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Acid-base properties of  bulk 12mmgstophosphoric heteropolyacid (HPWA) and HPWA 
supported on alumina and fluorinated alumina ~,ere studied by DRIFT spectroscopy using 
adsorption of probe molecules. Catalytic properties of Pt-containing catalysts carried by these 
supporls were studied in n-pentane isomerization. It v, as shown that the PtiHPWA/,~I20 ~ 
system is almost inactive in isomerization as a result of the interaction of HPWA with basic 
sites of  the a~umina support. On the comrary, the presence of acidic sites in fluorinated 
alumina pre,,ents HPVVA destruction and favors the uniG~rm distribution of HPWA on the 
support surface. As a result, enhancement of the activity and selectivity of the Pt/HPWA/ 
AI203--F catalyst m n-pentane isomerization is observed. 
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A m o n g  the variety o f  catalysis of  the i somer iza t ion  of  
light n-a lkanes  0 4 - - C 6  ,1 -6  he t c ropo lyac id i c  s,vslcms 
represent  a promis ing  class. Bulk?)' he te ropo lyac ids  (H PAt 
and their  salts c o n t a i n  strong acidic sites capable o(  
catalyzing react ions  o f  the carboca t ionic  type. 7 -1~  The 
use o f  suppor ted H PA increases the speci f ic  surt'ace area 
of  the catalysts and  modi f i es  their ac id ic  and catalytic 
properties.  "lhe immobi l i za t ion  o f  H P A  on the basic 
supports  is a c c o m p a n i e d  by a partial d e c o m p o s i t i o n  of  
the he t e ropo lyan ions  7"g or  the format ion  o f  salts due to 
interact ion with the O H  groups o l ' t he  suppor t ,  resulting 
in a decrease in the c o n c e n t r a t i o n  of  p ro tons .  II, lz Thus,  
the nature of  the i n t e r ac t i on  of  HPA wi th  the  support  is 
o f  impor tance  in unde r s t and ing  tile p rope r t i e s  o f  sup- 
ported HPA-based  catalysts .  

] ' he  purpose o f  th is  work is to s tudy  the catalytic 
propert ies  of sys tems  based on 12 - tungs tophosphor i c  
h e t e r o p o l y a c i d  H3PWI2Oao  ( H P W A )  in n - p e n t a n e  
isomerizat i6n a g a  func' t ion of  the ac id ic  proper t ies  o f  
the a lumina  suppor t .  

Experimental 

Preparation of catalysts. The catalysts were prepared from 
H~PWI2040-xI't20 (Acros Chemical). The HPA sample was 
dried tn vacuo for 4 h at 50 ~ until the composition 
H3PWI2040 ~ 6H-,O wax achieved and then used ['or the prepara- 
tion of solutions. 

The supported catalysts ( H PWA/AI20 J and H PWA/AI203 -F) 
were prepared by the stepwise impregnation of,t,-AI20 ? (A-64) 
(available from the Ryazan Plant, specific surlhce area 

S,p = IS0 m 2g-!) and ?-AI203-F (3.5% F. industrial support 
li~r the preparation of the IP-25 catalyst) ,*,ith a 7 ml,I aqueous 
solution of t13PWI2040. The content of H;PWI204o in tile 
catalyst was 2t) ,a,t.%. Platinum was precipitated from an aque- 
ous sohnion of t]2PICI h. The concentration of platinum in a!l 
samples v, as 0.5 wt.%. The catalysts were dried R~r 3 It at 12[) '~C 
and calcined in an air ilow Ibr 2 h at 350 ~ 

For comparison, we prepared the bulky system 
0.5%Pt/HPWA and the catalysts 0 5%Pt/A]:O 3 and 
0.5%Pt/AI203-F containing no HPA. 

1R spectroscopy. Before measurements, the ~Jmples were 
placed in a quartz reactor with a CaF 2 window and activated for 
2 h at 300--400 ~ in vacuo. The spectra were recorded on a 
Nicolct Protege 460 FTIR ,,,pectrornetcr using a diffuse-rellection 
auachmem with a resolmion of 8 cm -T at 20 ~ C6D 6, C2D, ~. 
CO, and CD3CN were used as probe molecules i'br the study of 
Brdnsted and Lewis acidic sites (BAS and LASt. Cd t ,  was used 
as a probe molecule on basic sites. The substances were adsorbed 
from tile gas and vapor phase at 20 "C and 10-30 Tom 

Study of catalytic properties, n-Penlane was lsomerized in 
a flow-type installation under atmospheric pressure, at 
|70--440 ~ flow rate ofn-pentane of I h -~, and I-t 2 : n-CsH~2 
molar ratio of 3 : I. The load of tile catalyst was 3 cm 3. The 
reaction products were analyzed by GLC on a column packed 
with phenylmethylsiloxane on Celite C-22. 

Results and Discussion 

lsomerization o f  n-pentane  

The results o(.,,tudying the behavior  of the catalysts in 
n-pentane  isomerizat ion are presented in Fig, I and 
] ab l e  1. The Pt /At20  ~ system conta ining no HPA is 
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almost inactive in this reaction (see Fig. 1, a). -[he yield 
of isopentane does not exceed 8% at a selectivity of 
-20%. On Pt/AI203 n -pen tane  is transformed mainl,, 
into the cracking products  C ! - C  3. The yield of 
isopentane on Pt/AI203-F at 400 "C reaches 45% with a 
selectivity to isopentane of"-75%. The by-products formed 
in the transformation of pentane on Pt/AI203-F are 
represented by light hydrocarbons C t--C3 and dispropor- 
tionation products, paraffins C 4 and C 6 attd the products 
of their secondary tr : ,nsfbrmations (isoparaffins C 4 
and C6). The data presented in Table 1 show that 
the Pt /AI203-F system exhibits a low selectivity to 
isopcntane. In addition, the maximum yield of isopentane 
is achieved at a relatively high temperature, which is 
thermodynamically unlavorable for paraffin isomerization. 

The HPA-based catalysts are active in n-pentane 
isomerization at lower temperatures of 200--300 ~ The 
bulk HPA containing no plat inum shows a low activity. 
The yield of isopen~ane does not exceed 7~4. The intro- 
duction of platinum considerably increases the catalyst 
activity (Fig. I, b). For example, the yield of isopentane 
on P t /HPWA reaches 50% at 210 ~ and 53% at 230 ~'C. 
The selectivities to isopentane are 90 and 80%, respec- 
[ivel,v. An increase in the reaction temperature to 250 :C 
further increases the conversion of n-peniane. The yield 
of isopentane decreases because of side disproportion-- 
ation reactions to form C4 and C O products. When the 
reaction is performed at 7" > 250 ~ the catalyst is 
deactivated, which is probably related to the formation 
of carbonaceous deposits on the surlhce. 

The yield of isopentane on the supported Pt/HPWA/ 
AI203 system does not exceed 7%. ahhough the selectiv- 
ity to isopentane for Pt/H PWA/AI203 is higher than that 
fbr Pt/AI20 3. On the contrary,, the yield of isopentane 
on the fhiorinated catalyst Pt /H PWA/AI203-F at 290 :'C 
reaches 62%, and the selectivity to isopentanc over the 
whole studied temperature range is 94--97%. 

Analysis of the obtained catalytic data raises two 
important questions. First. what is the reason for the 
increase in the activity of the platinum catalyst when 
HPWA is carried by fluorinated AI203-F rather than by 
pure alumina? Second, what is the reason for the en- 
hancement of the selectivity to isopentane and st-;bility 
of activity of the P t /HPWA/AI203-F  systern as com- 
pared to that of the bulky catalyst Pt/HPWt\? 
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Fi R. 1. The yield (l-O) and selccti,.,ity (I'-.-O') ~o i,~openiane as 
a function of the reaction temperature in the [ranslbrma- 
iion of n-pentanc on the calalys,'s o, PI,/.,M203 (I. I ' ) .  
Pt/AI20,-F i2. 2"), HPWA t3..;") and b, Pt/HPWA (4, 4"), 
Pt/HPWA,,'AI20 ~ I5. 5'), PI/IIPW,MAI203-F (6, O'). 

1o answer the above questions, the nature of the 
acidic sites of the catalysts was studied by DRIFT 
spectroscopy using adsorbed probe molecules. 

The nature of acid-basic sites by the data of 
IR spectroscopy 

Systems AIzO 3 and AIzO3-F. The IR spectra in the 
region of stretching vibrations of the OH groups of 
AI20 ] antt AI-O]-F are presented m Fig. 2. The spec~ 
trum of AI203 (curve /) exhibits absorption bands tAB) 

Table 1. n-Pentane isomerization at temperatures corresponding to the maximum yield of isopentane (flow rate I h -i, fl e �9 n-CsHi2 = 
3 : I (tool tool-I). P~.:, = 3 cm 3) 

Catalyst T Conversion Selectivity to Yield ~wt %) 

/~ t%) i-CsH 12 (%) CI - - C ~  i-C4/n-Cl i-C51-tt2 C 6. 

Pt/AhO~ 380 388 22.9 16.7 0.5/89 8.9 2.9 
Pt/Al203- F 400 58.6 75.8 6.') 0.7;'3.2 44.4 2.6 
H PWA 290 8.3 77.1 06 0.8/0.3 6.4 0.2 
PI/H PWA 230 63.6 83.2 1.2 5.0/1.3 52.9 3.2 
PItH PWA/AI203 300 12.7 52.0 3.9 C:)./2.2 6.6 -- 
Pt/H PWA/At203- F 310 64. I 96.9 0.8 0.,0/0.6 62 t -- 
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at 3760, 3720, 3675. and 3590 cm -t  assigned to the 
terminal,  two- and threefold bridging hydroxyls and to 
the OH groups that form hydrogen bonds, t3 The iluori- 
nation o f  the AI,O~ surface {curve 2) decreases the 
intensity o f  the most basic terminal  groups due to their 
replacement  by iluorme an ions ,  which agrees with the 
previous rcsuhs, t4 The intensi ty o f  the threefold bridging 
OH groups decreases simultat leously,  which can be stipu- 
lated by the interaction o f  fluorine with the framework 
oxygen, resulting in the A I - - O  bond cleavage by the 
tollowing reaction: 

H H g 

The strongest AB in the spectrt, m at 3715 cm -~ 
characterizes the t,xo-fold br idging OH groups. The shift 
of all A.B to low t'reqt~cnc~es relative to the maxima of 
the corresponding AB in the spectrum of  AI,O_~ can 
indicate the enhancement  o f  the BAS of AI203-F due to 
the induct ion effect oi"the F atoms. 

Data on CO and C D 3 C N  adsorption on the LAS of 
AbO-.. .. and AI~O~-F, . at ..3 ~  are shov, n in Table _, ~ [ h e  
frequencies of  vibrations o f  the CO and C-=-N bonds in 
the CO and CD~CN molecu les  adsorbed on the &l ~+ 
ions increase due to surface fluorination. This agrees 
with data on the e n h a n c e m e n t  of  the LAS of A.1203 
when t luorine is in t roduced {the data were obt:tined 
from analysis o f  the spectra o f  CO adsorbed at - I  10 :'C 
and bcnzonitr i le  aud pyridinel4) .  

To study the basic sites of  AI203 and AI203-F as 
probe molecules ,  we used C~Ft-~ (Fig. 3). After the 
adsorption of  C2H 2 on AI203, AB at 3165 and 1945 cm - i  
appear in the spectrum. Accordir lg  to the previously 
obtained data. t5 the3, charac ter ize  vibrations of  the CH 
anti C~C bonds of  the C2H 2 molecule interacting with 
the surface sites of AI203. The  significant low-frequency 
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Fig. 2. IR spectra m li~e region of vibrations of the OH gmupa 
of AI20~ (/) and AI203-1 v (2). 

Table 2. Frequencies of vibrations of the CO and C::-:N bonds 
(in CD3CN) (v) in the CO and acetonitrilc-d 3 complexes with 
the LAS of alumina-based system~ 

S y g ,  t e m  "r - 1 

CO C:N i~1 CD~CN 

AI203 2200 23 I (~ 
AI203- F 2215 2330 
H PWA/AI203 2205 2320 
H PWA/AI2,O 3- F 2215 2320 

shift of  AB of  C2H ~ relative to v ibra t ions  in the gas 
phase (v(CH) 3287 cm -I ,  v (CC)  2006 cm '1 t6) (dxv(CH) 
122 cm -1, Av(CC) 51 cm - I )  indicates ,  most likely, the 
lbrmation of  ace ty lene  c>complexes  with basic sites of 
AI20 3 and probably represented by br idging A I - - O 2 - - - A I  
and terminal A I - - O H  groups. 17 
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Fig. 3. Adsorption of C2H 2 on AI203 (I) and At203-F (2): IR 
spectra m the region of vibrations of the OH and CH (a) and 
C~C (b) bonds after subtraction of the spectra of the initial 
samples. 
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The absorption bands at 3290 and 2000 cm -t are 
characterized by smaller shifts relative to the vibrations 
of the CH and C~C bonds in the C2H 2 molecule in the 
gas phase. These bands appear due to the formation of 
rt-complexes of  C2H 2 with AI 3" cations, which arc the 
LAS of AI20;. l:5 

The band at 3565 cm- ;  appcaring in the spectra after 
the adsorption of C_,I-I 2 on AI203 is related, most likely, 
to the interaction of  acetylene with the threefold bridg- 
ing OH groups that exhibit an AB at 3675 cm -t. The low 
intensity of the AB of the OH groups of AI203-F 
perturbed by acetylene adsorption agrees with a decrease 
in the concentration of the threefold bridging OH groups 
upon fluorination {see Fig. 2). 

Only the AB at 3240 and 1955 cm -] characterizing 
the o-complexes of  C?H 2 (see Fig. 3) are present in the 
spectra of the tluorinated samples. The I~igh-frequency 
shift of the AB for the CH and C~C bonds of adsorbed 
C2H 2 relative to the corresponding bands in the spec- 
trum of the nonmodified samples (AB at 3165 and 
1945 cm -I) indicates a decrease m the polarization of" 
the acetylene molecule and. hence, a v,~:akemng of the 
strength of the basic sites in AI?O3-F. 

Thus, AI20 3 fluorination enhances the gAS tbrmed 
by the twofold OH grot, ps and LAS and decreases the 
strength of the O 2- sites and the concentration of  the 
basic OH groups. 

Systems I lPWA/AIzO 3 and tIPWA/AIIO3-F. The I R 
spectrum in the region of  ,,ibrations of the OH groups of 
bulk HPWA (Fig. 4) represents broad absorption v,'ith a 
nmximum at -3100 cm -1. which can be "lttributed to the 
OH groups participating in the formation of the second- 
so '  structure of  H PWA and forming strong hydrogen 

bonds. 7-8 The bands at 2250 and 2030 cm -I correspond 
to the first overtones of  vibrations of the W--O ,'rod 
P--O bonds and characterize the Keggin ions that form 
the secondary, and tertiary' structures whose individual 
ions interact strongly, v 

The immobilization of  HPWA results in a decrease in 
the intensity of the AB ot" the OH groups of the support 
(see inset in Fig. 4) with the most pronounced reduction 
in the HPWA/AI20? system being lbr the tem~inal OH 
groups with a maximum at 3760 cm -I. The position and 
intensity of the AB corresponding to vibrations of the 
HPA framework change simultaneously (see Fig. 4, /~). 
The spectrum of the supported systems contains only one 
AB at 2015--2035 cm -I corresponding to the first over- 
tone of  vibrations of the W - - O  bond. Disappearance of 
the AB at 2250 cm -i  characteristic of bulk HPWA can be 
attributed to a change in the HPA structure upon inter- 
action with the active sites of  the surface, leading, in 
particular, to dispersion of  tt PA over the support surface. 

HPWA does not adsorb CO at 20 ~C and, hence. 
manifests only Br6nsted acidity. The supported catalysts 
contain both BAS and LAS. For the HPWA/AI?O_-.-F 
system, the frequency of  vibrations of  adsorbed CO and, 
hence, the strength of LAS remains unchanged as com- 
pared to those on the starting AI203-F (see "Fable 2}. By 
contrast, in the case of  HPWA/AI20  ;, the frequency of 
the CO vibration increases from 2200 c m :  (for AleO 3) 
to 2205 cm -I (fbr t tPWA/AI203) ,  which can indicate 
surface modification and enhancement  of the LAS upon 
H PA immobilization. 

Analysis of the spectra of  adsorbed CD3CN indicates 
the formation of a complex of  one type, which, as those 
in the HPWA/AI20 3 and HPWA/AI203-F systerns, is 
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characterized by an AB at 2320 cm -I (see Table 2). This 
can be produced if the heteropolyacid blocks the sites 
accessible for CD3CN adsorption, due to which the 
CDjCN molecules first interact with sites of similar 
nature formed with the involvement of HPWA. 

When BAS are represented in the IR spectrum by 
broad bands in the region of vibrations of OH groups, it 
is impossible to determine their strength by measure- 
ment of the shift of the frequencies of vibrations of  tile 
OH groups, which occurs upon the tbrmation of a 
hydrogen bond with bases. 18 In this case, tile strength of 
acidic sites can be evaluated by test reacuons: low- 
temperature olefin oligomerization and H---D exchange 
with basic deute rosubs t i tu ted  molecules, such as 
C~, D,~. p~,20 

The studies showed that AI20; and A1203-F were 
inactive in both the H- -D  exchange of benzene-d(, and 
the low-temperature oligomerization ofethylene-d 4. This 
implies that these catalytic systems do not contain strong 
BAS. This agrees with the low activity of the Pt/AI20 3 
and Pt/AI.203-g catalysts in n-pentane isomerization. 

Bulky HPWA also shows -i low" activity in ethylcne- 
d I oligomerization. However, after CoD 6 adsorption, tile 
spectrum of the acid (Fig. 5. a) exlfibits an increase in 
the intensity of the AB at 2390--2030 cm - i ,  which can 
indicate processes of l-l---D exchange that are impossible 
~ithout strong BAS. The absence of the AB at 2275 cm -I 
characteristic of the CD vibration of the C6D~ molecule 
may indicate a low surface concentration of adsorbed 
benzene and inaccessibility of a part of the surface for 
the reaction. Thus, ti~e low activity of HPWA in oligo- 
merization and H--D exchange can be related to a low 
specilic st, rlhce area of HPA. 

The H PWA/AI20 3 systetn does not exhibit noticeable 
activity in C2D a oligomerization, which is indicated by 
the absence of bands of tile oligomers (2200-- 21 O0 c m -  i) 
{Fig, O. inset). The spectra of adsorbed C6D 0 (see 
Fig. 5, b, curve 2) also have almost no changes, indicat-  
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Fig. 5. IR spectra before (l) and after (2, .3 2-h H--D exchange 
at 20 :;C with C(,D~, for three systems: a, HPWA and 
b, HPWA/AI203 (2) and HPWA/AI?O3-F (d). The absorption 
bands of C6D 6 are marked with asterisks. 
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ing a low activity of  the HPWA/AI203 system in tile 
H - - D  e• 

Tile HPWA/AI20:;-F system surpasses bulk HPWA 
in activity in the low-temperature oligomerization of 
ethylene-d 4 (see Fig. 6). Irnmcdiately after C2D 4 adsorp- 
tion. the spectrum exhibits, along with AB at 2250 and 
2190 cm -1 belonging to the physically adsorbed olefin 
molecules, an increase in AB at 2210 and 2095 cm - I ,  
which can be assigned to the ol igomerizat ion products 
with predominantly linear structures. The AB of  tile CH 
and OD groups at 2925 and -2500 cm - I  , respectively, 
appear simultaneously in tile spectra, which indicates 
H--D exchange accompanying oligomerization. 

The HPWA/AI203-F system exhibits similar activity 
in H--D exchange when interacting with CsD s (see 
Fig. 5, b, curve 3). This is tbllowed by an increase in the 
AB at 2550 cm -I,  whose position differs considerably 
from that of the bands of the OD groups of AI203-F 
(2690 cm-I).  Therefore, this AB can be assigned to 
vibrations of surface-localized OD groups in HPWA. 

Evidently, the immobilization of HPWA on AI203-F 
increases the concentration of the acidic HPA sites 
rather than affecting their acidity. When HPWA is sup- 
ported on AI20 3, the strength of the acidic sites changes. 
probably, due to tile interaction of HPA with basic 
surface sites and to the partial decomposition of HPWA. 

Nature of calalytic activity 

n-Alkane isomerization on bifunctional catalysts can be 
described by a mechanism involving the steps of activation 
of a paraffin molecule on metal particles, migration to 
BAS, skeletal isomerization, and inverse migration 
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followed by desorpt ion,  at The alternative mechanism of 
alkane transformation on I P t - - t l l  ~ sites formed by the 
direct interaction o f  a metal particle with a proton excludes 
the migration of  intermediates, z2 In both cases, the step of  
skeletal isomerization can occur via the mono-  and bimo- 
lecular mechanism,  depending on the alkanc chain length. 
It has been shown 23 that tbr n-pentane  the main pathway 
of transformation is monomolecular  isomenzat ion,  whereas 
side disproportionation processes occu r  via the bimolecular 
mechanism. Acco rd ing  to the p roposed  scheme,  the 
strength and concent ra t ion  of BAS are the main lhctors 
determining activity and selectivity o f  the catalyst. 

Thus, the ques t ions  formulated in the analysis of  the 
kinetic data can  be answered from the data of  IR 
spectroscopy. 

The catalytic P t /AIaO 3 system manifests  a low actlv- 
it} in n-pentane isomerizat ion because o f  the low strength 
of  the BAS o f  d~e support.  F luor ina t ion  of  the AIaO ? 
surface enhances  the acidic sttes and act ivi ty  in isomer- 
ization. However ,  the strength o f  the ac id ic  sites remains 
insufficient for eff icient  paraffin ac t iva t ion ,  and the 
Pt /AIaOa-F catalyst  is active only at high temperatures 
(3{]0--400 ~ U n d e r  these cond i t ions ,  side reactions 
such as cracking and dispropor ' t ionat ion occur  with high 
rates, thus dec reas ing  the selectivity to isopentane. 

The acidic si tes o f  bulk H P W A  arc stronger than the 
sites of  u n p r o m o t e d  supports and,  hence ,  the P t / H P W A  
catalyst is act ive at tower tempera tures  (210--230 ~ 
The acidity o f  the support  al/~cts the acidity of  sup- 
ported HPWA. Modera te ly  basic AIaO 3 is characterized 
by a strong in te rac t ion  with HPWA.  destroying the HPA 
structure and deac t iva t ing  the catalyst.  The  immobil iza-  
tion of  H P W A  on  AIaO?-F,  in wh ich  the strong basic 
sites are suppressed and the acidic sites are enhanced,  
does not des t roy the HPA structure ,  and the catalyst 
retains its high activity.  

The immobi l i za t ion  of  H P W A  on AIaOa-F does not 
change the c h a r a c t e r  o f  the process. T h e  noticeable yield 
of  isopentane on P t / H  PWA/AtzO3-F  catalyst  is obsewed 
at higher t empera tu re s  than on the bulk P t / H P W A  
system (see Fig. I. b). However.  P t / H P W A / A I 2 O a - F  is 
characterized by insignificant fo rma t ion  of  the products 
of  n-pentane d i spropor t iona t ion  ((24 and C~, hydrocar-  
bons) (see Table  I), and the select ivi ty of  the process 
remains high o, ,er  the entire range o f  temperatures  used. 
Evidently. the dens i ty  of  acidic sites on  bulk Pt /H PWA 
is sufficiently high for isomerizat ion via both the mono-  
and bimolecutar  mechan i sms  due to the interaction of  
adjacent adsorbed fragments.  The  deve lopmen t  o f  the 
bimolecular processes  increases the rate of  formation of  
side products  resu l t ing  from d i sp ropor t iona t ion  and 
cracking, whereas  increasing t empera tu res  lead to the 
formation of  condensa t i on  products.  

The immobi l i za t ion  of H P W A  results m HPA disper- 
sion over the AIaOa-F  surface. H P W A  can s imuha-  

neously interact with the poorly basic OH groups, and 
the formation of  HPA salts, whose activity, as shov, n 
previously, 7,8 can exceed that of  the bulk systems. The 
density of  the acidic sites decreases, and the probability 
of the bimolecular  processes decreases As a result, the 
high selectivity of  the process is retained in a wide 
interval of  reaction temperatures,  

Thus. the immobil izat ion of  [2-tungstophosphortc 
heteropolyacid on the support can considerably increase 
the selectivity of  the system in n-pentane isomerization 
and the t ime-on-s t ream behavior  of the catalyst. 
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