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The aqueous co-impregnation of rhodium trichloride with hydrofluoric acid (HF) into y-alumina 
honeycombs is shown to be a reliable and predictable method for preparing catalysts with controlled 
distributions of metal. Electron probe microanalysis of these catalysts revealed that adding HF to 
the impregnating solution drove the Rh species beneath the external surface of the support into 
narrow egg-white bands. The objective of this work is to prepare a poison resistant catalyst which 
can be used for the reduction of nitric acid in flue gases. A multicomponent adsorption/exclusion 
model of the impregnation and drying steps of this catalyst preparation method is presented, and 
theoretical internal distributions are compared to experimentally measured Rh and F profiles. A 
good fit to the experimental Rh profiles was obtained using two adjustable parameters: the adsorption 
rate constant of the aqueous Rh species and the diffusivity of HF. All other parameters were 
experimentally determined, or reported in the literature. Simulated impregnation profiles were 
found to lend insight into the co-impregnation process. By comparing simulated catalyst profiles 
before and after drying, it was found that drying had a significant impact on determining the internal 
distribution of the deposited Rh. Although sharp Rh bands were formed during the impregnation 
step of preparation, the ultimate shape, height, and position of these buried layers of Rh were 
determined by the drying step. © 1991 Academic Press, Inc. 

INTRODUCTION 

The major factor which determines the 
function of any catalyst is its chemical 
composition; however, for those catalysts 
consisting of an active ingredient dispersed 
within a porous carder, the catalytic activ- 
ity (2, 3), reaction selectivity (4, 5), and 
catalyst durability (6, 7) are often con- 
trolled by the internal distribution of the 
active ingredients within the support. For 
catalytic reactions with positive-order rate 
dependencies upon reactant concentration, 
distributions with the catalytically active 
material located near the support exterior 
(eggshell distribution) are often optimal 
(8-10). When selectivity or poisoning con- 
siderations are important or for reactions 
exhibiting negative-order rate dependen- 
cies upon reactant concentration, distribu- 
tions with the active ingredient concen- 
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trated into subsurface layers (egg-white 
distribution) or subsurface cores (egg-yolk 
distributions) have been demonstrated to 
be superior (11-14). 

The preparation of a supported catalyst 
with a prescribed internal concentration 
profile is not an easy task and often remains 
more of an art than a science (1, 15). For 
supported catalysts prepared by liquid- 
phase impregnation, one of the simplest 
ways of controlling the distribution of the 
active ingredient within the support is via 
co-impregnation. In co-impregnation, a sec- 
ond species (the co-impregnant) is added 
to the impregnating solution which contains 
the dissolved precursor of the active ingredi- 
ent. During impregnation, the co-impreg- 
nant competes with the precursor for ad- 
sorption sites on the internal surface of the 
support. As the liquid proceeds into the 
pores, the less strongly adsorbed compo- 
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nent is pushed ahead of the more strongly 
adsorbed one (8). 

For a given precursor, eggshell (16, 17), 
egg-white, egg-yolk (3, 9, 17-20), or uniform 
(3, 18, 21) internal distributions of active 
ingredient can be produced by choosing dif- 
ferent co-impregnants. Besides the nature 
of the precursor and co-impregnant, other 
parameters which influence the internal dis- 
tribution of the catalytically active compo- 
nent include: (1) the method of impregnation 
(wet or dry), (2) the duration of the impreg- 
nation, (3) the nature of the support, and (4) 
the subsequent drying step. 

Many authors (8, 20, 22-24) have devel- 
oped theoretical models which attempt to 
describe this complex multicomponent ad- 
sorption/exclusion phenomena and have 
theoretically studied the factors which de- 
termine the internal distribution of depos- 
ited precursor within the support. The ma- 
jority of these models (20, 22, 23) treat only 
the impregnation step of preparation and do 
not consider the drying step. It has been 
demonstrated by several investigators (4, 8, 
18, 23, 25, 26) that the drying process plays 
a critical role in determining the resulting 
internal distribution of active ingredient 
within the support. Melo et al. (24) have 
considered both the impregnation and dry- 
ing steps of preparation, and the review and 
theoretical treatment of these processes pre- 
sented by Lee and Aris (8) are the most 
comprehensive. However, the drawback of 
these theoretical works is that none report 
experimental catalyst distributions which 
enable the model predictions to be quantita- 
tively verified. 

In the present work, aqueous rhodium 
chloride (RhCl3) was co-impregnated with 
hydrofluoric acid (HF) into y-alumina hon- 
eycombs of square cell geometry. Resulting 
internal distributions of Rh and F within the 
support were experimentally measured by 
electron probe microanalysis (EPMA). 
Multicomponent adsorption/exclusion mod- 
els of the impregnation and drying steps of 
the preparation were developed and theoret- 
ically predicted catalyst profiles are com- 

TABLE 1 

Solution Concentrations 

Catalyst RhCI3 (mol/ HF  (mol/cm 3) 
cm 3) 

A 3.8 x 10 -5 0 
B 3.8 × 10 -5 3.3 × 10 -3 
C 3.8 × 10 -5 6.6 × 10 -3 
D 3.8 x 10 -5 9.9 x 10 -3 

pared to the experimentally measured inter- 
nal distributions. The application of this 
catalyst preparation is for the reduction of 
nitric oxides in flue gases, where SO 2 poi- 
soning of rhodium can occur. The ability to 
make an egg-yolk or egg-white distribution 
of rhodium in these catalysts could increase 
their tolerance to SO2 poisoning. The goal 
of this work is to develop models which 
will allow the internal distribution of such a 
supported catalyst to be predicted prior to 
its preparation. 

EXPERIMENTAL 

Catalyst Preparation and 
Characterization 

Following the procedure described pre- 
viously (17), RhC13(H20) x (Aldrich Chemi- 
cal Co.) was co-impregnated with HF under 
vacuum into dry y-alumina honeycombs of 
square cell geometry (Corning Celcor 
EX78). Table 1 lists the impregnation solu- 
tion concentrations for each catalyst (la- 
beled A, B, C, and D) and Fig. 1 illustrates 
the impregnation apparatus. The honey- 
comb was a single cell (four walls) with a 
cell opening of 0.70 cm, a wall thickness of 
0.12 cm, and a height of 2 cm. This honey- 
comb geometry and cell opening is typical 
of that used for selective catalytic reduction 
of NO/ in  power plants. The properties of 
these supports are summarized in Table 2. 
Impregnation was allowed to proceed for 30 
s. This amount of time was found to ensure 
complete imbibition of the solution but sup- 
pressed transport by diffusion. Immediately 
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FIG. 1. Vacuum impregnation apparatus. 

after impregnation, the honeycombs were 
dried in air for 1 h at 500°C. 

A monolith wall was sectioned from the 
sample and placed in an epoxy mount along- 
side pure Rh and "y-alumina standards. The 
mounts were ground wet to 1/zm with sili- 
con carbide paper, polished with 1-/xm nap 
cloth, and given a clodiosilicate (particle 
size <0.25 ~m) finish. This procedure en- 
abled an externally flat surface to be ob- 
tained. The samples were then coated with 
a thin layer of evaporated carbon estimated 
to be about l0 nm thick. 

Rh distributions were determined by X- 
ray emission spectroscopy (XES) with 
wavelength dispersive spectrometry (WDS) 

TABLE 2 

Support Properties 

BET surface area 
Pore volume 
Porosity 
Density 
Wall thickness 
Cell density 

252 m2/g 
0.4949 cm3/g 
0.63 
1.31 g/cm 3 
1.2 mm 
9 cells/in 2 

in a JEOL 733 EPMA with Tracor Northern 
automation (Model TN-2000/1310). At an 
accelerating voltage of 10 keV, the La  line 
of Rh and the Ka line of AI were analyzed 
with PET and TAP crytals respectively. A 
defocused electron beam of approximately 
10/.~m in diameter was employed to average 
the effects of surface relief inherent in the 
porous alumina. Point counting was per- 
formed at 10-/zm intervals along one wall of 
the honeycomb support. It was necessary 
to count for 120 s with a nominal probe cur- 
rent of 100 nA to obtain reasonable statistics 
(27) because the samples contained Rh load- 
ings approaching the minimum detectability 
limits (28) of EPMA. Each analysis required 
approximately 6 h of probe time, 4 h for 
data collection at the 120 points, and 2 h for 
sample moving and alignment. 

The catalyst which resulted from impreg- 
nating solution 3, catalyst C in Table 1, was 
analyzed for F by EPMA. Employing a pol- 
ished CaF2 crystal as a standard, the Ko~ line 
of F was analyzed on a TAP crystal at an 
accelerating voltage of 5 keV. To curtail the 
effects of thermal loss and movement of the 
loosely bound F beneath the electron beam 
(29), point counting was performed for 20 
s at 50-/~m intervals with a 50-/~m, 20-nA 
beam. 

For both the Rh and F analyses, X-ray 
data was corrected for matrix effects using 
the atomic number correction of Duncumb 
and Reed (30), the absorption correction of 
Philibert (31), and fluorescence correction 
of Reed (32). Oxygen was calculated by dif- 
ference because only one WDS spectrome- 
ter was equipped with the gas-flow propor- 
tional detector required for both AI and O 
X-ray detection. The resulting quantitative 
EPMA internal distributions of Rh have 
been presented and discussed in previous 
work (17). 

Adsorption Isotherms 

In order to quantitatively interpret the ad- 
sorption of RhCI3 and HF onto the y-alu- 
mina support, Langmuir adsorption iso- 
therms were determined by contacting given 
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quantities of crushed or powdered support 
(particle size < 100/zm) with aqueous solu- 
tions of known RhC13 or HF concentration. 
The mixtures were stirred for a minimum of 
5 days in order to establish equilibrium. The 
slurries were then filtered, and the filtrate 
concentrations determined by atomic ab- 
sorption spectrophotometry (Perkin-Elmer 
Model 373) for RhCI 3 or with a solid-state 
fluoride electrode (Fisher Model 13-620-522) 
for HF. The amount of solute adsorbed onto 
the alumina was calculated from the differ- 
ence between the initial and equilibrium so- 
lution concentrations. 

THEORETICAL 

Impregnation Model 

The support is modeled as a collection of 
straight cylindrical pores with length L and 
radius R, where L is the distance from the 
outer surface of the support to its center, 
and R is given by 

2e 
R - (1) 

psS 

(Symbols are defined in the nomenclature in 
the Appendix.) Initially, the pore volume of 
the support is evacuated; therefore, the rate 
at which impregnating solution is drawn into 
these pores can be approximated by the 
Washburn equation (33), 

1 (R'~'~ 1/2 dzf g'y 
(2) vz= ~ \ ~ t /  or dt 2~zze' 

where zf measures the penetration of the 
liquid front into the pore. 

The continuity equations governing the 
simultaneous adsorption/desorption of n 
components on the internal surface of a pore 
during imbibition are given by 

OCj + Onj OCj 
a = - v  z (3) 

at ~ 0Z 

Ü-~=k+Cj(ns -~ i  n i ) - k T n  j (4) 

Cj(O,z) = nj(O,z) = 0 (5) 

Cj(t,O) = C~, (6) 

where z = 0 at the pore inlet (support sur- 
face). These equations assume that diffu- 
sional transport and mass transfer resist- 
ances to adsorption are negligible. Equation 
(4) assumes that the adsorption of each spe- 
cies is independent of the other and that they 
adsorb onto the same type of site. Following 
the treatment described by Lee and Aris (8), 
this system of first-order hyperbolic equa- 
tions can be transformed by the method of 
characteristics (34), 

--Or d z f - '  k+Cj ns-- . 

= - 4 t z ° t ( z + a ) ( k f C j ( n s - ~ i  hi) 

(7) 

an, s .ni) 

Ry • ' 

(8) 

where 

A = zf - z (9) 

Cj(A,O) = Cyj , nj(O,z) = O. (10) 

Drying Model 

The continuity equations governing the 
simultaneous adsorption/desorption of n 
components on the internal surface of a pore 
during drying are given by: 

Onj D O2Cj OCj q'- = (11) 
Ot a - ~  j Oz 2 

= k?Cj n s - ~i ni - k7 nj. 
(12) 

If it is assumed that no redistribution due 
to diffusion takes place during the time be- 
tween complete imbibition and the start of 
drying, the initial conditions for drying are 
the solutions from the impregnation model 
(Eqs. (7)-(10)). 

It has been shown in previous work with 
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identical supports (26) that the drying pro- 
cess occurs completely in a falling rate re- 
gime at temperatures of 400°C and above. 
This implies that evaporation takes place at 
a moving interface at z = z dry beneath the 
external surface of the support. The bound- 
ary condition at this moving interface is 
given by 

o ocj = _ c 
J Oz J dt 

+ kmj(pj _ pjO), z = z dry. (13) 

Also, a solution for Cj must meet a condition 
of symmetry at the center of the support: 

OCJ-o ,  z =  L. (14) 
Oz 

This system of equations is a moving bound- 
ary problem. The moving boundary can be 
eliminated by the variable transformation 

L - z  
Y -  L - zf ~ - - - - - ~ "  (15) 

The continuity equations (11) and (12) for 
the drying step then become 

OCj - Y dz dry OCj + Dj 02Cj 
Ot (L - z dry) dt O Y (L --  zfdry) 2 O y2 

+ t~kf nj - ~ k f  Cj(ns - ~i ni) (16) 

Onj = --  Y d z  dry ORj 

Ot ( L -  zf dry) dt O Y 

+ kTCj(ns - ~ n i )  - kTn j. (17, 

With the transformed boundary conditions 
a s  

cj(o,  r ,  = CjfA = O, r , ,  

nj(O,Y) = nj(A = 0,Y) (18) 

OCj____On:=o, r = o  (19) 
OY OY 

- n :  acj caz¢ry 
( t  - z :  ry) 0-Y = '~J d-t 

+ kmj(Pj - py), Y = 1. (20) 

NUMERICAL ANALYSIS 

Physical Parameters 

The rate at which impregnating solution 
is drawn into the idealized support structure 
via capillary forces is calculated from prop- 
erties that have been reported by the honey- 
comb manufacturer (Table 2). Using the 
BET surface area, S = 252 m2/g and the 
support porosity of 0.63, the equivalent pore 
radius, R (Eq. (1)) is calculated to be 3.8 
nm. This agrees well with the average pore 
radius reported by Coming of 4.1 nm, with 
a unimodal pore size distribution. The rate 
of penetration into a pore is subsequently 
obtained from Eq. (2). The impregnating so- 
lution viscosity,/~, and surface tension, y, 
are assumed to be that of water at room 
temperature (~ = 0.01 poise and y = 73.05 
dyn/cm2). 

Linearized plots of the RhCl 3 and HF 
Langmuir isotherms are shown in Fig. 2. 
From these plots the equilibrium adsorption 
constants, KRhCI3 and KHF, were determined 
to be 1.2 × 106 and 2.0 × 106 cm3/mol, 
respectively, These agree well with values 
that have been reported by other research- 
ers (20). Also from these data, the surface 
saturation concentrations of RhCI 3 and HF 
on the alumina were found to be 6.2 × 10-10 
and 6.3 × I0-10 mole/cm 2, respectively. The 
closeness of these surface saturation con- 
stants helps verify the assumption that HF 
and RhCI 3 both adsorb onto the same type 
of site. For simplicity, an average surface 
saturation concentration, n s = 6.25 × 10- l0 
mol/cm z, was assumed for both species. For 
numerical analysis, a value of k~cl3 was 
chosen, and k~F calculated by assuming 
that k~hc13/k{_iF = KRhCI3/KHF. When 
U{/k] = K1/K 2, the two-component adsorp- 
tion problem approaches equilibrium mono- 
tonically, and numerical solutions to Eqs. 
(7) and (8) are better behaved (1). 

Impregnation Model Solution 

The boundary conditions for impregna- 
tion at z = 0, Cj = C~, poses a problem. 
Experimental Rh loadings, which were de- 
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FIG. 2. Linearized adsorption isotherm data for HF and-RhCI~ on y-alumina at 25°C. 

termined by graphically integrating each 
catalyst's EPMA concentration profile 
across the width of the support, were ap- 
proximately 50% lower than Rh loadings 
calculated by a Rh mass balance. It was 
shown in previous work (17) that the Rh 
loadings from EPMA were within 10% of 
independent analyses done by inductively 
coupled plasma emission spectroscopy. It 
was concluded in that work that pore mouth 
exclusion (15) was inhibiting a certain frac- 
tion of the RhCI 3 from entering the support. 
To allow the theoretical analysis to account 
for this exclusion, the bulk impregnation so- 
lution concentration of RhC13, Cl~hCl3 , w a s  

corrected. For the subsequent numerical 
o analyses, CRhCI~ = 1.7 × 10-Smol/cm 3 was 

used as the effective rhodium chloride con- 
centration in the bulk liquid. Although this 
is a simplified method with which to address 

pour mouth exclusion, it allows satisfactory 
results for the present analysis. A more de- 
tailed model which includes pore mouth ex- 
clusion would be warranted if catalyst sup- 
ports of differing pore size distribution were 
studied. 

With their appropriate boundary condi- 
tions, Eqs. (7) and (8) were solved numeri- 
cally on a Cyber 850 computer by a first- 
order explicit finite difference method. The 
numerical results of this system were used 
as initial conditions for the drying model. 
Except for the effective diffusivities of 
RhC13 and HF, all the parameters in the con- 
tinuity equations for drying (Eqs. (11) and 
(12)) are fixed once + k ~Cl3 has been chosen 
for the impregnation model. An effective 
diffusion coefficient determined for rhodium 
trichloride in a similar alumina support (D 

. . . .  3.0 × 10-6 cm2/s) (20) was used for 



40 HEPBURN, STENGER, AND LYMAN 

DRhCl~. The effective diffusivity of HF, DHE, 
was used as an adjustable parameter in the 
numerical analysis. 

Drying Model  Solution 

Parameters in the drying boundary condi- 
tion (Eq. (13) or (20)) for z = zf dry, include 
the unknowns dz~Wdt, km,RhCl3, k~,aF, Pr~Cl~, 
and P~F- Also P~cl3, and PHF are difficult to 
measure. The velocity of the drying front, 
dzd(y/dt, is calculated from the 500°C drying 
curve which was presented previously (26) 
a s  

dz dry L P s d 
- ~ (m),  

dt e PH2O 

where m is the moisture content (g H20/g 
support). A third-order polynomial, 

dz~r'~Y = 2.5 × 10 -3 - 1.0 × 10-at + 1.95 
dt 

× 10-6t2+ 1.5 × 10-at 3(cm/s) (22) 

was found to fit the drying data at 500°C 
accurately. If we assume that no volatile 
RhCI 3 species are produced during the dry- 
ing process, then p°RhCl 3 = PRhCl3 = 0, and 
the boundary condition at z = zf dry for RhCI3 
becomes 

-- DRh% O C t %  

(L - z~ ry) O Y 

dzdry 
= --Cahcl3 dt ' 

Z = Zf dry (Y = 1). 

The mass transfer coefficients for HF  and 
H20, km,nv and km,Ia2, were approximated by 
knowing the flux of water at the surface of 
the shrinking liquid front and then assuming 
that the gas-phase mass transfer coefficient 
of HF was approximately the same as that 
of water. This assumption is likely since 
they are of similar atomic weight. 

NH20 ~ --  km,H20(P~t20 --  0) = --  km,H20e T 

dzdry ,0120 
- ( 2 4 )  

dt M,:,rho" 

The partial pressure of water in the bulk gas 
(21) surrounding the support is assumed to be 

small and is made equal to zero in Eq. (24). 
Also, since the evaporation process is rapid, 
the pores will be filled with essential 100% 
water vapor, thus P~i~o = PT = 1 atm. Also, 
if kin,H20 ~ km,HF , then 

dz~ ry Ph:o 1 
k m ' H F  ~ dt M~,ia2o PT" (25) 

If it is assumed that HF vapor at the liq- 
uid-gas interface is in equilibrium with HF  
in the liquid phase, then the boundary condi- 
tion for HF at z = z~ ry can be expressed 

- - D H F  OCHF d z f  dry 

( L - z  dry) OY =--CHF dt 

+ Krt, HvCHv dz dry 
- - , z = z f  °~y(Y= 1), (26) 

(23) PT dt 
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FIG. 3. Internal Rh distribution of  catalyst A. Model is shown with line and EPMA data are points. 
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FIG. 4. Internal Rh distribution of catalyst B. Model is shown with line and EPMA data are points. 

w h e r e  KH,HF = PHF/XHF . KH,HF is approxi- 
mately 0.66 atm. at 100°C from thermody- 
namic data for HF available in the literature 
(35). 

Equations (17) and (18) along with their 
appropriate boundary and initial conditions 
were solved numerically on a Cyber 850 
computer using the DSS (36) partial differ- 
ential equation package. The integration 
was ended when zf dry = L at which point fur- 
ther redistribution of Rh and F was assumed 
not to occur. 

RESULTS AND DISCUSSION 

Numerically simulated internal Rh distri- 
butions are compared to those determined 
experimentally for catalysts A, B, C, and D 

in Figures 3, 4, 5, and 6 respectively. Even 
though the distributions are symmetrical, 
the entire wall crossection is shown to dis- 
play the high degree of symmetry of the 
impregnation method. All four numerically 
generated Rh profiles were obtained with 
k~ho3 = 6.6 × 105 cm3/mol-s and DHF = 3.0 
× 10 -6 cm2/s. As discussed previously, all 
other parameters required for numerical 
simulation were either calculated using the 
previously described procedures, deter- 
mined experimentally, or obtained from 
data available in the literature. These model 
parameters are summarized in Table 3. It 
should be noted that the prediction of the 
peak height is particularly sensitive to the 
chosen value of k~hcl3 • Thus the determined 

1.0 

0.5 

O 
0.6 0.4 0.2 0 0.2 0.4 0.6 

Distance from Center (mm) 

FIG. 5. Internal Rh distribution of catalyst C. Model is shown with line and EPMA data are points. 
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FIG. 6. Internal Rh distribution of catalyst D. Model is shown with line and EPMA data are points. 

value of 6.6 × 105cm3/mole-s should be con- 
sidered an accurate representation of the 
rate of adsorption. 

The accuracy of the numerical analyses 
was verified by comparing the average Rh 
loading (found by integrating the calculated 
Rh profile) to vpC~j., where Vp is the pore 
volume of the support and C~ is the effective 
rhodium concentration in the bulk solution. 
The average error between these indepen- 
dent methods of determining the total rho- 
dium in the catalyst was less than 7%. In 
Figs. 4, 5, and 6, the model overpredicts the 
local Rh concentration at positions located 
on the outer slopes of the Rh peaks. This is 

TABLE 3 

Model Parameters 

R 
Y 
/x 

Ot 
k~hc,~ 
k~F 

kRhcl3 
kfiF 

C~hcI3 
ns 
L 

KH,HF 
DRhCI3 
DHF 

3.8 nm 
73.05 dyn/cm 2 

0.01 poise 
5.2 x 106 cm -~ 

6.6 x 105 cm3/mol-s 
1.1 × 106 cm3/mol-s 

0.55 s -  i 

-0.55 s -l 
1.7 × 10 -5 mol/cm 3 

6.25 × 10 -l° mol/cm 2 
0.06 cm 

0.661 atm 
3.0 X 10 -6 cmZ/s 
3.0 X 10 -6 cm:/s 

most likely due to errors in the numerical 
integration, since the continuity equations 
for both impregnation and drying are stiff 
and are difficult to numerically integrate in 
these regions. 

The internal distribution of fluorine for 
catalyst C is shown in Fig. 7. The numerical 
analysis simulates the fluorine profile well- 
but overpredicts the experimental F concen- 
tration by about 10%. Inaccuracies in the 
microanalysis could have occurred due to 
thermal loss and movement of the deposited 
fluorine underneath the electron beam of the 
EPMA. Also a certain fraction of the depos- 
ited fluorine could have been removed from 
the support surface, as HF  or F 2, during the 
500°C drying step. 

Based on the success of the model for 
predicting the final rhodium and fluorine 
profiles in the monolith walls, it is expected 
that insight into the adsorption/exclusion 
process of co-impregnation can be gained 
by examining various parts of the computed 
solutions. Figures 8 and 9 show the calcu- 
lated concentrations of RhCI 3 precursor in 
the liquid phase within the pores and the 
corresponding surface phase concentration 
of adsorbed Rh for catalysts B, C, and D. 
These plots are from the numerical simula- 
tion and represent the time when impregna- 
tion has stopped and drying is about to be- 
gin. These are valuable curves, since they 
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FIG. 7. Internal F distribution of catalyst C. Model is shown with line and EPMA data are points. 

cannot be measured experimentally. In Fig. 
8, the peak of RhCI3 present in the liquid 
phase profile, corresponds exactly to the de- 
posited RhCl3 peak shown in Fig. 9. From 
testing the model's sensitivity, the height 
and sharpness of these peaks were found to 
be primarily controlled by the rate of ad- 
sorption of RhCl3 and HF onto the support, 
while for a given concentration of HF in 
the impregnating solution, the distance that 
these peaks are driven beneath the external 
support surface is controlled by the surface 
saturation constant (ns). Therefore to fit the 
experimental EPMA data, the adsorbed 
RhC13 (nRhCl) peak height was controlled by 
adjusting + k Rhci 3 and the peak location was 

fixed by the ns value which was determined 
independently. 

Figure 9 shows that by increasing the 
concentration of HF in the impregnating 
solution from 3.3 x 10 -3 to 9.9 x 10 -3 

mol/cm 3 (catalysts B to D), the RhCI 3 is 
only driven an additional 15 /zm beneath 
the external surface of the support. In- 
creasing the concentration of HF  also 
causes the peak heights for both the dis- 
solved and adsorbed RhC13 profile to de- 
crease. This is attributed to the rate of 
imbibition being faster than the rate of 
adsorption of HF  and RhCI3 onto the sup- 
port. If adsorption were much faster than 
the rate of imbibition (i.e., near-equilibrium 
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FIG. 8. Model prediction of the liquid phase RhCI 3 impregnation profiles within a pore for catalysts, 
B, C, and D, just  following impregnation and just prior to drying. 
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FIG. 9. Model prediction of the absorbed RhC13 impregnation profiles within a pore for catalysts B, 
C, and D, just following impregnation and just prior to drying. 

adsorption), the RhCI3 peaks would be- 
come sharper and increase in height as 
more HF is added to the impregnating 
solution. Simulated internal impregnation 
profiles of HF in the liquid phase and on 
the alumina surface are shown respectively 
in Figs. 10 and 11. These figures show 
that the HF penetrates exactly the same 
distance into the support as RhC13. This is 
expected since the imbibition rate is much 
greater than the diffusion rate of HF and 
RhCI 3 . 

The effect of drying in determining the 
internal distribution of deposited RhCI 3 is 

shown in Fig. 12. These plots are of the 
adsorbed rhodium. Thus the curves for 
before-drying show less total rhodium on 
the support than the curves for after-dry- 
ing, because the after-drying curve in- 
cludes the rhodium from the liquid which 
has adsorbed during drying. At an HF 
concentration of 3.3 × 10 -3 mol/cm 3 in the 
impregnating solution (catalyst B), drying 
causes the Rh peak to be driven an addi- 
tional 75 /~m beneath the external surface 
of the support. The peak height is increased 
by approximately 0.07 wt% Rh but is less 
sharp than before drying. When the con- 
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FIG. 10. Model prediction of the liquid phase HF impregnation profiles within a pore for catalysts 
B, C, and D, just following impregnation and just prior to drying. 
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FIG. 11. Model prediction of adsorbed HF impregnation profiles within a pore for catalysts B, C, 
and D, just following impregnation and just prior to drying. 

centration of HF in the impregnating solu- 
tion is 6.6 × 10 -3 (catalyst C), the Rh peak 
is driven an additional 110/zm beneath the 
support surface by drying, becomes less 
sharp, but retains a constant peak height. 
For the last catalyst made with 9.9 × 10 -3 
mol/cm 3 of HF (catalyst D), the Rh peak 
is driven 170/zm toward the support center 
by the drying process. However, the peak 

height is decreased by approximately 0.1 
wt% Rh in this case and becomes much 
more diffuse. These results indicate that 
first drying causes a build-up of HF and 
RhC13 at the shrinking liquid front where 
evaporation is occuring. As this front 
moves toward the center of the support, 
the increase in HF and RhCI 3 concentra- 
tions in the liquid causes a competition for 
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FIG. 12. Model prediction of the effects of drying on the Rh impregnation profile. These curves are 
of the adsorbed rhodium. 
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open adsorption sites on the support. The 
RhCI 3 is pushed ahead of the HF (toward 
the catalyst center) because HF adsorbs 
more strongly to the support than to the 
RhCI 3 . 

The tail on the Rh peaks near the center of 
the support is due to diffusion during drying. 
Drying is slower than impregnation, there- 
fore the effects of diffusion become more 
observable during the drying step. With in- 
creasing concentrations of HF, the time re- 
quired for all the HF and RhCI 3 to be depos- 
ited onto the support surface is a larger 
percentage of the total drying time. This ef- 
fect makes the time for diffusion longer for 
the catalysts made with higher concentra- 
tions of HF and results in the more diffuse 
peaks shown in Fig. 12 for catalyst D. The 
decreased sha.rpness in the R h peaks near 
the catalyst outer wall is believed to be due 
to HF evaporation. 

C O N C L U S I O N  

Multicomponent adsorption/exclusion 
models of the impregnation and drying steps 
of catalyst preparation have b e e n  devel- 
oped. Model simulations of the internal 
catalyst profiles compare quite well to ex- 
perimentally determined internal Rh distri- 
butions which were obtained by the aqueous 
co-impregnation of RhCI3 and HF into 3'- 
alumina honeycombs. The proposed im- 
pregnation and drying models were found to 
fit the experimental EPMA Rh distributions 
using only two adjustable parameters (the 
adsorption rate constant for RhC13 and the 
diffusivity of HF). An experimentally mea- 
sured fluorine concentration on the support 
was also found to agree within 10% of the 
model prediction. Based on a Rh material 
balance, an error of - 7 %  was found be- 
tween the measured rhodium loading and 
the numerical integration of the model equa- 
tions governing impregnation and drying. 
The predicted internal profiles for RhCI 3 and 
HF are shown to lend insight into the co- 
impregnation process. They revealed that. 

drying plays a major role in forming the re- 
sulting Rh catalyst profiles. Drying was 
found to drive the Rh an additional 75 to 
170/~m beneath the external surface of the 
support. 

APPENDIX: SYMBOLS 

Cf--Concentration of j  in liquid phase (mol/ 
c m  3) 

C~--Concentration o f j  in impregnating so- 
lution (mol/cm 3) 
Dr---Effective diffusivity o f j  (cm2/s) 
kin f---Mass transfer coefficient of j (mol/ 
atm-s-cm 2) 
k~--Forward rate constant o f j  for kinetic 
adsorption (cm3/s-mol) 
k~--Reverse rate constant of j for kinetic 
adsorption (l/s) 
Kf---Equilibrium adsorption constant of j 
(cm3/mol) 
KH,HFmHenrys law constant of HF (atm) 
L--Distance from center to surface of sup- 
port (cm) 
Mw, f----Molecular weight o f j  (g/mol) 
ns--Surface saturation concentration (mol/ 
c m  2) 

nf----Concentration of j  on surface (mol/cm 2) 
N~--Flux of component j (mol/cm2-s) 
pT--Partial pressure o f j  at interface (atm) 
p~--Partial pressure o f j  (atm) 
PT--Total pressure (atm) 
RmPore radius (cm) 
S--Specific surface area (cm2/g) 
t--Time (s) 
up--Pore volume of support (cm3/g) 
vz--Velocity (cm/s) 
xT-Liquid phase mole fraction o f j  
zfdry--Drying front position (cm) 
zf---Impregnation front position (cm) 

Greek 

a--Surface area per unit pore volume (cm2/ 
c m  3) 

y--Surface tension (dyn/cm) 
e--Porosity 
/z--Viscosity (g/sec-cm) 
ps--Support density (g/cm 3) 
pJ--Liquid density o f j  (g/cm 3) 
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