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Polymers were prepared by the reaction of anhydrous AlCl, vapors with macroporous 
sulfonic acid resin. HCl was evolved, and a bound complex was formed which incorporated S, 
Al, and Cl in the ratio 2 : 1: 2. The resin was similar to HS04AlC12, initially converting n-butane 
into isobutane and n-hexane into isomerization and cracking products at temperatures near 
100°C. Like HS01Alc12, the polymer was unstable, rapidly losing Cl during operation. Olefin 
addition to the paraffin reactants did not significantly affect rates of cracking and isomeri- 
zation, and this result stands in contrast to those of Pines and Wackher, who used n-butane 
and AIC13-HCl mixtures. It is suggested that the polymer wm capable of protonating paraffins 
and had a proton-donor strength comparable to that of a superacid solution like SbFh + HF. 

INTRODUCTION 

Strongly acidic polymers have been pre- 
pared by the reaction of AIC13 with sulfonic 
acid ion-exchange resin; the reaction forms 
HCl and a polymer-bound complex with a 
S:Al: Cl ratio of 2: 1: 2 (1). The polymers 
have been found to have the high reactivity 
characteristic of very strong proton donors, 
as shown by conversion data for isomeriza- 
tion and cracking of n-hexane at 85°C (2). 
These solids are potentially valuable for 
study of very strong acids in the absence 
of the complicating effects of solvents, and 
their study could provide better under- 
standing of the interactions between Lewis 
and Br@nsted acids and of catalytically 
active groups formed from them. Since the 
solids lack the difficulty of separation from 
reaction products and the corrosiveness 
that characterize solutions, they could 
perhaps be of practical interest as hydro- 

1 Air Products and Chemicals, Allentown, Pa. 
18105. 

2FF 

carbon conversion catalysts; their lack of 
stability, however, weighs against this 
prospect (2). 

The research described here was in- 
tended to be a beginning investigation of 
the reactivity and stability of the polymers. 
The reactions chosen for study were among 
the simplest of the paraffin conversions 
which may take place via proton donation 
reactions. Most of the experiments were 
done with polymers contacting n-butane, 
which was converted into isobutane, and a 
few experiments were done with n-hexane, 
which gave a distribution of isomerization 
and cracking products. 

NOMENCLATURE 

pb Partial pressure of n-butane, atm 
r Rate of n-butane isomerization, 

moles/set g 
R Gas constant, 1.987 cal/mole”Ii 
T Temperature, “K 
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EXPERIMENTAL METHODS 

Polymers lvere prepared by contact- 
ing macroporous sulfonated poly (styrene- 
divinylbenzenc) beads (some containing 
-SOaKa as ~vcll as -SOsH groups) with 
anhydrous AlCls vapors at 115”C, as de- 
scribed in detail elsewhere (1). The poly- 
mers \yere tested in a flow reactor fed Tvith 
hydrocarbon vapors usually diluted &h 
He. The flow system \vas stainless steel, 
and the tubular reactor (40 cm long and 
2.5 cm o.d.) was mounted vertically in an 
800-W Lindberg electric furnace. The pen-er 
input to the furnace was regulated by a 
proportional controller (Rb‘L Industries, 
Alode 70), and the reactor temperature 
Jvas controlled stably at temperatures from 
70 (f0.2) to 141 (+0.4)“C. The reactor 
exit stream \vas connected to the gas 
sampling valve of a gas chromatograph 
(Hewlett-Packard, Model 5750) interfaced 
to a yuadrupole mass spectrometer (Hc~v- 
lctt,-Packard, Model 59308). 

Prior to an experiment, the flo\v system 
was baked out and purged with dry He ; 
dry beads of resin and glass were mixed and 
lveighed into the reactor, which I\-as then 
heated for about 2 hr until the desired tem- 
perature \vas reached. The flows of He and 
hydrocarbon were then begun at the desired 
rates. The hydrocarbon reactant hvas either 
?&-butane from a cylinder (Union Carbide 
CP Purity Grade containing 1710 f 50 
ppm of isobutanc, the only impurity de- 
tccted by gas chromatography), or n-hexane 
(Phillips Research Grade with a specified 
purity of 99.99 moleYG) fed from a syringe 

pump. 
During an experiment, the flow rates and 

temperatures ivere held constant for 2--11 
hr, and t)he product stream n-as periodically 
sampled and analyzed. The conversions 
Tv-ere determined from gas chromatographic 
analysis of products on a ?l-octane on 
l’oraxil C (150-200 mesh) culurm~ (Waters 
Associates) held at 28 and 60°C for butane 

0 3 6 9 12 15 
lO-3 x TIME ON STREAM, Set 

FIG. 1. Isornerization of n-butane in a flow reactor 
at 109°C. The polymeric reactant was prepared 
from AK& and sulfonic acid resin (Sample 2, 
Table 1). The partial pressure of n-butane was 0.77 
atm, and the space velocity was 2.72 X 1OF moles 
of n-butane/(g of polymer see). 

and hrxane feeds, respectively. Each prod- 
uct Jvas identified by its mass spectrum. 
Occasional experiments \ycrc also pcr- 
formed with n-but’ane feeds mixed kth 
but,ene-1 and n-hcxane feeds mixed lvith H,. 

Fresh and used polymers were analyzed 
for Al, Cl, S, and Na; the methods arc 
given in a separate report Tvith more de- 
tailed analyses of t’he polymers (1). All t’he 
experimental details have been dcscribcd 
by Magnotta (3). 

RESULTS 

Representative data (Big. 1) show that 
the conversion of ?I-butane into isobutane 
(the only observed product in the effluent 
stream) decreased rapidly as the experi- 
ment progressed. The rate of loss of reac- 
tivity decreased xvith increasing time on 
stream [and IHI simple mathematical ex- 
pression gave a good representation of the 
data (S)]. The results of the experiment 
rcprcscntcd by the data of Fig. 1 sho\v that 
only 0.2 mmolcs of isobutanr had been pro- 
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tluccd per gram of polymrr whenthc experi- 

ment was krminat’cd ; since t’he polymer 
contained about 2 mmolcs of Al-containing 
groups/g, the result corresponds to a total 
turnover of only about 1 reactant mole- 
cule/10 of the groups which might be cx- 
pect,ed to form the proton donor sites (1). 

Because the loss of polymer reactivity 
was rapid, emphasis was placed on ob- 
taining precise react,ion rat,e data for short 
onskeam times so they could be extrapo- 
lated to zero time of contact between the 
hydrocarbon reactants and polymers. Cor- 
respondingly, n-butane conversion experi- 
ments were done with a series of fresh 
polymer charges, all from the same syn- 

thesis batch, for which the analytical re- 
sults arc given in Table 1 (sample 2) (1). 
Conversion--tirnc data like those of Fig. 1 
were obtained for feeds of various ?z-butane 
partial pressures in He and for various 
temperatures. The data were extrapolated 
to z(‘ro contact time,* providing initial con- 

0 03 
I 1 1 1 

FIG. 2. Differential conversions of n-butane at 
106°C in the presence of fresh polymer (Sample 2, 
Table 1). 

2 Plots of log (conversion) vs time were used for 
the extrapolation; zero paraffin-polymer contact 
time was slightly different from zero on-stream 
time, corresponding to the delay time in the feed 
lines (3). The small effects of loss of polymer reac- 
tivity during the initial heating prior to reaction 
were neglected. 

0 02 04 06 OS ) IO 

PARTIAL PRESSURE OF 2 -BUTANE, At,,, 

FIG. 3. First-order dependence of n-butjane isom- 
erizat.ion rate. Data were extrapolated to zero 
paraffirl-polymer contact t)ime and were adjusted to 
106°C with Eq. (1). 

version for characterization of the fresh 
polymer. 

Diffcrent’ial conversions were observed, 
as demonstrated by the linearity of a plot 
of initial conversion against inverse space 
velocit’y (Pig. 2), and therefore reaction 
rates could be calculated directly from the 
data. The rate was proportional to the 
wbutane partial pressure (Fig. 3), and the 
activation energy determined from an 
Arrhenius plot (3) was 8.3 & 0.9 kcal/ 
mole. The rate data for the fresh polymer 
are therefore summarized as 

r = 0.0025e-8300/RTPb, (1) 

where the rate, Y, has dimensions of moles/ 
(set g of polymer). 

Experiments like those just described 
were carried out with sulfonic acid resin to 
which no AlC13 had been added and wit)h 
unsulfonated, macroporous poly(styrcne- 
divinylbenzene) containing deposits of A1C13 
(I). Neither the polymer with Br@nsted 
acid groups alone nor the polymer with 
I,ewis acid groups alone caused detectable 
conversion of paraffin. The only resins 
found to be reactive were those which con- 
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FIG. 4. Rates of isomerization of n-butane in the 
presence of polymers prepared from AlCla and resins 
of various concentrations of -SOaH and -SOsNa 
groups (Table 1). Rates are based on the initial 
mass of polymer, which changed in operation. 
Rates were adjusted slightly to 107°C and 1 atm 
based on Eq. (1). 

tained complexes formed from AlC13 and 
-SOsH groups. 

Polymers were also prepared from AlC13 
and resins containing -SOsNa groups, 
which had been formed by ion exchange 
of a fraction of the -SO,H groups [Table 1 
(I)]. Rate data are shown in Fig. 4 for 
three different polymers in which 0, 42, 
and 68%, respectively, of the -SOsH 
groups had been replaced by -SOsNa 
groups before addition of AlC13. The be- 
havior of all three samples was similar; the 
polymer in which 42ye of the - SOsH groups 
had been replaced by their salts appeared 
to be more reactive than polymers con- 
taining either more or less Na, but in view 
of the reproducibility of data from run to 
run, it is doubtful that the difference is 
significant. 

The polymer with 42% of the -SO,H 
groups replaced by -SOsNa groups was 
also used in an experiment with n-butane 
feed containing 0.92 f 0.02% butene-1 to 
test for a possible effect of the olefin on the 
reactivity. The added butene was found 
to have a small effect on the rate-time 
curve (Fig. 5). 

Conversions of n-hexane in the presence 
of a polymer prepared from sulfonic acid 

resin and AICls have been reported prc- 
viously (2). In further experiments, initial 
conversions of 40-SOT0 have been observed 
at 85°C and inverse space velocities be- 
tween about 1 X lo6 and 2 X lo6 (g of 
polymer sec)/mole of n-hexane. The prod- 
ucts were saturated C&C& hydrocarbons 
and branched Cs isomers, and the yield of 
the cracking products decreased more 
rapidly with on-stream time than did the 
yield of isomerization products. Since no 
olefinic cracking products were observed, 
these results are consistent with the sug- 
gestion that hydrogen was provided to the 
cracking products by the acidic polymer. 

Reaction of n-hexane in the presence of 
Hz instead of He was also studied. The con- 
version data for n-hexane at a partial 
pressure of 0.33 atm indicated that Hz at a 
partial pressure of 0.67 atm had no dis- 
cernible effect on the polymer reactivity. 
Further, addition of 0.1 mole% hexene-1 
evidently had no effect on the n-hexane 
conversion data.3 

FIG. 5. Effect of butene-1 addition on the rate of 
n-butane isomerization. 1) Reaction without added 
butene-1 at 1 atm and 108.5”C and a space velocity 
of 1.7 X 10-G moles of n-butane/ (g of polymer set) ; 
2) reaction with 0.92 & 0.02 mole% butene-1 in 
feed at 1 atm and 107.6”C and a space velocity of 
1.7 X 10-B moles of n-butane/(g of polymer see). 
The polymer was sample 3 (Table 1). 

3 The n-hexane conversion experiments with and 
without olefin were, however, done at space veloc- 
ities differing by a factor of 2 and were therefore 
not entirely comparable, so some small effect of 
olefin cannot be ruled out. 
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Analyses of fresh and used polymer 
samples from a number of t)hc experiments 
described above are summarized in Table 1. 
The data indicate significant losses of 
components during operation. The Cl : Al 
ratio of the r\‘a-free samples (1 and 2) de- 
creased from initial values of about 24 to as 
little as 1.5. During operation, the samples 
lost Cl (and possibly H) as well as small 
amounts of S. The Cl loss increased with 
increased reaction temperature and with 
increased time of operation. It might be 
speculated that one Cl atom was lost for 
each molecule of hydrocarbon converted, 
but the precision of the data is not good 
enough to test’ this possibility (Table 1). 
In contrast to the Ka-free polymers, those 
prepared from resins containing -S03Na as 
well as -SOzH groups lost no significant 
amounts of Cl during operat~ion, but’ they 
all lost S. No tar or coke was found in any 
of the used samples. 

UISCUSSION 

The rat,cs of reaction of n-butane and of 
n-hexane in the polymer were independent 
of the influence of mass transfer in t’he 
external gas phase and in the macropores, 
as determined by standard criteria (5). 
The Al and Cl components were incor- 
porated throughout the microspheres con- 
stit.uting the polymer mass, as shown by 
the stoichiometry of the synthesis (Table 1). 
Since the microsphcres were highly cross- 
linked, nonporous, and unswollen, it is 
likely that the paraffin reactant molecules 
cncountercd significant diffusion resistance 
and were unable to penetrate uniformly 
into the microsphcrcs containing the Al 
and Cl. The data do not’ allow a quantita- 
tive evaluation of the mass transfer in- 
fluence, but the likelihood of its importance 
implies that the parameters of Eg. (1) do 
not represent intrinsic kinetics. Since the 

4 The Cl : Al rat,ios were init,ially slightly in excess 
of 2 because AIC13 deposits were present in addition 
to the complex having a Cl: Al ratio of 2 (1). 

measured rate of wbutane ixomcrization 
in the presence of the fresh polymer at 
107°C was of t’he order of 10-j moles/ 
(,41 ion SIX), this value provides a lower 
limit of the reaction rate per protonic sit’e. 

The results are generally consistent with 
a large body of information indicating the 
role of strong proton donors in the polymer 
and of carbonium ion intermediates in the 
paraffin t,ransformations (4). The results 
rcportcd by Pines and Wackhor (5) 
showed that isomerization of n-butane in 
the presence of AlC13 and HCl can be 
initiated by protonation of small amounts 
of &fins to give carbonium ions, which are 
converted in a cycle of hydride abstraction 
and carbonium ion rearrangement’reactions. 
The paraffin conversions in t’he presence of 
the polymer might similarly be expect,cd 
to be initiated by protonation of oIefin im- 
purities in the feeds. The data for olefin- 
spiked feeds, however, appear to be at odds 
with this cxpcctation. An increase in the 
butenc-l concent,rat.ion in the ?a-butane 
feed from <O.Ol to 0.92 moleyO appeared 
to cause roughly a 30y0 increase in the 
rate of n-butane isomcrizat,ion in the 
presence of the polymer (l>ig. 5); this 
apparent increase corresponds approxi- 
mately to the scatter in the rate data, and 
the only conclusion, therefore, is that the 
presence of the added butene-1 had little 
effect on t.he isomerization r&e. This result 
stands in contrast to the results of Pines 
and Wackher (j), who found, for example, 
that an increase in concentration of butenes 
from 0.015 to 0.3 mole70 in n-butane led 
to an increase in yl-butane conversion from 
12 to 27y0 with AlCl, + HCl at 100°C; 

similarly, an increase in concentration of 
butmes from 0.03 to 0.6 moleTo in ?L- 
butane led to an increase in n-butane con- 
version from 2 to 66% with AlBra + HBr 
at 25°C. 

We spcculatje on the basis of the above 
comparison that the new polymers may bc 
comparable in their proton-donor strengths 
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TABLE 2 

Some Catalyst Systems for Hydrocarbon Reactions Prepared from Lewis and Brsnsted Acids 

Ref. Lewis Brsnsted acid Catalysta Reactions and conditions 
acid composition 

Schmerling and AlCls Has04 HSO4AlC1, Isobutane-propylene alkylation 
Ipatieff (9) at 40°C and n-heptane isom- 

erization at 125°C in the 
presence of KC1 promoter. 

Kluge and Moore (10) AlCla RSOIH RSO&C& Phenol-(propylene oligomer) 
alkylation at 80°C. 

Topchiev et al. (11) Alc13 H&304 HS04AlC12 Benzene-isopropylchloride 
alkylation and related 
reactions. 

Kelly (la) 

Huang and Yurchak 

(18 

BFa 

BFI 

Gel form sulfonic Undetermined Isobutaneethylene alkylation 
acid resin at temperatures near 25°C. 

Macroporous sul- Undetermined Isoparaffin-olefin alkylation at 
fonic acid resin -20 to 20°C in a flow syst,em 

with recycled BFI. 

a Proton donor species were presumably also present. 

to the superacid solutions like SbFs + HF 
and SbFb + FSOZH, which may protonate 
paraffins and initiate isomerization, crack- 
ing and alkylation reactions at 25°C (6-8). 
This speculation forms the basis for the 
following working hypothesis of the struc- 
tures formed in the polymer. 

Neither -SOzH groups alone nor AlCls 
alone in the polymer caused observable 
n-butane conversion, but a combination 
of the two was highly reactive toward 
n-butane. It follows that species formed 
from -SOaH groups and AlClg constituted 
the reaction sites. The analyses of polymer 
samples indicate that a complex was formed, 

incorporating Al and Cl in the ratio 1:2; 
this complex is inferred to be similar to the 
complex HSO,AlC&, which is formed from 
AlClg and HzS04 (9). The latter complex, 
when promoted by HCI, is reported to 
form a correspondingly active catalyst 
system for paraffin conversion (9), and 
we suggest that it is but one of a class of 
related catalyst systems that have been 
prepared, for example, from AICl, and 
monomeric Brgnsted acids and from BFI 
and sulfonic acid resins (Table 2). The 
structures of the proton donor species 
formed from these complexes have not 
been determined. 

I II 

0 

‘\ /Oin 
A0 

O\n 
1 

m 

FIG. 6. Some structures existing in solutions of SbFs + FSOBH (14-16). 
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Structures cxist.ing in the supcracid solu- 
tion SbF5 + FSOJI have, however, been 
determined by nmr and Raman spectros- 
copy (Fig. 6) (14-16). Pursuing t’he: [pre- 
sumed similarity between the superacid 
solution and the polymer, me suggest by 
analogy that the structures shown in Fig. 7 
may exist within the polymer. Structure 
VI, a very strong proton donor, is sug- 
gested to exist in equilibrium with struc- 
tures IV and V and to be responsible for 
the observed hydrocarbon conversions, be- 
ing capable of protonating straight-chain 
paraffins. Structure IV would be expected 
to be unstable t.oward loss of HCl, just as 
is HSO,AlCl,, which forms SO,AlCl (9). 
The splitting off of HCl would account for 
the observed loss of Cl from the polymer5 
and the accompanying loss of reactivity, 
presumably as a result of the loss of 
Rr@nsted acidity residing in structures IV 
and especially VI. Analogously, HSO,AlCl, 
has been found to lose most of its appawnt 
catalytic activity upon loss of HCl; the 
hindrance of such a deactivation explains 
the use of HCl as a promotor (9). The 
polymer might analogously be expected 
to be stabilized by the addition of HCl to 
the reactan@ and therefore with HCl it 
might be expected to form an analogous 
catalytic syst’em for hydrocarbon isomrriza- 
tion, alkylat’ion, and cracking. 

iVote added in proof: A rcccnt pat,ent (17) 
reports solids prcparcd from SbFj and 
sulfonatcd (or fluorinated) Al&),. These in- 
organic solids arc evidently quite similar 
to the organic solids reported hcrc. For 
example, (1) isomcrizat’ion of n-butane 
took place at roughly the same rate in the 
presence of the solid derived from sul- 
fonatrd A1203 as in the presence of t’he 
polymer; (2) although the inorganic solids 
were referred to as catalysts for many 

5 The loss of S from the samples containing Na is 
not explained, but a speculative suggest,ion is that 
~1 complex such a.s IV, perhaps after splitting off 
HCI, forms salt-like structures with -SO?Na groups, 
which are unstable to the loss of SO*. 

lx 

P 

m 

Fig. 7. Structures postulated to exist in the 
strongly acidic polymer. 

paraffin conversions, no stability data were 
given, and we suggest that the inorganic 
solids, like the polymers, may instead be 
reagents ; in agreement with the suggestion 
of the prcccding paragraph, it was stated 
(17) t,hat HF may be added to the hydro- 
carbon feedstock to compensate for any 
HF removed from the catalyst during the 
course of the reaction. 
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