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Abstract: The surface acidities of Bentonite, Sepiolite and Silica-Aluminas were determined by Hammett
indicators, amine titrations, and of pyridine adsorption-IR spectroscopy. The quantitative estimation of
surface acidities of silica-aluminas and their natures as  Brønsted and Lewis acid sites were evaluated.
Lewis and total surface acidity values of sepiolite were higher than bentonite, 0.53 and 2.22 mmole g -1,
respectively. Surface acidity values of sepiolite and bentonite were much lower than Siral compounds.
Among the Siral compounds, Siral 30 was found to be more effective in terms of acidity. All samples have
both Lewis and Brønsted acid centers in which the Lewis sites predominated. IR spectroscopy with pyridine
as a probe molecule was still very useful for the estimation of the surface acidities of the silica-alumina and
also aluminosilicate structures such as clays and clay minerals.
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INTRODUCTION

Clays  and  clay  minerals  are  used  as  catalytic
carriers  and direct  catalysts  because they contain
silica and alumina. The catalytic properties of clays
have also been the subject of many studies. Their
catalytic  activity  results  from  the  surface  acidity,
that is,  from the Brønsted and Lewis acid centers
they contain.  Silica and alumina are also used as
catalysts  in  chemical  reactions  (1-3).  The  surface
acidities and catalytic activities of metal oxides, clay
and clay minerals has been recently reported in a
review article. (4). 

In the determination of the surface acidity  of  the
catalysts, Hammett indicators (5-8), amine titration
(9), calorimetric method (10-12) and investigation
of  the  gas  phase  adsorption  of  bases  such  as
pyridine  by  FTIR  method  (13-18)  were  studied.
Thermal  desorption methods can also be used for
the determination of the types of acid sites and their
amounts in the catalysts (5, 12, 19-22). Gas phase
adsorption of pyridine onto metal oxides examined
by IR spectroscopy used for the estimation of the
surface acidities (23-27). 

However, the results on the acidity of catalysts were
not  comparable  as  both  the  catalysts  and  acidity
measurement  methods  in  liquid  phase  or  in  gas
phase.  This  is  due to  the  fact  that  origins  of  the
sites, the preparation methods and conditions (i.e.
pretreatment,  calcinations  etc.)  were  arbitrarily
different. The basic properties of silica and alumina
and  their  mixtures,  and  especially  the  source  of
their  acidic  properties,  were  examined on a basic
chemical content and published as a review article
(28). 

Clay minerals  have Brønsted and Lewis acid sites
because  of  their  structures.  The  acidity  and
Brønsted to Lewis sites ratio related with the water
content and SiO2/Al2O3 (Si4+, Al3+ and Fe3+ ions) of
the mineral.  The acidity  of  bentonite results  from
the  removal  of  exchangeable  cations  from  the
structure  and  the  removal  of  water.  Anhydrous
interlayer cations also function as Lewis acids (29-
33).  Pyridine  adsorption  were  also  analyzed  by
density functional theory (DFT) simulations (34). 
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In recent years,  silica-alumina as catalyst  carriers
and their  effects  on  catalytic  activity  in  terms  of
acidities  in  various  catalytic  reactions  has  been
investigated  (35).  Also,  2,4,6-tri-tert-butylpyridine
(TTBP) was used as a new probe molecule for the
determination of the acidities of zeolites as well as
to  silica  and  alumina  (36).  Nuclear  magnetic
resonance  (NMR)  relaxation  time  measurements
and  temperature-programmed  desorption  (TPD)
techniques have also been developed as alternatives
to IR spectroscopy, especially for zeolites (37).

The  subject  of  this  article,  the  surface  acidity  of
synthetic  Si-Al  compounds,  natural  bentonite  and
sepiolite will be examined in terms of the amount of
silica and their ratios they contain. The surface acid
centers and amounts will  also be studied. For this
purpose,  Hammett  indicators,  amine  titration  and
FTIR spectroscopy investigation of in situ gas phase
pyridine adsorption methods will be carried out.

EXPERIMENTAL SECTION 

Materials
The chemical compositions of bentonite and sepiolite
taken  from Edirne  and  Eskişehir  were  given  in  a
previous study (38). SiO2/Al2O3 ratios in bentonite
and sepiolite samples were calculated as 3 and 96,
respectively.  The  physicochemical  properties  of
SIRAL  samples  are  given  in  our  previous  study.
SIRAL  consists  of  synthetic  silicon  and  aluminum
oxide. It is given as an abbreviation for silica and
alumina. SiO2/Al2O3 ratios in these compounds are
given by the manufacturer as 20% SiO2 and 80%
Al2O3 in SIRAL 20 sample. Other chemicals used in
our study were purchased from various companies
as commercial and pure products and used as they
are without any processing.

Acid Strength Measurements
Details  about  the  experiment  were  given  in  a
previous  study  (39).  Therefore,  it  is  briefly
mentioned here. Dried powder samples were treated
with  three  drops  of  all  indicators  in  benzene.  By
looking at the color of the solution, it was decided
whether the samples are basic to all  indicators or
the  Ho,  which  was  between  the  pKa  of  two
consecutive indicators.

Quantitative determination of acid sites 
In this method, the sample was first dispersed in
benzene and then titrated with n-butyl amine in the
presence of an indicator which was determined in
acid  strength  measurement  experiments.  Dry
benzene  (sodium  wire  drawn)  was  chosen  as  a
liquid that does not wet the surface and does not
interact with the surface of the samples. If the liquid

(or solvent) contains water or humidity from air, the
acidity of the surface changes.
Fourier  Transform  Infrared  (FTIR)
Spectroscopic Analysis 
At first, dry pure sample is tableted. The sample to
be  examined  is  taken  into  the  IR  cell  and  pre-
treated by heating at 110 °C under vacuum. The IR
cell  for  gas  phase  used  in  the  study  is  made  of
quartz,  contains  NaCl  windows and has a heating
system.  Pyridine  adsorption  experiments  were
carried out in situ on pure tablets in the form of a
gas phase in a special gas manipulation line setup.
In our previous studies (39), a different FTIR device
was used. IR spectra after each pyridine adsorption
applied at certain time intervals and temperatures
are  recorded  in  Perkin-Elmer  BX-II  spectrometer.
After  the  adsorption  experiments,  the  desorption
process is  carried out by applying vacuum for  10
minutes at certain temperatures and recording the
spectra at each stage. In the IR spectra recorded
during the adsorption and desorption experiments,
the area values below the relevant absorption bands
are  calculated.  These  area  values  were  used  in
surface acidity calculations.

RESULTS AND DISCUSSION 

Acid Strength Measurements
In the study conducted with Hammett indicators, it
was determined that the samples were sensitive to
which indicators in terms of surface acidity. Acidity
strength  measurement  experiments  were  carried
out  on  seven  samples  and  eight  indicators.  The
indicators  used in  the  study  and their  pKa values
were  neutral  red,  pKa=  +6.8;  methyl  red,  pKa=
+4.8;  4-nitroaniline,  pKa=+1.1;  crystal  violet,
pKa=+0.8;  2-nitroaniline,  pKa=  -0.2;  4-chloro-2-
nitroaniline,  pKa= - 0.9; 2,4-dinitroaniline,  pKa= -
4.4;  anthraquinone,  pKa=-8.2,  respectively.  All
samples  showed  positive  color  change  only  with
neutral red and methyl red indicators. The studied
substances give color conversion with the indicators
of pKa values greater than +1.1. As the pKa values
increase, the acidity  strength decreases.  After the
indicators  were  determined,  butyl  amine  titration
was performed for the estimation of quantitatively
the acid strength and sites. Titrations were carried
out with  neutral  red and methyl  red indicators  in
benzene.

n-butyl Amine Titration Results
The titration results were presented in Table 1. The
total  acidity  of  Siral  samples  was  about  0.8
mmole/g. It increased with SiO2 content. In the case
of clays, Bentonite was more acidic than Sepiolite,
as 1.76 and 1.14 mmole g−1. This result may be due
to SiO2 content.
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Table 1: The acidities from the n-butyl amine titration (mmole g−1)
Indicator Siral 5 Siral 20 Siral 30 Siral 40 Siral 80 Sepiolite Bentonite
Neutral  red
(pKa= +6.8)

0.17 0.20 0.24 0.28 0.45 0.57 0.26

Methyl  red
(pKa= +4.8)

0.30 0.40 0.47 0.55 0.36 0.57 1.50

Total 0.47 0.60 0.71 0.83 0.81 1.14 1.76

It  was  published  that  the  binary  oxides  such  as
SiO2-Al2O3 were  more  strongly  acidic  than  the
oxides alone when heating under vacuum. It  was
found  that  the  acidity  strength  increased
proportionally  with  increasing  SiO2 amounts  (1).
This  may  be  due  to  the  water  content  of  these
samples  and  also  the  method  of  preparation.  In
another study, it was determined that grinding and
steam heating changed the acidity strength (18).

Fourier  Transform  Infrared  (FTIR)
Spectroscopic Experiments in Acidity
Today, as a standard method in surface acidity, the 
concentrations of Brønsted and Lewis acid sites are 

calculated according to equation 1 as moles per dry 
sample weight (40).

qH=
A π R2

wϵ
 (1)

Where A is the absorbance of the band from FTIR
spectrum, R is  disk formed sample radius as cm,
and  w  is  the  sample  weight  as  g  before  the
experiment. Ɛ, for the Brønsted and Lewis acid sites,
the absorption bands at 1490 cm-1 and 1450 cm-1;
1.67 and 2.22 cm2μmol-1 were taken as reference,
respectively  (23).  The  acid  sites  were  calculated
from the equation (1) and given in Table 2.

Table 2: The acid sites as mmole g-1 from the
adsorption of pyridine.

Sample qH
L qH

B + qH
L 

Siral 5 1.23 2.55
Siral 20 1.32 4.08
Siral 30 3.16 4.86
Siral 40 2.88 4.90
Siral 80 3.09 4.24
Sepiolite 0.53 2.22
Bentonite 0.20 0.58

The IR spectra of pyridine adsorbed on the samples
were  presented  in  Figures  1-7.  Figure  1-3  were
organized in  a  Supplementary  File  as  S1.  On the
other  hand,  Siral  40,  Siral  80,  Sepiolite  and
Bentonite were given in  Figures  4-7,  respectively.
The pyridine  bands used  in  the  evaluation of  the
data  in  the  FTIR  spectroscopic  examination  of
pyridine  adsorption  from  the  gas  phase  on  solid
samples are given in Table 3 (14,15).  All  spectra
(Figures  1-7)  were  evaluated  according  to  this
chart.

Table 3: The pyridine bands used in the evaluation of the data.
Type   PY cm-1     HPY cm-1     BPY cm-1    LPY cm-1

Mode 8a 1582 1614 1639 1617
8b - 1593 1613 -
19a 1483 1490 1489 1495
19b 1440 1438 1539 1451

Therefore, the observed bands at 1634, 1576 and
1394  cm−1 were  defined  to  pyridinium  ion  as
Brønsted species. For Lewis species, the bands at
1621,  1576  and  1456  cm−1 were  attributed.  The
band at 1490 cm−1 was related with BPY and LPY as
stated  in  Table  3.  This  band  was  observed  as
common in  all  spectra  (Figure  1-7).  The  band at
1456 cm-1 is also located in all spectra and can be
taken close to the band at 1451 cm-1, which is the
closest  for  LPY,  and  shows  Lewis  acid  locations.
Pyridine is physically adsorbed by surface hydroxyl
groups in the studied oxide structures.  Absorption
bands in the wavenumber range of 1590-1620 cm-1

appear  as  an  indicator  of  this  interaction.  While
1595 cm-1 of  these bands which was due to HPY
species  as  in  Table  3 observed especially  in  Siral
compounds,  it  was  not  observed  in  sepiolite  and
bentonite.  On  the  other  hand,  characteristic  PY
mode 8a was observed at 1588 cm-1 in bentonite
and  sepiolite  samples  as  in  Figures  6  and  7,

respectively.  Especially  in  the  desorption
experiments carried out at increasing temperatures,
it was seen that a water molecule consisting of two
hydroxyl  groups  leaving  from  the  structures  is
strongly  adsorbed on the surfaces,  and it  did  not
completely  move  away  from  the  surface  even  in
desorption at 573 K. 

In the mutual evaluation of the spectra (Figures 1-
7), synthetic silica-alumina compounds (Sirals) and
natural  clays  (bentonite,  sepiolite)  were  selected
according to their SiO2 and Al2O3  contents. In this
respect, the spectra of Siral 40, Siral 80, sepiolite
and bentonite (Figures 4-7) were clearly evaluated
because of the SiO2 content. 

Bands were observed at 1593, 1490 and 1456 cm-1

for Siral 40 in Figure 4. The band at 1490 cm-1 can
be explained as pyridinium ion and pyridine bound
to  Lewis  site.  This  band did  not  disappear in  the
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desorption  experiment  (Spectrum  f  in  Figure  4)
conducted at 373 K, and the desorptions carried out
up  to  573  K  were  also  permanent.  This  was
observed as an increase in band intensity in Siral 80
(Figure  5a-f).  On  the  other  hand,  this  band  was
relatively absent in sepiolite (Figure 6). In bentonite
(Figure 7), band intensity was initially observed as
very  weak  (spectrum b),  then  the  band  intensity
increases and eventually becomes permanent. This
was observed  as  an increase in  band intensity  in
Siral 80 (Figure 5a-f). The band at 1490 cm-1 was
relatively absent in sepiolite (Figure 6). In bentonite
(Figure 7), band intensity was initially observed as
very  weak  (spectrum b),  increased  gradually  and
the eventually becomes permanent. This behavior of
the band at 1490 cm-1 can be interpreted as that
pyridine  interacts  strongly  with  the  Brønsted  and
Lewis  acid  centers  on  the  surface  and  is  also
chemically adsorbed.

The bands observed at 1490 and 1456 cm-1 in Siral
40 (Fig. 4) were preserved, although the intensities
decreased  partially  in  desorption  carried  out  with
increasing  temperature  (Figure  4f).  In  Siral  80
(Figure 5),  HPY (Mode 8b, Table 3) at 1595 cm-1

and  1454-1444  cm-1 (LPY)  were  observed.  The
bands  at  1435,  1456,  1574  and  1588  cm-1 were
observed for sepiolite (Figure 6). 
There was an interesting situation here. All  bands
disappeared at 298 K during the desorption process.
It can be interpreted that pyridine was poorly and
physically  adsorbed  to  the  acid  centers  on  the

surface. If we look at the situation with bentonite,
the band at 1490 cm-1 was gradually narrowed and
its  intensity  decreased after  desorption at  298 K,
but  still  observed  the  last  desorption  at  573K
(Figure  7e  is  not  given  here).  Although  common
bands are observed at 1588, 1490 and 1456 cm-1 in
the adsorption spectra of pyridine on sepiolite and
bentonite,  differences  are  observed  especially  in
desorption spectra. 

CONCLUSION

Surface acidity of silica-alumina compounds and the
amount  of  acid  centers  vary  depending  on  many
factors  such  as  SiO2/Al2O3 ratio,  SiO2 percentage,
preparation  conditions,  water  content  heat
treatment.  In  situ  adsorption/desorption
experiments  carried  out  in  the  gas  phase  where
pyridine is used as the base and the monitoring of
the processes with the IR method are quite fruitful.
The method can be used as a standard in a wide
range.  While  the  order  of  total  acidity  values
calculated according to the amine titration method
in  the  samples  was  determined  as  Bentonite>
Sepiolite>Siral  40> Siral  80> Siral  30> Siral  20>
Siral 5, the order according to FTIR data was quite
different from the amine titration method as Siral
40>  Siral  30>  Siral  80>  Siral  20>  Siral  5>
Sepiolite>  Bentonite.  All  of  the  samples  showed
surface  acidity  and  can  be  used  as  solid  acid
catalysts in a variety of reactions.
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Figure 4: FTIR spectra of pyridine adsorbed on Siral 40 a) reference b) initial ads. c)
15 min. ads d) 373 K, 30 min. ads. e) 298 K, 5 min. des. f) 373 K, 10 min. des.
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Figure 5: FTIR spectra of pyridine adsorbed/desorbed on Siral 80 a) reference b) initial ads. c) 15 min. ads.
d) 373 K, 30 min. ads. e) 298 K, 5 min. des. f) 373 K, 10 min. des.

Figure 6: FTIR spectra of pyridine adsorbed / desorbed on Sepiolite a) reference b) initial ads. c) 15 min.
ads. d) 373 K, 30 min. ads. e) 298 K, 5 min. des. f) 373 K, 10 min. des. 
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Figure 7: FTIR spectra of pyridine adsorbed / desorbed on Bentonite a) reference b) initial ads. c) 15 min.
ads. d) 373 K, 30 min. ads. e) 298 K, 5 min. des. f) 373 K, 10 min. des. 
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SUPPLEMENTARY INFORMATION

FTIR spectrum results related to the adsorption of
pyridine  from  the  gas  phase  on  Silica-alumina
compounds (Siral  5, 20 and 30) are presented as
supplementary file (S1) so that it does not take up
too much space.
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Supplementary File (S1)

Figure S1: FTIR spectra of pyridine adsorbed/desorbed on Siral 5 a) reference b) initial ads. c) 15 min. 
ads. d) 373 K, 30 min. ads. e) 298 K, 5 min. des. f) 373 K, 10 min. des. 
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Figure S2: FTIR spectra of pyridine adsorbed/desorbed on Siral 20 a) reference b) initial ads. c) 15 min. 
ads. d) 373 K, 30 min. ads. e) 298 K, 5 min. des. f) 373 K, 10 min. des. 
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Figure S3: FTIR spectra of pyridine adsorbed/desorbed on Siral 30 a) reference b) initial ads. c) 15 min.
ads. d) 373 K, 30 min. ads. e) 298 K, 5 min. des. f) 373 K, 10 min. des. 
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