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Layered clays modified or not modified and promoted with copper cations were studied in catalytic oxida-
tion of ethanol, representing volatile organic compounds (VOC). The influence of preparative steps, such as
acidic activation and pillaring was considered. The catalysts were characterized by the low-temperature
sorption of N,, temperature-programmed reduction (TPR), transmission electron microscopy (TEM) and
tested in the reaction of the ethanol oxidation.

The promotion with CuO is the most important step in the preparation of catalysts and proved to
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increase their activity and selectivity. The pillared clays promoted with CuO are promising catalysts for

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Volatile organic compounds in industrial outgases present a
serious environmental problem. VOCs are pollutants produced by
different types of industry [1,2]. One of the possible methods of the
reduction of VOC emissions is the catalytic oxidation using different
catalysts containing noble or transition metals [3-16].

Noble metals such as supported Pt or Pd were found to be very
active at lower temperatures [17-24]. Santos et al. studied oxida-
tion of ethanol on Pt, Pd, Ir, Rh or Au supported on TiO, introduced
by incipient wetness technique and liquid phase reduction depo-
sition [24]. T1go was between 283 and 380°C, depending, firstly,
on the metal choice and secondly, on the method of active mate-
rial introduction. When impregnation was used T1gg were ca. 20°C
higher than for the introduction of active material by liquid phase
reduction deposition. It should be taken into account, however,
that noble metals are expensive and not abundant and this is why
metal oxide catalysts have been considered as a low cost alterna-
tive. Oxides, single or mixed, without a support and with support,
were studied for different VOC oxidation. Cu, Ag, Mn and Fe were
recognized as promising active materials [11]. CuOx unsupported
and supported, single or mixed with other oxides were studied for
oxidation of different volatile organic coumpounds (VOC). Morales
et al. [25] studied unsupported Mn-Cu oxides for total oxidation
of ethanol. CuO showed 100% conversion at ca. 260 °C. Delimaris
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and loannides [26] studied oxidation of C;H50H over CuO-CeO,
catalysts. On CuO reaction started at ca. 170 °C and reached 100%
around 320 °Cbut below 275 °C selectivity to CO, was low and con-
siderable amounts of acetaldehyde were obtained [26]. Cordi et al.
studied C,HsOH oxidation on Cu/Al,O3. Between ca. 250 and 300 °C
very small amounts of C;H40 were registered. CO, was accompa-
nied by small amounts of CO at 200-370°C[27]. Thus temperatures
under 300 °C do not seen practical for C;HsOH removal by total oxi-
dation. Cu supported on zeolites was also considered. Chen et al.
studied oxidation of acetone, ethyl acetate and toluene over Cu
supported on cerium-modified and zirconium pillared clays. Tog
for toluene was ca. 300 °C but the publication lacks detailed experi-
mental conditions (flow rate, stability, etc.) [28]. Wang et al. studied
toluene oxidation on Cu/Al,03 and other supported. Tgy for 5%
MeOy/yAl,03 was: 315, 327, 347, 387, 390°C, for Me =Cu, Fe, Cr,
Mn, Co, respectively [29]. Oxidation of toluene on CuO-MnOy on
different supports was compared by Li etal. [30,31]. Activity formed
a sequence: Cu-Mn/ZSM-5-25 > Cu-Mn/ZSM-5-38 [32]. For MCM-
supports the activity sequence was: Cu—-Mn-MCM-41 > Cu-MCM-
41>Mn-MCM-41. Maximum conversion was obtained at ca.
350-450°C.

TPO studies of ethanol oxidation on Ag/Al, O3 showed maximum
CO, formation at ca. 350 and 500 °C, while maximum CO formation
was registered at 400 and 600°C. Very small amounts of ethene
were formed with a maximum at ca. 325°C, with the formation
of C;H40 at lower temperatures [32]. Many authors reported that
perovskites of LaMeO3; formula (Me=Mn, Co, Ni) are also suited
for total oxidation [14,33-35]. Doping with Ag atoms improved
activites of metal oxides due to greater oxygen storage [36].
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Table 1
The applied preparation steps for the catalysts and specific surface area.

Samples VER-Cul VER-Cu3

VER-Ag1 VER-Ag3 BAICu BHCu BHAICu

Acidic activation -
Intercalation -
3% Cu(NOs3); or 3% AgNOs adsorption -
Cu or Ag 1% impregnation + —
Cu 5% impregnation — -
Sger (m?/g) 1 2

— - - + +

+
|

+

+ — - —
+ _ — _ _
— - + + +

nm nm 50 142 145

Copper and silver based catalysts are often studied. There are,
however, rather few papers describing the application of layered
clays for VOC removal [8-10,12,28,37-39]. Clays are quite attrac-
tive because they are cheap natural materials and there are several
modification possibilities. Both textural and chemical properties
e.g. basic/acidity may be changed through appropriate prepara-
tion procedures. Typical preparation steps used to tailor chemical
and physical structures of layered clays are acidic/basic treatments,
intercalation of hydroxycations, called pillaring, and promoting
with transition metal oxides/hydroxides. [25,26,28,29,38,40-42].

The subject of the work, a first in a series, was to study the
influence of different preparation parameters of clays (treated as
supports for copper species) on the ethanol oxidation properties.
The influence of a second oxide to Cu- or Ag-promoted catalysts
will be the next step in the study.

2. Experimental
2.1. Catalysts

The starting clays were commercial vermiculite (Sigma-Aldrich
GmBH) (designation VER), and bentonite (Riedel-de Haén) (des-
ignation B). Vermiculite was used as obtained, while bentonite
was prepared according to three routes, consisting of a dif-
ferent number of treatment steps. Route 1: bentonite (further
designation: B)— pillaring BAI; Route 2: bentonite B— acidic
pretreatment — BH; Route 3: bentonite B-— acidic pretreat-
ment — pillaring — BHAL.

Pillaring was carried out with Al-polycations (designation “Al”)
with chlorhydrol according to the procedure described by Vaughan
and Lussier [43]. An acidic pretreatment of clays was carried out
with 20% HCI solution at a boiling temperature for 1h, an acti-
vation time was chosen basing on previous experiments [44].Cu
oxides were introduced either by adsorption (vermiculite, ben-
tonite treated with acid) or by the incipient wetness method
(pillared bentonite). For the former, a determined amount of min-
eral was introduced into the Cu(NO3), solution and mixed for 2 h,
filtered and dried at room temperature. For the latter, the incipi-
ent wetness method was chosen, because pretreatment of layered
clays may decrease their exchange capacity. Before catalytic tests
all samples were calcined in situ at 500 °C for 30 min. Since, during
the catalytic tests, vermiculites exchanged with Cu proved to be
most active and selective of the studied samples, additionally, for
comparison, this type of clay was promoted with Ag, using AgNO3
and applying the same procedure as for VER-Cu. The list of the
studied catalysts, together with the applied preparation steps, is
summarized in Table 1.

2.2. Characterization

The characterization of the samples included: (i) Sger deter-
mined by nitrogen sorption at 77K using a volumetric method
(Micromeritics ASAP 2010). Prior to sorption the samples were
outgassed at 200 °C for 16 h. (ii) TPR-H; by Autochem 2910. (iii) Dis-

tribution of an active material by Transmission Electron Microscopy
(TEM) was registered using the TEM - 1011 with Teola film, accel-
eration voltage 100 kV and tungsten (W) gun.

Catalytic properties in ethanol oxidation (EtOH conversion
to CO, and CO) were studied under the following conditions:
mass of catalyst 200 mg, flow rate 250 cm3/min; reaction mixture:
1000 ppm EtOH, 7% O, rest He; reaction temperatures 250, 300,
350 and 400 °C. After calcination the temperature was decreased
under helium to 250 °C and the gas flow was switched to the reac-
tion mixture. After 60 min online, temperature was raised by 50°C
and the next experimental point was measured. The reaction prod-
ucts were analyzed in the Siemens analyzer containing the CO, and
CO detector - Ultramat 6E. Activity of catalysts was defined as % of
C,Hs50H turned into % of CO, and CO. Selectivity towards CO, was
defined as: Sc02 = %coz /%c02 + %co-

3. Results and discussion
3.1. Catalyst characterization

3.1.1. Specific surface area

Table 1 summarizes specific surface areas for the studied cata-
lysts. Vermiculite is characterized by low Sggr which additionally
decreased after the Cu promotion. Bentonite pillared with Al
showed moderate Sger (123 m?2/g), which decreased after the pro-
motion with Cu (to 50m?2/g). Samples treated with acid, either
pillared or not pillared, subsequently promoted with Cu (BHCu,
BHAICu) showed higher Sggr than BAICu. This could have been
caused by a different distribution of active material.

3.1.2. Reducibility

Fig. 1a summarizes the TPR profiles for the studied sam-
ples. Vermiculites exchanged with Cu showed the identical
reducibility, independently of the concentration of the applied
exchange solution, in contrast to vermiculites exchanged with
Ag.
All CuO promoted catalysts have two peaks corresponding to
different types of redox sites. According to Dow et al. [45], the first
(low-temperature) maximum may be ascribed to a highly dispersed
copper oxide, while the second to bulky CuO. An acidic activation
of bentonite (BHCu) shifted the reduction peaks to lower temper-
atures — two distinct maxima are present at 230°C and 270°C,
and an indistinct shoulder at ca. 350 °C. Bentonite pillared by alu-
mina and promoted with Cu (BAICu) has a large peak at ca. 380°C,
with an indistinct shoulder at lower temperatures, around 300 °C.
The application of both procedures, acidic treatment and pillar-
ing, led to a decrease in temperature of TPR maximum and the
peak was registered at ca. 290°C and a small shoulder at 400°C
(BHAICu).

For VER-Ag3 the TPR-H, peaks were found with maxima at
ca. 420°C and 610°C. In case of pure vermiculite no peaks were
observed. Thus clays promoted with CuO have at least two differ-
ent types of Cu-species, both the type and number dependent on
the preparation procedure. This is in agreement with the obser-
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Fig. 1. (a and b) TPR-H; profiles for the studied catalysts. (c—e) TEM studied catalysts.

vations of Knapczyk et al. [46], who found types and number
of CuO species introduced onto layered clays being dependent
on the preparation steps, among others on the type of pil-
lars.

The number of sites depends strongly on the treatment of the
support for B clays.

3.1.3. TEM

Materials containing silver show a much higher distribution (cp.
Fig. 1c-e) than respective supports promoted with Cu. Silver is well
distributed over the surface of the tested samples. Copper generally
is not uniformly distributed. In the case of Cu, numerous bigger
aggregates may be observed. In some samples, e.g. VER-Cu3 active
material was observed on the outer surface of the carrier particles.
During the TEM studies no pillaring material (aluminum) could be
distinguished.

3.1.4. Catalytic activity

Fig. 2a and b compare activity and selectivity towards CO, for
all studied catalysts. The onset of reaction was around 250°C for
all studied samples, except for VER-Ag1 (onset at 300 °C). For pro-
moted vermiculites conversion to COy (CO, +CO) at temperatures
of 300°C, 350°C and 400°C formed a sequence: VER-Cu3 > VER-
Ag3>VER-Cul > VER-Ag1. Selectivity towards CO, for VER-Ag3 and
VER-Cu3 was over 99%, for VER-Cul and VER-Ag1 was over 97%,
respectively.

The activity in total oxidation of ethanol by differently mod-
ified bentonite promoted with Cu at temperatures of 250°C and
300°C, formed a sequence: BAICu ~ BHAICu > BHCu while at 350°C
and 400 °C a sequence: BAICu > BHAICu > BHCu. Selectivity towards
CO, was lower than for vermiculites and formed a sequence:
BAICu>BHCu>BHAICu in a temperature range 250-400°C. The
studied catalysts behaved differently with time, as illustrated for
VER-Cu3 and BHAICu in Fig. 2c and d. Conversion to COx VER-Ag3,
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Fig. 2. (a) Conversion to COy (CO, +CO); (b) selectivity to CO,; (c-e) the amount of CO, and CO in the products as a function of TOS.

and VER-Ag1, VER-Cul, VER-Cu3 was also stable within 60 min TOS,
while BHCu deactivated similarly as BHAICu. In order to check if an
increased acidity influenced stability, a commercial acidic mont-
morillonite K10 was promoted with Cu (designation K10Cu) or
pillared with Al hydroxycations and promoted with Cu. In both
cases, deactivation with TOS was observed (cp. Fig. 2e for K10AlCu).
The activity of the samples based on clays with an increased acidic
character obtained by an acidic treatment (BHCu and BHAICu)
decreased with time. This is in agreement with the general ten-
dency of catalysts containing acidic surface species for coking.

From textural and reducibility measurements the following may
be concluded:

e There is no correlation of activity or selectivity with specific sur-
face area Sger. Promoted vermiculites had the lowest Sger and the
highest activity and selectivity.

e Reducibility plays an important role for all catalysts, but both
the temperature of TPR maximum and the number of reducible

CuO-species are of importance.

As described above, all B-derived catalysts have both low and
medium-temperature TPR peaks; the former cannot be correlated
with activity presented in Fig. 2a. However, since both BHAICu and
BHCu suffered a severe deactivation, it is reasonable that sites with
the easiest reducibility are first eliminated by coking. On the other
hand, the number of medium-temperature redox sites correlates
well with activity (cp. Fig. 2a). Similarly, vermiculites promoted
with CuO, which showed higher activity and did not show deacti-
vation during 60 min TOS did not contain the sites with the lowest
reducibility. Taking into account the studies of Dow et al. [45] con-
cerning the interpretation of low and medium TPR-H, peaks, as
belonging either to highly dispersed or to bulky CuO oxides, it
must be concluded that the latter are more advantageous for total
oxidation. This is in agreement with the findings of Santos et al.
[24] who studied VOC (ethanol, toluene) oxidation by noble metals
supported on TiO, and found that activity doubled as the average
particle of Pt or Pd increased, respectively, from 3.6 to 5.4 nm and
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4.0 to 7.2 nm [24]. Other preparation steps, typically used for tailor-
ing textural, structural and chemical properties of clays do not lead
to the improvement of catalytic properties in the studied reaction.
Especially, the acidic treatment, which was proven to increase the
activity and selectivity of such materials in other reactions, e.g. in
the selective catalytic reduction of NO with ammonia [47,48], led to
the deterioration of activity, selectivity towards CO, and stability
in ethanol oxidation.

4. Conclusions

CuO-promoted natural clays may be considered promising cata-
lysts for total oxidation of VOCs. Their activity is lower than in case
of noble metals, but they are much cheaper and their preparation is
easier. Promotion with CuO is the most important step in the prepa-
ration and vermiculites-CuO proved to be the best of the studied
clay catalysts with the highest activity and good selectivity, despite
their low specific surface area. Other preparation steps, such as the
acidic treatment or pillaring did not lead to the improvement of the
activity, selectivity towards CO, or stability.

TPR measurements showed at least two different types of CuO
sites, interpreted as highly dispersed and bulky CuO. The latter
seems to play a major role in total VOC oxidation.
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