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Abstract

This paper describes the catalytic characteristics of synthetic saponites with well-known chemical composition, thermal stability, and acid-
ity in three catalytic reactions: (1) catalytic crackingmtlodecane, (2) hydro-isomerisationiroheptane, and (3) Friedel-Crafts alkylation
of benzene. Saponites with Mg in the octahedral position were by far the best catalysts for the catalytic crackioglefane, which
can be explained by the higher surface area of these saponites compared with saponites with other compositions. All saponites performed
better in the hydro-isomerisation reactionmeheptane and Friedel-Crafts alkylation compared with commercially available catalysts such
as HZSM-5 and ASA. The shape selectivity in the Friedel-Crafts alkylation of benzepe &rdo-DIOPB was remarkably high for the
synthetic saponites.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction catalysts. Up to about 1955 the use of (acid-activated) clay
minerals, such as montmorillonite and halloysite, in catalytic

The first recorded catalytic application of clay minerals Cracking increased. Subsequently the clay minerals were re-
was due to Bondt et al., who investigated the dehydration Placed, however, by amorphous silica-aluminas followed by
of alcohol in 1797[1] (mentioned by[2]). Since that time  2€clites in the early 1960s.

clay minerals have been used in a large variety of catalytic ~ C'@y minerals, such as kaolinite, are still used in the
reactions. In the beginning of this century mainly the clay matrix of cracking catalyst§]. Since the late 1970s de-

mineral palygorskite was employed in isomerisation, oxi- Velopments concerning clays pillared with inorganic com-
dation, and polymerisation reactiof@]. The main break-  P/€xes has renewed interest in the application of clay
through of clay minerals in catalysis was the use of clays in m|nerals as cracl_qng_ catalysts (e.g5-9]). For a long
catalytic cracking. Although this application was known for t|me hydro-|§omerlsat|on has also frequently been exeputed
some years, Houdry solved the problem of catalyst regen-W'.th clay tmlnglrlals_t(e.g.[tlhO]t). La.tte.:r, worlt< lo n Smthetli’
eration in the early 1930s, resulting in industrial processes mica-montmoriiionites with transition metais in the octa-

with clay mineralg4]. Hettingel{2] published a good review hedral sheet became important fpr hydro—iso_merisa_tion re-
about Houdry’s development of clay minerals as cracking actions[11-13] Recently, synthetic pillared Ni-substituted
saponites have been developed for hydro-isomerisation pur-

poses[14]. In addition to catalytic cracking and (hydro)-
" Corresponding author. Fax: +61 3864 1804. isomerisation, clay minerals have been used in many other
E-mail address: t.kloprogge@qut.edu.g.T. Kloprogge). catalytic processes, such as (de)hydration, dimerisation,
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polymerisation, disproportionation, hydrolysis, oxidation, 2. Experimental

desulphurisation, (de)hydrogenation, hydroformulation,

Diels—Alder reactions, epoxidation, alkylation, acylation, 2.1. Saponite synthesis

and ester formation. Many of these reactions are frequently

reviewed in detail (e.g[3,9,15-17]. Synthetic saponites were prepared according to the meth-

Studies on the use of clay minerals, in place of hazardousod described by Vogels et 428]. All synthesis procedures

homogeneous catalysts, in liquid-phase reactions for the pro-were performed with stoichiometric amounts of the chemi-

duction of fine chemicals are receiving much attention now. cals listed in the next paragraphs corresponding to the de-

Generally four types of clay minerals are used: sired products, that is, saponite. The theoretical composi-

tion of saponite is N/.*"[Mg][Sig—_xAl . ]O20(OH)s - nH20

(1) “Normal” smectite clays with acid sites generated by and [Me][SigO20](OH)a4, respectively. M and N correspond
isomorphous substitution in the tetrahedral or octahe- to the divalent octahedral and the interlayer cation, respec-
dral sheets. Montmorillonite clays are most frequently tively. The type of octahedral cation, M, will be used as
used. The catalytic activity can be enhanced by replace-2 Prefix before the mineral name. For instance, saponites
ment of the interlayer cations (usually NaCa+) with with Mg+ as an octahedral cation will be further denoted
acidic cations, such as'H AI®t, and Fé* [16,18,19] as Mg-saponite. NI, Mg?*, Zn**, and Cé" have been

(2) The catalytic properties of smectites can be enhanced byUSed as the cations in the octahedral sheets. Thal Si
acid treatment of the smectite surface with sulphuric or 'alio has been varied between 5.67-39.0, 2.33-39.0, and

. 2 .
hydrochloric acid to remove ions from the octahedral 7,'89_39'O'+W'th MéJr Zn*t-, and C8+-sapo_n|tes, respec-
sheet, to increase the layer charge and the pore vol-tively. NHa™-saponite has only been used with @Airatio

ume[16,20] of 7.89.

(3) The smectite surface is often doped with high-valence All experiments were carried out in a double-walled
Lewis acids, such as Bé-chloride [21,22} or with Pyrex vessel equipped with stirrer and baffles to ensure ho-

metallic nitrates[23] to increase the performance in mogeneity of the cqntamed m|xtu¢§1]. we mamtamed
acid-catalysed reactions. Leaching of the loaded mate—Fhe temperature during the synthesis af’@Opy circulat-
. ing thermostat-controlled water between the inner and outer
rial has been observed, howeya4]. . . .
. walls of the vessel. A $AI gel with a Si/Al molar ra-

(4) Organometallic compounds, such as metal chelate com-.. "t 5 67 ( — 1.2) was prepared according to the fol-

plexes[25], or inorganic polyoxocationic pillar§3,9, lowing brocedure: 40 g of a NSIO; solution (27 Wt%

15] have often been intercalated to increase the acidity Si0,) was diluted .by the addition of 100 ml demineralised

and/or the specific surface area, which results in an in- water. We prepared an Al(OHf) solution by dissolving

crease of the catalytic performance. 11.9 g A(NOs)3 - 9H,0 in 80 ml of a 2 M NaOH solution.
The Al-containing solution was gradually added to the Si-
. . -~ containing solution under continuous stirring within approx-
formed with natural clay minerals. To enhance the acidic ;.01 30 s, after which the initially clear solution became
properties of these clgys, the above-mentioned mOd'f'C_at'OnScloudy and hardened to a gel. At this point the stirring was
2,3, and 4 are applied, but these methods do not circum-gynn6d and the mixture was allowed to stand for 1 h be-
vent the disadvantages of the natural materials with respecti, e f,rther use. The gels did not contain excess liquid and
to the relatively low and uncontrollable specific surface area \yare not treated before further use. We prepared gels with
and pore volume, the presence of impurities, and the vari- Si/Al molar ratios of 7.89 f = 0.9) and 12.3 = 0.6) in a
able chemical composition. Synthetic clays are scarcely usedcomparable manner by adjusting the amounts of aluminium
in these organic reactiorj26,27] probably because of the  pitrate and sodium silicate. The total amount ofSAl was
high cost involved in their hydrothermal preparation. The yept constant. A gel with a Al ratio of 39.0 ( = 0.2) was
textural and acidic characteristics of synthetic sapofi®s  prepared in a slightly different way, because after we mixed
30] indicate that the above-mentioned disadvantages can behe Sj- and Al-containing solutions together, no gelation pro-
avoided. The objective of this paper is to assess whetherceeded. After the addition of 10 ml HN@65%), however,
the synthetic saponites are active in acid-catalysed reac-z stable white gel resulted. Gels with an exceptionally low
tions. Therefore, some introductory catalytic tests have beensij/Al ratio of 2.33 (x = 2.4) were prepared in a manner sim-
performed with three different kinds of acid-catalysed re- ilar to those of the other Al gels, but without the addition
actions. The test reactions involve the catalytic cracking of of NaOH in the Al-containing solutions. This had to be done
n-dodecane, the hydro-isomerisation/eheptane, and the  to reduce the rate of gelation.
alkylation of benzene with propylene to cumene. From the  The final gel was put into the above vessel together with
results of the application of the synthetic saponites in these 1000 ml of demineralised water and heated t¢©@0The
reactions, we will try to establish a relation between the required amount of Mg(Ng), - 6H20, Ni(NO3), - 6H,0,
acidity as described bj80] and the textur¢28,29] and the Zn(NOg3)2 - 4H,0, Co(NG)2 - 6H20, and typically 36.0 g
corresponding catalytic performance. urea was dissolved in 500 ml of water and subsequently

The majority of the catalytic reactions using clays are per-
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added to the gel-water mixture kept at°@) after which et al. [32]. For reasons of comparison, the catalytic activ-
the synthesis procedure started. Addition of the above solu-ities of a “fresh” zeolite Y and of an equilibrated zeolite
tion resulted in a decrease in the temperature of the synthesisy from a cracking unit (E-Y) have been included in our
mixture of approximately 10C. No acidification of the syn-  study.

thesis mixture was executed before the start of the synthesis

procedure because the gels were not stable in the acidifiech 3. Hydro-isomerisation of n-heptane

solutions. We prepared saponites with octahedral sheets con-

sisting of two metals by using the desired combination ofthe 11,4 experiments were executed in a catalytic test unit
divalent metal nitrate salts in the synthesis mixture. The ratio of the SRTCA. All reactions were performed in a fixed-
between the two cations in the octahedral sheets was Varped reactor at a total pressure of 30 bar. The feed con-
ied between 1 and 29. One series of experiments concerningsisted of n-heptane and hydrogen in a 1:4 moiol ra-

the preparation of Zn-saponite was executed with variable i, ‘he reactions were executed with increasing and de-
amounts of urea to investigate the effect of the concentra- creasing temperature between 160 and 4DOwhich was

tion of the hydrol)_/sing urea on thg saponite formation. The changed at a rate of 0.22/min. The GHSV in all cases was

a;rznguntiof udrde.a_ in tlhe stz?]rtln_g mixture \fNere (()1.0,.1hB.30é gnd 1120 mi(stp)(g h). The products were analysed with a gas
-9 dn 3 d.t.'tlonlang; es;? v;]/as .per('jci:]me HV\,:'t 8 i .thg chromatograph. The activity of the catalysts is denoted as the

uréa and additional NabH, which raised the pH to o in the temperature at which the conversion was 40%. All saponite

initial mixture. :
. . samples were NI~ exchanged and subsequently calcined
Th.e synthesis quratlon was kept .constant. at 20 h unlessat 450°C for 4 h to obtain H as the charge compensating
mentioned otherwise. After the desired period of time of

synthesis the cloudy suspensions were filtered. The Whitecation. A sieve fraction of 40—80 mesh was used. This frac-
. . ) ) 0 )
(Zn, Mg). light green (Ni), and pink (Co) filtrates were tion was impregnated with 0.4% Pt. Before each reaction the

washed thoroughly with demineralised water and dried catalysts were reduced in situ at 4@ for 2 h. Measure-
overnight at 130C before use. All samples were NH ments on a commercial amorphous silica-alumina (ASA)

exchanged. Before each measurement the saponites Wercatalys:t and a typical HZSM-5 zeolite (both also loaded with

0
calcined at 450C for 1 h in a N flow, resulting in the 6.4% Pt) were also performed.
deammoniation of the saponites withHis the remaining

charge-compensating cation. 2.4. Friedel—Crafts alkylation of benzene with propylene to

cumene
2.2. Catalytic cracking of n-dodecane
The synthetic saponites were tested for their ability to
Catalytic measurements were performed in a fixed-bed alkylate benzene with propylene to cumene (isopropylben-
nanoflow pulse unit of the Koninklijke/Shell Laboratorium zene). For comparison purposes a commercial solid phos-
Amsterdam (KSLA, now known as SRTCA, Shell Research phoric acid (SPA) catalyst was also investigated. All exper-
and Technology Centre Amsterdam). The applied reaction iments were carried out in the research laboratory of Engel-
conditions were 450C at 4 bar total pressure. The compo- hard and De Meern. A sieve fraction of the catalyst between
sition of the pulsed gas flow was heliumdodecane, and 0.1 and 0.4 mm was taken. To avoid the introduction of wa-
nitrogen at concentrations of 19.5, 12.5, and 67.9 mol%, ter, the synthetic clays were calcined under a nitrogen flow
respectively. The catalyst bed consisted of 20 wt% syn- for 3 h at a desired temperature. After the calcination, the
thetic saponite and 80 wt% silica. A sieve fraction of both saponites were suspended in dry benzene and transferred to
solids between 0.212 and 0.300 mm was used. The WHSVa stainless-steel autoclave. To obtain information about the
(weight hourly space velocity) during the pulses was es- effect of water on the catalytic performance, a noncalcined
timated to be 66 hl. The ratio ofn-dodecane/catalyst of sample and a wet sample were also measured. Propylene
each pulse was 0.18/g. After each pulse the catalyst bed Wwas introduced into the autoclave, the content of which was
was kept at 450C under an inert gas flow for approxi- continuously mixed, after which the temperature was raised
mately 1 h. The products were analysed with a gas chro-to the desired level. To prevent multiple alkylation, an ex-
matograph. He (as tracer gas) angl\Wwere detected with a  cess of benzene was used with typical values for the ben-
thermal conductivity detector (TCD) followed by the analy- zene/propylene ratio between 7 and 8. The catalyst concen-
sis of the hydrocarbonsiQip to and including €. The hy- tration amounted to 0.2 or 1.5 wt%. The benzene/propylene
drocarbons @-Ci» were measured in one backflush peak. molar ratios, the type of catalyst, the reaction temperature,
The catalyst activity is expressed as the first-order reac-and the reaction duration are mentioned in the appropriate
tion rate constant: k = [— In(1— 0.01(Cs-yield))]/[ct- cf], figures and tables. Analyses were performed on a Carlo Erba
where G-yield, ct, and cf correspond to the total amount Instruments HRGC 5300 gas chromatograph with a capillary
of C; to GCs, the contact time, and the catalyst fraction, Chrompack CP-Sil-CB column. Unreacted propylene could
respectively. The assumption of a first-order reaction with not be measured. The conversion and selectivity were calcu-
this experimental setup agrees with the results of Cormalated as follows:
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Conversion
. mole cumeneg- 2(mole DIPB) + 3(mole TIPB formeadl

mole propylene in starting mixture

determining together with the specific surface area the activ-
ity in the cracking ofz-dodecane. Neither Mg nor Zr#*+
present within the octahedral layers can be reduced by hy-
drogen at temperatures up to 8@. The specific surface
area of Mg-saponite is a factor 2 to 7.5 higher than that of
Zn-saponite, whereas the initial activity differs by a factor
of about 9. Accordingly, the ratio of the activities, as evident
from the ratio of the rate constants, cannot be completely at-
tributed to the difference in specific surface area.

The N#+ and C&1 ions within the octahedral layers are
The abbreviations DIPB and TIPB are used for diisopropyl- |iaple to reduction upon exposure fedodecane at 450C.
benzene and triisopropylbenzene, respectively. The forma-Rreduction of the metal ions of the octahedral sheets leads to
tion of n-propylbenzene and of oligomers of propylene was 3 collapse of the clay structure, which leads to a loss of the
negligible. These compounds are, therefore, not included inacid properties. In earlier wor29] it was established that
the calculations. Ni2t ions present within the octahedral sheets of saponites
are more readily reduced than oions. We therefore feel
that exposure of Ni-saponite iedodecane at 450C leads
to relatively large metallic nickel particles and to an exten-
sive destruction of the clay structure. As a result, the activity
of the reduced Ni-saponite is low and due mainly to the
metallic nickel particles resulting from the reduction. With

The relation between the type of octahedral cation of Co-saponite, reduction will proceed to a smaller extent. The
the saponite and the corresponding catalytic activity in the number of acid sites will consequently drop appreciably, and
cracking reaction of-dodecane is representediy. 1. Mg- metallic cobalt particles, which are due to the lower extent
saponite displayed by far the highest initial first-order rate of reduction, will be appreciably smaller than the nickel par-
constant ), followed by Co, Ni, and Zn. Thé-value of a ticles within the reduced Ni-saponites. Despite the fact that
fresh zeolite Y (not displayed iRig. 1) 37.2, is very high.  the specific surface areas of the fresh Ni- and Co-saponites
The E-Y has an initiak-value of 12, which is comparable ~are not much smaller than that of Mg-saponite, their ac-
to that of Zn-saponite. The observation that the rate con- tivity is much lower. According to the pyridine adsorption
stant of Mg-saponite is much higher than those of the other on W-saponites, Lewis acid sites are present almost exclu-
saponites cannot be attributed simply to the more elevatedsively, because of the presumed migration of W from the

x 100%

Selectivity
mole cumene formed
~ mole cumene- 2(mole DIPB + 3(mole TIPB formedl
x 100%

3. Resultsand discussion

3.1. Catalytic cracking of n-dodecane

specific surface arg28]. The specific surface area of Mg-
saponites typically ranges from 600 to 758 iy, whereas

interlayer into the clay structure. It can thus be stated that
the catalytic cracking behaviour is due mainly to Lewis acid

the specific surface areas of Ni-, Co-, and Zn-saponites varycentres with Mg- and Zn-saponites. The remaining activity

between 500 and 600, 400 and 500, and 100 and 30@,m

of the (reduced) Ni- and Co-saponites can be due partly to

respectively. The high reaction rate constant of Mg-saponite the metal particles. A contripution of the metal p.articles will
also cannot be explained by differences in acid strength be-be evident from the selectivity. As can be seefig. 1, the

tween Mg-saponite and, for instance, Zn-sapofi@§. The
reducibility of the metal ions within the octahedral sheets is

10

o Mg —8—7n
g 8 --4--Co --%--Ni
: —e—E-Y
8
s 6
E 3
5 4
o
E 2 _,.::'. ........ -SRAARR R N .
= o EEEEEER
...... ‘............-.|
0+ j
1 2 : ) 5
Number of pulses

Fig. 1. The relation at 450C between the first-order reaction rate constant
of saponites (SiAl ratio 7.89) with different octahedral cations (I@Ib,
Zn?t, Co?t, and N#T) and the pulse number. Zeolite E-Y has been
includled for reference. Feed compositiondodecane, B, He; WHSV

66 h .

deactivation of Mg-saponite is considerable, most likely be-
cause of the formation of coke on the stronger (Lewis) acid
sites. The fresh zeolite Y with strong Brgnsted acid sites de-
activated very rapidly according to the decreasé d&fom

37.2 atpulse 1to 6.5 at pulse 5 (not displaye#im 1). De-
activation of the other saponites is also observable, though it
is not as pronounced as with the Mg-saponite.

The selectivities for &-Cs products are listed ima-
bles 1 and 2Saponites with ZA+ or Mg+ as the octahedral
cations show a selectivity comparable to that of the E-VY. In
particular, G was formed during the catalytic cracking of
n-dodecane on these saponites. The incorporation ®f Ni
into the octahedral sheet strongly influences the selectivity
as compared with Mg-, Zn-saponites, and E-Y. The forma-
tion of large amounts of hydrogen and methane results in
a relatively low amount of & C4, and G in the reaction
products. The formation of hydrogen and methane clearly
points to the presence of metallic nickel particles. As was
indicated already by the rate constant, nickel ions within the
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Table 1 Table 2
Selectivity (wt%) of the G—Cs fraction produced in the cracking af- Selectivity expressed in product ratios for the cracking-ofodecang
dodecane. All saponite samples have gAbratio = 7.89 Sample SAl CE/ i-Ca/ Cz:l/ i-Cs/ Cg/
Product Mg-sap. Zn-sap. Ni-sap. Co-sap. Zeolite-Y E-Y Ca-total i+n-C4 Cy-total i+n-Cs Cg-total
(wt%) Mg-sap. 789 0.66  0.67 051 079 047
k 8.99 093 159 269 372 112 Zn-sap. B9 0.72 0.66 0.60 0.62 1.00
Ho 0 0 7.68 072 0 0 Ni-sap. 789 0.82 0.56 0.88 1.00 0.94
Cy 0 0 258 0 007 0 Co-sap. B9 0.82 0.60 0.75 0.69 0.77
Co 0 0 185 0 Q18 0 Co-sap. 13 0.96 0.65 0.93 - 1.00
c 0.38 0 0 Q72 103 0 Co-sap. 39 1.00 - 1.00 - 1.00
C3 7.68 7.96 199 394 155 272 E-Y - 0.87 0.70 0.56 0.80 0.30
C? 14.6 206 9.40 174 2.83 183 ZeoliteY - 0.15 0.75 0.03 0.86 0.02
’?'84 7'37 ;lO zlgg ggg ;él 207 @ k =rate constant, G paraffin, C = olefin,i = iso,n = normal, total
4 14 135 ‘ ! 161 = total amount of olefins and paraffins.
Cy 232 310 323 346 158 295
n-Csg 3.60 516 0 225 407 362
i-Cg 133 839 106 498 253 147 10
Cs 14.9 6.24 156 240 061 797 . Si/Al ratio
> Cg-total 223 286 114 213 183 210 E 81 0233 05.67 M7.89
> Cy-total 455 516 365 459 504 527 g
SCstotal 318 198 167 312 300 227 s 67 e 0123 W39

@ k =rate constant, G paraffin, C = olefin, i = iso,n = normal, total _«5 44
= total amount of olefins and paraffins. §

£ 2

octahedral sheets are reduced by the hydrocarbon inthe feed | |

The production of hydrogen points to carbon deposition on Mg Zn Co Ni
the nickel particles. The reaction of hydrogen released with Composition octahedral sheet

carbon .Ieads to methan.e' Wlth (rEduced) Ni-saponite the Fig. 2. The influence of the Bl ratio on the catalytic activity of Mg-, Zn-,
production of G and G is relatively low, whereas much Ni-, and Co-saponites. All activities were obtained in the first pulse.
butene and pentene results. The selectivity of samples con-

taining cobalt is also remarkable. (Reduced) Co-saponites

show a very high selectivity for £, Cs-, and G-olefins, can be explained by the next nearest neighbour (NNN) the-

. . ory for clay minerals. This NNN theory has been developed
most likely because of the dehydrogenating effect of the for zeolites[34—36]and implies that the acid strength of the

meta_lllic particles. Since the me_tgllic cobalt particles remain tetrahedral SiAl lattice in zeolites is not affected as long
relatively small, carbon deposition on the metal does not as an APt ion does not have another 3, but only S+
proceed rapld_ly. Qoqgequently, methane_ apd hydrogen_ a'€3s NNN. An increase of the BAl ratio will result in the
not observed in significant amounts. A similar observation presence of At in NNN positions, which lowers the acid

was mentioned by Meusinger et B3] for the cracking  gpength of the zeolite lattice. Application of this theory to
of n-hexane over Co-containing aluminium phosphate-basedSaponiteS results in a maximum NNN situation with A#/8i

molecular sieves. (Reduced) Co-saponites, but probably alsqajg of approximately 7, close to the observed maximum ac-
Ni-saponites, may exhibit a bifunctional catalytic behaviour: tivity of samples with a SfAl ratio of 7.89. It is interesting

catalytic cracking by the acid sites and dehydrogenation by 4 note that with the saponites the NNN theory satisfactorily
the transition metals at the clay surfaces. Although th&Si  ,.counts for the acidity of Lewis acid sites.

ratio in Mg- and Zn-saponites does not influence the se-

lectivity appreciably (not displayed ifiables 1 and @ the 3.2. Hydro-isomerisation of n-heptane

Co-saponite with a low amount of Al (BAl = 12.3) ex-

hibits an extremely high dehydrogenation activity, whereas  All synthetic saponite samples used in this study were

the cracking activity is lowK = 1.68), which confirms this ~ H* exchanged. The results presented by Vogels €84l

bifunctionality (Table 2. clearly revealed the almost exclusive presence of Lewis acid
Although an influence of the Al ratio on the selectivity  sites within thus exchanged clays. The acid-catalysed iso-

for C;—Cs has been detected only for Co-saponites, the ef- merisation reactions on the saponites to be presented below

fect of the SjAl ratio on the catalytic activity can clearly = must therefore be related to the Lewis acidity. Theeptane

be seen with the Mg-, Zn-, and Co-saponitégy( 2). In conversion and the selectivity farheptane, presented as

Mg- and Zn-saponites an optimum in activity is observed the yield of i-heptane i{-C7 yield), as a function of tem-

for samples with a $iAl ratio of 7.89. For the three mea- perature for an ASA, a Co- and a Mg-saponite sample, are

sured Co-saponites, the sample with @/Siratio of 7.89 represented ifrigs. 3 and 4The conversions and selectiv-

displays the highest activity. These findings are in accor- ities were measured while the temperature was raised. The

dance with the results presented by Vogels g&-30]and conversion measured with the Co-saponite is considerably
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100
Table 3
~ 80 T Activity and selectivity towards the conversionoheptane ta-heptane
3 ol Ma SUAP  T(C)  Ymax(%)/ T-profile®
5 40%° Cmax(°C)!  (°C)
g 40 + Co 567 258 12~90 180-380
é Co 7.89 250 1540-65 180-380
20 + Co 123 264 12~90 180-380
Mg 7.89 286 6478 180-380
0 - — : Mg 123 274 6478 180-380
150 200 250 300 350 Mg 5.67 278 7783 400-200
Reaction temperature (°C) Mg 7.89 287 7783 400-200
Mg 123 291 7082 400-200
Fig. 3. The conversion ofi-heptane at rising reaction temperatures of Co/Mg (1:1) 7.89 278 ~10/~82 200-400
(a) Co-saponite (Al ratio 7.89), (b) Mg-saponite ($Al ratio 7.89), and Co/Mg (1:1) 7.89 323 4378 400-20b
(©) ASA. Ni/Mg (5:1) 7.89 278 ~8/55 200-400
Ni/Mg (5:1) 7.89 323 4581 400-200
80

@ Qctahedral cation in the saponite structure.
b Si/Al ratio in the saponite structure.

~ 60 1 ¢ Temperature at 40% conversion.

§ b d Maximumi-C; yield/corresponding reaction temperature.

e € Temperature profile of the reaction.

.(f o7r s f After previous reaction and subsequent treatment a®@0for 4 h in
E ¢ Ho.

20 +

yield drops because of the catalytic crackingidieptane at

0 ’ ’ ’ ’ these temperatures over the acid sites of the Mg-saponite.
0 20 T 40 60 80 100 The results of the catalytic measurements of the above-
otal conversion (wt.%) . L
mentioned samples and some other saponite samples are
Fig. 4. The yield towards-heptane as a function of theheptane con- listed inTable 3 It is remarkable that the BAl ratio of the
version of (a) Co-saponite (SAl ratio 7.89), (b) Mg-saponite (BAl ratio saponites does not show a consistent effect in the catalytic

7.89), and (c) ASA. performance. Mg-saponite exhibits a slightly higher activ-

ity with decreasing SiAl ratio at decreasing temperatures.

higher than the conversion of the Mg-saponite with the same However, subsequent measurements at increasing tempera-
Si/Al ratio. The difference in temperature at 40% conver- tures results in an opposite behaviour. Co-saponites do not
sion is 36°C. Under the conditions of the pretreatment (2 h exhibit any trend. The presence of Ni or Co in saponites with
at 400°C within 30 bar of H), reduction of cobalt in the  a mixed-metal octahedral sheet leads to a metallic behaviour
clay structure must have taken place. Cracking-beptane similar to that of Co-saponite at increasing temperatures. Itis
on the surface of metallic Co particles is most likely. interesting to note that after measuring from 200 to 400

Both the (reduced) Co-saponite and the Mg-saponite areand subsequent treatment in t 400°C for 2 h, the re-
considerably more active than the commercial ASA cata- action profile from 400 to 202C is totally different from
lyst. The difference in temperature at 40% conversion be- the profiles measured earlier with the saponites containing
tween the ASA and Mg-saponite is about*85in favour of exclusively Ni or Co. Although the resulting activities are
Mg-saponite. The hydro-isomerisation activity of a HZSM- considerably lower, the selectivities have increased a great
5 zeolite is, however, considerably higher as compared with deal. This can be attributed to the accumulation of carbon
the synthetic saponites. Already at approximately Z1the on the metallic particles during the process. Because of this
conversion amounts to 40% with a HZSM-5 zeolite. This carbon deposition the Ni or Co particles can no longer par-
higher activity of the HZSM-5 zeolite can be explained by ticipate in the cracking oi-heptane, resulting in an increase
the higher (Brgnsted) acid strength of this kind of catalyst as of the selectivity fori-heptane due to the catalytic activity of
compared with saponitd80]. The yields versus conversion the remaining (Lewis) acid sites.
curves Fig. 4) confirm the presence of larger metallic Co in Ni- and Co-containing synthetic mica-montmorillonites
Co-saponites. Although the activity of Co-saponite is high, (SMM) show a very high activity and selectivity for the
the selectivity fori -heptane is low: approximately 1584C; hydro-isomerisation ofi-hexang11,12] Although the Co-
yield between 40 and 65% conversion. The selectivity profile containing saponite also displays a high activity in our study,
of Mg-saponite is almost the same as that of the ASA. The the selectivity is low. The catalytic activity and selectivity of
i-C7 yields of both the ASA and Mg-saponite increase lin- Ni-containing saponites are both low. Apparently the partial
early with the conversion, resulting in arC7 selectivity of reduction of NjCo in the dioctahedral sheet of SMM results
85-90%. In case of Mg-saponite the high selectivity is main- in an increase in the number of acid sites, whereas partial re-
tained up to 80% conversion. At higher conversions t2 duction of Ni or Co present in the trioctahedral sheet of the
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saponites of this study decreases the number of acid sitesTable 4

The effect of reduction on the number of acid sites within Comparison between a commercial SPA catalyst with aht Adxchanged

mica-montmorillonites is attributed to a significant fraction Zn-saponite for the Friedel-Crafts alkylation of benzene with propylene to
. . - cumene

of the nickel or cobalt present at interlayer positions. Re-

duction of metal ions at interlayer positions leads to protons Sample  Wit% B/P  T(°C)/  Conversion Selectivity
neutralising the negative charge of the clay layers. Reduction catalysts ratic" time (nf (%) )
of the metal ions present within the octahedral sheets bringsSPA 1.5 8.7 190 85 80
about reaction of two hydroxyl groups and two oxygen ions 21-sa8 15 T 1902 99 83

) : ) Znsa§ 1.5 7.1 1600.25 99 80
per three nickel ions with hydrogen to water. A collapse of Znsap 02 6.8 160025 87 24
the clay structure results because of the removal of oxygen asgpp 0.2 77 16(0.25 03 100

water. Itis interesting to note that Naand Cé*-exchanged a it ,

. . . L nitial benzene/propylene molar ratio.
natural montmorillonites do not show catalytic activity for b reaction temperature/reaction time.
the conversion ofi-heptane inté-heptang37]. The authors ¢ Saponite SiAl ratio = 39.0.
observed that pillaring the montmorillonites withiAlcom-

plexes gives rise to a 40%-heptane conversion at about 190

335°C, thus at a considerably lower temperature thanwe ob- ¢/ |

served with Mg-saponite. The WHSV in their study is lower

than that used in this study. Even pillaring with large com- g 60 +

plexes of Ce and Al did not result in a better activity than &

that obtained with our Mg-saponif88]. § 40 1

3.3. Friedel—Crafts alkylation of benzene with propylene to 2

cumene 0

H0 25°C 120°C 300°C
A comparison of the results obtained with the commercial Pre-treatment conditions

SPA catalyst and those obtained with a synthetic Zn-saponiterig 5 The influence of the hydration state of Zn-saponitg/ABratio
with interlayer AP+ in the Friedel-Crafts alkylation of ben-  7.89) on the catalytic activity. Catalyst conversion 0.2 wt%CHneans wet
zene with propylene is presentedliable 4 The addition of saponite sample. Reaction conditions: temperature C6@uration 0.25 h,
some water to the feed was necessary when the SPA catabenzene/propylene molar ratio?7.

lyst was used, in order to activate this catalyst. It can be seen

that with 1.5 wt% Zn-saponite the conversion at $60is %0 100
99% after 0.25 h. Decreasing the amount of saponite used _ 0T 1 90
at 160°C from 1.5 to 0.2 wt% results in a slight drop in & 40+ S
conversion from 99 to 87%. The selectivity does not differ & 5 | - 80 E
much. When the SPA catalyst is used under these condi- 2 1708
tions (0.2 wt% at 160C for 0.25 h), the catalytic activity is ~ © 207 S
reduced to almost zero. The substantially better catalytic per- 10 T T 60
formance of the synthetic Zn-saponite is therefore striking. 0 50
Removing the SPA catalyst from the autoclave after the reac- Ni Co Mg Zn

tion was almost impossible. A layer of material was strongly Composition octahedral sheet

attached to the reactor wall. Synthetic saponite, on the Con-Fi 6. The influence of the composition of the octahedral sheétH(Ni
trary, can be removed from the autpclave without probllems. ch)z + M2+, and Zi+) with (a) HE_ and (b) AP+ -exchanged saponites
The influence of the state of hydration of the Zn-saponite on (Si/Al ratio 7.89) on the catalytic performancefsaponites: 1.5 wt% cat-
the catalytic performance is presentedrilg. 5. The pres-  alyst at 190°C and 2 h, AP*-saponites: 0.2 wt% catalyst at 160 for
ence of water in the feed results in a completely deactivated0.25 h.

Zn-saponite. Obviously the acid sites are blocked by water

and are, therefore, inactive for the reactants. Increasing theof Brgnsted acid sites due to the dissociation of water within
drying temperature to 12 results in a strong increase in  the interlayer by the exchangeable*Alcations. The selec-
the activity to 87%. A further increase in the pretreatment tivity of the samples is not affected by the amount of water
temperature to 300C causes the activity to decrease to 60%. present in the sample. The selectivity for cumene varies be-
This catalytic behaviour is in accordance with the acid prop- tween 74 and 83%.

erties of the Zn-saponitd80]. Although the temperatures Up to this point, the catalytic performance of saponites
are not entirely the same, the Zn-saponite with interlayer with Zn?t in the octahedral sheets has been described. In
Al3+ shows a much higher acidity when dried at 280than Fig. 6the effect of the type of octahedral and the interlayer
when calcined at 35TC. The increase in acidity at 13C as cation on the catalytic performance is shown. Reactions us-
compared with 350C is probably caused by the formation ing HT-exchanged Ni-, Mg-, and Co-saponites (1.5 wt%) all
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. . 100
show a very high conversion of about 95%, whereas the ac-

tivity of the Zn-saponite is considerably lower (63%). As
mentioned before, H-exchanged saponites exhibit Lewis
acidity almost exclusively. It can thus be concluded that
the alkylation of benzene with propylene is due to Lewis,
but also to Bragnsted, acid sites, as indicated by th& Al
exchanged Zn-saponites mentioned earlier. It is likely that in
the case of Fi-exchanged saponites the interlayer space is
too small to permit catalytic reactions, especially when the 20 f ’ y
proton has migrated through the hexagonal cavities of the 0 10 20 30 40
tetrahedral sheet, as suggested by Vogels ¢8@J. In that SiAlratio

case the catalytic reactions can only take place at the ex-Fig. 7. The influence of the Al molar ratio in (a) H"- and (b)
ternal surface of the clay particles. As shown by Vogels et Al 3+_exchanged Zn-saponites on the catalytic performangesaponites:
al. [28], the specific surface area of Zn-saponite is consid- 1.5 wt% catalyst at 199C and 2 h, Af*-saponites: 0.2 wt% catalyst at
erably lower than those of the saponites with ¥gNiZ*, 160°C for 0.25 h.

or C&?* as cation in the octahedral sheet, which accordingly oo

oo
(=]
L

Conversion (%)
(=23
S

40 1

results in a lower catalytic activity. 0
Al3t-exchanged saponites exhibit behaviour opposite 90 1

that of H -exchanged saponites. #l-exchanged Zn-sapo- & 1858

nite (0.2 wt%) shows the highest activity, followed by Mg-, g 80T =

Co-, and Ni-saponite. These results are in good agree-$£ 79 1 %

ment with the pyridine-TPD results described by Vogels et 3 MR TR JUBIRPTILEES M T80 3

al. [30]. In that work the highest acidity was also observed 60 T

with (Al®+-exchanged) Zn-saponite, followed by Mg- and 50

Ni-saponites. These results may be partly explained by the : ) \ 75

high degree of stacking in Zn-saponites as compared with Number of experiments 4

that of other saponites. At is mainly situated between two
adjacent clay platelets and is predominantly responsible for Fig. 8. Re-use experiments with an%texchanged Zn-saponite (@il
the acidic properties. This hypothesis is not entirely true, ratio 7.89). Benzene/propylene molar ratio 8, catalyst concentration
because Co-saponite displays the second highest extent of -0 W% temperature 16&, reaction time 0.5 h.
stacking, but its catalytic performance is considerably lower
than the hardly stacked Mg-saponite. Apparently the na- fer from the acid strength of saponites with &/ Ai ra-
ture of the octahedral cation affects the acidic properties astio of 39.0, but the number of acid sites is considerably
well [30]. The high alkylation activity of catalysts contain- higher, which should result in a higher catalytic activity. It
ing Zrét has also been mentioned in the literat[#2,26] may be concluded that at low /&l ratios the interlayer
The selectivity for cumene ranges from 75 to 94% for all is largely occupied by exchangeable®A) which impedes
of the above-mentioned saponite samples. A clear relationthe diffusion of reactants and products into the interlayer
between the type of octahedral or interlayer cation and the space, resulting in a lower activity. However, this hypoth-
selectivity could not be observed. esis can only be verified by more research. The selectivities
The effect of the SiAl ratio in Zn-saponite on the cat- we measured varied between 74 and 84% without any obvi-
alytic performance is presentedfig. 7. Just as in the ex-  ous trend.
periments described above, saponites exchanged withrH We investigated the deactivation of an®Alexchanged
Al3t exhibit behaviours that are the opposite of each other. Zn-saponite with a $iAl ratio of 39.0 by re-using the same
With HT-exchanged Zn-saponite, the catalytic activity gen- sample in the alkylation reaction three tim&sg, 8). A de-
erally increases with decreasing/ &l ratio. In other words, crease in the conversion from 96 to 75% was observed be-
an increase in the amount of isomorphous substitution of Sitween the first and third experiments, coinciding with an
by Al results in an increase in the number of acid sites at increase in the selectivity from 80 to 87%. The deacti-
the external surface and correspondingly to an enhanced catvation is possibly due to the deposition of reaction prod-
alytic activity. The deviating behaviour of At-exchanged  ucts on the (strongest) acid sites. In other (single) alkyla-
saponites is not fully understood. It can be suggested thattion experiments performed in this study, approximately 2—
a low amount of A} in the tetrahedral sheet results in a 3 wt% carbon was measured to be deposited on the samples.
low number of acid sites, but with a relatively strong acid- This carbon possibly originates from polyalkylated prod-
ity, according to the next nearest neighbour (NNN) effect, ucts. The remaining weaker acid sites apparently favour
as indicated in zeolites. However, when this NNN theory the reaction towards cumene. As indicated earlier, the cat-
is applied to saponites, the acid strength of the sites of aalytic performance of Zn-saponites in the alkylation of ben-
saponite with a SiAl ratio of 7.89 will probably not dif- zene with propylene is far more favourable than that of the
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Table 5 ASA and the pillared clay material mentioned in the litera-
Selectivity towardsp-, o-, and m-diisopropylbenzene (DIPB) for Af- ture. The HZSM-5 zeolite, however, was considerably more
exchanged Zn-saponite (& ratio = 39.0, dried at 120C) efficient in the hydro-isomerisation reaction. Although the
Wit% 72  Time® Conversion p-DIPB o-DIPB  m-DIPB Co-saponite turned out to be more active than Mg-saponite,
catalyst (°C) (h) (%) (%) (%) (%) the selectivity fori-heptane was very low. Saponites were
ig ?—ng 325 ;9: :77 ;é) 173 also active in the Friedel-Crafts alkylation of benzene with
0 160 oo8 ot 49 20 16 propylene at relatively low temperatures (P&). The shape

selectivity for p- ando-DIPB was remarkable. It was indi-
cated that the amount of water in the system largely affects
the catalytic properties of the saponites. Too much water re-
sults in a blocking of the active sites. The synthetic saponites
commercial SPA catalyst. Recently a new cumene produc-ywere far more active than the commercial SPA catalyst. It
tion catalyst was developed by Dow Chemical based on s generally known that the application of the SPA catalyst
a dealuminated mordenite cataly89]. Good alkylation  has some serious drawbacks with respect to corrosion and
performances by zeolites have also been described. Un- environmental damage. Furthermore, the SPA catalysts are
fortunately, because of differences in experimental setup, gifficult to remove from the reaction vessel and cannot be
the results of these studies cannot be ComparEd to the rere-used. The Synthetic C|ay minerals are harmless with re-

a Reaction temperature.
b Reaction duration.

sults with the synthetic saponites. Meima et[8B] men-  gpect to the environment, are easy to handle, are easy to
tioned an interesting feature concerning the second mostremove from the reaction vessel, and are re-useable. The
important product, DIPB: although-DIPB is thermody-  catalytic performance in the alkylation reaction of benzene

namically the most favoured isomer, theDIPB isomer  ith propylene of the synthetic saponites is such that it can
was formed preferentially, and the-isomer was hardly  compete with the SPA catalyst. It can be concluded that the
present. They concluded that this shape selectivity origi- catalytic alkylation reaction is a good example in which en-
nated from the special porous character of the dealumi- vironmentally friendly synthetic clay minerals are possibly

nated zeolites. A similar shape selectivity was mentioned able to replace the SPA catalyst.

by Keading[40], who used a zeolite ZSM-12. When an

Al3t-exchanged Zn-saponite is measured, a strong selectiv-

ity for m-DIPB and, in contrast to other studies, thW®IPB References
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