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Synthesis of ceramic membranes 
Part II Modification of a/umina thin fi/ms: reservoir method 
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Modification of the internal surface of ?-alumina films was realised by an impregnation 
method employing an aqueous metal salt-urea solution, followed by drying and reaction at 
90~ Loads of non-supported films were found to be much lower than those of supported 
films. The support acts as a reservoir, supplying its metal salt under appropriate conditions to 
the thin film. This results in high loads. A model analysis identified the ratio of the drying time 
to the reaction time as the critical parameter. With silver, as well as with magnesia, a long 
reaction time compared to the drying time proved to be favourable. This is best realised by 
performing the drying (at 40 ~ and the reaction (at 90 ~ sequentially. Silver loads of 70% 
of the pore volume were realised. A high degree of dispersion upon heating is maintained only 
under a reducing atmosphere. Up to 85% of the pore volume could be plugged with 
magnesia. This does not lead to a considerable pore size decrease however, due to the slit 
shape of the pores. 

1 .  Introduct ion 
The synthesis of y-alumina thin films with a controll- 
able pore diameter (2.5-10 rim), /a sharp pore size 
distribution and no pinholes or defects has been de- 
scribed before [1]. For use of these membranes in gas 
separation and catalytically active membrane re- 
actors, it is often necessary to introduce appropriate 
properties [2]. This can be done by modification of the 
y-alumina thin films. The purpose is two-fold. Firstly 
it is desirable to reduce the pore size in order to 
enhance gas separation [2]. Secondly, the chemical 
characteristics of the membrane surface should be 
controllable, in order to optimize its gas separation 
and catalytic properties. This article describes a modi- 
fication method, known as the reservoir method [33, 
which is especially effective for supported membranes. 
Application of these membranes in gas separation is 
described elsewhere [4, 5]. 

The method is based on the urea method, a well 
known impregnation technology to deposit a finely 
dispersed material in a catalyst [6]. The urea decom- 
poses at 90 ~ thereby hydrolysing metal salts pre- 
sent. The hydrolysed metal precipitates. The much 
larger volume of the support compared to the top 
layer is employed to create a high load in the top layer 
only. The support acts as a reservo!;, containing 
material which, under favourable conditions, is pre- 
cipitated only in the top layer. Two specific species 
were selected for this type of modification. Magnesium 
was chosen to enhance the separation of COz [7]. 
Silver was selected for its catalytic activity in several 
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reactions and its ability to increase hydrogen trans- 
port. 

First, the experimental procedures are described 
briefly. Full experimental details and results for the 
impregnation of non-supported thin films are' given. 
Next the modification of supported thin films will be 
presented and loads and dispersion compared to those 
of the non-supported films. This will indicate the 
increase in effectiveness of the modification due to the 
presence of the support, A simple model to describe 
and identify the most important parameters in the 
reservoir method will be set up. The results obtained 
with supported thin films concerning load, dispersion 
and transport properties will be further elaborated in 
the scope of this model. 

2. Experimental procedure 
The synthesis of non-supported and supported thin 
y-alumina films is described elsewhere [1]. Impregna- 
tion solutions of AgNO3-urea and M g ( N O 3 )  2" 

6HzO-urea were prepared by dissolving the correct 
quantities in deionized water while' stirring at room 
temperature. Full details concerning the molarity of 
the several impregnation solutions are given in the 
next section. 

Non-supported and supported y-alumina thin films 
were modified, using a dry impregnation technique. 
The systems were exposed to the impregnation solu- 
tion, until saturation had occurred. Then the systems 
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were taken out and the redundant impregnation solu- 
tions removed. Full details on the impregnation and 
subsequent treatments will be given in the next 
section. 

The load of silver or magnesia in non-supported 
thin films was determined by atomic adsorption spec- 
troscopy (AAS, Perkin Elmer 5000). Transition elec- 
tron microscopy (TEM)"measurements were per- 
formed to study the dispersion of silver. In one occa- 
sion, X-ray diffraction (XRD) (Philips PW 1370) was 
employed to study the particle size of silver by X-ray 
line broadening. N2 adsorption-desorption measure- 
ments, using an ASAP 2400 Mieromeritics instrument, 
were conducted to determine the influence of the 
deposit on the pore structure. 

Modified supported thin films were characterized 
by gas and water permeability measurements. It was 
tried to determine the load and profile of the deposit 
in the support and top layer by energy dispersive 
X-ray analysis (EDX), using a KEVEX instrument. 
Scanning auger microscopy (SAM) measurements, us- 
ing a Perkin Elmer Phi 600 instrument, were per- 
formed with the same aim. The effective pore diameter 
of magnesia modified thin supported films finally was 
characterized by a cut-off value determination with 
polyethylene glycol (PEG) [1]. 

In order to obtain an indication of the reaction 
kinetics of the deposition of hydrolysed silver and 
magnesium, solutions of the metal salts and urea were 
prepared. Five batches of this solution were kept at 
90~ Each of these batches was successively taken 
out after about 1 h. The formed precipitate was fil- 
tered, dried and weighed. This way the precipitation 
was followed in time and an estimate of the reaction 
constant was obtained. 

3. Results 
3.1. Non-supported thin films 
3. 1.1. Modification with si/ver 
The decomposition of urea in aqueous media is 
known to proceed first by an internal reorganization 
of the urea molecule [43 

HzN_C_NH 2 kl , NH~- C N O -  (1) 

0 

while the cyanate ion is rapidly converted to an 
ammonium ion 

C N O -  + 2H + + 2H20  --* NH~- + HzCO 3 (2) 

At room temperature this reaction is complete in the 
presence of acid only. At 90 ~ it is also complete 
without acid. The rate determining reaction is Re- 
action 1, which is first order [8]. The reaction constant 
as a function of temperature is given in Table I. 

The silver salt can be hydrolysed according to 

AgNO3 + H 2 0  ~ Ag(OH)$ + H + + NO;-  (3) 

and the H + must be consumed in the decomposition 
of urea in order to shift Reaction 3 to the right hand 
side. Reaction 3 will therefore only proceed if urea 

TABLE I First order rate constants for the decomposition of urea 
in aqueous solution, after [8] 

Temperature (~ kl (s- 1 ) x 10 5 Medium 

70 0.07 Water 
80 0.33 Water 
90 1.0 Water 
95 2.2 Water 

100 3.8 Water 

decomposition occurs simultaneously. The over-all 
reaction is 

2AgNO3 + CO(NH2) 2 + 4 H 2 0  ~ 2Ag(OH),~ 

+ 2NH4NO 3 + H2CO 3 (4) 

Thus one mole of urea is needed per two mole of silver. 
The kinetics of Reaction 4 were estimated by assuming 
that this reaction can be described by 

d[A] 
- k .  [A]"  (5) 

dt 

where [A] is the concentration of silver nitrate, k, the 
reaction constant and n the order of the reaction. The 
value of A was determined at a given time in a reaction 
vessel with a 1.5 M silver nitrate/0.75 M urea solution 
in water at 90 ~ From this experiment, n was found 
to be close to one and k, was found to be 6 x 10- s s-  1 
at 90 ~ This is only somewhat larger than the reac- 
tion rate constant of urea in Table I. Thus the de- 
composition of urea is presumably the rate determin- 
ing step. 

Non-supported alumina layers (effective pore dia- 
meter 3 nm) were dried in a vacuum furnace at 60 ~ 
for 1 h and then exposed to an aqueous solution of 
1.5 M AgNO3 and 0.75 M urea, for 5 min. The impreg- 
nated thin films were separated from the impregnation 
solution 'by filtering over a Buchner filter and allowed 
to react at 90 ~ for about 3 h by putting the films in a 
furnace at 90 ~ During this process the thin films are 
dried simultaneously. This procedure of impregnation, 
simultaneous drying and reaction was repeated 
several times. Finally the thin films were heated to 
450~ with a heating rate of 12~ -1 under a 
reducing atmosphere (hydrogen gas) to obtain silver 
precipitates. 

At 90 ~ the reaction between urea and silver pro- 
ceeds simultaneously with drying. This drying step 
will increase the concentration of silver nitrate and 
urea inside the pores of the 7-alumina film. This can 
eventually lead to precipitation of these species if the 
reaction is not complete. It is obvious that the 100 gm 
thick films are dried quickly at 90 ~ Therefore, pre- 
sumably, precipitation of the reactants will occur next 
to reaction. Part of the precipitate will then be a solid 
state mixture of reactants. This mixture will react 
further in the calcination step. Probably a small part 
will melt and dissociate. This occurs below 450 ~ [9]. 
The final product obtained after calcination is silver. 
Although the composition of the precipitate inside the 
pores of the 7-alumina films prior to the calcination 
step is not known, after this heat treatment only silver 
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was detected. It can be concluded that although ulti- 
mately silver is formed, the formation process is very 
complex due to precipitation and dissociation of vari- 
ous reactants and products. A detailed description of 
this process is not attempted here. 

Table II gives the silver load (determined with AAS) 
and the dispersion as a function of several variables 
after calcination. The particle diameters were deter- 
mined by TEM measurements. The particle size of 
sample 4 was also determined by XRD line broaden- 
ing, using a peak fitting program calculating the peak 
width at half maximum. Table II shows that compar- 
able results are obtained. Fig. 1 presents an example of 
a TEM picture (for sample 3). At loads up to 17 wt %, 
the silver is finely dispersed. As more silver is incorp- 
orated, the dispersion becomes worse. It is known 
[10], that silver is very mobile on surfaces, especially 
at elevated temperatures. In addition to this high 
mobility, the wettability of silver on y-alumina is poor. 
This could be seen on samples 6 and 7, where silver 
actually formed small droplets on top of the thin films. 
Therefore silver particles tend to cluster, especially 
when the temperature, heating rate and the load are 
high. This explains the poor dispersion of sample 
6 and 7. 

Table II also demonstrates, that at low loads the 
calcining atmosphere is not very important. If a slow 
heating rate is used, the use of hydrogen is not neces- 
sary to obtain fine dispersions (sample 4 and 5, Table- 
II). If loads become high, as in supported thin films, 

hydrogen is absolutely necessary to prevent clustering 
and sintering of the silver particles. Finally sample 8 in 
Table II shows that the heating rate is very important, 
even at low loads. Evidently a high heating rate 
accelerates clustering and sintering of the silver par- 
ticles, destroying the dispersion. 

To study the influence of the incorporation of silver 
on the microstructure of the 7-alumina thin films, N2 
adsorption-desorption experiments were performed. 
Table III gives the results. It can be seen, that the 
porosity and Brunauer-Emmett-Teller (BET) surface 
decrease with increasing silver content, but that the 
pore diameter remains constant. This can be under- 
stood with the help of Fig. 2. Here an idealized 
schematic view of a pore in a ~-alumina thin film is 
given. The pore has a rectangular shape, with its width 
much smaller than its length. If a deposit is present in 
the pore, the pore volume decreases and thus the 

Figure 1 A darkfield TEM picture of a non-supported y-alumina 
layer modified with 17 wt % of silver (sample 5, Table II); bar is 
100 nm. 

T A B L E  I I I  Structural parameters of non-modified and silver 
modified thin films, determined from N 2 adsorpt ion-desorpt ion 
measurements  

Sample Pore diameter Porosity BET surface 
(nm) (%) (m z g -  1 ) 

y-AlzO 3 3 51 250 
y-Al203-Ag 3 48 200 

porosity, but not the effective pore width. This could 
explain the observations of Table III. If the distribu- 
tion of the deposit is very regular (Fig. 2), an effective 
decrease in pore width can be expected at a load 
corresponding to 50% of the pore volume or more. A 
clustering of the deposit (Fig. 2) on the other hand 
increases the minimum load for an effective pore size 
decrease. 

It is slightly surprising, that silver particles of 
10-20 nm can be incorporated in the y-alumina pore 
structure (effective pore diameter 3 nm), without des- 
troying this structure. It must be assumed, that the 
silver particles are deposited into the length and the 
depth (plane perpendicular to the paper in Fig. 2) of 
the pore. It is not likely however, that this is an 
energetically favourable situation, since restrictions 
are put upon the particle growth. 

3. 1.2. Modification with magnesia 
The precursor for the modification with magnesium is 
the magnesium nitrate salt, Mg(NO3)2"6H20. This 

T A B  LE II Effect of number  of impregnation cycles on the  load and dispersion of silver in y-alumina non-supported thin films 

Sample no. Impregnation cycles Load Dispersion diameter Calcining Heating rate 
% wt a Ag/AI20  3 (nm) atmosphere (~ h -  1 ) 

1 1 x 6 0.06 n.d. b H 2 12 
2 3x 10 0.11 10 H 2 12 
3 4x 13 0.15 10-20 c H 2 12 
4 4x 11 0.13 10-20 air 12 
5 9x 17 0.20 10-20 air 12 
6 10x 18 0.21 most  > 20 air 12 
7 1 lx 19 0.23 droplets air 12 
8 2x 8- 0.09 droplets H 2 100 

a = Ag/(Ag + A1203); b ~ not detectable; ~ = XRD line broadening yielded 17 nm average particle size. 
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Figure 2 Schematic and idealized representation of a slit-shaped pore in the y-alumina thin film, containing a deposit (of for example silver). 

salt dissolves and dissociates readily in water [9]. It 
can be hydrolysed according to 

Mg(H20)62+ ---* Mg(OH) 2 ~ + 4H20  + 2H + (6) 

and the H § is consumed in the decomposition of urea 
(Reactions 1 and 2). Reaction 6 will therefore only 
proceed if urea decomposition occurs simultaneously. 
The over-all reaction can be written as 

Mg(H20) 2+ + 2NO3 + CO(NH2)2 --~ 

Mg(OH)2 ~ + 2NH4NO3 + H2CO3 + 2H20  (7) 

Thus one mole of urea is needed per one mole magne- 
sium. In analogy to the silver Reaction 3 the kinetics 
of Reaction 7 was estimated. For this purpose the 
increase in magnesium hydroxide precipitate was fol- 
lowed in time in a reaction vessel, containing a 1 M 
Mg(NO3)2/2 M urea solution in water. With the help 
of Equation 5 and Reaction 7, an order of reaction 
and reaction constant could be determined. Due to the 
slow reaction, an estimation of the order of reaction 
was very inaccurate. A reaction constant in the order 
of 4 x 10- 6 s -  1 was estimated. Although this absolute 
value is disputable, it can still be concluded that the 
precipitation in Reaction 6 is slower than the urea 
decomposition reaction. Therefore the rate determin- 
ing step in the magnesium modification is the pre- 
cipitation reaction, in contrast with the silver modifi- 
cation process. 

Non-supported y-alumina thin films with effective 
pore diameter of 3 nm were dried at 60 ~ in a vacuum 
oven and then exposed to a 1 M magnesium salt-2 M 
urea solution in water for 5 rain. The impregnated thin 
films were separated from the impregnation solution 
by filtering over a Buchner filter and allowed to react 
at 90 ~ for about 4 h by putting the films in a fur- 
nace. This procedure was repeated several times. 
Finally the thin films were heated to 380 ~ with a 
heating rate of 12 ~ h-1. In this heating step magne- 
sium oxide is formed. Since the mobility of magnesia 
is negligible, no special calcining atmosphere was 
necessary. 

T A B L E  IV Effect of number of impregnation cycles on the load of 
magnesia in y-alumina non-supported thin films, using a 1 M 
Mg(NO 3)2-2 M urea solution 

Impregnation cycles Load 
% wt ~ Mg/AI203 

4x 1.0 0.010 
5x 1.7 0.017 
6x 1.9 0.019 
8x 2.0 0.020 

lOx 2.3 0.023 
1 lx 2.4 0.025 

" = MgO/(MgO + A1203). 

Reaction 7 between magnesium and urea is slower 
than the corresponding reaction between silver and 
urea. Simultaneous drying and reaction will almost 
certainly lead to precipitation of a part of the re- 
actants. This mixture will react further in the calcin- 
ation step. Probably a small part will melt and disso- 
ciate. This occurs below 350 ~ [9]. The final product 
obtained after calcination is magnesia. In analogy 
with silver it can be concluded that the formation of 
magnesia is very complex due to precipitation and 
dissociation of various reactants and products, 
occurring simultaneously with Reaction 7. A detailed 
description of the process is not attempted here. 

Table IV gives the load, as determined by AAS. The 
loads are very low. For  this reason, no dispersion 
analysis was performed. In N 2 adsorption-desorption 
experiments no difference could be detected between 
the non-modified and modified thin films. Obviously 
the loads are too low to influence the microstructure 
of the thin film. 

3.2. Supported thin films 
3.2. 1. Modif icat ion with silver 
Supported thin films, consisting of an or-alumina sup- 
port, pore diameter 0.13 lam, porosity 45 %, thickness 
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2 mm and cross section 39 mm and a 5 gm thick 5'- 
alumina film with effective pore diameter of 3 nm, 
were impregnated with silver-urea solutions of vary- 
ing concentrations. The supported thin films were 
exposed to the solution for 30 rain. After removal of 
the redundant solution, they were put on a non- 
porous plate, with the top layer facing upwards. This 
way drying occurs mainly.through the top layer. The 
system was dried for 3 h at 40 ~ and 60% relative 
humidity and then heated to 90 ~ It was kept at this 
temperature for another 3 h. In one occasion the 
system was directly heated to 90 ~ and kept at this 
temperature for 3 h. The reacted system was heated 
from room temperature at a rate of 12~ -1 to 
450 ~ under hydrogen. In this heat treatment silver is 
formed. The heat treatment was based on the results 
with non-supported films, where the heating rate 
proved to be especially important. 

The load of silver in the system was determined by 
AAS and by calculation from the concentrations of the 
impregnation solution. Both methods yield the same 
result, as indicated in Table V. From this table and 
Table II it is clear, that much higher loads are possible 
in supported films than in non-supported films. The 
initial concentration and the procedure followed de- 
termine the final load. It is not possible to incorporate 
more than 67 wt % silver (corresponding to 70% of 
the pore volume) and keep the silver inside the thin 
supported film. 

The much higher loads can be qualitatively under- 
stood with the help of Fig. 3. The pore volume of the 
support is much larger than the pore volume of the top 
layer. Upon drying capillary forces are developed in 
the support as well as the top layer. Since the pore size 
in the top layer is much smaller, the capillary forces 
are much larger here. Thus a (capillary) pressure drop 
is created inside the system, causing the flow of liquid 
from the support to the top layer. The support acts as 
a reservoir, supplying impregnation solution to the 
top layer. The concentration of silver reactant in the 
top layer will increase, resulting in high silver loads of 
the top layer. A model to identify the most important 
parameters in the reservoir method is presented in the 
next section. 

Characterization of the dispersion of silver in sup- 
ported films is much more difficult than in non- 
supported films. TEM and XRD measurements are no 
longer possible, due to the presence of the support. In 
order to obtain an indication of where the silver is 

L o - ~  

Top Layer 

Figure 3 Schematic and idealized representation of a support  pore 
and top layer pores, filled with impregnation solution. 

Figure 4 EDX scan on a top layer-support  cross-section. The white 
line represents the amount  of silver, which is mainly present in the 
top layer. 

deposited, a cross-section of the support-top layer 
system was analysed by EDX. Fig. 4 presents such an 
EDX scan. The white line presents the silver content. 
In this case most of the silver is present in the top 
layer. Table V shows that this is also true for all the 
other samples, except one. The top layer of the sample, 
that is directly heated to 90 ~ contains hardly any 
silver. In this sample, drying and reaction (at 90 ~ 
occur simultaneously, while in the other samples 
drying and reaction occur sequentially (at 40 ~ no 
reaction takes place). In the first case most of the silver 
is deposited in the support, while in the second case 
most of the silver is present in the top layer. This 
difference is explained later in combination with the 
model presented in the next section. 

T A B L E  V Silver loads as a function of impregnation solution concentration and react ion-drying procedure for a supported thin 
7-alumina film, calcined at 450 ~ 

Sample Load AAS 10ad % w P  AgNO 3 (gl -~) Urea (gm1-1) Drying + reaction 
% wt a % vol b 

1 7.5 2.8 7.5 1.28 0.228 sequential 
2 10.0 3.9 10 1.93 0.343 sequential 
3 15 6.2 15 3.07 0.545 sequential 
4 50 35.0 50 14.48 2.58 sequential 
5 67 71.5 67 92.64 16.45 sequential 
6 15 6.2 - 3.07 0.545 simultaneous 

a = Ag/(Ag + A1203); b = percentage of the initial pore volume of the top layer. 
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To gain more insight into the dispersion of silver in 
the top layer, samples 4 and 6 in Table V were sub- 
jected to a SAM measurements. A compositional ana- 
lysis on several points in the cross-section of the top 
layer was performed. Although SAM is well-under- 
stood in characterization of dense surfaces [11, 12], it 
is not well-understood yet when applied on porous 
surfaces. A second problem is the insulating character 
of the alumina system. This hampers analysis. These 
two aspects, the porosity and the insulating character, 
make a reliable quantitative analysis impossible. 
Fig. 5, presenting the silver composition profile in two 
cases, .should therefore only be interpreted in a quali- 
tative sense. 

If drying and reaction occur simultaneously (sample 
6, Fig. 5), a substantial amount of silver is found in the 
support. The silver found in the top layer, is distribu- 
ted homogeneously (Fig. 5). The other sample shows a 
totally different picture. Here all the silver is collected 
in the first 0.5 gm of the top layer, near the pore 
entrance. The support does not contain any silver. 
Table V already showed, that the top layer of the 
sample prepared by simultaneous drying and reaction 
(at 90 ~ sample 6) contains hardly any silver. This is 
verified by the SAM results, where most of the silver 
present is found in the support. This result is explained 
later in combination with the model presented in the 
next section. 

To determine the effect of the silver incorporation in 
the top layer microstrueture, gas permeation measure- 
ments were performed. Fig. 6 presents a representative 
gas permeability plot for a non-modified and modified 
supported thin film. It shows that before, as well as 
after, modification the transport of helium through the 
top layer can be described by Knudsen diffusion [7]. 
The introduction of large amounts of silver in the top 
layer obviously does not cause defects or pinholes. 
This is slightly surprising, considering the small pore 
diameter of the y-alumina (3 nm). The load of 67 wt % 
means that about 70% of the pore volume is occupied 
by the silver (Table V). However, it should be re- 
membered that the pores in the 7-alumina are slit- 
shaped. Fig. 2 shows, that the slit shaped pores are 
only small in one dimension and not in the other two. 
Therefore a large amount of silver could be intro- 
duced, without destroying the structure. Fig. 2 also 
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Figure 5 SAM point analysis of supported (Ag modified) 7-A1203 
cross-section of samples 4 and 6 in Table V. 
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Figure 6 Helium gas permeability data for a ( + )  non-modified and 
(�9 silver modified supported thin film of 5/am thickness, data were 
corrected for the influence of the support. 

demonstrates, that the silver does not cause a pore size 
decrease, but only a decrease in pore volume. This 
pore volume decrease causes the decrease in permeab- 
ility. According to the experimental results more than 
70% of the pore volume should be filled in order to 
obtain a pore size decrease (Table V). This means the 
silver is not deposited regularly, but more in clusters 
(Fig. 2). Since the length of the pore is at least ten times 
the width (at least 30 nm [1]), a high percentage of the 
pore volume should be filled by deposit, to obtain an 
effective pore size decrease. Introducing these large 
amounts of silver is not possible, because at these high 
loads silver introduces defects in the top layer. 

3.2.2. Modification with magnesia 
Supported thin films of identical dimensions as in the 
previous section were impregnated with Mg(NO3) 2- 
urea solutions of varying concentrations. The sup- 
ported thin films were exposed to the solution for 
30 min. After removal of the redundant solution, they 
were put on a non-porous plate, with the top layer 
facing upwards. This way drying occurs mainly 
through the top layer. The system was either dried for 
3 h at 40~ and 60% relative humidity and then 
heated to 90~ and kept at this temperature for 
another 3 h or directly heated to 90 ~ and kept at this 
temperature for 3 h. Heat treatment occurred at 
380~ (rate 12~ -1) for 3 h. After the heat treat- 
ment, the impregnation process was repeated. In one 
occasion the load of magnesia in the support and top 
layer was determined by AAS. The result was in 
correspondence with the load calculated from the 
volume of the system and the concentration of the 
impregnation solution. Therefore all the succeeding 
loads were calculated in this way. 

Table VI summarizes the several procedures and 
the loads they yield. These are mean values of at least 
two separate experiments. Samples 1-3 were prepared 
by heating the impregnated supported films immedi- 
ately to 90~ Thus drying and reaction occurred 
simultaneously in those samples. Samples 4-6 were 
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TABLE VI Magnesia loads and permeability as a function of impregnation solution concentration and reaction-drying procedure for a 
supported thin 3,-alumina film, calcined at 380 ~ 

Sample Solution Mg(NO 3)2 : urea (M) Cycle Load Fo G c (tool m- 2 s- 1 Pa- a ) Drying + reaction 
%wt" %vol b (x 10 -6) 

1 0.05:0.1 lx 30 44 8.9 (26%) a simultaneous 
2 0.05:0.1 2x 40 69 5.8 (52%) d simultaneous 
3 0.05:0.1 3x 45 85 5.4 (55%) a simultaneous 
4 0.12:0.24 lx 30 44 9.8 (24%) ~ sequential 
5 0.12:0.24 2x 40 69 6.1 (53%) e sequential 
6 0.12:0:24 3x 45 85 1.3 (90%) e sequential 

" = MgO/(MgO + A1203); b = percentage of the initial pore volume of the top layer; " = helium gas permeability; d = non-modified 
12.1 x 10 -6 molm-2 s -1Pa-1; e = non-modified 12.8 x 10 -6 molto-2 s -~ Pa -1. 

prepared by first drying and then heating to 90 ~ 
Thus drying and reaction were performed sequentially 
in those samples. In analogy with the silver high loads 
of magnesia are obtained due to the support, which 
acts as a reservoir. 

After reaction, the pore is presumably filled with 
Mg(OH)2 (Reaction 7). As discussed before it is pos- 
sible that part of the precipitate consists of a solid state 
mixture of reactants (Mg(NO3)2/urea), due to satura- 
tion of the impregnation liquid in the top layer. Since 
this cannot be quantified it is assumed that the pre- 
cipitate is Mg(OH)2 only. It can be calculated, that the 
0.05 M Mg(NO3)2/0.10 M urea impregnation solution 
inside the support yields precisely enough Mg(OH)2 
to fill the 5 gm thick top layer completely. The density 
of Mg(OH)2 was taken to be 2.36 g cm-3 [9]. Upon 
calcination, magnesia is formed with a much higher 
density (3.58gcm -3 [9]). This is accompanied by 
shrinkage and consequently the pores open again. 
Only part of the pore volume is occupied by magnesia 
(Table VI). The impregnation cycle is repeated, but 
now only part of the initially available pore volume 
can be occupied by Mg(OH)2, since some magnesia is 
already present. If it is assumed, that all the remaining 
pore volume is occupied by Mg(OH)z, which forms 
magnesia after heat treatment, the pore volume totally 
occupied by magnesia after the second (and third) 
impregnation cycle can be calculated. These numbers 
are also presented in Table VI. Since 0.05M 
Mg(NO3)z supplies the maximum load (top layer is 
completely filled), there is no difference in theoretical 
load if the concentration of the impregnation solution 
is increased to 0.12 M Mg(NO3) 2 (Table VI). In this 
latter case magnesia is also precipitated in the support. 

To determine the load in the top layer only, a cross- 
section of the support- top layer system of sample 2 
was analysed by EDX. Photographs identical to Fig. 4 
were obtained, only this time the line represented 
magnesia. The magnesia was only present in the top 
layer. Note that in the case of sample 2, drying and 
reaction occurred simultaneously at 90 ~ Still, all the 
magnesia is present in the top layer, contrary to the 
results with silver. Consequently there must be a 
difference between the silver and magnesium modifi- 
cation, likely due to the difference in reaction time. 
This is also elucidated after the presentation of the 
model in the next section. 

To get a more detailed picture of the dispersion, a 
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SAM analysis was conducted on the same cross- 
section. This proved to be very difficult however, due 
to low sensitivity of magnesium compared to alumi- 
nium. Results were very difficult to obtain and not 
reliable. Therefore the dispersion of magnesia inside 
the top layer is not known accurately. 

To study the influence of the incorporation of mag- 
nesia on the microstructure of the ~/-alumina thin film, 
gas permeability measurements were performed and 
tabulated in Table VI. No gas permeability could be 
detected after heat treatment at 90~ but prior to 
calcination. T h e  top layer is completely blocked by 
Mg(OH)2. After heat treatment the helium gas per- 
meability is, in all cases, no function of pressure and 
Knudsen diffusion is the dominant transport mech- 
anism. It can be concluded, that incorporation of 
magnesia does not lead to the introduction of cracks 
or large pinholes. 

Table VI shows there is no difference between sam- 
ples 1-4 and between samples 2--5. This means that in 
the case of magnesia there is no differeiace between 
performing the drying and reaction simultaneously or 
sequentially. This can be explained with the model in 
the next section. There is however a large difference 
between samples 3 and 6. Performing drying and 
reaction simultaneously seems to give rise to a max- 
imum decrease in permeability, while performing reac- 
tion and drying sequentially does not so. 

A last problem to address is whether or not the high 
loads of magnesia lead to a pore size decrease. In the 
previous section it was stated that more than 70% of 
the pore volume should be filled to decrease the (slit- 
shaped) pore size effectively. A cut-off value deter- 
mination, performed on sample 4 and shown in Fig. 7, 
showed this to be true. After the first impregnation 
cycle (decrease in pore volume 44%) no change in cut- 
off value was detected, indicating a constant pore size. 
Again in this case only the pore volume is decreased. 

Unfortunately this kind of experiment is not pos- 
sible with samples 5 and 6, due to the resulting very 
low water flux. In Section 5 it will be shown, that only 
a very small pore size decrease is obtained. Apparently 
at least 85% of the pore volume should be filled to 
decrease the pore size effectively. This supports the 
cluster like distribution of the deposit in the pore 
(Fig. 2). Since this will also result in a sharp decrease of 
permeability, in situ modification does not seem very 
suitable to diminish the pore size of ~/-alumina films. It 
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is however very suitable to change and control the 
chemical characteristics of the membrane surface. An 
alternative method to decrease the pore size has been 
developed [5]. 

4. Model l ing  of the reservoir method 
4.1. Drying and reaction of the support 

and top layer 
4. 1.1. General set-up 
This section is meant to analyse the most important 
parameters in the reservoir method with a simple 
model and to give the lines, along which a more 
sophisticated model can be set up. 

The starting situation is given in Fig. 3. The pores of 
the support are completely filled with impregnation 
solution, as are the pores of the top layer. It is assumed 
here, that the impregnation solution consists of re- 
actant A (the metal salt) and C (the urea). Reactant A 
can be converted to product B (the metal hydroxide), 

according to 
A - ,  B ,~ (8) 

where it is assumed that B is deposited as soon as it is 
formed. The reaction of Equation 8 is assumed to be 
rate determining. It is also assumed that the reactants 
are infinitely soluble. No precipitation of reactants 
due to saturation will occur. The system support top 
layer (Fig. 8) is dried through the pores of the top layer 
only. This drying can be div.ided into two steps: the 
drying of the support (this section) and the drying of 
the top layer only (next section). For  convenience it is 
assumed that the drying of the support starts at time 
t = 0 and ends at time t = t~. The volume of impreg- 
nation solution in the top layer is constant in this time 
interval. The volume of the impregnation solution in 
the support decreases due to removal of water vapour 
from the top layer. Drying of the top layer starts at a 
time t = t~ and now the liquid volume accomodated 
in the top layer will decrease. 
The following assumptions are made: 
1. The diffusion of species in the solution is assumed 
to be much faster than the drying and reaction rates. 
Therefore no (salt) concentration gradients exist inside 
the pores of the support or the pores of the top layer. 
In fact the support pore and the top layer pore are 
considered to be two continuously ideally stirred tank 
reactors in series. 
2. The drying conditions do not change during the 
process of drying the support. This means the temper- 
ature, pressure and relative humidity are assumed to 
be constant, as well as the surface area available for 
drying. 
3. Reactants A and C are infinite soluble, while pro- 
duct B is non-soluble. 
4. The reaction of reactant A to product B is con- 
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sidered to be first order. The product B is immediately 
deposited after reaction. 
5. The volume of the top layer pores is assumed to be 
constant. 
6. The pore size distributions of support and top layer 
are considered uniform. 
With these assumptions, an analysis can be made. 

4. 1.2. Profi les in the  s u p p o r t  at  t ime  t <,% t 1 
The amount of product B, deposited inside the sup- 
port pore can be calculated by 

Ms, sup(t ) = Ma,sup, 0 -- Ma,sup(t ) -- Ma,trans(t ) 
(9) 

where Ms, sup(t ) is the amount of B deposited at time t 
(mol), Ma,sup, o the amount of A initially present in the 
support, Ma,sup(t ) the amount of A present in the 
support pore at time t and Ma, t . . . .  (t) the amount of A 
transported to the top layer at time t. The right hand 
side of Equation 9 expresses the amount of A that has 
reacted and thus the amount of B formed. The amount 
of A present and the amount of A transported are 
dependent upon the reaction and drying rates. An 
analysis of these processes is therefore appropriate. 

The volume change of the liquid due to drying can 
be described by Fig. 8 

V~up(t) = V0,sop - aW~up(~,~/~up)t (10) 

where Vsup( 0 is the impregnation solution volume in 
the support pore after time t, Vo,s, p is the initial 
support pore volume, a is a drying constant 
(m s- ~ ), which is only dependent on the drying condi- 
tions (temperature, pressure, relative humidity). The 
drying surface area per support pore is given by 
W~up(~ti/~sup) (Fig. 8), where g, and ~up are the poros- 
ities of the top layer and support, respectively, and 
W~,p the cross-section of the support pore. This can be 
understood considering the drying surface area is 
made up of all the (interconnected) pores of the top 
layer. Finally t represents the drying time. It is possible 
to formulate a characteristic drying time of the 
support 

(L o - L1) 
Zsu p - -  a(Stl / l~sup) (11) 

where (L o - L1) represents the length of the support 
pore (Fig. 3). This will prove to be an important 
parameter. 

The reaction, which is assumed to be first order, can 
be described by 

d[A]sup(t) 
= - -  K~[A]sup(t ) (12) 

dt 

with [A]s,p(t) the concentration of A in the support 
(reel m -  3) and K~ the reaction constant (s- 1 ). Equa- 
tion 12 is equal to Equation 5 with n = 1. A character- 
istic time of reaction is given by 

z~ = 1/kt (13) 

The amount of A, which reacts between time t = 0 
and time t = t~, can be derived from Equation 12. 
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Assume that 

CA [AJ_ C 
= [A]o as[O,  1] 

t 04)  
z = ( L o _ L 1  ~ z e [ 0 ,  13 

a(ga/a~up) 

where [A]o is the initial concentration of A. By the 
introduction of Equation 14 in Equation 12 this equa- 
tion becomes dimensionless 

dCa,sup(Z) k 1 (Lo - L1) 
= CA,sup(z) (15) 

d'c a(gtl/~sup) 

with Ca,sup(z) the dimensionless concentration of A in 
the support. The right hand side of Equation 15 can be 
rewritten as 

KI(Lo - L1) 

a(~tl/gsup) 

(L o - L 1)/a(gtl/gsup) 
1/K1 

Tsup ----- q0 
"~re 

(16) 

Thus the parameter (p represents the ratio of the 
characteristic time of drying to the characteristic time 
of reaction. If the drying is fast compared to the 
reaction, r is small. If the reaction is fast compared to 
the drying, (p will be large. Substitution of Equation 16 
in Equation 15 and solving this equation with the 
boundary condition that CA = 1 at z = 0 gives the 
simple solution 

CA, sup(z) = e - ~  (17) 

Equation 17 presents the change in the dimensionless 
concentration of A in the support. It shows that ,the 
concentration of reactant A in the support decreases 
only due to reaction since the volume decrease due to 
drying does not influence the concentration. Equa- 
tion 17 also shows that at high q~ (fast reaction com- 
pared to drying), A reacts mainly in the support. Thus 
a high reaction rate in comparison to the drying rate 
will lead to a reaction of A predominantly in the 
support. 

Although the concentration of reactant A only 
changes due to reaction (Equation7), the total 
amount of reactant A present at any time in the 
support pore (Ma) also changes due to transport of A 
to the top layer in order to refill the evaporated 
volume. The amount present at time z in the support is 
equal to 

MA,~up(Z ) = Ca,sup(z)EA]oVsup(Z ) 

= Ca,sup(1 - z)Ma, o,su p (18) 

since Vsup(Z) can be described by combining Equa- 
tions 10 and 14 

Vsup(Z) = Vo,sup(1 - ~) (19) 

The dimensionless amount of A present as a function 
of ~ and q~ is given by 

M a , s u p ( ' 0  
N a , s u p ( Z )  = 

M A ,  o,  sup 

= ( 1  - z)CA,~.p(~) = ( 1  - z ) e  - * ~  

(20) 



Comparison of Equations 17 and 20 show, that the 
dimensionless amount of A present in the support 
decreases faster than the dimensionless concentration 
of A in the support, due to the extra factor (1 - ~) in 
Equation 20. This faster decay of the amount of A 
present is due to transport of A from the support to 
the top layer. If q~ is high (fast reaction), the effect is less 
pronounced, since most of the A present will react 
quickly to give B. 

The cumulative amount of A transported to the top 
layer in a time t, MA, t ..... is given by the sum of drying 
volume times the concentration of A in the support 
pore in a small time dt 

f' MA.uans(t) = a(et,/gsup) Wsup[A]dt (21) 
0 

and by substitution of Equation 14 and rearrange- 
ment 

MA,t .... (7:) = f l  Ca""P(Z)MA'~ (22) 

Solving Equation 22 and expressing the amount trans- 
ported in dimensionless form yields 

NA, t  . . . .  (1;) _ MA,trans(T ) __ I (1 - -  e -q~z) (23)  
MA, O, sup (P 

Fig. 9 gives the dimensionless amount of A trans- 
ported to the top layer as a function of q~ and x. If the 
drying rate is much higher than the reaction rate 
(small tp), most of the A is transported, as is demon- 
strated in Fig. 9. The opposite case, a low drying rate 
compared to the reaction rate (high q)), results in 
almost no transport of A. This is because most of A 
will react in the support to give B (see also Equa- 
tions 17 and 20). 

Now the amount of B formed inside the support 
pore can be calculated according to Equation 9. Com- 
bining this equation with Equation 18 and Equa- 
tion 23 gives 

NB, sup('C ) ---= MB'sup('C) - -  1 - -  e-~(1 - r) 
MA, o, sup 

1 
- - -  ( 1  - e - ~ )  ( 2 4 )  

q~ 
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Figure 9 Dimensionless amount  of mole A transported to the top 
layer as a function of the dimensionless time, T, for several qz 
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Figure 10 Dimensionless mole of product B deposited in the sup- 
port  as a function of the dimensionless time, ~, for several q0. 

with NB, sup(Z ) the dimensionless amount of B depos- 
ited in the support pore. Fig. 10 presents the dimen- 
sionless deposit of B as a function of �9 and % At small 
q~ (drying fast) almost no B is deposited and almost all 
A is transported (Figs 9 and 10). At high q~ (reaction 
fast) almost all B is deposited and almost no A is 
transported (Figs 9 and 10). 

4. 1.3. Profiles in the top Iogor at t ime t,<. tl 
During drying of the support, the volume of the top 
layer is assumed to be constant. This implies, that the 
volume changes by deposition of B in the top layer 
pore are assumed to be negligible compared to the 
total volume. Obviously this assumption will fail at 
high loads. The model described below is therefore 
only valid at low loads. The qualitative influence of 
high loads on the deposition profile will be presented 
in the next section. 

The concentration of A in the top layer will change 
by reaction and by supply from the support. Since the 
volume in the top layer pore is constant, the amount of 
A is also only changed by reaction and supply from 
the top layer. 

The total supply of A from the support per unit time 
is given by 

M*,t .... (t) ---- a(gt,/gsup) Wsup[-h]sup(t ) (25) 

according to Equation 21. This is distributed over all 
the pores of the top layer however. The ratio, R, of the 
total number of pores in the top layer to the total 
number of pores in the support is given by 

R = W~uPetl (26) 
Wtl I~sup 

with Wt~ the cross-section of a top layer pore. This can 
be understood, assuming straight cylindrical pores. 
The total amount of pores in the top layer is given by 
g, Wtot/W, (Fig. 8), where Wto t is the total surface area. 
The total amount of reactant A supplied per unit time 
per pore of the support to one pore in the top layer is 
given by the ratio M],trans(t)/R. A mass balance over 
A in the pore of the top layer now yields 

d M A ,  tl(t) 
-- Kx[A]tl(t) + aWt~[A]sup(t ) (27) 

dt 

547  



where MA, tl is the total amount of A present in the top 
layer pore. This equation is dimensionalized in ana- 
logy with Equation t4 and rearranged to give 

dCA,tl(t)  

dt  
= - mCA,,l(t) 

(L o - L l) 
+ (Esup/Stl) CA, sup('~) (28) 

L i  
y- 

{2 

The term (Q) can be understood by rewriting this term 
in the form 

(Lo - L1) (Lo - L1) / L1 
t 1 ([~sup/Cti) - -  a(-~tlTEs~p) / T ~ Q 

(29) 

Q represents the ratio of the characteristic drying time 
in the support and the characteristic drying time in the 
top layer. The concentration of A relative to the initial 
concentration of A in the top layer pore is given by 

CA,tI(I~) = {--(hDCA,tl('l~) "+" QCA,~.p(~)}dm (30)  
o 

where Ca,~up(Z) is given by Equation 17. Fig. 11 pre- 
sents the dimensionless concentration of A within the 
top layer as a function of time t. This was generated by 
numerically solving Equation 30. If the drying rate is 
high (small ~p), there is a large concentration increase. 
If the reaction rate becomes higher with respect to the 
drying rate, less A will be introduced. The concentra- 
tion of A in the top layer will still increase however. 
This also increases the amount reacted. It is possible, 
that after a certain time the reaction consumes more A 
than is supplied by the support. Thus initially the 
concentration of A increases (supply larger than reac- 
tion), the amount reacted increases and this leads to a 
decrease in the concentration of A (reaction faster 
than supply). This explains the maximum as observed 
in Fig. 11 for q) -- 10. With large drying rates (low q)), 
the dimensionless concentration of A can become very 
high (Fig. 11). So it is shown, that drying of the 
support through the top layer can result in accumu- 
lation of A in the top layer. 

The profile of B in the top layer is much more 
simple to derive. Since it is assumed, that no B is 

transported from the support, B is only generated by 
reaction in the top layer pore. This results in 

d[B]t i ( t )  
= K~ [ A ] t , ( t )  (31) 

dt 

Dimensionalization and rearranging results in 

CB'tl('Q = f l  q)CA'fl('Qd% (32) 

where CR, tl is the dimensionless concentration of B in 
the top layer. Fig. 12 presents CB, tl as a function of z 
and r This was generated by numerically solving 
Equation 32. At high drying rates, the concentration 

o f  A in the top layer is high, but the reaction rate is 
low. Therefore the concentration of B is not too high. 
With increasing reaction rate, the concentration of A 
in the top layer pore is lowered, but more A reacts. 
This results in first an increase in concentration of B 
and then a decrease (Fig. 12). This is even better 
demonstrated in Fig. 13. Here the dimensionless 
amount of B is plotted as a function of 9- Fig. 13 
clearly shows that the dimensionless amount of B 
passes through a maximum, as was predicted from 
Fig. 12. It should be noted, that the dimensionless 
amount of B at the maximum q~ is very high. Thus 
Figs 11-13 show, that the support can act as a 
reservoir, leading to high loads of A and B in the 
top layer. 
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Figure 12 Dimensionless concentration of B deposited in the top 
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time, t, for several r 

800 
Top Lcyer 

.5 
600 

~ 400 

' ~200  

0 ' 
0 0.20 0.40 0.60 

Dimensionbss time, "t 
0.80 ~-00 

Figure 11 Dimensionless concentration of reactant A present in the 
top layer as a function of the dimensionless time, z, for several r 

300 
Top [oyer 

~ 
200 I o 

loo / 

0 
10-1 

\ 

I0 o 101 102 

Figure 13 Dimensionless amount of B deposited in the top layer 
upon drying of the support as a function of the parameter q) at t = 1 
(support completely dried). 

548 



4.1.4, Summary 
In the previous section the influence of drying of the 
support, containing impregnation liquid, upon the 
concentration of reactant A and product B in the top 
layer, has been analysed. The most important para- 
meter in the process is q~, which represents the ratio of 
the characteristic times of drying to the reaction. If the 
reaction is fast compared to the drying rate (high q0), 
most of reactant A is converted to B inside the sup- 
port. In the top layer no enrichment of A or deposition 
of B occurs. The opposite case, a high drying rate 
compared to the reaction rate (low q0), results in a large 
increase in the concentration of A in the top layer up 
to 750 times the initial concentration. The deposition 
of B as a function of q0 goes through a maximum 
however, since at low ~, the reaction rate in the top 
layer is also low. Still at low % a substantial depos- 
ition of B inside the top layer can be expected. Since 
the whole top layer pore is continuously filled with 
(ideally stirred) liquid, the deposition will be homo- 
geneously divided over the top layer. 

4.2. Drying and reaction in the top layer: t~> t~ 
4.2, 1, General set-up 
The next stage in the reservoir method to be described, 
is the drying of the top layer only. This stage is entered 
after the support is completely dry. It is expected to 
give rise to a thickness profile of B inside the top layer 
pore. 

This second stage is much more difficult to describe, 
since several effects occur at the same time. Consider a 
top layer pore filled with impregnation liquid (Fig. 14). 
The following processes occur 

1. The volume of impregnation liquid decreases due 
to drying (Fig. 14). 

2. The volume of the top layer pore changes due to 
deposition of product B; this in turn will influ- 

I i 

\ \  \ \  

Figure 14 Deposition profile of product B in a top layer pore which 
is dried from the top. 

ence the drying surface area and thus the drying 
rate. 

A complete analysis of this problem must include a 
pore geometry model, in order to account for the 
change in drying surface due to the deposition. An 
additional complicating factor is that the drying time 
is low, due to the small pore volume. Therefore it is 
likely that in this case precipitation of reactants will 
also occur, especially at high reactant concentrations. 
This is considered to be outside the scope of this 
model. Therefore a very simple model will describe the 
possible profiles. The change of drying surface and 
precipitation of reactants will be introduced as dis- 
turbance factors. The qualitative consequences of 
these disturbance factors are given. 

4.2.2. Profiles upon drying ano reaction 
in the top layer 

Fig. 14 pictures the starting situation. The top layer 
pore is completely filled with impregnation solution 
and is dried from one side. For the moment, the drying 
surface is assumed to be constant. No reactants pre- 
cipitate. The amount of reactant A and product B is 
dependent on stage 1, the drying of the support. It is 
assumed, that the reaction is first order with respect to 
A and that no concentration differences exist inside 
the impregnation solution. 

The change in the concentration of A in the top 
layer is caused by reaction, which lowers the concen- 
tration, and drying, which increases the concentration. 
This gives 

a Wtl 
d[A]t'dt' = - KI[A] ' ' ( t ' )  + V ~  [A]'t,(t) (33) 

where [A]'~l(t ) is the concentration in the top layer 
(mole-3) .  The ' sign refers to the second period 
(drying of the top layer only). The first term on the 
right hand side gives the change due to reaction, the 
second term the change due to the volume decrease. 
The volume change can be described by 

V~l(t' ) = Vo, . - aW. t '  = W,(L 1 - at') (34) 

in analogy with Equation 10. L I is the length of 
the top layer pore. Equation 33 can be rewritten, 
considering 

[A]',,('~') 
C~,t,(~') - [A]o" [A]o. = [A]..p(z = 1) 

t I 
~' - ( 3 5 )  

L1/a 

It should be remembered, that the starting concentra- 
tion, [A]o, comes from solving the first stage, the 
drying of the support. Substituting Equations 34 and 
35 in Equation 33 yields 

dC~,t,(~') CS,t,(z') 
d T '  - q ; C ; ~ , , , ( ~ ' )  + (1 - ~') 

L1/a kl L1 
with q)' -= - (36) 

l/k1 a 

Here q~' presents the ratio of the characteristic drying 
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time of the top layer to the characteristic reaction 
time. This is completely comparable to the parameter 
q) in the previous section. Solving Equation 36 with 
the boundary condition 
finally results in 

that C~t,t 1 ---1 for z ' =  0 

1 
C~, (z ' )  - (1 - z') e-e'~' (37) 

Equation 37 gives at any time, z', the concentration of 
reactant A in the impregnation solution. It should be 
remembered, that C],t~ is defined in relation to the 
concentration obtained after directly drying the sup- 
port (at z = 1). The actual concentration of A in the 
top layer can therefore be very high. 

The total amount of B produced is equal to 

N ' m t l  = 1 - N ~ , t , ( z ' )  = 1 - e - ~ ' ' '  ( 3 8 )  

This equation gives at any time the amount of B 
deposited, relative to the starting amount of A present 
in the top layer, after drying the support. It should 
also be considered, that an amount of B has already 
deposited in the top layer, directly after drying the 
support. The total amount of B deposited inside the 
top layer during the two periods of the process (drying 
of support and top layer) relative to the amount of A 

' N t~ IT, ' ' l  is initially present in the top layer at time, z ,  B,,lt J, 

tot  t 

tot , M B ' t l ( T  ) - -  N A , t , ( T  -=-- 1)(1 - -  e -~ '~ ' )  
Nm,(r  ) - MA,o,n 

+ Nmt,(z = 1) (39) 

where Na,tl('~ --- 1) is given by Equation 30 and Fig. 11 
and Nmt I is given by Equation 32 and Fig. 12. Fig. 15 
presents the dimensionless amount of B with respect 
to the initial concentration of A in the top layer. It can 
be seen, that dependent on the value of the parameters 
q) and g/, a large increase in amount of B can be 
present in the pores of the top layer. At low q~, the 
highest relative amounts of B are deposited. The value 
of q0' will determine the deposit profile of B. That is, B 
will be deposited in a way, shown in Fig. 14, due to 
drying of the top layer pores. Therefore it is possible to 
create a profile of product B in the top layer pores. 

At high q~ and q)', the profile is almost flat and B is 

5 5 0  

distributed homogeneously: This is because the reac- 
tion rate is-high and most of the A present will be 
immediately converted. At high g), most of the B will 
be deposited in the support. At low q), but high q)', the 
A present in the top layer pores will be immediately 
converted to B. Loads can become very high in this 
case (Fig. 15). The deposition is homogeneously dis- 
tributed. 

At low q)' and q~, most B is deposited at the pore 
entrance." The low q) however means, that a part of B 
has homogeneously deposited in the top layer during 
the drying of the support. A very low q) and moderate 
q)' gives the most pronounced profile of B in the top 
layer (Fig. 15a, q) = 0.1 and q)' = 1). Thus it is possible 
to control the place of deposition by controlling q0 and 
q)', which means control of the drying and reaction 
rates. These factors can be controlled independently, 
e.g. by temperature and humidity control. 

Unfortunately the model above is far too simple to 
describe these profiles accurately. As stated before, the 
drying rate will be a function of the deposition rate 
and profile. Qualitatively it can be said, that at high 
deposition rates, the drying will become slower (smal- 
ler available drying surface)and the reaction faster 
(smaller volume and thus higher concentration of A). 
Therefore B will tend to deposit faster and thus more 
homogeneously. In view of this explanation it seems 
more difficult to obtain a deposition at the pore 
entrance only. A much more detailed analysis of the 
process should be conducted to verify this qualitative 
visualization however. 

An additional complication is the precipitation of 
reactants due to the short drying time of the thin 3'- 
alumina film. The thus formed solid state mixture will 
melt,,decompose or react further [9], but the implica- 
tions for the deposition profile of B are very difficult to 
describe. 

4.2.3. Summary 
In this section the consequences of drying the top 
layer only on the concentration of reactant A and 
product B were reviewed. It has been shown, that high 
loads of B inside the t op  layer are possible. It is 



however very difficult to establish the exact profile of 
product B inside the pore of the top layer. 

5. Comparison of model and 
experiments 

Table V showed for silver a difference between drying 
and reaction occurring simtaltaneously or sequentially. 
For magnesia this difference did not exist (Table VI). If 
the support is dried first (at 40~ no reaction will 
occur. The reactants are forced to accumulate inside 
the top layer. This is comparable to a situation with a 
very low reaction rate in the proposed theory (low % 
see Fig. 11). The system is then heated to 90 ~ and 
finally calcined. All the reactants are converted inside 
the top layer during this process. This gives very high 
loads inside the top layer, as demonstrated by 
Tables V and VI. 

If simultaneous drying and reaction occur, the load 
inside the top layer will depend upon the ratio of the 
drying and reaction times, according to the model 
presented above. The drying constant for a supported 
thin film is of the order of 2 x l 0 - S m s  -1 [13]: 
Kinetic observations showed a reaction constant of 
6 x 10- 5 s- x for the silver-urea reaction and a reac- 
tion constant of 5 x 10 -6 s-1 for the magnesium-urea 
reaction. Consequently q~ = 6 for the silver-urea and 
q~ = 0.5 for the magnesia-urea modification, accord- 
ing to Equation 16 with the thickness of the support 
equal to 2 mm. 

A ~p value of 6 means that the characteristic time of 
reaction is smaller than the characteristic time of 
drying (Equation 16). The reaction proceeds faster 
than the drying. The model predicts that, in this case, 
some silver will be deposited in the support (Fig. 10). 
This is experimentally verified by the EDX and SAM 
measurements on silver modified y-alumina films and 
explains the poor loading of the top layer of sample 6 
in Table V in comparison with the other samples of 
this table. 

A q~ value of 0.5 on the other hand means that the 
characteristic time of drying is smaller than the char- 
acteristic time of reaction. Drying proceeds faster than 
reaction. The model predicts a high accumulation of 
reaction products in the top layer in this case (Fig. 11). 
For the magnesia modification there should therefore 
be no difference in performing the drying and reaction 
step sequentially or simultaneously. This is experi- 
mentally verified by comparison of samples 1-4 and 
2-5 in Table VI. The decrease in permeability is 
identical, irrespective of the modification procedure 
followed. 

A large discrepancy however exists between samples 
3 and 6 of Table VI. Obviously at high loads the 
different processing does have an effect. After two 
modification cycles 69% of the pore volume is already 
occupied by magnesia. This decrease of the pore vol- 
ume will also diminish the drying surface area, res- 
ulting in an increased drying time. Consequently q~ is 
increased and more magnesia will deposit in the sup- 
port. Thus a maximum for the magnesia incorpora- 
tion in the top layer is reached. Sample 6 in Table VI 
however is first dried. Reactants accumulate inside the 

top layer without reaction. As soon as the temperature 
is raised, reaction will occur, but mainly inside the top 
layer. This results in higher loads and a sharp decrease 
of the permeability compared to samples modified by 
simultaneous drying and reaction. 

5. Conclusions 
1. The reservoir method, employing the support as 

a reservoir for the impregnation solution, is suitable to 
obtain high loads in the top layer. The critical para- 
meters are the drying time of the system in relation to 
the reaction time. If drying and reaction occur simul- 
taneously, the drying rate should be faster than the 
reaction rate to obtain high loading of the top layer. 
Preferably the drying and reaction should be per- 
formed sequentially to be sure the impregnation solu- 
tion is concentrated in the top layer prior to reaction. 
In this way a concentration up to 750 times the initial 
concentration of reactants can be realised inside the 
top layer. 

2. The results obtained with the silver and mag- 
nesia modification on supported 7-alumina thin films 
could be satisfactorily described with the proposed 
theory for the reservoir method. 

3. The highest load for silver was obtained by 
performing the drying and reaction step sequentially. 
In this way silver could be incorporated in the top 
layer up to about 67 wt %, corresponding to 70% of 
the initial pore volume. Above 50 wt % however the 
dispersion becomes worse, due to clustering. This is 
caused by the high mobility and poor wettability of 
silver on y-alumina. Incorporation of more than 
67 wt % silver introduces cracks in the thin 7-alumina 
film. 

4. Magnesia could be incorporated in the top layer 
up to 45 wt %, corresponding to 85% of the pore 
volume, only if drying and reaction occurred sequen- 
tially. Although the permeability decreased sharply, 
only a slight pore size decrease was observed however, 
even at these high loads. 

5. For y-alumina the reservoir method seems to be 
only suitable to control the chemical nature of the 
surface~ not to decrease the pore size. This is caused by 
the slit-shaped form of the pores in y-alumina in 
combination with the distribution of the deposit inside 
the pore. At least 85% of the pore volume should be 
filled in order to decrease the pore size effectively. It 
can be expected however, that with other pore mor- 
phologies, a pore size decrease can be obtained with 
the reservoir method. 
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