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Abstract

The surface acidity of a series of commercial Sid Chemie acid-treated montmorillonite clays (K-catalysts) has been
evaluated by a wide range of complementary experimental techniques. The different methods applied allow a rather complete
characterisation of the surface acidity providing a complete picture of the Lewis/Brgnsted acid strength/density of the surface
sites. IR data show that the Brgnsted sites on these catalysts are relatively weak and provide evidence for a slight increase
of the strength and the density of Brgnsted sites in the ordexK&L0 ~ K20 < K30 in full agreement with the trend in
iso-butene conversion, which is a measure of the strength and/or the abundancy of Brgnsted sites. The apparent contradiction
of these data with those obtained from the ammonia adsorptioisesptlopanol conversion experiments can be explained by
the structural and chemical modification of the clays upon acid treatment. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction catalysis is almost old as the catalysis concept itself
[6-9]. Among the earliest cracking catalysts were

Solid acids find a wide range of catalytic appli- acid-activated bentonites and kaolinite clays, these
cations in oil and chemical conversion processes being replaced in the 1960s by large pore Y-zeolites.
[1-5]. The use of aluminosilicates in heterogeneous The process by which natural calcium bentonites are
acid-activated involves treatment of the uncalcined
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physical changes also take place during acid activa- were sent onto the sample until a final equilibrium
tion: swelling occurs at the edges of clay platelets pressure of 38 Torr was reached. The equilibrium
which open up and separate, while still remaining pressure was measured after every adsorption step,
tightly stacked at the centre. The surface area in- and the amount adsorbed was calculated. At the end of
creases notably, and pore diameters increase andhe first adsorption cycle, the sample was pumped at
assume a three-dimensional form. Different grades of 353 K for 30 min, and a second adsorption cycle was
acid-activated montmorillonites are tailored to differ- then performed at the same temperature. The differ-
ent applications. Acid-treated montmorillonites can be ence in adsorption between two adsorption cycles is
purchased from a variety of commercial sources. The ascribed to irreversible adsorption of Nidn surface
acid-treated clay K10 is produced by Siid Chemie AG of the K-catalyst. At first, this quantity changes as the
of Moosburg, Bavaria (Germany), and has been ob- adsorption progresses, but then it levels-off. Similar
tainable from Fluka AG and Aldrich Chemical Co. for behaviour is observed for all four K-catalyst samples.
a number of years. The ease of availability explains

why synthetic organic chemists have largely used this 2.3. Iso-propanol decomposition

material in a wide range of acid catalysed reactions.

In spite of its wide use, and despite several studies on The catalytic activity of the samples in the decom-
acid treatments of clays [10-16], the nature of the acid position of iso-propanol was tested in a fixed bed
sites and the details of the surface chemistry of these tubular glass microreactor at 623 K and atmospheric
versatile catalytic materials is still in part unknown.  pressure using about 30 mg of catalyst with dilution.

We report here an evaluation of the surface acidity of
the well known K10 and of some other acid-activated
clays of the K-series (K5, K20, K30) using a range of

The iso-propanol was fed into the reactor by bub-
bling a flow of He through a saturator—condenser at
303K, which allowed a constant flow of 25 ml mih

complementary experimental techniques. with 7.4% of iso-propanol and space velocity of
41 molgts1. The samples were pretreated at 493 K
in He flow for 2h and then kept 1 h at 493K under
static He atmosphere. The gas carrier was passed
through a molecular sieve trap before being saturated
with iso-propanol. The reaction products were anal-
ysed by on-line gas chromatograph provided with a
flame ionisation detector and a fused silica capillary
column SPBL1.

2. Experimental
2.1. Materials

K-montmorillonites are produced by Sid Chemie
AG from raw clays of Bavaria, Germany, and labora-
tory quantities are commercially available from Fluka.
Acid activation is performed for a variable length of
time, with HCI of variable concentration at boiling
temperature, using corporate technology. Surface ar-
eas (BET) and pore distribution (BJH) were measured
with a Micromeritics ASAP 2010 apparatus.

2.4. Microcalorimetric measurements of the enthalpy
of competitive adsorption of 1-butanol

The experimental procedure is based on the flow
calorimetric titration of the hydrophilic sites with
1-butanol as a hydrophilic probe. In order to elimi-
nate a van der Waals—Lifshitz contribution to the en-
thalpy of displacement, the titrant is used in an apolar

The amounts of Nl adsorbed at different par- solvent f-heptane). The enthalpy changes accompa-
tial pressures in the equilibrium bulk phase were nying the adsorption of 1-butanol fromheptane at
measured using a Micromeritics ASAP 2010 Chemi 298.15K were determined using a Microscal Flow
System apparatus. In order to reduce physisorption Microcalorimeter [17,18]. For all calorimetric mea-
of ammonia on the solid surface, the adsorption tem- surements, solid samples were taken at random and
perature was maintained at 353 K. Prior to adsorption sieved to obtain 40-4Q0m diameter fractions. The
measurements, the solid sample (about 200 mg) wasflow cell was filled with a mixture of about 20 mg of
outgassed at 723 K for 3 h. Successive ammonia dosesa K-catalyst sample and PTFE powder. The latter is

2.2. Ammonia chemisorption
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a solid diluent, used to shorten the time of adsorp- lated asS; = 100 x (wt.%iso-buten@efiyend[(Wt.%
tion. The dry adsorbent in the cell was evacuated to n-butenespeq—(wt.% n-buteneskiuend. The amount
0.1 mmHg for 2 days at room temperature, and then of coke was deduced from the weight loss of the spent
wetted with n-heptane and additionally purified by catalyst after burning in air in the range 363-1073K,
solvent percolation at a rate of 3mthfor 1 h. After as measured by thermogravimetry (TG).
attaining thermal equilibrium, the flow of the sol-
vent was exchanged for that of a 2gIsolution of 2.6. FT-IR spectra in the OH stretching region
1-butanol inn-heptane. The displacement of the sol- before and after adsorption of a probe (pivalonitrile)
vent by the adsorbing solute molecules on hydrophilic for basic sites
surface sites induces a thermal effect and alters the
thermal equilibrium which is recorded by the thermis- Infrared (|R) spectra were recorded on a Nicolet
tors as a thermal peak, the area under the peak beingviagna 750 instrument with a resolution of 4th
proportional to the total heat evolved. A calibration Self-supported pressed disks (ca. 8 mgémwere
coil in the cell allows correlation between a fixed en- activated in the IR cell by heating under vacuum
ergy supplied and the integrated value recorded. The (104 Torr) at the corresponding calcination tempera-
formation of adsorbate monolayers on the solid sur- ture for 2 h. Pivalonitrile (1 Torr at equilibrium) was
face is indicated by an on-line refractive index detec- introduced at room temperature, then immediately
tor, which continuously monitors differences between evacuated at the same temperature to eliminate ph-
the refractive index of the solution passing through ysisorbed species. Stepwise desorption was continued
the adsorbent bed and that of the pure solvent. up to 573K. A background spectrum was automati-
cally subtracted each time.

2.5. Catalytic isomerisation of 1-butene

Catalytic 1-butene isomerisation tests were per- 3. Results
formed in a tubular glass flow microreactor. The ]
catalyst samples were pretreated for 2h in fiow 3.1. Analytical and structural data
at 673K. Experiments were performed at 673K
andt = 2.40cap 91-butene - h. The 1-butene was Analytical and structural data are reported in
at 5% abundance in nitrogen. Any non-converted Tables 1 and 2, respectively.
1-butene and the reaction products were analysed
on line in a gas chromatograph (HP 5890 series 3.2. Determination of surface hydrophilic sites using
I) equipped with a wide-bore KCI/AIGI column competitive adsorption of 1-butanol (BuOH) from a
(o = 0.53mm,! = 50m) and a flame ionisation liquid phase at 298 K
detector. As usual for this reaction, the distribution
of n-butenes is near equilibrium, and consequently, The integral enthalpy of displacement per unit BET
the conversion is defined as the ratio (products — surface area is a measure of the number of the hy-
n-butenes)/1-butene feedl00. Selectivity was calcu-  drophilic surface sites detected by the butanol probe

Table 1
Apparent bulk density, surface area and pore volume distribution of K-catalysts
Sample Apparent bulk density (gl) Surface area BET (Ag~1) Pore volume (mlg?)

0-80nm 0-24nm 0-14nm
K5 600 200 0.25 0.22 0.18
K10 370 240 0.36 0.30 0.26
K20 470 240 0.39 0.32 0.30

K30 450 330 0.50 0.44 0.38
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Table 2
Chemical analysis of K-catalysts
Sample Chemical analysis (%)

SiO, Al,03 Fe,O3 CaO MgO NaO K20 Loss on ignition Total
K5 65.0 19.0 4.8 0.2 24 0.3 15 6.5 99.7
K10 73.0 14.0 2.7 0.2 11 0.6 1.9 6.0 99.5
K20 75.0 125 24 0.3 1.2 0.3 15 6.3 99.5
K30 80.0 10.0 1.8 0.2 1.0 0.3 0.5 6.0 99.8

under given experimental conditions [19]. In the geneous in regard to the strength of interactions be-
second stage, the partial desorption of butanol is tween the BUuOH molecules and hydrophilic sites.
achieved by exchanging the flow of the solution for
that of puren-heptane. The desorption cycle is carried
out to evaluate the extent of adsorption reversibility.
Partial reversibility of 1-butanol adsorption indicates
the existence of very strong hydrophilic sites in the
sample surface at which the alcohol molecules are ir- Phase at 298 K- _

reversibly localised during the displacement process. The chemisorption of ammonia from the gas phase

The results on the four K-catalyst samples are given in IS & Powerful method of determining the number of
Table 3. acid sites of a solid surface. The acidity evaluation of

MCM-41 type materials by this methodology has been

character between the four K-catalysts is possible 'ePorted recently [20]. The difference in adsorption of
because they are expected to have similar surfacethe two adsorption cycles at a pressure of 38 Tprr cor-
chemistry. K20 clearly possesses the greatest number'€SPONds to the maximum amount of Aliteversibly

of hydrophilic sites per unit surface area. About 50% 2dsorbed on the surface of the acid-activated clays.
of these sites interact with the butanol molecules so SINce; ireversible adsorption of NHneans the lo-
strongly that the adsorption is irreversible. For the C2lised chemisorption of single ammonia molecules on
remaining samples, the density of hydrophilic sites is ac!d!c s!tes, this qu:_antlty provides the total number of
fairly similar, with K10 giving the highest degree of ac!d!c s!tes on a solid surface. The n_umb(_ars of surface
irreversibility. Therefore, the hydrophilic character of 2cidic Sites on the K-catalysts are given in Table 4.

the surface, as measured by the competitive 1-butanol Of the four K-catalyst samples used in the study,
adsorption from-heptane, decreases in the following K5 possesses the greatest number of acidic sites per

3.3. Evaluation of the number of acid sites

3.3.1. Two-cycle adsorption of NHrom a gaseous

A direct comparison of the surface hydrophilic

order: K20> K10 ~ K5 = K30. unit T)urfa(;e ar_z_a of_adsprbﬁnt. Th_e or_der of decreasing

A marked degree of the adsorption irreversibility number of acidic sites in the series is K6 K10 ~
indicates that the surface of the samples is hetero- K20 > K30.

Table 4
Table 3 Number of surface acidic sites on K-catalysts as determined from
Thermal effects in the first adsorption—desorption cycle of BUOH the measurements of the adsorption of gaseous &tF853 K and
onto K-catalysts from a 2 gl n-heptane solution at 298 K P = 38Torr
Sample  Sget AHads AHges AHged Sample  Sger Number of sites  Number of sites
(m’g™h) (MInT?)  (MINT?)  AHads (%) (m*g™) (mmolg™) (wmolm™?)

K5 200 29.8 25.0 84 K5 200 0.27 1.35
K10 240 31.7 12.1 38 K10 240 0.20 0.83
K20 240 50.5 26.4 52 K20 240 0.19 0.79

K30 330 28.6 17.7 62 K30 330 0.18 0.55




U. Flessner et al./Journal of Molecular Catalysis A: Chemical 168 (2001) 247-256 251

Table 5 be compared. Fig. 1 shows the activity of the four
Catalytic decomposition ofso-propanol to propene K-catalysts in the decomposition isfo-propanol, and
Sample  Iso-propanol decomposition the number of surface acid sites as determined by am-
ol @ 1sh pmol (m2s ) monia adsorption, both expressed per unit surface area.
W propens (Propene It may be seen that the decrease in the decomposition
KS 22.4 0.11 of iso-propanol parallels the total number of acid sites.
K10 23.4 0.10
‘,228 i;:g 8:82 3.3.3. Catalytic activity in 1-butene isomerisation
The skeletal isomerisation of 1-butene is an
acid-catalysed reaction and it can be a useful test to
compare the acidity of clay catalysts [21,22]. The
3.3.2. Catalytic decomposition of iso-propanol to conversion and the selectivity of the reaction consid-
propene erably depend on the concentration, type and strength

The conversion ofso-propanol is a widely used of the acid sites. Further, the distribution of some
reaction to test the acid—base and redox propertiesof the reaction products, in particuldaso-butene,
of catalysts. The reaction, that does not need strong n- and iso-butanes and coke is strongly related to
acid sites, can give diisopropyl ether, propene and ace-the strength and the type of the acid sites of the
tone as products. Propene is produced by simply acid- catalyst.
catalysed dehydration, while ether formation must in-  Dimerisation and oligomerisation products are
volve an intermolecular coupling reaction. Acetone is formed when porous materials are used as catalysts.
formed in presence of basic or redox sites via oxida- The most important by-products of isomerisation of
tive dehydrogenation. For the K-montmorillonites, the 1-butene are the C3 and C5 alkenes derived from
selectivity to propene was found to be 100%. The data cracking degradation of C8 dimeric species. On the
for all the samples are summarised in Table 5. other hand, aromatics and carbonaceous compounds

Neither the above technique nor ammonia chemisor- originate from oligomerisation followed by cracking
ption discriminates between Brgnsted and Lewis acid and consequent coke deposition. A high concentration
centres, and the results given by these approaches camf very strong acid sites is responsible for the coke

2.0 0.15
1.5 P
‘0
o L 0.10 «
.E é
5:‘5 «— —_— Q
z 1.01 3
3 (]
g s
3 - 0.05 ©
£
0.5 =
0.0 . . . 0.00
K5 K10 K20 K30

Fig. 1. Catalytic decomposition d@o-propanol to propenelll), and number of surface acidic site®) as determined by Niladsorption
on K-catalysts.
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Table 6
Product distribution of 1-butene isomerisation on K-catafysts

Sample C3 Product distribution (%)

Iso-butane n-Butane Iso-butene n-Butene C5
K5 0.7 0.1 0.1 7.1 91.2 0.7
K10 0.4 0.0 0.1 5.0 93.6 0.5
K20 0.5 0.1 0.1 6.0 91.9 0.4
K30 05 0.1 0.1 6.6 90.4 0.4

aConditions: T = 673K, t = 6.4, time on stream= 2h;
increasing amount of >C5 compounds were observed going from
K5 to K30. Coke formation was always negligible.

deposits. The distribution of all these products is also
influenced by the type of porosity of the catalyst.

The reaction products distribution, the conversion
and selectivity taso-butene are compiled in Tables 6
and 7. The total amount of skeletal isomerisation prod-
ucts (Table 7) was calculated by adding the amount
of iso-butene to that ofso-butane, assuming that the
latter originates from the former.

After 120 min of time-on-stream (TOS), conversion
is less then 10% for all the samples, but the selectivity
toiso-butene is quite high. Coke formation was always
negligible, and only a very small amount of cracking

U. Flessner et al./Journal of Molecular Catalysis A: Chemical 168 (2001) 247-256

Table 7
Conversion, selectivity tdso-butene, and total amount of the
skeletal isomerisation products on the K-catalysts

Sample 1-Butene isomerisation

Conversion (%) S ISOtotal
K5 8.8 80.2 7.2
K10 6.4 78.4 5.0
K20 8.1 74.8 6.1
K30 9.6 68.8 6.7

increase during the first hour of reaction of the selec-
tivity to iso-butene was found only for the K5 sample
(Fig. 3). This is probably due to the presence on K5
of some very strong acid sites that are deactivated by
coking within the first few minutes of reaction. These
sites may also be responsible for the higher amount of
skeletal isomerisatiorigo-total) products detected in
the first few minutes of the reaction. In contrast, the
formation ofiso-products follows the same trend for
all the samples (Fig. 4).

Both n-butene conversion and the yield
iso-butene decrease in the order K30K20 > K10.
The iso-butene selectivitys_, was found to decrease

in

products (C3 and C5) were detected. The trends of thein the order K5> K10 > K20 > K30 reflecting the

conversion, selectivity and yield in skeletal isomeri-

gradual occurrence of bimolecular reactions leading

sation products of 1-butene with increasing TOS are to >C6 compounds as the BET surface area increases

shown in Figs. 2—4.
The conversion of 1-butene decreases with time
while the selectivity remains almost constant. A slight

(Tables 1 and 2). The sample K5, which has the lowest
BET area, gives the highest amountist-products
and has the highest conversion for short TOS.

20

10 1

—®-K5

—+ K10
—+— K20
—®-K30

0 T T
100

150 200

Time on stream (min.)

Fig. 2.

Conversion (%) of 1-butene at increasing time-on-stream on K-catalysts.
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Fig. 3. Selectivity of K-catalysts in skeletal isomerisation products at increasing time-on-stream.

3.3.4. FT-IR study: surface hydroxy-groups and in the interlayer region. The relative intensities of
adsorption of pivalonitrile as a probe for surface these two bands, expressed as the intensity ratio “band
acidity of silanol species/band of interlayer AI-OH” has its

maximum for the sample with the highest Si/Al ratio
3.3.4.1. Surface hydroxy-groupsThe IR spectra in (Table 8, K30 sample), and conversely, its minimum
the OH stretching region after outgassing at 773 K of for the sample with the lowest Si/Al ratio (K5). As for
the montmorillonite samples are reported in Fig. 5. the two samples with intermediate Si/Al ratio (K10
All samples show two main bands centred at 3742 and and K20), a similar intermediate value of this ratio is
near 3640 cm! (Table 8). The band near 3742ch  found. On the other hand, the surface areas of these
is due to silanol groups (Si—-OH) exposed at the ex- samples also show a similar trend, being maximum
ternal layer surface in defect sites, while the broader for the sample K30, minimum for K5 and intermedi-
band centred near 3640 crhis due to AbOH groups ate and similar for K10 and K20. This is a support for

15
-a— K5
——K10
—— K20
— 10 1 —— K30
i)
o
o
L
O\O
) ‘\\‘\‘
0 T T T
0 50 100 150 200

Time on stream (min.)

Fig. 4. Total isomerisation products¢-butene+ iso-butane) formed on K-catalysts at increasing time-on-stream.
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] disappears, while the band near 3640¢ns not af-
I= 025au. fected (or only in part involved). ThAvOH andvCN
due to PN adsorption on the catalysts are reported in
Table 8. TheAvOH is found in all cases, in the range
310-325cm?. This indicates that the predominant
sites are medium-weak Brgnsted sites, but the absolute
K10 intensity of the perturbed band follows the intensity
of the unperturbed band at 3742chi.e. it follows
the trend K30 K20 ~ K10 > K5. This is an indi-
cation of a decrease in the Brgnsted acid site density
{ K20 (number of acid sites per unit mass of solid) in this or-
der. On the other hand, the position of the maximum
of the OH band, when perturbed by PN, shifts slightly
but significantly in the order K5< K10 ~ K20 <
K30. This suggests that the Brognsted sites of K30 are
{ Ko a little more acidic than that of the other samples.
In the CN stretching region, all samples show the
same features. They show four main bands, the two of
4000 3800 3600 3400 3200 3000 2800 which at higher frequencies are assigned to two dif-
ferent H-bonded species over non-acidic and weakly
acidic OHs, while the two components at lower fre-
Fig. 5. FT-IR spectra of the K-catalysts in the 4000-2000tm  quencies can be assigned to species adsorbed on two
area. different families of Lewis acid sites. In particular, the
band at about 2300 cm is due to species interacting
assignment to external silanol groups for the band at with very strong Lewis sites, probably i in partly
3742 cntl. On the other hand, we can measure that unsaturated tetrahedral coordination, like those of
the silanol band actually increases by the factor of transitional alumina. The band near 2270<¢ncould
2.84 (in absolute terms), while the surface area only be due to A} with partly unsaturated octahedral
increases of a factor of 1.65, suggesting that the acid coordination. In Table 8, the ratio of the intensity of
treatment also frees silanol groups in flat surfaces.  the silanol band (measured on the activated samples)
and of the CN stretching band (measured on the sam-
3.3.4.2. Adsorption of pivalonitrile (PN) as a probe ples outgassed at 373K after PN adsorption) shows
for surface acidity. The IR spectra of the K-samples a continuous decrease in the order K6 K10 ~
upon adsorption and desorption of PN are reported in K20 > K30. This shows that the ratio between
the OH stretching region and CN stretching region in Lewis and Brgnsted acid sites is more in favour of
Fig. 6A and B, respectively. It is seen in all cases that Lewis sites for K5 and shift towards Bregnsted sites
upon adsorption of PN, the OH band at 3742¢ém  for K30.

Absorbance

Wavenumber (cm™)

Table 8

FT-IR spectroscopic data on K-catalysts

Samples Si/Al vOH (activity) (cnm?) AvOH (PN) vCN (PN) (cnT?) vCNAOH
| 1l Il v

K5 7 3742, 3640 312 2305 2269 2250 2235 0.16

K10 10 3742, 3630 315 2305 2270 2250 2235 0.11

K20 12 3742, 3635 315 2305 2270 2250 2235 0.11

K30 16 3742, 3645 322 2300 2270 2250 2235 0.06
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:[= 0.5 a.u.
(a) K5 (a) K5

.
t

(
(
(

o

(a) K30

(a) K20
(b)

Absorbance
Absorbance

(b)

a) K10
b)

a) K20
b)

(a) K30
(b) (b)

4000 3800 3600 3400 3200 3000 2800 2500 2400 2300 2200 2100
Wavenumber (cm™) Wavenumber (cm™)

Fig. 6. FT-IR spectra of K-catalysts upon adsorption and desorption of pivalonitrile (PN) in the 4000—2000%nand 25002000 crmt
(B) area.

3.4. Discussion and conclusions IR data show that the Brgnsted sites on these catalysts
are in fact relatively weak, and provide evidence for

The acid-treated montmorillonites denoted as a slight increase of the strength and the density of
K-clays are commercial Siid Chemie products that Brgnsted sites in the order K& K10 ~ K20 < K30.
have found wide application as heterogeneous cata-This fully agrees with the trend imso-butene con-
lysts for several important reactions both on industrial version which is a measure of the strength and/or
and laboratory scales [8,23,24]. In the present paper, the abundancy of Brgnsted sites. This also agrees
we have reported the results of the characterisation of with the inverse trend observed for the selectivity to
the surface acid properties of these materials using aiso-butene which is generally found to be higher, the
broad range of complementary techniques. weaker the Brgnsted acidity of the catalysts.

The different methods applied allow a rather com-  The data concerning ammonia adsorption and
plete picture of the surface structure of these materials iso-butene conversion show quite an opposite trend.
to be drawn. The results from the adsorption of am- In fact, the K5 sample is the most active in producing
monia and the catalytic activity in botko-propanol propene fromso-propanol and in adsorbing ammonia.
decomposition andh-butene conversion point to the Previous studies showed that Lewis sites are gener-
significant surface acidity of these samples but also ally involved in alcohol dehydration, while ammonia
show that the different samples have a different distri- can adsorb both on Lewis and Brgnsted sites.
bution of Lewis and Brgnsted sites. IR spectroscopy IR spectroscopy clearly shows that strong Lewis
allows characterisation of the surface Brgnsted acid- sites are observed in all cases due td"Abns in low
ity as due to terminal silanols, located at the external coordination. The IR data also support the idea that
surface of the “tetrahedral” layers. Previous studies acid treatment causes a loss of Lewis acid sites. This
[21,22] have shown that Brgnsted sites are mainly re- is probably due to the partial dissolution of the octa-
sponsible for catalytic activity in-butene conversion.  hedral layer in acid solution which results in exposure
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