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Structural reversibility of a ternary CuO-ZnO—-Al,05 ex

hydrotalcite-containing material during wet Pd impregnation
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A Cu—Zn—Al precursor was synthesized by coprecipitation of the corresponding cations with sodium carbonate at constant pH and
temperature. CuO-ZnO-Al,O; composite oxide support was obtained by calcination (673K) of the Cu—Zn—Al precursor. Two
palladium-modified CuO-ZnO-Al,O; samples were prepared by impregnation of the mixed-oxide support and further calcination
(673K). The presence of remaining CO3™ anions in the CuO—ZnO-Al,0; mixed oxide, as a result of incomplete Cu—Zn hydrotalcite
phase decomposition, and the hydrothermal-like treatment during the Pd impregnation step, allow the partial reconstruction of the Cu—
Zn hydrotalcite-type structure (memory effect). In addition, an enhancement in the CuO crystallinity was obtained for the Pd-modified
oxides. A detailed characterization revealed that the hydrotalcite restoration enhances the crystallinity of the copper oxide as a

consequence of a crystalline rearrangement of this oxidic phase.
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1. Introduction

The conventional Cu—Zn—Al mixed-oxide catalytic
material, which is used for the synthesis of methanol
from CO/CO,/H, mixtures (synthesis gas), is obtained
from decomposition of a hydroxycarbonate precursor.
This classical hydroxycarbonate route leads to the forma-
tion of several mixed-metal hydroxycarbonates such as
aurichalcite, (Cu,Zn)s(CO;),(OH)y, zincian—malachite
(or rosasite), (Cu,Zn),(OH),COj, and a Cu—Zn hydrotal-
cite-like phase (Cu,Zn)sAl,(OH);4 CO;-4H,0, which all
decompose to give well-dispersed oxidic phases [1-3]. The
Cu—Zn hydrotalcite-like phase is a very important compo-
nent of the mixed-phase-containing precursor for methanol
synthesis catalysts. This material belongs to the so-called
hydrotalcite-like compounds (HTIcs), which are a family
of materials consisting of layered double hydroxides of
general formula: [M}" M (OH),]*"(A""),, mH,0,
where M" and M"™ are di- and trivalent metal cations
that occupy octahedral positions in brucite-like layers,
A" is the interlayer anion, m the number of interlayer
water molecules and x the atomic ratio M /(M ++ M)
[4].

The conventional CuO-ZnO-Al,O; mixed-oxide
catalyst, obtained from the hydroxycarbonate route,
has achieved excellent performance in industrial
methanol synthesis. However, there have been many
claims that the catalyst performance can be enhanced
by increasing the dispersion of the copper phase as well
as by adding a promoter other than a mere copper
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dispersion enhancing agent [5,6]. One way to achieve
this goal is the incorporation of palladium within the
CuO-Zn0O-Al,03; material. Palladium is an excellent
candidate to split the H—H bond, and the resulting H
atoms subsequently spread over the neighboring phases
through a hydrogen spillover mechanism [7-10]. This
process leads to the surface of the catalyst being in a
more reduced state, a situation that may further facilitate
surface hydrogenation reactions.

A standard procedure to introduce palladium is the
so-called wet impregnation technique. An excess of a
solution containing the palladium precursor is contacted
with the support oxide and the excess solvent is then
removed by drying. It should be noted, however, that if
the preparation of the Pd-supported oxide is performed
by aqueous impregnation, some partially decarbonated
oxides could regenerate their initial hydrotalcite struc-
ture (memory effect [11,12]) by hydration during the
metal impregnation step. Such rehydrated hydrotalcite-
containing oxides must be calcined again before they
can be used as modified methanol synthesis catalysts.
The resulting hydration/recalcination cycle may affect
the dispersion of the oxidic phases and hence the catalyst
activity. Recent studies [13] on hydrotalcite reconstruc-
tion of mixed metal oxides derived from hydrotalcite
decomposition show that this phenomenon is more
complex than previously thought [11,12].

Given the findings outlined above, gaining an under-
standing of this process, which could take place simulta-
neously during the aqueous palladium impregnation of
CuO-Zn0O-Al,03; mixed oxide, is of vital importance
in explaining the further catalytic activity of the modified
materials. Considering the fact that the rehydration
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phenomenon of such ternary CuO—-ZnO-Al,O5 oxides
has scarcely been studied, the aim of this work was to
study the effect of the hydration/recalcination cycle on
the dispersion of the final CuO phase during the aqueous
impregnation of Pd onto the CuO-ZnO-Al,03 compo-
site material.

2. Experimental
2.1. Material preparation

The CZA precursor (Cu:Zn:Al=55:30:15 atomic
ratio) was prepared by coprecipitation at constant pH
(ca.7) and constant temperature (343 K). A solution con-
taining metal nitrates ([Cu®]+ [Zn**]+[AT]=1.0M)
and a sodium carbonate solution (1.1 M) were simulta-
neously added to a reaction vessel containing a small
amount of deionized water (18 MQ/cm, as supplied by
Millipore deionizer). All the reagents were of analytical
grade (Aldrich). The suspension was continuously stirred
and kept at the desired pH by adjusting the relative flow
rates of the two solutions. The final suspension was aged
under stirring (343 K for 4h) and cooled down to room
temperature overnight. The precipitate was filtered off
and repeatedly washed with sufficient deionized water
to ensure that the sodium content in the solid was
lower than 0.05wt%. The solid was dried overnight at
393K (precursor) and calcined in air at 673K for 4h
(catalyst). The resulting powder (calcined CZA) was
used as the starting material for the preparation of the
palladium-modified samples.

Two Pd-containing materials were prepared by
impregnation of the base CZA with an aqueous
Pd(NO;3), (Alfa Aesar, reagent grade) solution of
appropriate concentration to obtain a Pd loading of
4.0 and 9.0wt%, respectively. The method involved
adding 4.0g of CZA powder to 100ml of palladium
nitrate solution at 353 K. The solution was then evapo-
rated to dryness under vacuum using a rotary evaporator
(2-3 h) and the resulting powder was calcined once again
(673 K for 4h). The base material was initially outgassed
at room temperature under vacuum, before the addition
of the Pd(NO3;), solution. The samples are denoted as
XPd/CZA, where X is the nominal loading of palladium
(Wt%) in the calcined material and CZA represents the
CuO-Zn0O-Al, 05 mixed oxide.

2.2. Sample characterisation

Thermogravimetric curves (TG) were recorded with a
Perkin-Elmer TGS-2 analyzer. The sample holder was
loaded with 5—10 mg of specimen and the decomposition
of the precursor was monitored in an air flow of 40 ml/min
and at a heating rate of 4 K/min. Evolved gas analysis
(EGA-MS) of the precursor decomposition was per-
formed by mass spectrometry. Samples of 10-20mg

were placed in a U-shaped quartz reactor incorporated
within a flow system. The reactor exit line was connected
to a Baltzer Prisma™ quadrupole mass spectrometer
QMS 200. A mixture of 21% O, in Ar was introduced
at a rate of 40 ml/min and the temperature was increased
at 4 K/min while the composition of evolved gases was
continuously monitored. The experimental errors for the
TGA and EGA experiments were 1.0 and 2.5%, respec-
tively.

Powder X-ray diffraction (XRD) patterns were
recorded on a computerized Seifert 3000 X-ray diffract-
ometer using Cu K, radiation, a PW 2200 goniometer
(Bragg—Brentano 6/26), a bent graphite monochromator
and an automatic slit. All the samples were scanned
between 10° < 20 < 75° in the step mode (0.02°, 25s).
The mean crystalline size (D) of CuO was determined
from the line broadening of the (111) (26 = 38.77°) dif-
fraction line using the Scherrer equation after correction
for instrumental broadening, D = K\A/Bcosf with
K =0.9. Owing to overlapping of the CuO(111) and
Cu(200) reflections in the range 37° < 260 < 41°, it was
necessary to decompose the XRD profile into two con-
tributions by applying curve-fitting procedures.

The specific area of the calcined samples was calcu-
lated from the N, adsorption isotherms at 77 K, which
were determined on an ASAP 2010 apparatus using the
BET method and a value of 0.1620 nm? for the cross
section of a physically adsorbed N, molecule. The
samples were evacuated at 413 K overnight prior to N,
dosage.

3. Results and discussion
3.1. Characterization of the CZA precursor

The XRD pattern of the CZA precursor is presented
in figure 1(A). For the sake of comparison, the
JCPDS files for several reference compounds are also
included in the lower part of this figure. The typical
pattern of the Cu—Zn hydrotalcite-like structure
[Cu,Zn,AlL(OH);,CO5-4H,0], JPCDS 38-487 [14], can
clearly be seen in the base CZA precursor. The remaining
diffraction peaks have been assigned to a rosasite phase
[(Cu,Zn),CO5(OH),], JCPDS 36-1475 [15]. Although
the intensities of the two peaks at 26 =~ 32° do not
correspond to the intensity reported in any of the rosasite
JCPDS files, our assignment is based on other literature
work [16,17]. In addition, it must be considered that the
rosasite phase is a zincian—malachite that can be
described as a solid solution in which the Cu/Zn ratio
can influence the intensity of the diffraction peaks of
the pattern.

Figure 2 shows the thermal decomposition of the
CZA precursor studied by two methods: TG analysis
(figure 2(A)) and EGA-MS analysis, which involved
monitoring the H,O and CO, evolution by detection of
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Figure 1. X-ray powder diffraction profiles for: (A) CZA precursor, (B) CZA mixed oxide: CuO-ZnO-Al,0;, (C) 4Pd/CZA and (D) 10Pd/CZA
calcined samples.

fragments at m/z = 18 and 44 with a quadrupole mass
spectrometer (solid line in figure 2(B)). For the sake of
clarity, the derivative curve of the TG trace is also
included in figure 2(A) (dashed line).

There is correspondence between the processes
observed by TG analysis and by MS detection. The
precursor undergoes four weight-loss processes upon
heating under a flow of air. The first weight loss is
associated with removal of water of crystallization
present in the Cu—Zn hydrotalcite-like structure, and
this is clearly visible in the derivative TGA peak at

ca. 440 K. A second process, defined by the broad peak
at 570K, is due to H,O and CO, co-evolution during
decomposition of the hydrotalcite and rosasite phases.
Elimination of structural hydroxyl groups from both
phases resulted in the formation of H,O, but the
evolution of CO, is only due to the decomposition of
the rosasite. Finally, the hydrotalcite carbonate groups
decompose in the next two weight-loss processes, which
occur in the range 700-900 K. This fact indicates that
at temperatures below 673 K (the calcination tempera-
ture) the hydrotalcite CO3~ units will remain occluded
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Figure 2. (A) Thermogravimetric (TGA) curve of the CZA precursor. The dashed line corresponds to the derivative curve. (B) Mass spectrometry traces of
H,O (m/z = 18) and CO, (m/z = 44) evolved for the CZA precursor (solid lines) and Cu,ZngAl,(OH);4CO3-xH,O hydrotalcite as a reference compound

(dashed lines).

in the solid. The assignment of this peak to the
decomposition of CO3~ groups from the hydrotalcite is
not only based on data reported in the literature [4,18—
20] but also on TG and EGA-MS analyzes of a
Cu,ZnyAl,(OH),CO53-4H,O  hydrotalcite-like  com-
pound (labeled as HT Cu—Zn) prepared in our labora-
tory according to the method described elsewhere [18].
The characterization of this material by XRD will be
reported below for the sake of clarity. The analysis
showed (see dashed lines in figure 2(B)) H,O evolution
at 440K (dehydration) and 550K (dehydroxylation),
followed by CO, formation between 750 and 900K
resulting from carbonate decomposition.

3.1.1. Characterization of Cu—Zn hydrotalcite by XRD

This material, a component of the CZA precursor,
became an essential reference compound in the interpre-
tation of the EGA-MS analysis of the CZA catalyst
precursor. The XRD pattern of the as-synthesized
HTCu-Zn material (figure 3(A)) shows a hydrotalcite
structure (JPCDS 38-487) [14], exhibiting sharp and
symmetric reflections of the basal (003), (006), and
(009) planes, and broad and slightly asymmetric reflec-
tions for the non-basal (012), (015), and (018) planes.
The (009) and (012) reflections overlap in the range of
32° < 20 < 38° and the two hydrotalcite distinctive
reflections of the (110) and (113) planes can be clearly
distinguished around 26 = 60°. The cell parameters «a
and ¢ have been also calculated and compared with
those reported in the literature. The parameter a of the
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Table 1
Lattice parameters (nm) for the Cu—Zn hydrotalcite-like compound prepared (HTCu—Zn).

c d e

Sample Formula a CR R
HTCu-Zn Cu,Zny4Aly(OH),,CO5-xH,0 0.3064 2.2473 2.2511
HTMg? MgzAl,(OH),,CO;-4H,0 0.3054 2.2810 -
HTMg b Mgy 64Aly36(OH), (CO3)g.15°0.46H,O 0.3046 2.2772 -

4 Taken from Ref. [4].
® Taken from Ref. [21].

®a = 2-d(110). The reflection (110) was corrected by Si d(400) = 0.13579, JCPDS 27-1402.
4 ¢g = 3-d(003), assuming 3R polytypism for this hydrotalcite. Reflection (003) was corrected by

Si d(110) = 0.31379, JCPDS 27-1402.

¢ For broadened peaks the expression cg = 3/2[d(003) + 2-d(006)] is recommended [22,23].

layered structure corresponds to the average cation—
cation distance within the layers and can be calculated
as a = 2-d(110) [4]. The ¢ parameter, which is related to
the thickness of the brucite-like layer and the interlayer
distance (see the top of figure 5), is commonly calculated
as ¢ = 3-d(003), assuming a 3R polytypism for the
hydrotalcite [21], i.e., the unit cell covers three sheets
with rhombohedral symmetry. The observed interplanar
d-spacings used for the computations of the cell param-
eters were corrected using pure silicon as an external
standard (see figure 3(B)). The values were estimated
and given in table 1.

The parameter « is quite similar to those reported for
various Mg-Al hydrotalcites [4,21], whereas parameter ¢
appears to be slightly lower than those reported. The
difference could be related to the assumption that
¢ = 3-d(003), since this computation is only applicable
if the (00/) reflections are sharp. A closer observation
of the XRD profile (figure 3(B)) shows that the (00/)
reflections are somewhat broad. It has been proposed
for broad peaks that ¢ can be better determined by
averaging the position of the diffraction peaks corre-
sponding to planes (003) and (006) according to the
formula ¢ = 3/2[d(003) 4+ 2-:d(006)] [22,23]. The new
value obtained (2.2511 nm) was higher than initially esti-
mated but it is still lower than those reported for Mg-Al
hydrotalcites. Such a shorter difference in parameter ¢
can be ascribed to differences in the degree of hydration
between the samples.

3.2. Characterization of the calcined samples

The CZA precursor was calcined in air (673 K) to give
the starting material for the subsequent Pd impregna-
tion. The temperature of calcination was selected as
673 K on the basis of the TGA and EGA-MS studies,
which indicated an almost complete decomposition of
the precursor at this temperature. Higher calcination
temperatures, as required to decompose the remaining
CO3~, were not used as they are close to the higher
limit allowed to minimize thermal sintering of the CuO
phase. Such sintering has a detrimental effect on the
catalytic activity for the methanol synthesis reaction.

3.2.1. Cu—Zn—Al mixed oxide (CZA)

The XRD pattern of the calcined CZA material is
shown in figure 1(B). Although the most intense diffrac-
tion lines at 30° < 20 < 40° are overlapped, the peaks
could be assigned to the CuO (JCPDS 80-1268 [24])
and ZnO (JCPDS 36-1451 [25]) phases. The broad
XRD peaks indicate that the Cu and Zn oxides are ill-
defined crystalline phases. Similar results have been
reported by different authors for other CuO-ZnO-
based composite materials prepared under similar condi-
tions [26,27]. The coprecipitation results in the formation
of Cu—Zn mixed phases like rosasite and a Cu-Zn
hydrotalcite-like phase in which the Cu and Zn are atom-
ically dispersed in a hydroxycarbonate matrix. When
these phases are calcined, CuO and ZnO are formed
with a smaller crystal size than those derived from
single phases like malachite (pure Cu—hydroxocarbo-
nate) and hydrozincite (pure Zn-hydroxocarbonate)
[1-3]. Moreover, a small amount of Cu(II) cations (ca.
2 at%) can be dissolved in the ZnO lattice [28], a situa-
tion that can clearly introduce some disorder into the fra-
mework, as evidenced by the broad XRD peaks for the
ZnO phase. The nature and precise arrangement of the
CO3™ units remaining in the mixed oxide—a conse-
quence of incomplete Cu—Zn hydrotalcite decomposi-
tion—have not been examined in detail in the
literature. In fact, no Cu—Zn carbonate is detected by
XRD, which indicates that the phase must be amor-
phous. However, it is believed that the thermally-induced
changes in the hydrotalcite-like compounds take place
through a topotactic decomposition of the brucite-like
layers, giving an oxycarbonate in which the metal—
oxygen framework remains essentially intact and the car-
bonate anions are still retained in the interlayer region.

3.2.2. Pd-modified calcined samples (Pd/CZA)

The impregnation with palladium was carried out on
the CuO-ZnO-Al,0; mixed-oxide support described
above. XRD patterns of the calcined Pd-containing
samples are represented in figures 1(C) (4Pd/CZA) and
1(D) (10Pd/CZA). At first glance, these profiles seem to
be very similar to that of the calcined CZA sample.



158 1. Melian-Cabrera et al. | Structural reversibility of a ternary CuO—Zn0O-AlL,O3

Table 2
BET specific area and CuO crystal size for CZA and Pd-modified calcined
samples.
Sample BET area XRD crystal size
(m*/g) Dcyo (nm)
CZA 39.5 8.1
4Pd/CZA 31.8 10.8
10Pd/CZA 30.1 11.0

Closer examination, however, shows that the CuO
peaks are sharper for the modified materials in compar-
ison to CZA while the ZnO peaks remain essentially
unaffected. Since the width of an XRD peak is related
to the size of the crystallites, it can be concluded that
the sharper the CuO diffraction peaks, the bigger the
average size of CuO particles of the size distribution.
The crystallite size of the CuO phase can be quanti-
tatively estimated by the line broadening of the (111)
diffraction line at 26 ~ 38.77° by applying the Scherrer
equation (see section 2). The values are listed in table 2
and indicate that the CuO crystal size for the calcined
Pd-containing samples is larger than for the CZA
sample. In the case of the 10Pd/CZA sample, a weak
peak at 26 =~ 33.84°, which is partially overlapped with
CuO and ZnO contributions, appeared upon using a
slower scanning rate between 30° < 26 < 45° (see top
profile in figure 1). This feature points to incipient for-
mation of PdO crystallites. The absence of clear evidence
of PdO in 4Pd/CZA indicates that the PdO phase is
rather well dispersed over the surface of the calcined
CZA. The PdO crystallites are detected only for higher
loadings.

The specific BET areas of the calcined materials are
given in table 2. A marked decrease in the specific arca
is observed when Pd is added to the base-calcined
CZA. Furthermore, the decrease in BET area for the
two Pd-modified samples is almost equal. The increase
in the average CuO crystal size agrees with the lower
BET area found for the Pd-modified samples, a fact
that might be caused by the exposure to water during
the palladium impregnation step.

3.3. Rehydration of the base-calcined CZA sample

In the previous section, it was suggested that the
enhancement in CuO crystal size in the Pd-modified
materials might be caused by the exposure to water
during the impregnation with a palladium solution. In
an attempt to confirm this idea, a blank experiment
was carried out on the calcined starting material
(CZA), whereby the calcined sample was subjected to
the aforementioned aqueous impregnation procedure
without the palladium precursor present in the aqueous
solution. The solid obtained in this way was dried
again at 393 K and recalcined at 673 K.

In figure 4 the XRD pattern of the calcined CZA base
support (figure 4(A)) is compared with the materials
obtained by rehydration (rehydrated CZA) (figure
4(B)) and after calcination (recalcined CZA) (figure
4(C)). The rehydrated CZA material displays the charac-
teristic peaks due to the CuO and ZnO phases as well as
the typical pattern of the Cu—Zn hydrotalcite-like struc-
ture, which proves that the hydrotalcite phase became
partially regenerated. The presence of the remaining
CO3™ anions in the CZA mixed oxide and the thermal
treatment with water in the rotary evaporator (i.e., a
hydrothermal-like treatment) allow the partial recon-
struction of the initial lamellar Cu—Zn hydrotalcite-
type structure (memory effect). It is believed that the
hydrotalcite regeneration is facilitated by the fact that
the thermal hydrotalcite decomposition occurs through
a topotactic process, where the CO%‘ anions are still
retained in the interlayer region of the oxycarbonate
and the metal-oxygen framework remains essentially
intact. In fact, recent studies [29,30] suggest that the
reformation occurs via a retrotopotactic transformation,
i.e., a reverse topotactic transformation. A structural
model about the decomposition—reconstruction mechan-
ism (structural reversibility) is illustrated in figure 5.
After interlayer water removal, additional water is
formed by dehydroxylation of neighboring OH groups
within the brucite-like layer and then from OH groups
of contiguous layers, causing the collapse of the lamellar
structure. Dehydroxylation of the sample creates oxygen
vacancies in the structure but without changing the close-
packed cubic lattice of anions (O°7). Therefore, the
initial hydrotalcite structure, as shown in the top of the
figure 5, partially collapses upon heating and an oxycar-
bonate is formed (bottom). It can also be noticed that
A" cations change their coordination from octahedral
to tetrahedral, while the coordination of bivalent cations
remains unchanged. This fact is supported by >’ Al MAS-
NMR studies which proved that only A" cations
change from octahedral to tetrahedral configuration
[31,32]. In addition, the increase of the calcination tem-
perature suppresses the memory effect of such materials.
First, the residual carbonate is evacuated and, second,
high temperatures facilitate the solid-state transforma-
tion of A" cations to tetrahedral positions, to form
the spinel structure. Therefore, the recrystallization
does not take place since both M>'/AI*' cations in
octahedral sites are required. The reverse process, also
reflected in figure 5, is facilitated by treatment of the
carbonate-containing oxides with water and temperature
(hydrothermal-like treatment). It appears evident that
the reverse process becomes easier by applying carbo-
nate-containing aqueous solutions, or also with anions
other than carbonates.

Proceeding with the analysis of the derived materials,
the CuO diffraction peaks for rehydrated CZA are
narrower in comparison to those for calcined CZA,
whereas ZnO does not show an enhancement in the
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Figure 4. X-ray powder diffraction profiles for: (A) calcined-CZA, (B) rehydrated-CZA and (C) recalcined-CZA materials.

crystallinity. Consequently, the hydrothermal-like treat-
ment gives rise to the hydrotalcite restoration as well as
the growth of the CuO particles. When the latter
sample is calcined (recalcined-CZA), the hydrotalcite
decomposes into the corresponding metal oxides and,
consequently, only CuO and ZnO peaks are detected.
A high CuO crystallinity is maintained.

The mean crystalline sizes of CuO and ZnO for these
materials were calculated using the Scherrer equation
and are given in table 3. The CuO crystal size of the
rehydrated CZA sample was higher by almost 40%
than that of the base CZA sample. The fact that the
crystallite size for the recalcined CZA material is similar
to that of the rehydrated CZA clearly indicates that the
increase of CuO crystallinity results from the hydro-
thermal-like treatment and not from the further
recalcination. In parallel, the enhancement in the CuO

particle size is accompanied by a decrease in the BET
area (table 3).

When the latter results are compared with those of the
Pd-modified samples, the similarity between the systems
is evident. The average CuO particle size and BET area
for the Pd-modified materials are very similar to those
of the recalcined CZA sample. This finding leads us to
conclude that the increase in the CuO crystallinity
found for the modified Pd/CZA samples is caused by
the hydrothermal-like treatment during the wet Pd
impregnation step. In addition to the hydrotalcite recon-
struction of the CuO-ZnO-Al,0O; composite oxide, a
rearrangement of the CuO phase takes place that results
in larger CuO crystallites.

In connection with the observation discussed above,
several authors have already reported secondary
phenomena during the hydrotalcite reconstruction in
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mixed oxides. Kooli et al. [33] found an improvement in
ZnO crystallinity during the rehydration of Zn-Al
layered double hydroxides. Hibino and Tsunashima
[13] demonstrated the segregation of aluminum from
the structure upon performing calcination and recon-
struction cycles on Mg—Al-CO; hydrotalcite. The
same authors also reported an improvement in Mg—Fe
spinel formation due to hydration/calcination cycles in

Mg-Fe—CO; hydrotalcites [34]. In terms of our
Table 3

BET specific area and CuO crystal size for CZA calcined sample and derived

materials.

Sample BET area XRD crystal size
(m’/g) Dcyo (nm)

CZA 39.5 8.1

Rehydrated CZA 24.9 11.3

Recalcined CZA 33.6 11.3

system, it can be suggested that the migration of water
plays a key role in the CuO rearrangement process.
The ability of water molecules to diffuse into the
carbonate-modified CuO-ZnO-Al,O; oxide and recon-
struct the hydrotalcite would cause the growth of CuO
crystallites by coalescence. Although a more detailed
study is needed to confirm such a hypothesis and provide
a definitive interpretation, this coalescence concept for
copper oxide-containing materials has already been
introduced [35] to explain the effect of the calcination
heating rate on the CuO phase crystallinity for CuO—
ZnO-based materials.

4. Conclusions

We have shown that the carbonate anion retention in
the calcined CZA starting material, which is due to
incomplete Cu—Zn hydrotalcite decomposition, has
important implications for the subsequent wet palladium
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impregnation. The hydrothermal-like treatment of the
carbonate-containing CZA oxide, during the Pd-impreg-
nation step, allows the reconstruction of the Cu—Zn
hydrotalcite-type structure. Such a regeneration process
has a marked effect on the Pd-modified materials finally
obtained. In particular, it results in the enhancement of
the CuO phase crystallinity as a consequence of a crystal-
line rearrangement of this oxidic phase. The concept of
coalescence between CuO crystallites, during the hydro-
talcite restoration, is advanced as responsible for such
increase of CuO crystallinity. This effect could have
significant implications for the hydrogenation of CO,
to methanol.
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