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ABSTRACT

In this study, a natural zeolite (i.e., Clinoptilolite) was used as bed of a lab scale packed tower.
The bed was coated with two transition metals nano-scale particles (i.e., Fe” and Cu,0). Each
coated metal to bed ratio was 4.6 wt.% and the experiments were conducted in air flow of 1 L min™"
and temperature of 200°C. The results showed up to 83.83% of BTX (benzene, toluene and xylene)
removal for Fe’ and respectively 32.0 and 56.98% for Cu,0 and combined Fe’-Cu,O coated beds.
However, the pollutants mineralization/elimination ratio on the combined metals coated bed, with
up to 0.83, was greater than the remains which were 0.58 and 0.37 in order for Fe® and Cu,O coated
beds.
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INTRODUCTION

The VOCs (i.e., Volatile organic compounds) are some of the chemical compounds that are much
considered today for their health threating potential and adverse environmental effects. The VOCs
are emitted by anthropogenic and natural sources but, raised usage of fossil fuels and its
derivatives have made the anthropogenic VOCs much bolder. Thus, the ambient and indoor
concentrations of them have reported more than the recommended limits in many researches
(Davil et al., 2011; Ohura et al., 2009). Hence, control of VOCs in ambient and indoor air has
attracted much attentions of the health and environment authorities; also, the researchers in these
fields.

From the many technologies, which have suggested or applied for VOCs source-emission control
or pollution removal, the thermal destruction is a simple one that has long been used (Khan and
Ghoshal, 2000). But, importance of energy saving has made the tendency for application of catalysts
in the process for energy consumption declining (Papaefthimiou et al., 1997). Thereupon, various
metals have used as catalyst agent, especially the noble metals (Scire et al., 2003). Although the
noble metals have showed great catalytic activity; however, their cast is the restricting factor for
extensive use of them.

Previous researches showed that the metals have more catalytic activity in nano scales. In this
order, they have used as catalyst agents in various purposes (Piumetti et al., 2014; Sim et al., 2013).
Also, the zeolites are the substances that are known as very porous and good adsorbent materials
in order to use as a bed (Shen et al., 2014). Therefore, one can expect that coating the metallic
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Table 1: Chemical constants for the BTX compounds at ambient standard conditions

Parameters Benzene Toluene Xylene
Vapor pressure (pa) 12672.20 3769.30 1074.00
Octanol-water partition co-efficient (K,,,) 150.00 480.00 1300.00
Dimensionless Henry’s law constant (K,) 0.289 0.325 0.357
Soil-air partition co-efficient (dimensionless) 47.70 150.80 332.60
Water-air partition co-efficient (dimensionless) 4.35 3.76 3.61

nanoparticles on the zeolite would enhance its catalytic properties for decomposition of VOCs on
zeolite bed. Particularly in high temperatures, when desorption of VOCs from the bed takes place,
thermocatalytic destruction of VOCs can result in removal of them from polluted air flow.

There are good experiences on application of transition metals as catalysts for pollution removal
(Giroir-Fendler et al., 2014; Lu and Wey, 2007) and benzene, toluene and xylenes (i.e., BTXs) are
some of the famous VOCs, which have harmful effects on human health. The BTXs are very volatile
compounds with high vapor pressure and low solubility in water (Table 1) (Majumdar et al., 2011),
which make them very potable to be present in air of polluted places.

In this regard, in the present study, the BTXs were considered as indices of harmful VOCs and
removal of them was investigated. This study has focused on comparison of the BTXs elimination
and mineralization on Fe’, Cu,0 and Fe’-Cu,0 nanoparticles coated zeolite bed. Previous studies
showed adsorption of VOCs on natural zeolites such as clinoptilolite; for instance, Hernandez et al.
(2005) showed the BTXs adsorption on clinoptilolite and they found that dealumination of the
zeolite increases its adsorption capability for BTXs (Hernandez et al., 2005).

MATERIALS AND METHODS

Preparation of the beds: A natural zeolite (i.e., Clinoptilolite) was provided from Afraznd Inc.
Iran and was used as bed. Although the miner grain size offers higher surface area, the zeolite
grains with diameter of 1-2 mm were used to preventing excess head loss which can occur in finer
sizes (Asilian et al., 2004). The zeolite was modified to enhancing the adsorption of VOCs. As
described by Hernandez et al. (2005), it was two times washed by 1 N HCI for 6 h at 50°C with a
moderate shaking and then rinsed several times by distilled water. Finally, the zeolite grains were
dried at 180°C (Hernandez et al., 2005).

The metallic nanoparticles of Fe’and Cu,0, with particle size of 30-60 nm, which were provided
from Plasma Chem Inc. of Germany, were separately dispersed in distilled water with an ultrasonic
device and then the dispersed particles mixed with the zeolite in a flask by slowly shaking for 2 h.
Consequently, the content of the flask was dried for 10 h at 80°C. The coated nanoparticles were
about 4.6 wt.% of zeolite, which was along with the similar researches. Figure 1 shows the images
of the coated zeolite grains, which were taken by a light microscope system of Nikon Instruments
Inc. The Coated Zeolite (i.e., CZ) was heated at 300°C for activation. Furthermore, this heating
causes that the moisture and probably organic matters completely pool out.

Experiment appliances and procedure: The used reactor was a tubular steel (i.e., D = 4.5 cm
and H = 30 cm) and the reactor temperature was controlled by an electrical automatic set. The
reactor was filled with 200 g of the CZ and the experiment was carried out at 200°C. The air
current was polluted by the BTXs compounds synthetically and the polluted air with a flow rate
of 1.5 L, min~" was passed through the reactor during the experiments. In Fig. 2, scheme of the
system is shown.
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Fig. 1(a-c): Images of (a) ZVI-CZ and (b) CO-CZ and (c) C-CZ 100x magnified
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Fig. 2: Schematic view of the applied system and its accessories

Sampling and analysis: Charcoal tubes from SKC Inc. USA, were used for BTXs sampling.
Sampling flow rate was 100 mL min~' and the volume of each gathered sample was 2 L
(Keshavarzi et al., 2003; NIOSH., 2003). The extraction was done by using 2 mL CS, in 5 mL vials.
The vials were carefully shaken for 10 min during the extraction.

The extracted samples were analyzed using the GC-FID model Chrom Tech, Inc. with a 25 m
silicone column with diameter of 0.32 mm and using helium as carrier gas. The 1 uL of sample was
injected and the detection was performed as standard methods technique in the oven temperature
of 40°C raised to 250°C during 10 min and the injection temperature of 180°C.

The concentration of CO, was determined by GAS-TEC Inc. Japan, CO,detector tubes according
to the factory’s instructions.
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The water saturation test was performed to determination of the blank volume inside the
reactor and the volume of the zeolite grains in the reactor (Braja, 2001).

RESULTS AND DISCUSSION

Elimination of the BTXs: The obtained results showed the highest elimination of the BTXs
compounds up to 83.8% with the zero-valent iron nanoparticle coated zeolite (i.e., ZVI-CZ).
Subsequently, for copper oxide coated zeolite (i.e., CO-CZ) and 1:1 combined ZVI-CZ: CO-CZ
(i.e., C-CZ), it was up to 32.01 and 56.98%. Inlet concentrations of the BTXs were some various
because of simultaneously vaporization of the compounds in ambient conditions, to keep the natural
condition of air pollution by the BTXs (Table 2).

Almost close removal efficiencies were seen on ZVI-CZ (SD = 1.31); however, they have not
confirmed the same trend in the CO-CZ (SD = 4.57) and C-CZ (SD = 16.59).

It was found from the saturation test that, the net volume of the beds was 114.39 cc, which was
indeed the occupied space of the reactor with the bed.

According to the flow rate and blank volume of the bed, a retention time of 4.7 sec was provided
in the reactor. This is enough as the suggested 0.5-1 sec for thermal destruction of VOCs at
700-980°C (Khan and Ghoshal, 2000). With the retention time and the heat of 200°C, up to 83.8%
of VOCs elimination was obtained. Comparing to the suggested combustion condition; although,
the time is greater than 0.5-1 sec but 200°C is much lower than 700-980°C. Hence, it can be
inferred that the obtained removal in the lower temperature of the experiment is evidence of the
catalytic act of the bed.

As the results showed more elimination of VOCs has obtained by ZVI-CZ. Hence, it can be
indicated that the Fe’ nanoparticles were more effective in enhancement of catalytic properties of
zeolite for removal of the VOCs rather than Cu,O and a combination of Fe’ and Cu,O.

The Fe” has more electron numbers in its atomic valence layer than Cu,O. This can be a reason
for higher activity of Fe” in removal of the VOCs. Because in nano scales, free surface area
increases and structural failures occur. Hence, the valence electrons can more participate in the
reactions (Henn and Waddill, 2006; Wang et al., 2005). For instance, Zhang (2003) showed the
catalytic features of Fe’ and conversion of Fe’ to Fe?*, which was used for decomposition of
organic compounds (Zhang, 2003). Fe’ can turn to Fe,O, with losing electron and the released
electrons participate in the VOCs degradation.

Benzene: Benzene had the most inlet concentrations compared to the remains and it was removed
with slightly lower performance among the other compounds in ZVI-CZ and CO-CZ (Fig. 3). One
could relate the lower removal of benzene with the beds to its more molar fraction than the other
compounds, as the previous researches showed the effect of higher pollution loading on these
compounds elimination in an air stream (Rostami et al., 2014). Also, there might been other
effective factors on the pollutions removal on the beds, such as chemo-physical properties. So that,
adsorption of the gas molecules form air stream to surface of the bed approaches them to catalytic

Table 2: Inlet concentration of BTXs for each bed

Parameters Benzene (ppm) Toluene (ppm) p-Xylene (ppm) m-Xylene (ppm) o-Xylene (ppm)
ZVI1-CZ 66.66+7.98 9.14+4.75 3.27+1.46 2.98+0.31 1.60+0.28
CO-CZ 50.48+2.57 7.66+1.33 3.40+0.57 2.56+1.47 1.00+0.71
C-CZ 59.60+3.11 11.11£2.11 2.02+1.81 2.55+1.49 1.61+0.1
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Fig. 3(a-e): Removal efficiency in the Fe’ and Cu,O coated beds, (a) Benzene, (b) Toulene,
(c) p-Xylene, (d) m-Xylene and (e) o-Xylene

destruction with the metallic particles (Silva et al., 2008). Thus, we can see from the Table 1 that
benzene has the most potential to desorption from the bed surface with highest vapor pressure and
lowest soil-air portion co-efficient.

The VOCs reduction could be occurred by several reduction pathways on the coated beds in
presence of Fe’ and Cu,O (Lai et al., 2014; Tratnyek et al., 1997) (Fig. 4). These reductive reactions
could result in production of more hydrogenated compounds such as cyclohexane (Kim et al., 2004).
But, the other reactions which could led to decomposition of the BTXs are oxidative reactions with
production of hydroxyl free radicals (OH) on the surface of the metallic nanoparticles (Wang et al.,
2012). Formation of the highly reactive hydroxyl radical with the metallic nanoparticles could be
happened by a mechanism analogous to the Haber-Weiss cycle (Hanna and Mason, 1992). In
presence of water vapor and in high temperatures, the redox reactions can produce ‘OH free
radicals. These free radicals immediately and non-selectively react with VOCs molecules
(Grain, 2004; Guillemot et al., 2007). The electrophile free radicals attack to the ligands with more
electrons, so they can break the benzene ring to simpler intermediates or add OH to form phenol
(Fig. 5) and then this activated molecule can react with O, and NO, to from other products
(Semadeni, 1994). Decomposition of the VOCs may take place by several path ways. For example,
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Fig. 4: Role of the Fe’ and Cu,O particles on oxidative and reductive reactions of the VOCs
(Greic et al., 2012; Li et al., 2006; McDowall, 2005; O’Carroll et al., 2013; Pham and Lee,
2014; Wang et al., 2014; Ziemann and Atkinson, 2012)

in presence of hydroxyl radicals, abstraction of hydrogen atoms will lead to production of some
intermediates such as benzaldehyde, benzoic acid and benzyl alcohol. However, the previous
researches have reported lower reaction rate constant (k) of hydrogen abstraction reactions than
OH addition ones (Nichipor et al., 2012). The similar studies have showed that many other
intermediates such as cresol, 4-methyl-2-propyl furan and formic acid may be produced, also some
nitro aromatics like 4-nitrophenol may be produced by reaction of the intermediates and nitrogen
(Van Durme et al., 2007). The intermediates for reaction of ‘OH with benzene are reported mainly
as phenol, carbonyls and formic acid (Berndt et al., 1999). It is found that phenol is one of main
yields of ‘OH initiated degradation of benzene (Volkamer et al., 2002). Figure 5 shows some reaction
pathways of "OH initiated reactions for BTXs compounds.

Toluene: In the terms of physic-chemical properties, toluene was the next compound after benzene
among the BTXs, with considerably lower vapor pressure than benzene (Table 1) which made its
mole fraction in the air stream lower than benzene.

We can conclude that the lower vapor presser and higher soil-air partition coefficient could be
the reason of its higher elimination in contrast to benzene (Fig. 3). Similar results about benzene
and toluene are obtained by other research; also, they found that benzene has less affinity to bed
among the BTXs. Furthermore, the higher reported reaction rate constant of toluene with "OH
(k = 6x10') than benzene (k = 1.2x10"%) (Martinez et al., 2014), can be other effective reason of its
higher degradation rate. However, the results showed that p-xylene and m-xylene in C-CZ had
notable lower removal efficiencies than toluene; although the xylenes are less volatile than toluene
(Table 1). The results showed that the compounds with lower vapor pressure had better removal;
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Fig. 5: Some reaction pathways of the BTXs and hydroxyl free radical (Albarran and
Munguia, 2014; Benzinger, 2010; Golding et al., 2010; Hu et al., 2011; Huang et al., 2011;
Nichipor et al., 2012; Qian et al., 2013; Volkamer et al., 2002; Zhao et al., 2005)

hence, about toluene and m and p-xylenes two scenarios can be raised. One is toluene higher
degradation on the surface of metallic nanoparticles and other is its more reaction potential with
non-surface free radicals than m and p-xylenes which according to the reported higher reaction rate
constant of m and p-xylenes with "OH (k = 23.4x10" and k = 23.4x10'?) (Martinez et al., 2014), the
first scenario sound to be more probable.

The reaction of toluene with "“OH could led to various intermediate products; because, the OH
may react with the methyl group by H abstraction or OH addition to the ring and the subsequent
reactions. But, it has found that up to 65% of the reactions have been by the pathway of OH
addition and around 7% for H abstraction pathway (Vivanco and Santiago, 2010).
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Xylenes: In the ZVI-CZ with highest BTXs removal among the beds, o-xylene had the highest
removal among the BTXs; also, among the xylenes it was the first with the highest removal and
m-xylene and p-xylene were the second and third ones. Moreover, the removal trend of the xylenes
was similar for the C-CZ. On the other hand, in the CO-CZ which had the lowest removal efficiency,
the removal efficiency trend of the xylenes was reverse of the ZVI-CZ and C-CZ (Fig. 3).

The xylenes have the most reaction rate constant with ‘'OH among BTXs; thus, it is reported
up to 13.7x10', 23.6x10" and 14.3x10'", respectively for o-xylene, m-xylene and p-xylene
(Martinez et al., 2014); of course these rates are some different the studies, as somewhere they have
suggested slightly higher rate for p-xylene than o-xylene (Benzinger, 2010). Therefore, it can be
inferred that, in the ZVI-CZ which had the highest removal efficiency, the bed has the most
catalytic activity and with more production of the free radicals degraded the BTXs. So, the xylenes
which have higher reaction rate with the free radicals have been more degraded. On this basis, in
CO-CZ with the lowest catalytic activity, elimination of the xylenes was lower with a descending
trend from p-xylene to o-xylene.

According to the lower volatility of the xylenes (Table 1), with respectively vapor pressure of
5.75,6.25 and 5.9 mm Hg at 20°C for o-xylene, m-xylene and p-xylene (Kassel, 1936), it is concluded
that the degradation main factor should be the free radicals on the surface of the metallic
nanoparticles. Thus, the compounds with lower volatility, for instance o-xylene, had more fortune
to reaction with the free radicals regarding to its more adsorption to the bed’s surface and in the
beds with more catalytic activity (i.e., ZVI-CZ and C-CZ), it has the most elimination performance.
It is showed in other research that xylenes were more adsorbed on the catalyst surface than
benzene and toluene (Larson and Falconer, 1997).

It is found that the ‘OH predominantly adds to the unsubstituted ring positions of xylenes
(Fig. 5), similar to toluene’s reaction and abstraction of H from the methyl groups and addition at
the substituted positions are not so important. Because of high reactivity of the "OH radical, it is
added to the electron-rich sites in the aromatic ring producing the dimethyl-hydroxyl-cyclo
hexa-dienyl radicals which are oxidized by ferricyanide and forming dimethylphenols (Albarran and
Munguia, 2014).

Loading rate of the BTXs: With the results for BTXs inlet and outlet concentrations and applying
a mass balance for them, the loaded and removed pollution mass per unit volume of the bed was
found as pg cm™ of be per hour (ug cm~ B.h) (Fig. 6). Bars in the figure represent the remained
pollution loading as not degraded in the exhaust air of each bed. For example about benzene, up
to 54.5 pg cm~® B.h was obtained by ZVI-CZ compared to C-CZ and CO-CZ, respectively with
29.3 and 12.7 ug cm~® B.h. According to the other studies such as photocatalytic removal of BTEXs
(Martinez et al., 2014), these are much higher loading and removal rates which show more
capability of this system for higher concentration conditions.

Mineralization of the BTXs: The Inlet concentration of CO,was constantly equal to 500 ppm and
the outlet concentration for ZVI-CZ, CO-CZ and C-CZ respectively were 650, 550 and 750 ppm. The
mineralization (i.e., conversion of the pollutants to CO, and H,0) was resulted from the obtained
CO, and BTXs loading mass balance. These results indicated that the Mineralization/Elimination
(M/E) ratio of BTXs was up to 0.83 on C-CZ, so, it was more than ZVI-CZ and CO-CZ with 0.58 and
0.37 (Fig. 7). The up/down bars in the figure show the amount of remained pollutants as
intermediate compounds.
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Fig. 6(a-e): Loading and removal mass of pollutants on the coated beds, (a) Benzene, (b) Toulene,
(c) p-Xylene, (d) m-Xylene and (e) o-Xylene

With the results, C-CZ showed the most mineralization/elimination ratio. So, we can say that
the Fe® nanoparticles could destruct more mass of VOCs and a combination of Fe’ and Cu,0
nanoparticles eliminates less mass of VOCs; but, the combined one (i.e., C-CZ) destruct a greater
portion of the eliminated VOCs to CO,. This could be related to the presence of Fe’and Cu,0 with
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Fig. 7: BTXs elimination and mineralization on the coated zeolites

the different oxidation and reduction properties, more production of free radicals and affinity of the
pollutants to adsorption on the catalyst bed (Wang et al., 2008). Thereupon, the Cu,O can act as
a good electron transmitter that could increase free radical formation (Pham and Lee, 2014) which
could react with the intermediates to more completely degradation; although, Cu,O was itself a
weaker catalyst for BTXs degradation and has led to lower decomposition rate in C-CZ. The
obtained mineralization rate is considerable according to the experiment conditions; so that,
Everaert and Baeyens (2004) reported a full conversion of VOCs by thermo-catalytic process at
260-340°C with feed concentrations of 30-60 ppm (Everaert and Baeyens, 2004). The concentration
in the present study was more than 60 ppm (Table 2) and the temperature was lower than 260°C;
however, full conversion of a notable fraction of VOCs is obtained specially by C-CZ.

CONCLUSION

The result of this study showed that the Fe’ nanoparticles are more effective than Cu,O to
destruct the VOCs and significantly enhanced the catalytic properties of the natural zeolite which
was used in this study (i.e., Clinoptilolite). A combination of Fe’ and Cu,O nanoparticles may offer
simultaneously higher free radicals formation which will result in more degradation of
intermediate compounds. So, it has a synergetic effect on VOCs mineralization and its M/E ratio
is higher than Fe’, but can eliminate less mass of the VOCs. As the catalyst nanoparticles are on
zeolite surface and catalytic destruction of the pollutants are mainly take place at the surface, the
VOCs with higher volatility such as benzene were lower eliminated in this process.
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