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The most a(,tivc bentonite snmplcs in t.he polymerization of styrene were found to bc nne 
thermally treated for 2 hr at 550°C and one chemically t.reated with 36% (w/w) I&SO~. Surface 
studies of various bentonite samples showed that, the characteristic pore system and Lewis arid 
sites resulting from the removal of the adsorbed water were responsible for the catalytic 
uct.ivity of the thermally treated bentonitc. Overheating could destroy both the catalyst 
activity and the exposed surface. Upon activating bentonite with II,SO,, it was found that 
both the produced pore system and the creation of new BrZnsted acid sites could be responsible 
for the catalytic activity. The different. factors affecting the polymerization reaction over the 
most active samples and the dependence of the structure of the produced polymer on the pre- 
trratment of the bentonite were also invectigated. 

1. INTIWI~UCTIOS 

Synthetic ant1 n:ttur:ll claim of th(l mont- 
morilloni tcl group arc riot widdy uwcl in 
cahcmical industry as catalyst. supports (I), 
as wt:ll as cxt:ilysts for many rc~ac%ioris, 
c.g., alkyhltion (2), isomwizat~ion (S), anti 
pol~iric~riz:~t ion (4). 

In thr: mujorit,y of the catalytic wwtions 
studid, it IV:IS found that thcl activity of 
I hr: montmorillonitc cl;i373, and in partic~ular 
bcatonitc:, incwasw m:trlwdly aftw subj&- 
ing t.hwr: clays to wrtain trcatnwnts in 
lvhich cithw physid or chcmicd mcdlods 
arc used (5). 

l’hc study of the thermal tdwtni(~lit. of 
t.hwr: clays at rclativdy low 1 ctmpwatuws 
sho\Vd tlliLt, in most r:isrS, climinnt~ion of 
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The USC of bcntonite as a catalyst, for 
the potymwizntion reaction was wportcad 
by Shcphard and his collaborators (/t), 
who indicttcd that bot,h the dimw and th(> 
trimer arc: usually formed. The activity of 
t.his miwral \vas found by Yogtt (I/,) to 
bc dcpcndent on its ability to acwleratc 
reactions of carbonium ions. Solomon and 
ROSSW (15) invcstigatcd in detail the 
polymerization of st.ywne by sodium, 
calcium, and cobalt montmorillonit(~s, and 
concluded that tho polymwization by 
sodium montmorillonitc shows the charac- 
tcristirs of bot.h radicsal and ionic mwha- 
nisms. They proposed the formation of a 
radical-carhonium ion as an initiat.ing step, 
follo\wd by a rapid dimcrization, and then 
a cationic propugat.ion. Tht: authors also 
showed that when an organ+clay compl(~x 
was used, thcl polymerization was found to 
proceed cationicatly, and the produwd 
polymer was forrncld bctwcn t,hc clay 
laminac, gcncrating the carbonium ions. 

In the study carried out by Matsmulo 
and his co-workers (1G) ml the initiation 
mechanism of the polymcrizntion of stywrw, 
no cvidcncc for tho prcwncc of an organic 
free radical was found by ir or by NMIt 
studies. Tht: authors indicated t.hnt the 
ratio of the rate constant of termination 
to that of propagation was 1.3 X lop2 and 
that, the apparent activation cnwgy in the 
studied tcmpcraturc range (-20-10°C) 
was 4.1 kcal/mol. Thry also suggwtcbd 
that the polymerization process prowrdcd, 
under the studied conditions, via a cationic 
mechanism, whcrcas initiation took place 
by Rr$nsted acid sitw. In a series of 
investigations carrichd out by Rittlcs et al. 
(u-19), the: rate of polymerization of 
atyrenc over an acid clay was st.udicd, and 
a product having a molecular mass of 500 
to 2000 was found to be formed. 

From the foregoing discussion, it may bo 

rxpc~rtcd that, t.hr c~ondit~ions of tticx :wt,iva- 
tion t)y ttic uw of previously rilcnt.ic)ncd 
nwthods have a gwnt iriflwnw on both the 
surface and the tclxtural charactwistics (of 
the> studied bcntonitc catalyst. This in- 
flU(!IlW, in turn, woms to bc rcflcctthd 
dirwtly on t.hc catalyst, sctivit,y, thus 
aff(~cting the: nature and the st,ructurc of 
the produwd polymer. Alt,hough some 
work has bcca rcportc~d in this dir&ion, 
the information available ~~111s to be 
incomplotc. 

The prcwnt invtstigation drals mainly 
with the study of the different conditions 
of activation with the aim of finding out 
t,hc most active catalyst samples in the 
procws of tht: polymerization of styrcne. 
The surfacr charactwistics of the various 
bcnt.onitct samplrs \vwc: invwtigatod by 
means of low-tcmpwature adsorption of 
nit,rogen and X-ray diffraction analysis. 
Th(l diffwcnt factors affecting the polynwri- 
zation reaction wrc then studicld over the 
most, active catalyst samplw. ‘l’hc~ dopen- 
dencc of the product structure on the 
prctrwtnwnt of the catalyst and its textural 
characteristics was one of the important 
parnmctcrs taken into considtwtion in the 
prcswit. wrk. 

2. EXPERIMENTAL 

2.1. ?V~ATElUAI.S 

Styrcrw usctd in the prcwnt investigation 
was a Prolabo product stabilized by 
O.OO1yO (v/v) p-tctrtio isobutyl pyrocato- 
chol. The st.abilizt:r \vas remowd by 
shaking with 10cjo caustic soda, fottowd by 
washing scvcral times with distilled wat,cr 
tilt free from alkali. Styrenc was dried by 
standing ovw anhydrous sodium sulfate 
for 4S hr, then filtcwd and distiltcd at 
48°C under a nitrogen atmosphwc at a 
reduced prcssurc. The first and t.hc last 
third fractions wrc discarded. Thea product 
was stored at - 20°C. 
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applying Huggin’s equation (21) in the of the produced polystyrene were examined 
form : by using a Philips X-ray diffractometer, 

%,./C = Csl + W1112C, Model PW-1010. 

where Q,/C is known as the reduced 
viscosity which is a function of the molccu- 
lar weight (qap is the specific viscosity for 
the given polymer concentration C ex- 
pressed in grams per 100 ml of solution), 
7 is the intrinsic viscosity which is con- 
sidered as a limiting value of the reduced 
viscosity, and K is the Huggin’s constant., 
which is characteristic for the used solvent.. 

Tho specific viscosity, Q,,, was mcasurcd 
for different polymcbr concentrations by 
using the suspended level Ravikov vis- 
comcter (22). For the determination of the 
intrinsic viscosity, q, the values of qs,/C 
were plott.cd versus the concentration C, 
and the obtained straight. line was extrapo- 
lated to zero concentration. The Huggin’s 
constant, K, was also calculated from the 
slope of this line. 

2.5. ~ETERMISATIOS OF SPECIFIC SURFACE 
AREAS AND PORE STRUCTURE ASAI,YW 

Adsorption-dcsorption isotJhcrms of pure 
nitrogen on the surface of different bcn- 
tonitc samples were measured at -196°C 
using a conventional volumetric apparatus. 
Specific surface areas wcrc calculated from 
the isotherms by applying the BET equa- 
tion (23). The pore st.ructurc was analyzed 
on the basis of the adsorption data by the 
aid of the IvIP met,hod (24) and t.he 
corrected modclless method (25). 

2.6. INE’RAREI) SPECTRAL STUDY OF 
THF, Fon\ren POI.YMXR 

A spectrophotomcter, Model Sp-200 G 
(Unicam), was used for tho ir-spcctrul 
study of the different samplrs of the 
produced polystyrene. 

2.7. X-RAY T)IYI’RACTION ANAI,YHIS 

‘l’hc diffcwnt samples of tha bcntonitcb 
catalyst, as well as the differcnt sarnplcs 

3. HESULTS AND DISCUSSION 

3.1. CHARACTERIZATION OF VARIOUS BEN- 
TONITE SAMPLES USED IX POLYMERI- 

ZATION OF STYRESE 

(a) calazytic Adivily 

The results of the catalytic activity of 
various bentonite samples, measured in tha 
polymerization of styrenc, arc summarizrd 
in Table 1, where the activity is cxprcssed 
in t.crms of polymer yield (yO). In the 
polymerization experiments of writha I, the 
catalyst concentration was 0~57~ (w/w) 
and the monomer concent.ration was 20% 
(w/w), whereas in the experiments of series 
II, the catalyst concentration was 0.!270 
(w/w) and the monomer concentration was 
33.3% (w/w). The effect of the conccn- 
tration of both the catalyst and t,he 
monomer on the polymerization reaction 
will be discussed later in this invest.igation. 
The polymerization reaction was carried 
out at 80°C using the abovo mentioned 
procedure, and the polymer yield in each 
experiment was det.crmined after 48 hr 
from the start. 

TABLE 1 

The Catalyt.ic Activity of Various Act,ivated 
Bentonite Samples Measured in the Polymerization 
of Styrene 

Series I Series II 
(Thermal activation) (Chemical activation) 

Catalyst Polymer Catalyst Polymer 
sample yield, sample yield, 

(%) (%) 

Without 
catalyst 8.0 
BrO 7.9 
B,l 14.0 B/25 10.3 
B,-2 20.9 I$.-35 37.0 
Br3 15.0 I&-4.5 35.0 
Bt-4 14.7 

-~ -- -- 
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standard pret,rwtmcnt. It is clwr from 
Fig. 1 that all the isotherms arc of t.ypct II 
of Brunawr’s clussification (.X), forming 
c1osc.d hystcrwis loops. 

l’ho c:ilculntcd specific surfncc arw 
(SI~I.:T) arc given in Table 2, from \\.hicsh 
it is calwr that the: surface :iw:is of t,lic 
samples B,-2 and 1&-3S arc: larger than 
those of the othw samples. On t.hc ot,hc>r 
hand, the total pore volume, I’,,, wtimat(~d 
from t.hc s:lturat,ion valuc~s of t hn adsorp- 
t,ion isot,licwus, sliowcxl :t valw for s;iml)lc 
13,-Z lnrgor than that, of cithw l&O or 
I$-4. :\s for sample &-:&5, it was found that 
its IV, v:ilw \v:is sniallw tli:1n thcw of 
a:impl~~s B,-25 :~ncl B,.-45. 

(ii) Pore sfrudure nnalysis. li(~fwf~nw t 
curws \vwc cwnstruckd by scwml inwsti- 
@tUrs for thr :idsOrl~tiOn of nit,rOg(‘n on 
nonporous solids. For wc~li cxt,:dyst s:impl~, 
iin :ippropri:it(~ 1 (*ur\ c ’ ’ \v:1s (‘hOY(‘I1 011 tl1c: 
lxlsis of thcb l~F:‘I‘-C Const:wts, \vhic*h in 
wc*li (‘:isc’ should tw of t hc: s:inw ordw in 
both the rof(wnw f (wrvc nrld tlict c:itnlJxt 
s:implc undw invc~stigation. 

111 t 1~: pi-cs(at. stutly t,lio t curve of 
Clnwtori :iricl Inlil(ky (27) \Y:IS :tdopkd 

(b) 
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TABLE 2 

Surface Characteristics RKT-C of the Different, Samples of Rentonite from the Adsorption Data of Nit,rogen 

Catalyst 
sample 

St S O”IP V oul”PP 
(2;) W/g? W/g) W/K) (m?b 

B,0 90 20.5 20.0 22.7” 0.339Bb 0.3261 
Bt-2 12 29.0 31.5 34.7” 0.6247d 0.5995 
h-4 13 26.6 25.7 26.0 0.5317 0.5310 
r&-25 27 108.0 112.0 108.0 0.6015 0.6125 
B.-35 48 121.8 120.0 119.4 0.5065 0.5136 
B,45 14 104.3 104.0 107.7 0.6334 0.645’2 

a S,, = 12.0 and SP = 10.7 m2/g. 
b V, = 0.0056 and V,p = 0.3342 ml/g. 
e S, = 16.5 and &.pp = 18.2 m*/g. 
d V” = 0.0077 and Vp = 0.6169 ml/g. 

for the adsorption of nitrogen on the 
original untreated bcntonitc, l&O. Tha t 
curve of hlikhail et al. (24) was applird 
for samples Bt-2, lL-4, R,-2.7, and B,-43, 
whrrcas for sample 13,-X, the t curve of 
d(k Boer et al. (28) was used. 

From the adsorption dat.a, I’,-t p1ot.s 
wrc constructed, whew, 1’1 is the volume 
of nitrogen in milliliters par gram and t is 
the sta&ical thickness in A. A st,raight 
line passing through tht: origin was obtIaincd 
in each case. The slope of this lint> gave the 
spwific surface area, St, in square mctws 
per gram. The agrcomctnt betwwn SaE,r 
and S, was the main critwion for tho 
correct choice of tho t curve uwd in the 
analysis (‘l’ablt! 2). 

For samples l&O and l&2, the obtained 
VI-t plots show-cd both t,he downward 
and upward deviations, indicating the 
existence of bot,h micro- and mcsoporos. 
In t,he other samples, only mesoporcs 
snomod to exist, since only upward dwia- 
tion was dctcctod from the I’& plots. ‘I’hc 
microporcs wcrc analyzed by that USC, of the 
MP method (24), while th(a mesoporcs wrc 
analyzed by the aid of the corrected 
modellcss method (26). 

The results of pow structure analysis arc 
summarized in Tublc 2, whcrc the cumu- 
lative values of surface area, SC,,,,, and of 
pore volume, VCU,l,, wre calculated for the 

samples Bt-O and B,-2 by adding the values 
characterized for mcsoporcs, i.e., SW and 
VW to those of microporcs, i.e., S, and V,. 
For the other samples, the cumulative 
values wrc those of tho mcsoporw only, 
assuming a parallel plate modrl, for which 
the suffix (pp) was used. 

The powsizo distribution curves for 
the various catalyst samples arc shown in 
Fig. 2, and th(by rcprcscnt the dist,ribution 

I PI B. 2 Hi 3.1 

FIG. 2. Pore-size distribution curves for untreated 
bentonite and the various activated samples. 
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LO 80 120 time(hrs) 

FIG. 3. Kinetic: curves for the polymerization of 
styrene over the activat.ed bentonite samples, B,2 
and 13,-X, in solution (in the temperature range of 
CO-SOT) and in bulk (at SO’C). 

ssmplcs B,-2 and B,-35 are shown in Fig. 3. 
The polymerization reaction was carried 
out in solution as well as in bulk. The 
obtained induction periods at 60°C for the 
sample II,-2 and at 70°C for the sample 
B,-35 could be attributed to the slower 
initiation steps at these tcmperaturw2 
The specific viscosit,y values of the pro- 
duced polymer solutions indicated that 
some degradation of the formed long-chain 
macromolecules took place I\-hen the rc- 
action proceeded for long periods, up to 
144 hr. The calculated maximum molecular 
weights of the formed polymers were 
found to bc 13;i,300 and 228,300 when 
samples H,-2 and R-35, wspcct~ivttly, were 
used. An average molecular weight as high 
as 1 X 10s was obtained when the reaction 
was carried out in bulk using the catalyst 
sample B,-2. In gctncral, the molecular 
weights of the polymers formed in the 
present investigation were much higher 
than those obtained by Bittles et al. (18) 
by using Filtrol clay (MW, -2000). 

* A rough treatment of the kinet.ic curves showed 
t,hat the rate was practically of zero order at. 60’ and 
70°C and of slightly higher order at 80°C. From the 
Arrhenius plot., an apparent, act ivnt ion energy of 
-13 kcal/mol was obtained. 

TABLE 3 

The Effect of the Monomer Concentration on Both 
the Polymer Yield and the Specific Viscosity, qsp 

Monomer Polymerization Polymerization 
concentration over B,-2 over B,-85 

(%Cw/wl) 
Polymer 7jsp Polymer vap 

yield yield 
(%I (%I 

11.1 10.6 0.3.5 3.8 0.11 
14.2 15.1 0.35 9.4 0.33 
20.0 20.9 0.39 19.4 0.43 
33.3 26,7 0.47 37.0 0.48 

100.0 30.0 1.40 38.0 0.62 

(6) Effect of Both Monomer and Catalyst 
Concentrations on Catalytic Activity 

The effect of the different concentrations 
of styrcnc monomer on catalytic activity 
of the samples B,-2 and B,-35 is shown 
in Table 3. The conwnt.ration of the 
catalyst sample B,-2 was 0.57, (w/w) and 
that of sample B,-35 was 0.2yo (V/W). The 
activity was cxprcswd in t.c:rms of pcr- 
ccntagc polymer yield, produced at SOY!. 
It is clear t.hat the polymer yield and the 
specific viscosity, qep, increawd gradually 
by increasing the monomer concentration, 
reaching their maximum values in bulk 
polymrrization [i.e., 100% (w/w) styrcne]. 

On the ot,hcr hand, Table 4 summarizes 

TABLE 4 

The Effect of the Catalyst Concentration on Both 
the Polymer Yield and the Specific Viscosity, qsp 

Catalyst Polymerization 
concent,ration over B,-2 

(%Ca/wl) 
Polymer qsp 

yield 
(%) 

-___ 
0.1 13.6 0.57 
0.2 27.5 0.54 
0.5 26.7 0.47 
1.0 26.1 0.40 
1.5 23.4 cl.36 
2.0 20.3 0.32 

Polymerization 
over B,35 

Polymer qsp 
yield 
(%I 

24.3 0.49 
36.9 0.48 
19.5 0.35 
12.1 0.03 
10.0 0.02 
- - 
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the increase in the cat,alyst conc’cntrntion 
rosultcd in an inwtase in the dcnsit,y of 
the wtive sita. This might lead to a 
higher dcgwe of convwsion of styrcnc to a 
low m0lcculrtr wtiglit spwiw and conw- 
quontly to a lower yield of high molwulnr 
ivcight polymer. 

(r) Structure of the Formed I’oly~trer a& 

The: twt.icity of t.hc foruwti rnacro- 
mc~lwulcs plays the main rol(a in dctcr- 
nlining the pll~si~oc~hc~rni(~:~~ and mwhnni- 
cxl propwtics of the formed polymer. It is 
~~11 known that an ionic mc~c~li:inisrri lads 
t.0 lhc fornintion of I1i:lc~rornol(~c~u~(~s of 
wgul:ir sl.ruct.ure, namely, isot.ac+ic: or 
syndiotactSic configurations. An isolwtic 
wnfigurntion is usually fornwtl at 10~ 
tc~Iiil)(~rat.~lrt~s :iritl in nonpolar solvc~nis, 

\vliilca clwat,icni of tc~mpwnt.uw arid.!01 

iuc*rwsing the polarity of the mwliunl 
helps in tlic format ion of s~~nclioi.:ic*t.ic~ 
c,onfigur:itions. Oti t.licl otlwr li:iutl, an 
at:wt,ic~ configwxtion (or randonl wnfigurn- 
tion) is gcmmilly ol)t.:iiric4 in frw-r:ldiwl 
~)ol?riic~riz~it,ic,n rwctions. 

(i) It/.f,.ar~tZspect~~ of fhc.forwcrl pf~lyn~crs. 
‘f’ypid ir sprdra (Jf lLhiCti(’ :irld iSOtad iC! 

structures, fs wll its tliow of c*omnic~rc*ial 
pc,lyst>~rcnc:, arc shown in l:ig. 4. ‘I’hc~ ir 
slwtra of polyst,\-rcwcl formed untlw tlifftbr- 
cbnt, c’?cl)(‘rilllc’Iit.:tl c*ondit.ions, viz., in snlu- 
tion and in I)ulli in l)rcwnw of diffcwnt 
c;it:ilJ-st. s:tniplw :w ;ilso sho\vn in this 
figuw. 
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clear that the formed polyst~yrcnc!, in all 
the casw studied, is charact,crizcld by a 
IOK degree of isot,ucticity indicating that 
it is mostly of a&tic or syndiot,uc’t.ic 
structurct. 

(ii) X-ray I ‘ff f ( i rat iou analysis 0-f fh 
formed polymers. ‘l’hc rcsult,s of XRl) 
analysis of that diffwlnt samplt~s of poly- 
styrcnc producrd under diffcwnt condi- 
tions, viz., in solut.ion or bulk polynwriza- 
tion and by using diffcwnt catalyst samples, 
arc sho\vn in Fig. 5. It was found from this 
figure that th(t structure of the polystywnc 
produwd in the prclst:~lcr: of a hcnzoyl 
peroxide initiator is diffcwnt from those 
of tha other polystywnc samples. It ma) 
bc suggested, thcrcforc, that the mwhanism 
of polymcrizat.ion in t.hc prrwnw of bcnzoyl 
pcroxido is diffcwnt from th(l one taking 
place over activated bcnt.onitc samplw. 
This may lend further support to the 
prwiously mcntioncd findings of IStt.lw 

FIG. 5. XRI) diagrams of polystyrene prepnred 
by tlsing (n) benzogl peroxide, (b) c:nt.ulyst~ sample 
B,-2 in solution, (c) catalyst x;mrplc B,‘L in Inllk, 
(II) cntnlyst sample H,-35 in sclllltion, and (c) 
cfitnlyst sample DC-35 in bulk. 

et al. (18), that the polymerization of 
stgrcno owr activated bcntonite samples 
is of ionic, mcbchanisrn, since it is known 
that in t,hc prcwncc of bwlzoyl pwoxidc 
thcl rcwtion procwds through a free-radical 
nwchanism. 

Analysis of t.hc data obtaiwd OII the 
basis of the previously ohtaincd results of 
ISrawn el al. (31) show that the structure 
of polystyrcncl, in all thr casw studied, is 
mainly syndiotactic and/or atactic. It is 
suppowd that that obtaiwd polymer has, 
most likclly, a syndiotactic structurtr and 
that its formation, as was alrcbady mcn- 
tiowd, is favored by the giwn reaction 
conditions. 
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