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Low-Temperature Destruction of Carbon Tetrachloride over
Lanthanide Oxide-Based Catalysts: From Destructive Adsorption to a

Catalytic Reaction Cycle

Pieter Van der Avert,” Simon G. Podkolzin,'*! Ol
Hendrik de Winne,"”! and Bert M. Weckhuysen®!™

Abstract: The catalytic destruction of
carbon tetrachloride in the presence of
steam, CCl, + 2H,0—4HCI + CO,,
was investigated at 200-350°C over a
series of lanthanide (La, Ce, Pr and
Nd) and alkaline-earth metal (Mg, Ca,
Sr and Ba) oxide-based catalysts with
kinetic experiments, Raman spectro-
scopy, X-ray photoelectron spectrosco-
py, IR spectroscopy, X-ray diffraction,
and DFT calculations. This new catalyt-
ic reaction was achieved by combining
destructive adsorption of CCl, on a
basic oxide surface and concurrent
dechlorination of the resulting partially

into a catalytic cycle provided a rare
opportunity in heterogeneous catalysis
for studying the nature and extent of
surface participation in the overall re-
action chemistry. The reaction is pro-
posed to proceed over a terminal lat-
tice oxygen site with stepwise donation
of chlorine atoms from the hydrocar-
bon to the surface and formation of the
gas-phase intermediate COCI,, which is
readily readsorbed at the catalyst sur-
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face to form CO,. In a second step, the
active catalyst surface is regenerated
by steam with formation of gas-phase
HCI. Depending on the reaction condi-
tions, the catalytic material was found
to transform dynamically from the
metal oxide state to the metal oxide
chloride or metal chloride state due to
the bulk diffusion of oxygen and chlor-
ine atoms. A catalyst obtained from a
10 wt % La,05/Al,0; precursor exhibit-
ed the highest destruction rate: 0.289 g
CCl,h™'g™" catalyst at 350°C, which is
higher than that of any other reported
catalyst system.

chlorinated solid by steam. The combi-
nation of the two noncatalytic reactions

lanthanides

Introduction

Chlorinated hydrocarbons (CHCs) are persistent toxic com-
pounds for which the environment has only little assimila-
tive capacity.!! The currently employed method of treatment
is thermal incineration at temperatures above 1300°C.”
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These high temperatures and the related costs provide a mo-
tivation to look for other (preferentially catalytic) solutions.
Two main catalytic routes are reported in the literature.**l
One is the oxidation of CHCs over supported noble metal
catalysts. The drawback of this route is the deactivation of
the noble metal by decomposition products such as Cl, and
HCI. This problem can be (partially) solved by the use of
transition metal oxides, although volatile transition metal
oxide chlorides may be formed. The other catalytic option is
hydrodechlorination, in which CHCs are transformed in the
presence of hydrogen into alkanes and HCl. Although this
method has clear economic and environmental advantages,
such as the use of reaction products and elimination of haz-
ardous by-products (e.g., Cl, and COCl,), it is not frequently
used because known catalysts are unstable due to chlorine
poisoning.

Another possible destruction method is based on the reac-
tion of basic metal oxides with, for example, CCl, to form
CO, and the corresponding metal chloride. This reaction,
usually referred to as destructive adsorption, was pioneered
by Klabunde et al.””! It is not a catalytic process since the
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metal oxide is gradually transformed into the metal chloride
and, as a consequence, the exact nature of the transforma-
tions taking place in the destructive adsorbent could be
studied by Raman and X-ray photoelectron spectrosco-
py.2 1% It was shown that the destruction rate for CCl, paral-
lels the basicity of the metal oxide (the destruction activity
increases in the order MgO < CaO <SrO <BaO), and that
unusual metal oxide chlorides were formed as solid reaction
intermediates (e.g., Ba,OCly).

This chemistry can be made catalytic if the state of the
metal oxide surface, that is, the extent of surface chlorina-
tion, can be controlled during the destruction of CCl, by ad-
dition of steam. Recently, we reported a new class of cata-
lyst materials active in steam decomposition of CCl,['"1
Here we provide a detailed account of steam-dechlorination
experiments on lanthanide oxide-based materials and show
how a novel catalytic cycle was constructed on the basis of a
fundamental understanding of the surface reactions. The
fact that this catalytic process is a combination of two non-
catalytic reactions provided a rare opportunity for studying
the reaction mechanism. In this respect, this chemistry is
rather unusual because typically in heterogeneous catalysis,
the exact way in which the surface participates in the overall
chemistry is difficult to determine. In addition to the mecha-
nistic studies, we describe metal oxide catalysts that exhibit
high activity and long-term stability in the catalytic dechlori-
nation of CCl, by steam. The catalytic results are compared
with those of materials based on alkaline-earth metals.

Results and Discussion

From destructive adsorption towards a catalytic reaction
cycle: Metal oxides, such as those of alkaline-earth metals
and lanthanides, can destructively adsorb chlorinated hydro-
carbons (e.g., CCl,) on their surface and, as a consequence
of chlorine and oxygen diffusion in the bulk, are trans-
formed gradually into the corresponding metal chlorides."™)
This reaction can be written for CCl, and La,O; as Equa-
tion (1).

3/2CCl, + La,0, — 2LaCl, + 3/2CO, (1)

In previous papers we showed that 1) the efficiency of this
destructive adsorption increases with increasing basicity of
the metal oxide, and 2) the transformation is accompanied
by the intermediate formation of metal oxide chlorides,® "
for example, the unusual barium oxide chloride Ba,OCl,.

Figure 1 compares the destructive adsorption behavior of
La,0;, Pr,0;, and Nd,0; at 300°C."*! The conversion is ex-
pressed as the percentage of the metal oxide transformed
into the metal chloride after injecting 250 pLL of CCl, in He
at a molar CCl, to metal oxide ratio of 20. It can be seen
that La,0;, Pr,0;, and Nd,O; are partially transformed into
LaCl;, PrCl;, and NdCl;, and La,O; is the most active de-
structive adsorbent. Destructive adsorption can be turned
into a catalytic process if the solids can be dechlorinated si-
multaneously with CHC conversion. One possible dechlori-
nation route is steaming [Eq. (2)].
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Figure 1. Destructive adsorption of CCl, on lanthanide oxides at 300°C.
The efficiency of the process (white bars) is expressed as the percentage
of the metal oxide transformed into the metal chloride after injecting
250 puL of CCl, in a He stream with a molar CCl,/metal oxide ratio of 20.
Dechlorination of lanthanide chlorides at 300°C in the presence of
steam. The efficiency of the process (gray bars) is expressed as the per-
centage of the metal chloride transformed into the metal oxide after
steaming the metal chloride for 4 h.

2LaCl3 + 3H20 — La203 + 6HC1 (2)

We tested dechlorination rates of LaCl;, PrCl;, and NdCl,
by treating these solids with steam for 4h at 300°C
(Figure 1). More than 50% of LaCl; was converted to
La,0;, whereas only relatively small amounts of PrCl; and
NdCl; were transformed into the corresponding metal
oxides."”! These results indicate that lanthanum oxide-based
materials are potential catalysts for the overall reaction

[Eq. (3)].
CCl, + 2H,0 — 4HCI + CO, (3)

The catalytic activity of La,0j; in reaction (3) as a function
of reaction temperature is presented in Figure 2. The reac-
tion started at about 250°C, and the conversion, which
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Figure 2. CCl, conversion with steam (H,O/CCl, feed molar ratio of 61)
after 7h on stream as a function of reaction temperature for La,O,
(white bars) and 10 wt % La,0,/Al,0; (black bars).

steadily increased with increasing temperature, reached
62 % at 350°C. Consistently higher conversions at tempera-
tures above 250°C were observed for 10 wt% La,O; sup-
ported on alumina (Figure 2). The lowest reaction tempera-
tures for bulk and supported La,O; are similar. Therefore, it
is likely that the reaction mechanism and corresponding en-
ergetics are also similar, and the difference in conversion
can simply be attributed to a larger number of active sites
per unit weight due to the higher surface area of the sup-
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ported catalyst.'¥) The conversion over 10 wt % La,0;/ALO;
catalyst reached 100% at 350°C (Figure 2), which corre-
sponds to a destruction rate of 0.289 ¢ CCl, h~'g™! catalyst.
This value is higher than that of any other reported catalyst
system.'"1216] For example, Pt, Pd, and Rh/TiO, catalysts,
which are the most active CHC-destruction catalysts report-
ed, have a destruction rate of 0.102 g CCl, h™'g™' catalyst at
350°C.I"") Although comparison is not easy because of the
different experimental conditions used, the destruction rate
of the present catalyst under study is superior to those of ex-
isting oxidation catalysts.

The lanthanum-oxide-based materials exhibit long-term
activity in the presence of steam (Figure 3), and this con-
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Figure 3. CCl, conversion over 10 wt% La,0;/Al,0; at 350°C with a
H,O/CCl, molar ratio of 61. Point A: H,O switched off; Point B: H,O re-
introduced; Point C: O, added with an He/O, molar ratio of 19; Point D:
O, switched off.

firms their catalytic role. Importantly, the activity data in
Figure 2 were collected after 7 h on stream, whereas almost
complete loss of destructive-adsorption activity was ob-
served after 5.5 h and 40 min for pure and alumina-support-
ed lanthanide oxide materials, respectively. Figure 3 further
illustrates the essential role of steam for the catalytic per-
formance of the 10 wt% La,05/Al,0; catalyst. Under our
standard reaction conditions (H,O/CCl, molar ratio of 61),
complete conversion was maintained at 350°C for more
than 3 d. When the steam supply was switched off (point A
in Figure 3), the conversion gradually declined from 100 to
22% over 12 h. When steam was added to the system again
(point B), 100% CCl, conversion was quickly regained and
maintained for more than three days. The difference in the
system response on steam shut off and addition is notable.
Specifically, steam reintroduction results in an almost imme-
diate restoration of the catalytic destruction rate, whereas
without steam, the activity decreases over a longer time
period. This phenomenon is even more pronounced for un-
supported lanthanide oxide catalysts."®! These results indi-
cate that surface dechlorination by steam is a relatively fast

that the active site for the destructive adsorption is lattice
rather than adsorbed oxygen, and that gas-phase CCl, and
O, compete for surface sites. This result also has a practical
implication, since gas streams of commercial plants from
which removal of CHCs is required may contain some
oxygen: a somewhat lower, but still stable and high catalytic
activity could be achieved and maintained in the presence
of oxygen. Switching the oxygen supply off (point D in
Figure 3) restored complete conversion of CCl,, and this ac-
tivity could be maintained for more than four days.

Weiss et al. have already reported on the catalytic hydrol-
ysis of CCl, to HCl and CO, in the presence of steam over
unsupported MgO at 500°C,["7*! whereas Fenelonov et al. re-
ported the dehydrochlorination activity of MgO towards 1-
chlorobutane between 200 and 350°C.'"™ Our results indi-
cate that alkaline-earth metals are indeed active in dechlori-
nation reactions, but the conversions are lower than those of
lanthanide oxide-based catalysts (Figure 4). Under identical
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Figure 4. CCl, conversion in the presence of steam (H,O/CCl, feed molar
ratio of 61) at 350°C after 7 h on stream over 10 wt % alumina-supported
metal oxides.

reaction conditions the CCl,; conversions at 350°C for
10 wt % alumina-supported MgO, CaO, SrO, and BaO cata-
lysts are 51, 52, 32, and 33 %, respectively. The catalytic ac-
tivities of the other lanthanide-oxide-based catalysts are in-
cluded in Figure 4 for comparison. Like La,O; 10 wt % alu-
mina-supported CeO,, Pr,0; and Nd,O; all have higher ac-
tivities than the tested alkaline-earth metals.

Raman spectroscopic studies: In situ Raman spectra record-
ed during CCl,; decomposition in the presence of steam
[Eq. (3)] at an H,O/CCl, molar ratio of 61 are shown in Fig-
ure 5 A. The spectrum of the pure La,O; starting material is
dominated by three bands at 106, 190, and 408 cm !, which
are close to those reported in the literature and calculated
by us for model catalysts (Table 1).%2!1 After 16h on

Table 1. Experimental and theoretically calculated (in parentheses)
Raman shifts for La,0;, LaOCI and LaCl;

X . : Catalyst mate-  Raman shift [cm™] Ref.

process compared to bulk diffusion of chlorine and oxygen rial
atoms. _ ‘ La,0, 107 (102), 195 (211), 410 (400) )

In addition to experiments with steam, the effect of LaOCl 125 (125), 188 (176), 215 (206), 335 (334), 440 -1
oxygen addition was investigated. When O, (He/O, ratio of (444)
19) was co-fed with steam (point C in Figure 3), the CCl, LaCl, 108 (112), 180 (184), 186 (187), 212 (191), 219 o0
conversion dropped from 100 to 60%. This result suggests %)
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Figure 5. Raman spectra of La,O; during the reaction of CCl, with H,O
(H,0O/CCl, molar ratio of 61) at 350°C: A) after 0) 0, 1) 8, 2) 16, 3) 24,
4) 36, and 5) 48 h on stream; and B) reactor “mapping” from 1 (top) to 5
(bottom) after 36 h on stream.

stream, the peaks due to La,0;
disappear, and new Raman
bands at 122, 186, 210, 334, 375,
and 438 cm™!' become apparent.
These Raman bands, except for
the peak at 375 cm™, are attrib-
uted to LaOCI. To elucidate the
nature of the Raman band at
375 cm™!, different laser excita-
tions were used. In the Raman

by Raman spectroscopy after 36 h (Figure 5B). The in situ
spectra indicate that almost pure LaCl; was formed at the
top of the reactor (CCl, feed inlet). However, at the
bottom, the catalyst remained as La,0O;, and in the middle
section, the presence of all three La phases was detected.

In the second series of experiments, the effect of the H,O/
CCl,; molar ratio was investigated with in situ Raman spec-
troscopy by varying this ratio from 360 (Figure 6A) to 10
(Figure 6B). The spectra in Figure 6 A show that the high
steam concentration practically preserved the sample in its
original La,O; form after 16 h on stream. Complete CCl,
conversion was observed under these conditions. In contrast,

B)

334
438

186

208

T T T T T

spectra obtained with 785 and
1064 nm laser excitation, this
band was not observed. There-
fore, it can be explained by the
luminescence effect mentioned
by Bowie etal.”*?! Thus, an
almost complete transformation
of La,O; into LaOCl occurred

[Eq. (D]

La,0; + 0.5CCl, — 2LaOCl + 0.5CO, (4)

and 2) 8 h on stream.

Complete CCl, conversion was still maintained after 24 h,
by which time the Raman spectrum was dominated by fea-
tures of LaOCI. This result suggests that, besides La,0;,
LaOC(l is also an active phase. The relative activity of these
two phases could not be determined in our current experi-
ments and will be addressed in the future.’ However, both
phases should have a common active site that enables initial
breaking of the C—Cl bond. After 36 h on stream, new
bands that became visible at 183 and 208 cm ™' indicated the
onset of further transformation into LaCl; [Eq. (5)].

2La0Cl + CCl, — 2LaCl; + CO, (5)

After 48 h, both phases were still clearly present, but the
intensity of LaOCI bands decreased, while those of LaCl; in-
creased. These results show that the transformation of
La,0; into LaOCl [Eq. (4)] in the presence of steam is
faster than the transformation of LaOCl into LaCl,
[Eq. (5)]. However, the presence of steam slows the chlori-
nation process by concurrently regenerating the metal oxide
from LaCl; [Eq. (2)] and LaOCl, as evidenced by separate
steam dechlorination experiments. To confirm the progres-
sive chlorination of La,0;, the catalyst bed was “mapped”
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Figure 6. A) Raman spectra of La,O; during the reaction of CCl, with H,O at 350°C for A) H,O to CCl,
molar ratio of 360 after 1) 4, 2) 8, 3) 16, and 4) 32 h on stream; and B) H,O to CCl, molar ratio of 10 after 1) 4

the low H,O/CCl, ratio of 10 led to fast chlorination of the
solid to LaOCI and further to LaCl; (Figure 6B) and conse-
quently to an almost complete loss of CCl, decomposition
activity. This result provides further evidence for the critical
role of lattice oxygen in CCl, decomposition and the catalyt-
ic inactivity of the LaCl; phase. The gradual bulk transfor-
mation of La,0; into LaOCI and further into LaCl; was also
confirmed by XRD for different H,O/CCl, molar ratios and
reaction times. Bulk transformation studies with Raman
spectroscopy for our alumina-supported lanthanide oxide
catalysts were hindered by strong fluorescence.!

IR spectroscopic studies: In situ IR spectra of the gas phase
were recorded to investigate the possible formation of gas-
eous intermediates. Figure 7 shows spectra recorded during
CCl, conversion in the presence of steam over La,O; at
350°C after 1, 2, 4, and 8 h on stream. Peaks were observed
at 2890, 2348, 2143, and 1827 cm™' and assigned to HCI,
CO,, CO, and COCL,, respectively.” We attribute the small
concentrations of CO to a side reaction with formation of
chlorine [Eq. (6)].

Cl, is likely to react with the catalyst surface with the for-
mation of O,, and therefore Equation (6) can also be written

as Equation (7).

www.chemeurj.org  Chem. Eur. J. 2004, 10, 16371646
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Figure 7. IR spectra of the gas phase in the in situ reactor cell after 1) 0.5, 2) 1, 3) 2, 4) 4, and 5) 8 h on stream
for the reaction of CCl, + H,0 (H,0O/CCl, molar ratio of 61) over La,0; at 350°C.

2CCl, + 4H,0 —2CO + 8HCI + O, (7)
We propose that COCl, is a reaction intermediate. The
mechanism of its formation and decomposition is discussed
below. Additional IR measurements indicate that the COCl,
concentration increases with increasing temperature.

X-ray photoelectron spectroscopy studies: X-ray photoelec-
tron spectroscopy (XPS) was used to monitor the extent of
surface chlorination of La,O; with time on stream. Relative
changes in intensity of the Ols (ca. 531eV), Cl2s (ca.
269 eV), and Lads (ca. 275eV) peaks for treatment at an
H,0O/CCl, molar ratio of 61 at 350°C are summarized in
Table 2. For comparison, the XPS peak positions for La,O;,

Table 2. Binding energies of Lads, ClI2s, and Ols XPS peaks and relative peak ratios for pure La,0;, LaOCl,
LaCl;, and a La,0O; sample treated with CCl, and H,O at 350°C as a function of time on stream for an H,0O/

C(l, ratio of 61.

Wavenumber {(cm}) Wavenumber (cm™)

of the LaOCl phase after 8 h on
stream, but the XPS results in
Table 2 show that a Cl2s peak
was not detectable after the
same treatment. This difference
provides further evidence that
catalyst chlorination is not only a surface process, but also a
solid-state reaction in which oxygen diffuses from the bulk
to the surface to undergo O/CI exchange. This conclusion is
in agreement with facile anion diffusion observed by NMR
experiments on lanthanum fluorides and hydroxide fluo-
rides.” Finally, we note that increasing the feed H,O/CCl,
molar ratio increased the O/La and reduced the Cl/La peak
ratios. Specifically, changing the H,O/CCl, molar ratio from
10 to 61 and then to 360 changed the Cl/La peak ratio, re-
spectively, from 1.13 to 0.91 and then to 0.23 for a 16 h
treatment at 350°C. This observation further confirms the
progressive transformation of La,0O; into LaCl; in the ab-
sence of sufficient steam pressure for regenerating the cata-
lyst surface.

DFT calculations: The experi-
mental observations that 1) de-
structive adsorption of CCl, on

Catalyst material

Relative amounts of La,0;, LaOCl,

Binding energies

XPS peak ratios

La,0; occurs in the absence of

and (eV) gas-phase O,, and 2)that the
LaCl; at the catalyst surface!! La4s CI2s Ols Ols/ Cl2s/ reaction rate of CCl, destruc-
Lads Lads tion in the presence of steam
b .
La,0, 100% La,O; 2751 nal 5314 0.32 na over La,0; materials decreases
LaOCl 100% LaOCl 2752 269.1 531.0 0.18 5.5 when O, is introduced in the
LaCl, 100% LaCl, 2754 2694 na 0.9 7 ) 2 i
La,O; after 2 h of reaction 100% La,O5 2751 nd 5314 031 0 inlet stream (Figure 3) suggest
La,0; after 8 h of reaction 100% La,O, 2752 nd 5314 031 0 that the reaction occurs over a
La,0; after 16 h of reac- 64 % La,0O; + 36% LaOCl 2752 269.1 5313 0.27 0.91 terminal lattice oxygen site. The
tion other possible reaction mecha-
La,0; after 24 h of reac- 8% La, 03 + 92% LaOCl 2752 269.2 5312 0.19 7.5 . .
tion nisms for hydrocarbon activa-
La,O; after 36 h of reac-  67% LaOCl + 33% LaCl, 2753 2693 5311 0.15 44 tion, which have been pro-
tion posed, for example, for meth-

[a] The values are estimates of the individual contributions of La,0;, LaOCl and LaCl; to the overall XPS
spectrum based on the measured XPS Ols/La4s and Cl2s/La4s peak ratios of the catalyst materials and those

of the reference compounds. [b] na=not applicable. [c] nd =not detected.

LaOCl, and LaCl; as reference compounds are also includ-
ed.”! The results in Table 2 indicate that after 2 and 8 h on
stream the catalyst surface remained almost entirely in its
original La,O; form. After 16 h, the catalyst surface became
a mixture of La,O; and LaOClI, after 24 h it had transformed
into mostly LaOCl and after 36 h into a mixture of LaOCl
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ane coupling over La-based cat-
alysts, do not seem to apply in
this case.l"*! Specifically, hydro-
carbon activation is not likely
to proceed over adsorbed
oxygen because the presence of oxygen in the feed is not re-
quired, and, furthermore, it actually reduces the reaction
rate. In addition, as the reaction starts at temperatures
below 250°C, the formation of gas-phase radicals should be
limited, and, consequently, a free-radical mechanism is un-
likely to play a significant role. Another possible mecha-
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nism, a reduction/oxidation cycle for the catalyst metal, sim-
ilar to the CuCl/Cu(l, transition, is unlikely because of the
large ionization potential for the La%La®* transition: La**
is usually regarded as being in a catalytically irreducible
state.’” Therefore, only a reaction mechanism with lattice
oxygen as an active site is considered here.

The results of our DFT calculations indicate that the de-
structive adsorption of CCl, over La,O; occurs by stepwise
Cl donation from the CHC to the surface. As illustrated in
Figure 8, when CCl, approaches the surface, one of the Cl

ccl,

(CC1,-0%}

CCl,0* CI*

Figure 8. Mechanism of CCl, decomposition over La,0;(001). Side and
top views of a simplified representation with top two catalyst layers only.
A) CCl, approaching the surface; B) transition state for dissociative ad-
sorption; C) adsorbed CCl; and Cl.

atoms is activated over a surface acid site associated with
La. In the identified transition state (Figure 8 B), the activat-
ed chlorine atom receives a partial negative charge (CI°")
and the C—ClI distance for the activated bond increases from
the gas-phase value of 1.8 to 3.4 A. The rest of the CHC
fragment becomes (CCL)°*, and the other C—Cl distances
decrease to 1.7 A. This initial step can be described as elec-
trophilic elimination over an acid site. On adsorption, the
CCl; cation is stabilized on a terminal lattice oxygen site by
forming O—CCl; species with a C—Cl bond length of 1.9 A
(Figure 8 C). In essence, one of the La—O—La bonds breaks,
and La—Cl and La—O—CCl; bonds are formed. The surface
Cl atom bridges two La atoms with a bond length of 2.9 A.
The terminal lattice O atom bonded to C is lifted up from
its original position, whereby the La—O bond length increas-
es from 2.4 to 2.6 A. The initial CCl, decomposition step in
Figure 8 is predicted to be exothermic with a reaction
energy of —192 kJmol™' and an activation barrier of E,=
147 kJmol™, as illustrated in the energy diagram of
Figure 9. In addition to the configuration of O—CCl; and ClI
in Figure 8C, several other arrangements were considered,
including those with the surface Cl above a La atom or
above a second-layer O atom. All considered arrangements
had similar energies, within 10 kJmol™". We note that the
absolute accuracy of DFT calculations is usually insufficient
for predicting experimental kinetics. However, the calculat-
ed values can be useful as initial estimates in kinetic model-
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Reaction coordinate

Figure 9. Energy diagram for CCl, decomposition on La,0;(001). Refer-
ence energy is defined as CCl, + 2H,0 + La,0;.

ing and as a basis for comparing the relative significance of
the elementary steps in the reaction mechanism.

The O—CCl; surface species can decompose by donating a
Cl atom to the surface and abstracting the bonding lattice
oxygen atom. This reaction can occur in two energetically
equivalent scenarios: in one step by concerted Cl donation
and O—CCl, desorption, or in two steps, in which Cl is do-
nated first. The latter scenario is analogous to the well-stud-
ied mechanism of CCl, formation by liquid-phase CHCl; hy-
drolysis.”"! The O—CCl; decomposition is similar to the pre-
viously described step illustrated in Figure 9 in the sense
that La—O and C—CIl bonds are broken and, instead, La—Cl
and C—O bonds are formed. The overall stoichiometry for
the two elementary steps corresponds to an exchange of two
Cl atoms from the CHC for one lattice O atom with the for-
mation of phosgene as gas-phase intermediate [Eq. (8)].

La,0; + CCl; — 2LaOCl + COCl, (8)
As shown in Figure 7, formation of the phosgene inter-
mediate was confirmed by IR measurements. The second
step is less exothermic (AE=—67 kImol~') and more facile
(E,=116 kJmol™") than the first (Figure9). Similarly to
CCl,, the COCl, intermediate can be adsorbed on a terminal
lattice oxygen atom to form O—COCI by splitting of a Cl
atom. Phosgene is predicted to be very reactive, the activa-
tion energy for its destructive adsorption being 22 kImol ™,
which compares with 147 kJmol™! for CCl, (Figure 9). The
donation of the last Cl atom from O—COCI to the surface
leads to the formation of gas-phase CO,. Like all other de-
structive adsorption steps, this step is predicted to be exo-
thermic, as shown in Figure 9. The calculated barrier for
gas-phase phosgene hydrolysis is 159 kJmol™', which is sub-
stantially higher than 22 kJmol™' predicted for COCl, de-
composition on La,0;. Therefore, the calculations indicate
that COCI, decomposition occurs primarily catalytically.
Based on the analysis of all reaction barriers in the
energy diagram of Figure 9, the first reaction step, splitting
off the first chlorine atom, is predicted to be the rate-deter-
mining step in destructive adsorption. Therefore, the decom-
position of intermediate COCI, can be treated as quasi-equi-
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librated. The equilibrium constant for CO, formation from
COC(l, is predicted to decrease with increasing temperature,
because the reaction is exothermic. Therefore, larger quanti-
ties of gas-phase COCI, are predicted at elevated tempera-
tures. This prediction is in agreement with our IR experi-
ments mentioned above.

After substitution of two Cl atoms for one lattice O atom
on the La,0O; surface, the two Cl atoms do not appear to be
restricted to the position of the original O atom. Calcula-
tions indicate that they can assume multiple surface configu-
rations. The barrier for surface diffusion is estimated to be
about 80 kJmol™!. In addition, surface Cl can diffuse into
the bulk, and this forces subsurface oxygen to migrate to the
surface. Diffusion of surface ClI into the bulk is predicted to
be endothermic by 68 kImol ™. The estimated activation
energy for this reaction is 208 kJmol !, which is larger than
that for any other considered reaction step. Therefore, for
nonregenerative destruction of CCl, (in the absence of
steam, Figure 1), bulk CI-O diffusion is predicted to be the
rate-determining step. The caveat for this prediction is that
bulk chlorination changes the lattice constants of the materi-
al, for example, as in the case of the La,O; to LaOCl transi-
tion. Our periodic-slab calculations, in contrast, assumed in-
variable lattice constants and therefore most likely overesti-
mated the bulk diffusion barrier.

Our DFT calculations predict that all surface dechlorina-
tion steps are endothermic. These reactions can proceed by
stepwise hydroxyl formation and subsequent dehydroxyla-
tion [Egs. (9)-(11)]

2Cl* 4+ H,0 — HCI + OH™* 4 CI* 9)
Cl* + OH* + H,0 — HCI 4+ 20H* (10)
20H* — O** + H,0 (11)
or by reaction of surface Cl and OH [Eq. (12) and (13)].

2CI* 4+ H,0 — HCI + OH™* + CI* (12)
ClI* + OH* — HCl + O** (13)

An energy diagram for the former mechanism is provided
in Figure 10. We emphasize again that the energies estimat-
ed from our DFT calculations are useful for relative com-
parisons, that is, identification of trends, rather than for an
analysis of the absolute values. The relative comparison of
the calculated reaction barriers indicates that the two reac-
tion pathways have similar energetics with an overall AE=
E,=180 kJmol !, and the reverse chlorination reactions are
practically unactivated. The diagram in Figure 10 shows the
energies for four reaction steps, corresponding to the remov-
al of four surface Cl atoms formed on CCl, decomposition.

Steps 1 and 2 are the same reactions as steps 3 and 4 but
at a different surface Cl coverage. As can be seen from
Figure 10, the extent of surface chlorination does not have a
significant effect on the energetics of the steam-dechlorina-
tion steps. All activation and reaction energies differ by no
more than 17 kJmol™". Similar Cl coverage calculations
were performed for CCl, and COCl, decomposition: the
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Figure 10. Energy diagram for removal of surface Cl with steam on
La,0;(001). The initial structure 4 C1* is the same as the final structure in
Figure 9. The reference state for Figures 9 and 10 is the same.

same transition states for destructive adsorption were evalu-
ated on the clean La,05(001) surface and on a surface in
which one terminal lattice O atom was substituted by two
Cl atoms in the 2 x2 unit cell. Similar to dechlorination, the
activation energies for CCl, destructive adsorption were
found to be practically insensitive to the amount of surface
CL

The reverse of the O/CI bulk diffusion discussed earlier
occurs when LaCl; is dechlorinated with steam (Figure 1).
In this case, surface O atoms migrate into the bulk, and bulk
Cl atoms onto the surface. The calculated barrier for this
bulk diffusion is 140 kJmol™', which is lower than the over-
all barrier of about 180 kJmol ! predicted for the water sur-
face reactions. Therefore, the dechlorination kinetics are
predicted to be largely controlled by the surface reactions. If
we assume that the same applies to other tested lanthanides,
then the results in Figure 1 can be interpreted as an indica-
tion that the La-based material is a good catalyst candidate
because its chlorinated surface can be easily regenerated.

With this mechanistic insight, the following explanation
can be given for the results in Figure 3. Initially CCl, was
completely converted to CO, by exchanging 4Cl for 20
atoms with the surface, and the surface was concurrently re-
generated with H,O [Eq. (3)]. Under our standard testing
conditions, the rates of chlorination and dechlorination were
balanced for La,0,/Al,0;. In contrast, for pure La,O; under
the same conditions, the rate of surface chlorination was
higher than the dechlorination rate. Combined with the bulk
Cl/O diffusion, this led to a gradual and continuous transfor-
mation of the initial La,O; solid into LaOCI and, eventually,
into LaCl;, as evidenced by Raman spectroscopy, XRD and
XPS results (Figures 5 and 6, Table 2). A similar phenomen-
on was observed for the supported material on switching off
the steam supply (point A in Figure 3). In this case, similarly
to pure La,0s;, chlorination of the solid was not counterbal-
anced by steam dechlorination. As a result, the observed
CCl, conversion declined with decreasing number of termi-
nal lattice O sites, and the overall reaction rate was limited
by diffusion of oxygen atoms from the bulk to the surface.
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The flux of oxygen atoms to the surface undoubtedly de-
creased with increasing extent of chlorination of the solid.
Therefore, the apparent CCl, conversion steadily declined
with time on stream. These conclusions are supported by re-
sults obtained with a low H,O/CCl, ratio (Figure 6B). Rein-
troduction of steam dechlorinated (regenerated) the solid,
and the initial activity was restored and maintained (point B
in Figure 3). The dechlorination capability of steam was con-
firmed in separate experiments with LaCl; (Figure 1). Addi-
tionally, the ability to run the reaction in a catalytic mode
by sufficiently regenerating the surface was confirmed in an
experiment with a large excess of H,O (Figure 6A). Gas-
phase oxygen is apparently not as affective as H,O for sur-
face dechlorination. In addition, O, may compete with CCl,
for surface adsorption sites. As a result, introduction of O,
into the reaction mixture reduced CCl, conversion (point C
in Figure 3). The elimination of oxygen from the feed
(point D in Figure 3) restored the initial catalyst activity and
stability.

Conclusion

The catalytic destruction of CCl, in the presence of steam
was investigated at 200-350°C over a series of lanthanide
(La, Ce, Pr, and Nd) and alkaline-earth metal (Mg, Ca, Sr,
and Ba) oxide-based catalysts by kinetic experiments, vari-
ous spectroscopic techniques and DFT calculations. This
new catalytic chemistry was achieved by combining destruc-
tive adsorption of CCl, on a basic oxide surface and concur-
rent dechlorination of the resulting partially chlorinated
solid by steam. The following conclusions can be drawn
from this work:

1) The rates of CCl, decomposition and steam dechlorina-
tion could be balanced over lanthanide-oxide-based ma-
terials to create a catalytic cycle. Depending on the reac-
tion conditions, especially the H,O/CCl, molar ratio, the
catalytic material was found to transform dynamically
from the metal oxide state to the metal oxide chloride or
metal trichloride state due to bulk diffusion of oxygen
and chlorine atoms. Both La,O; and LaOCI are active
materials in this reaction, whereas LaCl; is catalytically
inactive. However, the two active phases are probably
part of a common -catalytic cycle, and further work
should be directed towards understanding the properties
of the active site. Gas-phase oxygen in the feed stream
decreases the reaction rate; this indicates that oxygen is
in competition with the chlorinated hydrocarbon for the
active site.

2) Destructive adsorption of CCl, proceeds over a terminal
lattice oxygen site with donation of a Cl atom from CCl,
to the catalyst surface. The splitting of this first Cl atom
is predicted to be the rate-determining step. The result-
ing O—CCl; adsorbate can further decompose by donat-
ing another Cl atom to the surface and abstracting the
bonding oxygen atom, thus generating gas-phase COCl,
as a reaction intermediate, which was observed experi-
mentally.

1644

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

3) The decomposition of the highly reactive COCI, inter-
mediate is predicted to proceed primarily catalytically
rather than by gas-phase hydrolysis.

4) Surface dechlorination reactions of chlorinated lantha-
nide oxides with steam are endothermic and proceed
either by stepwise hydroxyl formation and subsequent
dehydroxylation or by reaction of surface Cl and OH.

5) Mechanistic studies indicate that catalyst activity can be
enhanced by increasing the number of terminal lattice
oxygen sites, for example, by depositing the lanthanide
oxide active phase onto a high surface area support. In
agreement with this prediction, a supported catalyst ob-
tained from a 10 wt% La,05/Al,0; precursor exhibited
the highest destruction rate: 0.289 ¢ CCl,h™'g™" catalyst
at 350°C, which is higher than values for any other re-
ported catalyst system.

The elucidated details of the reaction mechanism should
facilitate future theoretical studies for kinetic modeling,
process optimization and catalyst development. For exam-
ple, we are planning to identify theoretically and then con-
firm experimentally promoters that can be added for further
improvement of the lanthanide oxide-based system.

Experimental Section

Catalyst preparation: The following alkaline earths and lanthanide oxides
were studied: MgO (Aldrich, 99%, 117 m?’g™"), CaO (Aldrich, 99.9%,
7m’g™"), SrO (Aldrich, 99.9%, 2m’g'), BaO (Aldrich, 97%,
025m’g™"), La,0; (Acros, 9%, 1m’g™"), CeO, (Aldrich, 99,.9%,
0.25 m*g "), Pr,0; (Alfa Aesar, 99.9%, 3 m’g "), and Nd,O; (Alfa Aesar,
99.9%, 3 m*g""). Alumina-supported (Condea, 220 m*’g") alkaline earth
and lanthanide-oxide-based catalysts were prepared by incipient wet im-
pregnation of aqueous metal acetates. The origin and purity of the corre-
sponding metal acetate salts were as follows: Mg (Aldrich, 99%), Ca
(Avocado, 98%), Sr (Avocado, 98%), Ba (Aldrich, 99%), La (Fluka,
97%), Ce (Aldrich, 99,9%), Pr (Aldrich, 99.9%), and Nd (Aldrich,
99.9%). After impregnation, samples were dried at 100°C for 1 h. The
impregnation was repeated until the desired metal oxide loading was ob-
tained. All catalysts were granulated before testing and characterization,
and the 0.25-0.50 mm fraction was used for testing. Dechlorination ex-
periments in the presence of steam were performed with the following
metal chlorides: MgCl, (VEL, pro analyze), CaCl, (Riedel-de-Haen,
99%), SrCl, (Acros, 99%), BaCl, (Aldrich, 99%), LaCl; (Aldrich,
99.999 %), CeCl; (Fluka, 98.5%), PrCl; (Acros, 99.9%), and NdCl; (Alfa
Aesar, 99.9%).

Activity testing: Activity tests were performed in a fixed-bed reactor at
atmospheric pressure. The reactor consisted of a quartz tube loaded suc-
cessively with quartz wool, quartz beads, quartz wool, 1 g of catalyst,
quartz wool, quartz beads and quartz wool. The reactor was placed in a
furnace in such a way that the catalyst bed was positioned in the center
of the furnace. Samples were pretreated in 10 cm’min~' (STP) O, flow at
450°C overnight. During the reaction, a helium flow at 8 cm’min' (STP)
was passed through a saturator filled with CCl, (VEL, pro analyze) and
maintained at 0°C in an ice bath to preserve the same vapor pressure
and consequently the same CCl, concentration of 0.047 vol%. The gas
hourly space velocity (GHSV) was 800 h™'. The gas flows were measured
and controlled by Bronkhorst mass flow controllers. Water was added to
the reactor at the rate of 0.02 cm’min~' (STP) by means of a Methrom
dosimeter and evaporated when in contact with the reactor walls and
bed. The H,0O/CCl, molar ratio was in most cases 61, and thus an excess
of steam was added to the reaction mixture. Water in the effluent stream
was trapped with an impinger at room temperature. The remaining gases
were analyzed with a gas chromatograph (HP 4890D with an FID detec-
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tor and methanator) using a packed Hayesep Q CP column (80—
100 mesh, 3 m).

Catalyst characterization: Surface areas and pore volumes of the materi-
als were determined by N, sorption measurements with a Micromeritics
Accelerated Surface Area and Porosimetry ASAP 2400 instrument. Sur-
face areas were calculated by using the BET model with micro- and mac-
ropores described by the Horvath-Kawazoe and BJH models, respective-
ly. The amount of chlorine in the solids after the dechlorination experi-
ments with steam was determined by Ag titration in a HNO; solution ac-
cording to the Volhardt method. Raman spectra were recorded with a
Holoprobe Kaiser Optical RXN-532 or RXN-785 spectrometer equipped
with a holographic notch filter, laser Raman excitation at 532 or 785 nm
and a CCD camera. Some Raman spectra were also measured with a
Perkin-Elmer 2000 FT-Raman spectrometer with laser Raman excitation
at 1064 nm. A special in situ Raman cell was used that could be heated
in a stream of reagents at elevated temperatures. IR spectra were collect-
ed with a Nicolet 730 FT-IR spectrometer. A special in situ IR cell was
designed in which a catalyst wafer was placed in a quartz cell equipped
with KBr windows. X-ray diffraction measurements were performed with
a Siemens D5000 diffractometer using a Ni-filtered Cuyg, source with a
wavelength of 0.154 nm. X-ray photoelectron spectra were measured
with a Vacuum Generators system using a CLAM-2 hemispherical ana-
lyzer for electron detection. Nonmonochromatic Al X-ray radiation was
used for generating the photoelectrons at an anode current of 20 mA and
10 ke V. The pass energy of the analyzer was set at 50 eV. The survey scan
was taken with a pass energy of 100 eV.

Theoretical calculations: Gradient-corrected periodic DFT calculations
with La,05(001) model surfaces were performed to elucidate the reaction
mechanism using the DMol® code in Materials Studio 2.2 software by Ac-
celrys Inc. Infinite slabs were constructed similarly to a recently proposed
La,0; model.’” The models were based on a 2x2 La unit cell with an
overall thickness of 10layers: 2x(O, La, O, La, O), as shown in
Figure 11. The bottom seven slab layers were constrained during the cal-

constrained layers

unit cell

Figure 11. Periodic La,0;(001) model surface based on a 2x2 10-layer
unit cell with CCl, above the surface. A simplified representation with
only the top two layers is shown in Figure 8.

culations, and the top three layers were optimized with an adsorbate to
simulate surface relaxation on adsorption. All adsorption and surface re-
action energies were calculated at 0 K without zero-point energy correc-
tions. The vacuum spacing was 15 A. The calculated equilibrium lattice
constants closely matched accepted experimental values: a=b=3.954,
c=6.136 A (exptl: a=b=3.939, c=6.136 A). The calculations used the
double numerical with polarization (DNP) basis set and the generalized
gradient-corrected Perdew—-Wang (GGA PW91) functional. The calcula-
tions were spin-nonpolarized. Tightly bound core electrons were repre-
sented with ultrasoft pseudopotentials. Reciprocal-space integration over
the Brillouin zone was approximated by a sampling at 3x3x1 k-points.
Convergence with respect to the number of k-points was tested by in-
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creasing the mesh to 4x4x1 for several representative structures. The
real-space cutoff distance was 4.5 A. The integration accuracy was set at
1000 grid points for each atom. The SCF tolerance was 10~° Hartree. Oc-
tupole expansion was used in the maximum angular momentum function
representation of the charge density. To facilitate convergence, the densi-
ty mixing between consecutive iterations was set at 0.2 for the charge
and 0.5 for the spin. In addition, direct inversion in an iterative subspace
(DIIS) and thermal smearing of 0.002 Hartree were used.
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