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Abstract
The measurements of the minimum acid strength  (HOmin) required for the ini-
tiation of cis-stilbene at 303 K and tert-butylbenzene at 313 K, 323 K and 333 K 
have enabled the establishment of a much more precise acid strength scale based 
on test reactions.  HOmin values obtained were: − 9.0 (cis-stilbene, 303  K), − 9.3, 
− 9.5 and − 9.9 (tert-butylbenzene, 313  K, 323  K, 333  K). The updated method 
was used for the determination of the acid strength of different catalysts obtained 
in the reaction of chlorosulfonic and sulfuric acid on different oxide carriers. It was 
found that the acid strength values depended on the basicity of the studied supports. 
For the supports treated with chlorosulfonic acid the values of acid strength were: 
− 11.5 < HO ≤ − 10.8 in the case of the less basic  SiO2 and − 9.3 < HO ≤ − 9.0 for the 
more basic  TiO2,  Al2O3 and MgO. For the supports treated with sulfuric acid the acid 
strength was: -9.3 < HO ≤ -9.0 for the less basic  SiO2 and  TiO2, − 9.0 < HO ≤ − 7.9 for 
the more basic  Al2O3 and − 7.9 < HO ≤ − 6.9 for the most basic MgO. Silica treated 
with chlorosulfonic acid possesses higher acid strength than HZSM-5 and amor-
phous silicaalumina. The catalyst obtained in the modification of  TiO2,  Al2O3 and 
MgO with chlorosulfonic acid were of lower acid strength comparable to Amberlyst 
15 and HZSM-5 (− 9.3 < HO ≤ − 9.0), but higher than p-xylene-2-sulfonic acid dihy-
drate (− 7.9 < HO ≤ − 6.9).
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Introduction

Sulfuric acid is a widely used catalyst in a number of chemical reactions and tech-
nological processes [1]. The  H2SO4–H2O system is inexpensive and enables the 
application of a wide range of acid strength up to  HO = − 12. To facilitate practical 
applications, attempts have been made to immobilize it on solid supports. The basic 
method of preparing such systems is the reaction of the support with chlorosulfonic 
or sulfuric acid.

Support‑chlorosulfonic acid system

Chlorosulfonic acid possesses a high acid strength  (HO = − 13.8) [2], and is also 
characterized by the presence of chemically active sulfur-chlorine bond. This is why 
it readily reacts with compounds with a hydroxyl group to form corresponding esters 
and hydrogen chloride.

Here R denotes both an aliphatic chain and an aromatic ring [3–5].
This property of chlorosulfonic acid is being used for the synthesis of a 

whole series of solid acids in the reaction of the surface hydroxyl groups of vari-
ous supports with  ClSO3H. The reaction is carried out in a solvent, most often 
dichloromethane:

The following materials were used as supports:  SiO2 [6],  Al2O3 [7],  TiO2 [8–11], 
zeolites: HZSM-5 [12], BEA [13], clays: montmorillonite [14], aluminosilicates 
[15] or oxide systems with oxidizing-reducing properties as  TiO2–Fe2O3 [16]. The 
synthesized catalysts were then used in organic synthesis as alternatives to classical 
cationic resins such as Ambetyst 15. It is worth noting that the thermal degradation 
of the sulfonated supports starts at temperatures higher than for the Amberlyst 15 
resin (393 K) [17]. These temperatures are 423 K for sulfonated: silica [6] and tita-
nia [18], 433 K for zeolite BEA [13] or 513 K for montmorillonite [14]. This creates 
the advantage in using these systems to catalyze reactions requiring higher tempera-
tures than 393 K [9].

Support‑sulfuric acid system

Sulfuric acid  (HO = − 12) is also often used in the synthesis of sulfonated oxides 
[19]. In the absence of the weak S-Cl bond, as in the chlorosulfonic acid mol-
ecule, the mechanism of interaction with the surface of the support is somehow 
different. The  H2SO4 used in the aqueous solution is practically completely dis-
sociated, so the substrates, which react with the surface of the support are sul-
fate, hydrogen sulfate and  H3O+ ions. If the basicity of a support is high enough, 
as for example in the case of  ZrO2, then the dissociation of  H2SO4 can occur 

(1)R−OH + Cl−SO3H → R−O−SO3H + HCl

(2)Carrier−OH + Cl−SO3H → Carrier−O−SO3H + HCl



1083

1 3

Reaction Kinetics, Mechanisms and Catalysis (2019) 126:1081–1096 

on its surface even without presence of a solvent. Therefore, surface sulfate 
(Zr–O)3S=O, pyrosulfate (Zr–O)2S (=O)–O–S (=O) (Zr–O)2 and hydrogen sul-
fate (Zr–O)3 S (=O)–OH groups are formed as a result of the reaction of sulfuric 
acid with  ZrO2, even at room temperature [20]. The proton located at the O–Zr–O 
bridge of the sulfate (Zr–O)3S=O group is responsible for the strongest acidic 
properties of sulfated zirconia system [21]. For supports with low basicity such as 
 SiO2, sulfuric acid reacts in a similar way as in the case of alcohols [22]:

To form hydrogen sulfate moieties on the surface that are stable up to 523 K, which 
are converted to sulfate groups during calcination above 623 K [23, 24].

Acid properties of support‑SO3H system

There are no consistent measurements made up to date to determine unambiguously 
the acid strength of the solid catalysts with the sulfonic and sulfate groups deposited 
on their surfaces. The acid strength of the resins Amberlyst 15 and Nafion, for exam-
ple, was found to be − 2.2, − 9.5  HO units for Amberlyst [17, 25] and − 11 to − 13 
 HO units for Nafion [2, 25]. The acidity of other systems of this type, such as  SiO2–
CF2–CF2–SO3H,  SiO2–CH2–CH2–CH2–SO3H or  SiO2–CH2–CH2–Ph–SO3H, was 
determined by other methods that are less comparable than the use of the  HO scale. 
In comparing the rate of α-methylstyrene dimerization reactions, it was found that 
the system, in which the sulfonic group was attached to the support through the per-
fluorinated alkyl chain was 1000 times more active than Nafion NR50 and Amber-
lyst 15 [26]. Based on the results of 31PNMR research on the adsorption of triethyl-
phosphine oxide (TEPO), and the chemical shift of 31P, it can be confirmed that the 
acid strength of systems containing differently bound sulfonic group changes in the 
following sequence [27]:

SiO2 (57.9  ppm) < Al-MCM-41 (66.8  ppm) < SiO2–CH2–CH2–CH2–SO3H 
(71.1 ppm) < SiO2–CH2–CH2–Ph2–SO3H (78.5 ppm) < Amberlyst 15 (86.0 ppm).

It can be observed that this is between the acid strength of Al-MCM-41 zeolite and 
Amberlyst 15 resin. On the other hand, ammonia adsorption studies have shown that 
the acid strength of  SiO2–CH2–CH2–CH2–SO3H is higher than that of Amberlyst 15 
and lower than that of Nafion NR50 [28]:

Amberlyst 15 (110 kJ mol−1) < SiO2–CH2–CH2–CH2–SO3H (126 kJ mol−1) < Nafion 
NR50 (158 kJ mol−1).

(3)C2H5−OH + HO−SO3H → C2H5−O−SO3H + H2O

(4)C2H5−OH + C2H5−O−SO3H →

(
C2H5−O

)
2
−SO2 + H2O
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The values in brackets represent the average value of molar enthalpy of  NH3 
adsorption.

Studies on the acidity of silica [15] and titania [18] treated with  ClSO3H led also 
to unexpected results. Their acid strength was found to be low and amounted to 0.65 
and 1.12  HO units. In comparison, the acid strength of the catalyst obtained in the 
reaction of  H2SO4 (95%) with  SiO2 was comparable to that of the sulfuric acid used 
[29] (approximately − 9.7  HO units).

The observed discrepancies in the assessment of the acid strength of catalysts 
with –SO3H groups on their surfaces prompted us to undertake systematic studies 
on the acidity of these systems. The materials under study were systems obtained 
as a result of the reaction of chlorosulfonic acid with the following supports:  SiO2, 
 Al2O3,  TiO2 and MgO. The selection of such supports with very different acid–base 
properties should enable the determination of the influence of the basicity of the 
support on the acid strength of the –SO3H group. For comparison purposes, cata-
lysts prepared with sulfuric acid instead of chlorosulfonic acid as well as typical 
solid acids possessing sulfonic groups such as Amberlyst 15 and p-xylene-2-sulfonic 
acid dihydrate were also investigated. These studies were aimed at comparing the 
acid strength of the  SO3H group with the sulfate moieties present in  H2SO4-support 
systems.

Acid strength measurements. The test reaction method

There are many methods used for studying acid–base properties of solids. The main 
are based on: probe molecules temperature programmed desorption (TPD), micro-
calorimetry techniques, FTIR, MAS NMR, ESR measurements. Their complete 
description can be found in a detailed critical review presented by Vedrine [30]. The 
results obtained using these methods are reliable and consistent within the method 
applied. The problem arises, as it was shown above for the case of support-SO3H 
catalysts, when one would like to compare the parameters reflecting acid strength 
measured by different techniques and relate them to the well known mineral acid 
solutions. In this study we used the test reaction method which base on Hammett 
acidity scale.

It is well known that the Hammett indicator adsorption method cannot be used to 
obtain reliable values of acid strength of solids [30, 31]. The most important reason 
is the fact that solid acids do not belong to the family of Hammett acids. However, 
this statement does not exclude the use of Hammett acidity function  (HO) as a meas-
ure of acid strength of such materials. In many valuable publications one can find 
how one can measure (indirectly) values of Ho for solids.

For example, sulfuric acid–water solutions of known composition and then 
defined acid strength  (HO) were used to calibrate

– Hammett indicators UV bands shift against Ho and applied to study acidity of 
solids [32, 33].

– Probe molecules (acetone, mesitil oxide) chemical shift of NMR signals against 
 HO and applied to study acidity of solids [34–36].
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The catalysts of known acid strength  (HO) [32] were used to calibrate:

– IR band shift of adsorbed CO against  HO and applied to study acidity of solids 
[37].

– Isobutane conversion against  HO and applied to study acidity of zeolites [32].

In another group of works, the results of test reactions and heat of ammonia 
adsorption were related directly to the acid strength of catalysts. For example, the 
Ho function was derived using:

– Isobutane isomerization reaction as Hammett indicator [38]. The following for-
mula was obtained: 

 Here  Ea and  T1/2 are the apparent activation energy and temperature at 0.5% con-
version of isobutane.

– Ammonia, in TPD experiments, as Hammett indicator [39]. The following for-
mula was obtained: 

 Here with ∆HO denotes the heat of ammonia adsorption.

In our works we used the similar strategy for acid and basic strength meas-
urements [40, 41]. It is close to the Hammett indicator method where instead of 
color change observation, the chemical transformation of protonated or deproto-
nated molecules is measured. The method based on the results of test reactions of 
α-methylstyrene, styrene, 2,4-diphenyl-4-methyl-1-pentene, 4-phenyl-1-butene, 
tert butyl benzene and cumene for acidity measurements and diacetone alcohol to 
acetone decomposition as well as benzaldehyde Cannizzaro reaction for basicity 
evaluation.

In the presence of acid catalysts alkenes and alkylaromatics undergo numer-
ous transformations i.e. isomerization, oligomerization and disproportionation 
reactions. All reactions begin with the protonation of the reacting molecule. This 
reaction step can take place only if the acid strength of the catalyst is high enough 
to assure proton transfer from a catalyst to the reactant. It was demonstrated [40] 
that it is possible to find the minimal acid strength of a catalyst (Homin) at which 
a particular test reaction begins to proceed at given conditions (catalyst: 0.5  g, 
reagent: 2  cm3, batch reactor, temperature 303  K, reaction time 24  h). A pro-
longed reaction time (24 h) assured that even if a reaction rate is low or diffusion 
controlled, the reaction products can be observed. The calibration of the method 
was performed using the catalysts of strictly defined acid strength. These were 
aqueous solutions of sulfuric acid of various concentrations introduced into the 
pores of an inert carrier  (SiO2). In this way, it was possible to determine the acid 
strength at which the reaction is initiated and substrates converted to products. 

H
O
=

E
a

2.3RT1∕2
− 22.4

H
O
= −1.75 ∗ 10−4 ∗ ΔHO + 15.9
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The measurement of the acid strength of the solid acid (a catalyst) involve the 
carrying out of a series of test reactions under the calibration conditions of the 
method and determining which of them proceeded or not.

The values of  HOmin for different substrates of the test reactions have already 
been determined [40] and the  HO scale based on them is presented below (Fig. 1)

There are some ranges in the scale without designated  HOmin values, such as, 
for example, the range between − 7.9 and − 10.8 Hammett scale units. There-
fore, additional research was undertaken in the work on the possibility of using 
cis-stilbene (under test conditions) and tert-butylbenzene at elevated tempera-
tures  (HOmin = − 10.8 under the test conditions) to complete the scale. Both 
compounds react in the presence of acids. Cis-stilbene undergoes isomerization 
to trans-stilbene [42] and condensation to tetraline derivatives [43] while tert-
butylbenzene transforms into benzene and di-tert-butylbenzenes [40]. The reac-
tion of tert-butylbenzene was carried out by changing the temperature from 303 
K to 313  K, 323  K and 333  K, while the cis-stilbene conversions were tested 
under standard test conditions (303 K) in the presence of catalysts of known acid 
strength. These were solutions of sulfuric acid introduced into the pore system 
of silica by dry impregnation [40]. The acid strength of the solutions was deter-
mined based on the data gathered in the work [44] assuming that changes in  HO 
values due to temperature alterations are to be neglected [45]. We expected that 
an increase in the reaction temperature will lower the minimum acid strength at 
which tert-butylbenzene initially undergoes protonation and, then the dispropor-
tionation to benzene and di-tert-butylbenzenes [46]. The determination of new 
 HOmin values will enable increasing the level of accuracy of the measurement of 
the minimum acid strength by means of the test reactions method.
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Fig. 1  HO scale based on test reactions [40]
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Experimental

Catalysts and supports

p-Xylene-2-sulfonic acid dihydrate (BDH), Amberlyst 15 (Sigma-Aldrich), amor-
phous silicaalumina containing 45%  Al2O3 (Pierce Inorganics,  SBET = 110 m2 g−1, 
HZSM-5 (IChP Warsaw,  SiO2/Al2O3 = 40), four oxides:  SiO2 (ABCR Karlsruhe, 
 SBET = 266 m2 g−1), ɣ-Al2O3 (Pierce Inorganics,  SBET = 98 m2 g−1),  TiO2 (Degussa 
P-25,  SBET = 53 m2 g−1) and MgO (Ventron,  SBET = 100 m2 g−1) of grain diameter 
of 1.02–1.20 mm were used as catalysts and supports.

The synthesis of catalysts with known acid strength.  SiO2 (0.125 g) was placed 
in the vial equipped with a screw closure and impregnated by the incipient wet-
ness method with an acid of known acid strength (0.25 cm3). The use of specific 
 H2SO4–H2O solutions enabled the preparation of catalysts with acid strength var-
ying from − 8 to − 12  HO units [40].

The synthesis of sulfated catalysts. 10  g of  SiO2,  TiO2,  Al2O3 or MgO was 
initially dried at 423 K for 0.5 h under reduced pressure in a 100 cm3 three-neck 
flask equipped with a magnetic stirrer, a dropping funnel containing 3.88  g of 
neat chlorosulfonic acid and a joint connection to link the system with a dry  N2/
vacuum line. After drying the oxide, the flask was cooled to ambient temperature 
and in the flow of nitrogen a tube for evolving HCl leading to a trap filled with 
 Na2CO3 water solution was connected. 50  cm3 of dichloromethane was added 
to the system and chlorosulfonic acid was dosed dropwise under stirring over a 
period of 30 min. Stirring was continued for another 30–40 min. after the addi-
tion of chlorosulfonic acid until HCl evolution stopped. Then the solvent was 
removed by distillation and the obtained catalyst was stored in a desiccator.

Measurements of  HOmin values for test reaction substrates

2 cm3 of cis-stilbene or tert-butylbenzene was added to a catalyst of known acid 
strength in a vial equipped with a screw closure. The closed vial was placed in the 
heat chamber equipped with shaker (Mini Incubator 4010, GLF; shaking: 60 rpm, 
Shaker DOS-20S Elmi Ltd). After 24 h, the organic phase was separated, neutral-
ized (three times) with 5%  NaHCO3 solution and then analyzed. The minimum 
acid strength  (HOmin) was determined according to the procedure proposed in the 
previous work [40]. The dependence of the total conversion of tert-butylbenzene 
and cis-stilbene as a function of the acid strength  (HO) of catalyst was determined 
and then interpolated using the standard β-spline function. From the obtained 
relation, the acid strength value was determined as the point, at which the reac-
tion products began to appear and conversion reached approximately 0.75% [40].
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Acid strength measurements

0.5 g of the sulfated catalyst was placed in a vial fitted with a screw closure and 
then 2 cm3 of the appropriate substrate for the test reaction was injected. These 
were: 30% heptane solutions of: α-methylstyrene  (HOmin = − 3.3), styrene 
 (HOmin = − 5.3), 2,4-diphenyl-4- methyl-1-pentene  (HOmin = − 6.9), 4-phenyl-
1-butene  (HOmin = − 7.9), 10% toluene solution of cis-stilbene as well as tert-
butylbenzene  (HOmin = − 10.8) and cumene  (HOmin = − 11.5). The minimum 
acid strength values written in brackets refer to the values at reaction temperature 
of 303 K. The closed vials were then placed in a suitable thermal chamber at cho-
sen temperature for 24 h. Further procedure was done according to the technique 
described above for determining the minimum acid strength. The reactions with 
tert-butylbenzene were carried out also at 313, 323 and 333 K. The acid strength 
of p-xylene-2-sulfonic acid dihydrate was determined in the same manner. In this 
case 1.0 M NaOH solution was used to neutralize the sample. The neutralization 
step was omitted for reactions with Amberlyst 15.

When measuring the acid strength of pure oxides, silicaalumina and HZMS-5 
zeolite the samples (0.5 g) for measurement were calcined in a stream of dry air 
(753 K, 3 h). After cooling, the samples were transferred in an atmosphere of dry 
air to vials with a sealed closure and the test substrate (2 cm3) was introduced. 
Further procedure was as in the method described above for determining the acid 
strength of Amberlyst 15 resin.

Basic strength measurements

Samples of the selected oxides:  SiO2,  TiO2,  Al2O3 and MgO were prepared in 
a similar manner for acid strength measurements. The difference in the method, 
however was that instead of the substrate, appropriate (0.1%) toluene indica-
tor solutions were introduced to the vials. The following indicators were used 
in the measurements: bromothymol blue  pKa = 7.2, phenolphthalein  pKa = 9.3, 
2,4,6-trinitroaniline  pKa = 12.0, 2,4-dinitroaniline  pKa = 15.0, 4-chloro-2-ni-
troaniline  pKa = 17.2, 4-nitroaniline  pKa = 26.5, triphenylmethane  pKa = 33.0 
[47].

Materials

All organic reactants, chlorosulfonic acid, sulfuric acid,  NaHCO3,  Na2CO3 and 
NaOH were supplied by Aldrich.

Analysis

The obtained reaction products were analyzed in a GC (Agilent 6890 N with FID 
detector) equipped with a 30 m HP5 capillary column (I.D. 0.32 mm,  df 0.25 μm, 
temperature 343 K (5 min), to 543 K at 3 K/min).
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Substrate conversion was calculated in two ways. It was obtained directly from 
GC analysis and was evaluated on the basis of changes of substrate to solvent 
(heptane or toluene), an inert compound serving as an internal standard, ratio. In 
the second way, the total conversion was calculated according to the following 
formula:

Here X
total

 denotes total substrate conversion, �o
substr.

=
S
o

substr.

S
o

stand.

, ��
substr.

=
S
�
substr.

S
�
stand.

 , are 
ratios of the areas of GC peaks for substrate and internal standard (at the beginning 
of the reaction and at a reaction time equal to τ.

Results

The first step of the work was the extension of the  HO scale based on test reactions 
in the range between − 7.9 and − 10.8 units. Increasing the scale accuracy can be 
done in two ways. The first of these is the use of an entirely new substrate that would 
react in the aforementioned acid strength range. Cis-stilbene was chosen as such a 
reactant. On the other hand, it would seem that a more efficient procedure would be 
to use a known substrate but at a higher than standard (303 K) reaction temperature. 
The results of cis-stilbene transformation are presented below (Fig. 2).

X
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= 1 −
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substr.
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Fig. 2  Dependence of cis-stilbene conversion at 303 K (filled square) on acid strength of catalyst. Batch 
reactor, catalyst:  SiO2 (0.125 g)—H2SO4–H2O (0.25 cm3), substrate: 2.00 cm3
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Experimental points were connected with a β-spline type line using Origin Pro 
software (OriginLab Corp.) which enabled the reading of the value of conversion for 
any Ho value. According to the procedure adopted in the previous work [40], it was 
assumed that the reaction starts at the point when the conversion rate exceeds 0.75%. 
In this way  HOmin value was obtained. This was found to be − 9.0 units. The sec-
ond method that was used for improving the acid strength scale was performing test 
reaction at higher temperatures. The tert-butylbenzene test reaction at 303 K starts 
when acid strength of a catalyst reaches − 10.8 units on the Ho scale [30]. It can be 
assumed that at elevated temperatures this reaction should, according to the Arrhe-
nius Law, take place at a quicker rate and thus at lower acid strength values. To test 
this assumption, tert-butylbenzene reactions were carried out at three temperatures 
(313 K, 323 K and 333 K) in the presence of catalysts with known acid strengths 
of − 9.0; − 9.4; − 9.8; − 11.0 and − 12.0 Ho scale units. Benzene and di-tert-butyl-
benzenes were obtained as products confirming the fact that that acid catalyzed 
transalkylation reaction actually took place. The results are presented below (Fig. 3).

HOmin values for tert-butylbenzene were determined using the same procedure as 
in the case of cis-stilbene. They were − 9.3, − 9.5 and − 9.9 units for 313 K, 323 K 
and 333 K. The newly obtained  HOmin values were inserted into the expected range 
of − 10.8 < Ho < − 9.0 units thus making the acid strength scale more precise. The 
complete set of test reaction substrates, i.e. α-methylstyrene, styrene, 2,4-diphenyl-
4-methyl-1-pentene, 4-phenyl-1-butene, cis-stilbene, tert-butylbenzene and cumene, 
was then used to examine the acid strength of selected catalysts in the reactions that 
were carried out at 303 K and in the case of tert-butylbenzene additionally at 313 K, 
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Fig. 3  Dependence of tert-butylbenzene conversion at 333 K (filled inverted triangle), 323 K (filled tri-
angle), 313 K (filled circle) and 303 K (filled sqaure) on acid strength of catalyst. Batch reactor, catalyst: 
 SiO2 (0.125 g)—H2SO4–H2O (0.25 cm3), substrate: 2.00 cm3. Dotted line indicates arbitrary taken level 
of the conversion at which reaction begin to proceeds



1091

1 3

Reaction Kinetics, Mechanisms and Catalysis (2019) 126:1081–1096 

323 K and 333 K. First, the unmodified systems (simple oxides: alumina, titania, sil-
ica, magnesia), mixed oxides:  SiO2–Al2O3 (45%), HZSM-5 zeolite with Si/Al ratio 
of 40 as well as p-xylene-2-sulfonic acid dihydrate and Amberlyst 15 were examined 
(Table 1).

The silicon, aluminum and magnesium oxides did not catalyze any test reac-
tion, so their acid strength is Ho > − 3.3. Titanium oxide catalyzed only the trans-
formation of α-methylstyrene (oligomerization). The conversion of styrene to 
traces of dimers (0.1%) does not confirm that this test reaction actually took place. 
Thus, the acid strength of  TiO2 is − 5.3 < Ho ≤ − 3.3. p-Xylene-2-sulfonic acid 
dihydrate initiates the reaction of two substrates, namely α-methylstyrene (oli-
gomerization) and styrene (oligomerization), indicating that its acid strength is in 
the range − 6.9 < Ho ≤ − 5.3. The conversion of 0.5% observed for the reaction of 
2,4-diphenyl-4-methyl-1-pentene (isomerization and oligomerization) is lower 
than the value adopted for the determination of  HOmin, so it does not confirm the 
course of this test reaction. Amberlyst 15 and HZSM-5 zeolite catalyzed the oli-
gomerization of α-methylstyrene and styrene, isomerization and oligomerization 
of: 2,4-diphenyl-4-methyl-1-pentene, 4-phenyl-1-benzene and cis-stilbene. Thus, all 
systems have a similar acid strength of − 9.3 < HO ≤ − 9.0. Amorphous silicaalumina 
 SiO2–Al2O3(45%) additionally initiated tert-butylbenzene transalkylation at 333 K, 
thus it possesses the highest acid strength of − 9.5 < HO ≤ − 9.3. The results of the 
acid strength measurements for the catalysts obtained by reaction of the support 
with chlorosulfonic and sulfuric acids were collected in Table 2.

The introduction of the  SO3H group on the surface of the support in the reaction 
with chlorosulfonic acid results in the formation of catalysts with high acid strength. 
For  SiO2–ClSO3H catalyst, the acid strength increased to − 10.8 < HO ≤ -9.9 while 

Table 1  Acid-base properties of p-xylene-2-sulfonic acid dihydrate (pXSAcid), Amberlyst 15 resin 
(Amb 15) and supports studied

Conditions: batch reactor, catalyst 0.5 g, substrate 2 cm3, reaction time 20 h
α-MSt, St, 2,4df4m1p, 4f1b, c-Stil, BB333, BB323, δ−: α-methylstyrene, styrene, 2-4-diphenyl-4-me-
thyl-1-pentene, 4-phenyl-1-butene, cis-stilbene, tert-butylbenzene at 333 K, tert-butylbenzene at 323 K, 
partial charge on oxide anion

Catalyst Test reaction substrate Basicity

α-MSt St 2,4df4m1p 4f1b c-Stil BB333 BB323 δ− H_

 HO − 3.3 − 5.3 − 6.9 − 7.9 − 9.0 − 9.3 − 9.5
Conversion [%] a.u.
 pXSAcid 9.4 0.7 0.5 0.0 0.0 0.0 0.0
 Amb 15 100.0 100.0 100.0 77.4 100.0 0.0 0.0
 SiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 − 0.23 7.2 ≤ H_ < 9.3
 Al2O3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 − 0.36 7.2 ≤ H_ < 9.3
 TiO2 93.7 0.1 0.0 0.0 0.0 0.0 0.0 − 0.27 7.2 ≤ H_ < 9.3
 SA(45) 81.2 71.0 80.5 92.5 100.0 0.4 0.0
 HZSM(40) 100.0 10.9 100.0 44.6 48.5 0.0 0.0
 MgO 0.0 0.0 0.0 0.0 0.0 0.0 0.0 − 0.50 26.5 ≤ H_ < 33.0
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for the remaining oxides  (Al2O3,  TiO2, MgO) treated with chlorosulfonic acid the 
value was lower: − 9.3 < HO ≤ − 9.0. The interaction of sulfuric acid with the sup-
ports leads to the catalysts with the following acid strength: for  SiO2–H2SO4 and 
 TiO2–H2SO4 it was − 9.3 < HO ≤ − 9.0 while for  Al2O3–H2SO4 and MgO–H2SO4 it 
was − 9.0 < HO ≤ − 7.9 and − 7.9 < HO ≤ − 6.9.

Discussion

One of the methods of increasing the acidity of metal oxides is the deposition of 
groups characteristic of strong mineral acids on their surface. Such surface species 
include, for example, the –SO3H group. This is usually done by reacting an oxide 
support with chlorosulfonic acid (Eq. 1) which is usually dissolved in a solvent. As 
a result of the reaction in which the surface hydroxyl group is involved, hydrogen 
chloride and the moiety (I) with the following structure are formed:

 Here M is a metal from a support and  Oδ− is a lattice oxide anion.
These centers are characterized by high acid strength, depending on the basic-

ity of the oxide and hence on the value of the negative charge (δ−) located on the 
oxygen forming the anionic sub-lattice. The oxides of low acid strength and widely 
differing acid–base properties such as  SiO2,  TiO2,  Al2O3 and MgO were chosen 
as supports. Their basic strength was approximated by the partial negative charge 

−M−O−SO3 ⋯H⋯O�−

|

Table 2  Results of test reactions performed in the presence of oxide supports treated with chlorosulfonic 
(CSA) and sulfuric acid (SA)

Conditions: batch reactor, catalyst 0.5 g, substrate 2 cm3, reaction time 20 h
α-MSt, St, 2,4df4m1p, 4f1b, c-Stil, BB333, B323, B313 and BB303, Cum, CSA, SA: α 
-methylstyrene,styrene, 2-4-diphenyl-4-methyl-1-pentene, 4-phenyl-1-butene, cis-stilbene, tert-butylb-
enzene at 333 K, tert-butylbenzene at 323 K, tert-butylbenzene at 313 K, tert-butylbenzene at 303 K, 
cumene, chlorosulfonic acid, sulfuric acid

Catalyst Test reaction substrate

α-MSt St 2,4df4m1p 4f1b c-Stil BB333 B323 BB313 BB303 Cum

HO − 3.3 − 5.3 − 6.9 − 7.9 − 9.0 − 9.3 − 9.5 − 9.9 − 10.8 − 11.5
Conversion [%]
 SiO2–CSA 100.0 100.0 100.0 100.0 100.0 1.0 0.9 0.5 0.4 0.0
 Al2O3–CSA 100.0 100.0 100.0 100.0 33.2 0.0 0.0 0.0 0.0 0.0
 TiO2–CSA 100.0 100.0 100.0 100.0 42.6 0.0 0.0 0.0 0.0 0.0
 MgO–CSA 100.0 100.0 100.0 53.5 100.0 0.0 0.0 0.0 0.0 0.0
 SiO2–SA 100.0 100.0 100.0 100.0 100.0 0.0 0.0 0.0 0.0 0.0
 Al2O3–SA 85.5 11.7 24.1 1.0 0.0 0.0 0.0 0.0 0.0 0.0
 TiO2–SA 100.0 100.0 100.0 100.0 100.0 0.0 0.0 0.0 0.0 0.0
 MgO–SA 100.0 98.7 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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located on oxygen, which was calculated using the Sanderson method [48] and also 
determined by the adsorption of indicators with a known  pKa value [46]. On the 
other hand, the acid strength was determined experimentally using the test reac-
tion method [40] (Table  1). The obtained results indicate that selected oxides i.e. 
 SiO2,  Al2O3 and MgO possess low acid strength of  HO > − 3.3, while in the case of 
 TiO2 the value was higher at − 5.3 < HO ≤ − 3.3. The basic strength of the supports 
as determined by adsorption of indicators for  SiO2,  Al2O3,  TiO2 was 7.2 ≤ H_ < 9.3 
and for MgO it was 26.5 ≤ H_ < 33.0. Since indicator adsorption may give uncertain 
results [40] the calculation of Sanderson partial negative charges located on oxygen 
were performed. The results more precisely evaluated the basic properties of oxides 
than the indicator adsorption method (Table 1):

 The results of the acid strength measurement, of systems obtained by reacting 
chlorosulfonic acid with inorganic carriers show clearly the effect of the basicity 
of oxide anions on the acid strength of the surface hydrogen sulfate group (I). The 
less basic oxygen of  SiO2 (δ− = − 0.23) interacts weakly with the proton of the acid 
center (I) leading to a high acid strength of − 11.5 < HO ≤ − 10.8. The more basic 
oxygens of  TiO2 (δ− = − 0.27),  Al2O3 (δ− = − 0.36) and MgO (δ− = − 0.50) bind the 
proton of the hydrogen sulfate group stronger, thereby lowering the acid strength to 
− 9.3 < HO ≤ − 9.0. This is shown in Fig. 4.

The same value of acid strength i.e. − 9.3 < HO ≤ − 9.0 was obtained when sul-
furic acid was used as the sulfonating agent for  SiO2 and  TiO2. The water formed 
in reactions (3) and (4) between  SiO2 and  H2SO4 could interact with the pro-
tons of the hydrogen sulfate groups thereby lowering their acid strength from the 
− 11.5 < HO ≤ − 10.8 level for  SiO2-ClSO3H system to the − 9.3 < HO ≤ − 9.0 range. 
A similar phenomenon can be observed by comparing the acid strength of the sul-
fonic groups in Amberlyst 15 resin and in p-xylene-2-sulfonic acid dihydrate. In 
the first case, the strength was − 9.3 < HO ≤ − 9.0 while in the second it diminished 

SiO2 < TiO2 < Al2O3 < MgO

6 7 8 9 10 11 12

Acid strength  [-Ho]

p-xylene-2-sulfuric acid Amberlyst 15 HZSM-5 SiO2-Al2O3standards:

TiO2, Al2O3, MgO-ClSO3H
SiO2-ClSO3H

Fig. 4  Summary of acid strength measurements of support-chlorosulfonic acid type catalysts
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to − 7.9 < HO ≤ − 6.9. The oxygen atoms of the most basic supports i.e.  Al2O3 and 
MgO caused a decrease of the acid strength of the carrier-H2SO4 system to the 
range of − 9.0 < HO ≤ − 7.9 and − 7.9 < HO ≤ − 6.9. The results indicate that the acid 
strength of silica treated with chlorosulfonic acid (so called solid sulfuric acid—
SSA) is higher than that of HZSM-5 and amorphous silicaalumina. The use of other 
oxides such as  TiO2,  Al2O3 and MgO led to catalysts of lower acid strength, compa-
rable to Amberlyst 15 and HZSM-5 but higher than p-xylene-2-sulfonic acid.

Conclusions

The measurements of the minimum acid strength  (HOmin) required in test reac-
tions for initiation of cis-stilbene at 303 K and tert-butylbenzene at 313 K, 323 K 
and 333  K have made it possible to establish a much more precise acid strength 
scale. The obtained  HOmin values were: − 9.0 (cis-stilbene, 303  K), − 9.3, − 9.5 
and − 9.9 (tert-butylbenzene, 313  K, 323  K, and 333  K). The updated test reac-
tion method was used to determine the acid strength of different catalysts obtained 
in the reaction of chlorosulfonic and sulfuric acid on different oxide supports. It 
was found that the acid strength values depend on the basicity of the studied sup-
ports. For the supports treated with chlorosulfonic acid, the values of acid strength 
were: − 11.5 < HO ≤ − 10.8 for the less basic  SiO2, − 9.3 < HO ≤ − 9.0 for the more 
basic  TiO2,  Al2O3 and MgO. For the supports treated with sulfuric acid, the acid 
strength was: − 9.3 < HO ≤ − 9.0 for the less basic  SiO2 and  TiO2, − 9.0 < HO ≤ − 7.9, 
− 7.9 < HO ≤ − 6.9 for more basic  Al2O3 and − 7.9 < HO ≤ − 6.9 for the most basic 
MgO. Chlorosulfonic acid treated silica possesses higher acid strength than HZSM-5 
and amorphous silicaalumina. The modification of  TiO2,  Al2O3 and MgO with chlo-
rosulfonic acid led to catalysts of lower acid strength, comparable to Amberlyst 15 
and HZSM-5 − 9.3 < HO ≤ − 9.0, but higher than p-xylene-2-sulfonic acid dihydrate 
(− 7.9 < HO ≤ − 6.9).
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