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Abstract Instantaneous hydrolysis rates of the ultrasound-

assisted and oxalic acid-catalyzed hydrolysis of 3-glyci-

doxypropyltrimethoxysilane (GPTMS) have been obtained

at several temperatures by using a dynamic ultrasound-

adapted calorimetric method. Hydrolysis starts by ultra-

sound action because of the initial immiscibility gap

between GPTMS and water. The hydrolysis process is a

complex result of dissolution between GPTMS and H2O,

which increases the hydrolysis rate, and reaction within the

phases, which diminishes the hydrolysis rate as the reac-

tants are consumed. The experimental hydrolysis rates

were very well fitted by a modified version of an earlier

kinetic model based on a dissolution and reaction mecha-

nism. The rate constants for the ultrasound and methanol

producing dissolution and the rate constants for the

GPTMS hydrolysis were obtained by fitting the modeling

to the overall heterogeneous/homogeneous hydrolysis

pathway at each temperature studied. The hydrolysis rate

constants were found in good agreement with those

obtained previously on basis of a non-modeling method

applied exclusively to the final homogeneous step of the

reaction. Ultrasound producing mixture was found much

more effective than methanol producing dissolution during

the heterogeneous step of the GPTMS hydrolysis.
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1 Introduction

3-Glycidoxypropyltrimethoxysilane (GPTMS) is an inter-

esting trialkoxysilane precursor for the preparation of

hybrid organic–inorganic materials because it possesses

functionality of both silicon alkoxide and an epoxy ring

[1–4]. An important feature of the organic-functionalized

alkoxides polymerization is competition between the

ongoing processes of hydrolysis, condensation and phase

separation, which determines the final properties of the

hybrid [5, 6]. GPTMS has been applied in a variety of areas

like proton-conducting membranes, corrosion and scratch-

resistant coatings and optical applications, mainly due to its

cross-linking capacity through the epoxy group [2].
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The sol–gel polymerization of GPTMS involving

hydrolysis and polycondensation of monomers often leads

to the formation of fully condensed structures of formula

(RSiO3/2)n or partially condensed structures of formula

[RSiO3/2-x(OH)2x]m (where R is 3-glycidoxypropyl radi-

cal) [7], leading to different structures for the resulting

networks, such as 3D networks of trifunctional monomers,

‘‘ladder’’ structures, cake-like fragments, and a combina-

tion of linear, ‘‘ladder’’ and cake-like fragments [1, 7–9],

depending on the polymerization conditions. The organic–

inorganic condensation and the network formation depend

on the pH conditions [10], so hybrid organic–inorganic

materials synthesized from GPTMS in strong basic con-

ditions can even present crystalline forms ruled mainly by

the epoxy-opening reaction [10, 11], or only a poor degree

of self-organization and crystallization by lowering the pH

[1, 9, 10].

Although the organic–inorganic condensation and the

network formation of GPTMS have been studied at some

extension, as far we know, there are few works dealing

with the hydrolysis of GPTMS. Since GPTMS and water

are immiscible, generally methanol is used as a co-solvent

in the conventional GPTMS hydrolysis. However, metha-

nol is also a by-product of the condensation reactions in the

sol–gel synthesis and it could lower the control degree of

the final product [1]. Ultrasound is an alternative method to

promote hydrolysis of alkoxysilanes without using alco-

holic co-solvents [12, 13]. Ultrasound not only accelerates

the hydrolysis reaction but can modify the steps required

for conventional reactions, without the necessity of using

alcoholic solvents that could influence condensation reac-

tions later, so diminishing the control degree of the final

product. For instance, sonogels prepared from solventless

hydrolysis of silicon alkoxides by ultrasound stimulation

generally exhibit structure formed by a finer porosity and

particles with more homogeneous size distribution in

comparison with those structural properties of conventional

gels prepared with alcoholic solvents [12]. In a previous

work [14], we have studied the ultrasound-assisted and

oxalic acid-catalyzed hydrolysis of GPTMS by measuring

the instantaneous hydrolysis rates by means of an ultra-

sound-adapted dynamic calorimetric method. The data

were interpreted in terms of a two-steps process: An initial

heterogeneous step in which the reactants GPTMS and

water remain not completely mixed, and a final homoge-

neous step in which the hydrolysis rate equation was found

to be well described by a 3/4-order rate constant with

respect to GPTMS and first order with respect to water.

Oxalic acid, besides its acid catalytic effect on the GPTMS

hydrolysis, may also modify the organic–inorganic con-

densation and the network formation by means of several

possible mechanisms of epoxy ring opening [15, 16], often

occurring after hydrolysis, increasing the possibilities of

formation of different types of cross-linked organic

structures.

In this work, we applied a modified version an earlier

dissolution and reaction kinetic modeling [17, 18] to

describe the set of the experimental ultrasound-assisted and

oxalic acid-catalyzed GPTMS hydrolysis rates, as mea-

sured at several temperatures. The hydrolysis rate constants

and the rate constants for the ultrasound and methanol

producing dissolution were obtained by fitting the model-

ing to the overall heterogeneous/homogeneous hydrolysis

pathway, and the results were discussed.

2 Experimental

The hydrolysis of 3-glycidoxypropyltrimethoxysilane

(GPTMS) under ultrasound stimulation was carried out in

about 36 mL reactant mixtures prepared with 25 mL of

GPTMS (Aldrich 98 %), 6 mL of distilled and deionized

water, and 5 mL of 0.3 M oxalic acid, as a catalyst. The

nominal initial concentrations of the reagents in the mixtures

were A0 = 3.15 M for GPTMS, B0 = 16.8 M for water, and

M0 = 0.042 M for the catalyst, which gives a theoretical

pH % 1.57, as evaluated from [H?] = (1/2)[-Ka1 ?

(Ka1
2 ? 4Ka1M0)

1/2], where pKa1 = 1.27 is the first ioniza-

tion constant for the oxalic acid at 298 K, being Ka1 � Ka2

[19]. The hydrolysis rates as a function of the sonication

time were obtained by measuring the thermal peak produced

by the rapid GPTMS hydrolysis (occurring typically in about

1 min) in an ultrasound-adapted dynamic heat-flow

calorimeter. For the sonohydrolysis, a constant power of

ultrasound releasing about 0.7 W/cm3 to the reactant mix-

ture was applied through of a 10-mm diameter transducer tip

by using a 100 W US-power Unique equipment operating at

19 kHz. It should be pointed that addition of the catalyst

without sonication (or with conventional mechanical stir-

ring) could not start the reaction efficiently because of the

immiscibility gap of the system. The characteristics of the

ultrasound-adapted devise for the dynamic heat-flow

calorimetry, the theoretical basis for the interpretation of the

hydrolysis experimental data, and the experimental ultra-

sound-assisted hydrolysis procedure were described in detail

elsewhere [14]. Instantaneous hydrolysis rates of GPTMS in

absolute units of M s-1 have been obtained experimentally

at several temperatures. Under the experimental conditions

employed, the measured thermal signal was assigned to the

GPTMS hydrolysis according to the overall stoichiometric

reaction

R� SiðOCH3Þ3 þ 3H2O ! R� SiðOHÞ3 þ 3CH3OH,

ð1Þ

where R–Si(OH)3 (being R the 3-glycidoxypropyl group)

represents a fully hydrolyzed GPTMS molecule, instead of
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a partially hydrolyzed R–Si(OCH3)3-x(OH)x one, since the

colorimetric method employed could not distinguish a fully

hydrolyzed GPTMS molecule from a set of three mono-

hydrolyzed ones. So, the kinetic parameters probed in

present work associated with the hydrolysis process should

be interpreted as average values mediated on a fully

hydrolyzed GPTMS molecule.

3 Results and discussion

3.1 Experimental sono-hydrolysis rates

Figure 1 shows the experimental hydrolysis rates dC/

dt [where C represents the concentration of the hydrolyzed

R–Si(OH)3 quantity according to Eq. (1)] as a function of

the reaction time t measured at several temperatures.

The experimental hydrolysis rates in Fig. 1 have been

interpreted as the following: (1) There is a heterogeneous

step during which GPTMS and water remain not com-

pletely mixed, in which dC/dt increases with the ultrasound

action and methanol yielded producing dissolution and

deaccelerates with the reaction within the phases and (2) a

final homogeneous step when the system crosses the

immiscibility gap, so dC/dt decreases naturally as the

reactants are consumed in a simple homogeneous pathway.

It has been established [14] that the hydrolysis rate equa-

tion in the final homogeneous step of the reaction could be

well described by a 3/4-order rate constant with respect to

GPTMS and first order with respect to water. In order to

minimize the parameters to be fitted, such a 3/4-order

hydrolysis rate constant with respect to GPTMS and first

order with respect to water was assumed in the hydrolysis

rate equation of the present kinetic modeling.

3.2 The kinetic modeling

The characteristics of the present experimental hydrolysis

rates giving rise to a heterogeneous and a homogeneous

step of the reaction are typical of immiscible alkoxide-

water systems. Such characteristics have been described

earlier by a simplified dissolution and reaction kinetic

model [17, 18], which has been applied to the ultrasound-

assisted hydrolysis of the tetraethoxysilane (TEOS) [17]

and tetramethoxysilane (TMOS) [18], carried out under

acid conditions and excess of water.

A modified version of the mentioned kinetic modeling

was considered to describe the present GPTMS hydrolysis

rates as a time function. Since GPTMS and H2O are

immiscible, the hydrolysis reaction of Eq. (1) could not be

started, but very slowly at the interface between the phases

GPTMS and H2O. Ultrasound enhances efficiently the

virtual dissolution between GPTMS and H2O giving start

rapidly to the hydrolysis reaction. Methanol yielded in the

firstly hydrolysis enhances de dissolution between GPTMS

and H2O, increasing even more the hydrolysis rate within

the phases GPTMS and H2O. The hydrolysis rate is then a

complex result of dissolution between GPTMS and H2O

(which increases the hydrolysis rate) and reaction within

the phases (which diminishes the hydrolysis rate as the

reactants are consumed).

To simplify the problem, and because the initial volume

of the GPTMS is about 70 % of the total volume of the

reactant mixture, we assume a mechanism of dissolution of

H2O (B) in GPTMS (A), followed by reaction between

dissolved H2O (Bs) and GPTMS, according to the fol-

lowing steps

Bþ A!k0 Bs ð2aÞ

Bþ Aþ Ds!kd Bs ð2bÞ

Aþ 3Bs!kH Cþ 3Ds ð2cÞ

where B represents non-dissolved water, A represents

GPTMS, Bs represents water effectively dissolved in

Fig. 1 Ultrasound-assisted and oxalic acid-catalyzed GPTMS

hydrolysis rates as a function the reaction time as obtained at several

temperatures. Full (red) lines are fittings of the present kinetic

modeling (Color figure online)
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GPTMS, Ds and C represent methanol and R–Si(OH)3
produced by reaction in the GPTMS phase, k0 is the rate

constant associated with ultrasound producing dissolution

of B in A [Eq. (2a)], kd is the rate constant associated with

methanol producing dissolution of B in A [Eq. (2b)] and kH
is the rate constant of hydrolysis between A and Bs

yielding C and Ds [Eq. (2c)]. In this simplified model, B

(non-dissolved or free water) would work as a water source

feeding the hydrolysis reaction [Eq. (2c)] by means of the

two parallel dissolution processes given by Eqs. (2a) and

(2b). Assuming second order (on B and A) for the rate

constant k0, third order (on B, A and Ds) for the rate

constant kd, and 3/4 order on A and first order on Bs for the

hydrolysis rate constant kH (as mentioned), we should have

the following set of rate equations for Bs and C

productions:

dBs=dt ¼ ½k0 þ kdDs�AB� 3kHA
3=4Bs ð3aÞ

and

dC=dt ¼ kHA
3=4Bs ð3bÞ

where the notations in italic A, B, Bs, C and Ds states for the

corresponding molar concentrations of the species A, B, Bs,

C and Ds, as defined in Eqs. (2a)–(2c). The assumption of

third order (on B, A and Ds) for the rate constant kd,

although this model could not correspond to a real mecha-

nistic event, seems natural from the dissolution Eq. (2b). As

we will see, the influence of kd on the overall process is

small, so it would not be possible to study with some success

the influence of assuming a partial order on methanol, for

instance, for the rate constant kd. Under these conditions, the

rate equation dBs/dt would be governed by the production of

Bs from free water B [the first term on the right side of the

rate Eq. (3a)] and consumption of Bs by three times the rate

equation for hydrolysis reaction between A and Bs [the

second term on the right side of Eq. (3a)]. The hydrolysis

rate dC/dt would be a result of such a complex mechanism,

starting from the initial conditions at t = 0 with A = A0,

B = B0, Bs = 0, C = 0 and Ds = 0, with the constraints

A = A0 - C, Ds = 3C and B = B0 - 3C - Bs (imposed

by the stoichiometry of the reaction). When B % 0 (or

Bs % B0 - 3C) at the immediacy of the immiscibility gap

of the system, the rate Eq. (3a) becomes simply dBs/

dt = 3kH A3/4Bs = 3dC/dt and the hydrolysis rate dC/dt

[Eq. (3b)] follows approximately a homogeneous pathway,

according to a simple rate equation cast by

dC=dt ¼ kHðA0 � CÞ3=4ðB0 � 3CÞ: ð4Þ

The rate Eq. (4) has been applied earlier [14] to describe

exclusively the final homogeneous step of the reaction.

The apparent best fitting of the experimental dC/dt to the

rate Eq. (3b) was carried out by solving the set of coupled

rate Eqs. (3a) and (3b) for the rate constants k0, kd and kH at

each temperature studied, starting from the mentioned

initial conditions and the constraining equations. Figure 1

shows the general good fittings of the present dissolution

and reaction modeling to the experimental hydrolysis rates.

Table 1 shows the set of the rate constants k0, kd and kH
fitted at each temperature. Figure 2 shows the fitted

parameters k0, kd and kH in an Arrhenius-type plot.

Figure 2 shows that the hydrolysis rate constants kH
obtained from the present dissolution and reaction model-

ing applied to the overall heterogeneous/homogeneous

GPTMS hydrolysis are in good agreement with those

obtained earlier [14], using a non-modeling method applied

exclusively to the final homogeneous step of the reaction,

where Eq. (4) applies. The activation energy DE = (20.1

± 3.9) kJ/mol for the overall heterogeneous/homogeneous

GPTMS hydrolysis obtained from the present modeling

(Fig. 2) was also found in good agreement with that earlier

(20.1 ± 3.2) kJ/mol obtained from exclusively the final

homogeneous step of the reaction [14].

Figure 2 also shows that, in general, the ultrasound

producing dissolution (k0) and methanol producing disso-

lution (kd) rate constants increase with increasing temper-

ature. The increase in the rate constants with temperature is

expected since the overall dissolution process should be

enhanced with increasing temperature. The exception to

this role seems to be represented by the values k0 and kd
obtained at low temperatures (at the right side of Fig. 2),

which, on the contrary, were found increasing with

diminishing temperature. An explication for this observa-

tion with respect to k0 could be associated with the ultra-

sound coupling with the reactant medium, which is

expected to be a complex function of the medium viscosity

and density. Then, the ultrasound coupling with the med-

ium could well be enhancing with lowering temperature, so

increasing the ultrasound producing dissolution efficiency

at low temperature. This could influence indirectly the

methanol producing dissolution mechanism, since the

ultrasound action in presence of methanol could be accel-

erating additional water dissolution. Then, the behavior of

k0 and kd with temperature shown in Fig. 2 could be a

result from two concurrent effects: (1) the natural increase

in solubility with increasing temperature, and (2) the

worsening of the ultrasound coupling with the medium

with increasing temperature. These two concurrent effects

could well be responsible for the apparent minimum

observed in both plots of k0 and kd in Fig. 2.

The variations of k0 and kd with temperature shown in

Fig. 2 are very similar since both sets of parameters could

be fitted by essentially parallel curves. Since both men-

tioned effects, increasing of solubility and worsening of the

ultrasound coupling (with increasing temperature), could

not be separated, just a minimum activation energy for the
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dissolution process could be estimated from analyzing the

Arrhenius-type plot of k0 and kd (at the high temperature

side) in Fig. 2, for instance. We have found

DE = (31 ± 3) kJ/mol from k0 and DE = (29 ± 4) kJ/-

mol from kd (Fig. 2), which are very similar values.

Besides the theoretical time function dC/dt fitted and by

extension C, the present modeling provides the theoretical

virtually dissolved water Bs (and naturally B = B0 - 3-

C - Bs) as a time function for each set of fitted rate con-

stants (k0, kd and kH). Assuming that the total water reacted

at a time t (3C) is composed by a fraction f come from the

virtually dissolved water by ultrasound [by Eq. (2a)] and a

fraction (1 - f) come from the dissolved water by

methanol [by Eq. (2b)], the partial contributions to Bs due

to the processes (2a), Bsk0, and (2b), Bskd could be evalu-

ated separately by using Eqs. (3a) and (3b) as

Bsk0 ¼
Z t

0

k0ABdt � f3C ð5aÞ

and

Bskd ¼
Z t

0

kdDsABdt � ð1� f Þ3C ð5bÞ

where

f ¼
Z t

0

k0ABdt

� Z t

0

k0ABdt þ
Z t

0

kdDsABdt

� �
:

Figure 3 shows the total virtually dissolved water Bs in

comparison with the separated contributions to it due to the

ultrasound-inducing dissolution (Bsk0) and the methanol

producing dissolution (Bskd) as a time function. Figure 3

also shows the hydrolyzed quantity C and the non-dis-

solved water B (free water) as a time function.

The process of ultrasound-inducing dissolution was

found to be much more effective to accelerate hydrolysis of

GPTMS during the heterogeneous step of reaction (while

B was significantly larger than 0) in comparison with that

of methanol producing dissolution, since Bsk0 was found

too much larger than Bskd, even for the homogeneous step

of the reaction starting at the immediacy of B % 0 (Fig. 3).

So, ultrasound should be playing a more fundamental role

on the virtual dissolution of water in GPTMS, even in

presence of methanol, by fast mixing the reactant mixture.

The more efficiency of ultrasound-inducing dissolution

with respect to the alcohol-producing dissolution seems to

be a general characteristic of the ultrasound-assisted

hydrolysis of alkoxides formed by methoxy groups, as

observed in the present GPTMS study and also in a pre-

vious work studying the ultrasound-assisted TMOS

hydrolysis [18]. The specific process of alcohol-producing

dissolution (kd) seems to have its importance enhanced in

the case of the ultrasound-assisted hydrolysis of TEOS

[17], for instance, formed by ethoxy groups, likely because

Table 1 Rate constants for the

dissolution and reaction

modeling

T (K) k0 (10
-2 M-1 s-1) kd (10

-2 M-2 s-1) kH (10-3 M-3/4 s-1)

286 3.2 (3) 1.1 (3) 1.3 (1)

291 2.0 (2) 0.4 (1) 2.6 (2)

300 2.6 (3) 0.4 (1) 2.7 (2)

307 3.8 (4) 0.7 (2) 2.9 (3)

317 7.0 (6) 1.0 (3) 3.1 (3)

327 7.2 (7) 1.3 (3) 5.4 (4)

Fig. 2 (Above) Hydrolysis rate constants as obtained by fitting the

present kinetic modeling (squares) in comparison with those (circles)

as obtained earlier by a non-modeling method applied to the final

homogeneous step of the reaction. (Below) Ultrasound and methanol

producing dissolution rate constants (k0 and kd) as obtained by fitting

the present kinetic modeling
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the hydrolysis rates of TEOS are typically much smaller

than those of TMOS [20, 21]. Indeed, the hydrolysis of

TMOS was found to be too rapid to be followed by a

typical NMR study [20]. On the contrary, a heterogeneous

mixture of TEOS and HCl-water solution, for instance, is

able to resist for a long time (about 6 min) under ultra-

sound stimulation without to produce significant hydrolysis

(a so-called induction period) [17]. In this case, ethanol

yielded in the firstly hydrolysis [17], or even an initial

addition of ethanol [22], determines the extension of the

induction period, so emphasizing the enhancing of the

relative importance of the alcohol-producing dissolution in

the overall ultrasound-assisted hydrolysis of TEOS

[17, 22].

A clear crossover from the heterogeneous to the

homogeneous step of the reaction could not be obtained

precisely with the present simplified modeling, since the

condition B % 0 is attained only asymptotically with the

present modeling, although B was definitively found to

drop sharply with the starting of the reaction, as shown in

Fig. 3. The lack of such a clear crossover is expected since

the present simplified model does not contemplate a dis-

continuous immiscibility gap line crossing.

The overall heterogeneous/homogeneous reaction path-

way was analyzed in a ternary diagram as that conceived in

Fig. 4, where the molar fractions of GPTMS, XGPTMS = A/

(A ? Bs ? 4C), Bs (H2O dissolved in GPTMS),

XH2O = Bs/(A ? Bs ? 4C), and hydrolysis product

(C ? 3Ds), Xproduct = 4C/(A ? Bs ? 4C), have been

plotted. The hydrolysis product [R–Si(OH)3 ? 3CH3OH]

has been assumed as a unique stable specie (product), with

concentration 4C in GPTMS phase, in plotting the ternary

diagram of Fig. 4.

The typical overall heterogeneous/homogenous hydrol-

ysis pathway plotted in Fig. 4 starts at the initial point (1, 0,

0), in terms of the molar fraction notation (XGPTMS, XH2O,

Xproduct), where no water (Bs) is dissolved in GPTMS and

no reacted quantity (C) has been yielded, and ends at (0,

0.368, 0.632), where the hydrolysis has finished and 0.368

molar fraction of water in excess remained. Figure 4 shows

that all the hydrolysis pathways associated with different

temperatures converge to a unique pathway at an advanced

stage of the reaction, which overlaps completely the tra-

jectory we would observe if the reaction would be homo-

geneous in all its extension, the (red) straight line linking

the point (0.158, 0.842, 0) to (0, 0.368, 0.632) in Fig. 4.

The heterogeneous pathway portions in Fig. 4 were found,

in general, shifting in direction to increase the dissolved

water in the GPTMS phase with increasing temperature.

The exception to this role was found for the sample

hydrolyzed at the lowest temperature studied in the present

work, as a result, as suggested earlier, of the better

Fig. 3 Molar concentration as a time function in the GPTMS phase

of the total virtually dissolved water Bs, in comparison with the

separated contributions to Bs due to the ultrasound-inducing disso-

lution Bsk0 and the methanol producing dissolution Bskd. The molar

concentrations of the hydrolyzed quantity C and of the non-dissolved

water B (free water) are also shown as a time function

Fig. 4 Ternary diagram showing the overall heterogeneous/homoge-

neous hydrolysis reaction pathway in terms of the molar fractions of

GPTMS, H2O dissolved in GPTMS, and the hydrolysis product [R–

Si(OH)3 ? 3CH3OH, being R the 3-glycidoxypropyl radical] (Color

figure online)
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coupling between ultrasound and reactant medium at lower

temperatures.

Finally, we wish to refer to the minor additional contri-

bution to the experimental hydrolysis rate dC/dt, which is

apparent in the plots of Fig. 1 at advanced stages of the

homogeneous step of the reaction, mainly at lower tempera-

tures. Such a minor experimental additional contribution is

evidenced with respect to the fitted curves shown Fig. 1,

mainly at lower temperatures. Based on the literature

[20, 23, 24], we have argued [14, 17, 18, 22] that, because of

the relatively rapid hydrolysis compared to the polyconden-

sation reactions of such alkoxides under acid conditions and

excess of water, the contribution of polycondensation reac-

tions to the hydrolysis signal measured in the present calori-

metric method could be neglected. In addition, an effect likes

that minor additional contribution to the hydrolysis rates

found in Fig. 1 for GPTMSwas not found in the hydrolysis of

TMOS in similar conditions [18]. The most evident differ-

ence between both alkoxides is the 3-glycidoxypropyl group

in GPTMS substituting one of the methoxy groups of TMOS.

So,we concluded that such an effect like thatminor additional

contribution to the experimental hydrolysis rates in the final

homogeneous step of the reaction shown in Fig. 1 should be

caused by some epoxy ring opening, even though it has been

pointed that epoxy ring opening does not occur under acidi-

fied water [25, 26], not even under ultrasound stimulation

[27, 28], except when catalyzed by amine (basic) groups

[25, 29].Methanolysis of the epoxygroups is very plausible to

be considered [30]; however, the epoxy ring opening has not

been observed in methanol solution of a photocatalyst for

epoxyketone reaction, even under ultrasound stimulation,

though ultrasound was found to increase the rate of pho-

toreaction in presence of UV radiation [28]. If the epoxy ring

opening is occurring at some extension in the presentGPTMS

sono-hydrolysis, it could be due to some combined effect

between the specific activity of the catalyst (a not so strong

acid) and the ultrasound action. Oxalic acid (as a dibasic

carboxylic acid) was observed to react with several epoxy

resins causing effective epoxy ring opening in presence of

basic catalysts [15, 16], although the epoxy ring opening was

not so effective in the uncatalyzed reaction [16]. The incor-

poration of carboxy end groups in opened epoxy groups leads

to additional cross-linking possibilities in structuring the

resulting epoxy-oligomeric mixture [15]. So, the possibility

of some epoxy ring opening in the present GPTMS system, in

conjunction with temperature and continued ultrasound

action, could be responsible for finding very different elastic

properties in aged wet sonogels prepared from this set of the

present GPTMS-derived sols hydrolyzed at different tem-

peratures, as well correlated by the structural characteristics

determined by small-angle X-ray scattering (SAXS) [14].

The structure of such a set of very aged wet sonogels was

found to be composed by liquid-filled pores and an organic/

inorganic hybrid solid-phase, separated by a surface-fractal

interface [14]. The hybrid solid-phase was constituted by

polymeric linear chains, density fluctuation heterogeneities

and several intermolecular-interfering cage-like structures, in

proportions which were a temperature function of the earlier

hydrolysis, so yielding aged sonogels with very different

elastic properties [14], in such a way that aged sonogels

hydrolyzed at lower temperature exhibited more elasticity,

while those hydrolyzed at higher temperatureweremore rigid

ormore ‘‘crystallized’’ ones, according to the observation of a

gradual increase and narrowing of a poor X-ray diffraction

peak at about 1.5 nm as the hydrolysis temperature is

increased [14]. The hypothesis of some epoxy ring opening in

the present system allows us to explain more consistently the

possibility to obtain final wet gels with different elastic

properties by handling the proportions of polymeric linear

chains, density fluctuation heterogeneities and intermolecu-

lar-interfering cage-like structures in the aged wet gels, by

controlling the extension and characteristics of the epoxy ring

opening reaction in the early hydrolysis. Indeed, the rate of

epoxy ring opening reaction by oxalic acid in epoxy resins

was found increasing with temperature [15], what could

explain well the obtaining of more ‘‘crystallized’’ sonogels as

higher the GPTMS hydrolysis temperature. However, it

should be pointed that the epoxy ring opening possibility

causes only a minor effect on the calorimetric experimental

hydrolysis rates measurements, as shown in Fig. 1, so the

experimental method remains valid and the applicability of

the present kinetic modeling is not significantly

compromised.

4 Conclusions

The experimental hydrolysis rates measured at several

temperatures of the ultrasound-assisted and oxalic acid-

catalyzed hydrolysis of GPTMS were satisfactorily fitted

by a simplified dissolution and reaction modeling. The

present kinetic modeling describes the overall heteroge-

neous/homogeneous pathway of the reaction in terms of

dissolution of water in GPTMS, which increases the

hydrolysis rate, followed by reaction in the GPTMS phase,

which diminishes the hydrolysis rate as the reactants

consumption.

Two parallel rate equations associated with the disso-

lution process of water in GPTMS have been considered:

(1) One of them controlled by a second-order (on GPTMS

and undissolved water) rate constant k0 associated with

water dissolution induced by ultrasound action; and (2)

another controlled by a third-order (on GPTMS, undis-

solved water, and methanol) rate constant kd associated

with methanol producing dissolution. The ultrasound-in-

ducing water dissolution was found to be the dominant

J Sol-Gel Sci Technol (2016) 80:873–880 879
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mechanism controlling the dissolution process for the

overall hydrolysis of GPTMS, when compared to that of

the methanol producing dissolution.

The hydrolysis rate constants kH (of 3/4 order on

GPTMS and first order on water) fitted by the present

modeling to the overall heterogeneous/homogeneous

pathway were found in good agreement with those

obtained earlier using a non-modeling approach applied

exclusively to the homogeneous step of the reaction.

The fitting of the present modeling put in evidence an

additional minor contribution to the experimentally mea-

sured hydrolysis rates at an advanced degree of the

homogeneous step of the reaction, which was attributed to

some epoxy ring opening. This minor effect does not affect

substantially the experimental hydrolysis rates signal, so

the experimental method associated remains valid and the

applicability of the present kinetic modeling assured.
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