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a  b  s  t  r  a  c  t

The  kinetics  of  the  base-catalyzed  reaction  of  methyl  4-hydroxybenzoate  in aqueous-ethanol  solvent
medium  was  studied  and  analyzed  via  combined  on-line  transmission  FTIR  spectroscopy  and  Band-
Target  Entropy  Minimization  (BTEM)  technique.  This  reaction  is  considered  complex  since  it involves
simultaneous  hydrolysis  and  ethanolysis  reactions  of  methyl  4-hydrozybenzoate  (MP)  to  form  ethyl  4-
hydroxybenzoate  (EP)  as  an  intermediate  and  sodium  4-hydroxybenzoate  as a  final  product.  The  pure
component  spectra  of  the  reactive  species  involved  in  the  reaction  were  reconstructed  using  BTEM  tech-
nique.  Their  corresponding  real  concentrations  were  calculated  and  subsequently  used  for  analyzing  the
kinetics  of  this  triangular  reaction  system.  The  effects  of  temperature  and  solvent  mixture  compositions
were  studied.  In general,  the  results  show  that  the  rates  of  both  hydrolysis  and  ethanolysis  reactions
increase  with  temperature.  Addition  of  ethanol  to  the  solvent  mixture  also  reduces  the  rates  of the
hydrolysis  reactions.  The  effect  of solvent  mixture  on the  rate  of  ethanolysis  reaction  is  more  complex
and  influenced  by  at least  two  competing  factors,  namely  the  concentration  of ethoxide  ion  in  the  solution

‡
and  the  stabilization  effect  on  the  reactant.  The  enthalpy  and  entropy  activation  parameters,  �H and
�S‡,  of  both  the  hydrolysis  and  ethanolysis  reactions  were  determined  using  the  Eyring  equation  and  the
activation  parameters  confirm  the  associative  nature  in  the  elementary  steps  in  these  reactions.  Finally,
it  is  shown  that  the dominant  synthetic  pathway  in  this  triangular  system  changes  from  direct  hydrolysis
of  methyl  4-hydrozybenzoate  to  the  indirect  pathway  via  ethanolysis  and  then  hydrolysis  depending  on
the  solvent  mixture  composition.
. Introduction

A  wide variety of complex organic reactions have been success-
ully carried out in aqueous and mixed aqueous–organic solvents
1–5]. These reactions include, but are not restricted to, alkylations,
arbonylations, metathesis, hydroformylation, etc. Fundamental
nformation on the reaction kinetics is indispensible when the
hemical syntheses are to be performed on a larger scale. A detailed
inetic investigation is essential not only to better understand the
eaction mechanism, but also to assess the optimum reaction condi-
ions, to achieve desirable product distribution, yield and selectivity
nd to facilitate reactor designs. Many chemical syntheses are quite
omplex and may  consist of several parallel and/or sequential steps
nvolving various intermediates. Reliable analytical techniques to

ccurately monitor complex organic reactions are undoubtedly
mportant to achieve desired yield and selectivity patterns and
ence develop a greener synthetic process.

∗ Corresponding authors. Tel.: +65 6796 3960; fax: +65 6316 6185.
E-mail  addresses: martin tjahjono@ices.a-star.edu.sg (M.  Tjahjono),

arc garland@ices.a-star.edu.sg (M.  Garland).

039-9140/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.08.016
© 2011 Elsevier B.V. All rights reserved.

A number of in situ or on-line spectroscopic techniques have
played a significant role for investigating complex reactions by
providing accurate understanding of speciation as well as kinetic
and mechanistic information [6–9]. Pioneering work using infrared
spectroscopy was  largely directed toward better understanding
organometallic chemistry [10–15] and homogeneously catalyzed
organic syntheses of industrial interest [16–19]. Pioneering work
using NMR  was also directed toward organometallic chemistry
[20–22] and homogeneously catalyzed organic syntheses [23,24].
In the last decade, in situ Raman measurements of organic synthe-
ses have been reported [25–28]. Another noteworthy development
has been the combined application of in situ spectroscopic tech-
niques together with advanced signal processing techniques in
order to analyze the highly over-lapping spectra from complex
chemical reactions. In this regard, Band-Target Entropy Minimiza-
tion (BTEM) [29–31] has been extensively used to identify the
presence of reactive intermediates at trace levels in organic media
[32–34].
In spite of its considerable potential, the utility of combined
spectroscopic and signal processing techniques for investigat-
ing complex organic reactions carried out in aqueous and mixed
aqueous–organic solvent media has not been extensively explored.
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syringe before and after injection using a balance (GR-200, A&D,
cheme 1. Triangular reaction system – simultaneous hydrolysis and ethanolysis
f  MP (deprotonated) in alkaline aqueous-ethanol media.

ore specifically, transmission FTIR spectroscopy is a relatively less
tilized method [35–37] as compared to Raman and ATR-FTIR spec-
roscopy for monitoring reactions in aqueous or aqueous–organic
olvents. This is largely due to the strong absorptivity of water
ver most of the mid-infrared range. However, it should be
oted that spectra produced by transmission FTIR spectroscopy

requently have higher sensitivity than those of Raman spec-
ra. In contrast to ATR spectra which possess some peak shifts
nd intensity differences [38], the spectra obtained from trans-
ission FTIR are more readily interpreted and the quantitative

nalyses using transmission spectra are not hindered due to the
on-linear optical effects associated with the absorption–reflection
ature [39].

In  this contribution, the utility of on-line transmission FTIR spec-
roscopy and an advanced spectral data processing, Band-Target
ntropy Minimization (BTEM) is demonstrated to investigate the
inetics of a triangular complex reaction performed in mixed
queous–organic solvent. A triangular reaction system is chosen
n this study since it represents an archetypical complex reaction
ystem which has been subject of considerable theoretical study
40,41]. Some well-known examples of reactions following the
riangular model reaction system are (i) isomerization of 1-butene
42] and (ii) methanol formation from simultaneous CO and CO2
43,44].

In this study, the triangular reaction system is shown by
he simultaneous hydrolysis and ethanolysis of methyl 4-
ydrozybenzoate or methyl paraben (MP) (deprotonated form,
) carried out in alkaline aqueous-ethanol solvent media (see
cheme 1) [45]. The ethanolysis reaction involves the formation of
ntermediate B before it is finally transformed into product C. The
inetic rates of these complex reactions are analyzed using the
uantitative information provided by the combined on-line FTIR
ransmission spectroscopy and BTEM. Kinetic study of this reaction
s particularly interesting since the reactant MP has been widely
sed as preservatives in foods, drugs, cosmetics and beverages, etc.
46]. The reactions are also carried out at different temperatures
nd with different solvent mixture compositions to understand
hese effects on the transformation rates for each individual step
f reaction. The kinetic results achieved by the combined in situ
pectroscopic and signal processing techniques are ultimately
sed to ascertain the primary synthetic pathway in the complex

riangular reaction system.

In summary, the present contribution demonstrates that qual-
tative (speciation) and quantitative information can be obtained
5 (2011) 2534– 2541 2535

from  combined transmission FTIR and spectral data analysis for
complex aqueous-phase organic syntheses. Subsequently, and
depending on the system under study, the obtained kinetic param-
eter estimation can be further used to optimize the reaction. For
example it might be possible due to the insight gained, to judi-
ciously select reactions conditions where more environmentally
friendly solvent mixture compositions can be used (thus lowering
the effluent loading factor), or where better selectivity patterns or
better conversion can be achieved.

2. Experimental

2.1. Materials

Methyl 4-hydroxybenzoate or methyl paraben (MP)
(Sigma–Aldrich, Sigma Ultra, 99%+) and sodium hydroxide
pellets (Merck, pro analysis, >99%) were used directly without
further purification. The purity of the substrate MP was  checked
by 1H NMR  after dissolution in CDCl3 (Bruker Avance 400 MHz
with 0.5 WB,  equipped with a 5 mm TBI probe with z gradi-
ent, running a standard Bruker supplied pulse sequence). These
measurements indicated only very minor levels of impurities.
Integration of the proton resonances provided lower bounds for
the purity of MP  (>99.5%). Solvent mixtures were prepared by
mixing ethanol (VMR International Ltd, HPLC grade, 99.7–100%,
v/v) with de-ionized ultra pure water (Young Lin Instrument,
AquamaxTM – Basic 321 Water Purification System). In addition,
ethyl 4-hydroxybenzoate or ethyl paraben (EP) (Alfa Aesar, 99%)
and sodium 4-hydroxybenzoate (Sigma–Aldrich) were also used
in this study to confirm the pure component spectra of the
intermediate and the product of the reaction.

2.2. Equipment

The experimental setup consisted of a 50 mL  glass jacketed
reactor equipped with a magnetic stirrer, a Teflon membrane
pump (Cole-Parmer), and a flow-through IR transmission cell.
The temperature of the reactor was kept isothermal using a
temperature bath circulator (Polyscience 9105, with temperature
stability ± 0.05 K). The liquid was pumped in a closed looped from
the reactor through the pump to the infrared flow-through cell and
recycled back to the reactor.

Mid-infrared  spectra were collected using a mid-infrared
Equinox 55 FTIR Bruker spectrometer. The CaF2 single crystal win-
dows used (Korth Monokristalle, Kiel, Germany,) had dimensions
of diameter 20 mm  by thickness 2 mm.  Two sets of Viton gaskets
provided sealing and Teflon spacers (thickness of 25 �m)  were used
between the windows. Purified dry air was used to purge the spec-
trometer.

2.3. Reaction kinetic experiments

The  reaction was  carried out in alkaline water–ethanol sol-
vent mixtures (circa 0.0125 mol of sodium hydroxide in 25 mL
total solvent). Water, ethanol and sodium hydroxide were added
sequentially into the reactor with stirring rate of circa 400 rpm. At
each step, the liquid was  thoroughly mixed and circulated through
the infrared cell in order to measure the infrared spectra of water,
water + ethanol, and water + ethanol + sodium hydroxide, respec-
tively. Water and ethanol were introduced into the reactor using a
syringe. The respective amounts were determined by weighing the
Japan) with a precision of ±10−4 g. The masses of sodium hydroxide
pellets and reactant MP  were determined directly using the same
balance.
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Table  1
Summary of the experimental runs performed in the study.

Exp Run T (◦C) %(v/v)
water–EtOH

Water (g) EtOH (g) NaOH (g) MP  (g)

Reproducibility
1 25  86 21.615 2.839 0.475 0.189
2 25 86 21.417 2.720 0.483 0.188
3 25 86 21.482 2.789 0.478 0.189

Temperature variations
4  15 86 21.455 2.801 0.483 0.189
5 20 86 21.522 2.782 0.493 0.190
6 30  86 21.461 2.777 0.490 0.189
7 35 86 21.518 2.805 0.488 0.188

Solvent mixture variations
8  35 70 17.546 5.972 0.480 0.189
9 35 50 12.523 9.710 0.483 0.188
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10 20 70 17.489 5.922 0.487 0.189
11 20 50 12.541 9.756 0.485 0.188

The reactions started immediately upon introduction of reac-
ant MP  into the reactor. The dissolution of solid MP  occurred in
ess than 30 s. The infrared spectra of the solution in the range
080–1550 cm−1 (with resolution of 2 cm−1 and 16 co-added scans)
ere recorded automatically every 300 s or 120 s (in experiments

t T = 35 ◦C) to monitor the course of reactions.
A  total of 11 experimental runs were conducted at various

onditions (i.e. different temperatures and solvent mixture compo-
itions). Replicates of the experimental runs were also performed in
rder to confirm the reproducibility of the kinetic measurements.
xperimental details on various runs are summarized in Table 2. An
xperimental reaction temperature of 25 ◦C was chosen to validate
he reproducibility of experiments. The solvent mixture composi-
ion at 86% (v/v) water–ethanol was chosen to study the effect of
emperature (Table 1).

Additionally,  GC–MS and NMR  measurements were carried out
n order to confirm the presence the three reactive species observed
n the reactions. The GC–MS analysis on the reaction solution con-

rmed that the reaction proceeded to completion, and there were
o additional side products. The NMR  analysis confirmed the iden-
ity of the final product C (sodium paraben).

able 2
ummary of the second-order rate constants k1, k2 and k3 (in l mol−1 s−1) for all
xperimental  runs. These rate constants are corresponding to the hydrolysis reac-
ion of the deprotonated MP  (Eq. (6)), the hydrolysis reaction of the deprotonated
P  (intermediate) (Eq. (7)), and the ethanolysis of the deprotonated MP  (Eq. (8)),
espectively.a

Exp Run T (◦C) %(v/v)
water–EtOH

k1 × 104 k2 × 104 k3 × 104

Reproducibility
1 25 86 4.49 1.63 35.1
2 25 86 4.84 1.83 37.4
3 25 86 4.68 1.66 35.1

Average 4.67 ± 0.18 1.71 ± 0.11 35.8 ± 0.13
Temperature variations

4  15 86 2.83 1.06 25.0
5 20 86 3.67 1.03 25.1
6 30 86 5.95 2.60 56.4
7 35 86 7.52 2.97 62.8

Solvent mixture variations
8 35  70 3.41 1.16 17.4
9 35 50 0.83 0.11 10.3
10 20 70 1.64 0.45 8.90
11b 20 50 0.33 0.10 3.16

a In the present analysis, the period of the first 20,000 s of the reaction time
as  selected for performing kinetic analysis. This time frame could provide suf-
cient information related to the change of concentrations for all the reactant, the

ntermediate and the product which are required for the kinetic analysis.
b Calculated using a longer time frame (the first 40,000 s reaction time) since the

eactions at this experimental condition are relatively slow.
5 (2011) 2534– 2541

3. Numerical aspects

The  data analyses for this kinetic study were partitioned into
three main steps, (1) spectroscopic data processing and decon-
volution of the pure component spectra, (2) determination of
concentrations and (3) evaluation of the kinetic rate constants.
These three steps are described in detail in the following sections.

3.1.  Spectroscopic data processing and deconvolution of pure
component spectra

The  infrared spectra of water, water + ethanol, and
water + ethanol + sodium hydroxide were measured sequen-
tially before the reaction started. The pure component spectra
of water, ethanol, and ‘sodium hydroxide’ were obtained using
optimal subtraction procedures [47]. It should be noted that the
spectrum of ‘sodium hydroxide’ included the spectral contribution
of the combined ethoxide and hydroxide ions which are present in
equilibrium in solution (see more details in the later section).

Singular  value decomposition (SVD) and thereafter BTEM anal-
ysis [29–31] were performed on the raw reaction spectra to obtain
the normalized pure component spectra of the reactive species (i.e.
reactant A, intermediate B and product C, see Scheme 1). Only circa
10–15 significant transposed right singular vectors (obtained form
SVD) were used in order to reconstruct the pure component spectra
of these reactive species.

The  raw reaction spectra were subsequently treated in order
to subtract the spectral contributions from the background (mois-
ture), solvents (water and ethanol) and ‘sodium hydroxide’ as well
as to correct the slight baseline shifts using a baseline correction
procedure [48]. These preprocessed spectra were denoted as Ak×v
and subsequently used to analyze the concentrations of the 3 reac-
tive species shown in Scheme 1.

3.2. Determination of concentrations

Infrared  absorbance spectra can be modeled by the empirical
Lambert–Beer–Bouguer law (Eq. (1)), where Ak×v, Ck×s, âs×v, and
ds×s are the absorbance spectra, the concentration of the reactive
species, the normalized pure component absorptivities (from BTEM
analysis) and the scaling elements which accounts for both the path
length and molar absorptivities of each species, respectively. The
subscripts k and v denote the number of spectra in one experi-
mental run and the number of data channels associated with the
spectroscopic wavenumber range.

Ak×v = Ck×sds×sâs×v (1)

Concentrations  of these species can be estimated from (Eq. (2))
where [âs×v]+ is the pseudo inverse matrix of âs×v. Proper scaling
elements ds×s must be evaluated in order to evaluate the concen-
trations.

Ck×s = Ak×v[âs×v]+(ds×s)
−1 (2)

Since  only three major reactive species (i.e. s = 3) are involved in
this reaction, namely reactant A, intermediate B, and product C,
and since the reaction was carried out in a closed system, the total
concentration of A + B + C at any reaction time are conserved and
should be equal to the initial concentration of MP  used in each
experimental run Co

k1 (Eq. (3)). In this analysis, it assumes that the
volume changes due to reactions in this concentration range are
negligible. ( )2
Minimize  G =
∑

k

Co
k1 −

∑
s=1,2,3

Cks

w.r.t d3×3

(3)
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sing a least square minimization procedure, the scaling elements
3×3 were obtained and the concentrations of each species as a

unction of reaction time can be subsequently determined (Eq. (2)).

.3. Reaction chemistry

The  reactive system is rather complex and can be described by
 sets of equilibria and elementary steps [45].

(i) the rapid equilibrium between ethanol, hydroxide ion, ethox-
ide  ion and water [19]:

EtOH  + OH− � EtO− + H2O (4)

(ii) the very fast deprotonation of MP  upon dissolution (nearly
instantaneous):

(5)

iii)  simultaneous hydrolysis and ethanolysis reactions with rate
constants  ki (see Scheme 1):

A  + OH− k1−→C  + MeOH (6)

B + OH− k2−→C  + EtOH (7)

A + EtO− k3−→B  + MeO− (8)

t  should be noted that since the concentration of methoxide
on in solution is much less than ethoxide ion in solution i.e.
[MeOH]:[EtOH])max < 0.02, the reversed reaction of Eq. (8) can be
imply neglected.

.4.  Evaluation of rate constants

The  rate of change in the concentrations of reactant A, interme-
iate B and product C can be written as Eqs. (9)–(11), respectively.

dCA

dt
= −k1CACOH− − k3CACEtO− (9)

dCB

dt
=  −k2CBCOH− + k3CACEtO− (10)

dCC

dt
= (k1CA + k2CB)COH− (11)

ince the concentrations of hydroxide ion COH− and ethoxide ion

EtO− in solution are equilibrated (see Eq. (4)), they are related by
n equilibrium constant K as shown in Eq. (12). The corresponding
quilibrium constant as a function of temperature has been previ-
usly reported [45,49,50] and can be directly used in this study. The
ass balance for the hydroxide ion concentration in the solution

s given by Eq. (13), where Co
− and Co

MP are the initial concentra-

OH

ions of hydroxide ion and MP,  respectively. The concentration of
thanol CEtOH is calculated from the initial concentration Co

EtOH and
he amount of ethanol consumed for the equilibrium reaction (Eq.
4)). The concentration of water CH2O (Eq. (15)) is assumed constant
5 (2011) 2534– 2541 2537

during  reaction (equal to its initial concentration Co
H2O), as water is

used in circa 50–100 fold excess compared to Co
OH− .

CEtO− = KCOH− CEtOH

CH2O
(12)

COH− = Co
OH− − Co

MP − CC − CEtO− (13)

CEtOH = Co
EtOH − CEtO− (14)

CH2O ≈ Co
H2O (15)

The concentrations of the reactive species obtained from the spec-
troscopic analysis (Section 3.2) were utilized accordingly in order
to evaluate the second-order rate constants of the hydrolysis and
ethanolysis reactions. Numerical integration using 4th order Runge
Kutta combined with the iteration procedure were employed to
solve a set of ordinary differential equations shown in Eqs. (9)–(11)
involving the equilibrium equation (Eq. (12)). The iteration cal-
culations were performed until the concentrations obtained from
numerical calculations converged to the concentrations obtained
from the spectroscopic analysis.

All the numerical analyses described above (spectral sub-
traction, BTEM analysis, evaluations of concentrations and rate
constants) were performed in MATLAB (v. R2007b).

4. Results and discussion

4.1.  Infrared spectroscopic analysis

Since solvent water and ethanol have strong bands at around
1650 cm−1 and 1050 cm−1, the wavenumber range in between at
1080 and 1550 cm−1 was  selected for quantitative analysis. This
avoids various complications associated with these two  strong
bands. The CaF2 windows used in this study have a strong cut-off
at circa 1000 cm−1 which is outside of the spectral range used for
analysis.

The typical raw reaction spectra in the wavenumber range
1080–1550 cm−1 and their preprocessed spectra are shown in
Fig. 1(a) and (b), respectively. The latter was obtained by sub-
tracting the spectral contributions of water, ethanol, and ‘sodium
hydroxide’ as well as background (moisture) from the raw spectra.
The baseline correction procedure was also applied to account for
the baseline shifts. The preprocessed spectra are herein denoted as
Ak×v. These spectra are subsequently used for all further quantita-
tive analysis.

The  preprocessed reaction spectra in Fig. 1(b) contain the spec-
tral contributions of the major reactive species. BTEM analysis was
employed in order to identify and reconstruct the underlying pure
component spectra of the reactive species. It should be noted that
the reaction spectra were quite sensitive to the solvent composition
of water and ethanol used, while the reaction spectra were far less
sensitive to variations in temperature. Accordingly, BTEM analyses
were carried out on 3 sets of spectra, obtained from Exp Run {1–7},
{8,10} and {9,11}.

The  bands at circa 1288, 1284 and 1378 cm−1 observed in the
right singular vectors were chosen as targets for the BTEM anal-
ysis. These target bands successfully resulted in three different
pure component spectra as shown in Fig. 2(a)–(c). These pure com-
ponent spectra can be assigned to the reactant A (deprotonation
of MP), the intermediate B (deprotonation of EP) and the prod-
uct C (sodium paraben), respectively. The pure component spectra
of intermediate B and product C are consistent with the spectra

of ethyl 4-hydroxybenzoate and sodium 4-hydroxybenzoate dis-
solved in alkaline water–ethanol mixture, respectively. These three
pure component spectra can also be compared to those pure com-
ponent spectra previously reported for a combined spectroscopic
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Fig. 1. (a) The raw infrared reaction spectra and (b) the preprocessed spectra
o
w

a
s

o

F
d
(

f  the simultaneous hydrolysis and ethanolysis of deprotonated MP  in alkaline
ater–ethanol  solvent media (measured in Exp Run 1).

nd calorimetric investigation on a parallel hydrolysis reaction

cheme [37].

The  pure component spectrum of reactant A (deprotonation
f MP)  is somewhat similar to that of intermediate B (deproto-

ig. 2. BTEM pure component spectra of reactant A (deprotonation of MP), interme-
iate  B (deprotonation of EP) and product C, obtained from data measured at 86%
v/v) water–ethanol solvent mixture i.e. Exp Run {1–7}.

Fig. 3. (a) The effect of temperature and (b) the effect of solvent compositions on

the transformation rates of the reactant (�), intermediate (�) and product (�).

nation of EP). Both spectra show strong vibrations at 1165, 1288
(or 1284 for B), 1311, and 1505 cm−1. These bands correspond
to the following vibrational modes; CH3 rocking, C–O stretch-
ing, C–H in-plane bending, and C C ring stretching, respectively
[51]. Reactant A has two additional bands at 1196(w) cm−1 and
1439(s) cm−1 which correspond to C–H in-plane bending modes
and C C ring stretching, respectively [51]. Meanwhile, intermedi-
ate B has four distinct bands at 1371(m), 1395(w), 1428(br,w) and
1475(br,w) cm−1. These bands can be assigned to the CH3 symmet-
ric deformation, CH2 wagging modes, CH3 deformation and CH2
scissoring modes in the ethyl group, respectively. These vibrational
modes were inferred from the corresponding vibrational modes
observed in ethyl benzoate [52]. It should be noted that the molec-
ular vibrations described are primarily due to the functional groups
mentioned, but these vibrations can also include other coupled
motions in the molecule.

The  pure component spectrum of product C is very different
from those of reactant A and intermediate B. The spectrum of
product C shows vibrational bands at 1104(w), 1139(m), 1168(m),
1290(s), 1378(vs), 1414 (w), and 1501(s) cm−1. The vibrational

bands at 1104, 1139, 1168, 1414 and 1501 cm−1 are associated with
the aromatic ring vibrational modes [53]. Meanwhile, the bands at
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enthalpy of activations (�H‡) and the entropy of activation (�S‡).
The determined enthalpy of activations (�H‡) were 33.5 kJ mol−1,
41.6 kJ mol−1 and 36.5 kJ mol−1 and the determined entropy of
activation (�S‡) were −163.7 J mol−1 K−1, −144.9 J mol−1 K−1 and
ig. 4. Concentration profiles of the reactant (�), intermediate (�) and product (�)
rom Exp Run 1. Solid lines represent the calculated concentrations derived from
he kinetic models.

290 and 1378 cm−1 should correspond to the stretching of C–O−

nd the symmetric stretching of COO−, respectively.
Having  obtained the pure component spectra of the three reac-

ive species, the corresponding concentrations can be subsequently
etermined (see the numerical procedure in Section 3.2). The con-
entration profiles are shown at various temperatures (Exp Run
–5) in Fig. 3(a) and various solvent compositions in Fig. 3(b). More
etailed discussion concerning the effect of temperature and sol-
ent compositions to the transformation rate are provided in the
ater section.

.2.  Kinetic analysis

The  concentrations obtained from the spectroscopic analysis
ere subsequently used to evaluate the kinetic rate constants.
sing the numerical procedure given in Section 3.3, the concen-

ration profiles of the reactant, intermediate and product were
enerated from the proposed kinetic model equations. Good agree-
ents between the measured and the calculated concentrations
ere observed in all experimental runs. The consistency between

he measured and the calculated concentrations obtained from Exp
un 1 is shown in Fig. 4. This consistency indicates that the present
omplex triangular reaction system can be satisfactorily described
y the kinetic model in Eqs. (9)–(12).

The kinetic analysis resulted in the optimized values for the
hree kinetic rate constants k1, k2 and k3. The determined rate
onstants for all experimental runs are summarized in Table 2.

Table 2 shows that good reproducibility of rate constants can be
chieved from the replicate measurements (Exp Runs 1–3). These
eproducibility measurements are useful to show the consistency
f the on-line spectroscopy measurements but also useful for esti-
ating the uncertainties for the rate constants determined from the

resent measurements. The approximate uncertainty for the rate
onstants k1, k2 and k3 are circa 4%, 6.5% and 0.4%, respectively.

In  the triangular Scheme 1, there are 2 pathways for the synthe-
is of the final product C (sodium paraben). These are (1) the direct
ydrolysis of A, and (2) the indirect formation via ethanolysis fol-

owed by hydrolysis. Integration of the term k1CACOH− over time

rovides the total concentration of product C formed via the direct
ynthetic route. For example, the analysis performed at 86% (v/v)
ater–ethanol at 35 ◦C, shows that circa 80% of the final product

rises from this direct pathway. However, when the reaction was
Fig. 5. Effect of temperature on the second-order rate constants kx1 (�), kx2 (�) and
kx3 (�) for 86% (v/v) water–ethanol mixtures.

performed at 50% (v/v) water–ethanol at 35 ◦C, the indirect path-
way is dominant and this pathway contributes circa 67% of the total
product.

4.3. Effects of temperature

The  effects of temperature on rate constants k1, k2 and k3 can
be seen in Table 2. All rate constants are consistently increasing
with temperature. A further analysis of the effect of temperature
on the reaction rate can be performed according to the Eyring
equation in order to evaluate the enthalpy of activations (�H‡)
and the entropy of activation (�S‡). Accordingly, the molar based
rate constants ki were first transformed to mole fraction based
rate constants kxi [54]. The linear plot of ln kxih/kBT versus 1/T
can be made and the results are shown in Fig. 5. The correspond-
ing slopes and intercepts of this linear plot provide values for the
Fig. 6. Effect of solvent mixture on the second-order rate constants k1 (�), k2 (�)
and k3 (�) at temperature 35 ◦C.
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ig. 7. Effect of the solvent mixture on the transformation rates of hydrolysis reac-
ions of (a) reactant A and (b) intermediate B.

136.4 J mol−1 K−1. These values correspond to the hydrolysis
eaction of the deprotonated MP,  the hydrolysis reaction of the
eprotonated EP, and the ethanolysis of the deprotonated MP,
espectively. Both the sign and magnitude of the entropy of the
ctivations are consistent with the associative nature of the ele-
entary steps involved in the hydrolysis and ethanolysis reactions.

n particular, the negative entropies of activation are indicative of
 bimolecular reaction.

.4.  Effects of solvent mixture

The  effect of solvent mixtures on the kinetic rate constants is
hown in Fig. 6 for those experimental runs carried out at T = 35 ◦C.
he plot shows that the solvent mixture composition has a consid-
rable impact on the reaction rate constants. The rate constants for
oth hydrolysis and ethanolysis reactions decrease with increasing
thanol concentration.

The  composition of the water–ethanol solvent mixtures influ-
nced both the rates of hydrolysis and alcoholysis. An increased
oncentration of ethanol in the alkaline water–ethanol solvent mix-

ure will (i) reduce the concentration of hydroxide ion, (ii) increase
he concentration of ion ethoxide and (iii) stabilize the hydropho-
ic ions/molecules [55,56], in this particular case the reactant A
deprotonated MP)  and the intermediate B (deprotonated EP). It
Fig. 8. Effect of the solvent mixture on the initial transformation rates of ethanolysis
reactions  of reactant A.

can be expected that the stabilization effect on the later compound
is greater since the deprotonated EP is more hydrophobic than the
deprotonated MP.

Since  a lower concentration of hydroxide ion is available for the
reaction and both reactant A and intermediate B are more stable
with the presence of ethanol, the transformation rates of hydrolysis
reactions should decrease. The rates of hydrolysis reactions of reac-
tant A and intermediate B performed at different solvent mixture
are shown in Fig. 7(a) and (b), respectively. The results show that
initial rates (i.e. first 2000 s) for both hydrolysis reactions decreases
with the increase of ethanol concentration.

With respect to the ethanolysis reaction, an increased initial
concentration of ethanol provides a higher concentration of ethox-
ide ion as well as stabilizes the reactant A. These two factors cause
two competing effects on the net reaction rate. The former effect
facilitates increasing rate for the reaction and the latter tends to
decrease the rate of reaction. As seen in Fig. 8, these compet-
ing effects lead to high then low then high initial transformation
rate of ethanolysis (initial rates are 0.34 × 10−5 mol  l−1 s−1 at 86%,
0.24 × 10−5 mol  l−1 s−1 at 70%, and 0.30 × 10−5 mol l−1 s−1 at 50%).
The decreasing rate observed for 86–70% (v/v) water–EtOH solvent
mixtures suggests that the stabilization effect on the reactant A is a
dominant factor. Increasing the ethanol concentration further (i.e.
50% (v/v) water–EtOH) causes an increase of net reaction rate due
to the increase of ethoxide ion concentration.

5. Conclusions

This study demonstrates the utility of on-line transmission
FTIR and advanced signal processing method BTEM to moni-
tor and investigate the kinetics of a complex triangular reaction
starting from methyl 4-hydrozybenzoate performed in alkaline
water–ethanol solvent media. This combined analytical tool has
been shown to be robust and reliable to identify and to obtain the
pure component spectra of each reactive species (including the
presence of intermediate) involved in the reactions. These pure
component spectra are used subsequently to obtain the concen-
tration profiles and to evaluate the kinetic rate constants.

The  kinetic study on the present triangular complex reaction

reveals that both temperature and solvent mixture composition can
greatly affect the individual rates of both hydrolysis and ethanolysis
reactions. The analysis of the temperature effect on the kinetic rate
constants confirms that bimolecular reactions involving an asso-
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iative nature occur in both types of reactions. The effect of solvent
ixture on the transformation rates shows that the increase of

thanol concentration decreases the hydrolysis reaction. The effect
f solvent mixture on the net rate of ethanolysis reaction is more
omplex and influenced by at least two competing factors, namely
he concentration of ethoxide ion in the solution and the stabiliza-
ion effect on the reactant. The effect of solvent mixture is indeed
rucial and determines the dominant pathway in the formation
f the final product (either through direct hydrolysis or indirect
ormation via ethanolysis followed by hydrolysis) in the present
riangular reaction system.
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