-xylene concentration and flow 
rate, empty bed contact time (EBCT) and bed temperature 
of the catalyst was studied on the photocatalytic 
abatement of o-xylene in a continuous flow reactor with 
GAC and ZnO/GAC as catalysts. In addition, the catalytic 
potential of ZnO/GAC was measured on the removal of o-
xylene. Finally, the fate of the o-xylene on the GAC and 
ZnO/GAC adsorbents was investigated. 

2. Materials and methods 

2.1 Materials 

The GAC used in this work was supplied from the Merck 
(Germany). To remove the impurities, GAC was thoroughly 
rinsed with distilled water before being employed as an 
adsorbent or as a support for ZnO and then dried at 100 for 
24 h. Charcoal adsorbent tube was purchased from SKC, 
London. All of the chloroform, o-xylene, chlorobenzene, 
acetyl acetone, diethanolamine, 2-propanol, ethanol, nitric 
acid, and zinc acetate dehydrate were of analytical grade 
and obtained from Merck (Germany). 

2.2. Synthesis and Immobilization of Zinc Oxide on GAC 

The granular activated carbon was used in current work 
with a mesh of 8/10. The catalysts were prepared by Co-
precipitation method by zinc chloride (ZnCl2) precursors of 
Zn (Shirzad-Siboni et al., 2015). A stock solution (pH = 6) of 
0.1 mol/L zinc chloride (ZnCl2) was synthesized by 
dissolution of zinc chloride in distilled water. Then, GAC 

was added to the solution of zinc chloride with the ratio of 
2:1 (w/w). After that, 0.2M sodium hydroxide solution was 
added dropwise to obtain an alkaline medium (pH=12), 
generating a white, gelatinous zinc oxide/GAC product. The 
produced mixture was placed under constant stirring for 7 
h. The obtained product was then centrifuged, washed by 
distilled water 20 times and thereupon dried at 100 °C in an 
oven for about 3 h. The synthesized ZnO/GAC was 
thoroughly washed with distilled water for the elimination 
of free ZnO particles.  

2.3. Characterization Instruments 

The surface functional groups of the ZnO and ZnO/GAC and 
catalysts materials were determined with a Fourier 
transform infrared spectroscopy (FTIR) analysis with a 
variation of 400-4000 1/cm. Crystal structures of the 
composite materials were examined with XRD analysis. 
Debye-Scherrer formula was employed to determine the 
mean crystalline size of the prepared catalysts (Patterson, 
1939). The morphology of the composites was visualized by 
Scanning electron microscopy (SEM) analysis. The chemical 
composition of the composites was quantified by energy 
dispersive analysis of X- integrated into SEM rays (SEM-
EDAX). Eventually, specific surface area, and pore volume 
and pore size of the composites was quantified by nitrogen 
gas adsorption analyzer. 

2.4. Photocatalytic experimental set-up and procedure 

An annular Pyrex reactor was designed and constructed to 
investigate the photocatalytic removal of o-xylene using 
impregnated GAC catalyst. The internal diameter and 
length of the reactor were 65 mm and 65 cm, respectively. 
Moreover, to place the UV lamp, a quartz cylinder was 
installed inside the reactor. The length and external 
diameter of the quartz cylinder were 55 cm and 55 mm, 
respectively. The reactor was equipped with a stainless-
steel sheet with 6 (cm) diameter and 100-140 ASTM 
standard screen mesh at the bottom for uniform 
distribution of the gas flow and also to hold the catalysts. 

The experimental setup consisted of a Pyrex cylinder with 
GAC and ZnO/GAC composites. The system of polluted air 
generation comprised of an air pump, a syringe pump, a 
mixing chamber, containers, connectors, tubing and 
fittings. To generate stable concentrations of o-xylene, all 
equipment and connectors were placed inside an isotherm 
box. The o-xylene vapor pressure depends on the 
temperature and, therefore, a heater thermostat was 
employed to adjust the temperature of the box. The bed 
temperature was adjusted with a thermocouple which was 
located in the middle of the catalyst column. The air flow 
was controlled at the favorable rate using a rotameter 
installed in the set-up. The liquid o-xylene was injected into 
the clean air stream with a syringe pump. After that, two 
gas streams were mixed in the mixing chamber to provide 
a favorable polluted stream and entered the reactor from 
the bottom. high-pressure Hg-lamp (Toshiba class, SHL-
100UVQ-2, 100W and 1.0–1.5 mW/cm2) with a wave length 
range of 365-400 nm were used as a UV radiation source 
and placed in the center of the reactor in the same or 
opposite direction in relation to the inlet gas stream. The 
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efficiency of GAC and ZnO/GAC for o-xylene removal from 
polluted air stream was analyzed under different initial o-
xylene concentrations of 80, 160, 240 and 360 ppm, 
catalyst dosage, residence times of 0.69, 1, 1.4, 2.3 and 
6.9 s, and bed temperatures of 20, 50, 80 and 100 °C. 
Replication of the experiments indicated that the standard 
deviations of the findings were less than 5%. The 
experimental apparatus was continually inspected to be 
entirely gastight. 

To measure the contribution of ZnO loaded on GAC in the 
catalytic potential of composites, the same mentioned runs 
were carried out with GAC as catalyst. The difference in the 
catalytic efficiency obtained between ZnO/GAC with GAC 
was accounted for the ZnO. 

2.5. Gas sampling and analysis 

For the sampling of o-xylene concentration in the polluted 
air, gas samples were taken from the outlet of the reactor 
with the charcoal adsorbent tube. Samples were taken by 
adsorbent tube coupled with sampling pump with an air 
flow of 0.2 L/min at 25 min. Desorption of the o-xylene 
samples was done using CS2 and subsequently its 
concentration was analyzed using a Gas Chromatograph, 
equipped with Flame Ionization Detector (FID) and capillary 
HP-5 column according to OSHA Laboratory Method 
No. 12. 

The efficiency of GAC, and ZnO/GAC catalysts for o-xylene 
removal was determined in terms of breakthrough time, 
removal capacity (RC), catalyst usage rate (CUR) and 
specific throughput (ST), according to following relations: 

RC=
Q.C.T 

M 
 (1) 

CUR=
M 

C.T
 (2) 

ST=
C.T

M 
 (3) 

Where, RC stands for the removed mass of o-xylene feed 
to the mass of catalyst until the breakthrough point time, 
mg/g; Q is the air flow rate to catalysts, m3/h; C is the 
concentration of o-xylene, mg/m3; T denotes the 
breakthrough time (the time of being observed o-xylene in 
the exit gas stream), h; and M is the mass of catalyst, g. 

2.6. Evaluation of catalytic potential 

The catalytic performance of the GAC and ZnO/GAC 
catalysts in o-xylene removal was investigated under 
optimum experimental conditions for each composite, 
based on the following relation: 

Catalytic potential=[TUV-TAds] (1) 

Where, TAds stands for the breakthrough time in the GAC 
and ZnO/GAC beds in the adsorption runs (absence of UV), 
h, and TUV denotes the breakthrough time of GAC, and 
ZnO/GAC beds in the photocatalytic runs, h.  

2.7. Fate of eliminated o-xylene and its by-products  

Desorption experiments were done to measure of the 
amount of destructed o-xylene and o-xylene oxidation 
intermediates with the GAC and ZnO/GAC in photocatalytic 
process. The photocatalytic experiments were operated 
using GAC and ZnO/GAC, each under its optimum 
experimental reaction time (i.e., EBCT = 1 s) and bed 
temperature (i.e., 100 °C for ZnO/GAC and 20 °C for GAC) 
until the breakthrough time was reached. After that, VOC 
loaded catalysts were agitated with CS2 for desorption of 
the o-xylene and oxidation intermediate species. 
Desorption was carried out based on NIOSH method NO. 
1501(NIOSH, 2003). The concentration of o-xylene in the 
desorption solution was measured by Gas Chromatograph 
equipped with Flame Ionization Detector (FID) and capillary 
HP-5 column. The volume of injection was set to split ratio 
of 100:1. The GC oven initial temperature was set at 30 °C 
and rose at a rate of 5 °C /min until reaching 240 °C. 
Detection of the type of generated by-products of the 
reaction was performed using GC, equipped with Mass 
Spectrometer (MS) detector and HP-5 capillary column, 
with GC temperature program conducted as mentioned 
previously. 

3. Results and discussion 

3.1. Characterization of ZnO and Immobilized ZnO on GAC 

Since the photocatalytic reactions mainly happen on the 
photocatalyst surface, so the functional groups on it have a 
great role in its photocatalytic potential. FTIR analysis was 
conducted on GAC and ZnO/GAC within the range of 
400–4000 1/cm.  

 

Figure 1. FT-IR image of samples; a) Pure GAC b) 
immobilized ZnO on granular activated carbon 

Fig.1(a) and (b) indicate the active functional groups on the 
surface of the GAC and ZnO/GAC. FTIR spectrum of the 
ZnO/GAC demonstrates significant absorption peaks at 
460, 730, 915 and 3500 1/cm. The band at 4601/cm 
belongs to ZnO. This peak is seen in the FTIR patterns of 
immobilized ZnO on GAC as well. The band located at 



482  AHMAD JONIDI JAFARI et al. 

710–890 1/cm shows the existence of aromatic C–H 
stretching and the band located at 3500 1/cm belongs to 
the hydroxyl groups (−OH) (Darvishi Cheshmeh Soltani 
et al., 2013). 

Fig. 2(a) and (b) show the XRD pattern of the GACand 
ZnO/GAC catalysts. The peak positions at 2-theta of 32, 34 
and 36 degrees are attributed to 100, 002 and 101 planes 
of hexagonal wurtzite ZnO, respectively. As shown in Fig. 
2(b), the patterns indicate a good crystal structure of ZnO 
nanoparticles even after immobilization on GAC. The 
average crystallite size of ZnO nanoparticles was 
determined using the Debye−Sherrer’s equation. Based on 
this equation, the mean crystal size of the ZnO and GAC-
modified ZnO was calculated as 56.4 and 54.1 nm, 
respectively. This shows the insignificant influence of 
immobilization on the size of pure ZnO nanoparticles. This 
can be confirmed by reduction of total pore volume in the 
carbon upon coated with ZnO (Table 1). 

 

Figure 2. Typical XRD patterns of samples; a) Pure GAC b) 
immobilized ZnO on granular activated carbon 

Table 1. Some features of GAC and the synthesized 
GAC/ZnO composite. 

Characteristics Unit 
Value 

GAC ZnO/GAC 

Structure - Micropore Micropore 

Average pore 
diameter 

Nm 1.69 1.71 

BET m2/g 1209 1042 

BET Constant - 909.45 721.87 

Monolayer 
Volume 

cm3/g 281.67 241.43 

Pore Volume 
(P/P0 = 0.990) 

cm3/g 0.5212 0.4471 

Field emission scanning electronic microscopy (FE-SEM) 
images of pure GAC and ZnO/GAC were analyzed by a Mira 
microscope (Mira3, Tescan, Czech Republic). The obtained 
SEM images of the pure GAC and ZnO/GAC are depicted in 
Figs. 3a and b, respectively. As shown in Figs. 3a, the GAC 
has a heterogeneous and grainy textured surface (Liu et al., 
2012). However, in GAC, the SEM image of ZnO/GAC 

indicates densely packed particles with less uncoated 
space. This is related to the grafting of ZnO nanoparticles 
onto GAC. 

 

Figure 3. FESEM images of samples; a) Pure GAC b) 
immobilized ZnO on granular activated carbon. 

EDX analyses were employed along with SEM to determine 
the chemical composition of the immobilized ZnO on GAC 
(Fig. 4). Based on Fig. 4, the percentage of C and O in the 
GAC was 98.12 and 1.67, and percentage of C, Zn and O in 
the ZnO/GAC was series 45, 34 and 11%, respectively. 
Therefore, the presence of ZnO on the photocatalyst was 
proven. 

The result of BET analysis about GAC and the ZnO/GAC 
catalysts are given in Table1. As shown in Table 1, the BET 
specific surface areas of GAC and the ZnO/GAC catalysts 
were 1209 and 102 m2/g, respectively, and pore volumes 
of GAC and the ZnO/GAC catalysts were 0.5212 and 0.4471 
cm3/g, respectively. The dispersion of ZnO into the pore on 
GAC let to blocking those and consequently reduction in 
specific surface areas and pore volumes(Gaur et al., 2005). 
Arfaeinia et al. (Arfaeinia, 2016) also reported that metal 
oxides can reduce the BET area and the pore volume of the 
granular activated carbon. 
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3.2. O-xylene removal in photocatalytic process 

3.2.1. Influence of initial o-xylene concentration 

The influence of initial o-xylene concentration from 80 to 
360 ppmv was studied on the efficiency of removal process 
at a fixed flow rate of 0.4 L/min (i.e., contact time of 1 s) at 
lab temperature (20 °C). Breakthrough curves are 
visualized in Fig. 5.  

 

Fig.4. Typical EDX patterns of samples; a) Pure GAC b) 
immobilized ZnO on granular activated carbon. 

 

Figure 5. Influence of initial o-xylene concentration on the 
performance of (a) GAC and (b) ZnO/GAC (xperimental 
conditions: EBCT= 0.69 s; 1 s, 1.4 s; 2.3 s; 6.9 s; initial o-

xylene concentration= 80 ppmv; bed temperature= 20°C) 

As shown in Fig. 5, all curves of o-xylene eliminations in UV-
GAC column are S-shaped. The time of breakthrough in o-
xylene removal in UV-GAC column reduced from 54 to 36, 
27 and 16 h by raising the initial o-xylene concentration 
from 80 to 160, 240 and 360 ppmv, respectively. In UV-

ZnO/GAC column, the time of breakthrough in o-xylene 
removal reduced from 73 to 59, 38 and 23 h by raising 
initial o-xylene concentration from 80 to 160, 240 and 320 
ppmv, respectively. The descending pattern of 
breakthrough time with the raise of initial o-xylene 
concentration can be related to the increased amounts of 
o-xylene used on each column per unit of time (Stoyanova 
et al., 2006). Thus, the numbers of active sites per unit of 
o-xylene becomes shorter at higher values of the initial 
concentration, leading to a more quick saturation of the 
column beds (Kwong et al., 2008b). However, 
breakthrough curves of all catalysts became sharper at 
higher initial o-xylene concentrations, but the appearance 
of breakthrough curve of UV-GAC in o-xylene elimination 
differed from that of other catalysts. The faster gradient of 
Ct/C0 in the UV-GAC column and slower gradient of Ct/C0 in 
the UV-ZnO/GAC columns caused indistinguishable 
concavity on the break-through curve of ZnO/GAC catalyst. 
The gentler variations of Ct/C0 in the ZnO/GAC column in 
comparison to that of simple GAC revealed that the ZnO 
could keep its catalytic performance in degradation of o-
xylene even after the breakthrough time. Thus, the 
saturation of the ZnO/GAC catalyst happened within a 
longer period of time. Moreover, there are many factors 
influencing the appearance of a breakthrough curve 
including molecular features of catalyst and contaminant, 
operational items such as flow rate, inlet concentration, 
adsorption mechanism, layer resistance and diffusion of o-
xylene in the sites and pores of the catalyst bed (Przepiórski 
et al., 2012; Vizhemehr et al., 2014; Zaitan et al., 2013).  

 

Figure 6. Influence of contact time on the performance of 
(a) GAC and (b)ZnO/GAC (Experimental conditions: EBCT= 

0.69 s; 1 s, 1.4 s; 2.3 s; 6.9 s; initial o-xylene 
concentration= 80 ppmv; bed temperature= 20 °C) 
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Based on the findings given in Fig. 5, the ZnO/GAC showed 
a higher removal efficiency of o-xylene than GAC at the 
presence of UV. It can be found that loading ZnO on GAC 
resulted in elevated catalytic efficiency of GAC up to 72.5%, 
64.4%, 57.9% and 53.6% at the initial o-xylene 
concentrations of 80 to 160, 240 and 360 ppmv, 
respectively. Based on CUR findings (calculated from Eq. (6) 
according to the findings depicted in Fig. 5), for treating 1.0 
m3 polluted air containing 160 ppmv of o-xylene, 5.1 g of 
GAC is needed, while, only 2.3 g of ZnO/GAC is enough for 
treating 1.0 m3 polluted air at the same condition. Actually, 
by loading the catalyst ZnO on GAC and making 
impregnated GAC (ZnO/GAC) catalyst, a significant 
reduction was obtained in the catalyst consumption. It 
indicates that the presence of a small amount of ZnO 
particles (around 5%) could significantly improve the 
catalytic activity of GAC in o-xylene removal. 

3.2.2. Influence of contact time 

Fig. 6 indicates the influence of residence time on the 
breakthrough curve of GAC and ZnO/GAC catalysts. The 
investigation was carried out at various flow rates between 
0.1 and 1 L/min corresponding to the EBCT of between 0.69 
and 6.9 s with the constant o-xylene concentration and bed 
temperature of 80 ppmv and 20 °C, respectively. 

As shown in Fig. 6, the breakthrough time of o-xylene 
removal decreased from 293 h to 147 h, 99 h, 89 h and 51 
h in UV-GAC column and from 426 h to 163 h, 120 h, 78 h 
and 69 h for UV-ZnO/GAC column by decreasing EBCT from 
6.9s to 2.3 s, 1.4 s, 1 s and 0.69 s, respectively. The 
decreasing pattern of breakthrough time with the 
reduction of EBCT can be explained by short contact time 
of o-xylene molecules with UV and radicals on the catalyst 
surface (Jeong et al., 2005; Jeong et al., 2004). Moreover, 
at higher inlet air flow rates (lower EBCT), not all the o-
xylene molecules will have enough time to diffuse within 
the pore volume of the catalysts bed, ultimately resulting 

in shorter breakthrough time (Lillo-Ródenas et al., 2005). In 
other words, the treated o-xylene volume per unit of time 
is greater at higher flow rates (lower EBCT). Thus, earlier 
breakthrough happened at higher a flow rate (Lillo-
Ródenas et al., 2005; Liu et al., 2011). The breakthrough 
curve of GAC and ZnO/GAC catalysts was compared 
indicating that ZnO/GAC achieves a longer breakthrough 
time than the GAC across all of the selected residence times 
(Table 2) and especially at shorter residence times of 0.69 
and 1 s. Hereupon, ZnO/GAC in comparison with GAC 
raised the o-xylene removal efficiency by 35% and 69% at 
the contact times of 2.3 s and 0.69s, respectively. It can be 
concluded that the ZnO has an efficient role for catalyzing 
the o-xylene degradation at the presence of UV 
(Changsuphan et al., 2012). The UV lamp used in this 
research showed a strong intensity and the produced high 
energy photons have an important role for the VOC 
degradation (Shen and Ku, 1999). The authors reported 
that TiO2 loaded on AC activated by UV irradiation can act 
as electron carriers to stop recombination of electron–hole 
species, which would cause greater oxidation of o-xylene in 
the air stream (Puma et al., 2008). Davide Barreca et al. 
(Barreca et al., 2009) proposed that AC loaded with a 
photocatalyst (such as TiO2 and ZnO) has the potency to 
decompose the intermediate products in situ which will 
enhance the removal efficiency of the photocatalyst. In 
comparison with GAC, the CUR of ZnO/GAC was much 
lower, although it is developed by reducing the residence 
time for both catalysts. For instance, the CUR for ZnO/GAC 
is1.6 times lower than GAC at 0.69 s residence time. This 
means that 1 m3 polluted air stream containing 80 ppmv of 
o-xylene can be treated by 1.6 g of GAC at the residence 
time of 0.69 s, whereas only 1g of ZnO/GAC can treat 1 m3 
waste air at the same condition. The higher efficiency of 
ZnO/GAC than GAC in o-xylene removal from air stream 
could be associated again to the catalytic ability of the ZnO 
loaded on the surface of GAC (Changsuphan et al., 2012; 
Hariharan, 2006).

Table2. Catalytic potential of GAC and ZnO/GAC in adsorption and photocatalyst process at optimum conditions. 

Item adsorbent/catalyst Process  

  adsorption photocatalyst 
catalyst 

potential 

Breakthrough time(h) 
GAC 53 60 13.2 

ZnO/GAC 82 153 86.5 

3.2.3. Influence of the bed temperature 

The effect of bed temperature ranging from 20 to 100 °C 
was studied on the efficiency of catalysts at a constant flow 
rate of 0.7 L/min (i.e., residence time of 1 s) and constant 
o-xylene concentration of 80ppmv. The breakthrough 
curves are given in Fig. 7.  

As can be seen in Fig. 7(a), the breakthrough time reduces 
in UV-GAC column from 51 to 46, 36 and 22 h by raising the 
bed temperature from 20 to 50, 80 and 100◦C, respectively. 
The descending pattern of breakthrough time causes 
decreased removal capacity of GAC column at a higher 
temperature (Fig. 7a). Thus, the removal capacity 
decreased from 1.37 mg/g to 1.21, 1.01 and 0.81 mg/g by 

raising the bed temperature from 20 to 50, 80 and 100 °C, 
respectively. Accordingly, the higher removal efficiency of 
o-xylene occurs at low temperatures in UV-GAC process. 
These findings have been confirmed by some studies (Wu 
et al., 1983; Zaitan et al., 2008), which can be justified 
based on physical adsorption of o-xylene on the surface of 
GAC. Indeed, the first phase for the reaction of o-xylene 
with UV is the adsorption of o-xylene on the surface of 
catalyst. Accordingly, the physical adsorption of o-xylene 
molecules decreased with increasing the GAC column 
temperature and also the efficiency in o-xylene elimination 
will decline. The influence of temperature on the UV-
ZnO/GAC system differed from that on the UV-GAC (Fig. 
7(b)). As indicated in Fig. 7(b), a longer breakthrough time 
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and removal capacity were obtained by raising the 
temperature in the bed of ZnO/GAC. The breakthrough 
time rose from 77 to 85, 93 and 105 h by raising the 
temperature from 20 to 50, 80 and 100 °C, respectively. In 
this way, the removal capacity also raised from 1.94 to 3.12 
g/g with the increase of bed temperature from 20 to 100 °C 
(Fig. 7b). This phenomenon could be attributed to the fact 
that at greater temperatures, the activity of ZnO for 
degradation is enhanced (Wang et al., 2012), leading to the 
generation of more active species (mainly •OH) and 
thereby higher o-xylene decomposition(Chen and 
Pignatello, 2013). The catalytic activity and radical 
generation potential of ZnO results in an increased o-
xylene removal in comparison with that of GAC. These 
findings suggest that ZnO/GAC composite has a high 
performance and can be used as a catalyst for elimination 
of VOCs from the polluted air in a wide range of 
temperatures for industrial applications. 

 

Figure 7. Influence of bed temperature on the 
performance of (a)GAC and (b)ZnO/GAC (Experimental 

conditions: EBCT= 1 s; initial o-xylene concentration= 80 
ppmv; temperature= 20, 50, 70, 100°C). 

3.3. Photocatalyst activity evaluation 

To determine the catalyst activity of GAC and ZnO/GAC, the 
optimum experimental conditions for each catalyst were 
obtained in the photocatalytic process. Afterwards, the 
adsorption test was carried out using GAC and ZnO/GAC at 
the obtained optimum conditions in photocatalysis, but in 
the absence of UV. 

In this way, the photocatalytic and adsorption experiments 
with ZnO/GAC were carried out at initial o-xylene 
concentration of 80 ppmv, residence time of 1 s and bed 
temperature of 100 °C. Photocatalytic and adsorption tests 
with GAC were done at the initial o-xylene concentration of 
80 ppmv, residence time of 1 s and bed temperature of 
25 °C. Eventually, the catalytic activity of GAC and Zn/GAC 
was calculated from Eq. (4). The photocatalyst activities of 

GAC and ZnO/GAC are summarized in Table 2. According to 
the information given in Table 2, and based on Eq. (4), the 
catalytic Photocatalyst of GAC and ZnO/GAC was obtained 
to be 13.2% and 86.6%, respectively. Thus, the 
photocatalyst potential of ZnO/GAC was 6.56 times higher 
than that of the GAC. 

These results reveal that the influence of UV irradiation on 
lengthening the service time and slowing down the 
breakthrough time was much greater in ZnO/GAC 
compared to GAC. These findings can again be attributed 
to the capability of ZnO in producing very reactive radical 
species. O22− (peroxide) and O− (atomic oxygen) radicals 
are the most important oxidizing species for the reaction 
and decomposition of VOCs (Xi et al., 2005). Furthermore, 
due to their high oxidation potential, hydroxyl radicals (2.8 
V) would attack the bonds of VOCs and convert VOCs to 
more simple products such as CO2 and H2O (Shen and Ku, 
1999). Therefore, in this study hydroxyl radicals could 
oxidize the o-xylene molecules, thus increasing the 
reaction rate. The other reason for the higher catalytic 
potential of ZnO/GAC also can be attributed to more active 
sites on the surface of ZnO/GAC in comparison to GAC 
(Kurtz et al., 2004). This factor consequently contributes to 
greater destruction of o-xylene on the surface of ZnO/GAC.  

3.4. Fate of the o-xylene in photocatalytic process 

Desorption experiments of the GAC and ZnO/GAC were 
designed to determine the fate of o-xylene in 
photocatalytic process. The photocatalytic experiments 
were conducted using selected catalysts each under its 
optimum condition until the breakthrough time. 
Desorption of o-xylene and its oxidation intermediates 
from the GAC and ZnO/GAC bed were carried out based on 
NIOSH method NO.1501 (NIOSH, 2003). GC/FID and GC/MS 
were applied for determination of o-xylene concentration 
and identification of intermediates in desorption solutions, 
respectively. The extent of o-xylene decomposition in 
photocatalytic process was obtained from mass balance 
analysis (MBA), based on Eq. 5. 

M-OXin(mg)=M-OXout(mg)+M-OXads+M-OXdec  (5) 

Where, M-OX1n stands for the total mass of o-xylene 
entering to reactor until the breakthrough time, mg; M-
OXOut is the total cumulative mass of of o-xylene in the 
outlet of the reactor until the breakthrough time, mg; M-
OXads is the mass of o-xylene desorbed from the GAC and 
ZnO/GAC beds, mg; and M-OXdec is the mass of o-xylene 
decomposed in the photocatalytic process, mg. The 
findings of mass balance analysis of o-xylene for the 
selected catalyst column are given in Table 3. As shown in 
Table 3, about 73.84% of the amount of o-xylene entering 
the GAC column can be desorbed (549.4 mg); while only 
5.4% of the amount of inlet o-xylene can be desorbed 
(68.26mg) from the ZnO/GAC column. Thus, GAC could not 
be used as an efficient catalyst for the photocatalytic 
removal of o-xylene. On the other hand, the ZnO/GAC 
decomposed high amounts of o-xylene in the 
photocatalytic process. Accordingly, it can be found that 
the loading of ZnO on the GAC has effectively catalyzed the 
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decomposition of O-xylene at the presence of UV. The 
greater catalytic capability of ZnO/GAC in decomposing o-
xylene when compared with that of simple GAC can be 
attributed to the more active sites on the ZnO surface, 
improving the degradation of o-xylene molecules 
(Kandavelu et al., 2004; Zheng et al., 2008). 

Table3. The findings of MBA of o-xylene in GAC and 
ZnO/GAC beds at the optimum conditions 

Items GAC ZnO/GAC 

Initial Concentration(ppmv) 80 80 

Air flow rate(l/min) 0.7 0.7 

EBCT(s) 1 1 

Temperature (°C) 20 100 

Breakthrough time(h) 51 98 

Inlet o-xylene (mg) 744.03 1253.62 

Outlet o-xylene (mg) 32.19 61.00 

Desorbed o-xylene (mg) 549.45 68.26 

Decomposed o-xylenea (mg) 162.34 1124.32 

Desorbed ratio (%) 73.84 5.4 

Decomposed ratio (%) 21.81 89.68 
aDecomposed o-xylene = inlet o-xylene (mg) − (outlet + desorbed) 

mass of o-xylene (mg). 

In order to obtain a better insight into the o-xylene 
degradation by GAC and ZnO/GAC in the photocatalytic 
process, the major intermediates were identified according 
to different retention times in the GC/MS spectrums of the 
desorption solutions of o-xylene and intermediates from 
the GAC and ZnO/GAC beds. The byproducts of o-xylene in 
the photocatalytic degradation process of GAC and 
ZnO/GAC composites are given in Table 4. As indicated in 
Table 4, moreover the o-xylene as the parent compound 
and CS2 as the solvent, the major byproducts desorbed 
from GAC were methanoic acid, phenylmethanal, o-nitro-
p-cresol and methyl-di-phenyl-methane; whereas the main 
byproducts desorbed from ZnO/GAC were methanoic acid, 
o-xylene and methyl-di-phenyl-methane. These 
compounds have probably originated from inadequate 

reactions of active species and o-xylene in the 
photocatalytic process (Paul et al., 2007). These 
compounds have gradually filled the active sites and cause 
the catalyst to be deactivated (Rezaei and Soltan, 2012). 
The comparison between the intermediates of the two 
catalysts indicates that higher and greater byproducts were 
found in o-xylene degradation using the UV-GAC than with 
UV-ZnO/GAC.

Table4. The byproducts of o-xylene in the photocatalytic degradation process of GAC and ZnO/GAC composites 

Catalyst Compounds Retention time (min) Molecular weight(g/mol) 

Desorbed 
intermediate 
species from 
GAC catalyst 

Methanoic acid 1.27 46.03 

Carbon disulphide 2.01 76.14 

O-xylene 8.23 106.16 

Phenylmethanal 11.41 106.12 

Chlorophenylmethane 12.47 126.58 

Phenylcarbinol 12.98 108.14 

Phenyl-methyl ester 13.39 150.18 

O-nitro-p-cresol 14.21 153.14 

Methyl-di-phenyl-methane 16.41 168.24 

Carboxybenzene 17.52 122.12 

Desorbed 
intermediate 
species from 

ZnO/GAC 
catalyst 

Methanoic acid 1.34 46.03 

Carbon disulphide 2.9 1 76.14 

O-xylene 8.36 106.16 

Phenylmethanal 11.52 106.12 

Methyl-di-phenyl-methane 16.44 168.24 

4. Conclusion 

In this study, application of GAC and ZnO immobilized on 
GAC was studied for photocatalytic removal of o-xylene 
from waste air stream. The synthesized photocatalysts 
were characterized by of FT-IR, XRD, SEM and EDX. The 
results showed greater photocatalytic activity of the 
ZnO/GAC in comparison with its plain counterpart. The 
photocatalytic degradation of o-xylene decreased with the 
increase of initial concentration and flow rate for both GAC 
and ZnO/GAC. The removal of o-xylene increased with 
elevation of the bed temperature by using ZnO/GAC, 
whereas it decreased by using GAC. The optimal 
temperatures for o-xylene removal were obtained as 20 °C 
and 100 °C for GAC and ZnO/GAC, respectively. ZnO/GAC 
decomposed 86% of o-xylene in the presence of UV, while 
GAC could decompose only 15% of o-xylene in the same 

condition. It can be concluded that the ZnO/GAC is a good 
and promising option with a high catalytic potential activity 
which can be used for photocatalytic abatement of 
aromatic VOCs from polluted air streams. 
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