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The hydroisomerization of n-heptane has been used as a model to study the acid- 
metal balance requirements for Ptkeolite catalysts. Experiments were carried out 
using physical mixtures of zeolite beta and Pt/A1203 particles, in which the level of 
the metal-containing component was varied to change the acid-metal balance. Se- 
lectivity, in terms of cracking us. isomerization, varies significantly with the metal 
loading up to a point beyond which the degree of paraffin isomerization is inde- 
pendent of metal loading. These results are interpreted in terms of a simple dual- 
site model based on a classical theory of polyfunctional catalysis, first advanced by 
Weisz (1962). The model is also used to show how an imbalance in hydrogenation 
and acid functions can even alter the apparent reaction network of the observable 
chemical species in the system. 

Introduction 
Bifunctional catalysts that comprise both acid and metal 

catalytic functions are used widely in the petroleum refining 
industry in such processes as light paraffin isomerization, 
naphtha reforming, and gas oil hydrocracking. A large body 
of literature exists on various aspects of these processes in- 
cluding the chemistry, catalysis, and commercial performance. 
Weisz (1962) proposed a general theory for polyfunctional 
catalysis and defined requirements on the balance between acid 
and metal activity in bifunctional catalysts to achieve the de- 
sired degree of hydrocarbon conversion. Coonradt and Gar- 
wood (1 964) studied the mechanism of paraffin hydrocracking 
and the role of the hydrogenation component on dual-func- 
tional catalysts. 

In the late 1960s, emphasis shifted away from amorphous 
acidic catalysts and toward the use of zeolites as the acidic 
component for many dual functional reactions. Zeolites of- 
fered a higher density of acid sites in a uniform pore structure. 
By the early 1970s. Shell commercialized a light paraffin, dual 
functional hydroisomerization process based on aluminum de- 
ficient mordenite catalyst that contained a noble metal (Kou- 
wenhoven, 1971). 

More recently, Steijins et al. (1981), Weitkamp (1982), Ja- 
cobs et al. (1982, 1986), and Martens et al. (1986a,b, 1991) 
have used the dual functional isomerization of straight chain 

paraffins to probe the effects of zeolite pore size and channel 
geometry on isomerization and hydrocracking reaction path- 
ways. Octane, decane, and dodecane were reacted over noble 
metal-containing zeolites with different degrees of acidity to 
probe zeolite shape-selective constraints. Similar studies were 
carried out with n-hexane and Pt/zeolite beta (Leu et al., 1991). 

In looking at the kinetics and reaction mechanisms of these 
dual functional catalysts, it is often assumed that catalysts are 
“ideal” in the sense that the metal component is present in 
sufficient excess to establish an equilibrium between saturated 
and associated unsaturated species. This simplifies matters 
greatly since in this case only the acid functionality needs be 
considered as rate-limiting. While this may be true for a well 
designed fresh catalyst, in actual usage the situation may 
change. The “acid/metal balance” of the catalyst may be 
shifted by selective poisoning or nonuniform deactivation of 
the individual components, a loss in metal surface area by 
mechanisms such as sintering or competitive adsorption in 
mixtures which can change the actual availability of individual 
sites. 

In this article, we look at the impact of the acidlmetal 
balance on isoparaffin selectivity during the hydroisomeriza- 
tion of normal paraffins. Experiments were carried out using 
a “separate particle” approach to vary the relative acid and 
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metal activities. The results not only give insights into the 
optimal design of catalysts but also suggest diagnostic ap- 
proaches to evaluating the state of catalysts in actual com- 
mercial usage. 

Experimental Studies 
Five catalysts were prepared to evaluate the impact of vary- 

ing metal loading on a catalyst with fixed acid activity. The 
separate particle approach was taken to control accurately the 
level of metals addition, while ensuring that catalyst prepa- 
ration procedures did not affect the results. Physical mixtures 
of 1-40 p particles of Pt/A1203 (1.15% Pt), zeolite beta (SOz/ 
A1203 = 135), and inert y-alumina were prepared as shown in 
Table 1. In this series of catalysts, the zeolite beta loading was 
kept constant and the y-alumina was added as a filler. Zeolite 
beta was synthesized by a method similar to that described by 
Wadlinger et al. (1967). 

The Pt dispersion (Dh = fraction exposed) of the Pt/AlZO3 
catalyst was 0.68. MAS-NMR indicated that there was virtually 
no nonframework aluminum in the zeolite beta sample. Each 
zeolite beta + Pt/AIz03 + A1203 mixture was pelleted, crushed, 
and sieved to 20-40 mesh prior to use. 

In a typical run, 1 cm3 of catalyst was charged to a packed 
tubular reactor with a preheat zone. The reactor and preheater 
were immersed in a fluidized-bed sand bath for isothermal 
temperature control. All catalyst samples were reduced in hy- 
drogen at 350°C for 12 hours prior to streaming with n-heptane 
(Aldrich, Gold Label, 99.99%). Runs were conducted on each 
catalyst at 400 psig (2.8 MPa), 5.36 molar hydrogen/hydro- 
carbon ratio, and an LHSV of 20 h- '  based on zeolite. Con- 
version of the n-heptane charge was varied by changing reaction 
temperature. After each series of runs, one or more of the 
earlier sets of conditions was repeated as a check on catalyst 
activity and selectivity. There was no catalyst aging during 
these experiments. 

The product analysis was performed on-line with a Varian 
3700 gas chromatograph equipped with a 50-m fused silica 
WCOT OV-101 column (Supelco). The cracked products were 
primarily propane and butane. In these experiments, the C7 
products were predominantly mono-, di- and tribranched 
methyl paraffins. A small amount of ethyl pentane and methyl 
cyclohexane was formed (< 2%), and these are included with 
the total isomer yields. When discussing individual isomers, 
they are lumped with the monomethyl hexanes. The percentage 
yield of a particular product fraction i is calculated as 100 Wi/ 
Wn-,,, where Wi represents the weight of the product fraction 
i ,  and Wnqm represents the weight of the n-heptane fed. Con- 
version is defined as 1- W,,.,, (product)/ W,,-,, (feed). 

Results 
Figure 1 shows n-heptane conversion and C,-isomer yields 

vs. temperature for the five catalysts. Very little conversion 
was observed over the Pt-free catalyst in the temperature range 
shown here. Clearly, the addition of even small amounts of 
platinum significantly increases conversion activity. This effect 
is attributed to the generation of olefins via dehydrogenation 
over the noble metal and the subsequent role of these olefins 
in facilitating carbenium ion rearrangements (Weisz, 1962). 
We see that no additional conversion activity is observed above 
a loading of 0.54 m2 Pt/g of zeolite for reaction temperatures 

Table 1. Bifunctional Hydroisomerization Catalyst 

Pt 

Pt/AI,O,* Zeolite** y-Al,O,+ 
Catalyst (wt. Vo) (wt. Yo) (wt. 070) 

0 -0- 50 50 0 0 
1 2.6 50 41.7 0.03 0.084 
2 5.6 50 44.4 0.064 0.180 
3 16.7 50 33.3 0.192 0.540 
4 50 50 -0- 0.575 1.61 

'Pt/A1203= 1.15% Pt, Dh=0.68. 
SiO2/AI2O3= 135:l. I .  

'Same AI20, as used in preparation of Pt/A1,03. 

greater than 375°C. Here, we have elected to express the re- 
quired metal activity in terms of exposed Pt surface area. We 
assumed that Pt atoms have a diameter of 1.32 A. 

Figure 2a is a plot of isoheptane yield vs. n-heptane con- 
version for various Pt loadings. Here, the distinct maxima in 
the isomer yield vs. conversion vary as a function of Pt loading. 
Figure 2b plots the maximum isomer yield in wt.% vs. Pt 
loading. Two regions appear. Below approximately 0.6 m2 Pt/ 
g of zeolite, the isomer yield changes dramatically with Pt 
loading. Above 0.6 m2 Pt/g of zeolite, the slope of the curve 
tends toward zero. Hence, this figure shows that the acid-metal 
balance for this Pt/A1203 zeolite sample is achieved at a Pt 
loading of 0.6 m2 Pt/g of zeolite. This corresponds to one 
exposed Pt atom for every six framework aluminum atoms in 
the zeolite beta sample. 

Kinetic Analysis 
Consider a general reaction network which groups structural 

isomers by the number of methyl branches on a molecular 
chain. Following the classical bifunctional route proposed by 
Weisz (1962) and Coonradt and Garwood (1964), isomerization 
plus cracking can be represented by the following scheme 1: 

where 
Pi = paraffins of a fixed carbon number containing i branches 
0, = olefins of a fixed carbon number containing i branches 

The dehydrogenation/hydrogenation on the metal site acts 
as the initiation/termination step in the formation of olefinic 
reaction intermediates. The actual isomerization and cracking 
take place through these olefinic intermediates on the acidic 
catalyst sites through classical carbenium ion chemistry (Mar- 
tens and Jacobs, 1990). 

The continuity equations in a plug-flow reactor can be writ- 
ten as: 
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Figure 1. lsomerization selectivity: nheptane conver- 
sion and isoheptane yields vs. temperature. 
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Figure 2a. lsoheptane yield vs. mheptane conversion: 
model vs. observed. 
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Pt loading normalized for % Pt exposed. 

where Ep and Eo are vectors of molar flow rates (mol/s) and 
Em and &a are vectors of reaction rates (mol/g cat/s) on the 
metal and acid sites, respectively. Wcat is the catalyst loading 
(g), and x is a dimensionless reactor length. 

Dehydrogenation 
Following Dumez and Froment (1976), we assume a mech- 

anism for paraffin dehydrogenation, which can be represented 
by the following steps: 

P*O+H2 

where P’s represent partial pressures, C s  are surface concen- 
trations, and m is the concentration of metal sites. The su- 
perscript ( )* represents adsorbed species. Assuming that 
dissociation is the rate-limiting step: 

Here, (. ) represents a probability, in which the adjacent site 
has the required occupancy (see Froment and Bischoff, 1979, 
p. 98). In terms of fractional coverages, 8: 

where s is the number of nearest neighbor sites, and mT is the 
total number of metal sites/g of catalyst. Then, 

or in vector notation along the lines developed by Wei and 
Prater (1962): 

L = mTet & E p -  pH&&) (4) 

where kd=si&,, and kh=s&,,/K3K4 are the elements of the 
diagonal matrices 5 and &. At equilibrium: 

P p :  = &-‘&E; I && ( 5 )  

and we can write Eq. 4 in terms of the equilibrium constant 
for dehydrogenation: 

lsomerization end Cracking 
On the acid sites, olefinic intermediates follow a sequence 

of adsorption, rearrangement or cracking and desorption. The 
following reaction scheme shows this for an olefinic inter- 
mediate 0; 

609 AIChE Journal April 1993 Vol. 39, No. 4 



0, + a= 0; KY) = C f ) / a p f )  
0;-, +o; = o;+, 

0; -cracked products + a 

Here, ( )+ represents surface carbenium ions. Assuming iso- 
merization and cracking are the slow steps and taking a = a&,, 
where aT is the total number of acid sites/g of catalyst and $, 
is the fractional vacancy: 

is the diagonal cracking rate constant matrix with elements 
[ kcu)K,u) 1, and & is the tridiagonal isomerization matrix with 
elements: 

along the tridiagonal band. Here, the overbar denotes the 
reverse rate constant. For future convenience, let: 

then, 

With these rate expressions, the continuity equations (Eqs. 
1) become: 

Stationary State Hypothesis 
Olefin concentrations are generally small along with the 

magnitude of their concentration changes (Weisz, 1962). Then, 

which can be rewritten to give: 

where u= a,$,/m,B~ represents the acid/metal balance of the 
catalyst. The acid/metal balance technically depends on the 
individual rate constant ratios through all the terms added to 
the identity matrix in Eq. 11, but since metal site turnover 
rates are generally larger than acid site rates, IIK, (5 + Ec)Il 
is small and the parameter d P H  controls the deviation of Eq. 
11 from the equilibrium relationship (Eq. 5) .  

Excess Metal 
If a/PH is sufficiently small, Eq. 11 reduces to Eq. 5:  

which says olefins are present in pseudo-equilibrium with the 
local paraffin concentrations. Then, 

This is generally the form assumed in evaluating kinetics of 
paraffin hydrocracking (Baltanas et al., 1983). 

Metals Not in Excess 
The parameter u/P,  can be nonnegligible for a number of 

reasons. The catalyst can be poorly designed (m,  small), or 
metal surface area can be lost through sintering (Dh small). 
Also, hydrogen partial pressure can be too low, or metal sites 
can be lost through poisoning, deactivation, or competitive 
adsorption (0, small). It should be noted that the effective 
acid/metal balance depends on the actual reactor environment, 
not just the catalyst synthesis variable (Ur/mr). In this case, 

It is clear that Eq. 13 is just a special case of Eq. 14 as u 
approaches zero. 

Lack of metal function alters the selectivity of the process 
through the term u+ (dPH)&-’(&+KC)]-I. When metal is 
present in sufficient-excess, theolefin intermediate concentra- 
tion for any isomer is related only to the concentration of the 
corresponding (observable) paraffin isomer. In case metal ac- 
tivity is not sufficient to ensure validity of an equilibrium 
assumption, the situation is considerably more complex. The 
concentration of olefinic intermediates depends on the con- 
centration of all the paraffin isomers present through Eq. 11. 
In this case, the surface reactions tend to “scramble” the 
apparent chemistry. An olefinic intermediate may enter the 
“black box” in scheme 1, which contains the (unobservable) 
reaction intermediates on the acid sites and undergo several 
reactions before hydrogenation back to an observable gas- 
phase species. Under these conditions, the apparent reaction 
network of the observable species can actually change. 

This can be more clearly seen by way of a simple example. 

Simple Example 
Consider the case where species are lumped as normal par- 

affins, isoparaffins, and cracked products. Furthermore, con- 
sider isomerization as irreversible. (This case is considered for 
mathematical simplicity. The reversible case can be worked 
out but it is a bit more tedious.) If we follow the conventional 
assumption (Martens and Jacobs, 1990) that normal olefins 
do not crack, then the reaction scheme can be written as the 
following scheme 2: 
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Pn Pi 

Jt i r  
0,1 - 0, -cracked products 

ii kc 

In Eq. 14, 

The continuity equations for normal and isoparaffins become: 

-- Fi=~[vk;P,,- k:Pi] 
dx 

where 

Thus, the effective rate constant for disappearance of the 
normal paraffin increases with increasing metals content, and 
k; will approach ki as a limit asymptotically, consistent with 
the data in Figure 1. It also says that overall rate will be 
inhibited by higher hydrogen pressures through reduction of 
the intermediate olefin concentration, which is also well known. 

In terms of a selectivity equation, we can write: 

where 
X = k:/k: 
Y = moles of respective component per mole of feed 

In general this equation is nonlinear, since u depends on 
composition through the competitive adsorption terms. How- 
ever, if u is considered a constant, then the yield of isoparaffins 
is given by: 

y =  Y [(l -xp- ( 1  - X ) ]  
1 - 1  

when the charge is pure normal paraffin. Here, Y is the iso- 
paraffin yield, and Xis the normal paraffin conversion. This 
is shown in Figure 3a for constant A and variable v. The max- 
imum in the curve is given by: 

The impact of low metal activity is seen as follows. When 
metal activity is high, v- 1 and the apparent kinetic scheme 
(in terms of the observables) is the consecutive reaction se- 
quence, as shown in the following scheme 3: 

lsoparatfin 
Yield 

(WI ./-) 

0 20 40 60 60 I00 
nParaffin Conversion, Wt ./* 

Figure 3a. Impact of acidlmetal balance ( l lu)  on isopar- 
affin selectivity. 

6 

4 

Maximum 
lsoparaffin 

Yield 

0 10 20 30 
[l/o] Relative MetaVAdd Ratio 

Figure 3b. Impact of acidlmetal balance on maximum 
isoparaffin yield. 

Pn-Pi-Cracked Products 

But with low metal function, v <  1, the effective scheme 
(scheme 4) is: 

1-v 

m 
P,,- Pi-Cracked Products 

That is, it appears as though normal paraffins are cracking 
directly to lighter products with selectivity 1 - v. Although the 
linear olefins do not crack directly, they may undergo several 
steps as intermediates before being converted back to the ob- 
servable components. 

The term A can be expected to be relatively insensitive to 
acid/metal balance, since there are compensating terms with 
the same functional dependence on u in both the numerator 
and denominator: 
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Figure 4a. Effect of temperature on heptane isomer 
equilibrium distribution. 
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Figure 4b. Heptane isomer equilibrium constants. 

Conversely Y depends strongly on the value of u. Figure 3a 
shows the selectivity curves parameterized by the variable Y, 
while Figure 3b shows the maximum yield increasing to its 
asymptotic limit with increasing metal activity [l/u]. These 
figures clearly capture many of the qualitative features of the 
data in Figures 2a and 2b. 

While this simple example explains some of the features, 
there are important differences as well. The main feature is 
that in the simple model, the initial slope of the selectivity 
curve in Figure 3a is Y, which decreases with lower metal ac- 
tivity. The actual data in Figure 2a shows that the initial slope 
of the yield curve is unity, regardless of metal loading. 

Lumping By Degree of Branching 
Grouping all isomers together as one kinetic lump is too 

coarse an approximation to capture the details of the actual 
kinetics. It has been seen quite clearly (Baltanas et al., 1983; 
Dumez and Froment, 1976; Froment and Bischoff, 1979; Mar- 
tens et al., 1991) that neither the normal nor monobranched 
isomers crack and that multiple branching is required. To this 
end, we consider a model consisting of four observable paraffin 
lumps (0 to three branches) plus cracked products and evaluate 
rate constants from the kinetic data. To reduce the number of 
parameters involved, the reversible isomerization reactions were 
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Figure 5. Heptane isomer distributions vs. n-heptane 
conversion for different Ptlzeolite ratios. 

expressed in terms of equilibrium constants for paraffin iso- 
merization. The effect of temperature on the equilibrium dis- 
tribution of heptanes is shown in Figures 4a and 4b. These 
plots were calculated from data given by Stull et al. (1969). 
Figure 4a shows that as temperature increases, equilibrium 
favors less highly branched isomers. 

Reversible rates in the isomerization scheme can be expressed 
in terms of the equilibrium constant for the reaction KY): 

Using the data from Stull et al. (1%9), we estimate: 

Equilibrium KP AG 

mono/normal 0.989 - 1,400 
di/mono 0.236 - 1,800 
tri/di 0.024 - 700 

Figure 4b shows the relative values of Ki as a function of 
temperature on an Arrhenius plot. 

The results of lumping the reaction mechanism by degree 
of branching are shown in Figure 5 .  Here, the theoretical 
isomer yields, lumped by degree of branching, are compared 
with the empirical data as a function of n-heptane conversion. 
As conversion increases, the monomethyl isomer concentration 
passes through a maximum at a lower conversion than the 
dibranched isomer concentration. Few tribranced isomers are 
formed. The acid-metal balance has a profound effect on the 
position of the yield maxima. The maxima move to higher n- 
heptane conversions as the metal function increases relative to 
the acid function. 

Figure 6 shows the same results as a function of temperature. 
The temperatures at which the yield maxima occur for the 
mono- and dibranched isomers do not change with the amount 
of Pt on the catalyst. 

In this analysis, only the forward rates (preexponential factor 
and activation energy) were adjusted to match the data. Reverse 
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Figure 6c. Heptane product distribution vs. reaction 
temperature for Pt = 0.192 wt. '70 case. 
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rates were determined using the estimated values of the equi- 
librium constants. This model still neglects the effects of com- 
petitive adsorption. 

Total isomer yields are shown as the solid lines in Figures 
2a and l b  and normal paraffin conversion is shown in Figure 
la. This model captures most of the data trends as seen in 
Figure 5 .  The remainder of the deviations from the data come 
about because of nonlinear interaction brought on by the con- 
centration effects on 8, and $,, here assumed constant. We 
will analyze these effects in more detail in the future. 

Conclusions 
The balance between acid and metal activities on bifunc- 

tional catalysts can have dramatic effects on the selectivity of 
desired products in a reacting system. The effect can even 
change the apparent reaction networks of the observable ki- 
netic components. Here, we have used hydroisomerization of 
normal heptane to show these effects and have interpreted the 
data both qualtitatively and quantitatively through kinetic 
models based on Weisz's general theory of polyfunctional ca- 
talysis. These effects can be expected to be present in other 
bifunctional systems such as reforming where the addition of 

ring closure and hydrogenolysis will make the selectivity picture 
even more complex. Recent work by Beltramini et al. (1991) 
has shown the utility of using a dual-site approach in studying 
deactivation of reforming catalysts. 

Notation 
a = concentration of acid sites, mols/g cat 
c = surface concentration, moIs/m2 

Dh = fractional dispersion of the metal = fraction exposed 
F, = molar flow rate of olefin, mol/s 
F,, = molar flow rate of paraffin, mol/s 

I = identity matrix 
k = rate constant, s - '  
K = equilibrium constant 

Ec = cracking rate constant matrix 
&, = equilibrium constant matrix 

= isomerization rate constant matrix 
rn = concentration of metal sites, mol/g cat 
0, = olefin with i branches 
P = partial pressure, torr 
Pi = paraffin with i branches 
R, = reaction rate on the acid sites, mol/g cat/s 
R, = reaction rate on the metal sites, mol/g cat/s 
s = number of nearest neighbor sites 
T = temperature, K 
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Wcat = w, = 
W& = 

Y, = 
x =  

weight of catalyst, g 
weight of product fraction i 
weight of n-heptane 
dimensionless reactor length 
moles of product component i per mole of feed 

Greek letters 
0” = fractional coverage (metal) 
& = fractional vacancy (acid) 
u = acid-metal balance parameter [ = aT$,/mfi2,] 
v = dimensionless parameter def. in Eq. 15 

= 1 /( 1 + Uk,/P”kdi) 
Q = dimensionless parameter def. in Eq. 15 

= Wcat(a&u/PH) 
X = ratio of cracking to isomerization rate constants 

AG = free energy of formation, kcal/mol K 

Superscripts 
* = adsorbed species 

+ = surface carbenium ions 
e = effective (as in effective rate constant) 

Subscripts 
d =  

dn = 
di = 
h =  

H =  
i =  

n =  

P =  
T =  

o =  

v =  

Other 
0 = 

dehydrogenation 
dehydrogenation of normal paraffins 
dehydrogenation of isoparaffins 
hydrogenation 
hydrogen 
isoparaffins 
normal paraffins 
olefin 
paraffin 
total number of sites 
vacancies 

probability that an adjacent site has an occupancy 
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