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ABSTRACT  
Catalytic test reaction of methylbutynol (MBOH) conversion was applied to investigation of natural clays and non-clay 
minerals from Jordanian (bentonite, kaolinite, diatomite, zeolite) and Russian (palygorskite, kaolinite, hydromica) deposits as
well as H-ZSM-5. Palygorskite and kaolinite containing samples have shown the highest catalytic activity. Conversion over 
Jordanian clay minerals decreased in the order: zeolite > bentonite > red kaolinite > white kaolinite > diatomite that agreed to
change of acidity, surface area of samples. Sufficient deactivation was observed for H-ZSM-5, kaolinite and hydromica due to 
adsorption of secondary product in micropores of raw minerals. Products of both acidic and basic pathways of test reaction
were formed indicating the presence of acid and basic sites on clays surface, apart from acidic catalyst H-ZSM-5. The yield 
ratio of acidic to basic products was above the unity for zeolite, bentonite, red kaolinite, and palygorskite; equal to unity for
diatomite and hydromica, and less then unity for white kaolinite. It was observed for kaolinite containing sample that high 
activation temperature increased conversion of MBOH owing to formation of additional basic sites as a result of mineral
dehydroxylation. Rise of montmorillonite content from 30 to 80 % provided 91-97 % of MBOH conversion.  
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analysis (Ruiz et al., 2002), etc. This type of molecule 
is so called non-reactive probe molecule (Lauron-
Pernot, 2006). On the other hand, application of 
catalytic reactions is based on the reactivity of a probe 
molecule and its ability to characterize surface sites. 
The most known catalytic test reactions are iso-
propanol conversion (Trombetta et al., 2000), 
dehydration of alcohols, cracking of cumene 
(Ravichandran et al., 1996) and benzene benzylation 
(Pushpaletha et al., 2005). Each of the techniques has 
its advantages and disadvantages. To the main 
advantages of using of model catalytic reaction 
belong: sensitivity of reaction to only reactive sites 
instead of nonreactive probe molecule adsorption in 
other techniques; operation even by the low number of
sites; similar treatment of catalyst as in final practical 
application; reactive probe molecule is able to give 
different products produced by different sites (Lauron-
Pernot, 2006). 

New powerful test reaction was suggested by 
(Lauron-Pernot et al., 1991) for clarification of active 
sites on the surface. Application of a tertiary alcohol 
2-methyl-3-butin-2-ol (methylbutynol, denoted as 
MBOH) as a probe molecule allows unambiguously 

1. INTRODUCTION 

It is well known that surface acidity of a solid is 
essential for heterogeneously catalyzed reactions, as 
well as for adsorption and ion-exchange processes 
(Adams and McCabe, 2006; Trombetta et al., 2000). 
Surface acidity of clay minerals characterizes their 
ability to donate a proton or an electron pair. Usually, 
it is described in terms of Broensted and Lewis sites 
which are represented by different surface groups and 
ions such as exchangeable cations, coordinatively 
unsaturated ions Al3+, Mg2+, Fe3+, acid/basic hydroxyl 
groups and oxygen anions (Schoonheydt and 
Johnston, 2006). Usually the number and type of 
surface sites of different solids, including clay 
minerals, are determined by using the probe 
molecules. Probe molecule is adsorbed on the surface 
and studied then by different physico-chemical 
methods, i.e. titration and spectroscopic techniques 
such as FTIR, XPS, NMR (Blanco et al., 1988; Sun 
Kou et al., 2000), along with temperature programmed 
desorption (TPD) of NH3 and CO2 (Okada et al., 
2006; Trombetta, M., 2000; Ertl et al., 1997, 
Matsuhashi et al., 1994;), microcalorimetry 
(Ravichandran and Sivasankar, 1997), thermal 
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Fig. 1 Scheme of methylbutynol conversion on different active sites of 
catalyst (adapted from Lauron-Pernot et al., 1991). 

al., 2003). Chemical composition of Russian clays 
was determined using chemical analysis (Table 1).  

Several samples from Russian deposits enriched 
with montmorillonite were studied as well. Phase 
compositions of montmorillonite containing clay 
minerals were as follows: 1 - montmorillonite 30 %, 
kaolinite 35 %, hydromica 35 %, quartz – traces; 2 -
montmorillonite 60 %, kaolinite 10 %, hydromica, 
quartz, feldspar – traces; 3 - montmorillonite 80 %, 
zeolite 15 %, hydromica 5 %. 

The samples of clay minerals and zeolites were 
studied in a natural form without any preliminary 
treatment or purification. They were crashed and 
sieved into fraction 200–315 µm. Samples of synthetic 
zeolite H-ZSM-5 (SiO2/Al2O3=45) were used as 
reference catalyst (Cejka and Bekkum, 2005).  

 
2.2. TEST CATALYTIC REACTION OF 

METHYLBUTYNOL CONVERSION 

Catalytic conversion of methylbutynol (MBOH) 
over natural clay minerals was used for determination 
of surface acidity/basicity. Scheme for experimental 
set-up for methylbutynol conversion is presented in 
Figure 2, AlSawalha (2004). 

Feed consisting of a mixture of 95 % methyl-
butynol and 5 % hexane was poured into a capillary 
and  settled  down  in  thermostat  with  temperature 
13 оC.  Applying  the static nitrogen pressure of 
202.65 kPa liquid MBOH was transported through the 
capillary with a rate of 0.2 mL/min and evaporated in 
nitrogen flow. 0.1 g of catalyst was placed in the 
center of the reactor made from stainless steel. Prior to 

distinguish between several sites: acidic sites are 
responsible for formation of 3-methyl-3-buten-1-yne 
(MBYNE) or 3-methyl-2-buten-1-al (Prenal) whereas 
basic sites generate acetone and acetylene (Fig. 1). 

Due to lack of techniques available for 
characterization of basic sites, test catalytic reaction of 
MBOH conversion is successfully used for basic sites, 
both basic and acid sites and even amphoteric centers 
assessment (Lauron-Pernot, 2006). The MBOH 
conversion was used for testing of zeolites by Huang 
and Kaliaguine  (1993), as well as by Meyer and 
Hoelderich (1999), hydrotalcite-derived metal oxides 
by Kustrowski et al. (2004), whereas MgO by 
Chizallet et al.  (2006). However, there are very few 
applications of the test reaction of methyl butynol 
conversion for investigation of natural clays and clay 
minerals (Novikova et al., 2006; AlSawalha et al., 
2011). 

The aim of present study was to characterize 
surface acidity and catalytic ability of various natural 
clay minerals and zeolites by test reaction of 
methylbutynol conversion. 

 
2. EXPERIMENTAL 

2.1. MATERIALS 

Different samples of raw clays containing 
zeolite, bentonite, palygorskite, kaolinite, and 
diatomite were collected from National Resource 
Authority, Jordan (J) and several Russian deposits
(R). Chemical composition of Jordanian clay samples
(Table 1) was determined by X-ray Fluorescence 
(XRF) method (Abu Salah et al., 2002; Al-Ghouti et 
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Table 1 Chemical composition and specific surface area (SSA) of natural clay minerals and zeolites 
Origin Russian deposits (R) Jordanian deposits (J) 

Oxides 
(%wt.) 

Palygorskit
e~ 50 %, 
quartz, 
zeolite, 
mica, 

feldspar 

Kaolinite -
60%; 

hydromica ~ 
30 %, 

montmorillo
nite ~ 10 % 

Hydromica-
35%, 

clinoptilolite-
5%, 

kaolinite-5%, 
quartz, mica-

traces 

Zeolite- 
(major-

phillipsite, 
chapazite, 
faujasite) 

Bentonite 
smectite 
10%, 
illite, 

feldspar, 
quartz 

White 
Kaolinite 

60%, 
(minor- 
quarz, 
mica, 

feldspar, 
gypsum) 

Red 
Kaolinite 

30%, 
(minor- 
quarz, 
mica, 

feldspar, 
gypsum) 

Diatomite, 
traces of 
kaolinite, 

illite, 
quartz 

SiO2 53.25 50.48 48.54 42.00 55.70 48.00 47.60 72.00 
Al2O3 9.84 18.21 11.24 12.80 20.10 36.30 24.90 11.40 
Fe2O3 7.68 6.84 0.86 12.10 1.50 1.00 6.10 5.80 
FeO 0.61 0.27 -- -- -- -- -- -- 
MgO 7.95 1.80 1.10 10.10 3.50 0.30 1.00 -- 
CaO 3.62 1.96 9.78   8.50 2.10 0.10 0.50 1.50 

Na2O+ K2O Na2O   4.00 0.10 0.10 0.80 7.20 

K2O 

0.86 0.35 4.12 

  0.80 2.40 1.80 2.30 -- 
TiO2 -- -- -- -- 2.50 0.10 0.70 -- 
  SiO2 

Al2O3+Fe2O3 
2.77 2.01 5.41   1.69 2.58 1.29 1.54 4.19 

SSA   146.3* 35.4* 24.1* 96.3** 70.2** 41.9** 45.2** 39.4** 
 

* Novikova et al., 2006, ** Alsawalha et al., 2011. 
 

Fig. 2 Scheme of experimental set-up for test reaction 
of methylbutynol conversion. 

factors of substances defined by gas chromatograph 
was experimentally determined by AlSawalha (2004).

The quantity of products was calculated by 
comparing the registered peak area with the peak area 
of hexane which was used as an internal standard. 
Furthermore, conversion of MBOH (X, %) and yield 
of products (Yp, mol. %) were calculated accordingly 
to the following equations:  

reaction catalyst activation was carried out in a stream 
of nitrogen at 500 оC during 4 hours in order to 
remove water and CO2 from the surface.  

After the activation of catalyst reactor was 
cooled down till the temperature of reaction (120 оC). 
The products of reaction were analyzed on-line using 
a gas chromatograph Hewlett-Packard 5890 supplied 
by a capillary column (Optima Wax, Macherey-
Nagel). Correlation of the peak areas and response-
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Fig. 3 Conversion of methylbutynol over Jordanian clay minerals and zeolite at 120 oC: 
1 – zeolite, 2 – bentonite, 3 – red kaolinite, 4 – white kaolinite, 5 – diatomite.  

hydromica  and H-ZSM-5. Specific surface area 
(Table 1)  and  porosity  of  these  catalysts change in 
a row: palygorskite > kaolinite-R > hydromica 
(Novikova et al., 2006) correlating to corresponding 
values of methylbutynol conversions. The reasons for 
sufficient deactivation of H-ZSM-5, kaolinite and 
hydromica from Russian deposits since the initial 
stage of reaction could be related to strong adsorption 
of secondary products and irreversible surface 
modification (Lauron-Pernot, 2006). Moreover, FTIR-
spectra proved formation of polyaromatic compounds 
and coke on the surface of H-ZSM-5 due to acid 
catalyzed polymerization of MBOH (Lauron-Pernot, 
2006). Microporosity of zeolite and natural 
admixtures of quartz and micas in raw clay samples 
strengthen this effect. 

The highest catalytic activity of palygorskite among 
the Russian and Jordanian clay minerals is explained 
by high content of this mineral in clay sample and the 
unique needle-like structure of mineral providing high 
surface area of catalyst and accessibility of active sites 
for substrate molecules. 

Comparison of the catalytic ability of both groups 
of samples from Russian and Jordanian deposits gives 
a general sequence for values of MBOH conversion: 
palygorskite > kaolinite-R > zeolite-J > bentonite-J > 
hydromica > red kaolinite > H-ZSM-5 > white 
kaolinite > diatomite. However, as a whole this row 
does not correlate to surface area or Si/Al ratio of 
samples due to differences in chemical composition of 
minerals, containing various structural components 
having different catalytic ability. The catalytic activity 
revealed by samples of natural alumosilicates depends 
most likely on content of the porous component as 
zeolite one.  
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where nMBOH,in and nMBOH,out are the number of moles 
of MBOH at the input and outlet stream of reactor; 
AP, AK and RP, RK represent the peak areas and 
response factors of compounds P and K, respectively. 
MP, MK is molecular weight of P and K, respectively. 
 
3. RESULTS AND DISCUSSION 

3.1. CONVERSION OF METHYLBUTYNOL ON 
NATURAL ALUMOSILICATES 

The time on stream behavior of the investigated 
natural alumosilicates from Jordanian and Russian 
deposits are presented in Figures 3 and 4.  

It follows from Figure 3 that degree of MBOH 
conversion over Jordanian clay samples decreases in 
the following order: zeolite > bentonite > red kaolinite 
> white kaolinite > diatomite, which is the order for 
specific surface area of these aluminosilicates. 
Catalytic activity of Jordanian zeolite and diatomite 
during MBOH conversion remained relatively 
constant, whereas a slight increase of conversion on 
time was observed for bentonite, red and white 
kaolinite.  

Clay minerals from Russian deposits proved 
sufficiently higher catalytic ability to convert MBOH 
despite the deactivation (Fig. 4). In this group of 
samples the highest conversion of methylbutynol was 
observed for palygorskite, and the lowest for 
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Fig. 4 Conversion of methylbutynol over Russian clay minerals and zeolite at 120 oC: 
1 - palygorskite,  2 – kaolinite, 3 - hydromica; 4 – H-ZSM-5. 

These transformations of alumosilicates structures 
caused by thermal treatment lead to alteration of their 
surface acidity/basicity due to formation of strong 
acid/basic sites on the surface (Dong Liu et al., 2011). 
Figures 5a and 5b summarizes the yields of products 
in reaction of methylbutynol conversion for the 
investigated natural alumosilicates. 

As it follows from the Figures 5a and 5b, the 
typical products of MBOH conversion over studied 
clay minerals are MBYNE, prenal, acetone and 
acetylene apart from synthetic zeolite H-ZSM-5. 
Formation of MBYNE and prenal illustrates the 
presence of acid centers on the surface of catalyst 
while formation of acetone and acetylene is a char-
acteristic for basic centers. According to many authors 
(Tarasevich, 1988; Azzouz et al., 2004; Kaya, 2004), 
there is no clay having only acidic or basic properties, 
because both types of sites are present on the surface 
and transforms to each other under definite conditions 
such as water content, pH, etc. 

The ratio between the acidic and basic products 
differs from the type of clay sample. According to 
Figure 5 yields of MBYNE and prenal exceed yield of 
acetylene and acetone during the methyl butynol 
conversion over zeolite, palygorskite, bentonite and 
kaolinite. This fact shows, apparently, that number 
or/and strength of acid centers on the surface of given 
samples of clay minerals and zeolite exceeds 
number/strength of basic centers. Indeed, TPD-NH3

and CO2 studies of acidity and basicity distribution for
natural and ion-exchanged montmorillonites revealed 
that acidity level is 2-3 times higher than that for 
basicity, regardless to the cation introduced on the 
clay surface (Azzouz et al., 2004). Alkaline cations 

It is essential to note that application of high 
temperatures for activation of such clay catalysts as 
palygorskite, bentonite and kaolinite causes not only 
the loss of the hygroscopic, zeolitic and crystal waters, 
CO2, but also partially destroys or collapse their 
layered  structure  (Heller-Kallail, 2006)  followed by 
a strong decrease in adsorption ability (Belchinskaya, 
2002) and changes in catalytic properties (Adams and 
McCabe, 2006). For example, folding of channel 
structure for palygorskite starts above the T=300 оС 
forming the palygorskite anhydride (Chen et al., 
2006),  keeping its layered-band morphology up to 
800 oC. Furthermore, thermal treatment at 550 oC lead 
to maximal values of surface area and total pore 
volume of palygorskite followed by sufficient 
decrease in surface characteristics while heating at 
750 oC (Frini-Srasra and Srasra, 2008). According the 
Bayram, et al., 2007 reversible folding of 
nanochannels of palygorskite takes place by heating 
up to 400 oC, whereas at 500 and 600 oC irreversible 
folding of structure occurs. In case of Jordanian 
bentonite heating right up to 500 оС leads to the 
possibility of reversible hydration of the mineral 
(Sarikaya et al., 2000). It is supposed that water 
formed along the reaction causes clay swelling that 
makes for structural rearrangements of clays and 
makes internal acidic sites more accessible 
(AlSawalha  et  al., 2011).  Calcination  of  kaolinite, 
a 1:1 clay mineral, results in its transformation to 
partially amorphous phase of metakaolinite, which 
acidity/basicity is varied by regimes of heating, 
providing material an ability to act as a super acid 
under certain condition (Macedo et al., 1994).  



L. Novikova et al. 

 

 

480 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 Yield of products in reaction of MBOH conversion on Jordanian (5a) and on 
Russian (5b) clay minerals and zeolite ZSM-5, time on stream 116 min  

hydromica along with kaolinite in natural sample 
explains higher yield of acidic products. 

Earlier it was proved by TPD-NH3 that acidity of 
Jordanian alumosilicates decreases in row: zeolite > 
bentonite > red kaolinite > diatomite > white kaolinite 
(Alsawalha et al., 2011). However, sufficient amounts 
of basic products formed during MBOH conversion 
prove essential contribution of basic centers to the 
general concentration of surface centers, except for H-
ZSM-5. Furthermore, the energy of activation for the 
basic pathway is slightly higher as for acidic one 
(EA=45.8 kJ/mol and EA=79.4 kJ/mol, respectively) as 

confer to clays low acidity, and weak acid strength, in 
comparison to alkaline-earths.  

In case of kaolinite the contribution of acidic and 
basic sites should be comparable due to its weak 
natural structural acidity caused by low isomorphic 
substitution of low valence cations for higher valence
cations mainly in the tetrahedral sheet. AlOH groups 
of basic character located at side edges of crystals 
cover about 45 % of total kaolinite surface 
(Tarasevich, 1988) resulting in its ability to adsorb 
both acidic and basic molecules almost equally (Kaya, 
2004). However, presence of montmorillonite and 
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Fig. 6 Conversion (6a) and yield of products (6b) in reaction of MBOH 
conversion on natural kaolinite activated at 500 oC (1) and 700 oC (2) 
(t.o.s = 126 min, treact = 120 °C). 

The highest basicity observed for samples of 
palygorskite is related to its mainly MgOH groups that 
allows using palygorskite as a basic catalyst (Hattori, 
H., 1995). 

In the case of hydromica the yield of acid and 
basic products was practically identical. Therefore, the 
concentration of acid and basic centers on the surface 
of hydromica seems to be comparable. Natural 
hydromicas, as non-expanding clay minerals, possess 
low Broensted acidity due to absence or very low 
hydration of an interlayer exchangeable cation. Its 
catalytic activity originates from cation sites on 
external basal surfaces (Zhibin Wei et al., 2006), as 
well as from surface sites of clinoptilolite and 
montmorillonite presenting in the samples.  

The lowest conversion and product yields in case 
of diatomite were caused most likely by its low 
acidity (Yuan et al., 2004; Alsawalha et al., 2011) due 
to low polarization of Si-OH groups, which were 

calculated for the conversion of MBOH on silica-
alumina and hydrotalcite, (AlSawalha and Roessner, 
2008).  

According to reaction mechanism, considered by 
AlSawalha and Roessner (2008) in detail, SiOH 
groups are acidic centers and oxygen anions O- are 
basic centers on the surface of catalyst. As expected 
from the structure of zeolite H-ZSM-5 and from its 
high value of ratio SiO2/Al2O3 equal to 45, entirely 
products of the acidic pathway are formed. Origin of 
basic properties of natural clay minerals, for which 
acidic properties are more characteristic, is related to 
formation of Lewis basic sites during dehydroxylation 
process taking place at catalyst activation at 500 oC. 
Upon heating silanol groups Si-OH transform into 
siloxane one Si-O-Si, in which O- ions are able to act 
as Lewis bases. Other reactions such as carbonates 
decomposition take place as well, yielding MgO and 
CaO and providing additional basic sites. 
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Fig. 7 Conversion (7a) and yield of products (7b) in reaction of MBOH conversion on clay minerals with 
different content of montmorillonite  (m=0.1 g; treact.=120 oC; tcond.=500 oC). 

It is evident from Figure 6a that the increase of 
activation temperature resulted in a higher degree of 
methylbutynol conversion. The yields of acidic 
products remained practically constant whereas yield 
of acetone and acetylene formed via basic reaction 
pathway increased (Fig. 6b). This result can be 
explained by formation of additional number of basic 
sites on the surface due to mineral dehydroxylation at 
temperatures T≥ 700 oC (Sarikaya et al., 2000; Heller-
Kallail, 2006). 

 

3.3. INFLUENCE OF MONTMORILLONITE 
CONTENT ON CATALYTIC PROPERTIES OF 
CLAY MINERALS 

Natural clay samples from Russian deposits with 
different content of montmorillonite were tested in 
reaction of MBOH conversion in order to compare 
their surface acidity. Figures 7a and 7b represents 
experimental values of methylbutynol conversion and 
yield of products for natural clay minerals containing 
10-80 % of montmorillonite. 

partially transformed into siloxane groups by the 
thermal treatment (Fubini et al., 1995).  

 
3.2. INFLUENCE OF THE TEMPERATURE OF 

CATALYST ACTIVATION ON ACIDITY/BASICITY 
OF ALUMOSILICATE 

Among the whole studied alumosilicates the 
sample of kaolinite from Russian deposit, containing 
also 30 % of hydromica and 10 % of montmorillonite, 
provided relatively high conversion of MBOH, which, 
at the same time, did not exceed the one provided by 
palygorskite. It is noteworthy that kaolinite is a widely 
spread mineral, which is concomitant, along with 
hydromica, to other alumosilicates in various deposits. 
In order to track changes of surface acidity/basicity of 
kaolinite as well as its catalytic ability towards 
MBOH conversion we carried out catalyst activation 
at a higher temperature (700 oC). 

Figures 6a and 6b show data on methylbutynol 
conversion and yields of products for the conversion 
on natural kaolinite activated at 500 and 700 oC, 
respectively. 
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Figure 7a demonstrates that increase in content 
of montmorillonite in natural mineral caused higher 
conversion of methylbutynol on the active centers of 
minerals. The reaction ran via both acidic and basic 
pathway of MBOH conversion forming MBYNE, 
acetylene and acetone as main products. The acidity of 
montmorillonite slightly growed by the increase of 
mineral content except for the sample having 30 % of 
mineral content and revealing the highest acidity of 
surface. The overall increase in montmorillonite 
content as well as due to influence of other 
concomitant minerals (kaolinite, hydromica, zeolite) 
surface basicity of the samples raised about two times 
and surface acidity by 1.5 times.  

Note, that already at a content of 30 % of 
montmorillonite in the sample the value of 
methylbutynol conversion was close to the 
thermodynamic equilibrium. Consequently, a further 
increase in content of montmorillonite to 60 and 80 % 
did not give high values of conversion but only 
changed the selectivity towards basic products. The 
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underwent earlier and significant deactivation in 
comparison with the samples enriched with 
montmorillonite. This situation could be explained by 
less quantity of transport pores in the samples with 
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4. CONCLUSIONS 

Catalytic test reaction of methylbutynol 
conversion has shown presence of both acidic and 
basic centers on the surface of different clay minerals 
and zeolites from various deposits. Surface 
acidity/basicity as well as catalytic activity was 
affected by natural structure of mineral, mineral 
content and temperature of catalyst activation. Higher 
values of both acidity and catalytic activity were 
obtained for palygorskite, a mineral with layered-band 
structure, treated at high activation temperatures. 
Increase in natural basicity of surface of rich with 
montmorillonite samples or formation of additional 
basic sites (O- atoms) by high activation temperature 
of catalysts were the reasons of growth of MBOH 
conversion. 

Natural zeolites and zeolite ZSM-5 revealed 
lower catalytic effect and strong deactivation as a 
result of their low content and/or microporous 
structure. 
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