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Abstract

Copper chromite catalysts were prepared by using a new metal organic precursor, M{(OR),,
which was dissolved in organic solvent, lrydrolysed and condensed to form inorganic poly-
mers containing M—0-M linkages. In the cases of Ba and Mn promotion, the corresponding
metal oxide was admixed to the copper-chromium solution prior to gelification. After drying
in helium atmosphere, the precursor was subjected to thermal treatment at different tempera-
tures (373-873 K) and in ditfterent atmospheres (air, nitrogen or hydrogen). Both the catalysts
and the industrial Engelhard catalyst were characterized by various techniques (TG-DTA,
HTXRD, IR, BET, metallic copper surface area and porosimetry measurements) and evaluated
fur ester hydiogenativn
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Introduction

Following the initial report by Adkins et al. in 1931 [1], copper chromite cata-
lysts have been widely used in the production of higher alcohols from fatty acid
esters by high-pressure hydrogen reduction. The most common way to prepare
this catalyst is via the precipitation of the basic copper aluminium chromate [2].
With the use of oxalic acid, a new precursor [3] for the preparation of copper
chromite catalyst has recently been reported. The resulting catalyst does not
need to be reduced, whereas reduction is necessary for the traditional Adkins
catalyst. In any case, it has been proved by several techniques that reduced cop-
per is the active species in the hydrogenation reactions.

The present work reports the preparation of a new precursor of (undoped and
doped) copper chromite catalyst: (MnO or BaO)/Cu-CuCr,0..
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Fxperimental

Sol—gel preparation

The catalyst was prepared (Fig. 1) by dissolving separately at 85°C, pure
chromium oxide CrO;, basic copper carbonate CuCO;-Cu{OH); and barium ox-
ide BaO or manganese acetate Mn(CH;COO), in liquid propionic acid under
constant stirring. The dissolution of the Cu and Cr compounds was very slow. Af-
ter some hours, the solutions became transparent. Particutarly for the chromium
solution the exact time of dissolution of the chromium oxide had to be carefully
taken into account in order to avoid the precipitation of Cr(I1I) oxide (by reduc-
tion of the Cr(V]), which could take place after a long period under acidic condi
tions, The above solutions were subsequently mixed, hydrolysed with a few
drops of distilled water and evaporated; the resulting gel (a polymer built up from
M—-0O-M or M—(uOH)-M bonds) was fTozen with liguid nitrogen, which led to a
powder form of the gel as a solid-state Cu, Crand Mn or Ba propionate precursor.

Pure CrO3 CuCO.Cu(OH)s IPromoters {Mn or Ba
into propionic acid into propionic acid into propionic acid
| Cr propionate Cu propionate l F\/In, Ba propionate

——»[ Mixture of the two solutions

| Hydrolysis ]

"

I Gel formation |
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| Liquid nitrogen

Solid formation ]

r

ITherrnal treatment |

Fig. 1 Summary of copper chromite catalyst preparation by scl-gel method
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Characterization

The evolution of the decomposition of the precursors was studied under air
and under nitrogen, using a Seiko Instruments thermogravimetric analyser
(TG-DTA-DTG). The samples, weighing approximately 20 mg, were placed in
quartz crucibles and heated up to 500°C (1-10°C min™"). The gas feed (air or ni-
trogen) was 61h™'.

Porosimetry and BET surface measurements were performed on a Quanta-
sorb (Quantachrome Co.) instrument, while the metallic copper surface areas
were determined from the dissociative adsorption of nitrous oxide [4].

H.T. X-ray diffraction patterns of the samples were recorded on a Siemens
D 5000 diffractometer with filtered K, radiation (count time of 1 s in the range
20=10-70°). The samples were also characterized by FT-IR (Perkin Elmer Mod.
1760, KBr pellets).

Catalyst evaluation

Hster hydrogenation tests were performed with 15 g of catalyst and 250 ml of an
ester in a batch (500 ml volume) stainless steel cylindrical reactor (EZE-SEAL).
The hydrogen pressure and working temperature were 190-220 atm and
230-270°C, respectively, with a stirring veloeity of 2000 rpm.

The reaction product was separated and analysed on a Porapak QS column
linked to a flame ionization detector,

Results and discussion
thermal activation of the precursor

The behaviour of CuCrPP during thermal activation, and consequently the
phase composition of the final catalyst, can be better understood if the decompo-
sition patterns of the simple copper and chromium propionates are taken into ac-
count. The preparation method employed was the same as reported in the Experi-
mental section.

Cu propionate precursor (CuPP)

The decomposition of Cu propionate in air (Fig. 2a) furnished an endother-
-mic peak between ambient temperature and 100°C, with a mass loss of about
6.5% (H.0), followed by three exothermic peaks between 200 and 230°C, which
can be attributed to the decomposition of propionate groups and the crystal-
lization of CuO. The heat produced during these three exothermic phenomena
was 0.85, 1.25and -1.864kJ g™, respectively. The total mass loss for the de-
composition of CuPP was estimated as 68.8%.

J. Thermal Anal, 33, 1998
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Fig. 2 Decomposition under air of sol-gel precursor a) CuPP, b) CrPP

Cr propionate precursar (CrPP)

In air, the decomposition of CrPP (Fig. 2b) yiclded an endothermic peak ac-
companied by a mass loss of 23.5% (H,0), followed by a second mass loss of
about 9.7%, relating to the loss of free propionic acid, and a sharp exothermic
peak at 200°C (mass loss of 42.8%), due to the simultaneous decomposition of
propionate groups and the crystallization of chromium oxide. The heat of precur-
sor decomposition at 200°C was estimated to be —12.9 kJ g~ ', The total mass loss
during CrPP decomposition was found to be 76%.

The overall processes of decomposition of CuPP and CrPP can be charac-
terized by the following equations:

Cu{C3Hs02)2 + 702 = CuO +6CO, + 5H:0

Cra(C3HsO2)3 + 11.2502 — Cr203 + 9CO2 + 7.5H20

J. Thermal Anal., 53, {996
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Fig. 3 Decomposition of CuCrPP sol—gel precursor a) under air, b) under N,
¢} TG in hydrogen atmosphere of industrial and sol-gel copper chromite catalysts
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In air, the mass loss between 170 and 250°C during the decomposition of the
Cu and Cr precursors was 62.3% (62.06% theor.) and 52.5% } 52.9% theor.), re-
spectively, in agreement with the above equations.

CuCr propionate precursor (CuCrPP)

I'he powder obtained was treated under different almospheres {air, nitrogen
or hydrogen) at various temperatures in the range 100-600°C, to yield copper
chromite and copper oxide phases. The copper chromite activation step is more
important as it directly determines the catalytic perfonmance of the catalyst. In
order to elucidate the roles of the atmosphere and the heating rate on the precur-
sor decomposition, several runs were performed at different heating rates under
air, nitrogen or hydrogen. TG-DTA analyses of the sol-gel precursor demon-
strated that heating at 10°C min”’ in the presence of air afforded a strong exother-
mic effect (AH > 21.3 kI g™') at nearly 280°C, corresponding to two distinct phe-
nomena taking place simultancously. propionate oxidation and coppor(Il) oxide
crystallization. For a better evaluation of all the thermal effects and to avoid ex-
cessive heat flow and even explosive reactions at around 200-320°C, the heating
rate was reduced (1°C miu™). Under these conditions (Fig. 3a), the existence of
a first large endothermic peak between ambient temperature and 170°C was ob-
served, and this was attributed to the loss of water and free propionic acid. The
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Fig. 4 HTXRD spectra of Mn/Cu-CuCr,0, sol-gel catalyst

onset of the exothermic effect occurred at around 225°C. It was separately shown
by HTXRD that the crystallization of copper chromite began after the precursor
had been kept for 3 h at 250°C in air, and that it was necessary to heat up to 550°C
to complete this (Fig. 4).

The thermogravimetric analyses performed in air (Fig. 3a) indicated that the
mass loss amounted to 6.5% between 50 and 100°C (removal of water). Between
170 and 260°C, an abrupt increase in mass loss (15.2%) was observed; specifi-
cally, at around 230°C the mass loss was 7.5% which may be due to CH;CH,O or
CH.CH,CO, radicals [5]. The final mass loss between 260 and 320°C was the
most important (about 40.8%), and was due to the oxidation of the organic
groups (propionate ligands). The total mass loss during the decomposition of the
sol—gel precursor is estimated to be 62.5%.

J. Thermal Anal., 53, 1998
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A similar study under nitrogen (Fig. 3b) revealed the same endothermic effect
relating to the loss of water in the range between ambient and 170°C at a heating
ratc of 1°C minfl, followed by a less pronounced exothermic effect. The follow-
ing mass losses were observed: 6.3% between ambient temperature and 170°C
(H,O and free propionic acid), 13.1% between 170 and 250°C (=7.05% at around
230°C, auributed to CH;CH,O or CH;CH,CO; radicals) and 43% between 250
and 550°C (propionate group decomposition with simultaneous crystallization).
The total mass loss during the decomposition of the sol-gel precursor is esti-
mated to be 62.4%.

It may be noted that under air the rate of decomposition of the precursor mea-
sured by TG analysis is sharper with respect to that under nitrogen (Fig. 3a vs.
Fig. 3b). When the IR spectra of CuPP and CrPP are compared with those of
CuCrPP (Fig. 5a, b, ¢}, it can be seen that of CrPP (Fig. 5b) is quite similar to that
of CuCrPP (Fig. 5¢); in contrast, that of CuPP is completely different.
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Fig. 6 Pore volume and pore size distribution of Mn/Cu-CuCr,0Q, industrial catalyst
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Fig. 7 Pore volume and pore size distribution of Mn/Cu-CuCr,Q, sol-gel catalyst

All these observations (thermal analyses and IR spectra) allow the conclusion
that CuCrPP is not a mixture of the Cu and Cr-based Propionate precursors even
if the heat of decomposition for CuCrPP (-2 1.3 kJ g ') is almost equal to the sum
(-20.8kJ g™') of those for CrPP (~12.9kJ g) and CuPP (-3.96kJ g 'x2). The
overall decomposition process for CuCrPP can be exemplified by the following
equations:
in air:

2Cu(C3H502)2Cr04+11.50; = CuO-CuCra04 + 12C0; + 10H0
in nitrogen:
2Cu(CaHs02)2Cr04 — CuCuCr;04 + 12C0O + 10H,

This scheme 1s in agreement with the experimental results; the decomposition
between 170 and 550°C amounts to 56.2% (52.4% theor.) in air, and to 55.8%
(54.8% theor.} in nitrogen.

J. Thermal Anal., 53, 1998
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Porosimetry

The pore volume distribution and the form of the hysteresis loop were recorded
for all the catalytic systems (Cu-CuCr,04, Ba/Cu-CuCr>0s, and Mn/Cu-CuCrs04),
either commercially available or synthesized by the sol-gel procedure. The
doped sol—gel-prepared copper chromite catalyst exhibited a predominantly mi-
croporous pore volume distribution, with a total pore volume and a total pore sur-
face area respectively smaller or higher than those of the corresponding indus-
trial product. As an example, Figs 6 and 7 depict the pore volume and pore size
distribution vs. the mean pore radius for the commerical and the sol-gel Mn-
doped copper chromite catalyst.
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Fig. 8 Types of hysteresis loop of Mn-doped copper chromite a) sol-gel, b) industrial

The adsorption and desorption isotherms of nitrogen at 77 K lur the sol-gel
(a) and commercial (b) Mn-doped catalysts are reported in Fig. 8. The hysteresis
loop obtained for the sol-gel catalyst spreads over a P/P, range from about 0.4 to
0.98, with a horizontal form, while the corresponding one for the commercial
catalyst has a vertical form. On the other hand, the loop formed by the adsorption
and desorption curves is less pronounced in the case of the commercial catalyst
with respect to the sol-gel catalyst. This difference may be due to the presence of
a large pore volume and a small surface area in the former catalyst and to a more
complicated pore structure {6, 7] in the latter. Table 1 reports the data obtained on
all the studied catalysts.

J. Thermal Anal, 53, 1998
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Table 1 Porosimetric parameters of the catalysts

Catalysts Pore v301y}]me/ Sum ot'zp(irle area/ Mean radius/
cm” g mg

Cu-CuCr,0, 0.123 29.2 84.7
Cu-CuCr,0, sol-gel 0.076 112 247
Ba/Cu-CuCr,0, 0.186 60.4 61.6
Ba/Cu-CuCr, 0, sol-gel 0.092 120 29.6
Mn/Cu CuCr,0, 0.187 341 100
Mn/Cu-Culr, 0, sol-gel 0.0906 127 15.0

Catalytic tests

The catalytic activity was measured by making use of the equation
K=In[C/C:t, where C, is the initial concentration of the ester and C is the con-
centration at time T.

Table 2 Hydrogenation of hexyl acetate and pentyl acetate on industrial and sol-gel prepared
copper chromite-based catalysts

Resgen Q08 il pk Yol
Cu-CCr,0), hexyl acetare 028 B0 86
Cu-CuCr,0, (sol-gel) hexyl acetate 0.38 36 65%
Ba/Cu CuCr,0, hexyl acetate 0.44 70 a5
Ba/Cu-CuCr,0, (sol-gel} hexyl acetate 0.50 42 T2*
Mn/Cu-CuCr, 0, hexyl acetate 0.48 86 99
Mn/Cu-CuCr, 0y (sol gel)  hexyl acetate 0.55 45 T4
Mn/Cu-CuCr, 0, hexyl acetate + 0.24 61 90
pentyl acetate
Mn/Cu-CuCr,0, (sol-gel)  hexyl acetate + 0.30 36 70

pentyl acetate

Reaction conditions: £y =190 aum, T=220°C, calalysifesier = 1/13 (w/w);
2

* equilibrium not reached

Table 2 lists results obtained for the hydrogenation of hexyl and pentyl ace-
tate on both undoped and doped commercial and sol-gel catalysts, together with
the corresponding width at half-height of the principal XRD line of Cu
(30<20<45) which is characteristic of the size of Cu metallic particles presumed
to be the active phase of the catalyst. It can be seen that, after a reaction time of

. Thermal Anal, 53, 1998
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2 or 4 h, the activity obtained with the sol-gel catalyst is fairly comparable with
that of the corresponding industrial catalysts. This can be attributed to the reduc-
tion rate of the catalyst under the reaction conditions [8]:

CuQ-CuCry04 + Hy — Cu-CuCr204+ HoO
CuCuCrUs+ Ha — 2C0/Cr203 + Hz20

For all catalysts, the reduction during the first cycle of the reaction produces
water, which is assuined to act as a poison. Miya [8] and Laine [9] have reported
that the removal of water increases the activity, avoiding sinterization phenom-
ena. Figure 3¢ illustrates the rate of reduction {measured by TG-DTA) of some
undoped and doped sol-gel and industrial copper chromite catalysts. It can be
seen that the rates of reduction of the undoped and Mn-doped sol-gel catalysts
are lower than those of the corresponding industrial ones. This behaviour can be
attributed to a slower hydrogenation reaction of the esters with the sol-gel cata-
lysts. For the Mn and Ba-doped sol-gel catalysts, the reaction 1s complete after
ca 3.5 h, while for the undoped one more than 6 h is necessary.

Table 3 Hexyl acetate hydrogenation and metallic copper surface area for fresh Mn-doped copper
chromite catalys? (industrial and sol—gel). First reaction cycle

"Metallic surface Hydrogenated hexyl acetate Sprr!
Catalysts area gf Cu Siftizlr content/% mg
reaction/m” g after 2 h after 4 h before reaction
Mn/Cu-CuCr,0, 16 86 99 36
{ Engelhard)
Mu/Cu-CuCi,Oy 10 42 VEN 94
(Sol-gel)

Reaction conditions: P, =190 atm, T=220°C, catalyst/ester = 1/15 (w/w)
z
* equilibrium not reached; # measured by N,O adsorption [4]

Table 3 reports results for the hydrogenation ol hexyl and pentyl acetate on
both undoped and Mn-doped commercial and sol-gel catalysts, together with the
corresponding metallic copper area measured by N,O adsorption. The yield of
the reaction again seems to be related to the metallic Cu surface, which is as-
sumed to be the active phase of the catalyst. For the Mn-doped sol-gel catalyst,
although the BET surface area is perceptibly higher than that of the correspond-
ing industrial catalyst, its Cu metallic surface area is definitely lower relative to
that for the commercial catalyst. For the sol-gel products, therefore, it can be
concluded that the reduction of the catalyst leads to relevant sinterization phe-
nomena which, by decreasing the metallic Cu surface area, lower the activity.

J. Thermal Anal, 53, 1998
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Conclusions

We have synthesized a copper chromite precursor via a new sol—gel method-
ology which allows the preparation of undoped or doped copper chromite cata-
lyst. These catalysts have proved active in the hydrogenation of esters to the cor-
responding alcohols. A peculiarity of this preparation procedure is the possibil-
ity of obtaining the final catalyst after thermatl activation at low temperature. The
organic solvent used in the preparation step (propionic acid) can be recycled.
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