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Abstract
The decomposition of diacetone alcohol to acetone proceeding at 303 K as well as 
the Cannizzaro transformation of benzaldehyde at 323  K leading to benzyl alco-
hol, can be regarded as useful test reactions in investigating the basic properties of 
solid catalysts. The minimum basic strength H_min needed to initiate the conver-
sion of diacetone alcohol is within the range of 11.8–13.3, and for benzaldehyde 
transformation the value is 15.4. The above mentioned test reactions were used to 
study the basic strength of different solid acid–base catalysts. The conclusions can 
be presented as follows: (a) solid NaOH and Amberlyst type resin A-26 exhibit basic 
strength of H_ ≥ 15.4 respectively, the basic centers of A-21 resin possess lower 
strength 11.8–13.3 ≤ H_ < 15.4; (b) Amberlyst-15, Amberlyst XN 1010, Nafion NR 
50 resins and solid sulfuric acid (SSA) possess basic strength of H_ < 11.8–13.3; (c) 
the basic strength of alumina and magnesia is 11.8–13.3 ≤ H_ < 15.4 whether they 
have been calcined at 753 K or not.
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Introduction

The nature and activity of basic catalysts continues to be the basis of many reactions, 
which have found applications in industrial processes. These include, among others, 
the aldol condensations of: benzaldehyde with heptanal to jasmine aldehyde (NaOH 
or KOH), n-butanal to 2-ethylhexenal (30% NaOH), formaldehyde and acetaldehyde 
to acrolein (NaOH-SiO2); the Cannizzaro reaction of formaldehyde and pivaldehyde 
to pentaerythrol and formic acid (NaOH and Ca (OH)2), the Guerbet condensation of: 
n-hexanol to 2-butyl-octanol (MgO–K2CO3–Cu) or transalcoholysis of triglycerides to 
biodiesel (NaOH,  CH3ONa,  ZnAl2O4, anionic resins) [1, 2].

The catalysts of these reactions activate the molecules of the substrate and transform 
to negatively charged particles, which undergo further reactions. In most cases sub-
strate activation involves the detachment of the proton by the catalyst. Thus, the suit-
ability of a basic catalyst is determined by its basic strength, i.e. the ability to remove a 
proton from an acid molecule—a substrate of the reaction.

The influence of the basic strength of the catalyst on a chemical reaction

The catalyst not only activates the substrates allowing for the reaction to proceed but 
also influences the reaction rate. The latter phenomenon can be described in terms of 
the influence of the basic strength on the reaction rate. The basic strength of the solu-
tions is quantitatively described according to Hammett [3] with the H_ function defined 
by the formula (Eq. 1)

Here aH+ is the proton activity and fA− and  fHA are the coefficients of activity of the 
corresponding forms of the HA indicator:

The basic strength of the solution can be determined directly (Eq. 3) by using an 
indicator of known pKA value and by measuring concentration of inert HA and ionized 
 A− forms of the indicator:

If a reaction catalyzed by a base proceeds according to the mechanism:

Here SH and P are respectively the substrate and the reaction product and if it is of 
the first order, then according to Anbar et al. [4] the rate of reaction (r) depends on 
the basic strength of the catalyst as follows:

(1)H_ = −log
(

aH+ fA−∕fHA
)

(2)HA ⇄ H+ + A−

(3)H_ = pKA−log[HA]∕[A
−]

(4)SH + OH−
⇄ S− + H2O

(5)S− → P

(6)r = k+KKW10
−H−
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Here K,  k+ and  KW represent the equilibrium constant of the first step of the reac-
tion (Eq. 4), the reaction rate constant of the second irreversible step (Eq. 5) and the 
equilibrium constant of the autoprotolysis of water.

The conversion of the reactant S into the product P (x) can be found directly by solv-
ing the above equation (Eq. 6). For a batch reactor, x can be expressed as:

Here k and t are the reaction rate constant and reaction time.
Figure  1 illustrates the changes in the conversion of base catalyzed reaction as a 

function of basic strength H_ of the catalyst, for the fixed values of k and t. Depending 
on the susceptibility of the substrate to the attack of the base (k values), the position 
of the curves on an abscissa axis changes. This means that by selecting suitable sub-
strates one can observe the appearance of their reaction products at different catalyst 
basic strengths.

Therefore, for low basic strength values, the substrate conversion is practi-
cally unchanged and remains close to zero. Only after exceeding a certain level of 
strength does it increase exponentially. It is therefore possible to determine the mini-
mum basic strength (H_min) of the catalyst at which the substrate begins to react. 
Such a reaction plays the role of an indicator. The appearance of the transformation 
product P in the presence of the catalyst to be tested indicates that its basic strength 
H_ is greater than or equal to the H_min of the substrate SH used in the test. Thus, 
substrates of varying proton donor ability, i.e. having different H_min values, can 
be used as probes for the test reactions. In order to perform such a measurement, it 
is necessary to: (1) identify suitable substrates that react under the influence of the 
bases, (2) determine the experimental values of H_min for them, (3) apply them in 

(7)x = 1 − exp
(

−k10H_t
)
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Fig. 1  Dependence of the calculated conversion (Eq. 7) of two test reaction substrates differing in sus-
ceptibility to base attack on the basic strength of the catalyst. Case 1: substrate with high proton donor 
ability. Case 2: substrate with low proton donor ability
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measuring the basicity of any specific catalyst. A similar approach has already been 
used successfully for acid strength measurements where, with various test reactions, 
we have determined the acid strength of a series of solid acids [5, 6].

Selection of test reaction substrates

The currently applied test reactions are used only to confirm the presence of basic 
centers and to classify them as of weak, medium or high strength. The examples of 
such reactions and reactants are:

– the Knoevenagel condensation of benzaldehyde with  XCH2Y type molecules: 
ethyl cyanoacetate (X = CN, Y = COOEt), malononitrile (X = Y = CN) and die-
thyl malonate (X = Y = COEt) [7, 8]. The last three reactants differ in the pKA 
values of hydrogen in the methylene group, which are 9, 11 and 13 respectively. 
This makes it possible to compare the basic strength of various solid catalysts;

– the aldol condensation of butanal and isobutanal or acetone requires centers of 
basic strength equivalent to 13–14 pH units [9, 10];

– transalcoholysis of ethyl acetate with methanol. The reaction requires the pres-
ence of basic centers of medium strength [8];

– the Michael condensation of cyclopentanecarboxylic acid, 2-oxo-, ethyl ester with 
methyl vinyl ketone [11]. In order to initiate this reaction, basic centers of higher 
strength basic centers than those catalyzing Knoevenagel condensation are required;

– the Cannizzaro reaction of benzaldehyde to benzyl alcohol and sodium benzoate. 
This reaction requires the presence of strong bases, e.g. 16.7 M NaOH [12].

In the presented work, a reverse reaction to the acetone aldol condensation and 
the Cannizzaro reaction of benzaldehyde were chosen as test reactions. These reac-
tions are well known and follow the equations presented below [13].

Decomposition of 4‑hydroxy‑4‑methylpentane‑2‑one (diacetone alcohol)

The catalyst, in this case the  OH− anion, removes  H+ from the hydroxyl group of 
the alcohol to form an aldol anion. The next step is the scission of the carbon-carbon 
bond in the aldol with the formation of acetone and the acetone carboanion. The 
reaction terminates the addition of the proton to the carboanion resulting in a second 
molecule of the reaction product—acetone formation (Scheme 1).

In the presence of acids, diacetone alcohol can be dehydrated to 4-methylpent-
3-en-2-one (mesityl oxide) (Scheme 2)

Dehydration can also take place in the presence of solid catalysts having Lewis 
acid type sites situated close to basic centers such as in the case of alumina [14, 15] 
(Scheme 3)

The results of diacetone alcohol transformation can be of use in the study of basic 
properties of catalysts, only if mesityl oxide is not present in the reaction products. 
Otherwise the results have to be considered with extreme care.
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The Cannizzaro reaction of benzaldehyde

The most frequently used catalyst for this reaction is an aqueous solution of 
NaOH. The benzaldehyde particle attaches the hydroxide anion in the nucleo-
philic addition step. The formed anion transfers the hydride ion to the next alde-
hyde molecule to be transformed into benzoic acid. Moreover the benzaldehyde 
molecule is converted into a corresponding alcoholate ion. The reaction termi-
nates with the transfer of the proton from the benzoic acid to the alcoholate ion 
resulting in a conversion product, i.e. benzyl alcohol. Thus, benzyl alcohol and 
sodium benzoate are formed by reacting the NaOH and two benzaldehyde mol-
ecules. Sodium benzoate can be regarded as a reaction product - benzoic acid 
irreversibly bound to the catalyst (Scheme 4).

The aim of the study was: (a) to investigate the suitability of the decomposition 
of diacetone alcohol and the Cannizzaro reaction of benzaldehyde as test reactions 
for the quantification of the basic strength of solid catalysts, (b) to determine the 
minimum basic strength necessary for initiation these reactions(H_min) and (c) to 
measure the basic strength of selected catalysts. The measurement of the minimum 
basic strength was performed using NaOH solutions of different concentrations and 
thus of different H_ strength as catalysts. The solutions can be used individually, as 
a separate aqueous phase or as a solid. In the latter case, they are embedded in the 
structure of a porous solid carrier, to which they had earlier been introduced by dry 
impregnation. As active phase carriers, simple oxides such as, for example, MgO, 
 Al2O3,  SiO2 or porous activated carbon were used. The choice of the proper support 
has to be verified experimentally as it can also affect the H_min value itself. For this 
reason, the samples of the carriers impregnated with only water were also examined 
as catalysts.

Test reactions should be carried out under strictly defined conditions such as 
temperature, amount of catalyst (NaOH solution), amount of carrier, volume of 
substrate, type of reactor and reaction time. The same conditions must be adhered 
when measuring the basic strength of the catalysts tested. In order to validate the 
method, the reactions of diacetone alcohol and benzaldehyde were used to investi-
gate the basic strength of various but well defined catalysts: (a) commercial Nafion 
and Amberlyst resins in which the different functional groups are immobilized in: 
perfluorinated polymer resin and styrene and divinylbenzene copolymers, (b) solid 
sulfuric acid (SSA)  (SiO2–ClSO3H) [16], (c) systems of well known acid–basic 
properties such as  Al2O3 [17, 18], MgO [17] and solid NaOH. Amberlyst A-26 and 
Amberlyst A-21 are resins possessing only strongly basic –CH2–N(CH3)3

+OH− and 
weakly basic –N–(CH3)2 active groups [19, 20]. Nafion NR50, Amberlyst 15 and 
Amberlyst XN 1010 are typical solid acids having the same  SO3H groups but bound 
to the perfluorinated polymer resin as well as to the polystyrene and divinylbenzene 
copolymers of different degree of crosslinking (Amberlyst XN 1010 resin is more 
strongly crosslinked than Amberlyst-15) [21], while  SO3H groups in SSA are linked 
to an inorganic support  (SiO2). Magnesia and alumina are typical acid–base cata-
lysts with strong and medium strength basic sites. The examination of such different 
solids with acid–base properties should allow the verification of the test reaction 
method and also the measurements of the basic strength of their active centers.
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Experimental

Catalysts and carriers

Amberlyst A-26, Amberlyst A-21, Amberlyst-15, Amberlyst XN 1010, Nafion 
NR 50 (Sigma-Aldrich) and three oxides:  SiO2 (Karlsruhe ABCR,  SBET = 266 m2 
 g−1), γ-Al2O3 (Pierce Inorganics,  SBET = 98  m2  g−1), MgO (Ventron,  SBET = 
100 m2  g−1) and activated carbon (Norit) were used as the catalysts and carriers. 
Oxide supports and activated carbon with a grain diameter of 1.02–1.20 mm were 
used.

Synthesis of solid sulfuric acid (SSA) [16]

10.0 g of  SiO2 was initially dried at 423 K for 0.5 h under reduced pressure in 
a 100  cm3 two-neck flask equipped with a magnetic stirrer, a dropping funnel 
containing 3.0 cm3 of neat chlorosulfonic acid and a joint connection to link the 
system with a vacuum/dry  N2 line. The flask was cooled after heating to ambi-
ent temperature and dichloromethane (50 cm3) was added in nitrogen atmosphere. 
Then a tube for evolving HCl leading to a trap filled with  Na2CO3 water solution 
was connected. Subsequently, the content of the flask was stirred and chlorosul-
fonic acid was added dropwise over a period of 30 min. Stirring of the content 
was continued for further 30–40 min till the end of HCl evolution. After removing 
dichloromethane (distillation) the obtained catalysts were stored in a desiccator.

Determination of the minimum basic strength of test reactants

The minimum basic strength necessary to initiate the reactions of diacetone 
alcohol and benzaldehyde in the presence of a catalytic system: NaOH solution/
substrate was determined as follows. 0.375  cm3 NaOH solution of appropriate 
concentration was added to a glass vial (5  cm3) equipped with a screw closure 
and then 2 cm3 of the substrate (30 wt.% of diacetone alcohol or benzaldehyde 
in toluene) was introduced. After closing the cap, the reactor was placed in the 
heating chamber (Mini Incubator 4010, GLF; shaking: 60 rpm, Shaker DOS-20S 
Elmi Ltd) at the appropriate temperature (303 K, 313 K and 323 K). After 20 h, 
the organic phase was decanted and analyzed. In order to simplify the experi-
mental procedure, measurements were also made in which the catalyst, i.e. NaOH 
solution, was placed by dry impregnation in pores of solid supports: MgO,  Al2O3, 
 SiO2 as well as activated carbon. In this case, the step of the organic phase decan-
tation could be omitted. So for systems support/aqueous NaOH/substrate the 
measurements were performed according following method. 0.500 g of a support 
(for  SiO2 0.125 g) was placed in the reactor and then impregnated with an aque-
ous NaOH solution of appropriate concentration in the adequate amount for dry 
impregnation and 2 cm3 of the substrate was injected. After 20 h, a sample was 
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taken directly from the solution above the catalyst for analysis. The same experi-
ments were also performed for pure water and pure water impregnated supports.

Determination of the basic strength of solid catalysts

Commercial resins such as Amberlyst A-26, Amberlyst A-21, Nafion NR 50, 
Amberlyst 15 and Amberlyst XN 1010 as well as SSA and solid NaOH were tested 
as for NaOH solution/substrate/support system (0.500 g of a resin 2 cm3 of the sub-
strate) at 303 K (diacetone alcohol) and 323 K (benzaldehyde).

For magnesia and alumina catalysts, the experimental procedure was different. A 
sample of 0.500 g was placed in a glass batch reactor (76 cm3) connected to a vac-
uum/dry air metallic capillary tube line and calcined at 753 K for 4 h in a stream of 
dry air. The reactor was closed and cooled to ambient temperature. The catalyst was 
transferred, in the stream of dry air to the reactor and the substrate (2 cm3) added. 
The products were analyzed after 20 h of the reaction.

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).

Two methods were used to calculate substrate conversion. It was directly obtained 
from GC analysis and was evaluated on the basis of changes of substrate to toluene, 
an inert compound serving as an internal standard, ratio. In the latter case, the total 
conversion was calculated according to the following formula:

Here x
total

 represents the total substrate conversion; �o
substr.

=
S
o

substr.

S
o

stand.

 , ��
substr.

=
S
�
substr.

S
�
stand.

 are 

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

Results

Calibration of the test reaction method

In order to apply the test reaction method for basic strength measurements, it is nec-
essary to associate the reaction with the basic strength required to initiate it. The 
method used in determining the minimum basic strength needed to initiate a test 
reaction will be presented in the example of the decomposition of diacetone alco-
hol in the presence of aqueous solutions of NaOH as catalysts at 323 K. The basic 
strength of the catalysts used has been taken from data already published [22]. The 

x
total

= 1 −
��
substr.

�o
substr.
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obtained results are shown (Fig. 2) as diacetone alcohol to acetone conversion  (xGC) 
vs. basic strength of the catalyst.

It can be seen that the obtained relationship is in good correlation with the 
expected nature of changes of the conversion (Fig. 1). The results, however, do not 
allow for the unambiguous indication of the value of a basic strength required to ini-
tiate the reaction. In order to determine this value, the first derivative of the curves 
describing the conversion of diacetone alcohol to acetone obtained from GC analy-
sis  (xGC) and based on an internal standard  (xβ) were calculated, using Origin Pro 
software (OriginLab Corp.), and plotted (Fig.  3). The value of the basic strength 
was then marked at the level of half its height. It was arbitrarily accepted that these 
values represent of the minimum basic strength H_min, which for this example 
amounts to 11.3 units for both  xGC and  xβ. This value corresponds to diacetone alco-
hol conversion varying between 4% and 5% (values obtained from β spline approxi-
mation of the experimental points).

Following the above procedure, all values of H_min were determined and sum-
marized in Table 1.

In most cases, the H_min values for diacetone alcohol reaction decrease as the 
reaction temperature increases. This was observed for catalysts: NaOH–H2O, 
NaOH–H2O/MgO and NaOH–H2O/SiO2 systems. For two types of catalysts with 
 Al2O3 and  Cact as supports, such a relation was not observed. The H_min value was 
not influenced by temperature. Acetone was the only reaction product for catalysts: 
NaOH–H2O, NaOH–H2O/MgO, as well as  SiO2 and  Al2O3 supported systems. A 
different behavior was observed when the catalyst system was NaOH solutions intro-
duced into the pores of activated carbon—NaOH–H2O/Cact. In this case of catalyst 
with low basic strength, mesityl oxide appeared in the reaction products indicating 
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Fig. 2  Dependence of diacetone alcohol to acetone conversion  (xGC) on the basic strength of the catalyst 
(NaOH solutions) at 323 K. Conditions: batch reactor, catalyst 0.375 cm3 NaOH solution of appropriate 
concentration, substrate 2 cm3, reaction time 20 h
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the presence of acid centers. Its content decreased as the basic strength of the cata-
lyst increased. Acetone began to appear when mesityl oxide was not observed in the 
reaction products (Fig. 4).

This can be explained to be a result of sodium hydroxide reacting with carboxyl 
groups (acid sites) present on the surface of activated carbon able to catalyze mesityl 
oxide formation [23]. Acetone is obtained in the reaction catalyzed exclusively by 
the base (NaOH) only after the neutralization of all acid sites.

The dependence of the H_min value and the conversion of diacetone alcohol to 
acetone on the nature of support was also observed. H_min values changed in the 
following sequence (Table 1, Fig. 5):

NaOH-H2O < NaOH-H2O/MgO < NaOH-H2O/Al2O3 < NaOH-H2O/Cact < NaOH-H2O/SiO2

Basic strength H_
6 7 8 9 10 11 12 13 14 15

0

20

40

60

80

100

H_ ~11,3

assumption: 
H_ for 1/2 heigh
corresponds to H_min

].u.a[
_

Hd/xd

Fig. 3  Dependence of first derivative of diacetone alcohol to acetone conversion  xGC (solid line) and  xβ 
(dotted line) on the basic strength of the catalyst (NaOH solutions) at 323 K. Conditions: batch reactor, 
catalyst—0.375 cm3 NaOH solution of appropriate concentration, substrate 2 cm3, reaction time 20 h

Table 1  The minimum basic 
strength required to initiate the 
conversion of diacetone alcohol 
to acetone and benzaldehyde 
to benzyl alcohol at different 
temperatures

Catalyst Minimum basic strength H_min for the reac-
tion of

Diacetone alcohol Benzaldehyde

Reaction temperature

303 K 313 K 323 K 303 K 323 K

NaOH–H2O 11.5 11.4 11.3 15.4 15.4
NaOH–H2O/MgO 12.7 12.3 11.8 15.4 15.4
NaOH–H2O/Al2O3 13.3 13.3 13.3
NaOH–H2O/Cact 13.6 13.6 13.6 15.4 15.4
NaOH–H2O/SiO2 13.7 13.4 13.1
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It can also be observed that even for low basic strength of 10 < H_ < 11, 

where the reaction does not occur in the presence of NaOH solution, the system 
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Fig. 4  Dependence of conversion of diacetone alcohol to mesityl oxide (filled square) and acetone (open 
circle) on basic strength of NaOH–H2O/Cact catalyst at 323 K. Conditions: batch reactor, catalyst 0.5 g, 
substrate 2 cm3, reaction time 20 h
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Fig. 5  Conversion of diacetone alcohol to acetone on basic strength of NaOH–H2O (open square), 
NaOH–H2O/MgO (filled diamond), NaOH–H2O/Al2O3 (open triangle) and NaOH–H2O/Cact (open cir-
cle), NaOH–H2O–SiO2 (filled star) catalysts at 323 K. Conditions: batch reactor, catalyst 0.5 g, substrate 
2 cm3, reaction time 20 h
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NaOH–H2O/MgO catalyzes it efficiently (60% conversion). This should indicate 
that MgO support apart of NaOH solution can catalyze the reaction.

The reactivity of pure carriers under calibration conditions are better illus-
trated in Table 2, where the results of diacetone alcohol reaction for the supports 
impregnated with pure water are presented.

Basic sites of  H2O/MgO catalyze diacetone alcohol decomposition at all reac-
tion temperatures while acid centers of  Cact transform diacetone alcohol into 
mesityl oxide (67%) and acetone (33%).

It is worth noting that the diacetone aldehyde decomposition is reversible. One 
can find the equilibrium conversion for the reverse reaction i.e. acetone aldol con-
densation. In the equilibrium state the amount of acetone converted varies from 
9.1 to 4.3% for temperatures of 303 and 327 K, respectively [24] Thus for diace-
tone alcohol decomposition, one can predict thermodynamic limits for conversion 
from 90.9 to 94.4%. However, there are some reports that acetone can react with 
higher conversion than presented above equilibrium level [25]. Hence the equilib-
rium conversion values may not be precisely measured. The results presented in 
our work (Fig. 5) indicate that observed final diacetone alcohol conversion close 
to 97–99% are also slightly above the equilibrium level.

The second test reaction for which H_min measurements were performed was 
the Cannizzaro reaction of benzaldehyde. The reaction of benzaldehyde takes 
place at higher basic strength values H_min than the conversion of diacetone 
alcohol. Therefore, a higher concentration of NaOH solutions is required than in 
the case of diacetone alcohol reaction. Hence, MgO and  Cact both resistant on 
NaOH were selected as the carriers. In the case of the latter, the possibility of 
the reaction of surface carboxyl groups with NaOH should be taken into consid-
eration. The reactions were carried out at two temperatures: 303 and 323 K. No 
reaction was observed for values of low basic strength (Fig. 6). The reaction was 
initiated at a minimum basic strength H_min of approximately 15.4 units at both 
temperatures (Table 1).

The observed reaction product was benzyl alcohol. The second product i.e. 
sodium benzoate remained in the aqueous phase and was not analyzed. A similar 
transformation was observed when NaOH solution was used as the catalyst.

Table 2  Diacetone alcohol 
reactions catalyzed by water 
impregnated supports

a Ac and MO denote acetone and mesityl oxide respectively

Catalyst Conversion to (%)

Aca MO A MO A MO

Reaction temperature

303 K 313 K 323 K

H2O/MgO 5.1 0.0 60.5 0.0 62.1 0.0
H2O/Al2O3 0.0 0.0 0.0 0.0 0.0 0.0
H2O/SiO2 0.0 0.0 0.0 0.0 0.0 0.0
H2O/Cact 0.0 0.0 0.0 0.0 33.1 66.9
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Basic strength measurements using test reaction

The diacetone alcohol and benzaldehyde reactions were used to investigate basic 
strength of commercial resins: Amberlyst A-26, Amberlyst A-21, Amberlyst 15, 
Amberlyst XN 1010 and Nafion NR 50. The reactions were carried out at tempera-
tures of 303 K for diacetone alcohol and 323 K for benzaldehyde (Table 3).

Amberlyst A-26 and A-21 resins catalyzed the reaction of diacetone alcohol to 
acetone with 100.0% selectivity. On the other hand Amberlyst 15, XN 1010 and 
Nafion NR 50 reacted in a different pathway to produce mesityl oxide with selectivi-
ties equal to 81.8, 95.1 and 92.9% respectively. Similarly, solid sulfuric acid (SSA) 
catalyzed the conversion of diacetone alcohol to mesityl oxide (selectivity 75.7%). 
On the other hand, magnesium and aluminum oxides which were not subjected to 
calcination prior to measurements catalyzed the reaction only to acetone. After cal-
cination in 753 K, the appearance of mesityl oxide (selectivities:  Al2O3—15.9%, 
MgO—2.2%) was observed in the reaction products next to acetone. Benzaldehyde 
reacted only in the presence of A-26 resin and solid NaOH.

Discussion

The knowledge of the acid or basic strength of a catalyst makes it possible to predict 
its potential for a number of chemical reactions. If their strength is too low, solid 
acid and bases would be unable to activate the substrate molecules by attaching or 
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Fig. 6  Dependence of the degree of conversion of benzaldehyde on basic strength of the catalysts: 
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detaching the proton. Therefore, numerous methods have been developed over the 
years to describe and determine the acid or basic strength of solid catalysts. One of 
them is the use of Hammett Ho and H_ scales [26, 27]. They allow for the compari-
son of the acid or basic strength of solids with the corresponding strengths of well 
known aqueous solutions of typical acids and bases such as  H2SO4 or NaOH. The 
classical measurement of the acid or base strength of solids involves the adsorption 
of a corresponding indicator and observing the color change, which occurs when the 
proton has been attached or removed [28]. If a change in color occurs, it is assumed 
that the acid strength  (HO) is equal to or less than the value of pKBH+ of the indicator 
and the base strength (H_) is greater or equal to the value of the indicator pKA. This 
method has two major disadvantages. First, the measurement is correct if the so-
called Hammett acids and bases are concerned. These systems are characterized by 
the fact that the only type of equilibrium i.e. the dissociation equilibrium of the pro-
tonated form of the indicator  (BH+) or the neutral form of the indicator (AH) takes 
place in the solution. Second, the color change of the indicator must be observable, 
which limits the measurements to white specimens. In our previous work, we devel-
oped another method of measuring acid strength, making use of the Ho scale by 
applying appropriate chemical reactions as indicators [29]. For such reactions, we 
have determined the minimum acid strength i.e.  HOmin needed for their initiation 
under strictly defined conditions (batch reactor, mass of catalyst, substrate volume, 
temperature and reaction time). To obtain catalysts of defined strength, aqueous 
solutions of sulfuric acid of various concentrations were introduced into the pores 
of an inert carrier  (SiO2). In this way, it was possible to determine the acid strength 

Table 3  Results of the test reactions of diacetone alcohol (303 K) and benzaldehyde (323 K). Conditions: 
batch reactor, catalyst 0.5 g, substrate 2  cm3, reaction time 20 h

a Ac, MO and BA denote acetone, mesityl oxide and benzaldehyde
b Exact value is 0.02

Catalyst Test reaction of MO/Ac

Diacetone alcohol Benzaldehyde

Conversion/selectivity to (%)

Aca MO BA

Amberlyst A-26 98.4/100.0 0.0/0.0 1.8 0.0
Amberlyst A-21 95.8/100.0 0.0/0.0 0.0 0.0
Amberlyst-15 18.5/18.9 79.3/81.8 0.0 4.3
Amberlyst XN 1010 3.3/4.1 77.6/95.1 0.0 23.5
Nafion NR50 5.3/7.1 69.8/92.9 0.0 13.2
SSA 23.3/24.3 72.7/75.7 0.0 3.1
Al2O3 (not calcined) 28.3/100.0 0.0/0.0 0.0 0.0
Al2O3 (calcined at 753 K) 82.7/84.1 15.6/15.9 0.0 0.2
MgO (not calcined) 35.0/100.0 0.0/0.0 0.0 0.0
MgO (calcined at 753 K) 94.9/97.8 2.1/2.2 0.0 0.0b

NaOH 97.6/100.0 0.0/0.0 100.0 0.0
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at which the reaction is initiated and substrates converted to products. The measure-
ment of the acid strength of the solid acid (a catalyst) involving a series of test reac-
tions under the calibration conditions of the method and determining which of them 
proceeded or not. This enabled the measurement of the acid strength of a series 
of various solid acids to be performed. In this work, we expected using a similar 
method for measuring the basic strength H_ of the solid bases. Aqueous solutions 
of NaOH of specific basic strengths (concentrations) were used for the calibration 
method [22]. Working with a reaction system consisting of two liquids, an aqueous 
solution of catalyst and an organic phase containing the reagents, is quite problem-
atic. After the reaction, one of the phase has to be separated by decantation so that 
organic phase can be analyzed. To simplify the procedure, we attempted to bind the 
aqueous phase of the catalyst with a solid carrier. In this case, the phase separation 
would not be necessary and the procedure would simply involve taking the reagent 
sample from the solution above the solid. On the other hand NaOH–H2O/support 
catalytic system allows also to enhance the surface of liquid film of NaOH–H2O 
catalytic phase due to dispersion on the surface of the carrier. Such catalyst is more 
close to real catalyst for which basicity measurements are performed than two liquid 
(aqueous phase-organic phase) system.

So the next step was to introduce NaOH solutions into the pores of the solid 
carrier using incipient wetness method. As the supports we selected: MgO, which 
as the base solid should not interact with the base catalyst;  Al2O3, which also 
exhibits some basic properties;  SiO2, which can potentially react with NaOH, but 
has often been used as a catalyst support for test reactions and activated carbon 
whose expanded pore network should facilitate the incorporation of the catalyst 
solution into the solid structure. As the test reactions, two transformations were 
chosen involving diacetone alcohol and benzaldehyde as reactants. The first is 
the reverse reaction to aldol condensation and the second one is the Cannizzaro 
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Scheme 1  Mechanism of base catalyzed decomposition of diacetone alcohol



213

1 3

Reaction Kinetics, Mechanisms and Catalysis (2019) 126:199–217 

reaction. Both proceed in the presence of bases (Schemes 1 and 4), and, moreo-
ver, the diacetone alcohol may undergo other transformation i.e. dehydration to 
mesityl oxide if the catalyst is acidic instead of the basic one (Scheme  2). The 
obtained H_min values for the reaction of diacetone alcohol (Table  1) depend 
on both the reaction temperature and the method of introduction of the cata-
lyst  (H2O–NaOH solution) into the reacting system. The analysis of the results 
obtained for the reaction of diacetone alcohol with MgO as the catalyst solution 
support (Table  1, Fig.  5) leads to the conclusion that unmodified magnesium 
oxide can catalyze the formation of acetone. Therefore, the results obtained for 
the NaOH–H2O/MgO system should be disregarded. The results obtained for the 
NaOH–H2O/Cact catalyst (Table 1, Fig. 4) have to be disregarded also on the same 
basis. The support itself catalyzes the conversion of diacetone alcohol to mesi-
tyl oxide which confirms its acidic nature [23]. This results in the NaOH solu-
tion reaction in the pores with the acidic centers of the activated carbon, which 
change their concentration and then the basic strength.  SiO2, in turn, is an oxide 
with weak acid properties and it is expected that surface-like analogues of sodium 
silicate could be formed. The acidic properties of silica were use for a method of 
 SiO2 elimination from alumina rich fly ash for  Al2O3 recovery. NaOH solution 
(15 wt.%) at 368 K dissolved silica leaving alumina unreacted [30]. Thus, one can 
assume that sodium hydroxide solutions would not react at low temperatures with 
alumina support as it was in the case of silica. If the results obtained in the pres-
ence of MgO,  SiO2 and  Cact-containing catalysts are rejected, one H_min value 
from remaining should be chosen as a characteristic for the decomposition reac-
tion of the diacetone alcohol. First, it is important to select the proper test reac-
tion temperature. Due to the high volatility of the reaction product i.e. acetone 
it would seem that it is most advantageous to perform the test at the lowest pos-
sible temperature—303 K. At this temperature, the following H_min values were 
obtained: 11.5 for NaOH solution, and 13.3 for NaOH solution in  Al2O3 pores. 
The minimum base strength values are close to each other, with a maximum dif-
ference of 1.8 pH units. In such a case, it is reasonable to choose not a single 
value H_min but rather a range: 11.8–13.3 H_ units. The test conditions were 
established as follows: batch reactor, 0.5  g of a catalyst, 2  cm3 of a substrate, 
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temperature 303 K and reaction time of 20 h and H_min value of diacetone alco-
hol reaction is between 11.8 and 13.3 H_ units (Scheme 3).

The results obtained in the calibration of the method (Table 1) for the benza-
ldehyde reaction show that the H_min value 15.4 is not influenced by the reac-
tion temperature (303 and 323 K) or the catalyst form  (H2O–NaOH, NaOH–H2O/
MgO or NaOH–H2O/Cact). Thus the test conditions are: batch reactor, 0.5 g of a 
catalyst, 2 cm3 of a substrate, temperature—323 K and reaction time of 20 h and 
H_min value of benzaldehyde reaction is 15.4 H_ units. The choice of a higher 
reaction temperature—323 K ensured a higher conversion of which enabled the 
interpretation of test results. In conclusion, the H_min values for diacetone alco-
hol and benzaldehyde test reactions were 11.8-13.3 and 15.4 Hammett scale units 
respectively. After establishing the H_min values the test reactions, they can be 
applied to measure the basic strength of the solid catalysts. Amberlyst A-26 and 
A-21 resins of basic character and Amberlyst-15, XN 1010 and Nafion NR 50 as 
well SSA with acid properties were selected for the measurements. For the latter 
resins, acid strength measurements were performed and Ho value was estimated 
to be: − 7.9 < Ho ≤ − 2.5 for both Amberlysts and − 13 < Ho ≤ − 12 for Nafion 
[18, 29, 31, 32]. This choice of catalysts should be helpful in testing the reliabil-
ity of the method used to measure the properties of both basic and acidic systems. 
The results obtained (Table 3) indicate that both A-26 and A-21 resins initiate the 
conversion of diacetone alcohol to acetone while the Cannizzaro benzaldehyde 
reaction proceeds only with A-26 resin. So its base strength is H_ ≥ 15.4 while 
A-21 has a lower value of 11.8–13.3 ≤ H_ < 15.4. This confirms the higher basic 
strength of A-26 than A-21 [19, 20]. Only diacetone alcohol reacted in the pres-
ence of acidic resins and SSA catalyst leading mainly to mesityl oxide. It can be 
assumed that acetone, which also appears in reaction products, was formed by 
the action of acidic centers. Thus, the base strength of: Nafion NR50, Amberlysts 
15 and XN 1010 resins is low and is H_ < 11.8–13.3. The method validated with 
the results presented above can be used to study the surface properties of typical 
solid base as MgO and more complex catalyst systems possessing acid–base pair 
sites as in γ-Al2O3. Alumina and magnesia did not catalyze the transformation 
of benzaldehyde but initiated diacetone alcohol reaction to acetone (not calcined 
samples) and to acetone and mesityl oxide (calcined at 753  K samples). In the 
latter case the selectivities for MgO observed were 97.8 and 2.2% while those 
for  Al2O3 were 84.1 and 15.9% respectively. For a better interpretation of these 
results, the ratio of mesityl oxide to acetone was calculated (Table 3). For basic 
catalysts such as Amberlysts A-26 and A-21, solid NaOH and MgO it was found 
to be 0.0, while it varied between 3 and 24 for acid catalysts such as Amberlysts 
15 and XN 1010 and Nafion NR50 as well as SSA. These results indicate that 
basic sites in MgO in fact do catalyze the decomposition of diacetone alcohol and 
possess an acid strength of 11.8–13.3 ≤ H_ < 15.4. For alumina the results are not 
so unequivocal. The mesityl oxide to acetone ratio was 0.2. This value is much 
less than the one observed for acid catalysts with Brønsted acid sites but evidently 
above zero. Hence, it can be postulated that basic sites of 11.8–13.3 ≤ H_ < 15.4 
strength catalyze acetone formation while the same centers localized adjacent to 
Lewis acid sites are responsible for mesityl oxide formation (Schemes 1 and 3).
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Conclusions

Based on the results obtained, the following conclusions can be drawn:

– the decomposition of diacetone alcohol, to acetone, proceeding at 30 °C, can be 
considered to be a test reaction in measuring the basic properties of the catalysts 
only in the absence of mesityl oxide in the reaction products or when the mesityl 
oxide to acetone ratio is close to zero;

– the minimum base strength H_min needed to initiate the conversion of diacetone 
alcohol is within the range 11.8–13.3. This value was derived from the examina-
tion of NaOH solutions itself and closed in alumina pores;

– the transformation of benzaldehyde (Cannizzaro reaction) leading to benzyl alco-
hol and benzoate anion bonded to a catalyst at 323 K, may be considered a test 
reaction useful in investigating the basic properties of the catalyst;

– the minimum base strength H_min needed to initiate the conversion of benzalde-
hyde is 15.4. This value was obtained from the system: NaOH solutions closed in 
magnesia and activated carbon pores;

– the base strength of the A-26 resin and solid NaOH is H_ ≥ 15.4;
– the base strength of the A-21 resin is 11.8–13.3 ≤ H_ < 15.4;
– the base strength of Amberlyst-15, Amberlyst XN 1010 and Nafion NR50 resins 

are H_ < 11.8–13.3 respectively;
– the base strength of SSA is 11.8–13.3 < H_;
– the base strength of calcined at 753 K and non calcined alumina and magnesia is 

11.8–13.3 ≤ H_ < 15.4.
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