
DOI: 10.1002/chem.200700901

Intermediates in the Destruction of Chlorinated C1 Hydrocarbons on
La-Based Materials: Mechanistic Implications

Alwies W. A. M. van der Heijden, Maria Garcia Ramos, and Bert M. Weckhuysen*[a]

Introduction

In the last few decades, the demand for products containing
chlorinated hydrocarbons (CHCs), such as lubricants, heat-
transfer fluids, plasticizers, and cleaning solvents, has in-
creased.[1,2] The use of CHCs in commercial products has
been greatly reduced by the introduction of alternatives that
are environmentally less harmful. The current main source
of chlorine waste is the so-called “lights”, which is a mixture
of chlorinated C1 and C2 hydrocarbons produced during in-
dustrial processes involving chlorine. On account of the
toxic and suspected carcinogenic properties of these com-
pounds, the emission of CHCs can cause severe damage to
our environment.[3,4] Currently, incineration is the preferred
method of destruction.[5–7] However, high temperatures are
required to prevent the formation of toxic by-products, such
as dioxins and furans. Worldwide, research efforts are being
made to find cleaner and more effective routes for destroy-
ing CHCs. Alternative and cleaner destruction techniques
have been investigated, such as oxidative catalysis over tran-

sition-metal oxides and noble metals.[8–11] Alkaline-earth
metal oxides and lanthanide oxides convert CHCs into O-
containing products, for example CO2.

[12–25] This process,
known as destructive adsorption, involves exchange of the
Cl atoms of the CHC with the lattice O atoms of the metal
oxide. As a result, the metal oxide is partially or completely
converted into the corresponding metal chloride. This pro-
cess can be envisaged as: 2M2O3+3CCl4!4MCl3+3CO2

(M: metal). The use of basic oxides for the conversion of
CHCs offers several advantages in comparison with other
techniques. In contrast to transition-metal oxides and noble-
metal catalysts, the materials possess higher stability, as no
poisoning of the catalyst with Cl occurs. Besides, the cost of
the solid is relatively low compared to noble-metal catalysts.
Furthermore, the reaction takes place at relatively low tem-
peratures, whereas incineration requires high temperatures.

Previous publications have reported on the destructive ad-
sorption and catalytic destruction of CCl4. Van der Avert
et al. found that the destructive adsorption can be made cat-
alytic by adding steam to the reaction mixture.[26,27] The
chlorinated metal oxide can then exchange lattice Cl with
O atoms from water, resulting in the formation of HCl. Dif-
ferent metal oxides were tested for this catalytic route and
lanthanum proved to have the best combination of activity
and stability.[26, 27] Consequently, lanthanide oxide systems
have been studied in great detail for the destructive adsorp-
tion of CCl4. During reaction with CCl4, La2O3 is successive-
ly converted into LaOCl and LaCl3. In fact, LaOCl was
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found to be a more active material than La2O3.
[28,29] Further

investigations on LaOCl materials showed a link between
activity and the acid–base properties of the catalyst.[30] For
the destructive adsorption of CCl4, a strong lanthanum
Lewis acid site results in high activity. Since chlorine is more
electronegative than oxygen, a higher chlorine content at
the surface results in higher activity. However, a certain
amount of oxygen is needed at the surface to enable the ex-
change of Cl for O atoms. As the mechanism of destructive
adsorption of CCl4 is now well understood and the active
site for the reaction has been identified, our research is now
focusing on the destruction of CHCl3, CH2Cl2, and CH3Cl.

Herein, we report a general mechanism for the destruc-
tive adsorption of chlorinated C1 hydrocarbons and the rela-
tionship between the composition of the catalyst and the ob-
served activity and selectivity. In situ IR spectroscopy and
GC analysis were used to monitor the reaction. As a result,
fundamental insight is obtained into the intermediates of de-

structive adsorption when applying La-based materials to
convert mixtures of chlorinated C1 compounds. This is of
high relevance when destroying the “lights” in industrial
waste streams.

Results and Discussion

IR spectroscopic studies : When chlorinated C1 hydrocarbons
adsorb on lanthanum oxide based materials, C�Cl bonds are
broken and C�O bonds are formed resulting in chemisorp-
tion of the chlorinated C1 compound. Both bonds are relat-
ed to IR-active vibrations, and therefore IR spectroscopy
enables characterization of the surface species and chemisor-
bed reaction intermediates. IR spectra of the gas phase and
catalyst wafer were recorded separately during the reaction
of LaOCl with CHCl3, CH2Cl2, and CH3Cl (Figures 1 and 2).
Unfortunately, small fluctuations in the concentration of am-

Figure 1. Gas-phase IR spectra measured during the destructive adsorption of a) CHCl3, b) CH2Cl2, and c) CH3Cl on LaOCl at 298, 373, 423, 473, 523,
and 573 K. For comparison, a relative intensity scale is included for each spectrum.
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bient CO2 and H2O prevented the accurate detection of
these species as reaction products. Consequently, CO2 and
H2O are not included in the spectra and in the discussion of
the IR results.

CHCl3 : Several bands are observed in the gas-phase spectra
at room temperature (Figure 1a). The band at 1269 cm�1 is
indicative of CH2Cl2 that was present as a contaminant in
the reactant.[31] The remainder of the bands are assigned to
CHCl3.

[31] At 423 K a band arises at 2143 cm�1, which is
characteristic for CO.[31] The intensity of the CO band in-
creases with increasing reaction temperature. At 473 K, the
rotation–vibration pattern of HCl is observed at
2886 cm�1.[31] As the temperature increases, the intensity of
the HCl band also increases. A low-intensity band at
1832 cm�1 is visible at 573 K and is accompanied by a broad-

ening of the band at 856 cm�1. The bands are due to the for-
mation of COCl2 and the relatively low intensity indicates
that a small amount is formed.[32] In addition, a band arises
at 922 cm�1, which can be assigned to C2Cl4.

[31]

To elucidate the surface reaction steps of the conversion
of CHCl3, spectra of the wafer were also measured. In Fig-
ure 2a, each spectrum is shown after subtraction of the cor-
responding gas-phase spectrum and the spectrum of the
wafer prior to reaction. The bands at 3020 and 1223 cm�1

are assigned to physisorbed CHCl3. In addition, immediately
after introduction of CHCl3, a broad band at 3579 cm�1 is
visible, characteristic of surface hydroxyl groups. Simultane-
ously with the OH bands at room temperature, bands
appear at 1402, 1496, and 1597 cm�1. These bands are also
visible in the spectrum of LaOCl under ambient conditions
and are attributed to the presence of bulk carbonate (1402

Figure 2. IR spectra of the LaOCl wafer measured during the destructive adsorption of a) CHCl3, b) CH2Cl2, and c) CH3Cl at 298, 373, 423, 473, 523, and
573 K. For comparison, a relative intensity scale is included for each spectrum.
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and 1496 cm�1) and bidentate carbonate (1597 cm�1). As a
result of the high basicity of lanthanum oxide based materi-
als, carbonates and hydroxyl groups are formed readily at
room temperature by reaction with CO2 and H2O from air.

In a blank experiment, LaOCl was kept under static
vacuum in the reaction cell to verify whether the observed
bands are a result of the presence of air, or of destructive
adsorption of CHCl3. The intensity of the carbonate bands
in the blank experiment was of the same order of magnitude
as that observed in the spectrum at 298 K for the experi-
ment with CHCl3. The carbonate bands at 298 K in Fig-
ure 2a are therefore a result of residual air in the reaction
cell. During the blank experiment surface hydroxyl groups
were also formed, but after 4 h the intensity of the n(OH)
band was still significantly lower in comparison with the
band observed after 15 min at 298 K with CHCl3 in the cell.
This result implies that the hydroxyl groups are formed as a
result of the interaction of CHCl3 with the LaOCl surface.

The abstraction of the proton from CHCl3 by strong basic
O sites initiates the reaction, which was also proposed by
Koper et al. from experiments on the destructive adsorption
of CHCl3 on CaO (Scheme 1, spe ACHTUNGTRENNUNGcies 1b to 2b).[33] The for-
mation of dichlorocarbene (CCl2) at the surface has been
proven by adsorption of CCl4 on Fe3O4 studied by STM.[34]

Moreover, it was found that the CCl2 fragment is mobile on
the surface at 298 K. Koper et al. found from pulse experi-
ments that CHCl3 is initially converted on CaO into CO ex-
clusively, whereas the addition of larger amounts resulted in
the formation of COCl2 and C2Cl4. Hydration of CaO led to
the formation of COCl2 and C2Cl4 after the introduction of
lower amounts of CHCl3. As both chlorination and hydra-
tion of the surface result in the decrease of O availability,
the formation of COCl2 and C2Cl4 is indicative of O defi-
ciency.

The formation of C2Cl4 and COCl2 is confirmed in the
gas-phase IR spectrum for destructive adsorption of CHCl3
at 573 K (Figure 1a). At 373 K, bands are visible at 1346,
1371, and 1562 cm�1, which are characteristic of chemisor-
bed formate groups (Table 1). The intensity of the formate

bands decreases in the spectrum measured at 423 K, and si-
multaneously CO is formed (Figure 1a). The formation of
formate groups is the result of a Cl abstraction rather than
proton abstraction as the initial reaction step. Initially,
COHCl, an intermediate similar to COCl2, is formed after
exchange of two Cl atoms for an O atom (Scheme 1, spe-
cies 1a to 2a). This intermediate is known to thermally disso-

Scheme 1. Proposed reaction scheme for the destructive adsorption of CHCl3 on LaOCl. To illustrate the difference between adsorbed and gas-phase
species, the catalyst surface is highlighted gray.

Table 1. Measured vibrational frequencies and mode assignment of me-
thoxy and formate groups after adsorption of CH3OH and HCOOH, re-
spectively, on LaOCl at room temperature after evacuation.

CH3OH on LaOCl
[cm�1]

Methoxy
mode

HCOOH on LaOCl
[cm�1]

Formate
mode

1017 n(CO)
three-fold

1261 n ACHTUNGTRENNUNG(OCO)s
monodentate

1043 n(CO)
bridged

1348 n ACHTUNGTRENNUNG(OCO)s
bidentate

1062 n(CO)
bridged

1375 n ACHTUNGTRENNUNG(OCO)s
bidentate

1101 n(CO)
on top

1400 d(CH)

1460 d ACHTUNGTRENNUNG(CH3) 1556 n ACHTUNGTRENNUNG(OCO)as
bidentate

2794 nsACHTUNGTRENNUNG(CH3) 1607 n ACHTUNGTRENNUNG(OCO)as
bidentate

2852 nsACHTUNGTRENNUNG(CH3)
three-fold

1689 n ACHTUNGTRENNUNG(OCO)as
monodentate

2873 nsACHTUNGTRENNUNG(CH3) 2859 n(CH)
2926 nas ACHTUNGTRENNUNG(CH3)
2953 nas ACHTUNGTRENNUNG(CH3)

three-fold
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ciate into CO and HCl (Scheme 1, species 3a to 3a’). How-
ever, when COHCl is formed at the surface, rapid readsorp-
tion is favorable, resulting in the formation of formate
groups (Scheme 1, species 4a to 5a). During the increase of
temperature from 298 to 423 K, the OH band at 3579 cm�1

also increases in intensity and shifts to 3529 cm�1. The
broadening and perturbation of the OH band can be ex-
plained by the interaction between OH groups and
CHCl3.

[35]

At 473 K, the formate bands disappear and the intensity
of the OH bands decreases. Moreover, three distinct
maxima are visible in the n(OH) region and a low-intensity
band appears at 3180 cm�1, which may be the result of hy-
drogen bonding between chloroform and surface hydroxyl
groups. The three OH bands have previously been linked to
the occurrence of different phases in lanthanum oxide pow-
ders, on the basis of XRD.[36] The bands at 3491, 3597, and
3666 cm�1 are assigned to LaOOH, La(OH)3, and isolated
LaOH, respectively.[36] The different bands are related to the
degree of hydration of the sample. Initially, through proton
abstraction the surface becomes saturated with OH groups
and at higher chlorination degree, the OH groups react with
Cl to form HCl and regenerate basic O sites. The thermal
dissociation of COHCl may be more favorable at 473 K
than the readsorption and consecutive formation of formate
groups, as bands related to formate groups are not found in
the spectrum. An alternative interpretation is that formate
groups are formed which immediately dissociate into CO
and surface hydroxyl groups. The decrease of the formate
bands parallels the increase of the carbonate band at
1597 cm�1. This result implies that the formate groups con-
vert into bidentate carbonates (Scheme 1, species 5a to
5a’).[37]

Above 473 K, the intensity of the carbonate band at
1597 cm�1 decreases, which leads to CO2 formation. As pre-
viously mentioned, however, CO2 could not be detected due
to experimental limitations. The bands at 999 and 1032 cm�1

are assigned to La–O vibrations. The broadness of the bands
is most likely due to the rearrangement of the LaOCl struc-
ture as a result of chlorination of the catalytic surface. The

band at 1140 cm�1 appears simultaneously with bidentate
carbonate; however, no reference was found with respect to
this band.

CH2Cl2 : Bands that are all assigned to CH2Cl2 are observed
at room temperature in the gas-phase spectra (Figure 1b).[31]

At 423 K, a small shoulder arises at 1227 cm�1, which can be
assigned to CHCl3.

[31] At 473 K, CO is formed and the inten-
sity of the CO band increases as the temperature increases.
At 573 K, several bands arise at 1034 and 1745 cm�1. In ad-
dition, bands are visible between 2700 and 3000 cm�1. The
bands at 1034 and 1745 cm�1 are characteristic of methanol
and formaldehyde, respectively.[31] The pattern of bands in
the 2700–3000 cm�1 region confirms the formation of CH2O
and CH3OH.[31] The bands may in addition be indicative of
HCl formation.[31]

The spectra of the catalyst, measured during the destruc-
tive adsorption of CH2Cl2, are shown in Figure 2b. At 298 K,
bands are observed at 3064, 2993, and 1273 cm�1, assigned
to physisorbed CH2Cl2. Also, a low-intensity hydroxyl band
is observed at 3590 cm�1, indicating proton abstraction simi-
lar to the destructive adsorption of CHCl3 (Scheme 2, spe-
cies 1b to 2b). The recombination of CHCl to C2H2Cl2 is not
observed at high temperature, however. Apparently, the sur-
face reaction involving CHCl is limited to lattice O extrac-
tion resulting in the formation of COHCl. As the tempera-
ture increases, the hydroxyl band broadens and at 573 K,
three maxima are visible at 3507, 3591, and 3642 cm�1. This
is similar to the hydroxyl bands observed during the CHCl3
experiment (Figure 2a). Even though no products are ob-
served in the gas phase below 523 K, the wafer spectra show
bands at 1566, 1375, 1336, and 2858 cm�1 at 373 K, indicating
the formation of formate groups. This finding can be ex-
plained by the previously discussed consecutive readsorption
and formation of formate groups from COHCl (Scheme 2,
species 4b to 5b).

At 473 K, a broad set of bands is present at 1600–
1300 cm�1, which increases in intensity at 523 K. The broad
bands between the two maxima at 1566 and 1375 cm�1 are
assigned to bulk carbonates. At 423 K and higher tempera-

Scheme 2. Proposed reaction scheme for the destructive adsorption of CH2Cl2 on LaOCl. To illustrate the difference between adsorbed and gas-phase
species, the catalyst surface is highlighted gray.
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tures, bands are also present around 1011 and 2800–
3100 cm�1 as a result of methoxy group formation. In previ-
ous IR experiments of methanol probing on LaOCl, differ-
ent types of methoxy species have been identified based on
the vibrational frequencies in the low wavenumber region
(Table 1).[30] The bands observed at 1097, 1045, and
1011 cm�1 have been assigned to on-top, bridged, and three-
fold methoxy species, respectively. The methoxy species are
predominantly in the threefold adsorbed state and are
stable up to 573 K. The intensity of the bands at 2956 and
2858 cm�1 in the n(CH) region parallels the intensity of the
n(CO) band of threefold adsorbed methoxy species. The de-
crease in intensity at 573 K of the band at 2858 cm�1 is
caused by the overlap between the n(CH) bands of formate
and methoxy groups, as the formate species dissociate at
573 K. In addition to threefold methoxy species, a relatively
low concentration of bridged and on-top adsorbed methoxy
species is formed at the surface. Similar to the reaction with
CHCl3, a reaction pathway initiated by Cl abstraction may
explain the formation of methoxy species. Analogous to
CHCl3, CH2Cl2 produces CH2O after Cl removal (Scheme 2,
species 1a to 2a). CH2O is known to form dioxymethylene
(O2CH2) and polyoxymethylene species on the surface of
ionic solids, which can convert further into formate and me-
thoxy groups.[37] However, the bands characteristic of dioxy-
methylene and polyoxymethylene are not observed in the
spectra. Moreover, the formation of dioxymethylene re-
quires reduction of a metal site, which is highly unlikely in
the case of lanthanum.[38] On the other hand, it has been
shown recently that even though La3+ is unable to change
oxidation state, oxidation of OCl is possible.[39,40] A more
likely explanation, however, is that formaldehyde reacts via
a Cannizzaro-like reaction to form methoxy and formate
groups (Scheme 2, species 4a to 5a)).

At 523 K, CH3OH is formed in the gas phase. The forma-
tion of CH3OH is linked to the increased concentration of

methoxy species and hydroxyl groups at the surface. As a
result, basic O sites are regenerated by CH3OH desorption
(Scheme 2). The fact that formaldehyde is observed in the
gas-phase spectrum at 573 K indicates that readsorption is
becoming less favorable, or that more CH2O is formed at
the surface (Scheme 2). At 573 K, bands are visible at 1689,
1597, 1527, and 1333 cm�1. The band at 1689 cm�1 is ascribed
to monodentate formate (Table 1), which means that com-
pared to the CHCl3 experiment, the formate groups remain
on the surface up to higher temperatures. Therefore, tem-
perature is not the only factor influencing dissociation.
Chlorination is highly probable as an additional parameter.
The bands at 1597, 1523, and 1333 cm�1 are assigned to car-
bonates remaining on the surface after dissociation of bulk
carbonates. The bands at 1523 and 1333 cm�1 have previous-
ly been assigned to polycarbonates.[30]

CH3Cl : For CH3Cl on LaOCl at room temperature, the ob-
served bands are all assigned to gas-phase CH3Cl (Fig-
ure 1c). At 523 K, a strong band arises at 1178 cm�1 assigned
to dimethyl ether. At 573 K, other bands indicative of di-
methyl ether arise at 931, 1101, 2817, and 2925 cm�1. A
band is also observed at 1033 cm�1 as a result of methanol
formation. Moreover, gas-phase C�O at 2143 cm�1 is visible
in the spectrum at 573 K.

During the experiment with CH3Cl on LaOCl, bands as-
signed to physisorbed CH3Cl are observed at 2965, 2937,
and 2865 cm�1 (Figure 2c). The intensity of the bands of the
surface species is significantly lower than those for the ex-
periments with CHCl3 and CH2Cl2, making the spectra
rather noisy after subtraction. At room temperature, the
n(OH) band is visible at 3552 cm�1. The intensity of this
band is relatively constant throughout the experiment. This
result indicates that hydrogen abstraction is not favorable in
the case of CH3Cl (Scheme 3, species 1b to 2b). At 423 K,
the previously assigned bands of methoxy groups are ob-

Scheme 3. Proposed reaction scheme for the destructive adsorption of CH3Cl on LaOCl. To illustrate the difference between adsorbed and gas-phase
species, the catalyst surface is highlighted gray.
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served at 2954, 2852, and 2808 cm�1. Broad bands are also
observed in the low-wavenumber region, confirming the
presence of methoxy species. The position of the band at
1020 cm�1 is indicative of threefold adsorbed methoxy spe-
cies (Table 1). The bands at 1038, 1066, and 1103 cm�1 show
that a relatively small amount of twofold and on-top ad-
sorbed methoxy groups is also present at the surface. The
formation of methoxy groups is accompanied by gas-phase
dimethyl ether.

Two possible pathways can lead to the formation of di-
methyl ether. 1) Recombination of two surface methoxy spe-
cies, resulting in the regeneration of an O site. However,
due to the low intensity of the methoxy bands compared to
the experiment with CH2Cl2 on LaOCl, it appears unlikely
that dimethyl ether is not formed for CH2Cl2. 2) A more
probable pathway is the exchange of two Cl atoms from two
CH3Cl molecules for one O atom (Scheme 3, species 1a to
1a’). The CH3Cl molecule is relatively small compared to
the molecules containing more of the large Cl atoms. There-
fore, the conversion of CH3Cl into dimethyl ether is able to
occur without the formation of large amounts of surface spe-
cies.

At 573 K, the methoxy groups dissociate simultaneously
with the formation of methanol, as was observed for the de-
structive adsorption of CH2Cl2. In addition to methoxy spe-
cies, broad bands are visible at 1700–1200 cm�1. These bands
are similar in position and intensity for the carbonate bands
that are observed for the experiments at room temperature
with CHCl3 and CH2Cl2 (Figure 2a,b). These bands were as-
cribed to residual air in the vacuum cell and, consequently,
the formation of carbonates. The intensity of the carbonates
is relatively constant in all spectra. However, at 573 K the
carbonate band is broader and two low-intensity bands arise
at 1782 and 1730 cm�1. No reference has been found for the
assignment of these bands. The broadening of the carbonate
bands at 573 K may indicate the formation of formate
groups. The dissociation of formate groups would conse-
quently explain the gaseous CO that is observed at 573 K
(Figure 1c).

GC activity experiments : To evaluate activity and selectivity,
gas-flow experiments were performed. The region in the
chromatogram where COCl2 is observed contains other
peaks, and therefore COCl2 is difficult to detect. As a result,
both the assignment and the quantification of COCl2 may
be susceptible to a rather large error. Therefore, COCl2 has
been omitted from the GC results, as it is generally formed
together with CO2. Another point of discussion is the fact
that CH3Cl and CH3OH are co-eluting. Fortunately, the IR
results complement the GC results. In the IR experiments,
the formation of CH3OH was observed, whereas the forma-
tion of CH3Cl was not observed. The product formed during
the GC experiments is therefore assigned to CH3OH. This
also means that the formation of CH3OH could not be con-
firmed during the GC experiments with CH3Cl, and conse-
quently the conversion of this reaction is actually higher
than experimentally determined.

To enable comparison of selectivity, the reactions were
performed on LaOCl at 673 K. The overall conversion is
shown in Figure 3. It is defined as the sum of the flow con-
centrations of the C-containing products divided by the sum
of the flow concentrations of the reactant and the C-con-

taining products, multiplied by 100%. The overall conver-
sion at 673 K shows the following trend: the conversion by
destructive adsorption of CHxCl4�x decreases as x increases.
A trend is observed in the conversion as a function of time.
Initially, the conversion is relatively high. This may not
seem the case for CH3Cl; nevertheless, because of the co-
elution of CH3Cl and CH3OH, the conversion is likely to be
significantly higher than that measured by GC analysis.
After some time a sharp decrease in conversion was ob-
served. The decrease in activity is caused by the complete
chlorination of the catalyst surface. Once the surface is fully
chlorinated, the reaction becomes controlled by the diffu-
sion of lattice O atoms to the surface and of lattice Cl atoms
to the bulk.

In Figure 4, the conversion of the products is shown as a
function of time for the destructive adsorption of CHCl3,
CH2Cl2, and CH3Cl on LaOCl at 673 K. The conversion was
defined as the flow concentration of a product divided by
the sum of the flow concentrations of the reactant and the
products, multiplied by 100%. As the reaction time increas-
es, the surface becomes more chlorinated. Therefore, the
timescale can be translated into a chemical parameter,
namely, surface chlorination. The conversion curves have
similar shapes: an increase, followed by a maximum value,
ending in a decrease. The maximum conversion indicates
that a certain degree of chlorination increases conversion.
This finding is in agreement with previous experiments with
CCl4 on LaOCl, in which higher intrinsic activity was ob-
served for a more chlorinated surface.[30] An increase in
chlorination leads to stronger Lewis acid sites, which are im-
portant for the initial reaction step. Once a C�Cl bond has
been broken, basic O sites are needed to stabilize the re-
maining fragment and to convert it into O-containing prod-
ucts. Therefore, an optimum combination of strong Lewis
acid sites with sufficient basic O sites exists, which is control-
led by the degree of surface chlorination. In the experiments
on LaOCl, a maximum was not observed in some cases. The

Figure 3. Overall conversion for the destructive adsorption of 6–7 vol%
of CHCl3 (&), CH2Cl2 (^), and CH3Cl (~) in He on LaOCl at 673 K as a
function of time.
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degree of chlorination of the surface has probably exceeded
the optimum value. Therefore, the measurements only show
the decrease in conversion following the maximum.

In all experiments, the formation of CO2 follows the for-
mation of other products, such as CO, CH3OH, and CH4.
Also, the maximum conversion of CO2 is observed later in
the reaction as the H content of the reactant increases. This
finding indicates that the chlorination of the surface results
in the formation of CO2. Either it promotes the formation
of CO2 as a reaction product, or carbonates are formed in
an earlier stage of the reaction and desorb as CO2 as a
result of surface chlorination.

General discussion : The results of the IR analysis are sum-
marized in Table 2. Even though different products are
formed in each reaction, the reaction pathways described in
Schemes 1–3 can be summarized by a general reaction
scheme (Scheme 4). Two initial pathways are proposed for
the destructive adsorption of the chlorinated C1 series, that
is, CCl4, CHCl3, CH2Cl2, and CH3Cl. The first reaction path-
way is known from the destructive adsorption of CCl4 and is
similar for the other chlorinated C1 hydrocarbons. Two Cl a-
toms of the reactant are exchanged for a lattice O atom,
which leads to the formation of a gas-phase intermediate,
namely COHxCl2�x. In the case of CH3Cl, another reaction
may occur which resembles this pathway, as this molecule
possesses only one Cl atom. Two CH3Cl molecules both
donate one Cl atom and an O atom is exchanged in return.
As a result, (CH3)2O is formed as a gas-phase product. For
the destructive adsorption of CCl4, it was found previously
that an optimum combination of Lewis acidity/basicity exists
for the active sites.[30] The C�Cl bond becomes elongated
when the Cl atom is attracted
by a LaIII Lewis acid site, result-
ing in the breaking of the C�Cl
bond and the formation of a
La�Cl bond. The basic O sites
are necessary to stabilize the re-
maining CCl3 fragment and
enable the conversion of CCl4
into CO2. The strength of the
Lewis acid site therefore is a
key factor for activity and this
is also applicable to the other
chlorinated C1 hydrocarbons.

The second pathway results
in the formation of an adsorbed
CHx�1Cl3�x fragment after re-
moval of H and Cl atoms from
the reactant (Scheme 4). Clear-
ly, CCl4 is unable to react via
this reaction pathway due to
the absence of H atoms. How-
ever, for the other chlorinated
C1 species the O site is able to
abstract a H atom. A hydroxyl
group is formed as a result of

Figure 4. Conversion into each product for the destructive adsorption of
CHCl3, CH2Cl2, and CH3Cl on LaOCl (A–C, respectively) at 673 K as a
function of time. The symbols in the graphs refer to the products: CO
(~), CO2 (&), CH3OH (^), and CH4 (*).

Table 2. Overview of gas-phase and surface species detected on LaOCl with IR spectroscopy for the destruc-
tive adsorption of CHCl3, CH2Cl2, and CH3Cl at 298, 373, 423, 473, 523, and 573 K.

CHCl3 CH2Cl2 CH3Cl
T [K] Surface

species
Gas-phase
species

Surface
species

Gas-phase
species

Surface
species

Gas-phase
species

298 hydroxyl
formed

– hydroxyl
formed

– – –

373 formate
formed

CO formate
formed

– – –

423 carbonate
formed

CO methoxy
formed

– methoxy
formed

–

formate
dissociated

473 hydroxyl
dissociated

CO carbonate
formed

CO – –

HCl formate
dissociated

523 carbonate
dissociated

CO – CO – ACHTUNGTRENNUNG(CH3)2O

HCl CH3OH
573 – CO carbonate

dissociated
CO formate

formed
ACHTUNGTRENNUNG(CH3)2O

HCl CH3OH methoxy
dissociated

CH3OH

COCl2 CH2O CO
C2Cl4
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the removal of the H atom, and the Cl atom forms a bond
with the La atom. Based on these results, it is not possible
to determine whether the formation of the hydroxyl group
precedes or follows the formation of the La�Cl bond. Nev-
ertheless, the strength of the basic O atom directly influen-
ces the initial step of the reaction pathway. The CHx�1Cl3�x

fragment is able to migrate across the surface and remove a
lattice O atom to form the gas-phase intermediate
COHx�1Cl3�x. The removed O atom is not replaced by an-
other anion and this would result in an overall positive
charge on the catalyst material. However, La2O3-based ma-
terials are able to incorporate additional O atoms and re-
construct the catalytic surface.[41] Moreover, carbonates on
the catalyst surface can change coordination to compensate
for the loss of O atoms. This means that removal of H/Cl
from the chlorinated C1 compounds is dependent on the
number of additional O atoms that are incorporated into the
material and the amount and type of carbonates present on
the catalytic surface.

Two initial pathways result in the formation of two similar
intermediate products (Scheme 4). The rapid readsorption
of the two intermediates, COHxCl2�x and COHx�1Cl3�x, re-
sults in the formation of hydroxyl, formate, carbonate, or
methoxy groups. The surface species formed can further in-
terconvert or dissociate into gas-phase products, depending
on the degree of chlorination of the surface and the reaction
temperature. COCl2 is converted into CO2 after readsorp-
tion, which may readsorb again resulting in carbonate for-
mation. In the case of COHCl, a formate group is formed
when readsorption occurs. COH2 is readsorbed via a Canni-
zzaro-like reaction leading to the formation of methoxy and
formate groups. In some cases, the intermediates are ob-
served in the gas-phase spectra, that is, CH2O and COCl2
for CH2Cl2 and CHCl3, respectively.

Constant-temperature experiments show that the conver-
sion of H-containing chlorinated C1 hydrocarbons decreases
as the H content of the reactant increases. This trend can be
explained by the change in polarization in the bonds of the
CHxCl4�x molecule. The polarization of the reactant mole-
cule is linked to the electronegativities (ENs) of the atoms,
that is, C, Cl, and H with Pauling EN values of 2.55, 3.16,
and 2.20, respectively. The difference in EN between the
C atom and the Cl atom results in a polarization between
the central atom and the substituents. As the EN of the
H atom is relatively the same as that for the C atom, a C�H
bond is less polarized than the C�Cl bond. Even though the
direction of polarization of the C�H bond is opposite to
that of the C�Cl bond, the influence of the C�H bond on
the polarization of the molecule is negligible. According to
the proposed reaction scheme, the initial steps involve the
lengthening and consecutive breaking of the C�H bond and/
or C�Cl bond. Loss of polarization as a result of decreasing
Cl content stabilizes the reactant molecule, and hence re-
duces the susceptibility to H or Cl abstraction, resulting in
lower activity. In addition to the reactant, the chlorination
of the catalyst is also found to be of influence on the conver-
sion. After a certain reaction time, a maximum conversion is
reached. This shows that a specific degree of chlorination
represents the optimum combination of Lewis acidity and
basicity.

IR studies on the destructive adsorption of the H-contain-
ing chlorinated C1 series revealed different products and sur-
face species. In general, a higher H content of the reactant
results in more hydrogenated reaction products. The surface
species follow the same trend. The GC experiments at con-
stant temperature show that CO2 is formed after an initial
period of chlorination. The conversion into CO2 parallels
the trend in activity for the reactants; the time of maximum
CO2 conversion is longer as the reactant becomes more hy-
drogenated. The IR experiments showed that carbonates are
formed in all reactions discussed here. Therefore, it is con-
cluded that carbonates are retained on the surface of the
catalyst as long as sufficient O atoms are available. As the
surface becomes chlorinated, CO2 is released from the sur-
face. The exclusive formation of CH3OH from CH2Cl2 was
observed on LaOCl. This illustrates how the chlorination
degree of the surface influences the selectivity.

The two proposed reaction pathways based on the IR re-
sults yield different products for each reactant. A sharp de-
crease in the conversion into CO2 and CO is observed for
CHCl3 and CH2Cl2, respectively. These are products result-
ing from the proposed pathway proceeding via H/Cl abstrac-
tion. Since the surface is O rich at the beginning of the ex-
periment, abstraction by the Lewis basic site is favorable.
As the catalyst surface becomes more chlorinated, the mate-
rial becomes less basic. This results in a decreased conver-
sion of CO2 and CO for the experiment with CHCl3 and
CH2Cl2, respectively. The second pathway is also dependent
on the availability of O atoms to enable the exchange of two
Cl atoms for one O atom between the reactant and the cata-
lytic material. However, the strength of the basic O site is

Scheme 4. Proposed general reaction scheme for the destructive adsorp-
tion of CHxCl4�x on LaOCl.
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not of direct influence as it is in the H/Cl abstraction path-
way. This finding explains why a more gradual decrease in
conversion is observed for the formation of CO and CH3OH
in the experiments with CHCl3 and CH2Cl2, respectively.

Conclusion

For the destructive adsorption of CHCl3, CH2Cl2, and
CH3Cl on La2O3 and LaOCl, two reaction pathways are es-
tablished that lead to the formation of gas-phase intermedi-
ates (Scheme 4). It was found that a basic O site is able to
abstract an H atom from the gas-phase molecule, which is a
new aspect of destructive adsorption in comparison to the
previous experiments with CCl4. The intermediates can rap-
idly readsorb on the catalyst surface and form surface spe-
cies. The surface species can interconvert and/or dissociate
into gas-phase products. The dissociation of the surface spe-
cies is dependent on the reaction temperature and the
degree of surface chlorination.

With respect to activity, the same result is found as for
the catalytic destruction of the same compounds found by
van der Avert et al.[42] As the number of hydrogen atoms in
the molecule increases, the initial temperature of reaction
increases. Conversion of the chlorinated C1 species at con-
stant temperature decreases with increasing number of hy-
drogen atoms. This trend is a result of the decreasing polari-
zation of the bonds in the chlorinated C1 molecule as a con-
sequence of more hydrogen atoms. The H and Cl abstrac-
tion that initiates the reaction is therefore less favorable
with increasing H content. A second factor that influences
conversion is the degree of chlorination of the surface. An
optimum degree of surface chlorination exists, which trans-
lates to an optimal combination of Lewis acidic and basic
surface sites. Therefore, control of the degree of chlorination
of the surface is important when steam is added to the
system to make the reaction catalytic.

The selectivity for the destructive adsorption of H-con-
taining C1 compounds is largely dependent on the reactant.
This implies that the relative concentrations of the reactant
will directly influence the product distribution when mix-
tures of chlorinated C1 hydrocarbons are converted. To use
the catalytic conversion of chlorinated C1 hydrocarbons for
the production of reusable chemicals, the selectivity has to
be directed towards products containing C�H bonds, such as
CH3OH, (CH3)2O, and CH2O. Also, the formation of CO,
COCl2, CO2, and C2Cl4 needs to be minimized. A way to
tune the reaction towards more desirable products may be
the combination of waste streams with a hydrogen- and
carbon-rich source. Surface chlorination is, in view of the
proposed reaction scheme, of direct influence on the selec-
tivity. A catalyst with ample O atoms promotes the reaction
pathway involving H/Cl removal. The removal of H atoms
results in less hydrogenated, and hence less desirable, sur-
face intermediates and gas-phase products. Surface chlorina-
tion also inhibits the formation of carbonates, which reduces
the formation of CO2. Therefore, a chlorinated catalyst is

more selective than, for example, pure La2O3. This is impor-
tant when applying steam to make the reaction catalytic, be-
cause the degree of chlorination of the steady-state catalyst
can be tuned for optimal conversion.

Experimental Section

Materials : LaOCl was prepared by a precipitation process using
LaCl3·7H2O (Acros Organics, 99.99%) as precursor and NH4OH solu-
tion.[23] The obtained gel (La(OH)2Cl) was filtered, washed, dried at
393 K, and calcined at 823 K in pure N2 for 6 h. The details of these ma-
terials have been extensively discussed in a previous publication, there-
fore in this study only the main conclusions are reported.[30] LaOCl, pre-
pared by a sol–gel reaction, is characterized by a surface area of 36 m2g�1

and a pore volume of 0.3 mLg�1. The synthesized material mainly con-
sists of LaOCl crystallites embedded in an amorphous phase. Moreover,
the prepared LaOCl contains bulk lanthanum carbonate.

IR spectroscopy with in situ temperature-programmed reaction : Due to
interference by the bands of bulk carbonates on La2O3 with the adsorbed
species, only LaOCl was used for the IR measurements. A quartz cell
was employed, and all IR spectra were recorded using a Perkin
Elmer 2000 spectrometer with a resolution of 4 cm�1. LaOCl was pressed
into self-supporting wafers (2 cm2), and activated in situ prior to the IR
measurements in dynamic vacuum at 823 K for 30 min. After pretreat-
ment, the reactant (50 mbar) was introduced into the cell, which was
then closed. The reactant was equilibrated with the sample at room tem-
perature and, subsequently, spectra of the solid and the gas phase were
recorded. The temperature of the sample was raised to 573 K in steps of
50 K. Spectra were recorded after each step. Spectra were also obtained
for the adsorption of HCOOH (50 mbar) and CH3OH (50 mbar) on
LaOCl to use as a reference for the assignment of formate and methoxy
groups, respectively.

Activity : Activity measurements for the destructive adsorption of CCl4,
CHCl3, CH2Cl2, and CH3Cl were performed in a tubular fixed-bed quartz
reactor. The catalyst bed consisted of La2O3 or LaOCl (1.0 g) pressed in
a sieve fraction (150–500 mm), and pretreated in a He flow (10 mLmin�1)
at 823 K. The flow was regulated by Brooks 0–100-mL automatic mass-
flow controllers. The reactant flow was generated by bubbling He
through a bubbler containing the CHC in question for 30 min and out
through a vent. To correct the different concentrations as a result of the
vapor pressures of the CHCs, a second helium flow line was used to
dilute all materials to the desired concentration. Once stabilized, the flow
was led over the reactor bed of LaOCl. The reactions were performed at
a constant temperature of 673 K. The flow was stabilized as described
above and led over the pretreated reactor bed at 673 K. The composition
of the reaction mixture was analyzed with time by a Siemens Maxum Ed-
ition 2 gas chromatograph with a sampling time of 240 s.
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