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The impregnation of previously wetted alumina pellets with aqueous solution of copper(Il)
chloride is studied experimentally and theoretically. Internal copper concentration profiles result-
ing from impregnation with different copper chloride solution concentrations and various impreg-
nation times are determined by electron probe microanalysis and indicate a shell-progressive
immobilization. Temperature-programmed reduction measurements conducted on impregnated
alumina catalysts indicate two types of immobilized copper species with different reducibilities. An
impregnation model is applied to describe the experimentally determined internal copper concen-
tration profiles and the copper uptakes in terms of the measurable properties of the system. The
model is based on slow diffusion and rapid irreversible immobilization of the copper ions on the
support. It extends the well-known shell-progressive immobilization model to account for precipi-
tation, which occurs during the drying process, of metal ions from solution trapped in the catalyst
pores. Thus the model extends the scope of the shell-progressive model, which is applicable only
for local metal loadings corresponding to the site density of immobilization sites, to the preparation
of catalysts with higher local metal loadings. A tortuosity factor of 1.8 for the alumina support is
calculated from the effective diffusivity of the copper chloride as estimated from the measured data
and its molecular diffusivity as reported in the literature. The experimentally determined internal

concentration profiles and copper uptakes agree with the theory to within experimental error.

INTRODUCTION

An important factor determining the ac-
tivity and selectivity of a supported catalyst
is the distribution of the active component
throughout the support. This distribution is
primarily determined at the steps of impreg-
nation and drying. A comprehensive review
of the chemical and physical processes af-
fecting these steps has recently appeared
).

Mathematical descriptions of the impreg-
nation step have been given by several au-
thors (2-13). However, only in a few inves-
tigations (9, 10, 12) have experimentally
measured radial profiles of the active com-
ponent been compared with those predicted
with a mathematical model. Weisz et al. (2-
4) developed a general diffusion—sorption
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model and applied it to the impregnation of
porous substrates with dyes. This model
was derived assuming constant concentra-
tion in the external impregnation solution,
Harriott (5) generalized Weisz’s model by
considering the effect of external solution
depletion during impregnation. Vincent and
Merrill (6) presented a model to describe
the filling of pores with a solute as it takes
place with impregnation of a dry support.
Melo et al. (9, 10) have reported models to
describe the impregnation of both wetted
and dry supports. They applied their
models to measured internal concentration
profiles obtained by impregnation of alu-
mina with nickel nitrate and barium nitrate
solutions.

In this work, a mathematical model is
presented which describes the impregna-
tion of a porous support with an active
component, resulting from slow diffusion
and rapid irreversible immobilization of the
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active component. The previously de-
scribed impregnation of vy-alumina with
copper chloride (14) is employed as an ex-
ample for modeling such an impregnation
process.

The goal is to describe the experimen-
tally determined internal concentration pro-
files and the total metal uptakes in terms of
the measurable properties of the system.
These properties are the geometric dimen-
sions, the porosity, and the site density for
irreversible immobilization of the support,
as well as the impregnation time and the
bath concentration of the impregnation so-
lution. The effective diffusion coefficient of
the metal ions into the support is estimated
from the experimental data.

THEORY

The preparation of supported catalyst
can be viewed as taking place in three
steps: impregnation, drying, and thermo-
treatment (/). The impregnation of a previ-
ously wetted support involves diffusion of
the metal ions into the support and their
immobilization by the support. The impreg-
nation of an unwetted support also involves
convection of the impregnation solution
into the support.

The catalyst support has a fixed number
of immobilization sites. To prepare cata-
lysts with higher metal loadings, an addi-
tional precipitation step must occur. One
such method is the employment of a solu-
tion with a high concentration of metal
ions. Metal ions present in the solute in the
pores will then be precipitated upon drying.
The drying process may also result in a re-
distribution of previously immobilized
metal ions. When drying is slow, further
diffusion and immobilization of metal ions
present in the solute in the pores may also
occur.

The thermal processing steps, such as
calcination and reduction, generally have
little effect on the macroscopic distribution
of metal through the pellet. The effect is
only on the local distribution and the result-
ing size of the individual particles pro-
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duced. This step can be ignored in modeling
the distribution of catalyst throughout the
pellet.

The model developed below will include
the impregnation and drying steps. Rapid,
irreversible immobilization and rapid pre-
cipitation during drying are assumed.

Immobilization Process for a Previously
Wetted Support

The simultaneous diffusion of catalyst
ions into a previously wetted support and
their immobilization on the support can be
described by Eq. (1) which represents the
conservation of material in each volume el-
ement.

aC
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where C (mol liter™!) is the concentration of
metal ions in the fluid; ¢ (s) is time; D, (cm?
s} is the effective diffusion coefficient for
metal ions in the solute through the peliet; r
(mol liter~! s™1) is the rate of catalyst immo-
bilization.

For a constant bath concentration, Cy,
the boundary conditions are C = Cyat R =
Ro,t_—'0;C=Oat0<R<R0,t=0;(aC/
dR) = 0 at R = 0, t = 0; where Ry is the
pellet radius. If the time scale for immobili-
zation is much less than the time scale for
diffusion, as is frequently the case for cata-
lyst preparation, the concentration of metal
ions in the liquid phase, C, may be assumed
to be equilibrated with the concentration of
immobilized metal ions on the support, S.
Two types of adsorption isotherms have
been previously considered. The first con-
siders a Langmuir adsorption isotherm of
the form

s=5(Fxo)

where S, (mol kg™!) is the concentration of
possible immobilization sites on the support
and K (liter mol™!) is the equilibrium con-
stant for the immobilization process. When
S is linearly related to C (KC < 1), Eq. (1)

)
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can be solved analytically (/5). A numeri-
cal solution is possible otherwise (2, 3).
The second model assumes that adsorption
is rapid and irreversible (S = Sofor C > 0; §
= 0 for C = 0). This mathematical problem
can be solved analytically (16).

The assumption of a Langmuir isotherm
results in a concentration profile of the im-
mobilized metal with a somewhat diffuse
leading edge. By contrast, rapid, irrevers-
ible immobilization results in a sharp lead-
ing edge. The presence of a sharp leading
edge in the data considered later in this pa-
per led to the consideration of a catalyst
impregnation model based on fast, irrevers-
ible immobilization. This type of model,
also called a ‘‘shell progressive’” or
“‘shrinking core’’ model, has previously
found application for the reduction of iron
oxide (/7) and the combustion of carbona-
ceous deposits in porous pellets (/8). In
one study it was applied to the preparation
of supported metal catalysts, but only with
regard to relating the impregnation front ra-
dius to the impregnation time (8).

Solution of the mathematical problem
will be derived here for an infinite cylinder.
The results for a flat slab and a sphere are
then presented. For rapid, irreversible im-
mobilization, it can be assumed that a
steady-state concentration profile of metal
ions exists in the liquid within the pellet (/).
For a cylindrical pellet, the flux of ions into
the cylinder of radius R, the impregnation
front radius, is equal to the rate of adsorp-
tion

dN dcC
ar = 2aLR,D, (ﬁ)}hkb (3)

where dN/dt (mol s7") is the rate of immobi-
lization and L is the length of the pellet.
Between the impregnation radius, Ry, and
the outer radius, Ry, the flux is constant

)
dR
= constant

2wLDR (
Ry<R<R, &)
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and the boundary conditions are

C=90 R =Ry t>0
C=0C R =R, t=0
C=90 O0<R<Ry =20

The problem can be put into dimensionless
form by the following dimensionless rela-
tionships

tD,
C* = C/Co; t* = —R?;
N
e . X =
R* = RIRy; N CoV (5)
dN* jd]_V Ry? 6
dr* — dt VCoD, (

where the pellet volume, V, for a cylinder is
V = wRZL Equations (3) and (4) become
now

dN* (dC*>
drt 2R \GR+ R*=R¢ @
ac*

R* TR~ constant Rf<R*<1 (8

with the boundary conditions

C¥*=0 R*=R{ *>0
c*=1 R* =1 t*=0
C*=0 O0<R*<]1 =0

Solution of Eq. (8) with the first two bound-
ary conditions yields the concentration pro-
file of metal ions in the pore liquid when the
impregnation radius has reached Rj.

In R*

I RE 2

c* =1 RE< R* <1

c*=0 0<R*<R{ (9b)

Differentiation of Eq. (9a) and substitution
into Eq. (7) yields

dN* 2

= In(l/RD (10

The rate of immobilization is also equal to
the rate of decrease of unoccupied immobi-
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lization sites on the catalyst surface
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where ¢ is the void fraction of the pellet,
ant‘ p |c fhn aenlhid rlnnclfu nf f}\n nallat mato_
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rial. In dimensionless form, this becomes
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ury

7734
ar< — T2RiB (dt*)
where 3 is a dimensioniess constant relat-
ing the concentration of immobilization
sites to the concentration of metal ions;
both normalized to account for the respec-

tive parts of the pellet which are solid and
void.

(11b)

_ Sop(l ~ o)
P C()S

Relating Eqs. (10) and (11b) and integrating
with the boundary condition (C* = 0; 0 <
R*¥* < 1; ¥ = 0) yields a relationship be-

tween the im and

(1
\iz)

%k
I cguauuu I aunub » l‘b 3

=S@®RPMRE +1-RH (13)

When a previously wetted particle is
dipped into a bath for a time ¢*, Eq. (13) can

be used to calculate the impregnation ra-

oW FRIVIAGLY LIV LRpPIVRLGuVLL (&

dius R¥. The local concentration of immobi-
lized metal ions in the catalyst pellet, S¥ =
Si/So, is then

Sk =1 Rf<=R*< 1 (14a)
SF=0 0 < R*< Rf (14b)
The local conce" tration of metal ions in the

pore liquid is gi

The Drying Step

When removed from the bath, the peliet
contains two forms of metal ions, that
which has been immobilized during the im-
pregnation and that which is still present in
the solution in the pores. Here we will deal
with the contribution of the latter to the fi-
nal concentration profile of the catalyst.

The case will be analyzed for rapid precipi-
tation during drying. Under such condi-
tions, diffusion of metal ions within the pel-
let due to the existing concentration
gradient will not be significant. It will also
be assumed that convection of metal ions
over long distances is not important.
Under the limitations imposed above, the
metal ions in solution will be deposited on
the pellet at the same radius at which they

yrara whan tha mnallat wrog eame s e e e

wWuwilv wiivil Ly PUIICI. vv'aa lcllluvcu fl Ul lllC
bath. The local concentration of catalyst on
the pellet resulting from this precipitation,
S, (mol kg!) is given by

s,=¢_* (15a)
— a
P pl—~¢
or in dimensionless form
S Cc*
Sp=2=— (15b)
S B

where C* is given by Eqgs. (9a) and (9b).
The total local concentration of catalyst
in the pellet, S;, is defined in terms of its

dimencionlace conntarnart CF
amensioniess countierpart Sy

S

A
20

St = (16)

by taking into account catalyst deposited by

boih immobiiization and precipitaiion dur-
ing drying.

S& = §F + 8¢ an
Referring to Eqs. (14a), (14b), and (15b),
this yieids

o = 1/ _ InR%
! ﬁ \" InR{¥
R¥<R*<1 (18a)
S¢=0 0 < R* <R} (18b)

The uptake of metal by the whole pellet due
to immobilization, N; (mol kg™'), and pre-
cipitation, N, (mol kg™'), and the total up-
take, N, (mol kg™), can be derived in terms
of their dimensionless counterparts:

No, e = Mo

SN =5 (9)

N,
N =5 N =



182

by integrating the local concentrations
through the peliet.

NF = fo' R*S*dR* /

fol R*dR* = 1 — Ri? (20)

Nt = [ Respars/

1
[ Rear* = (1 +

Nf = N¥ + N} (22)

The above calculations can also be carried
out analogously for spherical catalyst parti-
cles and flat slabs. The equations relating
the impregnation front radius to the impreg-
nation time, the local metal catalyst con-
centration to the radius and impregnation
radius, and the total uptake to the impreg-
nation radius for the three different geome-
tries are summarized below. R, represents
the radius for cylindrical and spherical pel-
lets and is equal to one-half of the width for
a slab. The radius or width is assumed to be
much less than the length, so that end ef-
fects are negligible.

Cylindrical Pellet
B

t* = 7 RE2InR¥? +1— R (23)
1 In R*)
X — —_— R
S 1+ 3 (1 In R

Rf¥< R* <1 (24a)

SF=0 0 < R* < R{ (24b)

1
— — 2 _ R
N =1(Q R{,“)+B(1+
Spherical Pellet

1 R R

c=85r5 -7 (26)
1 (1 — R¥R*
=145 (L)
RE<R* <1 (27a)
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S =

0<R*<R{ (27b)

I 3 )
k — 1 — R*3 —

1 RP R¥
%*?‘T)W

Flat Slab
« =B _ pap
r* = > (1 - RYH (29)
1 (R* — R{
* — R ——.
Rf< R*<1 (30a)
SFE=0 0 < R* < R¥ (30b)
1
N;“=(1—R{,")+ﬁ(1—R{;‘) 31

EXPERIMENTAL

Materials. Cylindrical y-alumina pellets
supplied by Girdler-Siidchemie (type T-
126) were employed as support material.
The physical properties of the cylindrical
alumina pellets of 4.3 X 4.3 mm size were:
surface area (BET), 197 m? g~'; solid den-
sity, 3.43 g cm™3; apparent density, 1.37 g
cm™3; void fraction, 0.60.

Figure 1 depicts the integral pore size dis-
tribution of the alumina peliets determined
by nitrogen capillary condensation.

The impregnation solution was copper
chloride (CuCl, - 2H,0) from Fluka AG
(AR Grade) in aqueous solution.

Procedure. Before impregnation, the alu-
mina pellets were wetted by soaking in dis-
tilled water at room temperature for 12 h.
The impregnations were then carried out
using a constant bath concentration at 25°C
in a stirred bath containing 1 liter of CuCl,
solution and 5 g alumina. After a defined
impregnation time, the solution was
drained off, and the pellets were quickly
rinsed with distilled water and dried in an
oven at 110°C for 24 h.
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F1G. 1. Integral pore size distribution of alumina determined by nitrogen capillary condensation.

Determination of total uptake and inter-
nal copper profiles. The total uptake of
CuCl, in the alumina support was deter-
mined spectrophotometrically after extrac-
tion of a number of pellets with 60% nitric
acid. About 98% of the CuCl, was extracted
after six extraction steps with aliquots of 60
wt% nitric acid at 60°C. For the spectro-
photometric measurements, the total ex-
tract was diluted with distilled water to give
a nitric acid content of 8%.

The internal copper distribution along the
radius of the alumina pellets was measured
by means of an electron probe microanaly-
zer (Novelco AMR-3) using a 12° take off
angle of X-rays and a 15-kV acceleration
voltage of electron beam. To calibrate the
sensitivity of the analyzer for copper, two
standard samples with known copper con-
tents were prepared. Total copper contents
of each sample were also measured by stan-
dard chemical analysis.

The impregnated pellets were mounted in
plastic and cut to reveal their cross section.
The polished sections were flat on a scale of
micrometers, except for pits of varying size
and number. Since these pits caused some

points of the concentration profiles to scat-
ter widely, smoothed profiles are shown in
this paper.

Temperature-programmed  reduction.
The apparatus and experimental procedure
employed for the TPR measurements were
the same as described elsewhere (19). Be-
fore measurements the samples were
heated for 3 h at 350°C in flowing nitrogen
(1.25 cm’/s NTP). The sample weight
amounted to 0.65 g. A gas mixture of 6%
hydrogen in nitrogen at a flow rate of 1.25
cm’/s (NTP) was used and the heating rate
was 0.17 K/s.

RESULTS

A series of photographs of the cut pellets
as a function of impregnation time is shown
in Fig. 2. The shell progressive nature of
the process is apparent. The pictures also
give some idea of the scatter in the mea-
surement of the impregnation radius. The
fact that the catalyst concentration is
changing continuously between the impreg-
nation radius and the outer radius is not
apparent from the optical photographs.

When the impregnation front reaches the
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FiG. 2. Photographs of cut pellets impregnated with different impregnation times. Impregnation time
increases from the top to the bottom. Pellets on the left side correspond to 10, 20, and 25 min, and
those on the right to 35, 50, and 100 min impregnation. Bath concentration Cy = 0.5 mol liter~!.

center of the pellet, all of the immobiliza-
tion sites are occupied, and the concentra-
tion of copper ions in solution in the pores
of the pellet is considered to be uniform and
equal to the concentration outside the pel-
let. Upon drying, the total uptake of the
pellet is obtained from Eq. (25) for R = 0
1

=1+

N 3

or
C0'8

Ne=Sot 09

The site density for irreversible immobiliza-
tion was determined in an earlier investiga-
tion (/4) where uptake curves were mea-
sured as a function of the impregnation
solution concentration. Extrapolating a plot
of N, vs Cy to zero yielded a value for S, of
0.31 mol kg~! (Fig. 6 in Ref. (14)).

The effective diffusion coefficient, D,,
can be calculated from the plot of (R¥? In
R{? + 1 — R#¥?) vs t shown in Fig. 3. Equa-
tions (13) and (5) indicate that the slope of
the line should be 4D./8 Ry’. For a bath
concentration of 0.5 mol liter™!, 8 is
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_(0.31 x 107 mol g~')(3.43 g cm~3)(1 — 0.60) _
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1.42

(0.5 X 1072 mol cm=3)(0.60)

With this information, D, is calculated to be
3.1 X 107% cm? s~'. From this calculated
effective diffusivity, D, and the diffusivity,
D, of copper(Il) chloride reported in the lit-
erature (20), the tortuosity factor, =, for the
alumina pellets can be estimated using the
relation 7 = D &/D,.. The value so obtained
of 1.8 agrees well with 7 = V/3 as suggested
in the literature (21).

The data fitting carried out throughout
the rest of this work was done using the
equations derived for cylindrical pellets,
employing the above measured values of S
and D, and the properties of the pellets as
reported in the experimental section.

The calculated and experimental penetra-
tion radii are tabulated as a function of time
in Table 1. The model fits the data within
the experimental error, except for short
times of less than 10 min. It appears that the
diffusivity in the outermost shell of the pel-
let is slightly larger, probably due to an an-
isotropy effect caused by the pellet prepa-
ration.

The experimental and calculated concen-
tration profiles are plotted as a function of
dimensionless radius for different impreg-
nation times and bath concentrations in
Figs. 4 and 5. The agreement becomes less

1.0

0.0 1 1 1 1

0.0 0.2 04 0.6 08 1.0

t(h)
Fig. 3. Fitting of experimental data to Eq. (13).

exact as the impregnation front approaches
the center of the pellet, with the model pre-
dicting a slower approach than that mea-
sured experimentally. This results from two
factors. First, the experimental method of
measuring the concentration profiles tends
to error on the side of underestimating the
radius at low radii when measurement are
made on a line not exactly intersecting the
center of the pellet. Second, the assump-
tion in the model that the cylindrical pellets
are infinite in length becomes incorrect at
small radii. The experimentally derived and
calculated values of the total catalyst up-
take as a function of time are presented in
Table 2. The agreement is within the exper-
imental error of measurement over the
whole range of measurement. The model
and theory agree even at low and high im-
pregnation times. Since the uptake is not
influenced by drying, the error resulting in
the penetration radius at short impregna-
tion times does not occur.

Figure 6 depicts the TPR profiles ob-
tained for two alumina samples which have
been impregnated with different solution

TABLE 1

Experimental and Calculated
Penetration Radii R¥ = Ry/Rq as a
Function of Impregnation Time

Time Penetration radii
(min)
Experimental  Calculated
5 0.73 + 0.03° 0.83
10 0.67 = 0.04 0.74
15 0.63 = 0.05 0.68
20 0.61 = 0.03 0.62
30 0.51 = 0.04 0.53
40 0.46 = 0.07 0.45
60 0.26 = 0.08 0.28
90 0.18 + 0.16 0.0

Note. Impregnation bath concentra-
tion Co = 0.5 mol liter™'.

4 Mean values and standard deviations
of 15 measurements.
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FiG. 4. Comparison between experimental (A) and
calculated (B) copper concentration profiles for differ-
ent impregnation times (20, 30, 40, and 60 min). Im-
pregnation bath concentration 0.5 M CuCl,.
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F16. 5. Comparison between experimental (A) and
calculated (B) copper concentration profiles for differ-

ent impregnation bath concentration (0.1, 0.25, 0.5,
and 0.75 M CuCly). Impregnation time 15 min.
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Fi1G. 6. TPR profiles measured for alumina pellets which have been impregnated for 15 min with
different impregnation bath concentrations, Cy. (a) Cy = 0.25 mol liter™!; (b) C, = 0.5 mol liter-!.



TABLE 2

Experimental and Calculated Total Metal
Uptakes N, as a Function of Impregnation
Time

Time Total metal uptake (mol kg™")
(min)
Experimental Calculated
1 0.069 + 0.004¢ 0.072
5 0.150 = 0.012 0.140
10 0.198 + 0.007 0.195
30 0.324 = 0.015 0.318
60 0.445 = 0.020 0.426
75 0.482¢ 0.469
90 0.528 = 0.033 0.530

Note. Impregnation bath concentration Cy =
0.5 mol liter™'.

4 Mean values and standard deviations of 12
measurements.

? Only one measurement.

concentrations (C, = 0.25 and 0.5 mol li-
ter!). Both profiles indicate that two types
of copper species of different reducibility
are immobilized on the alumina. It is inter-
esting to note that the fraction of the total
hydrogen consumption due to copper spe-
cies reduced at lower temperature is about
twice as large for the alumina which has
been impregnated with the impregnation
solution of higher concentration (Cy = 0.5
mol liter™1).

DISCUSSION

The impregnation of <y-alumina with
aqueous solutions of copper chloride is
clearly shell-progressive in nature (14). The
Ldl&l'ySl concentration pi‘t‘)unca arc i‘eauuy
modelled by accounting for two types of
copper species—one formed by rapid irre-
versible immobilization and one formed by
precipitation.

The model developed above is only appli-
cable when the solution is rapidly evapo-
rated from the pores, effectively ‘‘freez-
ing”’ the location of the catalyst deposited
by precipitation. The good agreement be-
tween measured and calculated copper con-
centration profiles indicates that the drying

107
10/

process did, in fact, not cause marked mi-
gration of the copper ions. This behaviour
is, of course, not met under all possible dry-
ing conditions. The effect of drying rate on
concentration profiles has been extensively
discussed (7).

The assumption of a steady-state concen-
tration profile and a constant flux between
Ry and R, (Eq. (4)) greatly simplifies the
diffusion-immobilization model. It is ex-

ppntpﬂ that this simnlification can become

TRV LG GRS SIS PRI USRS

critical, when the solute held in the pore
fluid becomes appreciable compared to the
amount adsorbed. For such conditions, it
may become necessary to include an accu-
mulation term in the model. N eglectmg the
accumulation term in the model would lead
to the prediction of a too rapid uptake, in
this case. At any rate, the generally good
agreement between theory and experiment
in our study indicates that a more com-
plicated diffusion—immobilization model
which includes an accumulation term, is
not necessary to describe our impregnation
experiments.

One noteworthy aspect of the model is
that it predicts the existence of two types of

copper eppmpe_nnp formed hv irreversible

AV i

adsorption and the other by preC1p1tat10n
during drying. This prediction is substanti-
ated by the TPR measurements shown in
Fig. 6, which exhibit two significant max-
ima for the h ny drogen CGﬁS‘di‘ﬁptiGﬁ rate, i in-
dicating the coexistence of two copper spe-
cies with significantly different reduc-
ibilities.

Employing Egs. (20)-(22) the fraction of
the total copper uptake originating from
precipitation (Np/N¥) is calculated to be
0.15 for sample (a) and 0.29 for sample (b).
This results together with the TPR profiles,
indicate that the copper species reduced at
lower temperature are most likely those
originating from precipitation, since the
fraction of the total hvdrogen consumption
due to the copper species reduced at lower
temperature is also about two times larger
for sample (b).

There is evidence that the two types of
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copper in the unreduced form exhibit differ-
ent activities and selectivities for oxy-
chlorination (22). Less certain, but also
possible, is that the two types of copper,
following reduction, will exhibit different
activities and selectivities for various
metal-catalyzed reactions.
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