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Abstract

Several ABQ-type perovskite oxides (A= La, Y, Nd or Gd; B= Fe, Mn, Cr or Co) have been investigated as catalysts
for the oxidation of 1,2-dichlorobenzene-DCB), a model compound for the highly toxic polychlorinated dibenzodioxins.
Initial transient and steady state activity measurements were conducted with all catalysts in the absence and presence of water.
Perovskites containing Crin the B-site were more active than perovskites containing other transition metals, wjtheiteyO
the most active catalyst among the different systems studied. Furthermore; Yidr@t show any loss of its initial activity
after several hours on stream. Other perovskites lost 10—20% of their initial activity within the first 510 h on stream. This
loss was associated with a corresponding loss in BET surface area. With the exception ogLalCp€&ovskites retained
their crystalline structure upon exposureot®CB under reaction conditions. LaCg@as converted to LaOCl and €04.
The presence of water appeared to enhance the catalytic activity of some perovskites. This effect can be attributed to a faster
removal of Ct" ions from the catalyst surface via their reaction with water. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction the major health problems associated with exposure to
these compounds [1]. Hence, stringent environmental
In recent years, the incineration of municipal and regulations are in place in several countries limiting
medical waste has become the preferred method for PCDD/PCDF emissions. In Germany for example,
waste treatment in large residential areas. The flue the “17. BImSchVA vom 23.11.1990, BGBL1 |, 2545”
gas of such processes contains small amounts ofhas placed a limiting value of 0.1ng I-TEQ/Nm
several air pollutants, including NQ SO, particu- for PCDD/PCDF emissions from municipal and haz-
late matter, and traces of chlorinated volatile organic ardous waste incinerators [2]. Similar limits have
compounds (CI-VOCs). Highly toxic polychlorinated been in effect in several European countries since the
dibenzodioxins (PCDDs) and dibenzofurans (PCDFs) early 1990s and in Japan since 1997 [3,4].
are included among these CI-VOCs. The control of  The preferred method of destruction of PCDD/
the emissions of PCDDs and PCDFs is critical due to PCDFs is their catalytic oxidation to carbon dioxide,
HCI and water. In fact, this approach is used commer-
* Corresponding author. Fax:1-803-777-8265. cially, since \,Os/TiO2-based catalysts were found
E-mail addressamiridis@engr.sc.edu (M.D. Amiridis). to be active in field measurements [5,6]. Anticipation
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of a wide spread use of such systems has led to recentexamined for the oxidation of chlorinated aliphatic
efforts aiming to understanding the surface chem- compounds [22,24-28]. To the best of our knowledge
istry taking place during the catalytic destruction of however, only one other study is available regarding
chlorinated aromatics, and eventually the design of the activity of different ABQ-type perovskites (A=
improved catalysts [2,7-16]. Model compounds have La; B= Co, Mn) for the oxidation of chlorobenzene
been used in the majority of these studies due to the [18]. Our work focuses on the comparison of different
highly toxicity of PCDD/PCDFs. Chlorobenzenes, and ABOs-type perovskites and the effect of the nature
in particular, 1,2-dichlorobenzene-DCB), have been  of the A and B cations on catalytic activity and sta-
frequently used [7,11,13,17,19] because of their struc- bility for the oxidation ofo-DCB. Activity measure-
tural similarity to 2,3,7,8-tetrachloro-dibenzodioxin ments were conducted in a plug flow microreactor.
(TCDD) which is the most toxic among the different All catalysts were also characterized by means of
PCDDs. X-ray diffraction and BET surface area measurements
Perovskite-type mixed metal oxides with the gene- before and after exposure to reaction conditions.
ral formula ABG; (in which A is a rare earth or alkali
earth ion and B is 3d, 4d or 5d transition metal ion),
have been recently attracting attention as oxidation 2. Experimental
catalysts [19-21]. Important properties of perovskites
for their catalytic applications include the stability of 2.1. Materials
mixed and unusual valence states of the transition
metal ions in their structure, the presence of defect ABOs-type perovskites containing La, Y, Nd or Gd
sites, and the high mobility of oxygen ions. Substitu- in the A-site and Co, Fe, Mn or Cr in the B-site were
tion in both the A and B sites changes the composition used in this study. All perovskites were synthesized
and symmetry of the perovskite and can affect the sta- via the amorphous citrate precursor method [29].
bility of different valence states of the metal cations. Stoichiometric amounts of aqueous solutions of the
Furthermore, substitution with ions of a different va- nitrates of the corresponding metals were mixed with
lence can create cation or anion vacancies, which havean aqueous solution of citric acid, so that the ratio of
a major influence on the catalytic behavior of these the total moles of metal to the moles of citric acid
materials [21-23]. Finally, when compared to noble was equal to one. The resulting aqueous solution was
metal-based catalysts, perovskites have better thermalstirred and heated to approximately°80to obtain a
stability, are less sensitive towards poisoning by sulfur, gel, which was then dried for 20 h in a vacuum oven at
phosphorus and halogens, and are less expensive [22]80°C. The resulting materials were then calcined in air
The goal of this study is to explore the activity of at elevated temperatures to yield the desired perovskite
perovskite-type catalysts for the oxidation of chlo- structures. As shown in Table 1, the calcination tem-
rinated aromatics. Perovskite-type oxides have beenperatures and times varied between 650 and8%hd

Table 1

Calcination characteristics and BET surface areas for the different perovskites used

Perovskite Calcination Calcination BET surface area BET surface area
time (h) temperature °C) (fresh catalysts) (Rig) (used catalysts) (fig)

LaCoQ; 2 650 12 6

LaFeQ 2 650 19 11

LaMnOs 2 650 35 22

LaCrOs 6 650 8 6

YFeGs 3 750 14 17

YMnO3 12 850 15 14

YCrO3 5 750 9 9

NdCrQs 5 750 5 5

GdCrG; 5 750 5 6
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2 and 12 h respectively, depending on the perovskite catalyst particles of different sizes demonstrated the
synthesized. The minimal temperature and calcination absence of any mass or heat transfer limitations in our
time combination yielding the perovskite structure was reactor system.
chosen in each case, so that the surface areas of the
resulting perovskite materials were maximized.
3. Results and discussion

2.2. Characterization 3.1. Effect of the B-site cation

X-ray diffraction (XRD) patterns of the perovskite
samples were collected before and after the use of
these samples in kinetic experiments, with a Rigaku
D/max-B diffractometer equipped with a nickel-filtered
Cu Ka radiation sourcel( = 1.5406 A). These XRD
patterns were analyzed with a commercial JPDSS
database by ICDD, and indicated the formation of
a crystalline perovskite phase in all fresh samples.
BET surface area measurements of fresh and used
perovskites were conducted with a Pulse Chemisorb
2000 (Micromertrics) analyzer. As shown in Table 1
surface areas in the range of 5-3%gwere obtained
with the fresh samples, which are comparable to the
values reported in the literature for materials prepared
by the same method [19].

The effect of the nature of the transition metal occu-
pying the B site on the activity of La—containing per-
ovskites was examined first. Results of initial transient
measurements conducted at 600in the presence
and absence of water are shown in Fig. 1. All sam-
ples appear to undergo an initial deactivation period
before a steady state is established. A 10-20% loss
of the initial activity was observed during this period
for the LaFeQ@ and LaCrQ catalysts. A steady state
was established in these cases within the first 5-10 h.

On the contrary, a more prolonged deactivation
period (20h) was observed in the case of LagoO
(especially in the presence of water). This catalyst lost
more than 50% of its initial activity during this time.
XRD patterns indicate that the LaCe(perovskite
structure is destroyed during this period and two new
2.3. Reactor studies phases consisting of lanthanum oxychloride (LaOCI)

and cobalt oxide (Cs0,) are formed (Fig. 2). The

Activity measurements were conducted in a quartz, presence of water apparently slows down this trans-
single-pass, fixed bed reactor. Each run utilized ap- formation (presumably by reacting with the surface
proximately 250 mg of catalyst in the form of 80 to CI™), but eventually the same steady state is reached.
120 mesh (125-17Zm) particles. Prior to each ex- The break down of LaCo$to LaOCl and CgO4 was
periment, catalysts were pretreated in pure oxygen also observed by KieR3ling et al. [28] during the oxida-
for 2h at 500C. A K-type thermocouple was placed tion of 1,2-dichloroethane. The observed steady state
into the catalyst bed to monitor the reaction temper- activity of this material is probably due to the presence
ature. The reaction mixture contained approximately of cobalt oxide, since previous studies have shown
600 ppmvo-DCB, introduced to the reactor system by that supported cobalt oxide catalysts are active for the
the passage of a He stream throughoaRCB satu- oxidation ofo-DCB under similar conditions [9].
rator, 10% Q and balance He. The volumetric flow No signs of any other phase changes were ob-
rate through the catalyst bed was held constant at 222served in the XRD patterns of the other perovskites.
standard crimin. A water saturator was also added Nevertheless, BET surface area measurements of
to the system during the experiments conducted in the used samples (Table 1) indicate a significant loss of
presence of water. The concentratiorodDCB in the surface area for all LaM®catalysts as a result of
reactor inlet and exit streams was determined online exposure to reaction conditions. This loss of surface
with a gas chromatograph (SRI 8610) equipped with area may be in part responsible for the observed ini-
a 1/8’ packed silica-gel column (23Q) and a flame tial deactivation. We should point out, that the loss
ionization detector. of surface area is associated with exposure-[2CB

Experiments carried out with a diluted catalyst bed and not simply a prolonged calcination at the reaction
(with quartz particles of the same mesh size) and with temperatures.
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Fig. 1. Initial transient behavior of LaMsystems in the presence and absence of wa®r:<¢) LaFeQ, (A, A) LaCrCs;, (H, [)
LaCoQ; (open symbols: 600 ppra-DCB, 10% Q; filled symbols: 600 ppno-DCB, 10% Q, 1% H,0).

The conversion 06-DCB over different LaMQ (M [30] have also reported that the presence of water en-
= Fe, Mn, Cr, Co) perovskites is shown as a function hances the rate of the oxidation of trichloroethylene
of temperature in Fig. 3. These data were collected over Pt, Pd and Mn@catalysts.
following the initial deactivation period described
above, and represent the long-term steady state acti-3.2. Effect of the A-site cation
vity of these catalysts. In many cases each point rep-
resents an average value of several measurements. Ex- The effect of the A-site cation was examined next.
cellent reproducibility £5% variation) was observed  First, a series of YM@ catalysts (M= Cr, Fe, Mn)
during these multiple measurements. All perovskites was prepared and the activity results were compared
studied were found to be active for the oxidation of to those obtained with the LaM{®ystems. As can be
0-DCB; their activity at 500C decreased in the order seen in Fig. 4 replacement of La by Y does not result
of LaCrO3 > LaMnOsz > LaFeQ > LaCoG;. The in significant changes in the activity of the catalysts
observed order is in agreement with results obtained containing Fe and Mn in the B-site. These findings are
by Krishnamoorthy et al. [9] for the same reaction in agreement with the results of earlier studies on the
and transition metals in their common oxide form oxidation of methanol and propane over perovskite
(i.e. FeO3, Cr,03 and Ca04) supported on AlOs. catalysts [21], which concluded that the role of the

Similar steady state activities were obtained both in A-site cation is secondary, as long as a trivalent cation
the presence and absence of water. However, a smallis used. On the contrary, replacement of La by Y in
promoting effect by water was noted for LaGO the Cr-containing perovskites resulted in a significant
and LaFeQ@. Water is present in significant amounts increase in activity for the oxidation a-DCB. Fur-
in exhaust streams from incinerators that contain thermore, initial transient measurements indicate that
PCDD/PCDFs. A similar promoting effect has been no significant deactivation takes place in this sys-
also observed by Krishnamoorthy et al. [9] for the ox- tem as the result of exposure to reaction conditions.
idation of 0-DCB over CaO4/TiO2. In this case the  The activities of other Cr-containing perovskites with
effect of water was attributed to an increased rate of trivalent rare earth cations in the A-site were found
removal of surface chlorine ions from the catalyst (i.e. to be intermediate to these of LaG@nd YCrQ&

ClI™ + H20 < HCI + OH™). Similarly, Shaw et al. (Fig. 5).
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Fig. 2. XRD patterns of LaCoO3 (a) before and (b) after exposure to reaction conditions for 30h (v: LaCoOs, (x): LaOCl, (O): Co304).
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Fig. 3. Steady-state-DCB conversion as a function of temperature in the presence and absence of Watex) (aCrOs, (@, O)
LaMnQOgz, (@, <) LaFeQ, (M) LaCoQ; (open symbols: 600 ppra-DCB, 10% Q; filled symbols: 600 ppno-DCB, 10% G, 1% H;0).

We should finally point out that no loss in BET may suggest that the interaction of La with Cl is re-
surface area was observed with the perovskites con-sponsible for the observed losses in surface area, and
taining Y, Gd or Nd in the A-site after exposure to that the presence of other rare earth ions in the A-site
the reacting gas mixture (Table 1), contrary to what stabilizes the perovskite structure in the presence

was observed with the LaM{systems. These results  of Cl.
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Fig. 4. Steady-state-DCB conversion as a function of temperature for different catalysts tes#edYCrOz, (A) LaCrOs, (@) YMnOsg,

(O) LaMnO;, (®) YFeO; and ) LaFeQ (600 ppmo-DCB, 10% Q, 1% H0).
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Fig. 5. Steady-state-DCB conversion as a function of temperature for different catalysts tes#edYCrOz, (¢) GdCrG;, (H) NdCrQ;,
(@) LaCrQ; (600 ppmo-DCB, 10% Q, 1% H0).

3.3. Reaction by-products of these species exhibited a maximum at approxi-
mately 400-450C and that the addition of water

In addition too-DCB, the online GC analysis in- to the reaction mixture significantly decreased their
dicated the presence of trace amounts of an unknownformation. Kie3ling et al [22,28] also observed the
organic by-product in the reactor exit stream. The formation of higher chlorinated compounds during
concentration of this species reached a maximum the oxidation of chloromethane, dichloromethane and
value at approximately 55 in all cases, suggesting 1,2-dichloroethane over perovskite catalysts. They
that it is further oxidized to CO and GQat higher suggested that the formation of these compounds
temperatures. In an effort to identify the nature of this takes place by insertion of chlorine into reactants
species, samples of the exit gas stream were collectedand/or intermediates on the catalyst surface. Depend-
in a trap maintained at°@. The collected liquid was  ing on the compound studied, they also observed a
then extracted in methylene chloride and analyzed maximum in the concentration of these species in
by means of gas chromatography/ mass spectrome-the 450-600C temperature range. From a practical
try. The results indicate the presence of a mixture of standpoint however, the formation of CO or any other
tri- and tetrachlorinated phenols consistent with the partial oxidation by-product does not represent a
higher retention times observed during the on-line problem in the case of the oxidation of PCDD/PCDFs,
GC analysis. We should point out, that formation of due to the very low concentration of these compounds
these phenols was observed with all catalysts tested,in the flue gas of the incinerators (ppb level) and their
with the exception of ACr@ (A = La, Y, Nd, Gd) extremely high toxicity equivalence.
systems in the presence of water.

The formation of higher chlorinated products has
also been reported by other research groups work- 4. Conclusions
ing in the same area. Van den Brink et al. [11] for
example, reported the formation of polychlorinated Several different AB@-type perovskites (A= La,
benzenes (Ck 2-6) as by-products of the oxida- Y, GdorNd; B= Cr, Co, Fe or Mn) were prepared via
tion of chlorobenzene over Pt/ADs. In agreement  the citrate method, and tested as catalysts for the oxi-
with our results, they reported that the concentration dation ofo-DCB. Initial transient measurements were
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conducted over these catalysts at 800The results
indicate the presence of an initial deactivation period
for most of these systems, which is associated with an

observed loss of BET surface area. The most dramatic

differences were observed with LaCgQvhich loses
more than 50% of its initial activity and breaks down
to LaOCIl and CgOg. All other perovskites lost less
than 15% of their initial activity and appeared to retain
their crystalline perovskite structure. A steady state
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in the presence and absence of water indicate that the

Cr-containing perovskites are the most active ones,
in agreement with previous reports regarding the cor-

responding supported metal oxide systems. Replace-

ment of La in the A-site with other rare earth trivalent
cations resulted in a stabilization of the surface ar-

eas and, in some cases, an improvement of catalytic[

activity. The YCrQ catalyst was significantly more
active among the different ACrOsystems. Finally,
the presence of water in the reacting gas mixture en-
hanced the catalytic activity in some cases. This can
be attributed to a faster removal of surface @ns
from the catalyst.
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