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On the acidity of liquid and solid acid catalysts. Part 3.
Esterification of benzoic and mesitoic acids
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Methyl esters of benzoic and mesitoic acid have been prepared with high yields (>98 wt%) from the corresponding carboxylic acids
+ methanol in aprotic solvents over samples of H,SO4/SIO, at 60 °C. The results show a high catalytic efficiency of the solids but
also suggest an acid strength comparable to that observed in concentrated aqueous H,SO, (range >90 wt%) when the acid requirements
for the esterification of analogous compounds in aqueous acid solutions are taken into account. Indeed, different reacting species, i.e.,
ArC(OH)z+ from benzoic acid and 2,4,6-triMe-ArC=01 from mesitoic acid are involved in the esterification, but the mesitoyl cation
can be formed and esterified in the acidity ranges between 92 and 98 wt% H,SOj4.
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1. Introduction

The reaction between an organic acid and an alcohol
allows one to obtain by “esterification” a very large num-
ber of products of industrial interest and practical utility.
It suggested extensive studies related to mechanism of re-
action, substituent effects, dependence of rate on acidity,
phenomena of equilibrium and reversibility [1-3].

In the recent years, solid acid materials and reaction con-
ditions aternative to those conducted in aqueous solutions
have been developed, accounting for practical, economi-
cal and environmental problems related to acid-catalysed
reactions in strong acids [4—7]. In the present paper the es-
terification of benzoic acid with methanol (equilibrium (1))
over H,S0O4/SIO; has been tested because of the protonat-
ing ability [8-10] and catalytic properties [11,12] of these
materials very similar to those observed in concentrated
agueous solutions of sulfuric acid [11,12]:

ArCOOH + MeOH + HY = ArCOOMe+ H,O (1)

The edterification of mesitoic acid (or 2,4,6-trimethyl-
benzoic acid) with methanol was also attempted. The com-
pound was chosen as an example of substituted benzoic
acid, resistant to esterification under the usual agueous ex-
perimental conditions, but easily converted in sulfuric acid
>91 wt% [13]. The comparison with benzoic acid allows
one to test the acid strength of the catalysts and their cat-
aytic efficiency towards substrates with different acid re-
quirements for the conversion reagents—products.

For an easier understanding of the results, the equilib-
ria affecting the reacting species in concentrated agqueous
acid solutions, are at first briefly discussed. The procedure
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adopted for determining parameters with a thermodynamic
significance and the reasons for this choice are also given.

2. lonizations of the reacting species in aqueous acid
solutions

2.1. lonization of benzoic acid

The ionization of benzoic acid as a base (B) (equilib-
rium (2)) can be measured in concentrated aqueous solu-
tions of sulfuric acid (range 70-100 wt%) where the solute
exhibit basic properties compared with the solvent [14].

ArCOOH + H™ = ArC(OH); o)

In the study of a weak base (B) undergoing protonation
in non-ideal acid solutions (equilibrium (3)) the determina-
tion of pKgy+ values with a thermodynamic significance
is of interest [3,15,16]. From a practical point of view
it requires the evaluation of the log[BH"]/[B] values and
the additional knowledge of log[H "] and log(fs fu+ / fan+)
terms which appear in the thermodynamic equation (4) [16].

B+H"=BH" (3)
pKgy+ = log[BH"]/[B] — log[H*]
—log(fa fu+/ fan+)- (4)

In this paper the parameters related to equilibrium of
benzoic acid as B have been determined by

P = log[BHT1/[B] — log[H ] + ney- Mc(B"),  (5)

where (i) log[BH "] /[B] are the available experimental data,
(ii) log[H™] values are obtained from the degrees of dis-
sociation of the acid in water (o values), (iii) Mc(B*), de-
fined by equation (6), is an “activity coefficient function”
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obtained by comparing a set of increasingly weaker bases
with analogous or different structure protonating in a series
of acid solutions [16]. Therefore, the Mc(B*) function is
a measure of the deviations from the ideality of the acidic
medium under investigation, with reference to that of a
weak base (B*) protonated at low acid concentrations and
chosen as standard state.

Mc(B") = — log(fe+ fir+/ fo-n+)- (6)

It follows that the equilibrium of a weak base by equa-
tion (5) is described by two independent parameters (npp-)
and (pKgn+), whose values can be determined by the slope
(npb+) and intercept (pKgp+) of the plot (log[BH™]/[B] —
log[H™]) vs. the Mc(B*) function. According to the Mc
procedure, npyx = 0.80 and pKgy+ = —6.3 were esti-
mated for the equilibrium (2) and obtained as average of
the values observed on the analysis of the experimental data
a different wavelengths [14].

2.2. lonization of mesitoic acid

Mesitoic acid is resistant to esterification under the aque-
ous acid conditions used for the benzoic acid, but it can be
easily converted in sulfuric acid >91 wt% [13]. Thisbehav-
iour is consistent with a complex ionization which involves
two processes [17]: the protonation (equilibrium (7)) and
the conversion to the oxocarbonium ion (equilibrium (8)),
the latter able to be esterificated or hydrolysed (equilib-
rium (9)) [13]:

2,4,6-triMe-ArCOOH + H*

= 2,4,6-triMe-ArC(OH); )
2,4,6-triMe-ArC(OH);
= 2,4,6-triMe-ArC=0" 4 H,O (8)

+
2.4,6-triMe-ArCOOH = [2,4,6-triMe-Ar-C=0]
+
. 2,4,6-triMe-ArCOOMe + H,0 )

Theionizations (7) and (8) are in agreement with the ob-
served freezing-point depression (van't Hoff i factor = 4)
being twice as large as benzoic acid itself [18]. Also with
the results obtained by UV [17], IR [19] and NMR stud-
ies [20] which support analogous ionizations. It is ex-
pected that sterically hindered acids can be easily esterified
by the oxocarbonium ion for the linear [-C=0]* group
as site of the methanol attack [2,21]. However, strong
acidic media are needed for equilibrium (8). In the equi-
libria of formic acid, for instance, the energetic values es-
timated for the protonation at the carbonyl oxygen atom
and for the protonation at the hydroxy oxygen atom differ
by ca. 28 kcal mol—! [22]. The pKgy+ of equilibrium (8)
defined by the thermodynamic equation (10) has been cal-
culated by equation (11), using the experimental data of the
species MsC(OH)J as (B) and MsCO™ as (BH), observed
between 90 and 100 wt% H,SO, [17]. The parameters ob-
tained by the plot log{[MSCO™][H,0] /[MSC(OH)3 1[H*]}

vs. Mc(B*) are: pKysco+ = —8.5, nysco+ = 0.95 (Ms =
mesityl group).

PEusco+ = 10g{[MSCO"][H20]/[MSC(OH); 1[H*]}

— 109(fysciory: it / fusco frp0), (10)
PEusco+ = 10g{[MsCO"][H20]/[MSC(OH)F 1[H*]}

+ nysco+r Mc(B*). (1)

2.3. lonization of alcohols

The equilibria of acohols in aqueous acid solutions
(equilibrium (3)) have been investigated by different tech-
niques on the attempt to decrease the uncertainties affect-
ing the degree of protonation [3,15,23-25]. The NMR data
of ethanol available in the range 8-100 wt% H,SO, [24]
and analysed by equation (5) allow one to deduce a pKgy+
value of —2.10 and npy+ of 0.22. For ethanol and methanol,
the latter one used as reagent in our esterifications, very
similar basicity is to be expected. It is suggested from the
results obtained from the previous studies where methanol
and ethanol are compared [25].

2.4. The characterization of acidity by thermodynamic
parameters

The equilibria of reacting species reported above have
been analysed by a procedure which allows to obtain a
reliable description of the acidic properties of the sol-
vent. Also, satisfactory correlations between the proto-
nation process of solutes and the dissociation of the sol-
vent [16,26]. The key parameters of this procedure have
been obtained by studying, separately, a number of HA (for
HA = CF3303H, CH3303H, HBr, HC|O4, HNO3, HZSO4)
in (HA + H20) mixtures as well as a number of B (for
B = nitroanilines, carbinols, nitrobenzenes, sulfoxides, sul-
fonic acids, etc.) in (B + HA + H,0) mixtures. Then,
by comparing the phenomena governing the equilibria of
solutes and solvents. The main parameters obtained are as
follows:

(i) An activity coefficient function of the solvent (or Mc(s)
function) which has been determined by taking into ac-
count the dissociation of HA (equilibrium (12)) and the
departure from ideality in the activity coefficient term
of thermodynamic equation (13). For acid systems
with known pKpa and a values, an Mc(s) function by
equation (14) has been derived:

HA = H™ + A~ (12)
PKua = log[HA]/[A™] — log[H*]
—log(fa- fu+/ fua), (13

PKua — [logHA]/[A7] —log[HT]] = nsMc(s), (14)
where

{log[HA]/[A™] — log[H*1} = { logl(1 — a)/a?c]},
Mc(s) = —log(fa- fu+/fua) @d ng = 1.
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(i) An activity coefficient function of solutes (or Mc(B*)
function) which has been determined by taking into
account the protonation of B (equilibrium (3)) and
the departure from ideality in the activity coefficient
term of thermodynamic equation (4). In this case any
two overlapping (B1, B,) bases have been compared
by equations (15) or by (15') and the np,p, values re-
lating al the indicators have been referred to that of a
standard weak base (B*) [16,26]:

log[B1H*]/[Ba] — log[H"]
= n,b, (10g[B2H*]/[B2] — log[H™])

+ constant, (15)

l0g(fe, fr+ / foiH+) = Moy, 109( S, fr+ / faoh+)-
(15)
(iif) The acidic property of a solvent obtained by the slopes
of the plots of the Mc(B*) (or Mc(i)) vs. the Mc(9). In-
deed, these functions were found to be linearly related
between them by equation (16) (or by equation (16")),
with slopes values (nis) very different from unity:

Mc(i) = nisMc(s), (16)

—log(fe- fu+/ fa«n+) = —nislog(fa- fu+/ fra)-
(16')

Therefore, the njs can be interpreted as a measure of
the specific interactions between solutes and solvents
in the proton transfer process from HFA~ to BHTA ™,
or as a measure of the protonating ability of an acidic
medium. The ny,- determined by equation (5) can
equally be taken as parametersrelated to the acid-base
interactions. In this case the process from HTA™ to
B*HTA~ (i.e, nis = 1 = npp-) is taken as unity and
the ny,- values are referred to the B*HT A~ standard
State.

The interactions between solid acids and probe mole-
cules in the process (solid-H* + B — BH™) have been
exploited by analogous treatments of the equilibrium data
[8-10]. For instance, the results obtained by nitroanilines
adsorbed over samples of HA/SIO, show that the n values,
compared to those observed for analogous bases in aqueous
acid solutions, differ by afactor of ca. 10°~10°. The pKgy+
of indicators in both systems, instead, were found to be the
same. The process (pyridine+ BH™ — B + pyridine-H™),
using pyridine as a back-titrating agent exhibit, in this case,
the expected pKgy+ values of the bases (i.e, pyridine
and indicators) but a lower protonating factor [9]. It has
been suggested that new equilibria related to the species
(i.e., solid-HT, pyridine-H*, BH™) are involved in the
protonating process with pyridine, suitable to modify the
acid-base interactions occurring in the previous one where
analogous indicators and solid acids, without pyridine, are
analysed.

According to the new experimental observationsit seems
reasonable to suggest that the Hammett acidity functions

defined by equation (17) [15] cannot be accepted as pa-
rameters related to “acidity” of concentrated aqueous acid
solutions. It is essentially due to an incorrect evaluation of
the parameters which characterize an “acidity function”:

H, =pKgy+ — log[BH"]/[B]
= —log[H*] — log(f fir+ / fan+)-
Accounting for the equilibria of solvents, for instance, an
Ac(s) function (see equation (18)) which is the extension of
the pH scale in concentrated aqueous acid solutions, can be
derived. Accounting for the equilibria of solutes, an Ac(i)
(see equation (19)) but not an H,, function can be derived.
It follows that Ac(i) and H, acidity functions differ by the
njs values, or by the parameters expressing the interactions
between solutes and solvents.
Ac(s) = {—log[H"] + Mc(s) }
= {—1log[H"] + log(fa~ fu+/fra) },
Ac(i) = {—nislog[H*] + Mc(i) }
= {—nislog[H*] + log(f&+ fu+ / fe-n+) }- (19)

(17)

(18)

3. Experimental
3.1. Materials

Purified samples of GRACE Gmbh Silica Gel (90 um
average particle size, 364 m? g~ (Sger), 1.14 mli g~ pore
volume) have been obtained by washing the commercial
material with agueous solutions of perchloric acid, then
with digtilled water. Solvents, reagents and products have
also been used after purification. Aqueous sulfuric acid
solutions of various strengths were prepared by diluting
the concentrated acid (Analar grade) and their percentage
composition was determined by automatic potentiometric
titrations against standard solutions of NaOH.

3.2. Preparation and characterization of solid acid
catalysts

(i) A known amount of silica gel powder was mixed
with a known amount of aqueous sulfuric acid of appropri-
ate concentration. After stirring for ca. 1 h the surnatant
solution was removed by filtration and the wet catalyst was
dried for two days between 105 and 180°C in a stream
of Ny, then stored in a dry apparatus. The acid percent-
age composition in the solids after impregnation was deter-
mined by automatic potentiometric titrations against stan-
dard solutions of NaOH and checked before use.

(ii) The BET surface areas (SA) of the loaded samples
have shown a continuous decrease as the amount of sulfuric
acid adsorbed by the solids increases. The observed values,
using a starting silica gel powder with 364 m? g—* are 291,
214, 182, 136, 108 and 80 m?g~! for samples with acid
loadings, respectively, of 1.37, 2.75, 3.30, 4.12, 4.52 and
5.07 mmol HSO4 oy
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Figure 1. XPS data of the catalysts determined by XPS peak areas of S 2p and S 2p: Si/S ratio vs. mmol H,SO4 gc’aldyg.

(iii) The surface layers of the catalysts have been charac-
terized by XPS measurements. On the analysis by pyridine
chemisorption and investigation of the N 1s XPS band [27]
the samples exhibit asingle peak at 401 eV dueto the strong
Bransted acid sites. On the analysis by the XPS peak areas
of S 2p and S 2p, the Si/S ratios were found to be pro-
portional to the amount of sulfuric acid added to silica gel
(see figure 1). Additional studies by UV, used for testing
the protonation process of progressively weaker bases (B)
have shown that chloro-nitroanilinesand 3-substituted trini-
troanilines can be converted in their conjugated acid (BH™)
by samples with increasing acid loadings [8-10].

(iv) Measurements related to the adsorption equilibria
have been performed by contacting at 60 °C a given amount
of the catalyst with either a single chemical species or bi-
nary mixtures in toluene. The results for single chemical
species have shown that methanol has the higher affinity
for the catalyst and the order methanol >> benzoic acid
> methyl benzoate has been observed. For the adsorption
of methyl benzoate and benzoic acid further results have
been obtained by using the plots (mmol aromatic ggala,w)
vs. (molarity of aromatic). Linear trends with slope values
of 2 and 8, respectively, are observed at low concentrations
of aromatic (ca. <0.3 mol dm~2), but a saturation limit be-
tween 0.3 and 0.7 moldm~3. In an analogous plot, the
adsorption of binary mixtures methanol-methyl benzoate
at low and high concentrations show a linear relationship
with a dope value of 0.32. No saturation limit has been
observed in this case. A peculiar and interesting feature
related to adsorption equilibria, is that the catalysts exhibit
an high adsorption power for water. Methyl benzoateis de-
sorbed from the catalyst without hydrolysis when equimo-
lar amounts of water are added to methyl benzoate-toluene
mixtures.

3.3. Esterification of benzoic acid with methanol

Separate solutions of benzoic acid and methanol in
toluene of appropriate concentrations were prepared using
weighed amounts of solvent and reagents. The kinetic runs
were performed in a well stirred thermostated reactor con-

taining weighed samples of the solvent, reagents and cata-
lyst. Small amounts of the solution were drawn at different
times and the samples, after dilution, were analysed by
HPLC, using a Perkin—Elmer apparatus and a Lichrospher
100 (RP-18, 5 pm) column. The mixtures at the end of
the reaction were aso detected by GC and GC-MS, using
an HP5 capillary column (300 pm i.d., 30 m long, 95%
methyl, 5% pheny! siliconic phase).

In table 1 the experimental details and the kinetic results
are reported. Methyl benzoate as unique product of the
reaction has been observed in all cases and in figure 2(a)
a typical kinetic run is shown. The initial reaction rates
(ro values) have been estimated from the yields of methyl
benzoate using different kinetic models in order to obtain a
reliable form of the rate expression governing the reaction.
All data suggest a first-order reaction with respect to the
benzoic acid, in agreement with the adsorption equilibria of
the reagents reported above. An inspection of the Carberry
and Weeler—Weisz number [28] allows one to state that
both liquid/solid and internal pore diffusion do not affect
the overall reaction kinetics.

3.4. Esterification of substituted benzoic acids with
methanol

The esterification of substituted benzoic acids over
H2S04/SIO; has been performed by following experimen-
tal procedures and analytical methods analogous to those
applied for benzoic acid:

(i) Methyl mesitoate was obtained with high yields (98—
99%) in short times from mesitoic acid and methanol,
in toluene, over catalysts with different acid loadings.
Mesitylene as by-product (<1%) has aso been ob-
served, due to acid-catalysed decarboxylation of mesi-
toic acid [17]. Indeed, according to results observed
in concentrated aqueous sulfuric acid [17], mesitylene
is the only product of the reaction when mesitoic acid
in toluene, whithout methanal, is added to the samples
of the acid catalysts. Unfortunately, the esterification
of mesitoic acid at 70 °C shows a complicated kinetic
behaviour at very short reaction times (figure 2(b)),



N.C. Marziano et al. / On the acidity of liquid and solid acid catalysts 19

Table 1
Esterification of benzoic acid with methanol over H,S0,4/SIO; in toluene.
Catalyst Reaction Results?
Acid? AcidP T° (°C) 4 (a) Ratio® Tf (°C) logr© log ka log kp
(a) Acid loading
1.63 0.21 105 4 1:5 60 —-3.95 —2.92 —2.78
2.16 0.28 105 4 1:5 60 —3.91 —2.99 —2.82
3.03 0.39 105 4 1:5 60 -3.81 —-3.04 —2.75
3.32 0.43 105 4 1:5 60 —3.80 -3.07 —2.76
475 0.62 105 4 1:5 60 —-3.93 —3.36 —2.79
151 0.19 180 4 1:5 60 —3.93 —2.85 —2.74
1.93 0.25 180 4 1:5 60 -3.82 —-2.85 —2.70
271 0.35 180 4 1:5 60 —-3.73 —291 —2.67
3.30 0.43 180 4 1:5 60 —3.69 —2.96 —2.65
5.25 0.68 180 4 1:5 60 —3.90 —3.38 —2.66
(b) Temperature of reaction
3.03 0.39 105 4 1:5 50 —4.07 —-331 —3.01
3.03 0.39 105 4 1:5 60 -3.81 —-3.05 —2.75
3.03 0.39 105 4 1:5 70 —353 —2.76 —2.46
4.75 0.62 105 4 1:5 50 —4.24 —3.67 —3.10
475 0.62 105 4 1:5 60 —-3.93 —3.36 —2.79
4.75 0.61 105 4 1:5 70 —-3.73 —3.16 —3.59
(c) Amount of catalyst
4.75 031 105 2 1:5 60 —4.21 -3.35 —2.78
475 0.47 105 3 1:5 60 —4.08 —-3.39 —2.82
4.75 0.62 105 4 1:5 60 —3.93 —3.36 —2.79
(d) Ratio ArCOOH : MeOH
475 0.62 105 4 1:5 50 —4.24 —3.67 -3.10
4.75 0.64 105 4 1:10 50 —4.15 —3.59 —3.02
475 0.62 105 4 1:5 60 —-3.93 —3.36 —2.79
4.75 0.61 105 4 1:11 60 —-391 —-3.33 —2.76

a Acid = mmol H,SO, gc’alla]ys.

b Acid = mol dm—3 of HySOj4.

¢ Temperature of dehydration of the catalysts.

d Amount of catalyst (g) used in the reaction.

€ Ratio benzoic acid : methanol; [ArCOOH] = ca. 0.5 mol dm—3.

f Temperature of esterification.

97y values = initia reaction rates (mol dm—3s~1) estimated from the yields of methyl benzoate; logka = log(ro/[acid]), (s~1); logky, =
log(ro/[acid] x f) (f = SAca/SAsio,), (s71). The esterification of ArCOOH + MeOH over H,S04/SiO,» (6 g dried at 105°C) in methanol
at 25°C shows at a given acid concentration the following log ro, log ka, log ky, values: at 2.07 (0.423 mol dm—3) —4.57, —3.84 and —3.67; at 3.10
(0.642 mol dm—3) —4.44, —3.88 and —3.60; at 4.23 (0.860 mol dm—3) —4.43, —4.00 and —3.54. A vaue log kgps = —2.95 has been found in the
esterification of ArCOOH in methanol added with H,SO, (0.348 mol dm—3).

also observed at lower reaction temperatures or with tween1:12and 1:15wereused. Thel: 2 catalytic ra-
different samples of acid-loaded catalysts. tio suitable for high conversion reagent—products over

(i) Tests related to synthesis of diesters from phthalic acid H2S0,/SI0;, exhibits by Amberlyst-15 yields of prod-
and phthalic anhydride with methanol have shown that uct ca. <3%.
quantitative yields of products can be obtained in few
hours when the diesterification was performed in re-
fluxing benzene over H,S0,4/SIO, using acid loadings 4. Results and discussion
>4.5 mmol H2S04 gy, The low solubility of the
phthalic acid in benzene does not affect the conversion The esterification of saturated and unsaturated acids

reagent—products. with alcohols over Nafion [4,29], Amberlyst [30,31], ze-
(iii) A comparison between Amberlyst-15 and H,SO,/SiO,  olites [32-34], heteropoly acids [35,36] has aready been
as catalytic systems was also attempted, using sam-  reported together with the advantages or disadvantages of
ples with analogous acid sites concentration (4.9 mmol  a catalyst when selectivity, conversion, by-products, recy-
HT gc;[la,yg). The results over Amberlyst-15 at 70°C  cle of the catalysts, etc. are taken into account. A recent
show that methyl mesitoate with high yields (99%) attempt sought to exploit the acidity of solids by studying
was obtained when mesitoic acid: mmol H+ ratiosbe-  samples of H,S04/SiO, has been developed [8-12] and the
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Figure 2. Esterification of benzoic and mesitoic acids with methanol in

toluene over H,SO,4/SIO,. (8) Percentage of methyl benzoate vs. time

(min) at 60°C. (Data by HPLC, [ArCOOH] = 0.54 moldm~3, 4 g

of catelyst = 4.75 mmol HpSOs Gggy,q, alio Ar:MeOH = 1:5)

(b) Mesitoic acid vs. time (min) a 70°C. (Data by GLC, [mesitoic

acid] = 0.24 moldm—3, 1 g of catalyst = 4.64 mmol HySO4 gry o
ratio Ar: MeOH = 1:5, volume of reaction = 10.6 ml.)

catalytic efficiency of these materials for obtaining methyl
benzoate from benzoic acid and methanol (equilibrium (1))
is now tested using temperature, molar ratio of reagents,
acid loading of catalysts given in table 1. Toluene has es-
sentially been chosen as solvent, able to reduce drastically
the catalytic deactivation due to methanol and water which
are, for their limiting effect, the main unfavourable compo-
nents of the system under investigation.

As concerns the performance of the catalysts it appears
that al the samples can equally be used, as suggested
by the following features: conversion and selectivity near
100 wt%, absence of by-products, short times of reaction
between 50 and 70°C, catalysts easy to prepare, to han-
dle and to store. From the results it also might be ar-
gued that the catalysts are suitable to avoid the phenom-
ena of equilibrium and reversibility usually observed in
aqueous acid solutions. For instance, selectivity, yield of
products, differentiation between reagents and products in
the adsorption phenomena suggest a high water adsorption
power of the solid samples, suitable to shift the equilib-

rium of the reversible esterification towards high yields of
esters.

In table 1 further experimental details related to ki-
netic behaviour of methyl benzoate at various times are
reported. Thetrend of o values shows that temperatures of
reaction and concentrations of reagents (i.e., ratio benzoic
acid: methanol) are the parameters which are giving note-
worthy variations of the reaction rates. Under these condi-
tions, an apparent activation energy of ca. 13.5 kcal mol—*
has been estimated. In contrast, samples of catalysts dried
at 105 and at 180°C with different acid loadings, appear
to be almost equally effective.

Attempts to understanding the catalytic performance of
the samples with different acid loadings have also been
made by using new parameters. For instance, by the k5 and
kp rate constants (or catalytic activity per proton) which are
taking into account the loadings of the acid also corrected
for the variation of surface area (SA) by a factor f (i.e,
ka= ’I“o/[aCid], kp = ’I“o/[aCid] x f, f= SAcaI/SASiOz)-

All the results obtained are consistent between them and
in agreement with the rate constants observed in agueous
acid solutions at a given temperature (see figure 3). Indeed,
in the plotslog k5 vs. molarity of H,SO4 linear rate profiles
are observed whose intercepts, at —2.55 for kinetic data in
toluene at 60°C (or at —3.70, for kinetic data in methanol
at 25°C), are practically equal to the values observed for
the esterification of benzoic acid with methanol carried out
in MeOH + HCI (0.02 N) at the same temperature [37,38].
In the plots log &y, vs. molarity of H,SO, it can be seen that
the log kp values, within the limits of experimental errors,
are independent of the acid loading of the catalysts and
analogous to those observed in aqueous systems.

The kinetic trend of benzoic acid towards the esterifica-
tion is consistent with the usual reaction scheme involving
protonated benzoic acid (ArC(OH)J) and methanol. How-
ever, the comparison of the resultsin liquid and solid phase
also suggests that the acid strength requirements of the reac-
tion are not very high. The behaviour of mono-substituted
benzoic acids with o-, m-, p-activating or deactivating sub-
gtituents as—OMe, —CH3, —F, —Cl, —Br, =N O, support anal-
ogous conclusion. These compounds can be esterified in
aqueous HCl (0.02-0.1 N) between 25 and 60°C and ex-
hibit a low slope value (ca. 0.5) in the plot logk (esterifi-
cation) vs. o (0 = Hammett substituent constants) [37,38].

Studies carried out over samples of H,SO4/SIO, have
also been attempted using mesitoic acid as substrate to be
esterified. It allows oneto test the catalytic performance of
the solids by a reaction jointly controlled by two opposite
factors: the requirement of a highly acid catalyst for ob-
taining the reacting species (i.e., MsCO™ ion formed by the
equilibrium (8)) and the limiting catalytic effect of methanol
and water, intrinsic components of the system. The results
obtained in toluene between 50 and 70°C show levels of
conversion between 98 and 99 wt%, but a complex kinetic
behaviour at short reaction time (see figure 2(b)). As con-
cerns the selectivity, the amount of mesytilene (<1 wt%)
observed as by-product and related to decarboxylation of
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Figure 3. Esterification of benzoic acid with methanol in toluene over H,SO4/SIO, at 60 °C. (a) log ka vs. molarity of HSO4 (log ka = log(ro/[2cid]).
(b) log kp vs. molarity of HSO4 (log ky = log(ro/[acid] x f) (f = SAca/SAsio,). (Experimental data in solid phase: present work, log kops (1) in
CH30H + HCI (0.02 N) from [37,38].)

mesitoic acid in strong acidic media [17], does not affect
significantly the results.

From a practical point of view, these experimental ob-
servations suggest that the catalytic system under inves-
tigation can successfully be used in the esterification of
carboxylic acids, whose reaction in agueous systems can
occur both by the species ArC(OH)J or by a positive acyl
ion (i.e., 2,4,6-triMe-ArC=0T). It appears due to some
attendant circumstance: (i) aprotic solvents, able to contain
below 1% the loss of acid from the catalyst, (ii) selective
adsorption—desorption equilibria of the chemical species,
able to give high yields of products without water removal,
and (iii) change in the catalytic performance of the solids
in accordance to the reactivity of the reacting substrates.

From a point of view of acidity the chemical behaviours
of benzoic and mesitoic acids appear to be determined by
the concentrations and reactivities of theions formed in the
corresponding equilibrium process. The ArC(OH); ion for
instance, easily formed in the system by equilibrium (2) as
unique reacting species, is of interest in the esterification
of benzoic acid. One of the two ions, i.e, 2,4,6-triMe-
ArC(OH); and 2,4,6-triMe-ArC=0" characterized by dif-
ferent equilibria, different acidity ranges and different re-
activities towards the esterification is, instead, of interest
in the esterification of mesitoic acid. The complete con-
version of mesitoic acid to the corresponding ester over

H,S04/SIO; is therefore consistent with acidic media able
to give mesitoyl cation being, between the reactive species,
the only one that can be converted to the product. In aque-
ous solution, acidity ranges between 92 and 98 wt% H,SO,
are occurring for an analogous reaction.
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