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In two recent contributions [PCCP 12 (2010) 5605; Dalton Trans. 39 (2010) 8437], we combined in situ
and in operando XANES/EXAFS, CO chemisorption and catalytic tests to elucidate the role that dopants
(LiCl, KCl, CsCl, MgCl2 LaCl3) have in the nature, relative fraction, reducibility, and dispersion of Cu-phases
on CuCl2/c-Al2O3 catalysts for C2H4 oxychlorination reaction, a key step of PVC chemistry. In the present
work, we extend these studies by investigating the effect that the dopants have on the nature, population,
and strength of surface Lewis and Brønsted sites of the support, using IR spectroscopy of adsorbed CO at
liquid nitrogen temperature. The doping eliminates all the surface Lewis acidity in CsCl- and KCl-doped
catalysts and strongly suppresses it in the remaining cases. The increase of the strength of the Brønsted
sites is remarkable in all cases but the CsCl-doped one. To understand both the effect of Cl- anions and
dopant cations a set of dopant free, HCl-impregnated and of Cu-free dopant-impregnated supports have
been investigated. Addition of chlorine decreases the density and the strength of Lewis sites, while it
increases those of the Brønsted sites. Catalytic testing of each material revealed that formation of chlo-
rinated by-products was directly correlated with the density of Lewis acid sites. Furthermore, an empir-
ical correlation was found between the strength of the Brønsted acid sites of the support and the
stretching frequency of CO adsorbed on the reduced fraction of the active copper chloride phase. The
present study is aimed to complement the published literature on alumina, underlining the usefulness
of the molecular approach made by IR spectroscopy low temperature adsorbed CO to investigate the sur-
face of catalyst support.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction C2H4Cl2 ! C2H3ClþHCl ð1Þ
High surface area aluminas are widely used in catalysis as sup-
port for the active phase; this explains why they have been sub-
jected to so large an investigation [1–18]. Among all applications,
in this paper, we focus on the use of c-Al2O3 as a support for CuCl2

in the oxychlorination of ethylene [19–23], a key step in the PVC
chemistry.

Nowadays, almost all the world production of PVC is obtained
by the polymerization of vinyl chloride (VCM) [24], which is pro-
duced by cracking 1,2-dichloroethane (EDC) following reaction:
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ti).
In its turn, EDC is produced by two parallel processes, direct chlori-
nation (2) and oxychlorination (3) [24–26]:

C2H4 þ Cl2 ! C2H4Cl2 ð2Þ
C2H4 þ 2HClþ 1=2O2 ! C2H4Cl2 þH2O ð3Þ

The latter reaction, recycling HCl produced by the cracking of
1,2-dichloroethane (1), is particularly important in industrial
applications because it was specifically developed to reduce the
Cl2 consumption and the waste of HCl going outside the cycle, in
agreement with the modern requirements of chemical industry
[27–29].

The oxychlorination reaction (3) is performed at 490–530 K and
5–6 atm using both air and oxygen in fluid or fixed bed reactors.
Commercial catalysts are produced by impregnation of c-alumina
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with CuCl2 (4–8 wt.% Cu). Other chlorides, (mainly alkaline or alka-
line earth chlorides) in a variable concentration, are also added in or-
der to improve the catalytic performances, making the catalyst more
suitable for use in industrial reactors [27–31]. In particular, KCl is al-
ways present in the catalysts used in fixed bed technologies, some-
times together with other alkali-metal chlorides such as CsCl, NaCl
or LiCl [32–34]. Rare-earth-metal chlorides such as LaCl3, added to
CuCl2 and KCl, are also claimed in the patent literature [34]. MgCl2

is the base additive in the catalysts used in fluid bed processes, where
alkali-metal (such as LiCl) or rare-earth-metal chlorides (such as
LaCl3) can also be added [35–37]. Selection of the optimal catalyst
for the heavy industrial process of ethylene oxychlorination is an
important practical problem. The hydrogen chloride presence, high
exothermicity of the reaction (DH = �239 kJ/mol), and formation
of volatile oxychlorides are all potential sources for modification of
oxide supports and process kinetics, hence complicating the evalua-
tion of mechanism of the primary and secondary reactions in oxy-
chlorination. Due to the process scale, even a small decrease of
selectivity results in significant consumption of feed and in produc-
tion of undesired side-products, and thereby influences the econ-
omy of the entire PVC industry. So there is a great reason, why the
oxychlorination catalyst is still under investigation and essential in
PVC chemistry, despite being commercially established.

In spite of an abundant literature on the subject [19–22,27–
31,38–44], a significant improvement of the knowledge of the sys-
tem has been done only at the beginning of this century [19–
22,44], even if limited to the base catalyst (containing only CuCl2

without additives). It has been proved [19,20] that two different
copper species are present on the catalyst dried at 500 K in N2 flux:
(i) a surface aluminate where the copper ions are hosted in the
octahedral vacancies of c-Al2O3 and (ii) a highly dispersed copper
chloride. The former phase is formed at copper content lower than
0.95 wt.% Cu per 100 m2 support, while the latter precipitates di-
rectly from the solution once the adsorptive capacity of alumina
is exhausted.

Additionally, Lamberti et al. [23], performing an in operando
time resolved XANES study, have determined the fraction of Cu(II)
and Cu(I) of both CuCl2/c-Al2O3 and KCl/CuCl2/c-Al2O3 catalysts
during the ethylene oxychlorination reaction in the 373–623 K
range. It has been shown that the KCl/CuCl2/c-Al2O3 catalyst be-
haves differently from the base one, working in a prevailing oxi-
dized state, while the CuCl2/c-Al2O3 catalyst works in the
reduced state. Muddada et al. [45,46] have successively extended
the study to several other additives using XANES, EXAFS, UV–Vis,
IR of CO adsorbed at RT and catalytic tests in pulse reactor working
in both depletive and pseudo steady state conditions.

In this paper, IR spectroscopy of adsorbed CO, at liquid nitrogen
temperature, has been used to investigate the surface species
present on the chlorine (via HCl)-doped samples and the LiCl/
CuCl2/c-Al2O3, KCl/CuCl2/c-Al2O3, CsCl/CuCl2/c-Al2O3, MgCl2/
CuCl2/c-Al2O3, CaCl2/CuCl2/c-Al2O3, LaCl3/CuCl2/c-Al2O3, samples,
representing the most used dopants present in the catalysts em-
ployed in both fixed and fluid bed technologies. The selectivity of
the materials was investigated by catalytic tests under oxychlorina-
tion conditions.

The effect of additives on the CuCl2/c-Al2O3 system is extremely
complex and can be summarized in the following five main points.
(i) Additive cations may modify the engineering related to an
improvement of the structural resistance of the catalysts pellets
hosted inside the reactors, and to the decrease of the chemical
and mechanic corrosion of the reactor walls, etc. (ii) Additives
may have influence on the ability of CuCl2 to be reduced by ethyl-
ene and of CuCl to be reoxidized by oxygen [23,45,46]. (iii) Additive
cations may compete with Cu2+ cations in the saturation of cationic
vacancies at the alumina surface, thus altering the fraction of Cu2+

cations present in the active phase [46], which has been
established to be CuCl2 for the bare CuCl2/c-Al2O3 in Refs.
[19,20]. (iv) Additive cations can modify the Cu dispersion, favor-
ing, or inhibiting the clustering of the particles of the active phase
on the support [46]. (v) Additive cations modify the acidity of the
support, which has been proved to be of both Lewis (surface Al3+

species) and Brønsted (surface Al–OH species) nature [21].
IR spectroscopy of adsorbed CO can answer only a small fraction

of the question raised above: precisely, points (ii) and (v) for the
reasons outlined below, while the remaining points have been ad-
dressed in our previous works [45,46]. CO interacts strongly with
Cu+ sites giving rise to stable Cu+� � �CO adducts, characterized by
an adsorption enthalpy in the 120 kJ mol�1 < �DHads < 80 kJ mol�1

range [18,47–50], and by very high C–O extinction coefficients.
Conversely, Cu2+� � �CO adducts are much less stable and only very
few IR studies have reported their formation.[51,52] Consequently,
the intensity of the Cu+� � �CO component is qualitatively correlated
to the reducibility of the active Cu(II) phase; point (ii). CO molecule
is ideal to probe surface Brønsted and Lewis sites and to evaluate
how their strength and population is modified by the impregnation
process needed to support both the active CuCl2 and the dopant
phases [1,53–55].

In this work, we systematically investigate the role of: (i) the
activation temperature; (ii) the amount of chlorine added to the
catalyst via CuCl2, and/or dopant chloride or via HCl impregnation;
(iii) the effect of the dopant chloride on the strength and popula-
tion of surface Brønsted and Lewis acidic sites of c-Al2O3, which
are the main origin of undesired side products in ethylene oxychlo-
rination catalysis [24,56–58]. Besides this specific target, our study
has a much broader purpose, as the support can play an essential
role for the catalytic activity of heterogeneous catalysts. As far as
alumina is concerned, the ideal density of surface >Al–OH groups
and the presence/absence of strong Al3+ Lewis sites are known to
be two fundamental parameters in the performances of grafted ac-
tive species, as demonstrated by several experimental and theoret-
ical works [16,59–66]. Accordingly, the present study is aimed to
complement the published literature on this hot topic in catalysis,
showing how the molecular approach of using CO as probe to
investigate the surface of the catalyst support can be highly infor-
mative. In particular, information are obtained on the species that,
during the catalyst preparation steps, can be formed on the sur-
faces (>Al–Cl species) or can be covered and/or modified after
impregnation (both Lewis and Brønsted sites) or can leave the sur-
face after activation (–OH groups condensation and Cl� release at
higher temperatures).
2. Synthesis, experimental, and methods

All samples have been prepared by impregnation of a c-alumina
(Condea Puralox SCCa 30/170, surface area: 168 m2 g�1, pore vol-
ume: 0.50 cm3 g�1) with the aqueous solution of the corresponding
chlorides following the incipient wetness method as described
elsewhere [19]. After impregnation, the samples were dried at
393 K under a dry air flow for 1 h and then kept at room tempera-
ture (RT). To minimize aging effects [20], characterizations of sam-
ples have been performed 1 h after impregnation. Following the
nomenclature already used in the previous papers [19–23,44–
46,67,68], samples will be labeled according to wt.% content of
the different metals (Cu and additive). As an example, sample
Cu5.0 represents a 5.0 wt.% Cu loaded sample without additives,
while sample K3.1Cu5.0 represents a catalyst prepared with
5.0 wt.% Cu plus 3.1 wt.% K impregnated in the chlorinated form
(KCl). In all catalysts, the amount of copper has been fixed to
5 wt.%, while for the doped samples, an equal amount of additives
atoms has been added, resulting in Li0.5Cu5.0, K3.1Cu5.0,
Cs10.4Cu5.0, Mg1.9Cu5.0, Ca3.2Cu5.0, and La10.9Cu5.0 catalysts.
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Fig. 1. IR spectra of CO adsorbed at liquid nitrogen temperature on: c-Al2O3, Cu5.0; Cl2.8 samples, parts (a), (b), and (c) respectively. In all cases, before CO dosage samples
where activated in dynamic vacuum at 503 K for 1 h. (a.u. = absorbance units). Figure composed using spectra from Ref. [21].

238 N.B. Muddada et al. / Journal of Catalysis 284 (2011) 236–246
To investigate the effect of chlorine alone, two samples of chlori-
nated c-alumina have been prepared by impregnating the c-
Al2O3 support with aqueous solution of HCl following the incipient
wetness method with 1.4 and 2.8 Cl wt.% (hereafter Cl1.4 and
Cl2.8), the higher concentration corresponding to the amount of
Cl� ions available for the Cu5.0 sample. The combined effect of
dopant cations and Cl� anions on the support has been investi-
gated by preparing samples, again with the incipient wetness
method on c-alumina, with LiCl, KCl, CsCl, MgCl2, CaCl2, and LaCl3
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Fig. 2. IR spectra, in the C–O stretching region, of CO adsorbed at liquid nitrogen tem
chlorinated c-Al2O3, 2.8 Cl wt.% parts (i–l), activated in dynamic vacuum for 1 h at 393 (
(a.u. = absorbance units). The spectra of the same experiments are reported in Fig. 3 in
(h ? 0) and high (h ? hmax) coverage spectra.
chlorides characterized by the same dopant atomic concentration
used for the preparation of the catalysts (Dn+:Cu2+ = 1:1). Such
samples will be labeled in the following as Li0.5, K3.1, Cs10.4,
Mg1.9, Ca3.2, and La10.9, with obvious nomenclature.

For IR measurements, performed at liquid nitrogen temperature,
a thin self-supporting wafer of the catalyst has been prepared and
activated under dynamic vacuum at 503 K for 1 h inside an IR cell
designed to allow in situ temperature treatments, reagents dosage
and evacuation, and CO dosage. In these experiments, a CO
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the O–H stretching region. Exact frequencies are reported in Table 1 for both low
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equilibrium pressure of PCO = 40 Torr (1 Torr = 133.3 Pa) is dosed,
representing the maximum surface covering; successive expansions
down to PCO = 10�3 Torr are then performed to investigate the lower
coverages. This allows us to discriminate among species character-
ized by different adsorption enthalpies. The IR spectra have been re-
corded at 2 cm�1 resolution on a BRUKER FTIR 66 spectrometer
equipped with a mercury cadmium telluride cryodetector. All spec-
tra reported in this work are background subtracted, using the spec-
trum obtained before CO dosage as background. The intensity of the
reported spectra has been normalized by the pellet weight.

Based on an experience longer than a decade [19–
23,44,45,67,68], we know that IR spectroscopy on such systems suf-
fers from reproducibility problems [46]. Indeed, the activation of the
sample is very critical because both the surface dehydration and the
fraction of reduced CuCl2 phase strongly depend on the following
factors: (i) temperature ramp; (ii) actual highest temperature
reached (nominally 503 K in our experiments); (iii) the quality of
the vacuum; (iv) the use of glass or metal (grease-free) vacuum lines,
etc. Moreover, the exact ~mðCOÞ values reported in the tables also de-
pend on the exact minimum and maximum CO coverage reached
that is defined by both the actual sample temperature (influenced
by the contact between the sample pellet and the metallic part of
the cell used for the heat transfer) and on the actual PCO. This means
that great care must be taken in performing these experiments in or-
der to keep the experimental conditions adopted in all cases as close
as possible. As an example, the two couples of experiments (Fig. 1a–
Fig. 2b and Fig. 1c–Fig. 2j) should be ideally identical. They show,
however, small differences (up to 2 cm�1) in the observed compo-
nents. The intensities cannot be compared because the spectra in
Fig. 1 are reported in absolute absorbance units (pellets were not
weighted) while those of Fig. 2 have been normalized by the pellet
weight.

Catalytic testing was performed in a fixed bed quartz reactor
with inner diameter of 10 mm. The reaction temperature was mea-
sured by a thermocouple in a quartz thermocouple well with outer
diameter 3 mm, which was centered axially in the reactor. All feed
lines were made of Teflon. In order to avoid temperature run-off,
the ethene conversion was kept low, not exceeding 40% at
350 �C. The catalyst (200 mg, 250–450 lm) was diluted with
graphite (400 mg, 250–450 lm). The feed gas composition was
C2H4:HCl:O2:He = 1:1.10:0.38:14.4 M ratio with total feed rate of
45 N ml/min. The effluent gas was analyzed by offline GC–MS (Agi-
lent HP 5973 equipped with Gaspro column). GC–MS analysis was
made after 60 min of isotherm at each temperature under reaction
mixture. Reaction selectivity toward chlorinated by-products was
estimated by dividing the sum of by-product areas by the EDC
(ethylene dichloride) area at each temperature.
3. Results and discussion

CO is one of the most used probe molecule for the investigation
of surface sites [1,3,12,18,50,69,70]. The interaction between CO
and surface sites can be separated into an electrostatic, a covalent
r-dative, and a p-back donation contributions, the first two caus-
ing a blue shift of the ~mðCOÞ, while the last causes a red shift
[18,49,71,72], with respect to the unperturbed molecule:
~m0ðCOÞ ¼ 2143 cm�1. On the surface of a pure oxide CO probes both
Brønsted and Lewis sites, so that on c-Al2O3, we expect to observe
Al3+� � �CO adducts and, when the experiment is performed at liquid
nitrogen temperature, also Al–OH� � �CO adducts [1,55]. In both
cases, a blue shift D~mðCOÞ ¼ ~mðCOÞ � ~m0ðCOÞ > 0 is expected, where
usually the ~mðCOÞ is in the 2230–2180 cm�1 and in 2155–
2175 cm�1 ranges for Al3+� � �CO and Al–OH� � �CO adducts, respec-
tively. The ~mðCOÞ value gives direct information on the acid
strength of the site: higher is the D~mðCOÞ stronger is the Lewis or
Brønsted acidity of the probed site. Band intensity can provide
information on the site abundance, once the corresponding extinc-
tion coefficient of the m(CO) mode is properly evaluated. This oc-
curs only very rarely and requires refined combination of IR and
volumetric isotherms [73–75], so that usually only qualitative
information on the surface abundances is obtained. In absence of
such a sophisticated and complex approach, only semi-quantita-
tive conclusions can be reached for carbonyl complexes formed
on similar sites and resulting in similar positive D~mðCOÞ values. It
has indeed been empirically shown that the extinction coefficient
of the m(CO) mode has a smooth variation in the 2143–
2230 cm�1 range, while it undergoes a rapid increase below
2143 cm�1 [3]. Consequently, band intensities are in first approxi-
mation proportional to the surface density of both Lewis and
Brønsted sites, while no quantitative evaluation can be done for
Cu+� � �CO complexes (see below).

CO is an excellent probe molecule for Cu(I) sites [21,76–82], be-
cause of its strong interaction. From a measurement of the ~mðCOÞ of
a given Cu(I) carbonyl complex, information is obtained on the nat-
ure of the Cu+� � �CO bond. On the contrary, the interaction of CO
with Cu(II) is very week and has been only very rarely observed
[51,52] In the present case, it is considered negligible.

3.1. Bare alumina, chlorinated alumina, and CuCl2 supported alumina

The IR spectra of CO dosed on c-Al2O3, Cu5.0 and Cl2.8 support,
evacuated at 503 K, are reported in Fig. 1. Reported spectra were
already discussed in Ref. [21]. In the case of the bare c-Al2O3

(Fig. 1a), the two Lewis and Brønsted components discussed so
far are well visible. At the lowest coverage, a single band, due to
Al3+� � �CO adducts, is observed at 2194 cm�1 that progressively
shift downward to 2183 cm�1. Once Al3+� � �CO components reaches
almost one half of its maximum intensity, a second component at
2154 cm�1, which frequency is almost coverage independent, pro-
gressively rises up with increasing PCO. This band is due to the for-
mation of Al–OH� � �CO adducts. The observation of Al3+� � �CO
adducts on c-Al2O3 supports activated at a so low temperature is
unexpected, as usually, 503 K is not sufficient to remove OH groups
from Al–OH species forming surface >Al3+ Lewis sites with a coor-
dinative vacancy.[1,53–55].

When the same experiment is performed on Cu5.0 catalyst
heated at the same temperature (Fig. 1b), we observe that the com-
ponent attributed to Al3+� � �CO species is almost lost and that the
Al–OH� � �CO adducts almost double in intensity and appears at a
significantly higher frequency (compare the highest coverage spec-
tra). It has already been proven that the modification in abundance
and strength of the surface acidic sites on alumina is induced by
the presence of chlorine [21], indeed a very similar effect can be
obtained by exposing the oxide to HCl, see Fig. 1c.

Beside the evident modification on the surface acidity of the c-
Al2O3 support, a new band at 2134 cm�1 dominates the low cover-
age spectra of Cu5.0 sample (Fig. 1b) and progressively shifts
downward to 2127 cm�1. This band is the only component visible
when the CO dosage is done at RT and is due to Cu+� � �CO adducts
formed on a very small fraction (1–2%) of copper reduced during
the activation treatment [21,45,46,83,84]. Note that when the
same experiment is performed on samples reduced by C2H4, this
low frequency band is so intense that it fully saturates the IR spec-
trum [21,85]. This means that the intensity of the Cu+� � �CO band on
just activated samples does not reflect the amount of copper pres-
ent on the sample (that will be 5 wt.% in all cases), but the reduc-
ibility of the CuCl2 species [23,45,46].

The IR spectra reported in Fig. 1 clearly show that impregnating
c-Al2O3 with CuCl2 not only forms the active phase for the oxychlo-
rination reaction, but it has also important consequences on the
properties of the support surface itself. It has previously been
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demonstrated that the first fraction of supported Cu2+ reaching the
surface is not recombining as CuCl2 but saturates the octahedral
surface vacancies of c-alumina [19,46] and that the corresponding
Cl� anions are not lost but are anchored on the surface, form-
ing >Al–Cl species [19] and modifying the abundance and the prop-
erties of acidic sites both Lewis and Brønsted nature. These
modifications are of high relevance in the ethylene oxychlorination
catalysis, as acid sites of alumina surface are the main origin of
undesired side products [24,56–58].

Therefore, it is evident that it is important to go deeper into the
effect that chlorination has on the surface of c-Al2O3. As Cl� species
progressively leave the surface of alumina upon thermal treat-
ments at increasing temperatures, it is important to monitor the
available surface sites on bare and chlorinated alumina activated
in the temperature range of interest for the ethylene oxychlorina-
tion reaction. The IR spectra of CO, dosed at liquid nitrogen temper-
ature, on bare c-Al2O3, and on chlorinated c-Al2O3 (1.4 and
2.8 Cl wt.%), previously activated at increasing temperatures (393,
503, 553, and 623 K), are reported in Fig. 2 and in Fig. 3, for the
C–O and O–H stretching region, respectively.

It has already been shown that the reaction of HCl with alumina
induce the formation of >Al–Cl bonds because HCl is reacting with
the surface >Al–O–Al< groups. Kitökivi et al. [85] in a well-docu-
mented NMR and IR study on the interaction of HCl, dosed from
the gas phase, with bare alumina, found that two partially compet-
itive reactions can take place, i.e.:

> Al—O—Al < þHCl!> Al—OHþ Cl—Al < ð4Þ
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Fig. 3. Difference IR spectra, in the O–H stretching region, of CO adsorbed at liquid nitrog
and chlorinated c-Al2O3, 2.8 Cl wt.% parts (i–l), activated in dynamic vacuum for 1 h at 39
(a.u. = absorbance units). The spectra of the same experiments are reported in Fig. 2 in the
of high surface area c-Al2O3, activated at relatively low temperatures, these spectra ca
observed upon increasing the surface chlorination (top to bottom) or the activation tem
and

> Al—OHþHCl!> Al—ClþH2O ð5Þ

The chlorination temperature and hydroxylation state of the
alumina are the main factors driving the prevalence of one mech-
anism against the other. Eq. (5) prevails mostly with hydroxyl
groups with low net negative charge on the surface, which easily
undergo ion-exchange with Cl� [85]. The amount of chlorine fixed
by alumina depends on the temperature, and it is about
3 Cl� anions/nm2 at 373 K [85]. The value is substantially similar
to that reported by Bailey and Wightman [86] at 313 K and by Ta-
naka and Ogosawara at 298 K [87].

Differently from Kitökivi et al., we chlorinated the surface from
solution: this implies that a synergic action between H2O and HCl
occurs at the surface of alumina. Presence of water favors the
opening of >Al–O–Al< bridges, increasing the number of sur-
face >Al–OH groups according to:

> Al—O—Al < þH2O!> Al—OHþHO—Al < ð6Þ

Reaction (6) is progressively reversed upon thermal activation at
increasing temperatures. The presence of chlorine on the surface,
Eqs. (4) and (5), increases the acidic strength of remaining Brønsted
sites, moving the ~mðC—OÞ in Al–OH� � �CO adducts from 2154 to
2158–2159 cm�1 thereby confirming the preliminary results re-
ported in Ref. [21] and here summarized in Fig. 1.

The concepts discussed in the previous paragraphs are able to
basically explain the whole set of spectroscopic data reported in
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C–O stretching region. Due to the very high absorption in the O–H stretching region
nnot be considered on a quantitative ground and only the evolution of the trends
perature (left to right) can be qualitatively discussed.



Table 1
Summary of the CO stretching frequencies observed on the bare and chlorinated alumina supports at low (h ? 0) and
high (h ? hmax) coverages for adducts formed on both Lewis (>Al3+) and Brønsted (>Al–OH) sites. Data obtained from
the spectra reported in Fig. 2.

Sample Activation T (K) ~mðC—OÞ for adducts formed on Lewis
sites

~mðC—OÞ for adducts formed on Brønsted
sites

h ? 0 (cm�1) h ? hmax (cm�1) h ? 0 (cm�1) h ? hmax (cm�1)

Al2O3 393 2186 �2175 2154 2154
Al2O3 503 2195 �2185 2155 2154
Al2O3 553 2197 �2175 2158 2154
Al2O3 623 2198 �2180 2158 2154

1.4Cl 393 Not observed Not observed 2155 2154
1.4Cl 503 2196 �2180 2159 2155
1.4Cl 553 2201 �2180 2161 2158
1.4Cl 623 2202 �2180 2163 2159

2.8Cl 393 Not observed Not observed 2160 2157
2.8Cl 503 2202 �2185 2163 2158
2.8Cl 553 2199 �2185 2163 2159
2.8Cl 623 2205 �2185 2162 2158
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Fig. 2, Table 1, and Fig. 3. First, we observe that the density of sur-
face hydroxyls of the samples activated at 393 K only (120 �C) is so
high to results in spectra characterized by an almost complete
absorption in the 3750–3500 cm�1 region, even if very thin pellets
were prepared, (see the noisy spectra of the first column in Fig. 3).
The increase of the activation temperature causes a progressive
dehydroxylation of the surface according to the inverse of reaction
(6) (Fig. 3 all rows from left to right). In the chlorinated aluminas,
the dehydroxylation takes place also by reverse of reaction (4) with
release of HCl. Note that chlorine leaving the surface at higher tem-
perature (hot spots) is the main source for by-product formation.
The progressive dehydroxylation upon heating is responsible for
an increase of Lewis acid sites and of the parallel decrease of
Brønsted ones.

High surface area hydrophilic materials like c-Al2O3 activated at
temperatures as low as 393 K (120 �C) still have the surface par-
tially covered by molecularly adsorbed water molecules. This
means that not all >Al–OH groups can be probed by CO molecules,
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Fig. 4. IR spectra of CO adsorbed at liquid nitrogen temperature on: Li0.5, K3.1, Cs10.4,
dosage samples where activated in dynamic vacuum at 503 K for 1 h. a.u. = absorbance
as some of them are already engaged in H-bonded >Al–OH� � �OH2

adducts. This explains the lower intensity of the band due to CO
adsorbed on Brønsted sites in the sample Al2O3 activated at
393 K with respect to that of the sample activated at 503 K (first
and second columns in Fig. 2).

For samples activated at 393 K, only (first column in Fig. 2) the
addition of HCl cancels the vestiges of the Lewis sites, saturating
the coordinative vacancies of >Al3+ sites with the formation
of >Al–Cl species. For samples activated at 503 and 553 K, this ef-
fect does not involve the totality of the Lewis sites that are, how-
ever, strongly suppress (second and third column in Fig. 2).
Finally, for the samples activated at higher temperature (623 K, last
column in Fig. 2), the effect of HCl addition on the Lewis sites
strength and population is almost negligible. The progressive lower
effect of chlorination with increasing temperature is due to the re-
moval of chlorine from the alumina surface by reverse of reaction
(4). Note however that the influence on the increased acidity of the
Brønsted sites still holds.
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Table 2
Summary of the CO stretching frequencies observed on the doped alumina supports at low (h ? 0) and high (h ? hmax)
coverages for adducts formed on both Lewis (>Al3+) and Brønsted (>Al-OH) sites. Data obtained from the spectra
reported in Fig. 4. For comparison also the data of the bare (Al2O3) and chlorinated (Cl1.4 and Cl2.8) supports and of the
undoped catalyst (Cu5.0) are reported. All samples have been activated at 503 K. Li05, K3.1, and Cs10.4 samples carry
the same amount of chlorine atoms as Cl1.4, corresponding to one half of that carried by Mg1.9, Ca3.2, and Cu5.0 and
one third of that carried by La10.9.

Sample ~mðC—OÞ for adducts formed on Lewis sites ~mðC—OÞ for adducts formed on Brønsted sites

h ? 0 (cm�1) h ? hmax (cm�1) h ? 0 (cm�1) h ? hmax (cm�1)

Li0.5 2198 �2170 2162 2157
K3.1 2185 �2180 2152 2155
Cs10.4 Not observed Not observed 2141 2143
Mg1,9 2201 �2180 2165 2160
Ca3.2 2183 �2165 �2163 2158
La10.9 2182 �2175 �2165 �2161

Al2O3 2195 �2185 2155 2154
Cl1.4 2196 �2180 2159 2155
Cl2.8 2202 �2185 2163 2158
Cu5.0 2187 �2180 2160 2158

Table 3
Summary of CO stretching frequencies observed on alkali-, alkali-heart-, and La-halides as reported by literature.

Halide ~mðCOÞ (cm�1) Comments Ref.

LiCl 2180, 2161, 2156 Three separated components [91]
LiF 2155–2150 Progressive shift moving from h ? 0 to h ? hmax [90]
LiF 2177, 2150 Two separated components [91]
NaCl 2159–2156 Progressive shift moving from h ? 0 to h ? hmax [90]
KCl 2153–2149 Progressive shift moving from h ? 0 to h ? hmax [90]
NaI 2159–2157 Progressive shift moving from h ? 0 to h ? hmax [90]
MgCl2 2210, 2190, 2170 Three separated componentsa [92]
LaCl3 2184–2179; 2175–2166 Three separated components the first two shifting with h [93]
CuCl 2136–2134 Progressive shift moving from h ? 0 to h ? hmax [77]

a Components at 2210, 2190, 2170 cm�1 have been attributed 3-, 4-, and 5-fold coordinated Mg2+ cations,
respectively, according to the DFT calculations of Trubitsyn et al. [94].
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3.2. Copper-free, dopant chloride supported on alumina

Coming to supported cations, Li+, K+, Cs+, Mg2+, Ca2+, and La3+

(Dn+ in general) behave differently from copper because the se-
lected dopant cations have no d electrons contributing to the bond
with CO. The Dn+� � �CO interaction is consequently expected to be
rather weak and mainly of electrostatic nature [18,88]. The Dn+

centers, either hosted in the octahedral vacancy of alumina [46],
or at the surface of supported DCln chloride nanoparticles, behave
as surface Lewis centers resulting in a blue shift of the m(CO) when
probed by carbon monoxide. The low temperature IR spectra of CO
dosed on LiCl, KCl, CsCl, MgCl2, CaCl2, and LaCl3 supported on c-
Al2O3, at the same atomic concentration as in the doped catalysts,
are reported in Fig. 4a–f respectively, while the exact frequencies
at low (h ? 0) and high (h ? hmax) coverages are reported in Ta-
ble 2. All samples have been activated at 503 K prior to CO dosage,
so the comparison of the doped supports has to be made with the
spectra reported in the second column of Fig. 2. In particular, com-
parison with Fig. 2f has to be made for samples Li0.5, K3.1, and
Cs10.4 and, while samples Mg1.9 and Ca3.2 should refer to
Fig. 2j because of the same amount of chlorine atoms. Sample
La10.9 has 3 and 3/2 times the amount of Cl than in samples
Cl1.4 and Cl2.8, respectively. To better understand the nature of
the bands reported in Fig. 4, literature data on IR experiments of
CO dosed on different chlorides are summarized in Table 3.

The addition of KCl and CsCl can be straightforwardly com-
mented. Any vestige of Lewis acidity is totally canceled by deposi-
tion of CsCl (Fig. 4c), while it is strongly depressed by deposition of
KCl, where only a minor fraction of the less acidic Lewis sites of
alumina survives: the h ? 0 ~mðC—OÞ moves from 2196 cm�1

(Fig. 2f) down to 2185 cm�1 (Fig. 4b). The strength of the Brønsted
sites is also considerably diminished. On Cs10.4 sample ~mðC—OÞ is
so low that it corresponds to the stretching frequency of the unper-
turbed molecule (2143 cm�1). Moreover, this band is due to much
more labile CO species as it rapidly disappears upon reducing PCO,
much faster than in the case of Al2O3, Cl1.4, and Cl2.8 samples
(Fig. 2b, f, and j). This is testified by the component of the roto-
vibrational contour of the CO in the gas phase [89] always present
in the spectra reported in Fig. 4b and c even at the lowest cover-
ages. This spectroscopic evidences testified that the >Al–
OH� � �CO �>Al–OH+ COgas equilibrium is displaced toward the
gas phase. The much lower strength of the Brønsted sites at the
surface of the support is due to an increased strength of the O–H
bond due to increased basicity of oxygen atoms in close contact
with K+ and Cs+ cations that counteracts the opposite effect of
the Cl� ions, see Section 3.1. The possible co-presence of K+� � �CO
or Cs+� � �CO contributions in the broad bands reported in Fig. 4b,c
cannot be excluded: indeed CO adsorbed on KCl results in a band
in the 2153–2149 cm�1 region [90], see Table 3.

Li0.5 (Fig. 4a) sample behaves in a markedly different way. In
this case, a significant fraction of Lewis and Brønsted sites is still
present. At the lowest coverages, a very weak band at 2198 cm�1

suggests the presence of a negligible amount of free Al3+ species.
According to literature data [91], the more intense component
moving from 2183 to 2170 cm�1 upon increasing h is due to
Li+� � �CO adducts on LiCl. Brønsted sites result in a component in
the 2162–2157 cm�1, so exhibiting a similar acidity than in the
chlorinated alumina, see Fig. 2f and Table 1. Among alkali-chlo-
rides, LiCl is not so efficient as KCl and as CsCl in making chemi-
cally inactive the support.

According to the literature [92], the spectra reported in Fig. 4d
testifies that CO interacts with Mg2+ cation of highly dispersed
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Table 4
Summary of the CO stretching frequencies observed on the doped catalysts at low (h ? 0) and high (h ? hmax) coverages for adducts formed on both Lewis (>Al3+) and Brønsted
(>Al–OH) sites. Data obtained from the spectra reported in Fig. 5. For comparison also the data of the bare (Al2O3) and chlorinated (Cl1.4 and Cl2.8) supports and of the undoped
catalyst (Cu5.0) are reported. All samples were activated at 503 K. (s) = strong; (m) = medium; (w) = weak; (vw) = very weak.

Sample ~mðCOÞ for adducts formed on Lewis sites ~mðCOÞ for adducts formed on Brønsted sites ~mðCOÞ for adducts formed on Cu+ sites

h ? 0 (cm�1) h ? hmax (cm�1) h ? 0 (cm�1) h ? hmax (cm�1) h ? 0 (cm�1) h ? hmax (cm�1)

Li0.5Cu5.0 2190 (vw) �2180 (w) 2164 2159 2139 2128
K3.1Cu5.0 Not observed Not observed 2159 2157 2132 2122
Cs10.4Cu5.0 Not observed Not observed 2153 2152 2119 2115
Mg1.9Cu5.0 �2190 (wv) �2185 (vw) 2165 2160 2135 2125
Ca3.2Cu5.0 �2200 (wv) �2190 (vw) 2166 2161 2139 2131
La10.9Cu5.0 �2200 (wv) �2190 (vw) 2170 2163 2139 2135

Al2O3 2195 �2185 (s) 2155 2154 – –
Cl1.4 2196 �2180 (m) 2159 2155 – –
Cl2.8 2202 �2185 (m) 2163 2158 – –
Cu5.0 2187 �2180 (w) 2160 2158 2134 2127
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MgCl2, see Table 3. We cannot exclude that some >Al3+ species, not
saturated by Cl�, could contribute to the band in the 2201–
2180 cm�1 range; however, this last one remains dominated by
the Mg2+� � �CO contributions. In this case, the acidity of Brønsted
sites is further increased even with respect to the chlorinated alu-
mina Fig. 2j, moving from 2165 to 2160 cm�1 upon coverage
increase.

The spectra collected on La10.9 sample (Fig. 4f) are very close to
those reported by the Weckhuysen group on thermally heated
LaCl3�7H2O model compound [93]. This close correspondence
(compare the frequencies reported in Tables 2 and 3) clearly shows
that, on La10.9 sample, >Al3+ species are no more available, being
the available Lewis sites La3+ cations of the highly dispersed LaCl3

phase. Also in this case, the strength of the Brønsted sites (presum-
ably at about 2161 cm�1) is further increased with respect to the
chlorinated alumina: it is difficult to discriminate whether this is
due to La3+ or to the higher amount of chlorine atoms, equivalent
to a chlorinated alumina by HCl at 4.2 wt.%.
The case of Ca3.2 sample is discussed at last because we were
unable to find in the literature IR spectra of CO adsorbed at low
temperature on highly dispersed CaCl2. However, on the basis of
the comparison with the other doped aluminas, we attribute the
band moving from 2183 to 2165 cm�1 (Fig. 4e and Table 2) to
Ca2+� � �CO adducts formed on highly dispersed CaCl2 particles. In
this case, the strength of the Brønsted sites (2158 cm�1) is compa-
rable to that of the chlorinated alumina (Fig. 2j).

Summarizing, all dopants significantly reduce the fraction of
available >Al3+ Lewis sites, mainly due to the formation of sur-
face >Al–Cl species. This blocking effect of Lewis sites is important
for limiting the by-product formation. In Li0.5, Mg1.9, Ca3.2, and
La10.9 cases, this absence is replaced by a new acidity of Lewis nat-
ure due to appearance of Dn+ surface sites. No Lewis sites, of what-
ever origin, are available to CO after impregnation with CsCl and
very few and weak remain after KCl impregnation. With respect
to chlorinated alumina (Section 3.1), the Brønsted acidity is com-
pletely (almost completely) quenched by CsCl (KCl) impregnation,



Fig. 6. Empirical correlation between the ~mðCOÞ of Cu+� � �CO adducts and that
of >Al–OH� � �CO adducts formed on Cu5.0 and on doped catalysts at low (full
symbols) and high (open symbols) CO coverage h. Data are taken from the IR spectra
reported in Fig. 1a and in Fig. 5 (frequencies summarized in Table 4). Different
symbols were used for different doped samples as reported in legend. The
correlation between acid strength of surface Brønsted sites and frequency of CO
adsorbed on the reduced fraction of the active phase is clearly demonstrated.
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Fig. 7. Selectivity toward chlorinated by-products over the target product EDC
(ethylene dichloride) for Cu5.0, Li0.5Cu5.0, K3.1Cu5.0, Cs10.4Cu5.0, Mg1.9Cu5.0,
and La10.9Cu5.0 catalysts over the temperature range 230–350 �C. The reported
data for each point is the ratio between relative amount of chlorinated by-products
to relative amount of EDC. The selectivity toward chlorinated by-products follows
in the order Cu5.0 > La10.9Cu5.0 > Li0.9Cu5.0 > Mg1.9Cu5.0 > K3.1Cu5.0 �
Cs10.4Cu5.0.
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almost unchanged by LiCl and CaCl2 doping and enhanced by
MgCl2 and LaCl3 impregnation. Overall, these results indicate that
the influence of the addition of alkali-metal cations, along with
chlorine ion presence, is not only due to steric factor but also to
probable electronic modifications. The modification of Lewis sites
is more pronounced with increase of ionic radius of alkali metal,
as evident in the case of Cs- and La-doped catalysts.

The here presented set of data complements the interesting
work of de Miguel et al. [95], who investigated by IR spectroscopy
of adsorbed CO Li- and K-doped c-Al2O3 (194 m2/g). In that case,
precursors were LiNO3 and KOH, requiring calcination of the sam-
ples at 773 K, so more strong Lewis sites were available with re-
spect to the procedure adapted here. IR experiments were carried
out at room temperature, so that only Lewis sites were monitored.
Authors observed that addition of Li and K decreases the surface
Lewis sites both in number and in strength, being larger the effect
for K.

3.3. Doped CuCl2 supported on alumina

The low temperature IR spectra of CO dosed on Li0.5Cu5.0,
K3.1Cu5.0, Cs10.4Cu5.0, Mg1.9Cu5.0, Ca3.2Cu5.0, and La10.9Cu5.0
catalysts are reported in Fig. 5a–f respectively, while the exact fre-
quencies at low (h ? 0) and high (h ? hmax) coverages are reported
in Table 4. All samples were activated at 503 K prior to CO dosage,
so a direct comparison can be done with: (i) the undoped catalyst
(Fig. 1b); (ii) the spectra of the Cu-free doped supports (Fig. 4); and
(iii) the chlorinated support (second column in Fig. 2).

The first overall impression is that the surface Lewis acidity is
totally suppressed for CsCl- and KCl-doped catalysts, being
strongly suppressed in the remaining cases. Comparing doped sup-
ports (Fig. 4) and doped catalysts (Fig. 5), the higher overall
amount of chlorine deposited on the catalysts implies an increase
of the Brønsted acidity in both ~mðCOÞ and adduct stability. When
comparison is made on the bare support Fig. 1a, the increase of
the strength of the Brønsted sites is remarkable in all cases but
the CsCl-doped one (Fig. 5c), where significantly less acidic and less
abundant Brønsted sites are observed.

This whole set of experimental data clearly demonstrate that the
impregnation procedure with both the active CuCl2 phase and the
dopant phase have strong influence on the population, nature, and
strength of both Lewis and Brønsted acid sites of the support, thus
on the unwanted oxychlorination side products formation.

The lowest frequency band, due to Cu+� � �CO adducts formed by
the low fraction of Cu reduced during drying treatment under vac-
uum of the sample, falls in a wide range of frequency, depending
on dopant cation. Compared to the band observed on undoped cata-
lyst Cu5.0, the band of doped catalysts show the following sequence
of increasing frequency: Cs10.4Cu5.0 < K3.1Cu5.0 < Li0.5Cu5.0 < -
Cu5.0 < Mg1,9Cu5.0 < Ca3.2Cu5.0 < La10.9Cu5.0. This trends holds
for both low and high CO coverages.

It is surprising to realize that in the set of spectra reported in
Fig. 5, no clear evidence of the Dn+� � �CO adducts is present. Surface
Dn+ species may be partially covered by the supported CuCl2 phase
to be almost unreachable by CO. Besides the Cs case, note that the
intensity of the bands due to Dn+� � �CO adducts at hmax is between
0.05 and 0.4 a.u. (see Fig. 4), while maximum intensities of the IR
bands reported in Fig. 5 lies in the 1.5–2.5 a.u. range. This means
that if a fraction of the surface Dn+ species is still available for CO
after CuCl2 impregnation, it may result in few Dn+� � �CO adducts
giving rise to the unresolved high frequency tails of the IR bands
reported in Fig. 5.

From the complete set of data, reported in Figs. 1b and 5, an
empirical correlation between acid strength of surface Brønsted
sites and frequency of CO adsorbed on the reduced fraction of
the active phase is clearly demonstrated, as shown by the scattered
symbols reported in Fig. 6. The greater is the strength of the surface
Brønsted sites, the higher is the stretching frequency of the
Cu+� � �CO adducts formed on the fraction of reduced active phase.
This proves a clear influence that the acidity of the support has
on the electronic and coordinative states of the surface Cu+ sites
of the active copper chloride phase.

3.4. Catalytic testing of by-product formation

The effect of dopant nature on catalyst selectivity is a main topic
of this work. Fig. 7 shows the ratio of relative amount of chlorinated
by-products (mainly ethyl chloride, but also including C2H3Cl,
C2H2Cl2, CCl4, C2H3Cl3) and target product EDC for each material in
the 230–350 �C interval. It is clear that the undoped material
(Cu5.0) produced the highest fraction of chlorinated
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by-products, in spite of an intermediate conversion between K-, Cs-
doped catalysts at the low activity side and Li-, Mg-, La-doped
catalysts at the high activity side [45]. K3.1Cu5.0 and Cs10.4Cu5.0
catalysts, which had the lowest density of Lewis acid sites, gave least
by-product formation, while Li0.5Cu5.0, Mg1.9Cu5.0, and
La10.9Cu5.0 catalysts gave somewhat higher fraction of by-product
formation. The selectivity toward chlorinated by-products corre-
lated directly with the density of Lewis acid sites; these results are
in agreement with the literature studies [96]. Interestingly, no corre-
lation was found between by-product selectivity and Brønsted acid
strength. In conclusion, this study has demonstrated the selective
masking of sites active for by-product formation by dopant addition.
4. Conclusions

This work complements three recent contributions [45,46,97],
where we understood the role that dopants (LiCl, KCl, CsCl, MgCl2,
and LaCl3) have in the nature, relative fraction, reducibility, and
dispersion of Cu-phases on CuCl2/c-Al2O3 catalysts for oxychlori-
nation reaction. In the present work, we investigated the effect of
the dopants on the nature, population, and strength of the surface
Lewis and Brønsted sites of the support using low temperature IR
spectroscopy of adsorbed CO. To understand both the effect of Cl-

anions and dopant cations, a set of dopant-free, HCl-impregnated
and of Cu-free dopant-impregnated supports were studied.

The impregnation of alumina with HCl reduces the amount and
the acidic strength of the Lewis sites, saturating the coordinative
vacancies of >Al sites with the formation of >Al–Cl species. Chlori-
nation of the surface results in an increase of the acidity of the
Brønsted sites.

For the copper-free samples, all dopants significantly reduce the
fraction of available >Al3+ Lewis sites, mainly due to the formation
of surface >Al–Cl species, resulting in a similar effect as that ob-
tained with HCl. In Li0.5, Mg1.9, Ca3.2, and La10.9 cases, this ab-
sence is replaced by a new acidity of Lewis nature due to
appearance of Dn+ surface sites. No Lewis sites are available to
CO after impregnation with CsCl, and very few and weak remain
after KCl impregnation. With respect to chlorinated alumina (Sec-
tion 3.1), the Brønsted acidity is completely (almost completely)
quenched by CsCl (KCl) impregnation, almost unchanged by LiCl
and CaCl2 doping, and enhanced by MgCl2 and LaCl3 impregnation.

Comparing doped supports and doped catalysts, the higher
overall amount of chlorine deposited on the catalysts implies an in-
crease of the Brønsted acidity in both ~mðCOÞ and adduct stability.
When comparison is made with the bare support, the increase of
the strength of the Brønsted sites is remarkable in all cases but
the CsCl-doped one, where significantly less acidic and less abun-
dant Brønsted sites are observed. Lewis acidic sites are strongly de-
pressed in all doped catalysts. From the whole set of data, an
empirical correlation between acid strength of surface Brønsted
sites and frequency of CO adsorbed on the reduced fraction of
the active phase is clearly demonstrated proving a significant influ-
ence of the support on the active phase.

Finally, catalytic tests performed in a fixed bed reactor indicates
that the selectivity toward chlorinated by-products correlates
directly with the density of Lewis acid sites, in the order
Cu5.0 > La10.9Cu5.0 > Li0.9Cu5.0 > Mg1.9Cu5.0 > K3.1Cu5.0 � Cs
10.4Cu5.0.
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