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DIFFUSION MODEL OF SOLID-STATE CATALYTIC HYDROGENATION OF ORGANIC 
CWOUNDS. THE INFLUENCE OF THE SIZE OF MTAL CRYSTALLITES. 

ANTON V. FILIKOV & NIKOLAY F. MYASEWV 
I n s t i t u t e  o f  Molecular Genetics, USSR Academy of Sciences, Moscow. 

Abstract The k inet ics  o f  the reaction was experimentally studied i n  
the platinum black/thymine system.21t was shown that the data obtained 
and the k ine t i c  data o f  reference could be interpreted by the d i f -  
fusion model and not by the available models of catalyst poisoning. 
The d i f fus ion model was developed for  reactions on dispersed metals. 
We calculated the dependence of both the reaction zone specific vol- 
ume and the maximum compound/catalyst r a t i o  ensuring complete conver- 
sion o f  the i n i t i a l  reagent on the radius o f  the catalyst metal crys- 
t a l l i t e s  for  a series o f  values o f  the process parameter. 

-------- 

INTRODUCTION ------------ 

The poss ib i l i t y  o f  ca ta l y t i c  hydrogenation o f  organic sol ids has been 

demonstrated'. A number o f  specif ic features - which o f f e r  new p o s s i b i l i -  

t i e s  fo r  the production of tritium labeled compounds' and for  performing 

assymetric synthesis' are typ ica l  o f  solid-state cata ly t ic  hydrogenation 

(SSCH) reactions. 

I t  was shown that the mechanism o f  SSCH is based on hyd- 

rogen spi l lover: the migration o f  activated hydrogen from the surface o f  

the catalyst metal i n t o  the organic compound layer. Further investigation 

o f  the SSCH mechanism is an important task. I t  is necessary t o  f ind out 

which processes account fo r  the k inet ics  o f  these reactions, such as the 

reaction stops before the i n i t i a l  reagent has been cwnpletely converted 

i n t o  the product. The phenomenon was observed fo r  a certain thickness o f  

the compound layer i n  the palladium membrane/organic compound 

and fo r  any compwnd/catalyst r a t i o  i n  the supported catalyst/organic com- 
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472 DIFFUSION MOOEL OF SOLID-STATE CATALYTIC HYDROGENATION... 

pound system’”. SSCH models suggesting ca ta l ys t  p ~ i s o n i n g ~ ’ ~  and a 

d i f f u s i o n  model o f  the reac t ion  have been proposed. In  t h i s  study, the 

reac t ion  k i n e t i c s  was experimentally studied i n  the plat inum black/thymine 

system. I t  was shown the data obtained and the k i n e t i c  data o f  refere- 

r e w e  could be in te rpre ted  i n  terms o f  the d i f f u s i o n  model and not o f  the 

ava i lab le  models o f  ca ta l ys t  poisoning. The d i f fus ion  model was developed 

for react ions on dispersed metals. We ca lcu la te  the dependence of both the 

reac t ion  zone spec i f i c  volume and the maximum compound/catalyst r a t i o  en- 

sur ing complete conversion o f  the i n i t i a l  reagent on the rad ius  of the ca- 

t a l y s t  metal c r y s t a l l i t e s  f o r  a ser ies o f  values o f  the process parameter. 

4 

2 

EXPERIMENTAL 

8 Platinum black was obtained fo l low ing  the procedure described . The mixtu-  

re o f  P t  black and thymine (1:l g/g) was prepared by dry ing  the P t  black 

suspension i n  thymine so lu t i on  i n  a vacuum r o t o r  evaporator. This was re- 

acted w i th  hyd rogen- t r i t im  (1OOO:l) mixture a t  293 K a t  a gas pressure o f  

60 t o r r .  Lab i l e  rad ioac t i v i t y  was removed by isotope exchange with water 

with subsequent l yoph i l i za t i on .  Non-labile r a d i o a c t i v i t y  was measured on a 

l i q u i d  s c i n t i l l a t i o n  counter. The standard r e l a t i v e  dev ia t ion  o f  measure- 

ments was 13%. Fig.1 shows the dependence o f  the products t o t a l  

rad ioac t i v i t y  (Ci/mnol o f  the i n i t i a l  thymine) on the reac t ion  time. I t i s  

eas i l y  demonstrated by the r a d i o a c t i v i t y  o f  the  products t h a t  less than 2% 

o f  i n i t i a l  thymine is involved i n  the reac t ion  i n  a l l  experiments. 

RESULTS AND DISCUSSION 

In  SSCH models are proposed t h a t  suggest ca ta l ys t  poisoning. 

Two possible equations f o r  k i n e t i c s  of product accumulation are offered: 

C = b t h ( a t )  

C = b (1 -exd-a t ) )  
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A.V. FILIKOV & N.F. MYASOEWV 473 

where t is the reaction time, C is the con- 

centration or  the quantity (depending on the b parameter dimension) of the 

product, th denotes hyperbolic tangent. 

accord ing  to which the SSCH kinetics is determined by the spillover 

hydrogen concentration gradient in the organic phase. The model is based 

on the following assumptions: 

a and b are the parameteres, 

4 A diffusion model has been proposed 

- the activated hydrogen particles participating in spillover are hydro- 

gen atoms; 

- the spillover hydrogen (H) concentration gradient in the organic phase 

is determined by the diffusion and disappearance of H in a two-stage 

reaction of hydrogen exchange with groups containing labile hydrogen 

(OH, NH, NH2, SH): 

(i) 

(ii) 

- the gradient of concentration is instantaneously set up, and hydrogena- 

2 
RH + H ----> R '  + H 

R '  + t i  ----> RH 

tion reactions proceed in a stable gradient. 

The diffusion model for the plane catalyst/cornpound interface case 

results in the following kinetic equation for the product concentration C: 

1 

c = b 1 (1 - exp(-aty)) y-' dy 

0 

Which of the three available equations can be used to describe the 

experimental kinetic data? The Table 1 shows regression results of the 

data from this study and from study . It is clear from the table that both 
sets of data can be described 

the r.s.r.d. for this equation is much less compared to the other 

equations. In Fig.1 the results are graphically depicted o f  the regression 

of experimentally obtained data by the diffusion model equation. 

2 

only by the diffusion model equation, s i n c e  

The equation (111) is inferred assuming that the catalyst/compound 

interface radius considerably exceeds the reaction layer thickness. The 
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474 DIFFUSION MODEL OF SOLID-STATE CATALYTIC HYDROGENATION... 

2 TABLE 1 Regression resu l t s  o f  the data from t h i s  study and from study 

equa- b a r.s.r.d. s.d. b a r.s.r.d. s.d. 

t i o n  Ci/mol m i n - l  x % cm3 hour-' x % 

.................................................................. 
I 0.326 0.0374 39.4 0.529 40.9 12.4 

I1  0.329 0.0388 35.3 13% 0.593 42.2 9.77 ? 

111 0.0546 0,325 15.9 11.2 2.95 6.76 

t h i s  study data data from' 

.................................................................. 
r.s,r.d. - r e l a t i v e  standard regression dev ia t ion  

s.d. - standard dev ia t ion  o f  measurements 

0,5 

0 

0 40 80 0 1250 2500 
REACTION TINE, MIN 

FIGURE 1. Reaction i n  the plat inum black/thyrnine/hydrogen: tr i tium 

(1,OOO:l) system. The k i n e t i c s  of r a d i o a c t i v i t y  incorporat ion i n  the 

organic phase. The p o i n t s  are experimental ,  t h e  curve i s  t h e  graph 

of t h e  func t ion  (111) with parameters t aken  from Table 1. 

assumption is probably t rue  f o r  p la t i nun  black far  i t  cons is ts  of par- 

t i c l e s  o f  several tens o f  nanometers in s i ze  adhering i n  aggregates of 

sane 1,000 M. for metal zoles or supported ca ta l ys ts  with far 

smaller metal p a r t i c l e s  the assumption seems t o  be un l i ke l y .  

However, 

We s h a l l  i n f e r  some use fu l  r a t i o s  within the d i f fus ion  model for SSCH 
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A.V. FILIKOV & N.F. MYASOEOOV 475 

reactions on catalysts consisting o f  metal spheres comparable in size t o  

the reaction layer thickness. 

Let the metal crystallites have the same radius ro and be distribu- 

ted at equal distances from each other in infinite crystals O f  organic 

compound. Assuming that the (i) stage determines the (i)+(ii) reaction 

rate, we shall obtain an equation for the tritium atom concentration C for 

a steady state: 

OAC = k C ,  

k=k'[RH], k' is the (i) reaction rate constant, 0 is a diffusion coeffici- 

ent, [RH] is the organic compound concentration. Solving the equation for 

the spherical symmetry case with the boundary condition 

(I is the spillover-hydrogen flow intensity through the metal/organic 

compound interface) we obtain : 

OC'(r&-I 

ro is the radius o f  the metal crystallite, r is the distance frm the 

crystallite centre. 

It is easy to obtain the expression for the concentration of reaction 

products [PI f o r  time T a t  p o i n t  r :  

where [RHl0 is the compound's initial concentration, kl is the rate 

constant of the reaction between H atoms and the organic compound, 

g i v i n g  product P. If several reactions are possible, k equals the 

sum o f  all reaction rate constants. 
1 

To obtain an expression for the radius of the reaction zone around 

the metal crystallite, 

is determined a s  f o l l o w s :  

we introduce into consideration the value z, which 
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476 DIFFUSION MODEL OF SOLID-STATE CATALYTIC HYDROGENATION... 

that is, z is the point at which the initial compound concentration is 

decreased by a factor of (e-l)/e at time t. 

The reaction practically stops at t i m e  t This may be 
1' 

determined from the condition: 

therefore, z(t )-q is the reaction zone radius. Using ( 4 ) , ( 3 )  and (1) we 1 -  

10 loo lo00 loo00 
PALLADIUR PARTICLE RADIUS, I 

FIGURE 2. Dependence of the reaction zone specific volume on the palla- 

dium particle radius for different values of m: 1 - 2 - 
10-1*33, 3 - 4 - lo-*, 5 - 6 - 7 - 1f3, 8 - 
10-3. 33 , 9 - 1 0 - ~ . ~ ~ ,  10 - A-1. 
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471 A.V. FILIKOV & N.F. MYASOEDOV 

obtain the equation for 9: 

Fig.2 shows the dependence of the reaction zone specific v o l m e  

on the metal crystallite radius r for the range of 10-1-10-4 8-I. 

In it was shown that is of the order o f  8-' f o r  a number of 

organic compounds. 

per 1 g of the metal-catalyst, (V=(q3/ri-1 )Pmy (p, is the metal density) ) , 

4 0 

10-2 
- 

I 1 I 
J 

10 100 1000 lo000 
PALLAD I UN PART I CLE RADIUS, ' f l  

FIGWiE 3.  Dependence of the reaction mixture composition M on the pal- 

ladium particle radius for different values o f  m: 2 - l - 
, 3 - 1~-1-67 4 - lo-l. 33 

10-3.33, - 10-3.67 , 10 - fl-l. 

5 - , 6 - 10-2*67 , 7 - a - 
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478 DIFFUSION MODEL OF SOLID-STATE CATALYTIC HYDROGENATION... 

Evidently, the i n i t i a l  reagent conversion is about 100% if the metal 

c r y s t a l l i t e s  are < q f l  d is tan t .  This corresponds t o  the reac t ion  mixture 

composition: 

M = compound/catalyst = p /p (3q 3 /fimi-l) , g/g , 
c m  

pc is the compound density. f i g . 3  shows the dependence o f  M on r for 

the  
3 

range o f  10-1-10-4 8-', 9,=12.02 (palladium) and p c = l  g/cm . 
If the reac t ion  k i n e t i c s  i s  determined by the ca ta l ys t  poisoning then 

the i n i t i a l  reagent conversion (and consequently, the  s p e c i f i c  react i o n  

volme,whfchmay be def ined as the reac t ion  product volume per 1 g o f  the 

ca ta l ys t )  i s  ev ident ly  i nve rs i ve l y  p ropor t iona l  t o  ro , whereas the  

canpound/catalyst ra t i o ,  ensuring the i n i t i a l  reagent conversion close t o  

lOG%, Fig.2 and 3 show tha t  functions V 

and M s t i l l  more sharply depend on r i n  the r value range less  then 

10JD/k'by an order o f  magnitude. This fac t  makes i t  possible t o  d i s t i n -  

guish experimentally between the  react ions with ca ta l ys t  poisoning and the 

react ions f o r  which the d i f fus ion  model i s  t rue.  

is d i r e c t l y  p ropor t iona l  t o  ro. 
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