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The catalytic activity of superacidic systems based on SO4/ZfO 2 and modified by IV 
Period metals in isomerization of n-butane was studied. At low temperatures of the reaction, 
the introduction of Fe 3+, Sc 3., Co 2+, or Zn 2. ions (1%) increases the yield of isobutane by 
1.5 times due to the activation of n-butane on the sites created by the promoting ions. The 
addition of Cr 3+, V a+. or Mn -~+ (1%) decreases the catalytic activity because of a decrease in 
the catalyst acidity, most likely, due to the reduction of surface sulfiir species. The influence 
of the nature of the support and surface additives of s i n  2. T in  2, and ZrO 2 on the activity 
and selectivity of the catalytic system in n-butane isomerization was studied. 

Key words: n-alkane isomefization, n-butane, superacids, SO4/ZrO2, catalysts, modifica- 
tion by fie 3+, Se 3+, Co 2§ Zn 2", Mn 2., Cr 3~', and V 4~-. 

Isomerizat ion o f  lower alkanes is one of the urgent 
problems of  oil processing and petrochemistry,  t It has 
been es tabl ished tha t  c a t a l g i c  i someriza t ion requires 
strong acidic sites. Such sites have been found in some 
zeolites z and in systems based on metal  oxides p romoted  
by anions  of  s t rong acids (SO42- and WO42-).3,4 

in previous  works,  we have s tudied the  catalyt ic  
proper t ies  of  zeol i te  catalysts  modi f ied  by metals,  metal  
oxides,  and  an ion i c  addi t ives  s and  specific features  of 
the  m e c h a n i s m  of  i s o m e r i z a t i o n  o f  n - b u t a n e  and  
n - h e x a n e  on superac id ic  cata lys ts  of  the S O 4 / Z r O  2 
type, 6,7 which  can  be an a l te rna t ive  to zeolite systems. 
In add i t ion ,  S O 4 / Z r O  2 catalysts  are close in activity to 
ch lo r ina ted  a l u m o p l a t i n u m  systems.  It is known that  the 
in t roduc t ion  o f  modif iers  can  be used for increasing the 
activity and  select ivi ty of  catalysts.  T he  main a t t en t ion  
of  r e s e a r c h e r s  is c o n c e n t r a t e d  on  inves t iga t ion  of  
superac id ic  systems c o n t a i n i n g  Fe and  Mn,  s - l ~  whereas  
only several  works  are devoted  to the  infl t tence of  o the r  
modifiers,  t tAz 

In this  work,  we s tudied the in fh tence  of different  
modifying ca t ions  and  s i n  2, TiO~, attd ZrO 2 addi t ives  
in t roduced  into the  suppor t  on the  activity attd selectiv- 
ity of  S O 4 / Z r O 2 - b a s e d  catalysts  in n - b u t a n e  isomeriza-  
t ion. 

tute of Chemistry of Surfaces of the National Academy of 
Sciences of the Uk~line, K.iev) were used as supports. 

To obtain the SO4/ZtO 2 system (S04/Zr02-300) , SO42- 
anions were supported on zirconium hydroxide pre-dried at 
120 ~ for 2 h (Zr(OH)4-300) by treatment with a I N 
aqueous solution of 1-12SO4; the concentrat ion of SO42- anions 
in the sample was 5 wt.%. The santples were dried at 120 ~ 
for 6 h and calcined in a dry air flow at 400--800 ~ for 2 h. 

The catalysts containing Fe 3~ were prepared by the im- 
pregnation of a t (OH) 4 with a ruixture of a I N aqueous 
solution of 1-12SO 4 and a 0.3 M aqueous solution of Fe(NO3)3; 
the concentration of SO42- anions in the sample was 5 wt.%, 
and the metal concentration was l - -2  wt.%. The catalysts 
containing Mn 2+, Zn 2§ Se 3+, V 4+, Co 2§ or Cr 3+ were 
synthesized by a similar procedure from nitrates of the corre- 
sponding salts. The samples were dried at 120 ~ for 6 h and 
calcined ira a dry. air flow and at 650 ~ for I h. 

The catalysts modified by s i n  2, T i n  2, or ZrO 2 wcre ob- 
tained by the treatment of the noncalcincd 1% Fe/SO4/ZrO 2 
system with tetraethoxysilane, TiCI4, or a solution of Zr(OAe)4 
in ethanol, respectively. The samples were dried at 120 ~ for 
6 h and calcined in a dry air flow at 600 ~ for 2 h. 

n-Butane isomerization was carried out in a flow-type instal- 
lation at 150--270 ~ and atmospheric pressure in a He flow. 
The loading of the catalyst was 1 cm 3, the volume flow rate of 
n-butane was 300 It -I ,  and the molar ratio He : n-C4HIo = 
4 _ I. The reaction products were analyzed by G LC on columns 
packed with Silipor 600 or AI203. 

Experimental Results and Discussion 

Samples of Zr(OIt/4 with a specific snrlhce (Ssp) of 
150 m" g-I IMagnesium Electron Co., XZ0706/03) and 
300 m: g-J {hereinafter, Zr~OH)4-300: synthesized in the hlsti- 

Influence of the modifier nature on the cata ly t ic  
activity.  Our  e x p e r i m e n t s  s h o w e d  tha t  all catalyt ic  sys- 
tents were active in n - b u t a n e  i somer i za t ion  in the  ab- 

Translated from Io,estiya Akadernii ;%~uk. Seriva Khimicheskaya. No. 7, pp  1276-1280, July, 1909 

106(~-52~5/90."4,~07-1260 S22.00 :~ 1909 Kluwer Academic/Plenunl Publishers 



Isomerizat iou of  n-butane on the SO4/ZrO~ catalyst Russ. Chem. Bull., VoL 4& No. 7, July, 1999 1267 

Y (wt%) S (%) 
I00 % , x  100 

...-.7~ ..... .v. "' ~,..- ~ 

80 -~ 80 

1,", n 

60 60 

40 40 

,r2 

, _ - 7 " _  , 
20 , / - �9 ,, / ~ *, v.-" / . , ~ . : ~  = , , - .~ .~  20 

5 /  o i ~ ,// / ~ - - ~  ." t J 

~ 4 3 . / . i  2 ,,,' 1 
/ . j 

0 J t~ t , , , , , I , J i ~ 0 

100 140 180 220 260 T/~C 

Fig. I. Activity (1--5) and selectivity (1"--5")of nomnodified 
SO4/ZrO 2 ( I. 1") and SO4/ZrO 2 catalysts modified by Zn (2, 2"), 
Sc {.;', 3"), Fe (4, 4"), and Co (5, 5") in n-butane isome6zation at 
different temperatures (here and in Figs. 2 and 3, Y is the yield of 
isobutanc, and S is tim selectivity with respect to isobutane) 

sence of  hydrogen. Dilut ion of  hydrocarbon with helium 
is necessary' to suppress cracking processes resulting in 
catalyst deact ivat ion.  Nonlnodif icd  SO4/ZrO 2 exhibits a 
noticeable activity already at 190 ~ (conversion >5%). 
The tempera ture  increase results in an increase in the 
yield of  n-butane ,  which reaches a maximum at 240-- 
260 ~ The highest yield o f  isobutane (27.7 wt.%) was 
obtained at 240 ~ The selectivity with respect to 
isobutane remains high at all temperatures  used, al- 
though it somewhat  decreases as the temperature  in- 
creases (Fig. 1). 

The modif iers  can be classified into two groups by 
the influence o f  catalyst activity. For  the systems modi-  
fied by Fe 3.,  Sc 3~-, Co 2+, and Zn 2+ ions (see Fig. 1), 
the max imum of  activity is shifted toward lower tern- 
peratures (190--230 ~ as compared  to that in the 
nonpromoted  system. The  introduct ion of  modifiers of  
the second group (Fe3~- -Mn  2., Cr 3+, V "t+) (Fig. 2) 
considerably decreases the catalyst activity: the yield of 
isobutane does not exceed 4- -10  wt.% and remains 
unchanged when the tempera ture  increases to 260 ~ 

All catalytic systems are character ized by high sctec- 
ti~.ity with respect to isobutane (80--95%)r The mare 
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Fig.  2 .  Activity <1--4) and selectivity (1" -4") of nonmodified 
SO4/ZrO 2 (1, 1') and SO4/ZrO 2 catalysts modified by Fc--Mn 
(2, 2'),  V (3, Y),  and Cr (4, 4"). 

data  on n - b u t a n e  i s o m e r i z a t i o n  are p r e sen t ed  in 
Table  I. 

When the SO4/ZrO 2 system is modified by Fe 3+ 
ions, the introduct ion of  1 wt.% Fe 3. increases the yield 
of isobutane to 30.4 wt.%, a l though the high selectivity 
is retained (Fig. 3). A twofold increase in the Fe 3. 
concent ra t ion  results in a considerable decrease in the 
catalyst activity, and the yield of  isobutane decreases to 
10--12 wt.%. 

To elucidate tile influence of  modifying additives on 
the catalytic activity, one should de te rmine  the nature of  
centers responsible for the act ivat ion and t ransformat ion 
of  n-butane and est imate the possible effect o f  the 
modifiers on these centers. 

I t  has previously been shown that the isomerizat ion 
of  n-butane can proceed via two mechanisms  depending  
on the catalyst nature. The  first o f  them is observed for 
nonpromoted  SO4/ZrO 2 through the format ion o f  a 

[C8 +] in te rmedia te  on s trong Br6nsted acidic  sites 
(BAS). r The second mechan ism includes the stages 
of  dehydrogen:t t ion--- isomerization of  C4H to and is char-  
acteristic of  bifunctional catalysts containing Pt and 
moderately  strong BAS. 6,7,t~ The first incchalfiSm is 
more convincing,  becat,se the reaction does not require 
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Table i. Isomerization of n-butane on gOa/ZrO 2 catalyst modified by IV Period metals (Vvo I = 300 
h -I.  molar ralio Fie : n-C4Hl0 = 4 : I) 

Catalyst T/~ X (%) Yield of reaction products (wt.%) S (%) 

C3H8 i-C4HI0 CsHI2 

S(Lt/ZrO 2 190 5.4 0.1 5 1 0 2 94.4 
225 26. t 1_3 22.9 1.9 87.7 
240 34.0 3.1 27.7 3.2 81.5 

1% Fe/SO4/ZrO 2 190 35.0 2.0 30.4 2.6 86.9 
210 29.4 1.6 25.7 2.1 87.4 

1% Sc /SQ/ZrO 2 190 19.8 0.5 18.6 0.7 93.9 
230 33.2 2.3 28.2 2.7 84.9 

1% Co/SO4/ZrO 2 190 29.9 t.2 26.8 1.9 89.6 
210 27.6 1.5 24.1 2.0 87.3 

1% Zn/SO4/ZrO 2 190 24.3 0.9 22.3 I. I 91.8 
230 25.3 1.5 21.9 1.9 86.6 

I% Fe + 1% Mn/SOa/ZrO 2 250 11.2 0.7 9.8 0.7 87.5 
270 12.0 1.0 10.0 1.0 83.3 

1% Cr/SOa/ZrO 2 250 4.5 0.1 4.3 0 1 95.6 
270 5.2 0.3 4.9 Traces 94.2 

1% V / S O j Z r O  2 230 4.5 0.2 4. I 0.2 91. I 
250 5.6 0.3 5.0 0.3 89.3 

Note. The tbllowing designations are used here and in Table 2: T is temperature, X is conversion of 
n-butane, and S is selectivity with respect to isobutane. 

hydrogen,  which is necessa~" for n-a lkane  Jsomerization 
in the presence  of  bifunctional  systems. 

The data in Fig. 4 show that all the superacidic cata- 
lysts are characterized by a linear dependence  of  the yield 
of isobutane on the conversion of  n-butane.  Therefore,  
isomerization, dispropot ' t ionation, and cracking occur in 
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Fig. 3. Influence of the temperature of n-butane isomerization 
or1 the yield of isobutane ( I, 2) and selectivity of the reaction 
( t ' .  2') on 1% Fc/SO4/ZfO 2 (I, 1") and 2% Fe/SOJZrO 2 
~2. 2") catalysis. 

parallel on catalysts o f  this type. It can be assumed that 
n-butane isomerization occurs on  the same specific sites 
in the cases of  all o f  the catalysts. Mainly BAS are 
respoqsibte for the catalyst activity, and the isomerizing 
ability of  the system should d e p e n d  on their  strength. 

The  enhanced  acidity of  the S O J Z r O  2 system was 
shown 15 to be connec t ed  with the surface S 6+ c o m -  
pounds.  The modif iers  that  dec rease  the  catalyst activity 
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Fig. 4. Yield (I') of isobnczme as a function of the conveu~;ion 
(X) of n-butane for superactdic systems studied within the 
I90--250 ~C temperature range. 
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Table 2. Influence of tile support nature on the activity of iron-containing st~peracidic catalysts 
/t,,o I = 300 h - l ,  molar ratio lit: : n-C4HIo = 4 : I) 

Catalyst T/~ X (%) Yield of reaction products (wt.%) S (%) 

C3H8 i-C.~t{10 C51"112 

1% Fe/SO4/ZrO 2 

1% Fe/SO4/ZrO2-300 

I% F e / S O J Z r O  2 + I% SiO 2 

I% Fe/SO4/ZrO 2 + 3% SiO~ 

I% Fe/SO4/ZrO 2 + 3% TiO 2 

1% Fe/SO4/ZrO2 + 3% ZrO 2 

2tO 29.4 1.6 25.7 2.1 87.4 

210 9.3 0.4 8.6 0.3 92.5 

190 11.2 0.4 10.3 05 92.0 
230 10. l 0.4 9.1 0.6 90.1 

230 1.4 0 l 13 Traces 92.9 

230 10.5 05 9.4 0.6 8%5 

210 9.6 0.3 9.0 0.3 93.8 

(V, Cr) are in t roduced into the system at tile in termedi-  
ate stags of  oxidat ion of  V 4~ and Cr 3+. During pre- 
t reatment  they can interact with active sites and oxidize 
to V 5+ and Cr  6+ due to a decrease in the oxidation state 
o f  sulfur. It can be expected that due to the Mn 2. --+ 
Mn 4+ transition, excess Mn 2§ m the 1% Fe + 1% 
b l n / S O 4 / Z r O  2 system exerts a similar effect. According 
to the published data, IO an increase in the activity of  this 
system is obsetwed only at a specified ratio of  Fe 3+ to 
Mn 2+ (1.5% Fe and 0.5% bln) ,  whereas manganese 
systems conta in ing  no iron are inactive. The  data ob- 
tained coinc ide  with the results for the P t -promotcd  
systems in which sulfur was also reduced Is due to reac- 
tion with Pt ~ 

The modifiers  that are metal ions in the highest 
oxidation states (.Zn 2~, Fe 3+, Sc 3+, and Co 3"-) have no 
noticeable effect on the oxidation state of  sulfur. Ill 
several cases, a decrease ill activity can be related to the 
partial exchange of  protons o f  BAS on the metal ions. At 
the same t ime,  the metal  cations and particles of  ntctal 
oxides can addit ional ly activate alkane molecules  and 
thus increase the catalytic activity o f  the system. 

Effect of the support on the catalytic activity. Table 2 
presents data on the isomerizat ion o f  n-butane on 1% 
F e / S O 4 / Z r O  2 catalysts prepared on the basis of  the 
S O ~ Z r O  2 and SO4/ZRO2-300 supports and on systems 
obtairmd by t rea tment  of the SO4/ZrO 2 surface with 
compou,~ds that form the oxides ZrO 2, TiO 2, and SiO 2. 
The t rea tment  o f  the catalyst surface was aimed at 
stabilization o f  the surface sites lbrmed by SO42- gfotips 
and prevent ion of  their  destruction and removal from 
the suIfitr surface in a hydrocarbon reducing medium.  
Some decrease in the cal.alyst activity and an increase ill 
its stability were expected.  

The use of  SO4/ZRO2-300 as the support results in a 
decrease in the yield of  isobutane by 3--4  t imes as 
compared  with that tk)r the SO4/ZrO2-based catalyst. 
The activity can decrease due to a change in the nature 
of  the hydroxide at the stage of  preparation,  which 
results in transi t ion o f  the system surface to a phase that 
does not Ibrm active sites during promotion with sulfur. 

The in t roduct ion of  the surface additives SiO 2, T iO, ,  
and ZFO~ also results in a considerable decrease ill Ihe 

catalyst activity in n-butane isomerizat ion,  and the yield 
o f  isobutane does not exceed 10--11 wt.%. It can be 
assumed that the additives of  oxides block the active 
sites, and the latter become inaccessib.le for alkane 
molecules ,  which impedes  the formatio~ of  the b imo-  
lecular transition complex  [C8+1. Therefore ,  the support  
nature strongly affects the catalyt ic act ivi ty o f  the 
S O j Z r O e - b a s e d  systems. To prepare an active catalyst,  
amorphous  Zr (OH)  4 should be used. The catalyst activ- 
ity decreases when the surl~ace additives S iO> T i O >  and 
ZrO 2 are introduced. 
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