
JOURNAL OF MATERIALS SCIENCE 27 (1992) 557- 568 

Thermal, structural and textural studies on the 
double complex salt [Co(NH3)s][Fe(CN)6] 
and on its silica-supported catalysts 
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Thermal analyses were carried out for the simple complexes [Co(NH3)6]CI 3 and K3[Fe(CN)G ] 
together with the double complex ECo(NH3)6] [Fe(CN)6 ] using thermogravimetric analysis, 
differential thermal analysis (DTA) and derived DTA (DDTA). Two series of silica-supported 
catalyst samples were prepared with soaking periods ranging from 5 h to 7 days, and likewise 
investigated. Structural changes of the original samples and their thermally treated products 
obtained at temperatures < 500 ~ were monitored using X-ray diffraction and infrared 
spectroscopy.Textural variations were also studied using the N 2 adsorption technique. The 
decomposition of the simple complex [Co(NH3)6]CI3 occurs in two main steps that give rise 
to two asymmetric endothermic peaks centred at 225 and 350 ~ The first step involves two 
decomposition processes in which primarily two chloride ions migrate to the inner 
coordination sphere, thereby releasing two coordinated NH3 that are evolved, followed by 
simultaneous decomposition and reduction to CoCI2.2NH 3. The second step involves the 
decomposition of this latter compound to CoCI 2 with some reduction to Co. K3EFe(CN)6] 
decomposes in a more complex manner, yet two strong exotherms are observed at ~345 and 
400~ - the former being accompanied by a loss in weight due to its decomposition, whereas 
the latter is accompanied by a small increase in weight where an oxidation process seems to 
take place with its further decomposition. The double complex [Co(NH3)6] [Fe(CN)6 ] exhibits 
five consecutive decomposition steps in the temperature range 210-305 ~ The first is 
reproduced as an endotherm at ~180~ whereas the remaining four steps cannot be 
distinguished separately by DTA due to the strong exothermic effects and only two exotherms 
are observed at ,-~ 255 and 280 ~ The steps are identified according to the simultaneous 
reaction of six molecules together, leaving a final solid product with empirical formula 
Fe(CN)2Co. X-ray diffraction of the double complex retains the characteristics of the 
constituent simple complexes with the appearance of two new very strong bands with a d- 
spacing of 0.5483 and 0.3005 nm. The specific surface areas of the catalyst samples are found 
to depend on the ion moiety supported first during preparation as well as on the soaking 
period. The catalyst samples are predominantly microporous and the variations in surface 
characteristics are discussed. Vi-t plots reveal the presence of two groups of pore sizes in 
some cases. 

1. Introduction 
The preparation and study of double complexes is 
becoming a major interest of research to explore the 
metal-metal interactions [1-3]. Special attention is 
paid to their dependence on the nature of the bridging 
group in the binuclear complexes that play a signifi- 
cant role in the M-L-M'  bond angle [4]. 

Thermal dehydration and thermal reactions are 
widely applied to prepare cyano-bridged binuclear 
cobalt complexes, focusing attention on the thermal 
bridging reaction by which metal-metal interactions 
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occur [5-11]. However, the reaction schemes and 
products are found to vary widely with the experi- 
mental conditions [8, 10]. 

Since the transition metals are the ones which are of 
greatest importance as catalysts [12], a postulated 
and interesting application would be the preparation 
of such complexes on a suitable support in an attempt 
to ultimately prepare supported dispersed metallic (or 
metal-oxide) catalysts in which the two metals (or 
their oxides) are always the same distance apart over 
the entire support surface. If the control of such 
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metal-metal distances is achieved, it may open a new 
approach to catalyst preparations. 

In the present study, the double complex 
[Co(NH3)6][Fe(CN)6 ] was investigated using ther- 
mogravimetric analysis (TGA), differential thermal 
analysis (DTA), derived DTA (DDTA), X-ray diffrac- 
tion and i.r. Also, a series of catalyst samples was 
prepared using silica as support. The catalyst samples 
were also investigated by the above techniques to- 
gether with the study of their texture using N 2 adsorp- 
tion at 77 K. 

2. Experimental procedure 
2.1. Materials 
2.1.1. Simple complexes 
[Co(NH3)6]C13 was prepared by the method reported 
in the literature [131 using reagents of AR grade. It 
was identified by means of elemental analysis and 
spectrophotometric measurements. The K3[Fe(CN)6 ] 
complex was a Merck AR product. 

2. 1.2. Double  c o m p l e x  
200 ml of 0.05 M solution of [Co(NH3)6]C13 were 
added gradually with constant stirring to 200 ml of a 
0.05 M solution of potassium ferricyanide where imme- 
diate and complete precipitation was observed. The 
product was allowed to stand for about 6 h to ensure 
complete precipitation. The precipitate thus obtained 
was filtered, washed several times with distilled water, 
etlianol and ether, then air-dried. The colour of the 
double complex was brownish orange. It should be 
noted that the double complex [Co(NH 3)6] [Fe(CN)6] 
is very sparingly soluble and could not be recrystal- 
lized from water or any other solvent. Therefore, the 
starting materials used in the preparation of the 
double complex were of the AR grade. 

The analysis of the double complex gave 5.20% H, 
20.08% C and 44.95% N in accordance with the 
calculated values. 

2.2. Catalyst samples 
The silica used as support for the preparation of the 
catalyst samples was a product for chromatography 
(BDH). The surface characteristics of this silica, as 
obtained from N2 adsorption, indicate it tO be pre- 
dominantly microporous with a specific area (SB~T) of 
,-~ 344 m2g -1 and a total pore volume, Vpo.95, of 

0.2044 ml (taken as a liquid volume at P/Po = 0.95) 
and average pore radius, r n, of 1.18nm (r n 
= VpO.95/SBET). TWO series of samples were prepared 

by precipitating the double complex on the sur- 
face, depending on which simple complex was ad- 
ded first to the silica. Thus, 30 ml of a 0.05 M solution 
of K3[Fe (CN)6 ] was added to 30 g silica with thor- 
ough stirring. The mixture was left for the desired 
period of time, then filtered and washed once with 
10 ml distilled water and refiltered. To this product 
30 ml of a 0.05 M solution of [Co(NH3)6]C13 complex 
was added, aiming at its reaction with the already 
adsorbed ferricyanide complex anion moiety. The 
product was left for the same time interval as that 
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previously used for the first simple complex, filtered 
and washed once as before and then left to dry at room 
temperature. 

This product supplied the samples for series I in 
which the iron complex was added first. The same 
procedure was repeated but with [Co(NH3)6]CI 3 ad- 
ded first to the silica gel; then the K3[Fe(CN)6 ] 
solution was added, giving rise to series II. The soa- 
king periods for these two series of samples were 5 h 
and 2, 5 and 7 days. Thermal.decomposition products 
were obtained by heating all samples in the presence of 
air for 2 h at 250 and 450 ~ except those soaked for 5 
days. The product used will be denoted by its sample 
symbol (I or II) with the subscript indicating the 
soaking period, and the treatment temperature (~ 
noted for samples heated at 250 and 450 ~ 

2.3. Techniques  
Thermal analysis was carried out in the presence of 
static air by a simultaneous TGA and DTA apparatus 
using a Netzsch Ger~tebau GmbH, Selb apparatus 
(Type No. 348 472C) at a heating rate of 5 ~ rain-1. 
The inert reference used was a-alumina for DTA. 

X-ray diffraction patterns were obtained by a 
Philips diffractometer unit, Model pM 9920/03, using 
Fe-filtered Co-radiation. The d spacings were. calcu- 
lated and their relative intensities compared with data 
in the ASTM cards [14, 15]. 

I.R. spectra of the samples were measured with a 
Pye-Unicam SP3-200A spectrograph using KBr 
pellets. 

Adsorption-desorption isotherms of nitrogen at 
77 K were determined by a conventional volumetric 
gas adsorption apparatus. 

3. Results and discussion 
3.1. Thermal and structural characteristics 
TGA of the simple cobalt ammine complex 
[Co(NH3)6]C13 over the temperature range ambient 
to 500 ~ is characterized by two main decomposition 
steps. The first step commences above 100 ~ showing 
a slow decomposition stage up to ,-~ 290 ~ that is 
followed by an abrupt loss in weight up to ~ 302 ~ 
(Fig. la). In this step, two stages of decomposition 
seem to occur consecutively. The first stage covers a 
wide temperature range, namely 100-290 ~ and ap- 
pears to take place as a result of the migration of two 
chloride ions tothe inner coordination sphere [16] to 
occupy the sites of two coordinated ammonias that 
are released in the process according to the equation 

[Co(NH3)6]C13 --, [Co(NH3)4CI2]C1 + 2NH 3 ~" 

12.74% 

This is immediately followed by another decomposi- 
tion process that is accompanied by a further ~ 26% 
loss according to the equation 

[Co(NH3)4-[CI2]C1 --* [CoC12.2NH3] 

+ volatile product 25.98% 

The presence of ammonia in the product so obtained 



was confirmed by testing with hot concentrated 
sodium hydroxide solution. 

The reduction of Co 3+ to Co 2+ probably takes 
place in an early stage of the decomposition, similarly 
to other systems in which a change of valency to lower 
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Figure l (a) Tbermogravimetric and (b) differential thermal ana- 
lysis curves for [Co(NH3)6]C13. 

oxidation states was observed [11, 17]. The X-ray 
pattern obtained for a sample heated at 250 ~ for 1 h 
(Fig. 2a) is found to be completely different from that 
reported for the parent material or that of the final 
product COC12 [14, 15] (see Fig. 2b). It is quite prob- 
able that this points to a product with the formula 
[CoCI 2 "2NH3]. 

The second decomposition step follows immedi- 
ately after the first step and terminates at ~ 375 ~ 
giving a total percentage loss of 55.85. In this last step, 
if the loss is referred to the initial weight of the 
material, a value of 17.15% loss is obtained that fits 
well with the following postulated decomposition pro- 
cess: 

6[CoClz'2NH3] -~ 5COC12 + Co 

+ volatile products 17.15% 

It is worth noting that the X-ray pattern of a sample 
heated at 340~ for 1 h is identified to be CoC12 

(Fig. 2b). The volatile products resulting from the 
previous two reactions may be NH3, C12, NH4C1 or 
N2, bearing in mind that NH 3 can behave as a 
reducing agent. 

The experimental percentage loss of each stage, as 
obtained by TGA (referring to the initial weight of 
starting material) is found to fit very well with the 
corresponding theoretical value calculated according 
to the predicted stage given above. However, it is well 
known that thermal decomposition of coordinated 
compounds is quite sensitive to the surrounding atmo- 
sphere. 

Simultaneous DTA results lead to the same specula- 
tions as before (Fig. lb). Thus, two main endothermic 
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Figure 2 X-ray diffraction patterns for (a) [Co(NH3)6]CI 3 heated 250 ~ 1 h; (b) [ C o ( N } - ] 3 ) 6 ] C 1 3  heated 340 ~ 1 b; (c) the double complex 
salt [Co(NHa)6][Fe(CN)6 ]. 
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peaks are observed centred at 295 and 350~ that 
correspond to the two major decomposition stages, 
each preceded by a wider endothermic effect that is 
also reflected in the DDTA curves (not shown here), 
i.e. the peaks are not symmetrical. In the case of the 
first endotherm, the peak covers the two decomposi- 
tion stages of the first step observed in TGA, where the 
commencement of the endotherm reflects the evalu- 
ation of the two NH3 molecules (~12.74%). The 
reduction of Co 3+ to Co 2+ in this stage should also 
produce an endothermic effect that seems to coincide 
with that resulting from the NH 3 evolution in the 
second stage (,-~ 26%), thus giving rise to only one very 
strong endothermic peak. 

The second endotherm appears as a result of the 
decomposition of the product [CoCI/-2NH3] to 
C o C l  2 and Co, in which two processes are actually 
taking place simultaneously: the evolution of NH3 
and the reduction of Co / + to Co. Since the reduction 
is probably conducted by the evolved ammonia, it 
seems reasonable to believe that it is the NH 3 that is 
evolved first in the temperature range 320-350~ 
followed by the reduction of some Co / + to Co. This is 
reflected in the shape of the endotherm centred at 
~ 350 ~ which exhibits a much wider area at the 

lower-temperature side of the peak than at the higher- 
temperature side. Reduction to metallic cobalt was 
previously reported to occur at higher temperatures 
[18]. 

TGA of K3[Fe(CN)6 ] shows a gradual small initial 
weight loss up to ~ 300 ~ of about 1.98%, followed 
by a slightly larger weight loss up to ~ 350 ~ above 
which an increase in weight is observed (Fig. 3a). 
Simultaneous DTA shows a small shift of the base line 
with the ultimate formation of a very small broad 

endotherm centred at 244~ that appears to corres- 
pond to the initial gradual weight loss (Fig. 3b). This 
may result from the evolution of some trapped water 
within the crystal framework that is evolved prior to 
its rupture. 

The larger weight loss observed at higher temper- 
atures in the TGA curves is accompanied by a very 
strong exothermic effect centred at ~ 345 ~ Above 
this temperature, another strong exotherm is observed 
centred at ,-~400~ that is .accompanied by an in- 
crease in weight. This exotherm seems to result from 
an oxidation process, probably accompanied by the 
evolution of cyanogen and the conversion of the iron 
to the oxide form upon decomposition of the complex. 
An overlap in the resulting changes in weight makes 
the complete analysis at this stage difficult. This com- 
plexity was also observed by Duval [19]. 

TGA of the solid double complex [Co(NH3) 6 
[Fe(CN)6 ] shows five distinct steps covering the tem- 
perature range 125-310 ~ (Fig. 4a). These steps could 
be identified on the basis of six molecules reacting 
simultaneously. Taking into consideration the de- 
composition of each simple complex alone, it is con- 
venient to believe that the ammonia should be evolved 
first. Table I gives the termination temperature of each 
step, the species believed to be detached from the solid 
and the experimental percentage loss. The theoretical 
percentage loss (column 5) is found to conform very 
well wffh the experimental data (column 4) for each 
evolved species. From this table, most of the ammonia 
is first evolved alone (first and second steps) and then 
the (CN-) species commences to be evolved. The final 
solid is then left with the 12(CN) for 6Co and 6Fe (or 
2CN:ICo:IFe). It is worth emphasizing that though 
the TGA curve exhibits clearly the various steps, one 
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Figure 4 (a) Thermogravimetric and (b) differential thermal ana, 
lysis curves of the double complex salt [Co(NH3)6][Fe(CN)6 ]. 



TAB L E I Percentage losses and corresponding detached species encountered upon heating the double complex salt 

Step Temperature Species abstracted Experimental Theoretical 
(~ from solid loss (%) loss (%) 

First 210 - 27NH 3 20.55 20.54 
Second 222 - 6NH3 25.14 25.11 

- 3NHa 
Third 235 - 2CN 29.76 29.71 
Fourth 262 - 8CN 39.05 39.01 
Fifth 306 - 14CN 55.30 55.28 

could not possibly obtain a solid sample that com- 
prises the composition of a single stage as the de- 
compositions follow each other immediately without 
exhibiting any constant state over a controlled tem- 
perature range, and any sample obtained will be 
contaminated with other product constituents. 

Thus, the first decomposition step resulting from 
the evolution of NH 3 is reproduced as an endotherm 
at ~ t 9 0 ~  in the DTA curve (Fig. 4b). The four 
remaining decomposition steps are not reproduced 
separately as a result of the strong exothermic effects 
resulting from the decomposition processes and re- 
moval of the (CN-), and only two exotherms are 
observed at ,,~ 255 and --~280 ~ 

Decomposition of a similar complex in the presence 
of argon gas gave only one exotherm and a different 
reaction path was postulated [11], thus emphasizing 
the role of the surrounding atmosphere and experi- 
mental conditions on the reaction mechanism and 
consequently on the resulting decomposition pro- 
ducts. 

Infrared spectral analysis curves obtained before 
and after heating the double complex salt to 300 ~ for 
1 h show that the CN vibrational bands (2120 and 
2080 cm-  1) are reduced but still exist (Fig. 5, curve d). 
These are compared with that obtained for pure un- 

heated K3[Fe(CN)6 ] (Fig. 5, curve a). However, it is 
noted that the intensity of the band at 2120 cm-  1 is 
markedly reduced for the heated product but it did 
not disappear. Chemical analysis of this heated prod- 
uct showed the presence of some excess of nitrogen 
over that of the predicted ratio of Co :2CN:Fe  and a 
very little percentage of H 2. This is clearly understood 
from differences in the experimental conditions of 
TGA and heating in an electric oven, where overlap of 
the decomposition stages and/or readsorption of the 
evolved gases upon cooling can give such deviations. 

It is noticed that though the simple complex 
K3[Fe(CN)6 ] shows an oxidation process (increase in 
weight) at temperatures > 350 ~ yet in the double 
complex salt no such increase is observed. Moreover, 
the decomposition of the double complex salt is com- 
plete at temperature ~ 310~ as also found for sim- 
ilar systems [10], whereas that of each simple complex 
alone exceeded 350 ~ so that a lowering in decompo- 
sition temperature is achieved. A small band observed 
at ~ 800 cm-1 characterizes a Co -N  vibration [20], 
showing the cobalt to be attached to the nitrogen of 
the CN group. 

X-ray analysis curves of the original double com- 
plex retained the characteristic bands of each simple 
complex alone, beside the appearance of two new very 

"F- 

I I I I I , t ] 7 1 1 1 1  
4000 3600 2800  2000 1600 1200 800 

Wave number (cm -1) 

Figure 5 Infrared spectra of(a) K3[Fe(CN)6], (b) [Co(NH3)6]CI3, (c) [Co(NH3)6][Fe(CN)6], (d) the double complex heated at 300 ~ for 1 h. 
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strong bands at 20 values of 18.8 and 34.7 ~ (d-spacings 
0.5483 and 0.3005 nm, respectively) (Fig. 2c). It ap- 
pears that this new double complex, though com- 
bining the structures of both simple complexes, yet 
exhibits the above two characteristic bands because 
the extremely strong electrostatic attraction present 
between the complexes brings them together, close 
enough to approach bond distances. The double com- 
plex would then be expected to undergo thermal 
changes that are somewhat different from its indi- 
vidual components, as actually observed above. 

TGA curves of the supported catalyst samples show 
an initial weight loss in the temperature range 
50-150 ~ and amounting to about 20%. This arises 
from the dehydration of silica, being the same for all 
the catalyst samples. Above 150~ another gradual 
decomposition stage is observed that covers the tem- 
perature range up to ,-~ 450 ~ The loss of this step is 
found to vary with soaking period, being a maximum 
for the sample soaked for 7 days. It arises from the 
decomposition of the complex as well as from dehy- 
dration of the silica. Fig. 6 shows the TGA curves for 
samples from series I and II soaked for 5 h and 7 days. 
Samples soaked for 7 days give the same total percen- 
tage loss, pointing to the presence of nearly equal 
amounts of supported complex irrespective of the 
nature of the initially absorbed ion moiety. 

3.2. Surface characterization of the catalyst 
samples 

Full adsorption-desorption cycles of nitrogen were 
obtained for all the original catalyst samples soaked 
for the various periods of time, as well as for those 
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heated at 250 and 450 ~ for 2 h for those soaked for 
5 h, 2 days and 7 days. 

The specific area of the pure double complex is 
found to be less than 1 m 2 g- 1; the area measured by 
the available volumetric technique will be subject to a 
large error. 

3.2. 1. Effect of type of ion moiety initially 
supported on silica 

The nitrogen isotherms produced for the original 
samples from series I possess a shape between type I 
and type II. Thermal treatent at 250 ~ does not affect 
the shape of the sample soaked for 5 h, but that soaked 
for 2 days shows a nearly linear region of increased 
adsorption in the relative pressure range from 0.05 to 
0.4 followed by a plateau, whereas that soaked for 
7 days gives a type II adsorption isotherm. Samples 
heated at 450 ~ exhibit a nearly linear portion up to 
relative pressures < 0.4 irrespective of soaking period. 

When the cobalt ammine complex is initially used 
for the formation of the double complex on the silica, 
as for series II, the N 2 adsorption isotherms are found 
to exhibit ,a linear portion in the low-pressure range 
for all samples except that soaked for 5 days, where a 
continuous increase in adsorption is observed up to 
relative pressure 0,6 followed by a plateau. Soaking for 
7 days causes a shift of this linear portion to very low 
pressures, signifying strong adsorption at the initial 
adsorption stages. Heating the samples at 250 or 
450~ does not much affect the shape of the iso- 
therms; nevertheless, they adopt a shape between type 
II and I retaining the overall micropore character- 
istics. In all the samples investigated no hysteresis 



TABLE 1I Surface characteristics of samples of series I and their thermally heated products obtained from nitrogen adsorption 

Sample BET C S~E, r S t Veo.9 s rH mf 
constant (m 2 g-  1) (m 2 g- 1) (ml g- 1) (nm) (%) 

Ish 49 430.0 422.0 0.237 1.00 52.0 
I2d 157 548.0 550.0 0.287 1.04 51.3 
Isd 83 217.0 215.0 0.159 1.40 18.2 
ITd 38 455.5 470.0 0.226 1.00 50.3 
lsh-250 16 584.0 566.0 0,278 0.95 43.5 
12o-250 68 428.5 430.0 0.256 1.20 59.7 
I7c!-250 101 430.5 427.0 0.356 1.60 39.6 
I5h-450 50 288.0 288.0 0,198 1.37 48.4 
I2~-450 77 376.5 368.0 0.209 1.11 55.9 
I7d-450 61 271.0 270.0 0.159 1.11 52.9 

TABLE I I I  Surface characteristics of samples of series II and their thermally heated products obtained from nitrogen adsorption 

Sample BET C S~zT St Vpo,9 s r~t mf 
constant (m 2 g- ~) (m 2 g- ~) (ml g- x) (nm) (%) 

[Ish 63.7 588,0 434.0 0,236 0.80 50.0 
II2a 126.0 345.0 340.0 0,226 1.30 49.3 
IIsa 22.75 478.0 474,0 0,211 0.88 46.7 
Ilvd 104.2 418.5 418,0 0,245 1.17 57.0 
II5h-250 72 401.0 402.0 0.237 1.18 46.7 
II2o-250 > 1000 290.0 290.0 0.211 1.46 50.7 
II7d-250 98.8 268.5 280.0 0.249 1.86 39.2 
II5h-450 69.4 420.0 420.0 0,240 1.14 49.6 
II2d-450 139.0 313,0 315.0 0.249 1.60 40.0 
II~-450 70.6 285,0 268.0 0.186 1.30 46.5 

phenomenon could be detected, emphasizing the pore 
size range to be within that which does not permit 
capillary condensation to take place. Also, the absence 
of a horizontal plateau extending to near-saturation 
pressure excludes the formation of a unimolecular 
layer only, and the adsorption in general seems to be 
finite vfith limited pore dimensions. For a reasonable 
assessment [21] of the fraction of microporosity in the 
samples, the volume adsorbed at P/Po = 0.05 is divi- 
ded by the total pore volume at P/Po = 0.95, Vpo.95 
(as condensation between particles may occur at rela- 
tive pressures > 0.95). At such a low relative pressure 
as 0.05 (taken arbitrarily), filling of the pores is more 
likely to occur where it just exceeds the Henry's law 
range [22]. Tables II and III (column 7) show these 
fractions as a percentage (denoted by mr). The specific 
surface area (SBEx) is estimated by using the BET 
equation over its normal range of applicability and 
taking the molecular area of adsorbed nitrogen as 
1.62 nm 2. Application of the Langmuir or Kaganer 
[23] equations to the adsorption data failed, thereby 
emphasizing that multilayer adsorption occurred on 
the samples investigated. The BET C constants, speci- 
fic surface areas and the" total pore volumes are given 
in Tables II and II (columns 2, 3 and 5, respectively). 

The variation of specific area with soaking period is 
found to depend on which ion moiety is first sup- 
ported on the silica. This is expected to be so, since the 
double complex is formed from the anion moiety of 
one [Fe(CN)6] 3- and the cation moiety of the other 
[ C o ( N H 3 ) 6 ]  3 +, and therefore the initial attack on the 
silica surface should, in fact, be different. Thus, when 
the double complex is formed on a silica surface with 

the anion moiety applied first (series I), the specific 
surface area is found to increase upon increasing the 
soaking period from 5 h to 2 days. This is accom- 
panied by an increase in total pore volume with the 
value of m, t remaining constant. Such a situation 
would result from the deeper penetration of the com- 
plex inside the pores over the period of 2 days. Though 
this process is not accompanied by clear changes in 
the porosity mr, yet the increase in both Vpo.95 and 
SBzT clearly show that the relatively strong electro- 
static forces arising from the initial anion moiety seem, 
when given enough soaking time, to penetrate through 
some narrow orifices that become enlarged, thus 
permitting more space to be measured. This might 
appear ridiculous, but there actually seems to be a 
clear change in the morphology of the surface texture 
as a result of incoming electrostatic and dispersion 
forces imposed on some specific sites on the silica 
surface. 

When the soaking period is extended to 5 days, an 
agglomeration process seems to take place, resulting 
in a decrease in all the surface parameters including 
mr. In this sample the isotherm has actually changed 
to type II, emphasizing a type of sintering to have 
taken place, or that the double complex has blocked 
most of the very narrow pores, thereby decreasing the 
area to less than half the value for the sample with a 
soaking period of 5 h, with a corresponding decrease 
in Vp0.9 5. However, such a situation is not the end of 
the process and if the soaking period is further ex- 
tended to 7 days, the complex penetrates deeper into 
the pores and the pore characteristics approach those 
obtained for samples soaked for 5h except that the 
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BET C constant is markedly decreased (Table II, 
column 2), pointing to a change in the chemical nature 
of the surface. 

When the supported double complex is precipitated 
on the silica surface with the cation moiety 
[-Co(NH3)6] 3+ supported first, a different trend is 
observed. The specific area is found to decrease with 
soaking period up to 2 days with the total pore 
volume also slightly decreasing, pointing to the bloc- 
king of some of the narrower pores. Increasing the 
soaking period to 5 days causes an increase in specific 
area that is not accompanied by a corresponding 
increase in Vpo.5 but rather a small decrease is ob- 
served (Table III). This implies the generation of some 
narrow pores formed at the expense of the larger ones 
upon the penetration and formation of the double 
complex inside these narrower pores. This is reflected 
in the mf value that exhibits a decrease which signifies 
the size of the pores formed to be that corresponding 
to relative pressures > 0.05. 

After 7 days soaking, the solid structure seems to 

"relax" and overcome the stage of a "strained struc- 
ture" resulting from the 5 days soaking, and the wide 
pores seem to become wider at the expense of narro- 
wer ones, thereby revealing a group of very narrow 
pores as reflected by the increase in the mf value. Such 
a situation is a result of the changes arising between 
the dispersion and electrostatic forces of the double 
complex and the walls of the solid support. 

From the above results, it is clear that not only is 
the type of moiety (cation or .anion) significant in the 
precipitation of a double complex on a support, but 
also the soaking period markedly affects the surface 
texture. A period exceeding 7 days may even be neces- 
sary for the attainment of maximum surface modifica- 
tion. 

3.2.2. Effect o f  thermal treatment 
The variation of specific surface area and total pore 
volume with treatment temperature is found to de- 
pend on the initially adsorbed ion moiety. Thus, for 
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Figure 7 V]-t plots of samples soaked for 5 h from (a) series I and (b) series II, together with their heated products. 
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samples of series I, heating the 5 h soaked sample to 
250 ~ markedly increased the specific surface area, 
whereas a decrease was observed for the other two 
samples soaked for 2 and 7 days (Table II, column 3) 
that give nearly identical results. In this temperature 
range, most of the double complex is decomposed but 
the differences in texture observed depend on its loca- 
tion within the pore structure. This is clear for the 
sample soaked for 7 days where the complex is be- 
lieved to have the maximum penetration among the 
series. Though the specific area has slightly decreased, 
yet the total pore volume has increased, whereas the 
microporosity, rnf, has decreased (columns 5 and 7). 
This could only result from the evolution of the 
decomposition products of the double complex as well 
as the dehydration of the silica structural framework. 

At 450~ all the specific areas decrease with a 
collapse or shrinkage of the pore structure, resulting in 
a decrease in the total pore volume. This is marked for 
the sample soaked for 7 days where microporosity 
increased again. 

It is worth noting that the variation of the texture of 
the silica support upon thermal treatment interferes 
with that resulting from the complex, and we believe 
that the contribution may be significant for the sample 

soaked for 5 h, but less so for that soaked for 7 days 
where the complex is believed to have penetrated 
deeper into the pore space. 

As for the samples of series II, a decrease in specific 
area is observed by heating to 250 ~ accompanied by 
negligible changes in the pore volume for all the 
samples. Further heating to 450 ~ produced only a 
small increase in specific area but the changes imposed 
on the total pore volumes varied with soaking period. 
A small decrease in microporosity, mr, is also observed 
as compared to the original samples. 

3.2,3, Pore analysis 
The pore system is identified by using the t-method of 
de Boer et al. [24, 25]. The S, values obtained show 
fair agreement with the corresponding SsE T values, 
thus indicating a suitable choice of t curves [24-28] on 
the basis of the BET C constant (Tables II and III). 

The Vl-t  plots obtained for samples from both 
series (I and II) are shown in Figs 7-10 for soaking 
periods from 5 h to 7 days, together with the heated 
products for samples from 5 h, 2 and 7 days soaking. 
From these plots, it seems that the samples are pre- 
dominantly microporous as observed by the down- 
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ward deviation, thus retaining the microporous tex- 
ture of the support. However, for the samples from 
two groups of micropores could be distinguished that 
are well defined for the sample soaked for 7 days, 
where a clear step is observed at a t value of 
,-~0.48nm. Maximum penetration seems to be 

achieved at this soaking condition tfiat results in the 
appearanc e of these two groups of micropores. In 
these samples, the downward deviation exhibits a 
linear horizontal region up to a thickness of ,,~ 1.6 nm, 
above which a small upward deviation is observed as a 
result of interparticle condensation. However, for the 
sample soaked for 5 days, a marked increase in slope 
is observed commencing at a t value of ~0,8 nm 
(P/Po ~ 0.75) pointing to increased adsorption in this 
region as a result of widening of a certain group of 
pores. This is also observed from the values of r H 
(assuming cylindrical pore idealization) where an in- 
crease to 1.40 nm is observed for this sample as well as 
a decrease in microporosity, mf (Table II, columns 6 
and 7, respectively). 

Heating to 250 ~ results in the appearance of two 
groups of micropores for samples soaked for 5 h and 
7 days commencing at a t value of ~0.58 nm, with 
that of the latter soaking period exhibiting increased 
adsorption in the second group of pores (t > 0.58 nm). 
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This is reflected in values of both r n and m v As to the 
sample soaked for 2 days, only one group of pores 
appeared with an average pore radius of ~ 1.20 nm. 
The presence of the two groups of micropores is no 
longer observed for samples heated at 450 ~ except 
only slightly, for the sample soaked for 7 days. At this 
temperature, the double complex has already decom- 
posed together with the evolution of any of water from 
the silica matrix. 

As to samples of series II, a downward deviation is 
observed in the Vr t  plots of all samples commencing 
at a t value range of 0.4-0.48 nm depending on the 
pore dimension as compared to the rn values. Only 
one group of pores could be distinguished 'for all 
samples except that soaked for 7 days, where a small 
increase in slope is observed at a t value > 0.58 nm 
(P/Po > 0.50). Heating to 250 ~ causes some wide- 
ning of the pores, especially for the sample soaked for 
7 days where the downward deviation is shifted to 
higher t values ( ~ 0.6 rim). In the case of the sample 
soaked for 5 h, a small initial upward deviation is 
observed that is not situated in the multimolecular 
adsorption region, signifying the occurrence of in- 
creased adsorption potential in this region of pore size 
(P/Po range 0.15-0.35). Widening of the pores at this 
temperature is also reflected in the values of r n 
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Figure 10 Vi-t plots of the samples soaked for 7 days and their heated products: (a) series I, (b) series II. 

(Table IIl, column 6). At 450 ~ the predominancy of 
the microporous characteristics is still retained and 
the small increase in slope occurring in the t value 
range 0.8-1.0 nm seems to result from pores between 
the particles, since it occurs at relative pressure ~> 0.8. 

Thus, the textural characteristics observed for sam- 
ples show clearly their dependence on the nature of the 
moiety used first in the precipitation of the double 
complex on the silica surface. It may depend not only 
on the texture of the support, but also on the chemis- 
try of its surface that controls the sites available for 
each moiety type, whether cationic or anionic. 
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