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Abstract

The hydrolysis of trimethylorthobenzoate was studied over the pH range 4-7. In homogeneous experiments, overall first-order
kinetics was found for both constant and variable proton concentrations, with an average intrinsic rate constant of 6-10° 1/
mol - min. Within the above pH range, it was also found that a series of alumina/silica oxides could act as general catalysts for
the same reaction. Proton binding on the oxides determined from potentiometric titration data revealed two types of potentially
active, proton-donor, sites with acid strengths pK: =4 and pK% =5.5. A detailed kinetic analysis is presented which accounts for
the time dependent mass, charge and site balance in the system. Kinetic scanning, which involves a pH perturbation and
subsequent analysis of the heterogeneous system relaxation, is proposed as a general method for evaluation of the concentration
of surface sites active for general acid catalysis. Active site densities, determined by means of this approach, increased from
0.085 to 0.13 mmol/g as the aluminum content in the mixed oxides increased from 3 to 10% by weight. The proton transfer rate
constant’s value, essentially independent of oxide composition, was estimated at = 1500 g/mol - min.

Keywords: Acid catalysis; Proton affinity distributions; Proton transfer; Variable pH kinetics

chemical kinetics as a discriminator in such
instances: ‘The definition of a catalyst rests on the
idea of reaction rate, and therefore the subject of
reaction kinetics is central, providing the quanti-

1. Introduction

The general concept of catalyst heterogeniza-
tion is to disperse on a more or less inert support

a catalyst whose activity has been identified in the
homogeneous phase. Synergistic effects are
expected, but antagonistic ones are not excluded
if the overall catalytic activity is not the simple
superposition of the action of the active phase and
that of the support. A recent monograph [1]
appropriately recounts the old practice of using
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tative framework. The qualitative chemical expla-
nations of catalysis take the form of reaction
mechanisms. These are models of reactions
accounting for the overall stoichiometry, identi-

* fying the sequence of elementary reaction steps,

and (insofar as possible) explaining, in terms of
chemical bond strength and geometry, the inter-
actions of the catalyst with reactants.’

Solid oxides are a convenient vehicle for the
‘heterogenization’ of the proton, a well-known
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homogeneous catz:dyst. Proton transfer in both
homogeneous and heterogeneous systems is a
widespread notion jn the literature of the last seven
decades, starting with Brgnsted’s theory [2]. Fun-
damental monogrdphs such as those of Bell [3],
Caldin and Gold [4] or more recently that by
Stewart [5] sumn{arize the huge amount of pub-
lished contﬂbutiods, pertaining merely to organic
reactions. Solids acting as acid-base catalysts
have been progre#sively developed within this
field in connection;with their exhibited superacid-
ity (far less their [superbasicity) in nonaqueous
media [6]. Strong acid properties of simple and
mixed oxides hav{: proven to be responsible for
their catalytic properties in conventional gas—solid
contact catalysis [1] in a large number of reac-
tions for which aquieous environments are gener-
ally considered to h'lave a detrimental effect. This
is due to both the ampholytic ‘leveling action’ of
water (which cancels strong acid surface sites)
and to its high sorﬁation affinity on oxides, collec-
tively resulting in fpoisoning’ the catalyst surface.
The reverse is also true for other types of reactions,
water being responsible for the conversion of inac-
tive Lewis into } active Brgnsted sites [7].
Although the aqueous—solid interface and its bind-
ing properties with respect to organic compounds
have been the subject of detailed investigations,
commonly in conﬁection with soil chemistry and
pollution [8], studies concerning the acid cata-
lytic properties of oxides in aqueous media are not

so prevalent. |

Recently a specéiﬁc method to evaluate proton
adsorption equilib;ria at the solid—water interface
was described [9]}; it offers a means of character-
izing solid samples, under conditions similar to
those in which caittalysts are prepared, from the
point of view of their proton transfer to the sur-
rounding aqueoué medium. The method was
applied to various oxide and mixed oxide mate-
rials [10] and its|extension is in progress [11].
In accordance with our improved understanding
of proton binding /release to/from solids, this cur-
rent work was initiated to answer the question: Do
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the proton transfer properties of various surface
sites as determined from aqueous (quasi)-
equilibria manifest themselves in the presence of
an organic substrate acceptor able to undergo an
acid-base catalyzed reaction? Silica and silica—-
alumina were selected, as their interface exhibits
an acidic strength similar to carboxylic acids and
allow us to adopt an approach related to homo-
geneous catalysis. The hydrolysis of an orthoester
(trimethyl orthobenzoate) was selected in view
of its well-established homogeneous mechanism.

The problem we try to solve is that of separating
the (homogeneous) specific and (heterogeneous)
general catalysis contributions [ 1,3-5]. However,
unlike homogeneous catalysis, where the precise
determination of the general catalyst concentra-
tion and constant pH conditions are -easily
achieved via appropriate buffers, oxide equilibra-
tion in aqueous media is generally very slow [8]
resulting in a variable pH solution, at least within
the time-scale of the kinetic measurements. More-
over, the general acid concentration, that is the
surface acid site density, is an unknown quantity
requiring separate experiments for its evaluation.
Stable pH is therefore far more difficult to attain
with heterogeneous systems and the use of buffers
would even complicate the problem of separating
the (general acid) contribution of the solid cata-
lyst. Our solution was to take advantage of this
phenomenon and deliberately impose a variable
pH within an experimental setup bearing some
resemblance to non-steady thermal analysis tech-
niques. Thus we performed a ‘kinetic scan’ of the
hydrolysis reaction simultaneously with a study
of surface proton-donor properties.

The developed experimental method and
kinetic analysis are by no means restricted to the
selected test reaction and solid acids. Their exten-
sion is open to a broader class of acid-base homo-
geneously and heterogeneously catalyzed
reactions, subject to the constraint (easy to fulfill
experimentally) that a reactant excess ensures
overall pseudo first-order kinetics.
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2. Experimental
2.1. Materials

All chemicals were certified reagents from
Aldrich or Fisher Scientific and were used without
further purification. Silica and alumina/silica
samples were prepared by the sol-gel/xerogel
method [12] from tetraethylorthosilicate
(98+ %) and aluminum isopropoxide (98%);
deionized water and spectrophotometric grade
ethyl alcohol were also used in obtaining the cor-
responding gels. These were first dried at 110°C
for 16 h, then calcined at 600°C for 10 h, in ambi-
ent atmosphere. After grinding and sieving, the
40-80 mesh fraction was selected for all
subsequent measurements. The compositions of
the different samples were respectively 10, 7 and
3% (weight percent) Al,Os. The inert electrolyte
was prepared from A.C.S. sodium nitrate and
deionized water. Certified volumetric standard
solutions (0.1 N nitric acid and 0.1 N sodium
hydroxide) were used as received, as well as the
electrode calibration buffers (pH 4.00, 7.00 and
10.00). Trimethylorthobenzoate 98% (Aldrich)
was used as the hydrolysis substrate.

2.2. Potentiometric titration

The experimental setup was essentially the
same as the one previously reported [9]. Titrants
were accurately ( £0.001 ml) dosed by means of
a 665 Dosimat (Metrohm) microburet which
served in both jump and continuous pH-drift
experiments. The pH was measured by means of
a digital Fisher Scientific pH/Ion/Conductivity
Meter Accumet Model 50 with Standard Glass-
Body Combination Electrode (Fisher #13-620-
271 with calomel reference) and the instrument
output was stored automatically with sampling
rates between one and six points per minute,
depending on the pH variation rate. A protective
nitrogen purge (50 ml/min) provided the inert
atmosphere for both titration and kinetic runs; the
measured solutions were thus free of oxygen and
carbon dioxide that could affect the hydrolysis

reaction and the potentiometric titration whose
description was given previously [9] and will not
be presented here.

As previously shown [9-11] the proton affinity
distributions enable qualitative and quantitative
analysis of acid-basic surface sites. They were
used for the evaluation of both K, (for quasi-
equilibrated proton desorption—adsorption) and
surface site concentration.

2.3. Reaction kinetics

The time course of the reaction was followed
by means of a Bausch&Lomb Spectronic 1001
spectrophotometer with a thermoelectric flowcell
accessory. The solution volume was fixed at 50
ml, out of which approximately 1ml (0.5 ml for
the spectrophotometer cell+ =0.5 ml for the
glass frit and peristaltic pump tubing) formed the
measuring loop which was devised as a small
recirculating system attached to the reaction ves-
sel. The typical sampling rate for kinetic runs was
fixed to three points per minute; a small delay
between successive pumpings avoided the pertur-
bations caused by bubbles formed due to the frit’s
partial clogging during heterogeneous experi-
ments. Magnetic stirring ensured the liquid phase
homogeneity and a quasi-uniform repartition of
the solid-phase particles within the reaction space
while thermostated jacketed beakers provided
temperature stability at the selected value of
25+0.1°C.

The absorbance of benzoic acid was followed
at 270 nm, where some interference of NOj
occurs, but only as a constant background. The
overall absorbance level (referenced to deionized
water taken as zero) was kept below 2 by means
of both inert electrolyte concentration (NaNO;,
0.1 N) and the quantity of organic reagent. The
latter was dosed with a Hamilton Gastight #1801
syringe; after preliminary testing and calibration
the injected volume was fixed at 5 ul.

Homogeneous (HOM) and heterogeneous
(HET) experiments were performed under iden-
tical conditions. In HET runs solid catalyst
weights were 0.102+0.001 g. Constant pH runs
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} Fig. 1. pH-time pattern of a 10% Al,05/Si0, HET run,

involved, in both HOM and HET modes, reaching
a stable pH reading after the addition of basic
titrant. This readily occurred in the first case, while
in the second one the equilibration process was
much slower, mainly due to the lower rate of the
surface protonation—deprotonation processes that
take place [12]. To avoid the involvement of the
bulk solid in such processes [13], the equilibra-
tion waiting perioc;l was not more than 40 min and
a constant pH run was considered one in which
the pH variation dlid not exceed 0.1 units over the
whole reaction duration. As a pH drift always took
place in HET ruris, we decided to perform the
hydrolysis reaction even under these conditions
and eventually take advantage of the pH variation
by means of some| suitable mechanistic modeling
and data processing.

All samples investigated exhibited acidity upon
immersioninthe afqueous reaction medium, which
is the expected behavior of silica and silica—alu-
mina materials [14]. At the corresponding
(quasi)equilibrium pH values (lying below 4.4
for samples weights around 0.1 g) the reaction
rate is too high and even with the maximum allow-
able sampling rate reliable data acquisition is
impossible. As explained in detail in the following
section at such pH values the heterogeneous con-

tribution to the catalytic act is negligible as the
reaction ‘chooses’ the more facile homogeneous
route. The medium acidity was lowered through
sodium hydroxide addition thus forcing the reac-
tion to ‘seek’ for the (weak) surface acid sites of
the solid catalyst. A series of experiments con-
sisted in monitoring the reaction at some stable
pH reached after base addition and system equil-
ibration. Another series made use of the pH-jump
technique by following the time course of surface
protonation—deprotonation relaxation and hydrol-
ysis reaction concomitantly.

A typical pH-jump experiment is depicted in
Fig. 1, which contains the pH evolution pertaining
to the 10% Al,05/Si0, sample. Five minutes after
the start of the recording the solid is introduced
into the electrolyte solution (point A). The ini-
tially steep pH fall is followed by a long ‘tail’ with
slow variation. After 30 min (point B), 0.I N
NaOH solution (volume between 50 and 250 wul,
depending on the sample and the desired final pH
value) is provided by the microburet. The first
injection of organic reagent (C) occurs within the
fast decreasing region following the pH jump,
whereas the second (D) takes place somewhere
in the flat, ‘quasi-constant’ pH range, after the
complete consumption of the initial amount. The
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above stand for ‘variable pH runs’ and ‘constant
pHruns’. For a series of constant pH runs only the
second injection was done and the transient
domain was disregarded. It should be emphasized
that absolute pH constancy was not attained nei-
ther in simple nor in combined (Fig. 1) hetero-
geneous kinetic experiments. For the HOM runs
a similar pH variation was produced by adding
acid (5 pl/min) following an initial pH jump.
Trimethylorthobenzoate was chosen in view of
numerous older [ 157 and more recent [ 5] studies,
reporting the homogeneous hydrolysis of this sub-
- strate as occuring in general acid catalysis and thus
allowing for direct implication of the solid in the
catalytic act. This clearly differentiates the present
study from a previous attempt [ 16] in which ace-
tals (hydrolysis in specific acid catalysis) were
used as ‘kinetic markers’ for the evaluation of
solid acidity.

3. Kinetic analysis

The trimethylorthobenzoate hydrolysis reac-
tion,

CH,C(OCHS,) +2H,0
= C,H,COOH + 3CH,0H

is assumed to take place both homogeneously and
heterogeneously, catalyzed in a specific manner
by the hydrated proton and in a general one by the
surface (weak) acid sites. Separation of the two
reaction routes is essential from the point of view
of the kinetic analysis. In the presence of a large
excess of water, first-order kinetics is expected
and actually found throughout the experimental
range investigated.

The ‘A, mechanism [3-5,15] was taken as
valid for the homogeneous contribution. Within
the framework of a two-step sequence, it assumes
first the quasi-equilibrated protonation of the sub-
strate, A, followed by a rate determining, unimo-
lecular decomposition of the intermediate formed,
with subsequent steps fast and thus kinetically
insignificant:

[Al[H]
[AH]

(1) A+H=AH:; K, =

(2) AH— ... prod; &,

In the above and what follows, H stands for the
hydrated proton, square brackets for concentra-
tions, Kj is the acidity constant of the protonated
intermediate and k, designates the rate determin-
ing step (rds) rate constant; the charge signs are
omitted for convenience. The homogeneous reac-
tion rate reads:

Thom = _d[A] /d[=kO[AH]
= (ko/ Ko) [HI[A] =knom[HI[A] (1)

In terms of the measured absorbance, g, the
integrated form of Eq. 1 is given by:

1H,B=khom[I-I] (Z_ T) = Khom(t_T);
B=p(t)=la(») —a(r)/[a(®) —a(t)] (2)

where 7 is the time lag required for the complete
dispersion of reactant, a(®), a(7) and a(z) are
absorbance readings at reaction end (endpoint),
7 and current time, ¢, respectively; Kuom iS the
observed homogeneous first order rate constant.
Eq. 2 holds for constant pH runs. For variable pH,
if the [H] variation rate is not too high so that step
(1) of the above sequence can still be assumed in
quasi-equilibrium and denoting by %(z) the time-
dependent proton concentration, the rate expres-
sion becomes:

Thom =~ (A[A]/dD) o =knom[ AT (DA(2)  (3)

which yields, on integration:

t

I0B=kyom f h(8)dr=kyonH (1) (4)

P

The quantity H(¢), which could be termed the
‘proton integral’, can be accurately computed
from pH readings, provided a suitable sampling
rate is used. A plot of Inf3 versus H(t) thus gives
kyoms the ‘intrinsic’ (second order), as opposed to
Knom» the ‘apparent’ rate constant. This procedure
is similar to the ‘replacement of time with an area
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variable’ [17] of French [18] and Wideqvist
[19] ( second-ordér kinetics) with the notable dif-
ference that here ghe time variation of the homo-
geneous catalyst| concentration is taken into
account. If 2(#) = const Eq. 4 yields Eq. 2, so that
it can be used for determining kyor for both con-
stant and variable pH runs.

For the heterog‘eneous route, we assume that

proton transfer rom surface sites (hydroxyl
groups) to the suPstrate is the slow step. This is
reasonable, due to.the much lower ‘bulk’ mobility
of the surface protons compared to that of the
solvated ones, as Well as to the need of overcoming
the double layer barrier [4-8]. This assumption
is also consistent \inth the picture viewing the solid
surface acting as a general (weak) acid catalyst.
If the solid contamed a significant amount of
‘strong’ acid 51tes these would be immediately
converted into h}/drated protons (water leveling
effect) [3] and thus become inactive as hetero-
geneous catalytlo sites. The HET contribution
manifests itself wﬁthm some pH window, on the
one hand, where ‘H concentration (and thus the
homogeneous rate) is low enough, and on the
other, the OH cdncentrauon is not too high to
compete with thg substrate for the acid surface
groups. '

The critical assumptlon concerns the step pre-
ceding the proton transfer, i.e. the surface proton
desorption—adsori)tion. In homogeneous catalysis
this is generally taken as a fast, equilibrated step,
the (acidity) conétant of which is involved in the
well-known Brgnsted relationship [3-5,15]. This
holds for constant pH heterogeneous runs but
might very well not be the case with variable pH
ones, for the main reason that the observed pH
variations, tnggered by continuous or jump
amounts of e1theJ acid or base added, are suppos-
edly due to protqn sorption processes. However,
for our purposes the assumption of a quasi-equil-
ibrated surface pf:otonation—deprotonation will be
adopted, which réquires that the proton transfer to
the substrate is rate determining and thus com-
pletes the analogy with general acid homogeneous
catalysis. |
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The two-step mechanistic sequence for the het-
erogeneous route thus reads:

[S1[H)
[SH]
(2") SH+A—...prod; k
Here again, kinetically insignificant steps fol-
lowing the rds have been omitted. X, stands for
the surface acidity constant and k for the proton

transfer rate constant. The reaction rate along the
heterogeneous route is:

Toer= — (d[A]/d)pe=k[A] [SH]
= (k/K,) [SI[H][A] (1)

which after the introduction of the total surface
site concentration, L,

L=[SH] +[S] (5)
becomes:

ook
het Ka+ [H]

(1") SH=S+H; K,=

[HI[A] =ku[H][A] (1)

The overall rate equals the contribution of the
two routes, r = Fyom 1 ner. At constant pH, the cor-
responding integral kinetic equation reads:

ke, Lk .
Ing=[H] (Ko K-I-[H])<t 7)

= [H](khom'i"khet)(t_—'r) (ZI)

= (Kh0m+ Khet) (t_ T)

so that separation between the two contributions
is straightforward. At variable pH it becomes:

lnB=khomf h(t)dt+ J knee() R(2)dE

=kiomH (1) +4O()  (4")
with O(¢) given by:

(1) =LJ’ 6(¢)dt (6)

and 6(t), the ‘proton fractional surface coverage’:
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(1)
N=—"—"r
6(1) K, +h(1) 7
If, in addition to the above, K, > h(t) over the
whole pH range investigated so that 1/
(K,+h(t)) is slowly varying over the time range
(t— ), then Eq. 4’ further simplifies to:

B~ (Kyom + knee) H(1) (4"

where Egs. 1’ and 4 have been taken into account.
At constant pH Eqs. 4’ and 4" readily yield Eq. 2.
The more common notation:

kl = khom + khet
= (khom-l_khet) [H]a k2=khom+khet (8)

designates the observed (overall) first-order, k;,
and second-order, k», rate constants.

Linear plots of In8 vs. H(t) for variable pH
homogeneous runs support the ‘A,” mechanism
and provide a convenient means of evaluating
knom. For heterogeneous runs this is no longer
expected and linear plots may only hold over
restricted pH ranges (although the assumed two-
step mechanisms still hold), because of the pH
variation of k., given by (1”).

As is common in interpreting spectrophoto-
metric data, the value of the endpoint for first-
order kinetics is critical [20]. The time-scale of
the chosen reaction allows for its end to be reached
within the duration of a typical run. However, due
to the possible occurrence of some secondary
processes affecting endpoint readings, these were
checked by means of both fitting procedures [ 17]
and the KMS (Kezdy-Mangelsdorf~Swin-
bourne) [21] method which was modified to meet
the requirements of the specific system under
investigation. Within the new approach generated
by this application, we were able to discriminate
between the HOM and HET contributions to the
observed reaction kinetics, provided they are first-
order.

The method [21] essentially consists in plot-
ting an earlier portion of the experimental data
against a later, constant time lag retarded portion.
Thus, denoting this lag by A¢, Egs. 2 and 4’ readily
yield:

LBUFAD a2 —a(n)
"B a(e) —a(i+4r)
t+ At t+ At

= Kpom f h(z‘)dt—l—ka 6(¢)dt (9)

In contrast with usual first-order decays, both
integrals in Eq. 9 are time-dependent, i.e. they
depend not only on A¢, but also on ¢. For homo-
geneous runs:

hm(f,At) =khomH([aAr) (10)
with
_ __a(®)—a(y)
77_770’&)_a(<>o)—a(z+At)
B(t+ At)
=—— (11
g Y
and
t+Ar

H(t,Ar) = fh(t)dt=H(t+At)—H(Z) (12)

Eq. 10 offers an additional means of evaluating
the HOM intrinsic rate constant. It predicts
straight-line plots passing through the origin with
slope (kuom), independent of the time lag. If, in
addition, the pH is constant we get, from Egs. 10~
12 and 2:

a(t)=a(t+At)exp(kpomA?)
+a(®) (1 —exp(knomd?)) (13)

1.e. the usual form of the KMS equation [17]. Its
counterpart for constant pH heterogeneous exper-
iments is obtained by taking into account Eq. 2"

a(t) =a(t+AZ)eXp((Khom+ Khet)At)
Ta(®)[1—exp((Knomt Kne) A1) ] (14)

Plotting a(t) against a(#+ At) not only yields
the (apparent) first order rate constant from the
slope of Egs. 13 or 14, but also allows for the
evaluation of the endpoint value, a(). This can
be done by either using the corresponding inter-
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cepts for some fixed value of At, or as the common
intersection point of the straight lines pertaining
to different values of At. The overall first-order
kinetic behavior ir{ HET runs at constant pH can
be more conveniehtly checked by means of the
following equatioq, which can be obtained from
Egs. 2, 2/, and i11, or from 7 and 9 with
h(t) = [H] = const.:
1

Inn(t,At) = lnB(t’—M

Bt
= [H] (khom+ ko) A7 (15)

Once the homogeneous contribution has been
determined in a separate experiment, Eq. 15 read-
ily yields the heterogeneous one, &y, if any.

The addition of base to the (quasi)equilibrated
suspension results in an action similar to that of a
‘proton vacuum 'pump’. The surface proton
release which follc#ws:

SH—-S+H

can be described iin terms of a simple balance
equation [8,9]. 'il“he charge conservation [8]
requires: :

i

[Na] + [H] = [S] + [OH] (16)

where square brackets designate concentrations of
dissolved species, with the exception of the free
surface sites S, Wﬂose concentration is expressed,
as if it were a ‘sjc>1ute’, in the same units (i.e.

moles/1) by means of the relation [7]:
|
[S1=m{S}/V J (17)

where m is the solid sample mass, {S} the ‘solid’
concentration of S (moles/gram) and V the total
liquid phase volume. The time varying surface
coverage is given by:

__[sH]__ _[s]
[SHI+[S] | L’
|
s
00 =1--- (18)

with the same cojnvention (similar to Eq. 17)
taken for [SH] and L and s(7) denoting the time-
dependent value ‘of [S]. Expressing now the

i

I
1
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charge balance, 16, in terms of measurable quan-
tities we get:

[S1=CVo/(Vy+ Vo) + ([H] ~[OH])  (19)

where C, and V,, are the analytical concentration
and volume of base added, and Vj, the initial vol-
ume of the solution. The recorded pH thus pro-
vides the information needed for evaluating s(#)
at any time during the kinetic run. The only
unknown quantity remains L, which can be
retrieved by the following procedure.

Combining Eqs. 18 and 9 and taking into
account 11-12 results in:

Inn(t,4¢) =kiomH (2,41)
+kLAt—kS(t,At)  (20)
with S(z,A¢) given by:
t+ 4t

S(t,At) = J s(6)dr=S8(t-+Ar) = 8(t) (21)

t

in which, by analogy with the previously defined
proton integral, the function S(¢) could be termed
‘free site integral’. kpnom 1S determined in separate
HOM experiments, whereas 7, H, and S ate cal-
culated from the HET run data. Defining:

y(t,A1) = [Inn(t,A1) — ko (2,41) ]/ At;

x(t,A1) =S(t,A1)/ At (22)
Eq. 20 becomes:
y(t,At) = —kx(t,At) +kL (23)

Eq. 23 is the final expression of the initial mech-
anistic assumptions, the adopted way of ‘charge
accounting’ and the modified KMS approach. It
predicts a linear relation between quantities y and
x, both derivable from experimental data. The
slope of this straight line yields the mechanistic
heterogeneous rate constant, k& (i.e. the specific
rate of the proton transfer from the solid surface
sites to the substrate), whereas its intercept pro-
vides the value of L, the ‘bulk’ concentration of
the active surface acid sites. A simple inspection
reveals that the left-hand side adimensional y actu-
ally represents the HET contribution to the
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Fig. 2. Proton affinity distributions of the oxide samples. (~- —) 10% AIS; (- - -) 7% AlSi; (~~-) 3% AlSi; (—) 0% AlSi.

observed first-order decay (the HOM variable pH
one, given by Eq. 10, being subtracted). The right-
hand side contains only quantities related to the
solid sample, i.e. L, k, and differences of time-
dependent free site integral’s values. There are
several simplifying assumptions embodied in this
equation, of which we are fully aware. Extended
linear y(t, At) —x(t,At) plots are not expected
over the whole experimental range investigated.
However, the occurrence of such linear behavior,
even within restricted ranges, allows for the esti-
mation of two important quantities: L, the solid
surface concentration of acid sites and %, their
specific rate of proton transfer. With L expressed
in (mol/g) and concentrations in (mol/1) the rate
constant, k, units are (g/mol-min). If L is
expressed in (mol/m?) via the measured surface
area, the units of k become (m?/mol - min).

4. Results and discussion
4.1. Proton affinity distributions (PAD)

The PADs for silica and the three alumina—
silica samples, presented in Fig. 2, were truncated
within the pH window of interest here; for clarity
they were shifted on the ordinate and spaced by
0.3 mmol/g. As previously reported [22], silica
exhibits only ‘one type’ of acid site as evidenced
by a single peak centered around pK,=8 and
ascribed to the silanol groups. These are most

probably inert as proton donors within the 4.0-7.0
pH window of interest here. By contrast, silica~
alumina PADs show several maxima of which
two, located at pK,~4 and pK,~ 5.5, signal the
presence of potentially active acid surface sites.
They have different weights that change with the
alumina content (the second one’s contribution
increases with Al concentration). Decomposing
the affinity spectrum with Gaussian functions was
used in order to identify the occurrence of differ-
ent categories of surface Brgnsted sites (qualita-
tive characterization) and to isolate their
contribution to the total proton binding curve
(quantitative characterization). In this step we
used the Peakfit® software (Jandel Scientific)
and the quality of the fit was judged from the
values of standard deviation and correlation coef-
ficient. As additional constraints, we preferred fits
with the minimum possible number of compo-
nents and rejected those fits where the Gaussian
half-width exceeded 0.75 pK units. The later limit
was found from separate experiments with simple
model compounds, as described elsewhere [23].

Table 1

PADs results

Sample pKL pKY L It
mmol/g mmol/g

0% Al,0,/Si0, 8.2 0.605

3% Al,0,/Si0, 4.0 5.7 0.217 0.06

7% Al,04/510, 3.8 57 0.345 0.056

10% ALO,/Si0, 3.8 57 0.528 0.104
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The calculated site concentrations within their
respective pH windows are presented in Table 1.

|
4.2. Homogeneous experiments

Several constanft and variable pH runs were nec-
essary to establish the reaction behavior and to
obtain k., Fig. 3a contains a typical constant pH
KMS plot (Eq. 13). For all values of At linearity
is obeyed after a time delay needed for reactant
dispersion throughout the reaction volume. Due
to some seconda:;y processes, the final readings

also fall off the straight lines which converge to
an endpoint absorbance value around 0.5. (As a
rule, endpoint values of HOM runs are larger than
the corresponding HET ones. This is due either to
some strongly adsorbed amount of reactant or
product on the solid surface or to the enhancement
of the secondary processes). Pseudo first-order
rate constants, Ky, are calculated from the linear
parts of KMS plots (see Eq. 13); their ratio to the
constant [H] (see Eq.2') then yields the intrinsic
constants, knom. T0 avoid as much as possible the
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Fig. 4. Constant pH HOM runs: (a) graphical domain selection; (b) best-fit endpoints plots (M) pH=4.19; a(») =0.495; kyom=5644 1/
mol-min; (O) pH=4.62; a() =0.487; kiom=>5817 1/mol-min; ( ¢) pH=6.22; a(«) =0.505; kyom=06052 1/mol- min; () pH=4.62;

a(®) =0.499; kyom = 6025 1/mol - min.

arbitrariness in selecting a specific value, the fol-
lowing procedure was adopted.

KMS plots were used as first estimates of rate
constant and endpoint (a(«) ) values. Next, plots
of Inf(¢) against H(t) (see Eq. 4) were con-
structed using the estimated endpoints. Recall, for
constant [H] the proton integral simply replaces
the time variable and the slope of plots such as
that represented in Fig. 4a directly gives the intrin-
sic constant, k.. The linear portion is used in
subsequent data processing, which involves deter-
mining the endpoint with the best fit of the
straight-line [24]. The resulting plots for four

different runs at different pH values are given in
Fig. 4b; the differences of 4% in endpoint and 7%
in rate constant values can be considered as lying
within reasonable error limits.

Variable pH runs (simulating the pH decrease
of HET ones) were performed with the microbur-
et’s lowest dosing rate (5 ul/min HNO; 0.1 N)
which resulted in pH variation rates slightly higher
than the ones observed in HET experiments. Typ-
ical KMS plots, as shown in Fig. 3b, clearly illus-
trate the inapplicability of the method in its
original form: there are no linear portions and, as
Khom = Fknom[H] and [H] is a function of time,
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Fig. 5. Va.riaf?le pHHOMrun. (M) Ar=4 min; (O) Ar=>5min; (¢ ) At=6 min; (C) At=T7 min; (Ao ) 4¢=8 min,

straight-line plots%are not*even expected. If the
mechanism is not changing under the induced pro-

ton concentration
those predicted by
are expected and
Fig. 5, in which the

variation, linear plots such as
Eq. 4 or its equivalent, Eq. 10,
were obtained, as shown in
later alternative was preferred.

Thus the ‘A,” mechanism for the HOM route is

preserved even in

the case of variable homoge-

neous catalyst concentration. Subtracting the con-
tribution of this route from the variable pH HET
runs as illustrated in Eg. 22 is therefore justified.
The proton integrjal, or constant delayed differ-

ences in its values, H(t, At), replace the more
familiar time quantities, ¢ and A¢, and the corre-
sponding slopes directly yield the intrinsic rate
constant (k). Values of the latter lying within
5500-6500 1/mol - min were obtained in variable
pH runs, using the final absorbance reading as
endpoint. As mentioned, this is the critical quan-
tity in first-order kinetics and probably the main
source of error in our experiments.

Fig. 6 illustrates the influence of the endpoint
on the rate constant, obtained as the slope of
straight-lines as in Fig. 5, for a variable pH run.

Fig. 6. Variable pH HOM
=) () =0.485; (A1) (%) =0.490; (-A-) a(w) =0.495.
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For differences in endpoint values of about 5%
the corresponding differences in the rate constants
may exceed 15%, depending also on the A¢ value.
This is the reason why best-fit values were pre-
ferred whenever this was possible (i.e. HOM and
constant pH HET experiments). This implicitly
involves the overall first-order kinetics as ‘cer-
tain’, which is consistent with the assumed mech-
anisms of the two reaction routes. An average
value of 6-10° 1/mol-min was taken for the
homogeneous intrinsic rate constant and subse-
quently used to evaluate the heterogeneous one in
both constant and variable pH runs.
4T

3.5 +

3 -4

2.5 1

2 4
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1.5 4
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k2 = (khomskhet) :

4.3. Constant pH heterogeneous experiments

KMS plots are similar to those presented in
Fig. 3a (HOM runs), with the exception that the
extrapolated endpoint values are slightly lower,
which also holds true for the experimental final
absorbance readings. The most important differ-
ence occurs in the case of pure silica, where strong
‘trapping’ of the organic components is respon-
sible for their lower concentration in solution,
detected spectrophotometrically. Silica thus
appears more as an inhibitor than as a catalyst,
even if this is due to the secondary effect of strong

9640 7949 7047 6617 (I/mol.min)

0 &F : : :
0 0.0001 0.0002
H(t), min.mol/

0.0003

0.0004 0.0005

Fig. 8. 10% ALO;/510, quasi-constant pH HET runs. (M) pH = 5.04-4.99; a() =0.465; (0) pH =4.824.77; a() =0.469; () pH=4.77-

4.72; a() =0.448; (<) pH=4.44-4.48; a(®) =0.486.
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Fig. 9. 3% ALO,/SiOy 3y

At=8 min. ;

adsorption and not to the altering of some of the
mechanistic steps. In fact, its true HET contribu-
tion is negligible, 1{1 agreement with its PAD spec-
trum which shows no ‘active’ acid sites within the
pH window of interest here.

Linear plots, predicted by Egs. 2’ and 15, were
obtained within extended experimental ranges for
HET runs, with all‘the solid samples investigated.
Such behavior, pertaining to the D domain of
Fig. 1, is shown 1n1 Fig. 7, the HET counterpart of

Fig.5; this clearly supports the mechanistic

' 0.02 T

0.000175

x(t, At)
plot for variable pH HET run. (M) Ar=16 min; (3) 4¢=14 min; (#) 4¢r=12 min; (&) Ar=10 min; (&)

assumptions involved in the kinetic analysis.
However, for comparative purposes constant pH
experiments are not the best experimental alter-
native. Rigorously constant pH is difficult to attain
and even more difficult to reproduce with different
samples. As these exhibit different surface cov-
erages of different types of acid sites, depending
on the working pH, the corresponding k., contri-
butions are not convenient quantities for compar-
ison. This is evidenced in Fig. 7, which displays
sizable differences in the intrinsic rate constant

1 ]

i Exp. range : pH = 8.99 - 4.69
l-0.04 +

‘ Analysis rangse : pH = 7.59 - 5.08
-0.05 T

-0.06 L

i

v 1

0.000215
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Fig. 10. 7% A1203/8102‘ x-y plot for variable pH HET run. (M) A¢=16 min; () Af=14 min; (#) 4¢t=12 min; (O) At=10 min; (&)

At=8 min. |
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only in the case of the 10% sample, within a favor-
able pH window. For the latter sample a significant
variation of the rate constant is presented in Fig. 8,
which illustrates the application of Eq. 2’ for con-
stant pH runs. The observed behavior, i.e. the
decrease of the HET contribution with lowering
of the pH, supports the basic idea of the preceding
section: the heterogeneous contribution is not
expected at higher proton concentrations, where
the reaction proceeds only through the homoge-
neous route.

The numerical values obtained are open to dis-
cussion. The proton transfer rate constant given
by Eq. 2’ is k=ky (K, + [H])/L; with K, and L
estimated by means of the proton affinity distri-
butions the k., values of Fig. 8 can be used to
calculate k. However the PAD spectrum of Fig. 2
reveals two types of acid sites, denoted I and II,
and located at pK. =4 and pKZ = 5.5, respectively.
Within the pH window in which kinetic experi-
ments take place both these sites are able, in prin-
ciple, to act as proton donors for the organic
substrate. The corresponding values of the proton
transfer rate constants, expressed in g/mol - min,
range between K'=1264 and K'=427 for
pH=5.02 and k'=244 and Kk'=227 for

pH =4.46, with the trend to decrease with pH for
both. Such large differences are not reflecting the
inherent experimental errors only. They also
express the fact that whereas the mobile proton is
probably able to access the entire solid surface,
the large organic substrate is not. Thus ‘site con-
centrations’, as given by PADs, represent upper-
limit values while the orthoester is able to ‘see’
considerably less. This is merely reflected in the
dramatic pH-dependent evolution of k', where
increasing of [H] ‘hides’ the solid surface and
drives the reaction to the HOM route. Division by
overestimated value of L'=0.528 mmol/g causes
the marked decrease of the corresponding rate

Table 2
Kinetic results

Sample Seer L 0L k& 1073k
m?/g mmol/g mmol/m?® g/mol min m?/
mol- min
3%AL,0;/ 330 0.085 0256 1650 4.8
$i0,
1%ALO,/ 260 0.101 0387 1340 39
Si0,
10%A1,0;/ 270 0.131 0484 1460 4.4
$i0,
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constant. For the t;ype IT sites, which are ‘highly
covered’ within the above pH range, the effect is
attenuated. These numemcal estimations pertain
to the hypothetlcal situation where either sites of
type I alone, or sites of type II alone, were present
on the surface. In fact, they-coexist and both coop-
erate in the catalytic reaction; thus the observed
intrinsic HET cog}ltribution, ke, TEpresents an
average quantity. These complications, occurring
for a single sample, illustrate the above assertion
that constant pH measurements are inadequate for
comparative purposes. A large number of ‘pH nar-
rowly spaced’ runs would be necessary to solve
such ambiguities and discriminate between differ-
ent samples. The required ApH diminution
between two successive runs leads to the idea of
using a single pH- dr1ft experiment to obtain (inde-
pendently) average values of k and L.

4.4. Variable pH heterogeneous experiments
|

Typical x—y plofs obtained by applying Eq. 23
to variable pH runs for each of the Al,O,/SiO,
samples are presented in Figs. 9-11. As men-
tioned, the predlcfed linearity does not hold for
the whole experimental range. All plots bend after
an extended initial linear portion and this coin-
cides with the 1ncrease in the scatter of points.
This may be attnbuted to both experimental errors
(absorbance readmgs differences, embodied in y,
decrease markedly, with the reaction approaching
its end) and to the existence of two types of active
sites, mentioned above. However the ‘tightness’
of the first domain for different values of Az def-
initely supports tk]ie basic mechanistic assump-
tions. One should notice that the first (linear) part
of x—y plots correSponds to the higher pH range,
i.e. to the zone where the HET catalytic effect has
a sizable contnbution.

The classical KMS method was generalized
[25] and its optimization further analyzed [26]
in terms of a deta‘iled statistical approach, noise
correction and simulated applications pertaining
to the common first-order decay
(y(t) =Aexp( —kt) +Z). Their extension to the
case presented here, in which the generalization

V.T. Popa et al. / Journal of Molecular Catalysis A: Chemical 102 (1995) 175-191

of the first-order equation itself took place, is not
straightforward. The two main prescriptions [26]
concerning the time-lag and points selection were,
however, followed. First, recorded experimental
points were used only once within the selected
linear domain (although some of them were used
twice in representing the entire x—y plots). This
was consistent with the idea of selecting the initial
part of the reaction, where the contribution of sec-
ondary processes is minimal. Second, the time-
lags used in the calculation of k and L represented
approximately 25% of the analysis domain,
although several values were used in Figs. 9-11
for illustration. More scattered plots and poorer
correlation coefficients (exceeding 0.95, how-
ever) were thus preferred in order to avoid biased
results.

An important feature of Eq. 23 is the fact that
k, the specific solid-substrate proton transfer rate,
is a factor in the right-hand side. That means that
experimental errors, mainly those due to the end-
point determination, will be reflected in the & and
not in the L values. Kinetic scanning runs are thus
expected to offer reliable values of active surface
acid sites’ concentrations. To reduce the endpoint
influence, the same value, a(e) =0.48 was used
inEq. 23 forall variable pH runs. This is consistent
with the already mentioned lower values observed
in all HET experiments and with the correspond-
ing constant pH KMS plots. Simulated variations
in endpoint values resulted in appreciable varia-
tions in k but not in L, both given in Table 2 for
a(°) =0.48 and time-lag values, At, around one
fourth of the selected time domain for each run.
Both experimental and analysis domains are given
in pH units (more suggestive than time units) in
Figs. 9-11.

The most important feature of the values pre-
sented in Table 2 concerns those of L. As
mentioned, these have to be regarded as average
concentrations of acid sites accessible to the
organic substrate. They lie in the expected order
for the samples investigated, i.e. increase with the
aluminum content, and range between those esti-
mated by PADs, i.e. are lower than the type I sites
and higher than type II sites concentrations, given
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in Table 1. The site concentrations determined
here agree with those reported by Sato et al. [27]
on silica—alumina. Their values, obtained by DMP
(2,6-dimethylpyridine) adsorption range within
0.058-0.126 mmol/ g for a series of different sam-
ples. The k values, although exhibiting some
differences, may be considered as practically iden-
tical in view of the fact that they include most of
the experimental errors.

5. Conclusions

A detailed kinetic analysis accounting for con-
comitant homogeneous specific and heterogene-
ous general acid catalyzed reactions has been
presented, in relation to the hydrolysis of a specific
orthoester. There is a pH window which allows
for separation of the two processes and which is
conditioned by the acidic properties of the solid
oxides that function as heterogeneous catalysts.
Solid surface proton binding distributions,
obtained by potentiometric titration in the absence
of the organic reagent, revealed the suitable pH
range for kinetic study. Two types of acid sites
likely contributed to the heterogeneous route of
the reaction; they were located at pKi=4 and
pKY=35.5 on the acidity scale. The total concen-
tration of type I potentially active sites, as revealed
by proton affinity distributions, increased with the
aluminum content and always exceeded the actual
value, determined through kinetic scanning.
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