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ABSTRACT

Cu0/Si0; catalysts with varying amounts of copper were prepared using meso- and
microporous silica supports at pH > 10 and pH = 4.5, Structural and textural changes
were followed using X-ray diffraction, TG and DTA techniques. Impregnation for periods
>10 days at high pH produces crystalline catalysts with two distinet peaks at d-spacings
of 2.33 and 2.03 A resulting from a surface silicate which is structurally stable up to
800°C. At copper concentrations > 5% CuO also forms. Catalysts prepared at pH = 4.5 are
amorphous to X-rays in spite of the presence of CuQ which may either be <50 A or from
a surface solid solution. The copper ammine complex, if adsorbed on mesoporous silica,
attains its maximum coordination number as [Cu(NH;),(H,0),;]%*, whereas on micro-
porous silica it loses the two water molecules as a resuit of pore restrictions. The surface
complex releases its coordinated ammonia exothermally in the temperature range 200—
400°C, whereas chemisorbed ammonia is evolved endothermally at ~280°C. Ligand water
is evolved at < 200°C. An exotherm at ~545°C is observed for all catalysts, resulting form
the shrinkage of the solid/void matrix which disappears upon aging. Increase of copper
content to 22.7% at high pH lowered the temperature of constant weight attainment
from 1000°C for the pure silica to 750°C,

INTRODUCTION

Copper oxides supported on silica gel carriers are widely used in hydro-
genation—dehydroge..ation reactions [1—7], among other gas phase reac-
tions [8,9]. The active precursor is introduced either by impregnation [10,
11] or by cation exchange [10,12—15]. The introduction of metal com-
plexes on to silica surfaces to produce more active catalysts has been carried
out by several investigators [11,16—19]. Attempts were made to study the
nature of the surface structure of such catalysts [20—23] as well as their
stability [22], but no general agreement as to the nature of the surface com-
pound was achieved. Silicas with different porosities were employed [10,17,
241 for the preparation of such catalysts but the study of the mutual effect
of pore structure and pH of the soaking medium on the catalyst product is
lacking.

It is the aim of the present investigation to study the variation of the
structural properties of the resulting CuO/Si0O, catalyst upon the use of
meso- and microporous silica catalysts impregnated in media of varying pH
values.

0040-6031/81/0000~—0000/$02.50 ©1981 Elsevier Scientific Publishing Company
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EXPERIMENTAL
Materials

Two types of amorphous silica gels were used as supports, Davidson 59
and 03, supplied by the Davidson Division of W.R.. Grace and Company. The
impregnations were achieved at two pH values, pH > 10 and pH = 4.5.

A series of samples (1Ag;—4As) and (LAgs—4Ay3) each of 10 g of the
silica carrier (59 or 03) was soaked in 100 ml of Cu(NQO;), - 3 H,O (A.R.) of
the required concentration and raised to the desired pH (>10) by concen-
trated ammonia solution with constant stirring. Each admixture was then
allowed to stand for more than 10 days at room temperature, then filtered,
washed with distilled water and dried at ~30°C for 24 h. The exact pH and
soaking period for these catalysts are to be patented. The Cu content of each
sample is shown in Table 1.

Another series of samples, 1Bsy, 2B.5, 1B, and 2By, (Table 1), was also
prepared by impregnation of silica 59 (Bss) and 03(By;) in two different con-
centrations of copper nitrate solutions adjusted at pH = 4.5 by HNO;. The
samples were then treated as above.

Methods

The copper content was estimated by analysis of the impregnating solu-
tion before and after the soaking of the silica gel using EDTA titrant, The
X-ray diffraction patterns were obtained using a Philips diffractometer unit,

TABLE 1
Thermogravimetric analysis data for catalysts Asg, Ap3, Bso and Boa
Catalyst sample Cu Toatal wit. Chemisorbed Temp. of
Content loss apecies constant wt.
(%) (%) (% per unit area) o)
Si04(59) et pH > 10 0.0 6.88 0.010 1000
1Az0 1.0 7.39 0.009 1000
24A:g 5.8 8.42 0.009 1000
3Ase 13.6 8.92 0.009 800
4Ass 22.7 10.58 0.008 750
Si02(03) at pH > 10 0.0 11.25 0.009 1000
1A, 1.0 11.02 0.0086 1000
24,5 5.6 11.92 0.008 975
3403 13.6 12.45 0.013 900
4A03 22.7 12.66 0.021 850
Si04(59) at pH = 4.5 0 6.64 0.006 950
1Bsq 1.0 7.16 0.115 ~1000
2Bsg 6.7 6.85 0.010 ~1000
8i0;(03) at pH = 4.5 0 21.49 0.005 850
1By3 1.0 23.07 0.006 950
2Bg3 6.7 24.95 0.005 950
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Model PW 1010, using Zr filtered Mo radiation. The d-distances were cal-
culated and compared with their relative intensities with data in the ASTM
cards [25,26].

Thermogravimetric analyses were carried out in air (static) using a
Stanton-Redcroft thermobalance type TG 750/770 connected to a BD9 two-
channel automatic recorder “Kipp and Zonnen'’ at a heating rate of 10°C
min~!,

Differential thermal analysis curves were recorded using «-alumina as inert
standard, a programme temperature controller ‘“Ether” transitrol type 994/2
to permit a linear rate of heating (12°C min™!), and a Cambridge Recorder
Model “B” recording the temperature difference.

RESULTS AND DISCUSSION

Structural changes

X-Ray diffraction patterns determined for the series of preparations Asg
and A,; show two main peaks at d-distances of 2.33 & and 2.03 A, being
more developed for the former. The intensity of these peaks is found to
increase with increase in copper content (¥ig. 1). Thermal treatment up to
800°C for 5h does not affect these two peaks but an additional peak
appears at a d-spacing of 2.53 (Fig. 2) which increases with increase of
copper content (above 5%).

The two peaks of spacings 2.33 A and 2.03 A do not point to the
existence of any one compound of the known copper silicate species
[27,28]. Tt should be mentioned that a period exceeding 10 days was
required for soaking at pH > 10 to produce this crystallinity. It is plausible
that the copper ions have interacted with the silica surface during this
soaking period, first forming small nuclei which later grow in size (>50 A).

A

3Azg

Intensity

28

Fig. 1. X-Ray diffraction patterns for the series 1Asg—4Asg showing the effect of metal
content.
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Fig. 2. X-Ray difiraction patterns for catalyst 3Asg and its thermally treated products.

The peak at 2.03 is characteristic for almost all copper silicide compounds
[268], yet such a compound could not possibly exist under our experimental
conditions. A d-distance of 2.33 A constitutes one of the main bands of
CuO, yet the hydroxide and not the oxide would have initially formed.

From these criteria it is reasonable to assume that the silica surface is
polarized [27] at such a high pH value. The divalent copper ions, surrounded
by the ammonia and possibly water ligands, attack the silica surface accord-
ing to the suggested scheme.

H M Hwont Cu ocmmine complex ion
CP’ ionization (I'_)_ o~ attack with Cir’ \P + 2 HNO
i i st ;7 Copper ammine g i 3
- ~ - ~ complex Ny

The attack of the ammine complex appears to require the existence of
two sdjacent hydroxyl groups on the silica surface, with the ammonia ligand
being conveniently situated above the copper ions with an orientation free
from any steric effects. Such an interaction would give rise to a new surface
silicate structure which is thermally stable. This stability may result from the
very stable configuration [28] of its six-membered ring structure.

The peak at a d-<listance of 2.53 A is characteristic for Cu0, resulting from
the partial hydrolysis of the copper ammine complex to the amorphous
hydroxide which is converted to the oxide by heat treatment. In this case the
copper ammine is believed to adsorb by electrostatic atfraction on those sites
which are not available to form the silicate compound. These may be the
single hydroxyl sites of the silica surface which are of varying reactivity
1291.

Samples 1359, 2359, 1Bog and 2303 impregnated at pH = 4.5, as well as
their thermally treated products, were amorphous to X-rays. However, it is
important to note that the products heated up to 800°C for samples 2Bsg
and 2By; (6.7% copper content) were light brown in colour, which points to
the presence of CuO in the catalyst specimens. The interaction of silica sur-
faces with cations is only significant at pH > 7 [27] and thus the surface is
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expected to be only weakly polarized at pH = 4.5, It is therefore reasonable
to assume that at this low pH value the Cu** will be adsorbed on the weakly
polarized surface hydroxyl groups by simple electrostatic attraction forces
and will interact differently than at high pH values. This is schematically
represented as

H H cuo
o ?/' + o 2+ _ heat ~ ,(.)\ -
~ - u(H,0) aNC; ——= g sil + 7H,0 + 2NO,
/5‘\0/51\ [ ] s i

However, the amount of copper ions adsorbed is small and may also be of
such small crystallite sizes (<50 A) that they are undetectable by XRD tech-
nique. X-Ray fluorescence of sample 2B;, (800) showed the characteristic
peak for copper located at 260 = 40.03°.

‘Thus the presence of copper in the solid catalysts, though not identified
in the diffraction patterns, points to the existence of either very small
crystaliites of the adsorbed species on the surface of the support or to the
possible formation of a peripheral solid solution where the copper ions have
penetrated into the surface grid of the silica skeleton and become inacces-
sible for X-rays [22], as found for related supported systems [30—321].

Thermogravimetric analysis

Samples 1As5—4Asy and 1A 3—4Ag3, together with their corresponding
pure silica gels, show an initial rapid loss in weight which commences at tem-
peratures <100°C and slows down at ~180°C, Figure 8 shows the TG curves
of the series 1A;y—4A;y and the pure soaked silica (59). This loss in weight
corresponds to the loss of both adsorbed ammonia and H-bonded water
which may be either attached to already adsorbed water molecules or to the
surface hydroxyl groups [33] (cf. following section).

In this temperature range a greater percentage loss is observed upcn the
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Fig. 8. Thermogravimetric curves for catalysts 1A59—4 A5 and the pure soaked silica {59)
at pH > 10.
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increase of the copper content for the catalyst series 1A;5—4A;5 but not for
the series 1A—4A,; supported on microporous silica. As will be shown
later, the surface complex supported on silica gel (59) is able to incorporate
ligand water, whereas the smaller pore dimensions [34] of silica carrier (03)
would hinder such a solvation taking place resulting from steric effects. This
is also reflected in the difference in total percentage loss between the pure
soaked silica and the corresponding catalyst, with maximum copper content
being 1.41% for silica carrier (03) and 4.1% for silica carrier (59) (cf.
Table 1).

A gradual loss is observed above 250°C and up to 1000°C for pure silica
gels, which results from the dehydroxylation of the silanol groups besides
the evolution of chemisorbed ammonia (following section). Catalysts 1Agzo—
4A5, and 1Ay5;—4A; reproduce this increased loss in weight which forms a
clear step for catalysts with the highest copper content, namely 4A,, and
4A,; (marked by an arrow). In this temperature range (~400°C), the surface
complex releases the ammonia ligand (see following section); also, the
decomposition of the copper hydroxide present contributes to this increased
loss and is significant for preparations with high copper content. A constant
weight is attained at temperatures lower than 1000°C upon the increase of
copper content, namely at 750 and 850°C for the catalysts 4A;; and 4A,;,
respectively {Table 1, column 5). The dehydroxylation which takes place at
such high temperatures (~750—1000°C) points to the difficulty of their
detachment from the solid matrix, whether surface or bulk. The attainment
of constant weight at lower temperatures may arise from (i) the formation of
the surface complex in place of the hydroxyl groups, in which case the
ammonia ligand is evolved at lower temperatures, and/or (ii) the penetration
of the coprer cations to the porous system upon the increase of the copper
content, and this may either form a silicate complex in the pores as in (i) or
simply adsorb onto any weakly polarized hydroxyl groups thus affecting the
oxygen—hydrogen link and facilitating its dehydroxylation.

A comparison between the total loss of pure silica (59) and (03) (Table 1,
column 3) reveals that the latter undergoes a much greater loss than the
former. To differentiate whether this arises from an increase in the physi-
cally adsorbed species or not, the first plateau at ~200°C is extrapolated
backwards to intersect with the extended line of the region of increased
weight loss at 100—150°C, say at Y (Fig. 3). The difference between the
total loss in weight and the value at Y would represent the percent of chemi-
sorbed species denoted by X. The value of x so obtained is more significant if
evaluated per unit area as obtained from N, adsorption {341, and values of
0.010% and 0.009% for the two pure gels (Table 1, column 4) show a negli-
gible difference (0.001%). This indicates that the number of hydroxyl and/or
ammonia groups per unit area is the same in both gels.

Variations of X per unit specific surface area with copper content (Table 1,
column 4) clearly point to differences brought about by the adsorbed
species, especially for the high copper content catalysts. The amount of phy-
sically adsorbed species present in the pure soaked silica {59) (<200°C) is
found. to be ~3.40% (Fig. 3), whereas that for sample 4Asg is ~5.76%. The
difference of ~2.35% represents the excess physically adsorbed species, which
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Fig. 4. Thermogravimetric curves for catalysts prepared at pH = 4,5 and also that for pure
copper nitrate (right-hand scale).

is believed to be the ligand water associated with the copper complex. From
Table 1, the total loss in weight for sample 4As, is 10.58% and therefore X
(chemisorbed species) is equal to 4.88%.

As the copper ammine complex is known to have four ammonia moeiecules
per copper atom in the aqueous phase and copper has a maximum coordi-
nation of six even in the adsorbed state [10], then from the above changes in
weight loss and assuming that most of the hydroxyl groups are attacked by
the copper complex in sample 4A,s, it is realized that the excess physically
adsorbed species (2.35%) is almost half of the chemisorbed species (4.88%),
which suggests that the copper ammine complex is in the form [Cu(NH;),
(H,0),1** in the adsorbed state. As the coordination with ammonia is
square-planar and the attachment of the water ligand is much weaker and
forms an octahedron, the above configuration will only be stable if the avail-
able surface imposes no steric effects, as is the case with the mesoporous
gilica carrier. For microporous silica carrier (03), however, the pores are
narrower and these two water molecules are detached during the formation
of the complex inside the pores, being in the form [Cu(NH;);]?*. This is in
accordance with the TG results of sample 4A,; which gives almost the same
percentage loss for physically adsorbed species as the corresponding pure
sample.

It is important to note that as the ligand water is only weakly attached to
the copper central atom in comparison to the ammonia ligand, the former
will be evolved at lower temperatures, i.e. in the range for physically
adsorbed species, whereas the latter will be evolved at much higher tempera-
tures.
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TG of samples 1Bsq, 2Bsy, 1By; and 2By, prepared at pH = 4.5 shows their
initial loss in weight in the same range as that of the corresponding pure
soaked gels (Fig. 4), namely at 90—200°C and 50—150°C for catalysts Bos
and B;y, respectively. In these solids thermal treatment at temperatures
below 200°C causes the evolution of the adsorbed or hydrogen-bonded
water originally present in the silica carrier in addition to the ligand water
[Cu(H,0):1*" which is retained by the copper in the adsorbed state [10].

The gradual loss in weight above 200°C results from the dehydroxylation
of the catalyst carrier as well as from the decomposition of the adsorbed
nitrate which occurs in the temperature range 250—310°C (Fig. 4). From
Table 1 {column 4) it is shown that though the value of X per unit area
increases upon the introduction of copper ions as for preparations 1Bs; and
1B,:, further increase of copper content has no significant effect on x. This
might indicate the penetration of the precursor to the bulk of the carrier as
previously suggested (XRD, section on structural changes).

It is of significance to note that the value of X per unit area is smaller at
pH = 4.5 than at pH> 10 and also depends on the porosity of the solid
material. This results from differences in the rate of decondensation [35] of
silica with pH.

Differenticl thermal analysis

Three main endothermic effects are observed for the pure silica gels (59)
and (03) soaked at pH > 10 — a broad peak covering the temperature range
~80—200°C and centered at ~110°C and ~150°C for the two gels, respec-
tively, followed by a smaller endothermic peak at ~280°C and a small
plateau at ~310°C (Figs. 5 and 6). The broad endotherm arises from the
evolution of the physically adsorbed (H-bonded) ammonia [36,37]
(<100°C) and water (100—200°C), The contribution of the physically
adsorbed water results from two overlapping stages of evolution which
should be situated at ~115°C and ~180°C [38] and are more distinguished
for the series Agys.

Above ~200°C and extending to ~400°C is an endothermic plateau
resulting from the dehydroxylation of the gel which is interrupted at
~280°C by another endothermic effect which we believe to result from the
evolution of the chemisorbed ammonia [38] attached to the ionized
hydroxyl groups [27]. It is important to recall that differences in the maxi-
mum dehydroxylation temperature as observed from TG and DTA data arise
from the different transfer processes in the two techniques.

At ~545°C, a large broad exothermic peak is observed. No crystallinity
is noticed from XRD and it appears that shrinkage or collapse of the solid/
void matrix occurs in this temperature range at the expense of the empty
voids left upon the dehydroxylation of silica. This process is accompanied by
a decrease in the surface energy of the solid (decrease in specific surface
area) [34] and would give rise to the observed exotherm. This exotherm dis-
appears upon aging for periods exceeding 1 year.

The DTA thermograms of samples 1A;5—4As (Fig. 5) and 1Ap3—4Aq;
(Fig. 6) reproduce the initial broad endotherm below 200°C and the two
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overlapping stages of water evolution become more distinguished in the
presence of the copper precursor. This results from the attack of the copper
ions on the surface hydroxyl groups which decreases the amount of water
bound to these groups and consequently the water—water adsorbed amount.
This does not appear for 3Asy and 4A;s due to the increased amount of
water present as ligand water (section on thermogravimetric analysis). The
remainder of the endothermic peaks do not appear and instead a small very
broad exotherm is observed in the temperature range ~200° C—400°C. This
is occasionally interrupted by an endotherm {marked by an arrow) in the tem-
perature range 260—280°C, resulting from the evolution of the chemisorbed
ammonia. In these preparations, the [Cu(NH,;),]** 2NOj; will attack the
hydroxyl groups and will result in the disappearance of the endotherm
responsible for the dehydroxylation of the surface. The decomposition of
the surface complex and evolution of the ammonia ligand is exothermic, as is
also found with other ammonia complexes when the anion is a nitrate [39].
The resulting peak is broad and not sharp, pointing to differences in the sur-
face attachment of the complex which need not necessarily be energeticaliy
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and their corresponding impregnated catalysts.
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the same, This is more pronounced for preparations A, than for A;, where
the increased potential in the narrower pores of silica carrier (03) arising
from the opposite wall effect [40] contributes to this exotherm.

DTA curves for the series of catalysts Bo; prepared at pH = 4.5 on the
microporous silica support show a large endothermic peak in the tempera-
ture range 80—~ 220°C similar to the corresponding soaked silica (Fig. 7).
This results from the evolution of the adsorbed water, which seems to be
much greater for catalyst support microporous silica (03) than mesoporous
silica (59). The peak apex of this endotherm is shifted from 115°C for the
pure soaked silica (03) to 150°C and 160°C for catalysts 1Bo; and 2B,
respectively. This reveals that: _

(i) the adsorption of Cu?* ions onto hydroxyl groups minimizes the
amount of liquid-like adsorbed water evolved at ~115°C;

(ii) the adsorption of Cu?* ions on two oppositely located hydroxyl
groups at the entrances of the narrower pores hinders the evolution of the
adsorbed water from these pores.

For catalyst series Bsq (Fig. 7), this endotherm is much smaller and is split
into two small endothermic effects located at ~100°C and ~140°C. A small
exothermic plateau is observed in the range 200—280°C for only the pure
soaked gel (03), samples 1B,; and 2B,; being shifted to higher temperatures
upon increasing the metal content. Here the evolved water leaves behind a
strained solid/void matrix which *“relaxes’ upon further heating. However,
the presence of adsorbed Cu?* cations hinders this “relaxation’ slightly and
delays its appearance. This phenomenon appears to be a characteristic of the
micropore system.

At ~545°C a broad exotherm is observed for all preparations, which is
identical to that observed for preparations carried out at pH > 10. This also

disappears upon aging.
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