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Abstract

Seven new alumina supported copper catalysts prepared by the electroless copper plating method and the support itself
were investigated to characterize by X-ray diffraction (XRD), scanning electron micrography (SEM) and electron probe
microanalysis (EPMA). Dehydrogenations of isopropanol and cyclohexanol were individually conducted to test the activity
of these catalysts. The copper surface area was measured by the selective chemisorption of nitrous oxide and the acidity was
measured by the chemisorption of ammonia using the volumetric method. Besides the BET surface area, pore size
distribution was also measured. The results showed that the BET surface area linearly decreased with the copper loading of
the catalyst. Copper formed crystallites at a minimum loading (ca. 7 wt.% Cu) and the crystallite diameter (dy) was almost
independent of loading. The copper surface area increased with copper loading up to ca. 15 wt.% Cu and then decreased
with further deposits. The acidity of catalyst also decreased with copper loading up to a certain copper content, further
deposition of copper had no significant effect on it. The catalysts prepared by the electroless plating method showed a
relatively higher acidity than the catalysts prepared by the precipitation method. It was found that the dehydrogenation
activity strongly depended upon the free exposed copper sites available for alcohol adsorption and reaction and the
selectivity was a function of acidity of the catalysts as well as the reaction temperature.
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1. Introduction Some of the discrepancies in the experimen-

tal results and in interpretation can be attributed

Many industrially important reactions are cat-
alyzed by the supported copper catalysts. Most
of these catalysts are prepared by either impreg-
nation or precipitation methods. Since 1966
copper catalysts have been widely used com-
mercially for dehydrogenation of alcohol,
methanol synthesis and the water—gas shift reac-
tion.

" Corresponding author. Fax. (+886-4) 4515517.

to the wide range of experimental conditions
and catalyst preparation procedures used by dif-
ferent workers, for the nature of these catalysts,
both bulk and surface, are dependent on reac-
tion conditions [1,2]. Friedman et al. [3] studied
the interaction of cupric ions with y-Al,O,
support for the catalysts prepared by the im-
pregnation method. They are physically charac-
terized by EXAFS, XRD ESR, ESCA and opti-
cal spectroscopy to develop a coherent descrip-
tion of the phases present and cation site distri-
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bution in the virgin and aged catalysts. Robin-
son and Mol [4] characterized copper /alumina
catalyst prepared by the dry impregnation
method and found that the structure and activity
of Cu/Al,O, methanol synthesis catalysts are
clearly influenced by the calcination tempera-
ture and the copper loading. They also con-
cluded that a high copper dispersion has a nega-
tive effect on the catalytic activity of copper
sites. Strohmeier et al. [5] examined the surface
properties of impregnated Cu/Al,O;, catalysts
and found that at low copper loadings (< 10
wt.%) copper ions form a well-dispersed inter-
action species with the support; at higher copper
contents, segregation of bulk-like CuO occurs.
Lokras et al. [6] investigated the catalytic dehy-
drogenation of isopropanol over supported cop-
per catalysts prepared by an impregnation tech-
nique; the undesired side reaction of dehydra-
tion can be controlled by a selective catalyst and
choice of proper operating conditions. They also
concluded that the activation energy for dehy-
drogenation is least the for copper catalyst.
Sivaraj et al. [7] have studied the selectivity
dependence on the acidity of Cu/Al,O, cata-
lyst prepared using the urea hydrolysis proce-
dure in the dehydrogenation of cyclohexanol.
They found that the selectivity to cyclohexene
depends on the acidity of the catalyst and selec-
tivity to cyclohexanone increases with decreas-
ing acidity, and the rate of dehydrogenation
increases with increasing number of surface
copper atoms per unit surface area of the cata-
lysts.

The electroless plating technique has been
widely used for producing electronic parts,
computer parts, printed circuit boards, etc. Other
applications include in the fabrication of com-
ponents for the automotive, oil and aircraft in-
dustries [8]. It is a well established method for
the deposition of active metals onto supports
with uniform distribution and better physical
and chemical properties. Recently, an attempt
has been made to use this method for the prepa-
ration of Cu/Al,O, catalyst [9,10].

Generally, electroless copper deposition refers

to the chemical deposition of an adherent cop-
per coating on a conductive, semiconductive or
non-conductive substrate in the absence of an
external electric source. Palladium is usually
used as a seeding or a catalyzing agent to
provide catalytic nucleating centers on the sub-
strate, and thereafter the desired metal is de-
posited by treating the catalyzed surface with a
salt of the desired metal in the presence of a
reducing agent. The copper ion in the electro-
less copper plating solution diffuses and is ad-
sorbed at the nucleating centers of the substrate
surface. Formaldehyde then reduces the copper
ion to metallic copper. Further deposition of
copper continues autocatalytically [11,12]. The
overall reaction for the electroless copper plat-
ing is:
Cu?* + 2HCHO + 40H™ - Cu + 2HCOO~
+2H,0 + H,
(1)

In our previous work [9] we found that the
selectivity to cyclohexanone depends on the
preparation method of the catalysts. From the
experimental results we concluded that the de-
hydrogenation activity of the newly developed
Cu/Al,O; catalyst prepared by the electroless
plating technique is better than that of the cata-
lysts prepared by impregnation or by precipita-
tion. The characterization of catalysts is impor-
tant in the manufacture of catalysts, and for the
optimization of industrial catalytic processes. In
this study we present the characterization of the
Cu/Al,O; catalyst prepared by the electroless
copper plating method. The purpose of this
characterization is to provide a basis for under-
standing the inter-relationship between physical
and chemical properties of the catalysts and
their effects on dehydrogenation activity.

2. Experimental
2.1, Pretreatment of alumina

The +y-alumina (Merck), having particle size
50-100 pm, was used as the substrate for the
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electroless plating process. The reagents used in
the experiment were analytical grade and made
by Merck or Riedel-de Haen. The main pur-
pose of pretreatment was to remove the fats and
oils and to provide Pd nucleating centers on the
surface of the alumina. The raw alumina was
subjected to alkaline cleaning (1 N NaOH) at
65-70°C for 5-15 min, then acid cleaning (25
vol.% H,S0,) at 30-35°C for 3—15 min, sensi-
tizing (20 g /1 SnCl, and 40 ml /1 HCI solution)
at 25-30°C for 8—10 min, activating (0.25 g /1
PdCl, and 0.5 ml/1 HCI solution) at 40-45°C
for 20—25 min, and finally drying at 110°C for
15-20 h. To exclude the effects of Pd and
surface condition a sufficient amount alumina
were activated at a time. Besides the raw alu-
mina and the pretreated alumina were heated at
250°C for 12 h with sufficient hydrogen flow.

2.2. Electroless Cu /Al,O; catalysts prepara-
tion

The pretreated alumina was transferred into
the chemical copper plating solution. The chem-
ical copper plating solution was prepared ac-
cording to the process described by Chang and
Saleque [9]. The plating bath contained 0.04 M
CuSO, - 5H,0, 0.08 M EDTA -4Na, 0.08 M
HCHO and 5 ppm pyridine as a stabilizer. The
plating bath temperature was maintained at 70°C
and the pH was adjusted to 12.5, with constant
agitation for 30 min. The plated alumina was
separated by filtration and then washed several
times with distilled water. The clean plated
alumina, i.e. catalyst, was dried at 110°C for 24
h. The Cu/Al,O; catalysts of varying copper
loadings were obtained by changing the volume
of the chemical copper plating solution.

2.3. Copper surface area and acidity determina-
tion [13,14]

The copper surface area and acidity of the
catalysts were measured by the volumetric
chemisorption method using nitrous oxide and
ammonia, respectively, as described elsewhere

[13]. The ammonia is adsorbed at the acidic
sites of the catalyst, and nitrous oxide reacts
with the surface copper atoms by the following
reaction:

N,0,, +2Cu - (Cu-O-Cu), + Ny (2)

where s denotes the surface phase.

For each measurement accurately weighed
catalyst ca. 2 g was loaded in the sample cell.
Glass beads with an average particle size 250
pm were used as filler under and on top of the
catalyst to hold it in place. Before evacuation
the catalyst was reduced at 250°C for 12 h with
sufficient hydrogen flow. The main purpose of
the reduction is to reduce the surface copper
oxide which may be formed by the reaction
with atmospheric oxygen. Continuous degassing
was carried out at 400°C and a pressure not
exceeding 10~ * Torr for 3 h. Then the catalyst
was cooled down at adsorption temperature.
The nitrous oxide and ammonia adsorption were
carried out at 95°C and 175°C, respectively.
Measuring the initial and final pressures and
temperatures of the adsorbate in the system, the
amount of adsorbate adsorbed on the catalyst
was easily calculated [13].

2.4. Copper and palladium content determina-
tion

The copper and palladium contents of the
catalyst were individually determined, using a
polarized Zeeman atomic absorption spec-
trophotometer, after the samples had been di-
gested in a mixture of hydrochloric acid and
nitric acid, and diluting it to obtain the required
concentration range.

2.5. Brunauer—Emmelt—Teller (BET) surface
area

BET surface area and pore size distribution
were determined from multipoint BET isotherms
(Micromeritics 2300) using nitrogen as adsor-
bate at — 195°C. Before each measurement, the
sample was degassed at 150°C for 60 min.
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2.6. X-ray diffraction (XRD)

The X-ray diffraction was carried out at room
temperature by the continuous position sensitive
detection technique (CPS) on a material analysis
and characterization (MAC) MXP3 diffractome-
ter using copper target (1.54050 A Cu K, radia-
tion).

2.7. Scanning electron micrography (SEM) and
electron probe microanalysis (EPMA)

The SEM images were obtained using Hi-
tachi S-2700 and the dispersion of copper was
recorded by an electron probe X-ray microana-
lyzer (JEOL JXA 840A).

2.8. Dehydrogenation reactions

The dehydrogenation reactions were carried
out in a microreactor operating under normal
atmospheric pressure. A diagram of the mi-
croreactor and related apparatus can be found
elsewhere [13]. For each run about 0.5 g of the
catalyst was loaded into a Pyrex glass reactor
and reduced at 250°C for 12 h with sufficient
hydrogen flow. The activities were measured at
various temperatures in the range 200-280°C on

Table 1
Characteristics of the various catalysts
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the reduced catalysts, maintaining the reactant
flow rate at 7 ml/h. The products were ana-
lyzed by gas chromatography with a flame ion-
ization detector.

3. Results and discussion

3.1. Characterization of electroless Cu /Al,O;
catalysts

The copper content, BET, surface area, cop-
per surface area, crystallite diameter and acid
amount of the catalyst and support itself are
shown in Table 1. The copper contents varied
from 4.51 to 23.22 wt.%. The BET surface area
of the treated alumina was higher than that of
the untreated (raw) alumina. This is because the
pretreatment process was conducted by etching
the surface with alkali and acid, which conse-
quently opened some plugged pores of the un-
treated alumina and enlarged the surface area.
During activation, the etched alumina was coated
with palladium to provide nucleation sites. The
palladium content was only about 0.17 wt.%,
resulting in a negligible change in surface area
and pore size. The surface area gradually de-
creased with copper loading, i.e., some of the

Catalyst number Copper loading Surface area (m? /g-cat.) Acid amount Cu-crystallite size (A)
wt% BET Cu (p.mol /g-cat) dg ° dc ¢
Al,05-1 2 - 137.9 - - - -
Al,0,2 ° - 1725 - - - -
Al,04-3 ¢ - 168.6 - - - -
FCU-1 451 156.6 7.20 325.7 - 43.08
FCU-2 7.09 152.1 13.41 295.3 - 35.40
FCU-3 11.15 141.2 19.50 269.3 200 38.29
FCU-4 15.50 131.9 20.47 243.5 210 50.71
FCU-5 18.11 125.7 18.50 239.4 183 65.55
FCU-6 21.30 112.7 14.30 231.7 203 99.74
FCU-7 23.22 100.8 10.29 236.6 191 151.1

* Untreated (raw).

® After etching.

¢ After activation.

d Crystallite diameter calculated from XRD data.

¢ Crystallite diameter calculated from chemisorption data.



H.-F. Chang et al. / Journal of Molecular Catalysis A: Chemical 109 (1996) 249-260 253

180 — e
[ Sy
&\:\.\'\
60 |- N T |
o, .-
2
7 a0t N ]
50
2 \\&
3 nof AN 4
L @ calculated N
o
5 O experimental \i
2 .
160 o
80 L— ‘ :
0] 3.0 0.2 0.3

copper loading (g-Cu/g-cat)

Fig. 1. The effect of copper loading on the BET area of various
catalysts.

pores might be filled with copper atoms and the
surface area reduced. The crystallite diameter,
d., calculated from chemisorption data, is re-
lated to copper dispersion by the following
equation:

1200

Table 1 shows that d_ is smaller than dg, which
is obtained from XRD data (see below). The
difference is due to the fact that d. is the
surface-mean diameter and dg is the volume-
mean diameter. This result is consistent with the
observation made by Scholten and Konvalinka
[15].

Fig. 1 represents the relationship between
surface area and copper loading. Based on one
gram of catalyst, the BET surface area de-
creased linearly with copper loading, up to ca.
18%, then fell rapidly with further deposition of
copper. Assuming that the copper crystallites
are nearly semi-spherical with a diameter d,
and are evenly spread on the surface of the
alumina, we may propose the following equa-
tion to relate the BET surface area with copper
content.

d.(A) =

3

— |Wa 4)
pCu'dC) c (

ScaL =Aq — (Ao_

where A, is the BET surface area of bare
alumina, p, is the specific gravity of copper
and W, is the copper content per gram of
catalyst. The calculated BET area, S., . is
shown in Fig. 1 for comparison.

Fig. 2 shows the pore diameter distribution of
the alumina particles before and after copper
deposition. The pores of bare alumina particles
were highly tortuous and had an average size of
50 A, the electroless copper plating started at
the pore mouth and then gradually penetrated
into the pore. The pore diameter shrank gradu-
ally and the surface area decreased linearly.
However, at higher copper loading, the pore
size became very small and irregular in shape
and it became difficult for the EDTA-Cu com-
plex to perform the plating. Therefore agglom-
eration started and surface area dropped rapidly.
Fig. 1 also shows the deviation of Eq. (4) from
experimental data to be larger at higher copper
contents.

In Fig. 3 is shown the X-ray diffraction
pattern of the raw, the treated and the copper
plated alumina. Fig. 3(b) shows the XRD of the
treated alumina which was obtained after being
etched by alkali and acid to remove undesirable
material such as fats, oils and others, and indi-
cates that the structure of alumina remained
unchanged, confirming that the alkali and acid
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Fig. 2. The pore diameter distribution of the alumina particles
before and after copper deposition.



254 H.-F. Chang et al. / Journal of Molecular Catalysis A: Chemical 109 (1996) 249260

cleaning had no effect on the structure of alu-
mina. Fig. 3(c) shows that the activation of the
surface by palladium had no effect on the struc-
ture of alumina, since no detectable peak ap-
peared for palladium. This is because the con-
centration of palladium was extremely low and
palladium spreads over the surface at atomic
level. After plating, as shown in Fig. 3(d), one
small new peak appeared at 26 = 43.2° which
was due to the (111) plane of the copper crystal.
Peaks for the other two major planes were not
observed. The intensity of the (111) plane in-
creased with copper loading. This phenomenon
may be explained by the mechanism of the
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Fig. 3. The X-ray diffraction patterns of alumina and Cu/Al,O,
catalysts. (a) Untreated (raw) Al,O;, (b) Al,O, etched with acid
and alkali, (c) Al,O; activated with palladium, (d) FCU-1, (e)
FCU-2, {f) FCU-3, (g) FCU-4, (h) FCU-5, (i) FCU-6, (j) FCU-7.

electroless copper plating. The copper ion is
adsorbed at the active sites of the palladium on
the surface of the support and then the
formaldehyde reduces the copper ion to metallic
copper [16]. Thus at low copper content the
crystallinity of the deposited copper may be low
or the growth of the crystal may be incomplete.
In Fig. 3(e) three new peaks appeared at 26 =
43.2°, 50.6° and 74.5°, but the intensities of
these peaks are relatively low, when compared
with Fig. 3(f)—(h). (These results indicate that
the deposited copper became crystalline after
certain deposition by the electroless plating.) At
high copper content the deposited copper was
highly crystalline as shown in Fig. 3(1)—(j). This
phenomenon was also observed by Friedman et
al. [3]. Applying the method of X-ray line
broadening, the mean crystallite diameter dg
can be calculated from the Scherrer’s equation
[17]:

dg = K\ /Bcos6 (5)

where A\ is the X-ray wavelength, K is Scher-
rer’s constant and B is the angular width ex-
pressed in radians. The mean crystallite diame-
ter dy is listed in Table 1. The diameters of the
copper crystallites deposited on the outer sur-
face of the catalyst remained almost the same
independent of copper loading. Such a phe-
nomenon was also described by Dorling et al.
[18].

Fig. 4(a)—(j) show the surface structure of the
support and copper plated catalysts. The exis-
tence of foreign material on the bare untreated
alumina is shown in Fig. 4(a). After being
etched with alkali and acid the foreign material
on the surface was completely removed and
surface became rough as shown in Fig. 4(b).
Definitely the alkali and acid cleaning caused
some corrosion. The activation process did not
make significant change as shown in Fig. 4(c).
The copper deposited on the surface can be
clearly observed as shown in Fig. 4(d)-(j). At
low copper content there was some unplated
area and the particle on the surface was rela-



H.-F. Chang et al. / Journal of Molecular Catalvsis A: Chemical 109 (1996) 249-260 255

Fig. 4. SEM images of alumina and Cu/Al,O, catalysts. (a) Untreated (raw) Al,O,, (b) Al,O, etched with acid and alkali, (c) Al,O,
activated with palladium, (d) FCU-1, (e) FCU-2, (f) FCU-3, (g) FCU-4, (h) FCU-5, (i) FCU-6, (j) FCU-7.
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tively small as shown in Fig. 4(d). However, the
distribution of copper particles on the outer
surface of the catalyst was quite uniformm and
the particle size remained almost the same inde-
pendent of loading. As copper loading in-
creases, the density of the copper particles in-
creased and finally almost all of the surface was
coated with copper as shown in Fig. 4(e),(f).
Fig. 4(g) shows that the whole substrate surface
coated with copper, and some of the copper
particles deposited on the coated surface. The
copper particles located on the coated layer was
bulkier than the particles of the first layer. After
exceeding certain loading the copper agglomera-
tion clusters started forming, as shown in Fig.
4(h). At high copper content the formation of
multilayer and bulky agglomeration clusters are
shown in Fig. 4(i),(j). However their distribu-
tion was uniform.

Fig. 5(a) and (b) show the EPMA images of
the low, and high copper loading, respectively.
At low copper content some of the surface of
the catalyst remained naked, inferring that the
deposition started at the nucleating centers of
palladium. However at high copper loading the
dispersion was relatively lower, because multi-
layer deposition may occur before a uniform
monolayer was completed. This explains the
fact that when large number of copper ions were
present in the plating bath to enhance the forma-
tion of copper agglomerates, the deposition con-
tinued around the agglomerates to make bulky
clusters. This result is consistent with SEM
observations. In the electroless copper plating,
the deposited copper autocatalyzes the further
deposition, causing the formation of clusters of
agglomerates.

The dispersion of copper at low copper con-

QUs0-50 I
Fig. 5. EPMA Cu-mapping of Cu/Al,O; catalysts. (a) FCU-1, (b) FCU-7.
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tent was higher than that at high copper content
and it gradually decreased with loading as shown
in Fig. 6. This is because at low copper content
no agglomeration was possible, but at high cop-
per content agglomeration appeared due to the
stratification of deposited copper. SEM images
(Fig. 4) also verify this point. This phenomenon
was also observed by Sodesawa et al. [19]. Fig.

Table 2
Dehydrogenation activity of electroless Cu/Al,O; catalysts

a

6 shows that the copper surface area gradually
increased with loading up to 15 wt.% Cu and
reduced with further deposition. Up to a certain
loading, the copper deposited on the active site
of palladium, and formed a thin film of copper
to result in the maximum of exposed copper
atoms. Further copper loading resulted in clus-
ters of copper agglomerates and reduced the

Catalyst number Temp. Isopropanol Cyclohexanol
0 Conversion(%)  Selectivity to acetone (%)  Conversion (%)  Selectivity to cyclohexanone (%)
FCU-1 200 14.21 74.62 1.35 96.04
220 2324 72.47 2.63 93.84
240 37.77 67.25 3.29 89.89
260 55.70 60.00 5.70 84.70
280 68.32 52.34 13.70 80.00
FCU-2 200 16.83 79.80 4.73 98.50
220 26.12 75.20 7.79 96.33
240 39.50 68.80 17.65 93.79
260 57.20 64.00 20.76 90.46
280 69.49 58.20 39.37 84.60
FCU-3 200 35.08 85.10 6.58 99.58
220 44.25 84.00 16.81 98.31
240 61.76 78.80 26.31 97.11
260 70.25 77.80 35.85 94.92
280 81.49 70.40 48.21 88.70
FCU-4 200 34.10 89.30 7.48 99.68
220 44.74 88.20 16.69 99.44
240 60.05 85.00 25.19 97.91
260 71.43 82.50 37.97 96.02
280 82.30 79.00 50.60 91.90
FCU-5 200 27.20 91.95 5.82 99.73
220 41.32 90.85 14.70 99.49
240 56.58 90.07 25.63 98.02
260 67.64 87.08 3393 96.56
280 81.28 84.12 48.59 89.02
FCU-6 200 20.14 93.00 6.87 99.63
220 35.18 9241 11.30 99.58
240 49.25 92.13 23.46 98.30
260 62.36 90.86 33.70 97.27
280 72.21 88.30 46.43 93.90
FCU-7 200 14.72 94.30 5.60 99.64
220 37.05 92.80 8.60 99.59
240 41.14 92.29 23.31 98.16
260 53.22 91.50 34.94 97.35
280 61.50 90.14 42.89 94.01

* Experimental error is within + 1%.
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number of exposed copper atoms. The SEM
images also confirm the appearance of the cop-
per agglomeration. Sivaraj and Rao [20] also
demonstrated that the copper surface area grad-
ually increases with loading, further increasing
loading causes reduction of it.

Fig. 7 shows the dependence of acidity on
loading [14]. The acidity decreased with loading
up to a certain value and remained almost un-
changed. In the beginning of electroless plating
a large activated surface was available for cop-
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Fig. 7. Effect of copper loading on the acidity of catalyst [14].

per deposition and the copper atoms gradually
shielded the acid site of the alumina, therefore,
the acidity decreases as the copper loading in-
creased. However, the dispersion of copper
atoms on alumina surface became non-uniform
as the copper loading exceeded a certain amount
and further deposited copper could not markedly
decrease the number of acid sites. During the
electroless copper plating, the copper ion was
chelated with EDTA to prevent the precipitation
of Cu(OH), and the SO;~ from CuSO, which
can be easily washed out from catalyst. It was
difficult for the Cu—EDTA complex to diffuse
deeply into the small micropores due to the
bulkiness of the complex, and the fast electro-
less plating reaction induced insufficient plating
on the walls of the small micropores, which left
some micropores unplated and the acidity of the
catalysts was not sufficiently reduced. Con-
versely, Sivaraj et al. [7] demonstrated that the
acidity can be significantly reduced when cata-
lysts are prepared by precipitation; the
unchelated copper ions can easily diffuse into
small micropores of alumina before the precipi-
tation and shields relatively more acid sites of
alumina.

3.2. Dehydrogenations of isopropanol and cy-
clohexanol

Table 2 shows that the conversions of both
isopropanol and cyclohexanol systematically in-
creased with increasing temperature. The depen-
dence of conversion on temperature was re-
markable for the dehydrogenation of cyclohex-
anol. Since at low reaction temperature the steric
effect may limit the rate of diffusion of the
cyclohexanol molecules into the micropores of
the catalyst and may also hinder the adsorption
and reaction on the active sites, which was
diminished by the rapid movement of molecules
due to a higher kinetic energy at high reaction
temperatures. Tables 1 and 2 show that both the
conversion and copper surface area with respect
to copper loading had a similar trend. Conse-
quently, we think that the dehydrogenation ac-
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tivity of the catalysts is dependent on the free
exposed copper sites available for alcohol
molecule adsorption and reaction.

When the copper content exceeded 15 wt.%
the tortuous micropores were not sufficiently
plated with copper and these acid sites could not
contribute to the dehydration reaction. However,
when the reaction temperature was increased
these acid sites might slightly contribute to the
dehydration reaction. The selectivity gradually
increased as the copper loading increased up to
a certain loading, above which it showed no
significant change. The selectivity was also a
function of reaction temperature, at a low cop-
per content the selectivity markedly decreased
as the temperature increased. If may be possible
that the trace amount of Pd may play an impor-
tant role on catalytic activity, but the experi-
mental data in Table 2 verify that the observed
catalytic activity is due to Cu and not the trace
amount of Pd. More about the effect of acidity
and copper surface area of electroless copper
catalysts on dehydrogenation reactions can be
found elsewhere [14,211.

3.3. Conclusions

Seven Cu/y-Al,O; catalysts prepared by the
electroless copper plating technique were used
in this study. The experimental results allow us
to reach the following conclusions:

— Based on one gram alumina support, the
BET surface area decreased linearly with copper
loading up to 18% then declined rapidly with
further copper loading.

— Copper deposited on alumina as the metal-
lic form, not as the salt or oxide of copper, and
the crystallite size (dy) of copper were almost
the same, and independent of copper loading.

— The copper spreads uniformly on the sur-
face of alumina up to a certain loading in the
ranged 4.51 to 23.22 wt.% Cu. The clusters of
copper agglomerates appeared when loading ex-
ceeded this limit.

— The dispersion of copper gradually de-
creased with copper loading. The copper surface

area increased with copper loading up to 15
wt.% Cu and declined with further deposition.

— The acidity gradually decreased with cop-
per loading up to a certain loading, further
deposition could not markedly reduce the acid-
ity of the catalyst due to insufficient copper
plating on the walls of the small micropores of
alumina. The catalysts prepared by the precipi-
tation method had lower acidity than the cata-
lyst prepared by the electroless plating method.

— The dehydrogenation activity and selectiv-
ity of both reactions were strongly dependent on
the number of exposed copper sites as well as
on the number of effective acid sites.
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