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study 

Summary - Chlorination of +umina witli various reagents (tetrachloromotbane, hoxochloroethnne, hexachloropropflnone, 
thionyl cbloridc and hydrogen cbloridc) was followed by IR analysis of the gaseous products. CC14 and SOClz directly react 
witll the surface at 560 I<. Chlorination with CzCle occurs at 650 I<, together with decomposition lnto Cl* and CzC14. 
Reaction with C3CleO first involvea a decomposition yielding COG12 and CzClo, which then react with alumina. In any case, 
chlorination converts the surface hydroxyl groups as woll as some oxide ions. The surface acidity of the various A1203/Cl 
samples wes then studiod by infrared spectroscopy of adsorbed basic molecules. Whatever the chlorination procedure, pyridine 
detected Lewis acid centers of comparable strength and density. In addition, pyrldinium ions appeared ou alumina samples 
chlorinated with HCl, but the corresponding Briinsted acidity could no longer bc evidenced when the solids were outgassed 
above 370 I< prior to pyridine adsorption, Similarly, Iutidine detected Lewis centers and the various samples could be ranked 
in order of their acidic strength. Moreover, lutidinium ions were found on most samples, and vanished at 420 I<. Thus, the 
occurrence of BrSnsted sites is ascribed to some weakly bound HCl. The surface acidity is presumably very strong, as the 
solids catalyze the alkylation of isobutane with ethylene. Spectroscopic and catalytic data were compared and tbe.sclectivity 
for monoalkylation (versus, for example, multiple alkylation) appears to correlate with the number of Brijnsted sites. 

chlorinated nluminn / chlorine compound / IR spectroscopy / ncidity / pyridine / lutidine 

R&urn6 - Chlorotion de l’nlumine : dtude par spectroscopic 1% La chloration de l’alumine y par diErents rdactifs 
(tdtrachlorom&hane, l~exaclllorobtl~ane, bexachloropropanone, chlorure de thionyle et chlorure d’hydro&nc) a bt6 suivie 
en analysant les produits goeeux par spectroscopic infrarouge. CC14 et SOClz rBngissent directement aver la surface iL 
550 I<. La chloration par CzClo intervient B 650 I<, en mBme temps quo so. ddcomposition en Cl2 et C&14. La rdaction avec 
I&C&O implique d’abord une d&omposition en COClz ot C&lo qui reagissent WCC l’alutnine. Dans chaquo cas, In chloratlon 
Iransformc les groupements hyclroxyles de surface ainsl que ccrtains ponts oxy&ne. L’aciditd de surface des diverses alumincs 
chlorOes a alors 6t0 6tudi6e par spcctroscopie infrarouge cle moldcules basiques adsorb&es,. Quel que soit le mode de chloration, 
In pyridinc d&ectc des sites d’acides do Lewis de force et de densit comparables. De plus, des ions pyridinium apparnissent 
sur lcs alumines chlorkes par HCl, mais l’acidit6 de BrGnsted correspondante n’est plus d6tectde si I’on d@gaze les solides au- 
del& de 370 IC avant d’adsorber la pyridine. De memo, la lutidine d&ecte des sites de Lewis et les dlfli5rents Ochantillons ont pu 
Btre class&s selon leur force acide. Des ions lutidinium sont aussi ddtectb sur la plupart des bchantillons, mais ils disparnissent 
& 420 I<. Par condquent, la prbence de sites de Bransted est attribuke iL du I-ICI faiblement 1%. L’acidit6 de surface est 
probablement t&s forte, car les solides catalysent l’alkylation de I’isobutane par 1’6thyl6ne. Les don&es spectroscopiques 
et catalytiques ont 6th compardes : la s6lectiviG en monoalkylation (oppos6e par exemple h l’alkylation multiple) semble en 
accord avcc le nombre de sites de Br8nsted. 
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Introduction dehydrated at about 700 I<, the chlorinated solids may 
be obtained in a number of wuys. 

Chlorinated alumina is a solid catalyst that exhibits 
high surface acidity. For instance, the refining industry 
employs AlzOs-Cl catalysts to isomcrize n-alkanes at 
moderate temperature [l, 21. Other possible catalytic 
applications include polymerization of C+& alkenes 
[3], cracking of long chain alkanes [4], alkylation of 
isobutane by ethylene [5] or destruction of chloroalkanes 
PI* 

The most active Al2O3-Cl catalysts contain a mini- 
mum of 5% chlorine by weight. Starting with alumina 

One method involves the grafting of AlCI, entities 
onto superficial Al-OH groups. This may be achieved 
through interaction of alumina with aluminum chloride 
at 400-600 I< [7] or, better, with the dimeric compound 
(CzHs)3A12Cl3 at 520 I< [S]. 

A second method involves the reaction of alumina 
with gaseous compounds such m gem-dichloro deriva- 
tives of methane [l] or thionyl chloride [9]. Upon reac- 
tion with tetrachloromethane at 500 I<, surface hydroxyl 

l Correspondence and reprints 
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groups are substituted by chlorine ntonls and sonle ox- 
ide ions wo replaced by two Cl atoms. Above 570 I<, 
nascent nluminunl chloride is formed, nnd grafting ns 

)AL-O-AlCi2 hS beCt1 SUggeStEd by ~tkllf?t [lo]. 

A third method consists of renctiug nluminn with hy- 
tlrogen chloride. At roonl tempernture HCl is dissocia- 
tivcly adsorbed on nlutnitin [ll, 121 but the cntnlytic 
nctivity renlains low. Kyttikivi [13) studied tllc renc- 
tion with HCI nt tenlperntures up to 870 I<. Cntnlysts 
prepwed nt such high teinpernturos nre very nctivc in 
alknne lsomerizn~ion [14]. Thus, whenever the catalytic 
reaction is very demanding, retention of HCl en ellc 
solid appears necessary [15]. Accordingly, HCl may be 
ndsorbed to seine extent qver an th.unlnn sainplc prc- 
viously clilorinatecl IJY Ccl,1 [lG] nud surface complexes 
such ns 0-AICl2nHCl have been postulated. 

Several nuthors have used the infrared spectra of 
nclsorbed pyridine to probe the acidity of such solids. 
They generally conclude that coordination of pyridine 
011 Lewis acicl sites of A120&1 is strouger thnn over 
clehydrnted nlun~ina, due to elechon dupletion induced 
lay chloride ions [lo]. Furthermore, sonic pyridiniunl 
ions were cletected upon adsorption of pyricline OH n 
CC.&-trentecl alunilnn which was then in contact with 
HCl nt 570 IC [la], but the intensity of the pyridiniuin 
bnncls strongly decreased when the solid wns placed 
uucler vncuuni at 420 I< before pyridine ndsorptiou. 
Authors concludecl the the hydrogen cllloridc ndduct 
on the clilorinntecl surface was rather uiistnble. 

The acidity of Al20&1 therefore depcncls to n 
lnrge extent on the chlorinntion procedure. The present 
study cornpares the features of the reaction between 
+ninn nucl the followhg cotilpou~~cls: telxachloro- 
tiiethntic (CCl,t), liexnchloroetlintic (C#&), liexa- 
cliloroprol~at~ot~c (C3CltjO), tAiiony1 chloricle (SOCl.2) 
and hydrogen chloride. The chlorination was perfortnccl 
in an isothertnal closed vessel, part of which was an in- 
frared cell. Thus, gaseous reaction products were deter- 
mined by infrared spectroscopy. The different Al20&1 
samples obtained in this way were previously tested ns 
catalyst for the nlkylntion of isobutane by ethylene at 
270-320 I< [17]. A ccordingly, the acidic properties of 
these catalysts were checked through IR lnouitored ad- 
sorption of the bases pyridine nnd 2,G-dimethylpyricline 
(luticliiie). 

Experimental section 

Tlte s(;nrLitig malcrial wns n comtn xcinl r-alutnitta (I<& 
jett Cl< 300) under tiltc fortti of cxlrrtdaLes. The solid wtw 
poorly crystallized, ottly Ilte r-phase was deteclccl by X- 
ray dilfraction. 13El’ surface area was 180 III’~-’ utd re- 

porlctl lmpuritics were SlOz (90 ppm), Fc203 (100 ppm) 
nttcl NazO (10 ppm). EMrttcMcs wcrc grottttd to a grain sixc 
under 400 mcslt ntid thtr Lltis pow&r was pressed lnlo self- 
supporL;ing thin wafers, 20 mg in weigltt, for lltc piirposc of 

IR sltrdics. 

Tlte rcagenls Ccl.1 (Aldriclt), SOCl2 (Prolabo) ntitl 
C3CloO (Jnnsscn) were distilled before use. Tile solid C&l” 
(.Jattssen) wtts 99% grade. Pyridinc and 2,G-dimct;ltylpyridinc 
(Merck) were stored over 3 A zcolite. The I-ICI gas wns lakett 
front a cylincler (Uniott Carbide, Iccltnical). 

Cltlorlttatlon was performed itt il. wiclc-bore quartz Lttbc, 
375 mL in volrtmc, wlticlt cottld be connected Lo a vacuttttt 
facility incorporaLing gas entxies. The lower encl of tltc htbc 
LerminaLecl in an IR ccl1 ftttcd witlt KI3r windows. 

The alttmitta wafer positionecl itt LIIC ~ppcr section wets 
ltcat;cd at G70 I<, ftrst in oxygen, Lhott mclcr vtlcuunl, in 
orclcr t;o achieve a sLandarc1 hydrosyl cot~Letit. Tltc Letttpcr- 
ntrtre was then ncljitstccl for cltlorinatiott attcl t;ltc vaporiaccl 
rcflgciit, wlticit ltacl been purified by frcczc-pittiip-tltaw cy- 
clcs, was introcluced iii l;ltc vc5sel. ‘I’ltc initial prcssttrc clc- 
pendccl on the pnrticular conipouncl. Wildi a given nlrtntitta 
waficr, several renctions, 30 min each, hacl to Ix pcrrormccl 
successively willt rcnewetl attnospltcrc itt orcler I;0 fis a tnin- 
imttm of 3% cltlorinc on tltc solid. hftcr t;Ite lasl; close ltacl 
reaclecl, the temperature was raisetl by 25 I< for the final 
pumping. Wltett chlorination was performed witlt I-ICI or a 
(HCI + 1.12) tnixturc, tlte gns phase was maintained wltilc 
cooling the chlorinated solid dowtt Lo tet~tperattirc T,, (gett- 
crally 370 I<) for the final pumping. 

The IinaI chloritte contcttts (wt%) were ckdertnined by tni- 
croanalytical cotnbustion followccl by argentintctry (CNRS, 
Solaize). The Al203-Cl samples obtained in this way are 
listecl in table I. 
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TotIc II. Gus phase vibrulional frcquonclcu (cn~-‘) in Lho region GOO-1800 GIN-‘. 

Compourrd Rcfcret~cc [I81 OlhCl+ This wurk 

cc.34 1650, 1250, 1220, 1000, 070, 780 785, 7G2, 7G4 [lOI lGtD, 1267 1008 770 
CzClo 780, 680 
C2Cl,I 

760, G75 [20]” 701, CA, orjd 
000, 800, 780, 780 782 

COClz 
913, 802, 782 1211 a1fi, 802, 

c3 Cl00 
18’27”, 840” [22] 1834, ISIB, S5’” 

1780, 17G0, 1100, 803, 840 
SOCIZ 1253”, 950, 402, 4Gt [23] 

1103, 898, 85; 
1256, 12x/5, 492, 4t7 

so2 13G0, llG2n, G18” 1241 
t02, 4G4, 

1300, llGG, 113ti, G33, GOT, 

” 1~u11dumc11lnl vibrntions with CL (1: Q , It) titrmtmc. ” Solut4011 III CCIA. 

IR spectroscopy 

111 truusn~issidn spcclra \vcrc rccordcd through Lhc cdl 
(pathlong:lh G cm) by IIIO~IIS of II. Nicolol 710 P’I’IR iuslru- 
nlcnt opcrnlccl nL a rcsolul;ion of 4 cm-*. Duritg Llm chlo- 

rinntion slep, IR slmztra were rccorclcd through Llm gns in 

or&r Lo idonlify the voluLilo producLs. Bn~rcl usi~nmcrl~s 
flro rcporkd 111 table II. The i~~LcmslLics of lho itulic-Lypcd 
btlnds wcro used Lo CSLiIlIillO LlIc rclulivc I~IIIouI1Ls of pnr- 

Licular compounds. WaLor irrlcl carbon tiioxidc coi~lcl 11oL bc 

tlolcrnhcd in his w~ay, due lo n rcsidud signal in Llm tip- 

pilratus. 

After cl~loriiial;ion, Llio pcllct was sliihod clown lo Llm IR 
ccl1 for inspection of lhc solid n11d ndsorpLlon oxpcrinicnls. 
GIISCOUS pyridino and lulidinc wcrc in co11LacL will1 Lhc swn- 
pto ill room Lompcraluro under 130 1% prcssuro. ‘I‘lm sirmplo 

wI1.9 Lholi ovm3_mLccl nt 300 I< or (uhcr uioving) id 420 I< Irncl 

Il’t spccLra wore rccordcd aL I110 I.VXIII tcu~pcruhro. 

Reaction between alumina nnd the various 
reagents 

The conditions of tlm reaction botwcon altunina alid tlic 
various rcagcnts appear in table I. In order to fix 3-5X 
Cl, tlic toinpcmturo was sot at 550 I\: for CC4 (samples 
G-la and G-lb), CsClOO (G-3) and SOCla (G-4) and at 
650 IC for C&lo (sample G-2). HCl rcnct;ccl iit S~VCI’ILI 
tcinpcraturcs betwccii 550 and 9~10 I< (snmplcs P-l to 
r-5 anrl PI-I-l). 

The initial pressure of tetracl~loromotliane was 2000 Pa, 
so that every close containecl 20 times tlic amount 
necessary to fix 5% Cl on alumina. The IR spec- 
trum recorded immediately after the first introduction 
alrcndy containccl tlic bands of pliosgcne (COC12) ant1 
hydrogen clilorido. Later on, tlicse bands increased 
slowljl; wlicreas tliosc due to CC14 dccrenscd very little. 
Although the consunq~tion of CC14 could not bc deter- 
iniiiccl, the initial appearance of HCl denotes a very Fast 
reaction with the surface llydroxyls. Rcgardlcss of tllc 
sltc structure, this may bc written as follows: 

>I-OH + Ccl4 + )Al-Cl -I- COCl2 -I- HCl 

Although COCl2 itself has been shown to react with 
the solid [25, 261: 

>l-OH + COC12 ---t >-Cl I- CO2 + HCI 

tlicrc was no tcnclcucy for tlic COC12 bands to go 
througli a maximum in the course OF a run. I~~lcctl, such 
a reaction appcarcd vory slow under our conditions. 

Wlml tllc gas prcscnt trftor 30 hiin runctiou Wilki 
pumped out, a second dose of CC14 reach1 to so~nc 
extent. At the and of this socoml run, tllu amount oC 
COC12 was 37% of that Ibu~~cl previously and that of 
HCl 1.5% only. Thus, concurroutly with iho suhtitutiou 
OF liydroxyls, soinc OF tlm oxiclc ions wore r~ttihcd: 

Cl CI 
/ \ 

4 - f’\ 
Al + COCI:, 

/ \ 

Tlic ahovc oquatiou dots ilot iuhr ally lmrticuhr 
structure for tlic rtciclic site whicli iuiglrt well IX. picturccl 
ils [l]: 

Tllc cxcllangc oFonc surface oxygen with two chlorine 
atom was previously iucntioucd by Basset [27] for the 
HIilCtiOll with CC14 abo\U 670 I<. Iutorcsth~gly, I.h siuuc 
stoiclliom.kry was vcrificcl by Rcti in tllc rcnctiou wit11 
cloulcntal clllorinc [28]. As propmod by Boucl [ZO] tllc 
O-Cl suhstitutioii lllily proccml stcpviso: the chlori- 

uatod rcnctnut is first disrupted at a Lewis acid site 
of alumina with formation OF trunsicnt spccics such as 
AlClz and AlCls which react further. The action ofCCl4 
depends somewhat on the temperature of alumina pre- 
treatment. When aluniina was activated at 1050 IC in- 
stead of 1370 I<, thus bcaring Fewer OH groups, thcu chlo- 
rination with CC14 relcasecl very littlc HCI. Tllc amount 
of COCl2 was also lower, neverthclcss the final Cl lcvol 
was significant: 3.2% iu sample G-lb (talk I). Thrc- 
Fort the oxide bridges arc able to react cvcn though the 
surface is dcvoicl of OH groups. 

Thionyl chloride is less stable than tctrtrclllorol~lctllanr! 
and, in the absence of alunlina, a limited decomposition 
to sulfur dioxide and hydrogen cllloridc was observed at 
300 I<. This may be due to the residual water present 
in the reactor. 

When alumina was allowed to react at 550 I< with a 
large oxccss of SOC12, 32% of the first dose of thionyl 
chloride disappeared within 30 n-h, while SO2 and 
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HCl were produced. Subsequent closes of SOCl2 renctcd 
to a much smaller cxtcnt. Again, SO2 and I-ICI were 
tlctcctocl. hnlysis of t;~~nq~lc G-4 rovoulad IL Cl cothut 
of Ic.tc% with only 0.6% sulfur. ‘lhs, SOClz uihinly lccl 
to lisutioll of chloriiic iLlid wc 1niLy writo tlw rcilctioii us: 

>Al-OH -t SOClz - >Al-Cl f SO2 + HCl 

illld )AI-O-AI<-+ soc12 - 2 )AI-CI -t- so2 

Bcsidcs, (1 shnblc frcrction of SOCl2 probably un- 
dcrwcnt decoingosition illto SO2, Cl2 mid other prod- 
ucI;s. hlllollg the, clisulfrir dicliloriclc (SnCla) WilB llot 

olcurly itlclll.ilicd. SIlcll 11 clocolli~)cwil,it,II lllily ~twollll~, 
for the rclativcly sin~dl 1iiuoiiiit of Cl fisccl 011 c~luuiiila 
(tllblc I). 

With this coii~i~oulid tend tlic following, the umount of 
clilorinc iii one dose wits oiily 1% the wciglit of huiiin~~, 
ILJJcI up to tcli doses wore rcactecl successively with 
the suiii~ wnfcr. Nowcvcr, licxt~cliloroctllaue appeared 
lilr less reuctivc thi tctrt~cliloromctlianc, 60 that tlic 
chlorination wus pcrfonnod at GEiO IC for snmple G-2. 

Uiiclcr those conditions, the forinution of carboii 
monoxide nnd hydrogen clllorido was evident though 
tlioir chflrncteristic vibrirtion-rotation bands. Tiic bnuds 
of COClg wcrc iiotnbly uhent, wlicrcns nclditionnl 
buds nppeurcd at 782, 802 ancl 01G CJJJ-J (fig 1) dcnot- 
iiig tlic I’O~JlliLlhll of tctrixAilorocdAiylcnc. Ill ligurc 2, tllc! 
I)1Lll(l iJJl;cJJsil;ic.s ill%! ~~10tI~0~1 ilH II. Iiiiialhi Or tiiuo for tll(! 

various ~:ol~ipouJlds; 1~11 arbitrary scnlc is usotl for cnch 

hlld, SO thnt &llJT!S WC 1lOt t0 h! cOllllmI!C~ ho111 COIlI- 

poiiiicl to coiiipounrl. Upou introcluciug t,lic first dose, 
00% of C&Cl0 rcnctcd witliiil 30 niin, whcraas C&&, 
IICl iuid CO stsatlily iiicrcnscd. Wlicii succcssivc doses 
of CzCl~ wcrc introduced, the distribution of the TCUC- 
tion products clinngcd soincwliut: tlic ninth oxposurc 
[or irlstmcc procluccd inuch CaCl~ but little I-ICI and 
110 co. 

WJUS, tlio roactioii of C&C&j with uluininn is iiininly: 

C2ClG f 2 >Al-013 

- 2 >Al-Cl -I- 2 CO -I- 2 13Cl -I- Cl2 

nnd CzCla + 2 , ‘Al-O-Al< 

- 4 >Al-Cl -I- 2 CO -I- Cl2 

As the CO/I-ICI ratio dccrcased with nunhcr of 
doses, the renctivitics of the liydroxyl groups and of the 
oxide ions townrds C&la arc not so diifercnt. Besides, 
Ilcxacl~loroetl~ane is tllermslly uluhblc irnd undergoes 
u rcvcrsiblc dcconiposition 

C&lo --;? C&l,1 f Clp 

‘I’liis dccoiiipositior~ is Cilhl~ld by tlla solid, alld 

t0ncls to lxcol~ic tllc JJliLjor patlJwrLy as clJloriJlatiolJ 

lOi0 95-o ’ ’ ’ 900 850 800 750 

Wavenumber (cm-l) 

Fig 1. Rcaclion or CaClo with alumina lrt T = G50 I<. 
111fl?md spcctrn (region 700-1000 cm-‘) rccordcrl Lllrouyll 
the gwfi pliusc: a) pure C2Cl0; b) after 30 niiii coiitnct with 
111~ firsI, doso or C&lu; c) dhr 30 Illill c01ll1~cL wilh Lllc 

lcrll,ll ClO*SC! or C.&I{I. 
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Fig 2. Itcuction of C&& with alumina at T = G50 I<: 
vnriaLion or tllc rclativo atn01JtJts (ua) of con~poilnc.ls wiLli 

time. RUJI 1: CzCla l ; C~CI.I A; MC1 1. Run 9: CnCla 0; 
Czch A; I.IcI 0. 

proceeds. Snmp10 G-2 wus fount1 to contth 4.7% Cl 
and about 2% cnrbon; the latter probnl)ly arises from 
complete degradution of C&1,1. Similar hiyll carbon 
contents h~vc bccJl foulid when reacting alumina with 
cl~loroall~ciics, or ~iiOlcc~Jlcs which msily clcco~nposc into 
t11c111 [ci, xq. 



Hcxechloropmpanone 

Iu spite of its low volatility, licxacliloroi~roi~anonc was 
more reactive than licxacliloroetl~ane, allowiilg chlori- 
nation of alumina at 550 I< (sample G-3 in table I). 
Upon introducing the lirst dose, the IR bands at 850 
and 898 cm- l characteristic of C3Cl00 decreased im- 
mediately and fell to zero within 10 min. A number 
of new bands appeared, indicating the formation of 
hydrogen chloride, carbon monoxide, phosgene, hcxa- 
ci~lorocthanc and totrucl~loroctl~ylcnc. i?igurc 3 shows 
the bnuds characteristic of COCl2, C&lo and C&14. 
(The region where the bands of CO and HCl appear is 
not s110w11.) 

CzCl4 coctz CZCIS 
..___. . . . A 

0,o.l 916 852 791 
I 

900 a50 800 

Wavenumber (cm-l) 

Fig 3. 1toucLion of CaCloO wiLh ahnina tat T = 550 IC. 
Infrnrcd spcctm (region 700-1000 cm-‘) rccordcd Ilirough 
the gus phsc: a) pure C~ClsO; b) after 10 hn contnct with 
L11c first close of C~Clo0; c) dter 10 Inin contircl with Ihc 
lcnlh dose of CsCloO. 

The amounts of the reagent and products varied with 
rcnction time ‘as shown in figure 4 for doses 1, 3, G and 
14. In each run, CO and C&l4 appeared initially ant1 
grew on steadily. The final amount of CO recorded af- 
ter 30 min slowly increased run after run, while that 
of CZCI,~ slightly docrcased. Hydrogen chloride also ail- 
peared right at the start of the earlier runs, and then 
increased with time. Subsequent reactions gave much 
less HCl. COCl2 and C&$3 were not detected when 
reacting doses 1 and 2. Starting at dose 3, they were 
both producer1 in increasing amounts. From then on, a 
maximum in COCl2 was found after about 5 min reac- 
tion whereas C&Is always increased. From the above 
results, it may be inferred that hexachloropropanone 
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does not itself react with alumina. Reaction with the 
solid is prcccded by decomposition along two routes: 

C&lo0 - co + C&lo 

c3cioo - coci2 f c&Y,, 

CQCLI remains virtually unchanged, while COCll 
and C2Clo both react with the surface hydrosyls and 
oxide ions of alumina until a 5.7% icvci is acilicvcd. In 
this process, C2Cl0 is less cIlicicut tii~ui COCl~ siiicc it 
appears Iirst in tlic gas pliaso (fig 4). 

Dehydrated alumina was reacted with succcssivc doses 
of HCl (13 000 Pa) at various tcmpcraturcs, and thou 
cooled down to 370 IC before evacuation, (samples I? in 
table I). The IR spectra of the gas ph,asc recorded dur- 
ing the reaction failed to indicate whcthcr hydroxyls or 
oxide ions were attacked first, siuco the ratio bctwccn 
HCl consumed and water evolved could not be osti- 
mated. Alumina snmplcu rcactcd at 550 I< (P-l), 700 I< 
(P-2) and 940 K (P-3), had final Cl contents of rcspec- 
tivcly 2.4 2.9 and 2.5%. Reaction with a (HCI + Hz) 
mixture led to u lower extent of chlorination: 1.9% at 
940 I< (sample PH-1). Possible changes in tcxturo occur- 
ring upon high temperature chlorination were zheckcd 
by nitrogen adsorption. Whereas heating alumina un- 
der N2 at 940 IC left the surface area unchanged at 
180 nPg- l, chlorination at 940 I< decreased the surface 
down to 150 m2g-l. The mean pore diameter deter- 
mined according to reference (301 rose from 8 to 10 nm. 
Similar X-ray diffraction spectra were recorded for the 
starting material and for alumina heated or chlorinated 
at 940 I<. Therefore, sintering occurred without appcar- 
ancc of a new alumina phase or improvement of crys- 
tallinity. 

Finally, a sample chlorinated with Ccl,1 at 550 I<, 
ic, similar to G-l, was further treated with (HCl + HZ) 
at the same temperature (S-l in table I). The final Cl 
content was lower than on G-l: 2.4% instead of 4.3%, 
but still higher than on samples reacted with HCl only. 

IR study of the Icgdrozgls 

Chlorination of alumina performed in a closed vcsscl is 
slightly less efficient than when using n gas flow [17]. 
With CCl4, C2Clo and CJCIDO the average chlorine 
lcvcl obtained hero was only 5.2%, against 0% in the 
flow system. The diifcrencc was largest with SOCl2 rJ.2 
vs 6%). l?or a solid with a surface area of 180 m2g- , a 
5% Cl content represents an average surface density of 
4.7 Cl atoms per nm”. This figure compares favorably 
with an estimated density of 5 OH groups nm2 remain- 
ing after dehydroxylation at 670 I< [31]. Since less and 
less HCl is released into the gas as the reaction proceeds, 
chlorination cannot be restricted to the hydroxyls and 
final Cl content should rather be compared with the 
density of Al exposed, ie, 8 Al atoms per nm2 [31]. 

Accordingly, the IR spectra of the solids wcrc 
recorded in the region 3200-3 900 cm-l (iig 5). The 
unreacted ~-alumina (curve a) features three maxima 
at 3 G75, 3 729 and 3 773 cm-‘, characteristic for three 
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main types of OH groups. Such signals completely dis- 
appeared upon troatmcnt with tctracliloromethanc fol- 
lowed by evacuation at 576 I< (curve b). With the 
other reagents, except HCI, the hands of free OH groups 
nearly disappeared, although they did not go strictly to 
xcro. Thus the consumption of the hydroxyl groups is 
iicurly quantitative and, at 550 I<, hydrogen chloride is 
lnrgcly rclcascd from the surface. As seen before, cnch 
of the four G-reagents also reacted with some surface 
oxide ions, but at the tcmperaturcs invcstigatcd, the 
IR absorption of MCI:, at 1 380 ~111’~ [32] was not dc- 
tucted. 

The reaction between alumina and HCI or a 
(IX1 f He) mixture was essentially different. As stated 
in the Equerimental section, the reacted samples were 
cooled down under HCl bcforc cvncuation at modcr- 
ate tcmperaturc. Curve d in Rguro 5 shows that after 
a reaction at 020 IC followed by evacuation at 370 IC, 
the absorption above 3 7130 cmsi, which is attributed to 
the more b,asic hydroxyls, completely disappeared, hut 
OH hands were still dctectcd at 3 673 ant1 3 728 cmB1. 
An intense absorption appcarcd at lower wavenumbcr, 

with a broad maximum at 3 600 cm-l corresponding 
to I-I-bonded hyclroxyls. Indeed, the reaction with HCl 
produces water which is not fully rclensed upon evacu- 
ation at 370 I<, as showu by tlic persistence of n hand 
at 1 030 cm- l, Thercforc, the I-I-bonded spccios rcspon- 
siblc for the broad ahsorption may bc I-120 as well us 
1X1. This agrees with the ilndings of Kitdkivi et al [13] 
who concluded that a substitution of isolatc$ hydroxyl 
groups for Cl with evolution of water and also dissocia- 
tion of HCl on a Al-0 site, leads to new hydroxyl groups 
which are more acidic than the original ones as they arc 
in close proximity of a chlorine atom. According to thcsc 
authors, the amount of HCl dissociated incrcascs with 
decreasing rcuction tcmpernturc. 

A G-l sample (chlorinntcd with CCl4) was furthcr 
contacted with I-ICI at 550 I<, then cooled down to 
370 I< and evacuated. Spectrum c features a very broad 
absorption due to strongly perturbed OH vibrators. 
Thus, HCl reacts to some extent with the previously 
chlorinated surface, hut the final stnto dcpcnds on the 
cooling and evacuation procedure. 
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Table III. Acidity of clilorinntcd iiluniirin; IIE rcnturcs 0r pyridinc spccics obscrvccl nTLcr cvncunliou nt :300 I< 
(pyridinium ions) nnd 420 I< (coordinnted pyridiuc). 

Chlo7*inalion rcagcnP 

‘I’ (K) 

T, 1,” Pyvidinium Da Coodiitntcd on Lcwis 

W) (~rmol g- 1 ) i7 1no (cm-‘) DL (prvl f ‘) 

Cl<-300 llOllc! 670 1023 130 
G-la 
G-lb 
G-2 

2::: 

P-1 
P-2 

;:: 
P-5 

s-2 

CCl.r/550 
cc1.1/550 
CzClo/G60 

CaCloO 550 
/ SOCIZ 550 

IICI/BGO 
I-IC1/700 
klcl/o4o 
1_1c1/020 
IlCI/G70 

CCL1 /550 
thctl I-ICI + 1-1~/370 

570 
570 
670 
570 
570 

570 
700 
370 
370 
370 

370 60 1024 110 

lG2G 220 
I G24 160 
lG2G 2Gfl 
lG2G 200 
1 G2G 210 

1 G24 210 
1G2t 2:30 

Gt lG2G 180 
38 1625 1GG 
GO 1025 lG0 

” Alurnitln ww evnc~~ntcd nt G70 I< prior to cl~lorinnLio~i, oxccpt U-lb (cv nt 1060 I<) nnd P-3 (cv nl 040 Ii); ” ficc Ezpchretrlrrf 
5CCliOfI.. 

I “. I * ” 1 ” I ” I ” - 1 

3600 3700 3600 3500 3400 3300 

Wavenumber (cm-l) 

Fig 5. Infrared spccLra ol’tlre solids in the 3 000-4 000 cm-’ 
region: n) r-nluminn dehyclrnted ttL 670 I<; b) snmplc G-l 
cvacu~ted nt 670 I<; c) snmplc S-l cvncunted nt 370 1-C; d) 
sn111plc PI-I-1 cvncuntcd flt 370 I<. 

IR investigation of acidity 

Ta.ble III reports the main features of the spectra 
recorded of the various samples after contnct with pyri- 
dim nnd niild cvz\cuntion. On y-nluminn, pyridine does 
not show nny Brhsted sites, while IR bands appear- 
iug nt 1455 and 1 G23 cn1-1 belong to pyridine coordi- 
nated on Lewis centers. Such species are rather strongly 

bound since tlic bnuds remain intense after cvacut~tion 
nt 420 I<. 

With tllc clilorinnted ~~luniinns, all spectrlL rccordcd 
after pumping out tlie excess p,yricline again clispln~y tlic 
signnls of coordinatecl pyridine. Tllc occurrence of pyri- 
dinium ions (PyH+) wns especially ctnn~inecl through 
t11c s111nll lxlncl nt 1540 c111- I. This wa8 conipletel~y nb- 
sent for the G-n samples. On snn~l~les P-l nnd P-2 which 
were reacted with HCI and then outgnssccl respectively 
nt 670 nud 700 I< prior to pyridine adsorption, the PyH+ 
bnnds could not be detectecl either. However, solids 
P-3, P-4 tmcl P-5 which were cooled dowI unclcr cm HCl 
ntniospllcrc nncl then evncuiltecl nt 370 K gave rise to 
PyH+ fonnntion, ns well as solid S-2 which was treatccl 
with Ccl,1 mrl HCI successively. Briinstecl miclity is thus 
apparent on these solids, but nil cntionic species disap- 
penrecl upon evncunting pyricline nt 420 I<. Thcrcforc, 
the cleiisity of protonic sites (Do /miol g-l was csti- 
mn.tccl from tlic intensity of tlic 1 540 cm- 1 Imncl re- 
nmining after evflcuation nt 300 I<, using an integral 
niolnr extinction coefficient E = l,G7 cm ~m~ol-’ [33]. 
There are few such sites in any cflse, fls the ninsiniun~ 
amount is G5 jmiol g-l on solid P-3. Upon evncuating 
pyricline nt 420 I<, the L bnncls due to coordinnted pyri- 
cline renminecl intense. The ~8~ vibmtion observecl nt 
lG23 cm-’ with pure alumina was shifted to lG25 cm-’ 
on solids P-n, nnd to lG2G cm- 1 on solids G-n. 

These higher wnvenunhers prove that the clilorinn- 
tiori of nluniinn euhnnces the strength of the Lewis sites 
[34], but the small shift does uot nllow ~1. gracliiig in 
order of acidic strength. 

The density of Lewis sites (DL /an01 g-l) over tllc 
snmples cvmuntecl nt 420 I< was deducecl from the in- 
tensity of the 1455 cm-l hid, using an integral mo- 
Inr extinction coefficient E of 2.2 cm /~mol-’ [33]. All 
chlorinntecl solids have more Lewis sites than pure nlu- 
minn. Samples G-n, which appeared devoid of Brijnstecl 
sites, lmvc densities DL higher than 200 /~mol g-l, 
escept sample G-lb which was obtninecl from a highly 
clellydroxylated nlunhn nud had only 150 /anoles Lewis 
sites per grmn. Samples P-l and P-2, which were also 
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&void of Br6nstccl sites, llnvc DL vnlues simllnr t,o 
tJlc G-n snmplcs. However, lower DL vnlucs, &out 
lG0 /Lnlol g-1, were found on snmplcs P-3, P-4, P-5 
nutl S-2. Accordingly, tIleso solids wcrc found to IPX~ 
BrGustcd sites (nrouncl 50 /Lmol g-l). This suggests tllat 
liydrogcn cliloriclc converts some of tlic Lewis sites into 
BrSnstetl sites. Tllc surfncc-HCl &luct ~I~~CZWS ouly 
on tliosc cliloriiintccl solids wliicli linvc bccii cooled wit11 
I-ICI in the gns plinso and is rnpiclly destroyed wluxl HCI 
is l~unipccl off flt cn 575 I< or nbovo. 

Lewis sites on Al20&1 were enrlicr pictured ns , ‘Al- 
0-AlC12 nncl were thougllt to combine wit11 llydrogcll 

chloride to give )A~-o:AIcI~.Hc~ entities ~~1dOg0t1.9 to 

II. l?rieclcl-Crnfts cntnlyst [lo]. Recently, Webb (35, 3G] 
gnvc n morc rcnlistic iiiodcl of the Lewis site, liivolvlug 
.four Cl nnions nnd i&cc coordinntivcly unsnturnted Al 
c&ions. HCI mny lx ndsorbccl on sucll sites. Ncvcrtlw- 
less the clcnsitics of sites measured licrc sliow tlint only 
n frnction of the Lewis sites inny lx trninsforincd into 
tllc Brtinstcd form. Howcvcr, our HCl-trcntecl snmplcs 
cnu cntalyze the nlkylntion of isobutnnc with cthylcnc 
[17] inennlug tlint tlieir surfnco 1x1s very strong ncid- 
ity, nncl tllc nmount of rctninccl NC1 1ln.s n mnrked in- 
fiucnce on the rcnction, so thnt tllc BrCjnsted sites nrc 
prcsumnbly strong. But pnrt of tllc clllorinc is wcnkly 
retnincd, nncl the disnppenmncc of the PyH+ lm~lcls 
upon cvncuntion nt 420 IC most is lilccly due to volntil- 
it,y of pyridinium cllloriclc nt this tcmlxx~t,urc rather 
than wcnk ncidity. Wit11 acolites, for instance, grncling 
of the llydroxyl groups by incrcnsiug ncid strcngtll is 
nicely obtninccl through grndual clcsorption of pyriclinc 

1641 

I ‘a 8 I,, ” ’ ,I ’ u I, - - - a, * 1 

1650 1600 1550 1500 1450 

Wavenumber (cm.‘) 

upon Ilcnting, but, in tlic cnsc of cliloriiM,ed ~liimiiit~, 
the stxong Briinstcd sit&q renclily cscnpc detection lay 
tills si~cctrnl llletllocl. 

Bccnusc of stcric lliudruncc nt tllc nitrogen ntom, 
tlic lutidiiic probe should rcnct prcfercntiolly wit11 ellc 
Brijnstcd sites, rntllcr tllnn wit11 the Lewis sites of ncidic 
cntnlysts. In fact, previous studies llnvc dctcclcd EL vn- 
ricty of species ou such surfnccs [37-30). Pllysisorlxxl 
lutidinc, wit11 nii nbsorpfion bnnd nt 1580 cmN1, allay Ix 
cliininfl~ecl by pumping. Still, tlic spcctrn coutnin scv- 
crnl bnnds overlapping in tlic region lGlO~lG50 c111-~. 

Thus, luticliuc wns ndsorbcd over som A1203-Cl 
sniiil~lcs nnd spectrn recorder1 nftcr pumpil-lg tllc cxccss 
1~s~ nt 300 IC nrc displayed in figure G. 1%~ spectrn in 
figure 7 were obtnincd nftcr further evncuntioll nt 420 IC; 
tllc ovcrnll intcusity dccrcnsccl nncl mnximu wcrc sliglltly 
sliiftccl. 

TIE position of the mniu lxlncls nutI tllcir intxzgrnted 
iutensitics nrc presented in tnble IV. All spcctrn, includ- 
ing tliosc of r-nlumina, fcnture tt iiicclium intensity buiid 
nt 1577 c111-l ancl n smnllcr one nC 1605 cm-’ rcvcnliiig 
a few lutidinc molecules coordluntcd 011 Lowis sites [Y7]. 
Accordingly, tllc former hncl is uol;ccl L in table IV. 

Spectra in tllc lGO&lGtO c111-~ region wcrc tllcu 
clccoiiii~oscd into incliviclunl Ixmcls. As shown iu 
figure 6, up to three nbsorptions could bc tlistinguisl~cd, 
witli nlnximn nt allout 1015-1620, lti25-lG30 nud lG41- 
lG5G CU~-~. Tlw Ixmd nt lG41 cm-‘, wllicll clots uot 
nppcnr on r-nluinina, is intcnsc only whcu tlie nlumiun 
snmplc lens been trentecl wit11 HCl (scunplcs S nud P) 

1650 1600 1550 1500 

Wavenumber(cm.1) 

Fig 6. Infrnrcd spcclra of species rcmnining after iutidinc Fig ‘7. Inhrcd spectra of species remuininy after lutidinc 
adsorption onto chlorinated aluminns followed by evacuation adsorption onto chlorinated aluminns followed by cvxuatiou 
at 300 I<. a) r-alumintl; b) snmple G-4; c) snmplc G-l; d) 
snmple PI-I-I; e) sample S-l. 

nt 420 I<. a) r-alumina; b) snmple G-4; c) snmplc G-l; d) 
snmplc PH-1; 0) sumple S-1. 



Table IV. Position of bnnds (cm- 
and evncuation at 300 then 420 I<. 
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“) and integral nbsorbnt~cc A (cm-*g-I) observed after lutidinc adsorption 

CK 300 None 
L 1570 70 1578 20 

G70 Xl lG14 

> 

1GiG 
170 110 

x2 1621 lG22 
> 

B 

L 1577 50 1577 15 
G-4 Soci2/550 370 x’l - 

> 
- 

330 240 
c2 Y 1G25 

G-l 

S-l 

B 

cc1,1/550 570 .-t, 

x’2 

B 

cci.1/550 
then I-ICI/550 

t d 1 

370 
sz 

B 

PH-1 HCi + ii&40 370 

XI2 

B 

1043 

1577 
lG22 

1632 
IG5G 

1578 
1GlG 

lG2G 
lG41 

1657 

1577 
1615 

1626 
lG41 

GO 

110 

> 
305 

15 

20 

> 240 

> 405 

10 

> 200 

I 230 

1633 > 
240 

1577 20 
lG19 

> 100 
lG25 

1577 5 
1GlD 

> 
120 

1626 

lG5G .i 

R See Experimenlal seclfon. 

nml completely disappears upon pumping at 420 I<. Fol- 
lowing previous authors [3G, 371 this band is ascribed to 
lutidinium ions formed on BrGnsted sites, and there- 
fore noted B in table IV. The same band may also 
appear at a higher wavenumber, but with a low and 
variable intensity, on samples treated according to the 
G-procedure (table IV). The occurrence of the B signal 
n.gain shows that some HCI may be retained on those 
surfaces. As in the case for pyridine, the disappearance 
of the signal upon pumping at 420 I< is ascribed to 
volatilization of the lutidinium chloride rather than to 
the weakness of the sites. 

Most of the samples give rise to two additional bands 
at 1615-1625 cm-‘, which are much more resistant 
towards evacuation. They are tentatively considered as 
a compound signal noted X. 

Over unchlorinated alumina, the low frequency com- 
ponent X1 at 1614 cm-l is more intense than the high 
frequency one X2 at 1621 cm-‘. With solids S, I?, G-l 
and G-4, the X2 component is more intense than Xl, so 
that the compound signal X looks rather similar on the 
chlorinated samples, except for a much higher intensity 
on solids G-4 treated with SOCls and G-l treated with 
cc14. 

Attribution of the X signal (1618-1632 cm-l) is not 
straightforward. In previous studies dealing with ad- 
sorption of lutidine on fluorinated alumina or H-zeolites, 

a band at lG40-1631 cm-l has been attributed to the 
protonnted base, while the band at lG18-1619 cm-’ has 
been assigned to lutidine adsorbed either onto Lewis 
sites [39] or weak Brijnsted sites [38]. However, with the 
catalysts of this study, no pyridhlium ions could remain 
adsorbed at 420 I<, and the same should hold for luti- 
dinium ions. In our opinion, all lutidine bands in the 
region lG18-1632 cm-’ should therefore belong to the 
same kind of species, probably coordinated lutidinc. 

The X2 component which is found at 1621 cm-l over 
y-alumina shifts to about lG2G cm-l upon chlorination, 
going as high as lG32 cm-r for the CC& treatment. The 
wavenumbers illcrease in the order: 

y-A12Cs << P-3 = S-l ~3 G-4 < G-l 

Thus, like the vsi, vibration of pyridinc, but to a 
larger extent, signal X appears sensitive to the strength 
of the Lewis acid sites. For instance samples G-l and 
G-4 look similar for the pyridine probe, but may be 
differentiated through their X signal. The spectra of 
lutidine in the 1450-1580 cm-l region (fig 7) confirms 
the peculiarity of sample G-l. 

Conclusion 

IR spectra of pyridine and lutidine establish that chlo- 
rinated alumina bears Bransted as well as Lewis acicl 



sites. HOWC~QI’, protonntccl alxcics are dclxcted ode 
\v11L’11 tl1c OSCCHb: bnsc IlilS lJcc11 removed at tcnlpcrl~- 
tllrcs liot osccccling 300 IC. Wit11 lutidinc, tljo intensity 
of tlio D nbsorptiou varies 11s follows: 

r-AlzO:j < G-ln < G-4 < P-3 c S-l 

However no site clcnsity could be clctorniijwtl, E Ixijjg 
unknown. TIE fjrrling of the sign& upon I~cdng nt, 
420 If clots not ncxcssnrily nlenn tljnt the B sites arc 
~cnkly ncidic, l)ljt rntllcr tljnt HCI (pyritliniuuj nncl III- 
tirliniuin cliloriclo ns well) nrc loosely I)oijurl to tlie sur- 
fncc. More Briinstccl sites arc fount1 wl~cn cljlorijjntion 
is l~crforn~ctl nritll HCl (snn~l~les P untl S) thnn wit11 
CC& (G-l) or SOCl2 (G-4). Also tljc vnrioljs st,cps (og, 
c:ooling unrl cvnciintiou) following cliloriuntioji IIL’~ ini- 
portnijt iu tliis rcspcct. 

Tllo solltls invcstigntccl here were fount1 to Iac efficient 
cnlxlysts for tlic dkylfltion of isolxjtnnc wit11 etliylene 
id 320 1; [t] iiucl tljc cdnlytic activity was nscribccl to 
very strong nc:iclit,y, J~resiunnl~ly superncidity. Ijidcccl, 
tdlm unusuidly lnrgc sliift in tlic X signnl of lutidine 
aclsorlxxl on tIic cntnlysts niny Ix nssocintccl wit11 n vcr~ 
l~lgll nclclity. Cntnlysts lx~parccl nccorcling to tljc G- 
prof!cclurc grnxz i\. 100% initial conversion of ctllylcnc and 
cliffcrccl only tllrougll tlicir rntc of clciW.tivntioll, wliiclj 
vtlriccl IIS G-3 c G-2 c G-l < G-4. 

Cdtdyst S-l wns fount1 to Ix sijjjilnr to G-l, Ijot 
in itct,ivitOy ruicl stnl~ility [17]. It. t\J~pcnj*s now tljid tljc 
c~i~tnlysts t&o ~NSSWS SCJIIIC Brijjjstctl sites, witlj ujore 
Brijnstacl nntl Icss Lolvis sites on solids S nnrl P. TIIIIS, 
nlkylntion dtll ctlq~lonc nqy IN acljicvccl by protonic 
iis ~cll ns Lewis sites. 

I-IOWCVW, tllC nlkyliltc ol~tnijiccl witli ciltdyst S-l Colb 
taiticd distinctly 1ncWc C[j nncl less Cfi, Cn ctc:, tlnuj witli 
t;l~c otljcr catalysts. Sclcctivity for inouonlkylntion vcr- 
SIIS otlwr J~rocosscrr (successive dkylation, oligomcrixa- 
Lion or crncking) clcpcutls ou IL l&j1 rntc of clcsorptiou of 
tlic tliniotli~~ll~i~t~~l cation tlirougli Ilytlritlc trnusfw frou~ 
iSOlJlltillK. In tllc scrics consitlcrecl, tllc! selectivity Ibr 
lllollolllI<ylntioll rilllkccl as: 

G-3 c G-2 c G-4 < G-l < S-1 

Tllis is r011g111y iu ngrccnicnt wit11 tlje nuinbcr of 
Br~jnstccl sites jneasurccl by spectroscopy. Thercforc tllc 
nl)ilit,y of tile catalyst to provoke H-trnnwfer sccnxj con- 
ncctctl wit11 tllo clensity of Briinstecl sitcs. 

HCIICC, our results we in lijre wit11 ctdior studies, 
pnrticulnrly wit11 those deding with alkyl;dioii of isobrj- 
tnnc and isojncrisrntion of nornlill nlk?ncs wit11 nn AK& 
slurry cntnlyst [40]. Cwcfiil stuclics sl~owecl ttic unavoicl- 
al)lc occurrence of sndl qunntitics of HCI iu tllis so- 
ntuncd Wectel-Crafts catalyst. A rcccnt pntcnt clailns 
that tllo lifetime of iIll nlkylntion cntalyst jndc of AICI:s 
tlcpositcrt on nlujninn is incroasecl wlicn n clj torijiuted 
coniI~ouncl (eg, butyl cllloriclc) is nclcled to tile fecct [dl]. 
Tlic organic cliloricle ensures continuous regcncratioli 
tljrough release of HCl. Prilnet eviclencccl tljc benefit 
of HCI in tllc feecl white isonlcrixing TZ-butnnc at low- 
tcniperuturc over clitorinatccl dinnina [lo]. In industrial 
practice, long-lift Pt-A1203-Cl llyclroison~erixntion cnt- 
alysts ilW sustained I)y continuous ill situ production 
of HCI froln llnlogcnntecl orgmic compountls. Similidy, 

RIycrs [15] estnblislicd tljnt tlic olficl~‘ncy of lliglj tctn- 
Ixzmturc HCl-clilorinntecl ntuniinn for 71-C.1 isonieriza- 
tion nucl Ilydrocrncking WAS higbty ctcJxaclcnt on CLIL’C- 
fully controllecl cooling iu tllc prcscnce of HCI. All tllesc 
olxcrvntions nre in line wit11 our finding tllnt Al&a-Cl 
retntulng HCI nrc jnorc cfficiont nncl sclectivc in dky- 
Intion of isol~utnno xvitll etliytcnc nntl tlic ojily effective 
ciitrilyst in nlkylntiou of birtcnc. 
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