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This work aims at the reutilization of a Cr-loaded NaY zeolite obtained by biorecovery of chromium from
water as catalyst in the oxidation of volatile organic compounds (VOC). Cr-NaY catalysts were obtained
after biosorption of Cr(VI) using a bacterium, Arthrobacter viscosus, supported on the zeolite. The biosorp-
tion experiments were conducted at different pH values in the range 1-4. The catalysts were characterized
by several techniques, namely ICP-AES, SEM-EDS, XRD, XPS, Raman, H,-TPR and N, adsorption. The zeo-
lite obtained at pH 4 has the highest content of chromium, 0.9%, and was selected as the best catalyst for

sggv ords: the oxidation of different VOC, namely ethyl acetate, ethanol and toluene. For all VOC tested, the catalyst
Total oxidation with chromium showed higher activity and selectivity to CO,, in comparison with the starting zeolite
Cr-NaY NaY. The presence of chromium shifted also the reaction pathways. In terms of selectivity to CO,, the
Ethyl acetate following sequence was observed: ethyl acetate > toluene > ethanol.

Ethanol © 2011 Elsevier B.V. All rights reserved.
Toluene

1. Introduction

Volatile organic compounds (VOC) are considered to be the most
important class of air pollutants and are emitted from a variety
of industrial processes and transportation activities. They include
a wide range of compounds, such as oxygenates, aromatics and
halogenated hydrocarbons [1]. The emission of VOC is of particular
concern due to their high toxicity and their easiness of spreading
through the atmosphere. The release of these harmful compounds
into the atmosphere has widespread environmental implications
and has been linked to the stratospheric ozone depletion, formation
of ground level ozone, enhancement of global greenhouse and con-
tribution to the acidification of rain [2,3]. With this respect, strict
regulations on the environmental standards have been applied in
several countries in order to reduce VOC emissions [4].

Among the different techniques for VOC emission abatement,
catalytic oxidation is considered to be a promising solution as it
can be efficiently applied in a wide range of inlet VOC concentra-
tions and gas flow rates [5-13]. The catalytic process offers high
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destructive efficiency at lower operating temperatures than the
required by thermal oxidation processes [14-17]. The commercial
catalysts for oxidation of VOC can be classified into two main cate-
gories: supported noble metals [18-21] and transition metal oxides
(bulk or supported forms) [22-25]. The catalysts based on noble
metals, such as platinum and palladium are the most commonly
used for the complete oxidation at low temperature. Although it is
generally accepted that noble metal catalysts are more active than
metal oxides, their susceptibility to poisoning [26,27], high cost and
limited availability have been encouraging their replacement by
low cost transition metals [8,15]. These catalysts present sufficient
activity, although they are in general less active than noble metals
at low temperatures. Nevertheless, in some cases, these catalysts
show performances as high or higher than supported noble metal
catalysts [28]. Among the transition metals, chromium is an inter-
esting metal to be applied in catalytic oxidation reactions because of
its multiple oxidation states. Chromium catalysts have been exten-
sively studied in the oxidation of many pollutants namely propene
[29], ethyl acetate [30] and methylene chloride [31].

It is well known that supports strongly affect the catalytic activ-
ity, particularly in oxidation reactions. The type of support used
has a significant influence on metal dispersion. In recent years, the
use of zeolites as supports or as catalysts for oxidation reactions,
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has gained particular interest [10,12,21,26,29,32]. The advantage
of zeolite-based catalyst is that the active metal components can
be exchanged with the compensating cations in the zeolite, achiev-
ing a better metal dispersion. In addition, zeolites possess size and
shape features that allow its use as effective catalysts in several
reactions [12,32].

In this work, a technology based on the reuse of Cr(VI), recov-
ered by a biosorption process, as catalyst for oxidation reactions
is proposed. As reported in previous work [33], a low-cost sys-
tem combining the biosorption properties of a microorganism with
the ion exchange properties of a zeolite was able to remove hex-
avalent chromium from contaminated water. After the biosorption
process, Y zeolite loaded with Cr can be used as competitive and
selective catalyst to be applied in catalytic oxidation of volatile
organic compounds [34]. Therefore, Cr(VI) that is usually consid-
ered a xenobiotic pollutant, can be reused as a catalyst to be applied
in the oxidation of persistent organic compounds, presenting a dou-
ble environmental benefit. The aim of this study is the reutilization
of the chromium-containing NaY zeolite obtained by biorecovery of
chromium from water as catalyst in the oxidation of ethyl acetate,
ethanol and toluene.

2. Experimental
2.1. Biosorption assays

The metal-loaded zeolite samples were obtained after biosorp-
tion experiments as reported in a previous work (not yet
published). The experiments were performed with Arthrobacter vis-
cosus supported on NaY zeolite, using different pH values (1, 2,
3 and 4). The biomass concentration and initial Cr(VI) concentra-
tion used were 5 g/L and 100 mg/L, respectively. Batch experiments
were conducted in 250 mL Erlenmeyer flasks using 15 mL of the
A. viscosus suspension previously prepared, 150 mL of a potas-
sium dichromate solution and 1.0g of NaY zeolite. The solution
pH was regularly maintained at the desired pH value using H,SO4
or NaOH 1 M solutions. The Erlenmeyer flasks were kept at 28 °C,
with moderate stirring, until the equilibrium was established. Sam-
ples were taken and analyzed for chromium quantification. The
chromium ions were quantified by the spectroscopic method of
1,5-diphenylcarbazide [35].

2.2. Characterization procedures

Elemental chemical analyses were performed by inductively
coupled plasma atomic emission spectrometry (ICP-AES), using a
Philips ICP PU 7000 Spectrometer, after acid digestion of the sam-
ples.

The morphology of the zeolite samples after biosorption was
evaluated by scanning electron microscopy (SEM), using a Leica
Cambridge S360, equipped with an energy dispersive X-ray spec-
troscopy (EDS) system. Solid samples were coated with Au in
vacuum to avoid surface charging using a Fisons Instruments SC502
sputter coater.

Powder X-ray diffraction (XRD) patterns were recorded using a
Philips Analytical X-ray model PW1710 BASED diffractometer sys-
tem. Scans were taken at room temperature, using Cu Ko radiation
in a 260 range between 5° and 70°.

X-ray photoelectron spectroscopy (XPS) analyses were obtained
in a VG Scientific ESCALAB 250iXL spectrometer using a monochro-
matic Al-Ka radiation at 1486.92 eV. In order to correct possible
deviations caused by electric charge of the samples, the C 1s line at
285.0 eV was taken as internal standard [36,37].

Temperature programmed reduction (TPR) experiments were
performed in an AMI-200 (Altamira Instruments) apparatus. The

sample (50 mg) was placed in a U-shaped quartz tube located inside
an electrical furnace and subjected to a 10 °C/min heating rate from
room temperature to 600 °C, under a mixture of 5% (v/v) Hy/He, ata
total flow rate of 30 cm3/min. The H, consumption was followed by
a thermal conductivity detector (TCD) and by mass spectrometry
(Dymaxion 200 amu, Ametek).

Raman spectra were run with a single monochromator Ren-
ishaw System-1000 microscope Raman equipped with a cooled
CCD detector (—73°C) and holographic super-Notch filter. The
holographic Notch filter removes the elastic scattering while the
Raman signal remains high. The powdery samples were excited
with the 514 nm Ar* line; spectral resolution was ca. 3cm~! and
spectrum acquisition consisted of 40 accumulations of 10s. The
power at the sample was 0.9 mW. The spectra were obtained
under hydrated and dehydrated conditions in a hot stage (Linkam
TS-1500). The catalysts were dehydrated in synthetic airflow at
500°C at a rate of 10°C/min. Raman spectrum of dehydrated sam-
ple was run at 500°C and after cooling in synthetic air at room
temperature.

The textural characterization of the catalysts was based on the
N, adsorption isotherms, determined at —196°C using a Quan-
tachrome Instruments Nova 4200e apparatus. The samples were
previously outgassed at 150°C under vacuum. The micropore
volumes were calculated by the t-method. Surface areas were cal-
culated by applying the BET equation.

2.3. Catalytic tests

The catalytic tests were performed using similar conditions as
reported by Bastos et al. [38]. The catalyst (50 mg) was pretreated
in air flow at 400°C for 1h, and then cooled to room tempera-
ture. The catalytic oxidation of ethyl acetate, ethanol and toluene
was performed under atmospheric pressure. The flow rate of the
reacting stream was 150 cm?/min (measured at room temperature
and pressure), which corresponds to a space velocity of 16000 h~!
(determined in terms of total bed volume), with a composition of
2000 Mgcarp0n/m> (500 ppm of ethyl acetate, 1000 ppm of ethanol
and 286 ppm of toluene). A feed stream with a composition of
4000 mgarhon/m3 (1000 ppm of ethyl acetate) was also used for
the oxidation of ethyl acetate. The temperature was increased at
2.5°C/min between room temperature and 500°C. A fixed-bed
reactor was used, consisting of a U-shaped quartz tube of 6 mm
internal diameter, placed inside a temperature controlled electri-
cal furnace. Temperature in the reaction zone was measured by
a K type thermocouple placed in the middle of the catalyst bed.
In order to minimize the thermal effects, the catalyst was diluted
with an inert (carborundum) having the same size as the catalyst
particles, between 0.2 and 0.5 mm. The gas mixture at the reactor
outlet was analyzed by a CO, non-dispersive infrared (NDIR) sensor
Vaisala GMT220 and a total volatile organic compounds analyzer
MiniRAE2000 (which has different sensitivity for each VOC). The
reaction was carried out in two cycles of increasing and decreas-
ing temperature. The conversion into CO; (Xco, ) was calculated as
Xco, = Fco,/(v x Fyoc,in), where Fygc,iy is the inlet molar flow rate
of VOC (Cyoc,in is the corresponding concentration), Fco, is the out-
let molar flow rate of CO, and v is the number of carbon atoms in
the VOC molecule (for ethyl acetate, v=4, for ethanol, v=2 and for
toluene, v=7).

The total amount of carbon retained in the porous structure of
the Cr-NaY catalyst after reaction with toluene was measured by
temperature programmed oxidation in air (TPO). After the reaction,
the catalyst was cooled in nitrogen to 100°C. Then, a stream of
air was passed and the temperature increased at 10°C/min up to
500°C, so that all the coke deposited was converted into CO,/CO
and detected by the CO,/CO analyzers.
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Fig. 1. EDS analysis of Cr-NaY samples obtained at pH 2 (a) and pH 4 (b).

3. Results and discussion
3.1. Biosorption assays

The results of biosorption assays were well discussed in previous
work (unpublished). The reduction of Cr(VI) to Cr(Ill) performed by
the bacterium was significantly favoured by lower pH values, as it
is essential to supply numerous protons to promote the rate of the
reduction reaction. Nevertheless, for extremely acidic pH values,
in this case pH 1 and pH 2, the structure of the zeolite is proba-
bly damaged and this can explain the lower efficiencies of total Cr
removal observed for these pH values. The best removal efficiencies
of total chromium were obtained for the highest pH values, 3 and 4,
69.5% and 88.6%, respectively. In order to assess the properties and
the applicability of these chromium-loaded zeolites obtained by
biosorptionin the oxidation of VOC, the samples were characterized
by several techniques.

3.2. Characterization

3.2.1. Chemical and morphology analysis

The zeolite samples obtained after biosorption of chromium
were characterized by chemical analysis (ICP-AES) and scanning
electron microscopy coupled with energy dispersive X-ray spec-
troscopy (SEM-EDS). The results of bulk chemical analyses revealed
a high content of chromium in the zeolite, 0.76% and 0.90% for the
catalysts obtained at pH 3 and pH 4, respectively. These results are
in agreement with the high removal efficiencies attained for these
pH values.

The presence of chromium in the zeolite was also detected by
EDS analysis. Fig. 1 presents the surface EDS spectra of Cr-NaY zeo-
lites obtained at pH 2 and pH 4.

The EDS spectra of both Cr-NaY zeolites reveal peaks of Si, Al,
Cr, Au, O and C. The presence of Si, Al and O peaks are due to the
zeolitic matrix composition, while C peak is attributed to the bac-
terium organic matter. The appearance of Au peaks is a result of the
preliminary coating treatment of the samples with this metal. As
can be observed in Fig. 1, the high content of chromium detected
in the zeolite obtained at pH 4 is in agreement with the results of
bulk chemical analyses. For the zeolite sample obtained at pH 2, a
low content of chromium is observed in comparison with the one
obtained at pH 4. This is probably related with the damages caused
on the zeolite structure due to the extremely acidic conditions.

Fig. 2 shows SEM micrographs of NaY and Cr-NaY catalysts after
the biosorption at pH 1, pH 2 and pH 4.

The micrograph presented in Fig. 2(b) shows that the morphol-
ogy of the catalyst obtained after biosorption at pH 4 did not change
in comparison to the starting NaY zeolite. The average particle
size of the zeolite obtained at pH 4 and of the starting NaY was
about 0.6-0.8 wm. However, the biosorption process performed at
very acid pH values such as pH 1 and pH 2 led to changes in the
morphology of the zeolites. The external surface of the catalysts
obtained at these low pH values seems to become more irregular
and rougher. It is also possible to observe a decrease in the particle
size of the zeolite as the pH decreases. The catalysts obtained at pH
1 and pH 2 presented a range of particle sizes of about 0.4-0.6 wm
and 0.4-0.8 p.m, respectively. The damages on the surface structure
when severe experimental conditions are used can impart a nega-
tive effect on the further utilization of these catalysts for oxidation
reactions.

3.2.2. XRD

The XRD patterns of the catalysts prepared at different pH values
are illustrated in Fig. 3. It can be seen that the diffraction spectrum
of the catalyst obtained at pH 4 is similar to that of the starting
NaY zeolite, even though some loss of the intensities of the peaks
is observed. This similarity indicates a comparative crystallinity of
FAU zeolite phase after the loading of Cr. Nevertheless, the signif-
icant loss of intensity and the disappearance of several reflection
peaks in the XRD spectra of the samples obtained at lower pH is an
evidence of extensive damage in the zeolite structure. This damage
became more significant with the decreasing of pH. No diffraction
peaks assigned to Cr species occur for any of the catalysts, even at
a high Cr loading of 0.9%. Such absence suggests a high dispersion
of Cr through the zeolite.

Table 1 summarizes the structural properties obtained by XRD
patterns of the starting NaY zeolite and the different catalysts. The
unit cell parameters (ag) were calculated from the [53 3], [642]
and [5 5 5] reflection peak positions that were determined using the
[101] reflection of quartz (26 =26.64187°) as an internal standard
by ASTM D 3942-80. The results reveal that the ag lattice param-
eter was practically unaffected for the catalyst obtained at pH 4,
showing at most a decrease of 0.08%, but for the samples obtained
at pH 2 and pH 1 a significant decrease of this parameter, 0.24%
and 1.79%, respectively, was observed. The relative crystallinity was
estimated by comparing the peak intensities of the catalyst sam-
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Fig. 2. SEM photograph of the starting NaY zeolite (a), and Cr-NaY zeolites obtained at pH 4 (b), pH 2 (c) and pH 1 (d).
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Fig. 3. XRD patterns of NaY and of zeolite samples, obtained at pH 1, pH 2, pH 3 and
pH 4.

ples with those of starting NaY (100% of crystallinity). It is possible
to observe that the crystallinity significantly decreases as the pH
decreases. For the samples obtained at the lower pH values, pH 1
and pH 2, the loss of crystallinity was above 95%. It can also be seen
that the molar Si/Al ratio of the samples determined by chemical
analysis increased as the solution pH decreases, which indicates the
dealumination of the structure catalyzed by the protons in solution.

Table 1

Structural and chemical analyses of catalysts.
Sample ap (A Relative crystallinity (%)P Si/Alpu©
Nay 24.63 100 2.80
Cr-NaY (pH 4) 24.61 68.0 2.95
Cr-NaY (pH 3) 24.57 216 3.37
Cr-NaY (pH 2) 24.19 41 -
Cr-NaY (pH 1) - 0.9 -

3 ag is the unit cell parameter determined from XRD analysis.
b Comparison with NaY by XRD analysis.
¢ Bulk Si/Al ratio determined by ICP-AES.

3.2.3. Raman

Additional structural information was obtained by Raman
spectroscopy. This technique together with XPS provided the iden-
tification of chromium species present in these systems. The micro
Raman spectra of Cr-NaY obtained from biosorption method at
pH 4 are presented in Fig. 4. It was not possible to obtain the
Raman spectra of the starting NaY zeolite as this sample showed
intense fluorescence which is typically four orders of magnitude
more intense than the Raman signal, the latter being overwhelmed
by fluorescence.

The Raman spectra of the catalyst show essentially Cr(VI)
species. Upon dehydration, a slight shift of the bands that appear
in the spectrum of the hydrated sample can be observed. The pres-
ence of chromium was observed at bands 980 and 936cm~! that
are related to surface Cr(VI) species. The presence of these species
could be related to the calcination conditions that favour the oxi-
dation of Cr(Ill) to Cr(VI). The bands observed are related to the
stretching mode of the terminal Cr=0 of surface Cr(VI) species that
appear typically at 1007-980 cm~!. In general, as Na coordinates to

Hydrated
3
&
£
g Dhydrated
=
Ll
298
T T T T 1
1200 1000 800 600 400 200

Raman Shift (cmi')

Fig. 4. Raman spectra of Cr-NaY catalyst obtained at pH 4.
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Table 2
Elemental analysis determined by XPS.
Sample XPS (atom%) Si/Al
N C Si Al Cr
NaY - - 23.8 7.4 - 3.10
Cr-NaY (pH 4) calcined - 6.0 22.0 7.2 0.7 3.06

Cr-NaY (pH 4) uncalcined 4.6 46.2 10.9 3.3 0.7 3.30

surface chromates the Cr=0 mode vibration shifts to lower frequen-
cies, and as surface chromate polymerizes the 1007 cm~! band also
shifts to lower frequencies and new bands appear at 980-800 cm~!
[39]. The Raman bands observed between 200 and 600cm~! are
attributed to the motion of the oxygen atom in a plane perpen-
dicular to the T-O-T bonds in the zeolite structure, which is not
sensitive to hydration. The high frequency Raman bands in the
range 1100-1200cm~! are assigned to the asymmetric stretching
vibration of the Si-O bond. These Raman bands have mostly low to
moderate intensity [40].

3.2.4. XPS

Table 2 presents the XPS analysis based on C 1s, N 1s, Na 1s, Al
2p, Si 2p and Cr 2p peak intensities for NaY and catalyst Cr-NaY (pH
4), before and after calcination. The XPS spectra revealed the pres-
ence of sodium, silicon and aluminium for all samples. Carbon and
nitrogen from the organic matter of the bacterium before calcina-
tion were also detected. The sample exhibits the same content of
chromium, 0.7%, at the zeolite surface, before and after calcination.
The concentration of chromium determined by XPS is of the same
order as that obtained by chemical analysis (0.9%) which is an indi-
cation that the metal is uniformly distributed on the zeolite surface.
The presence of chromium was detected in the modified zeolite
spectrum. The difference between the Si/Al ratios determined on
the surface by XPS (Table 2) and those determined in bulk by chemi-
cal analysis (Table 1) indicates an uneven distribution of silicon and
aluminium throughout the zeolite structure.

The binding energies of the peaks in the Cr 2p region were
obtained for the catalyst prepared at pH 4, before and after calci-
nation (Table 3). Before calcination, a significant band appeared at
a binding energy of 577.3 eV that corresponds to a Cr 2ps, orbital.
After calcination, the spectrum showed two bands at 578.2 eV and
587.7 eV, the former corresponding to a Cr 2ps), orbital and the lat-
tertoaCr2pq, orbital. In reference compounds the Cr 2p3, orbitals
are assigned at 577.2eV (CrCl3) and 576.2-576.5eV (Cr,03) for
Cr(IlI) compounds, while Cr(VI) forms are characterized by higher
binding energies such as 578.1eV (CrOs3) or 579.2eV (K,Cr,07)
[41,42]. Boucetta et al. verified that the Cr 2p,, orbitals for Cr(VI)
species are assigned in the range 587.6-589.2 eV [43]. Therefore,
it can be clearly concluded that chromium loaded in the zeolite
is in the trivalent form before calcination and in hexavalent form
after calcination, which is consistent with the absence of the Cr,03
sharp Raman band at 550 cm~!. Thus, upon calcination in air, the
exchanged Cr(Ill) suffered oxidation to Cr(VI) species.

3.2.5. H,-TPR

A TPR experiment was carried out in order to determine the
reducibility of chromium in calcined Cr-NaY catalyst (pH 4) and the
results are presented in Fig. 5. The H,-TPR spectrum showed a single

Table 3
XPS data of Cr-Nay catalyst obtained at pH 4.

Sample Cr level BE (eV) Oxidation state
Cr-NaY (pH 4) uncalcined 2p3p 577.3 Cr(II1)
Cr-NaY (pH 4) calcined 2ps3p 578.2 Cr(VI)

2p12 587.7 Cr(VI)

ML.S. Intensity (a.u.)

350 400 450 500 550 600
T(°C)

Fig. 5. H,-TPR spectra of calcined Cr-NaY catalyst (pH 4).

broad peak centered at 460 °C. According to several authors [43-47]
this consumption of hydrogen could be assigned to Cr(VI) — Cr(III)
reduction transitions of chromium species on the zeolite surface.
This result is confirmed by the sample colour shift from yellow
to light green after the TPR experiment. These observations are
an additional indication that oxidation of chromium (initially ion-
exchanged as Cr3*) to Cr®* has occurred upon calcination.

3.2.6. N, adsorption

The results of N, adsorption isotherms are listed in Table 4.
It is clear that the pH is an important parameter in the prepara-
tion of catalysts, since it has a significant effect on their textural
properties. It can be seen that very acidic conditions lead to a signif-
icant decrease of the catalyst surface area and pore volume, which
allows foreseeing a worse catalytic performance on the oxidation
reactions.

The results of all the characterization techniques allowed to
choose the catalyst obtained at pH 4 as the most suitable for VOC
oxidation.

3.3. Catalytic tests

The catalytic performance of the Cr-NaY zeolite obtained at pH 4
was evaluated in the oxidation of ethyl acetate, ethanol and toluene.
The same study was carried out with the starting NaY zeolite in
order to assess the effect of chromium in the catalytic activity.

The light-off curves of a standard experiment consisted in two
cycles of: increasing temperature, keeping the temperature con-
stant for 1 h and decreasing it. For all VOC tested, it was observed
that the catalytic performance in the increasing temperature step
in the first and second cycle was quite similar and the same was
observed for the decreasing temperature step. This is a clear indi-
cation of the stability of the catalyst in the oxidation reaction.
The performance of all catalysts was always compared using the
decreasing temperature step.

Table 4

Catalyst characterization by nitrogen adsorption.
Sample Sger (m?/g) Vinicropore® (€M?/g) Vo (em®/g)
NaY 787 0.347 0.382
Cr-NaY (pH 4) 733 0.308 0.355
Cr-NaY (pH 3) 439 0.185 0.260
Cr-NaY (pH 1) 86 0.043 0.086

@ Calculated by the t-method.
b Total pore volume determined from the amount adsorbed at P/Py =0.99.
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The comparison of the catalytic performance of Cr-NaY catalyst
and the starting zeolite, NaY, for the oxidation of ethyl acetate at
two different concentrations, 4000 mgc/m3 and 2000 mgc/m3, is
shown in Fig. 6.

Over the Cr-NaY catalyst, the complete oxidation of ethylacetate
occurs at 520°C when the concentration is 2000 mgc/m3. For the
same VOC concentration and temperature, the maximum conver-
sioninto CO; for the starting NaY zeolite was only 70%. The presence
of chromium in the zeolite allowed a marked decrease of about
85°C in the temperature required to achieve 50% of CO, conver-
sion (Tsp). When the ethyl acetate concentration was increased
from 2000 mgc/m3 to 4000 mgc/m?3, the maximum yield of CO,
decreased from 100% to 57% for Cr-NaY and from 70% to 40% for
NaY, at 520°C. These results are an indication that probably the
catalyst surface is completely covered by ethyl acetate molecules
at a concentration of 2000 mgc/m?3, as the maximum CO, conver-
sion decreased by almost half when the concentration was doubled.
Therefore, for concentrations above this value, the maximum con-
version into CO, decreases. Abdullah et al. [48] studied the catalytic
activity of a chromium exchanged ZSM-5 zeolite (Cr-ZSM-5) in the
decomposition of ethyl acetate, using a similar chromium loading
0f 0.98% and a higher space velocity of 32000 h~1, in comparison to
the conditions used in this work. These authors obtained a yield of
CO, of about 80% at 500 °C, while in this study the same conversion
was achieved at 420°C.

The light-off curve of the starting NaY zeolite has two levels
in which the conversion into CO, remained constant, the first one
between 385°C and 415 °C and the second one starting at 505 °C.
The shape of this curve is an indication of the formation and sub-
sequent oxidation of by-products. The absence of the first level in
the Cr-NaY light-off curve reveals that the presence of chromium
increases not only the activity and selectivity of the catalyst, but
also shifts the reaction pathways. However, it should be noted that
up to about 300°C both catalysts have similar performance, and
thus chromium does not seem to have an important role at tem-
peratures below this value.

For both catalysts, ethyl acetate conversion (figures not shown)
starts at 275 °C, for an ethyl acetate concentration of 2000 mgc/m?.
Complete conversion of ethyl acetate was achieved with Cr-NaY
catalyst at 380°C, while conversion was only 82% with NaY at
500°C.Itis also important to know the by-products that are formed
and if any of these are more harmful than the reactant. The VOC
analyzer used in this work (MiniRAE2000) allows the determina-
tion of the total amount of VOC but not the identification of the
different organic compounds. In order to identify the by-products
that are produced, the effluent gas was analyzed by a gas chro-
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Fig. 7. Light-off curves for the oxidation of ethanol on Cr-NaY and Nay, for the
cooling step.

matograph equipped with a flame ionization detector (FID). With
Cr-NaY, ethylene started to be produced at 275 °C, while CO, was
formed only above 300 °C, which means that ethyl acetate was ini-
tially converted in to ethylene, the latter being converted into CO,
at temperatures higher than 300 °C. With NaY zeolite, ethylene and
CO, were simultaneously produced at 300°C. In this case, part of
ethyl acetate is converted directly to CO, and the other part is oxi-
dized to ethylene. At 370°C, a second by-product was produced on
NaY, this product being converted at temperatures above 415°C,
which is the starting temperature of the second stage of increas-
ing of CO, conversion. This side-product was detected by the total
VOC analyzer, but it was not possible to identify this compound by
GC. Recently, several authors reported that the catalytic oxidation
of ethyl acetate includes several consecutive and/or parallel steps.
The first one regards ethyl acetate decomposition to smaller organic
molecules, such as ethanol and/or ethylene. The second one con-
sists their further partial oxidation to acetaldehyde or acetic acid
and at last, a complete oxidation of these products to CO, and H,O
occurs [14,49,50]. Therefore, the unknown by-product formed can
probably be acetic acid resulting from the oxidation of ethylene, as
this compound is very difficult to detect by GC. With NaY zeolite,
the production of CO at 520 °C was also detected.

The catalytic performances of Cr-NaY and the starting NaY zeo-
lite for the oxidation of ethanol were evaluated. The light-off curves
obtained are presented in Fig. 7.

It can be observed that complete conversion into CO, was not
achieved with any of the catalysts tested. The maximum conver-
sion attained with Cr-NaY zeolite was 39% at 450°C, while the
conversion into CO, only reached 28% at 520 °C with the starting
NaY zeolite. It is clear that the presence of chromium in the zeo-
lite increased dramatically the activity. In terms of comparison, the
conversion into CO, is about 28% at 380 °C with Cr-NaY, which is
140°C lower than the required temperature for NaY to reach the
same conversion.

With both catalysts, ethanol starts to be converted (data not
shown) at temperatures near 140°C. The complete oxidation of
ethanol occurs at 385 °C in the presence of Cr-NaY, while the max-
imum conversion obtained with NaY was 33% at 410°C. When
Cr-NaY is used as catalyst, acetaldehyde starts to be produced
at 140°C, being converted into a second by-product at tempera-
tures between 220°C and 270 °C (not detected by GC analysis). At
this temperature range acetaldehyde is probably oxidized to the
respective carboxylic acid, i.e., acetic acid, according to the reaction
pathways for the oxidation of primary alcohols that were reported
in several works [18,51]. At 280°C, ethylene starts to be produced
as aresult of the dehydration of ethanol and at temperatures higher
than 290°C, the formation of CO, and CO occurs as a result of the
complete oxidation of the intermediate products. Gucbilmez et al.
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Fig. 8. Light-off curves for the oxidation of toluene on Cr-NaY for the heating and cooling steps (a) and comparison with the performance of NaY catalyst (cooling step) (b).

(2006) also reported the production of ethylene during the oxida-
tion of ethanol over V-MCM-41 catalysts at temperatures between
200°C and 400°C [52].

Traces of acetaldehyde were produced at lower temperatures
(T<200°C) with the starting NaY zeolite, but the main product
found was ethylene, at higher temperatures. Ethylene starts to be
formed at 250 °C, being converted into CO at 325 °C, which is further
converted into CO, at temperatures above 405 °C.

In Fig. 8 is shown the light-off curves for toluene oxidation on
Cr-NayY, in terms of CO, conversion, for the heating and cooling
step, and the comparison with the performance of the starting NaY
zeolite.

A peak of CO, is observed in Fig. 8(a), with conversions higher
than 100% between the temperatures of 400°C and 450°C. This
result can be explained by the adsorption properties of the zeolite
and the reactivity of the Cr-NaY catalyst. In this context, it is impor-
tant to refer the work of Paulis et al. [53]. These authors studied the
influence of adsorption and desorption processes in the oxidation of
toluene and acetone over Pd/Al,03, Mn,03/Al,03 and Mn,03/SiO;
catalysts. The light-off curves obtained showed apparent conver-
sions into CO, which are higher than 100%, and these results were
attributed to the accumulation of coke at low temperatures. Tsou
etal.[54,55] havereported an oscillatory behaviour in the oxidation
of some VOC compounds over zeolite-based catalysts. The authors
found that this phenomenon was due to the adsorption properties
of the support and also to the accumulation of coke. In particular,
a support which is capable of retaining the VOC at temperatures
higher than the reaction temperature can lead to oscillations in the
apparent conversion into CO,. In the present work, the formation
of coke during the oxidation of toluene over Cr-NaY zeolite will be
further evaluated.

Analyzing Fig. 8(b) it is clear that the presence of chromium in
the zeolite dramatically changes the catalytic performance in the
oxidation of toluene. With Cr-NaY, the maximum conversion into
CO, attained was 70% at 450 °C, while the production of CO, was
not observed at any temperature in the range with the starting
NayY zeolite. In terms of VOC conversion (data not shown), toluene
started to be converted at 140°C with Cr-NaY and at 120°C with
NaY. The complete conversion of toluene was achieved at 450°C
with Cr-NaY, whereas the starting zeolite only attained 23% of con-
version at 500°C. With NaY, benzaldehyde starts to be produced
at 120°C and is further converted into CO at temperatures higher
than 210°C. With Cr-NayY, toluene is initially converted into CO at
temperatures higher than 140°C and probably into carbonaceous
compounds (coke), as the production of CO, only started at 325°C.
Similar results were obtained by Ribeiro et al. [56] for the oxida-
tion of toluene over copper and cesium exchange Y zeolites. These
authors used a toluene concentration of 800 ppmv (3000 mgc/m?3),

300 mg of catalyst and a space velocity of 24200 h—!. The complete
oxidation of toluene occurs at about 450 °C and the maximum CO,
yield obtained was 80% at 500 °C. Other authors studied toluene
oxidation over chromium-based catalysts and obtained a worse
performance in terms of activity and selectivity in comparison with
this work. Subrahmanyam et al. used Cr-MCM-48 catalysts and
obtained a toluene conversion of 11.3% at 375 °C, the main reaction
products being benzaldehyde, benzene, CO, and CO [57].

The formation of coke on Y zeolites during the oxidation of aro-
matic compounds was reported by several authors that showed
that the acidic sites of the zeolites play a significant role in the
formation of carbonaceous compounds [56,58,59]. In order to eval-
uate the formation of coke in Cr-NaY, TPO analyses were carried out
after 1 hreaction with toluene at selected temperatures, 400 °C and
500°C (Fig. 9). For the reaction at 400°C, a single broad peak was
observed between 360°C and 500°C, with a maximum at 440°C.
It is observed that the production of CO, (expressed as mass of
carbon per 100 g of catalyst, per minute) started at 360 °C, which is
35°C higher than the temperature at which the formation of CO, in
the oxidation reaction started. This broad peak is an indication that
CO, production is not only due to oxidation of toluene molecules
adsorbed in the zeolite, but also of carbonaceous compounds result-
ing from side reactions during the oxidation of toluene. The burning
temperature of these compounds is not much higher than the
temperature at which toluene total oxidation occurs, which is an
indication that probably the compounds are small polymers, such
as carbonaceous oligomers. By the integration of the curve, the
amount of carbonaceous compounds in the zeolite after 1 hreaction
at 400 °Cwas calculated as 2.25 g¢/100 gcac. On the other hand, after
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Fig. 9. Temperature programmed oxidation (TPO) after the oxidation of toluene
over Cr-NaY catalyst at 400 °C and 500 °C.
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Fig. 10. Reutilization cycles of Cr-NaY catalyst in the oxidation of toluene.
Table 5

Temperatures corresponding to 100% of VOC conversion (Tyoo) and maximum CO,
yield.

voC Tigox (°C) Xco, (%) T(°C)
Ethyl acetate 385 100 520
Ethanol 355 39 450
Toluene 450 70 450

reaction at 500°C, the production of CO, or CO was not observed
during the TPO experiment, which means that neither toluene
adsorption nor formation of carbonaceous side products occurs at
this temperature.

In order to evaluate the possible loss of activity of the Cr-NaY
catalyst due to the formation of carbonaceous oligomers, reutiliza-
tion tests were performed. Between each reaction, a regeneration
treatment was performed at 500 °C, through a stream of air. Fig. 10
shows the light-off curves of three consecutive reutilization reac-
tions, each one consisting of two cycles of heating and cooling
steps. As it can be seen, the catalyst had the same performance
in all the three reutilization reactions and did not show any loss of
activity. This is an indication that the carbonaceous oligomers that
are deposited in the zeolite are easily burned at 500 °C during the
regeneration treatment of the catalyst.

A comparison of the catalytic performance of Cr-NaY in the oxi-
dation of the three VOC studied was made. Table 5 summarizes the
temperatures corresponding to 100% of VOC conversion (T;ggx) and
the maximum conversion into CO; (Xco, ), for the oxidation of ethyl
acetate, ethanol and toluene. Comparing the VOC tested, toluene
was the most resistance to oxidation, as it required temperatures
95°Cand 65 °C higher than ethanol and ethyl acetate, respectively,
for 100% of conversion. In terms of VOC conversion, the following
sequence was observed: ethanol >ethyl acetate>toluene. How-
ever, in terms of selectivity to CO,, ethyl acetate was the only
compound for which total oxidation was achieved, and therefore
the sequence changes to ethyl acetate > toluene > ethanol.

4. Conclusions

The Cr-NaY zeolite obtained after biosorption of Cr(VI) was suc-
cessfully reutilized as catalyst in the oxidation of ethyl acetate,
ethanol and toluene. XPS analysis proved that chromium was
exchanged by the zeolite as Cr(Ill) and upon calcination the triva-
lent chromium suffered oxidation to Cr(VI), which was confirmed
by Raman and H,-TPR. For all VOC tested, the presence of chromium
in the zeolite shifted the reaction pathways, allowing a notable
increase of activity and selectivity to CO,, in comparison with the
starting zeolite NaY. In terms of VOC conversion the following
sequence was observed: ethanol>ethyl acetate >toluene. How-

ever, in terms of selectivity to CO,, ethyl acetate was the only VOC
for which total oxidation was attained and therefore the above
sequence changes to ethyl acetate > toluene > ethanol.

This work presents a double environmental benefit, as it allows
the treatment of chromium-contaminated wastewater and simul-
taneously the removal of VOC from gaseous streams.
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