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1. Introduction

Volatile organic compounds (VOCs) are recognized as major
sources of air pollution, mainly caused by industrial emissions
[1,2]. Due to their toxicity to human health and involvement in the
formation of photochemical smog, decreasing VOCs emissions is
urgent [3,4]. Previous studies have proved that the central nervous
system is a major target of xylene toxicity, one of the aromatic
VOCs, through inhalation and oral routes. Xylene causes impaired
short-term memory, impaired reaction time, alterations in body
balance, and has many other chronic effects [5,6].

Numerous treatment techniques have been developed for
degradation of organic pollutants from stationary sources [7–13].
In recent years, catalytic oxidation is more considered to be an
effective way for reducing the emissions of VOCs because of its
high efficiency and flexibility in a wide range of applications at low
temperatures [3,14–16]. The desired reaction is the complete
oxidation of the toxic organic pollutants into CO2 and H2O [3,17–
19]. The selection of catalyst depends on the nature of the
pollutants, cost and availability. Besides, the catalyst should retain
its activity for a longer period. There are several factors which
influence catalyst activity like active phase loading and oxidation

state as well as surface area of the catalyst, promoters and
dispersion of active compound [20,21].

Using catalysts with mixed supports, we could benefit from
numerous properties simultaneously. For instance, in a catalyst
comprising palladium (active phase), AC (support), clinoptilolite
(co-support) and ceria (promoter), we could have a novel
nanocatalyst with unique properties such as the high activity,
thermal stability, the high surface area, and micro pore volume as
well. Furthermore, high redox properties of these catalysts to reach
a relatively low-cost and highly effective catalyst are remarkable
for the oxidation of VOCs.

Activated carbon (AC) can act as catalyst by itself or as a support
of other catalytically active phases. Its excellent properties make
this material become more and more interesting. Activated carbon
is made from a variety of raw materials that are heated and further
treated [22]. Generally, physical and chemical activation have been
used to produce ACs [23,24]. Due to easy recovery of added
chemicals and low-temperature process to result in a better porous
structure, chemically activation is preferable [24]. In chemical
activation, the raw material is impregnated with an activating
agent (ZnCl2, KOH, H3PO4 and less K2CO3, etc.), followed by a
subsequent heating in an inert atmosphere [25]. Further explana-
tions about activated carbon could be found in our previous work
[26]. Furthermore, the reported investigations have indicated
potential of natural zeolites for the removal of pollutants [27–30].
Clinoptilolite is the most common natural zeolite which is an
attractive alternative for the removal of pollutants [29,31]. For
most catalytic applications, ‘activated’ zeolites, are required
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A B S T R A C T

Xylene removal from waste gas streams was carried out via catalytic oxidation over Pd/carbon-

clinoptilolite-CeO2. The synthesized samples were characterized by XRD, FESEM, BET, FTIR and TG

techniques. The XRD patterns confirmed the formation of nano ceria with an average crystallite size of

11.6 nm. FESEM results indicated a good morphology for prepared carbon with deep pores, confirmed

structure modification of zeolite, and showed that nanocatalyst has nanometric particles with an

average size of 60.85 nm. Reaction data illustrated 98% abatement of xylene at 250 8C. The stability test

of catalyst demonstrated that the removal efficiency has remained constant for 1200 min.
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[31,32]. The modification of zeolites via acid can modify their
adsorption capacity, porosity and the crystalline network [29].
Beside AC and zeolite, Ceria is an attractive component for mixed
oxide catalysts due to its unique redox properties which can
provide lattice oxygen and prevent the sintering of noble metals
[33]. The reduction of Ce4+ to Ce3+ as shown below leads to oxygen
defects that makes ceria active enough for catalytic applications
[34,35]:

CeO2  !Reducing=oxidizing
CeO2�y þ

y

2
O2ð0 � y � 0:5Þ

The concentration of Ce3+ relative to Ce4+ increases by
decreasing the particle size, and as a result more oxygen vacancies
and more active sites are created [35–37]. The outcomes of Wang
and Lin studies signified that highest activity could be achieved by
utilizing redox reaction with H2O2 in preparing CeO2 catalysts [38].

It is worth noting that the properties of ceria and zeolite could be
enhanced by noble metals [35]. Also, supported noble metals are
very active catalysts for hydrocarbons total oxidation [3]. Among
these metals, Palladium was opted as the active phase in this work
due to its high stability and economic considerations [39].

During recent decades, despite the wide use of various catalysts
including activated carbon, zeolite and cerium oxide in abatement
of VOCs, a catalyst with mixed supports is still not well understood
and has not been examined yet. Hence, the objective of our current
research is studying xylene removal using this novel catalyst (Pd/
carbon-clinoptilolite-CeO2: Pd/C-Z-CeO2) with noble metal loading
of 1%. XRD, FESEM, BET, FTIR and TG techniques were used to
characterize the prepared nanocatalyst and a GC was applied to
evaluate the pollutant removal of synthesized catalyst.

2. Materials and methods

2.1. Materials

In this work, pine cone, ZnCl2 and H3PO4 (85%) were used in
activated carbon preparation. Natural zeolite of clinoptilolite from
Mianeh mine (East Azerbaijan, Iran) was received in powder form
and modified by HCl acid (37%) treatment. Cerium oxide was
synthesized via redox method using H2O2 (30%) and Ce(N-
O3)3�6H2O. PdCl2 (59%) was applied as a precursor of precious
metal in nanocatalyst and p-xylene was used as a VOC pollutant.
All the materials were supplied from Merck.

2.2. Support preparation and procedures

The synthesis process of ceria nano particles through the redox
method, preparation procedure of activated carbon, and modifica-
tion steps of clinoptilolite by using acid treatment is demonstrated
in Fig. 1(a)–(c), respectively. Besides, Fig. 2 represents the
employed pilot for synthesis of AC. Supplementary details is
reported in our prior studies [26,35,40–43].

2.3. Catalyst preparation and procedures

Fig. 1(d) illustrates the preparation steps of Pd/C-Z-CeO2

nanocatalyst via impregnation method. Appropriate amounts of
palladium chloride (PdCl2) were dissolved in distilled water. Then,
25% synthesized nano ceria, 25% HCl treated clinoptilolite and 50%
prepared activated carbon were added to the aqueous solution. The
solution was stirred at 60 8C for 3 h, dried at 110 8C for 24 h and

HCl trea ted clino ptil olite: 25 %

Syn thesize d nano -ce ria: 25 % Deion ised water

Nano catalyst forming /shaping :  Pd/C-Z-CeO2

Impre gnation: in aqu eou s   solution  of  PdCl2,
CeO2, HCl trea ted clinop til oli te and ca rbon ac tive

(at 60 ºC for 3 h)

Drying  at 110 °C for 24 h  under air flow 

Calcination  at 500 °C for 1 h  under N2 flow 

Syn thesize d ac tivated ca rbon : 50 % Pall adium chloride: PdCl2

(d) Synthesis of  Pd/C-Z-CeO2 via impre gnation

Mixing   at a vo lume ratio of
[Ce(NO3)3.6H2O solution ]/[H2O2 solution ] =  3:1

Hea ting  gradually  to  reac h boiling  po int

30% Hydrog en perox ide 0.5  M Ce(NO3)3.6H2O aq.  solution

Maintain  at bo iling  po int for 4  h

Drying  at 110 °C for 24 h  under air flow 

Calcination  at 500°C for 4 h  under air flow 

Cerium p rec ursor:  Ce(NO3)3.6H2OH2O2

Nano -CeO2

(a) Synthesis of  nano-CeO2 via redox method

Impre gnation of pine con e with  ZnCl2 solution  at moderate
temperature and mixing  to g et app arently  dried ac tivated p rec ursor 

Drying  at 110  °C for 6 h  under air flow

Activated carbo n p reparation  at 50 0 °C for 1 h un der N2 flow

ZnCl2 solution

Washing with  deionised water

Drying  at 110  °C for 6 h  under air flow

Washing  with H3PO4 solution  (10 %)

Grinded pine  cone (3-4 mm )

Activated ca rbon

(b) Synthesis of  activated carbon from pine cone via ZnCl2 activation

HCl trea tment of clino ptil olite at a acid/ze olite ratio of 10  (ml/gr )

Hea ting  at 80 °C for 8  h

HCl Solution : 1  N Natural ze olite: Clino ptil olite

Fil tration  using  centrifug al system

Washing  with deion ize d water un til  pH=7 

Drying  at 110 °C for 24 h un der air flow 

Calcination  at 500 °C for 3 h un der air flow 

HCl trea ted clino ptil olite

(c) Modification of cli noptil oli te via HCl tre atment

Fig. 1. Schematic flow chart for the preparation steps of nanostructured Pd/C-Z-CeO2 catalyst: (a) synthesis of nano-CeO2 via redox method, (b) synthesis of activated carbon

from pine cone via ZnCl2 activation, (c) modification of clinoptilolite via HCl treatment, and (d) synthesis of Pd/C-Z-CeO2 via impregnation [25].
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