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Abstract

This paper reports on an investigation into the impact of water on liquid-phase sulfuric acid catalyzed esterification of acetic acid with methanol
at 60°C. In order to diminish the effect of water on the catalysis as a result of the reverse reaction, initial reaction kinetics were measured using
a low concentration of sulfuric acid (2 10-3 M) and different initial water concentrations. It was found that the catalytic activity of sulfuric acid
was strongly inhibited by water. The catalysts lost up to 90% activity as the amount of water present increased. The order of water effect on reactio
rate was determined to be0.83. The deactivating effect of water also manifested itself by changes in the activation energy and the pre-exponential
kinetic factor. The decreased activity of the catalytic protons is suggested to be caused by preferential solvation of them by water over methanol. ,
proposed model successfully predicts esterification rate as reaction progresses. The results indicate that, as esterification progressestand bypro
water is produced, deactivation of the sulfuric acid catalyst occurs. Autocatalysis, however, was found to be hardly impacted by the presence c
water, probably due to compensation effects of water on the catalytic activity of acetic acid, a weak acid.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction thereby activating nucleophilic attack by an alcohol to form a
tetrahedral intermedia{8]. Disproportionation of this interme-
Esterification of carboxylic acids with alcohols representsdiate complex ultimately yields the ester (refeiRig. 1).
a well-known category of liquid-phase reactions of consider- In spite of the long history of esterification and the large
able industrial interest due to the enormous practical importancamount of literature concerning the performances of various
of organic ester products. These ester products include enviatalysts and the kinetics of different ester syntheses, there are
ronmentally friendly solvents, flavors, pharmaceuticals, plastistill many fundamental issues that remain poorly understood.
cizers, polymerization monomers and emulsifiers in the foodfor instance, an important subject that needs to be better under-
cosmetic and chemical industrigs—3]. Recently, a growing stood is the effect that water produced from esterification may
interest in ester synthesis has been further stimulated due to thave on the acid catalysis. Pronounced inhibition effects of
great promise shown by long chain mono alkyl esters as fuelwater on homogenous acid catalyzed esterification have been
for diesel engine#,5]. reported by different researchds6—8] For example, Aafaqi
Esterification can take place without adding catalysts due tet al.[4] showed that, when esterification was carried out using
the weak acidity of carboxylic acids themselves. But the reactiofmomogenougara-toluene sulfonic acidg TSA) with an initial
is extremely slow and requires several days to reach equilibriurh5 vol% water, the conversion of carboxylic acids was decreased
at typical reaction conditions. Either homogenous mineral aciddyy around 40% (after 4 h of reaction). Similarly, Hu et [}
such as HSOy, HCI or HI, or heterogeneous solid acids, suchfound that homogenousgRW;,010 lost about 30% of its cat-
as various sulfonic resins, have been shown to be able to effealytic activity when only 7.5 mol% water was introduced into the
tively catalyze the reaction. The catalysts essentially promotesterification of propionic acid with isobutyl alcohol at“Q.
the protonation of the carbonyl oxygen on the carboxylic group, Few studies, however, have ever focused on how water actu-
ally affects reaction activity. The decrease in esterification kinet-
ics in the presence of water has generally been attributed to
* Corresponding author. Tel.: +1 864 656 6614; fax: +1 864 656 0784. reverse hydrolysigl,6]. The water retardation effect on ester for-
E-mail address: james.goodwin@ces.clemson.edu (J.G. Goodwin Jr.).  Mmation, however, is not limited to esterification. Acid catalyzed
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Fig. 1. Mechanistic route of acid catalyzed esterification.

transesterification has also been found to be inhibited in thand heated to the desirable temperature while being stirred at
presence of watd6,7,9,10] Moreover, when carried out in an 850 rpm. This mixing speed was determined to be sufficient to
alcoholic medium, acid catalyzed hydrolysis has been found teliminate any mass transfer limitations. No change in reaction
be faster than in an aqueous medilirth,12]. Obviously, these rate was detected when the stirrer speed was varied from 567
observations suggest that the effect of water on esterification t® 1417 rpm. The catalyst, concentrated sulfuric acid alone or
more than just simple reverse hydrolysis. SnjitB], based on diluted in a small amount of methanol, was charged into the
the assumption that the interaction between protonated methan@aactor to initiate reaction. Although esterification occurs dur-
and carboxyl acid was the rate-determining step, ascribed thag the heating period due to autocatalysis, this starting method
effect of water on esterification to the competition for pro- of reaction was the best way to ensure good control of tempera-
tons between water and methanol. More recently, it has beemre, which is particularly important for accurate determination
suggested that the hindered catalyst performance is due to tleéinitial reaction kinetics (below 10% conversion of the limiting
reduced acid strength of the catalyst caused by the coordinatiaragent). A microscale syringe was used for sampling at definite
of water to proton$7]. time intervals. A sample was always taken right before catalyst
Currently, knowledge regarding how water affects the effi-charging as the zero point for every run. Samples from the reac-
ciency of acid catalysts for esterification is quite limited andtion mixture were immediately diluted in cold 2-propanol, and
mostly qualitative. Thus, the focus of the present study waseaction stopped because of cooling and dilution.
to increase the quantitative and conceptual understanding of A Hewlett-Packard 6890 gas chromatograph equipped with
the deactivating effect of water on acid catalyzed esterificaa DB-1 column (0.32 mnx 30 mx 0.53um) and a FID detec-
tion. Here, the esterification of acetic acid with methanol usingor was used for sample analysis with toluene as an internal
sulfuric acid was investigated with different initial water con- standard. The concentrations of all species (except water) were

centrations. accurately quantified and found to obey well the stoichiometry
of the reaction, which along with the nonappearance of unknown
2. Experimental peaks as detected by GC analysis indicated the absence of side

reactions under the experimental conditions used.
2.1. Material

2.3. Experimental design

Reagents including methanol (99.9%, Acros Organics),

acetic acid (99.7%, Aldrich) and water (HPLC, Acros Organics) |n order to better observe the effect of water on reaction
were used without further purification. Because both methanaind to minimize the contribution of reverse hydrolysis, a small
and acetic acid are hygroscopic, the moisture contents of th@mount of catalyst{c =1 x 10-3M) was used and attention
reagents were determined by Galbraith Laboratory using Kaflyas focused particularly on the initial period of reaction. A series
Fischer titration. The analysis showed water contents of 160 ppif experiments with varying amounts of initial water addition
for methanol and 961 ppm for acetic acid. These moisture conyere carried out at 60C with a fixed catalyst concentration.
tents were able to be ignored since they were very small comfaple 1shows initial concentrations of reagents and the concen-
pared to the amount of water produced during the initial reactiofirations of water initially added. The initial water concentrations

period. used corresponded to the amounts of water that could have been
produced by esterification at different conversions. The idea
2.2. Reaction procedure behind this approach was to observe how catalyst activity is

affected with increasing concentration of water, as occurs dur-
Kinetic measurements were carried out in a Parr 4590 batcimg esterification.
reactor that consisted of a stainless steel chamber of 50 ml, Because the molar ratio of methanol-to-acetic acid was kept
a three-blade impeller and a thermocouple. The temperatuignstant and no solvent was used, kinetic comparisons are based
was maintained withint0.5°C. Prior to reaction, a predeter- on reaction constants instead of reaction rates. As mentioned
mined amount of reagent mixture was loaded into the reactaearlier, esterification can be autocatalyzed by acetic acid itself.
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Table 1 0.745
Concentrations of initial water added\(0) and equivalent acetic acid conver- a
sion based on the initial acetic acid concentrati©nd) and the amount of water 0.740 y 7
initially added V
Ve
Initial water added 0 0.5 1.3 2.6 9.0 = 0.735- 7
a X " d
(M) - y.
Cao (M)? 7.32 7.26 7.20 7.07 6.27 = 07301 s
Cmpo (M)& 14.6 145 14.4 14.1 125 & // /,-”’
Equivalent acetic 0.0 6.3 14.9 27.0 58.8 B 0.725 1 Y o P
acid conversion ' 7 - -
based orCa o /' >~ B Cy=0M
and initial 07209 7 7 ® C,,=26M
amount of water ( - ?
added (%) 0.715+4 ‘ T :
- 0 2 4 6 8
@ Experimental error-1%. Time (min)

At 60°C, the rate of autocatalysis was about a seventh of theijg. 2. suitability of Eq(3) to experimental data collected in initial period of
overall catalysis rate when only>110~3 M sulfuric acid was  reaction catalyzed by & 103 M H,S0,.
employed. Therefore, esterification occurred as a combination of

two catalytic routes. As has been reporfteé-18] homogenous  formed during the reaction period:
acid catalyzed and autocatalyzed esterification follows second-

order and third-order kinetics, respectively. Thus, the overalCyw = Ca o(w + x) (5)
esterification rate can be written as: _ _ o )
wherew is the molar ratio of water initially added to the acetic
dCa . — : , ;
——2 = (kcCc + kautoCA)CACM acid, Cw,0/Ca 0, andx is the average conversion of acetic acid
d from¢=0tor.
—(k—cCc + k—autoCA)CECw (1)

wherekc andkayto represent the observed acid catalyzed ancd®- Results and discussion

autocatalyzed esterification constants, respectivelykageand ) )

k_auto are related to reverse hydrolysigs, Ca, Cum, Ce and Gy _ The re_agpon constants for au_tocatalylm.io, at §O°C _and at
denote the concentrations of sulfuric acid, acetic acid, methandflifferentinitial water concentrations are summarize@able 2
methyl acetate ester and water, respectively. For initial kinetid "€ autocatalytic activity was almost unchanged when water
measurements, because reverse hydrolysis is negligible af@ntentvaried from 0.4 to 9.3 M. The small fluctuatiorkiaro
keCe + kautoCa ~ ke Ce + kautoCa 0, EQ. (1) can be reduced, in - €an be ascribed to experimental errors. However, the multiple

terms of acetic acid conversion & C"g—‘c‘\), to ro_les of water in autocfatalyss co.uld also a}ccount for some of
A.0 this small variance. This will be discussed in more detail later.

dx 5 Cmo Since the water concentration range used covered the equiva-

i [kcCcCa.0 + kautoCa ol(1 — x) (CA’O - X> (2)  lent conversions of acetic acid from about 5 to 60%, it is clear

that autocatalysis is hardly affected by the increasing concen-
Integrating Eg. (2) and letting k1 =kcCc +kautoCao, at  tration of water produced as esterification progresses. Hence,
Cm.0/Ca0=2, we have: the kc can be determined by using the averdgevalue of

12.4x 108 (M—2min~1), kc = (k1 — 12.4x 10-8Cp o)/ Cc.
2 — Xt 2 — X0 '
In —In = k1Ca ot 3)
1—x; 1—xo ’
Table 2

wherexg andx, represent the conversion of acetic acid at time = 0Dependence of autocatalytic reaction constak} ¢n water contentf(= 60°C,
andr, respectively. Thus; can be determined by applying Eq. ¢m0/Ca0=2)

(3) to experimental data. Typical plots of In[(2x)/(1 — x)] ver- ¢, (m)ab 0.4 1.6 30 9.3
sust are shown irFig. 2, andk; values were calculated from Cao (M)° o 7.3 7.2 71 6.3
the slopes of these plots. In a similar way, the autocatalytic read=quivalent acetic acid 4.9 18.0 29.8 59.6

conversion based

on Ca,o and initial

amount of water

X added (%)

—_ 2 ka 13.7 11.2 11.6 13.0
= KauoCR of @ (M2 min) x 169

tion constankayt was able to be obtained using Eg), setting
Cc =0, and integrating:

1 n 2—x
1—x 1—x
Note. reaction constants calculated this way are actually avera ea Water concentration includes both the initial amount of water added and
’ L . . . %ne average amount formed during the initial period of esterificatiGp:=
values for the initial reaction period. Because water is producegA o(w +3), w = Cw.0/Cao
by esterif@cg@ion, the water concentration used must account fom gxperimental error+3%.
both the initial water added and the average amount of waterc Experimental error:1%.

X0
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0.8 Table 4
Impact of initial molar ratio of methanol-to-acetic acid on the effect of water on
0.7 1 ° sulfuric acid catalysisi{=60°C, Cy, =3.0 M)
~ 067 Cwm.0/Ca0 2 5 10 20
r] \ Cmo (M)? 14.6 18.5 20.8 22.0
S 951 g Capo (M)2 7.3 3.7 2.1 1.1
£ o4l ke (M~ min~! Mcat™1)° 0.15 0.14 0.15 0.14
E \
= \ 2 Experimental error::1%.
= \‘ b Experimental error:£5%.
[T} ~
X 0.2 oo
.-‘_1“—-*
0.14 T . . . T
****** ° bly due to this decreased water concentration. This possibility
0.0 \ - - - was then confirmed by estimation of the respective reaction con-
0 2 4 & 8 10 stant ;) from Eq.(6) (Table 3. The good agreement between
Water concentration (M) estimated and experimental values supports the earlier hypoth-

Fig. 3. Dependence df; on water concentrationTE 60°C; Cuo/Cao=2).  €SIS. The primary role of methyl acetate present during initial

The dotted line represents the fitted power law moklel= 0.38C,,>%  reaction period was then that of a dilution agent just like THF.

(M~tmin~! Mcat™). Therefore, the variance &¢ as determined in the present study
is little affected by any contribution of reverse hydrolysis.

By plotting kc versusCyy, the impact of water on sulfuric The impact of molar ratio on the inhibition effect of water on
acid catalyzed esterification was able to be determikrég 8). acid catalysis was also inspected by fixing the water concentra-
In contrast to autocatalysis, the catalytic activity of sulfuriction while varying the molar ratio of alcohol-to-carboxylic acid
acid was significantly decreased by water; the greatest decreaSgble 4. It was found that as the methanol-to-acetic acid molar
was manifested at low water concentrations. The rate constaratio was increased from 2:1 to 20:1, the reaction rate constant
appeared to approach a limiting value as water concentratioremained unchanged at a fixed water concentration of 3.0 M.
increased to above 6 M with the concentration of catalyst usedhis result points to a conclusion that the impact of water on the
in our experiments. Using a power law model, the effect of watecatalytic activity of sulfuric acid is not affected by the methanol
concentration on the rate constant was found te-Be83 order:  or acetic acid concentration at tiigy of 3.0 M.

083 r 11 3 In addition to molar ratio, temperature is another crucial oper-
ke = 0.38Cyy™ ™" (M™"min™" Mcat™") (6)  ational parameter. The sensitivity of acid catalysis to water was
To confirm the absence of contributions from reverse hydrol—aISO (_axamlned at 4@C. The apparent (.)rder.of water effect on
ysis even for very high initial water concentrations, a serie.c,":"aCt'.0 n rate was found to be_almogt identical to that aﬂcﬁo
of experiments with initial methyl acetate introduction instead®® gwdencet_d by the parallel Imes_Fan. 4 The apparent a(.:t"
of water were carried out and results are showrTable 3 vgt|on energies and pre-elxponen.tlal factors.were dgtermlned at
Interestingly, larger rate constants for product formation wer dlfferent water concentrations using therhenius relationship

gly, larg p .
observed with ester addition rather than being decreased y'g' 9
reverse hydrolysis. However, the addition of aninert (tetrahydro- AE* 1
furan, THF) yielded an identical kinetic enhancement. Here, ithnk = ——— - = +1n A
should be noted that the ester/THF introduction actually replaced R T
a partialamount of reactants due to the absence of a solvent. Con-
sequently, less water was able to be produced during the initial

-

reaction period of acetic acid (<10% conversion). Therefore,
the apparent positive effect exhibited by ester/THF was proba- 04 F\'\
.
Table 3 -1 1 'Y '\\
Variation ofkc with the ester concentratio@g) and predictedc cacfrom Eq. — S \v\
(6) (T=60°C, Cmo/Ca0=2) < 5 S~ “w
c S~ S

Ce (M)2P 05 2.6 5.9 0 - Rt ) S~
Crre (M)° 0 0 0 5.7 3 ~ae v
Cw (M)P 0.4 0.3 0.2 0.2 o a0c .
kc (M~ min~t Mcat™1)d 0.67 0.99 1.28 1.23 4 v 60% Y
ke calc (M~ min—t Mcat™?) 0.71 0.99 1.30 1.33 P

@ Ester concentration includes both the initial amount of ester added and the -5 . - - T
average amount formed during the initial period of esterificatign:= Ca o(e + -2 -1 0 1 2 3
x), ¢=Cg0/Cap0. In(Cy)

b Experimental error3%.

¢ Experimental error£1%. Fig. 4. Determination of apparent reaction order of water at different tempera-

d Experimental error::5%. tures Cm,0/Ca0 =2).
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on the assumption that the protonation of carboxylic is the rate-
determining step. Nowadays, studies using modern techniques
have shown that the protonation of carbonyl oxygen is fast and
occurs in a quasi-equilibrium step in the presence of strong acids
[21]. The accepted mechanism regards the formation of a tetra-
hedral intermediate from the nucleophilic attack of alcohol on
the protonated carboxylic acid as the rate-limiting $5p5,22]
(refer toFig. 1). In an aqueous medium, sulfuric acid dissociates
into hydronium ions and bisulfate ionsg@* ions are strong
acidic species, so it is unlikely that the increasing amount of
water could change the rate-limiting step. Otherwise, ester/ether
hydrolysis would not have a symmetric/analogic mechanis-
tic route as esterification as suggested by kinetic studies
[21,23-25]

Two main possibilities exist for the deactivating effect of
water on sulfuric acid catalysis: (1) decreased acid strength
and/or (2) loss of catalyst accessibility. Interms of Bronsted acid-
ity, Sadek et al[11] have suggested that RGHis more acidic

Results are tabulated ifable 5 The increase in water concen- than HO" to explain the enhanced ester hydrolysis in the pres-
tration from 0.3 to 2.9 M, resulted in a 15kJ increase\if”.
However, the enhanced energy barrier was partially comperchemistry of protons, the strength of strong acids like sulfuric

sated for by a simultaneously increase in the pre-exponentialcid is determined by the solvation state of protons rather than
factor of around 2 orders of magnitude. If compared to the “tranthe extent of dissociation. The more strongly solvated a protonis,
sition state theory” represented by thering equation:

lnk AH* 1
T R T

ks

+ (n +AS#
h R

wherek is rate constantAH* the activation enthalpy\S* the
activation entropy andg and i are Boltzmann and Planck HszO*, given the greater inductive effect of the methyl group in
constants, respectively, our results actually indicate a rise imethanol. This means that gaseous methanol molecules would
activation enthalpy and entropy caused by water. On the othdrave a higher proton affinitf26,27] Consequently, the higher
hand, neither the enthalpy nor entropy term change linearly witntrinsic basicity of methanol with respect to water would give
water concentration. With a further even larger increase in watelise to a weaker conjugated acid (Me@hi This is contrary to
concentration from 2.9 to 9.2 M, only very small changes werghe suggestion by Sadek et Hl1] of more acidic ROH" with

found for in E* andA.

ence of glycol and glycerol. Indeed, according to the solvation

the lower the chemical and catalytic activity of the prof26].

If the acid strengths of methoxonium and hydroxonium ions are
examined without accounting for the interactions among solvat-
ing molecules, such as comparing single MeOEnd HO* in
vacuum, one would expect MeQHto be a weaker acid than

respect to HO".

As shown by the initial kinetic measurements, water has a On the other hand, in condensed phase where molecular
distinct inhibition effect on sulfuric acid catalysis. However, in interactions must be accounted for, the solvation state of pro-
many kinetic studies of esterification with either homogenougons is determined by the overall contributions of all solvating
catalystq1,14] or pseudo-homogenous resin catalyj4&20],
constant catalytic activity independent of reaction progress hasydrogen bond networks through which a charged species can
been assumed. Few efforts have been made to address the dda&-delocalized and therefore stabilizgt8]. Methanol, com-
tivating effect of water on acid catalysis and elucidate the phepared to water, with one hydrogen atom replaced by azCH
nomena in a quantitative and conceptual way. In a kinetics studgroup, has less ability to form hydrogen bor{@ds]. As indi-
of sulfuric acid catalyzed esterification of palmitic acid by Gotocated by a higher Gutmann’s Donor Number (DN = 33), water
et al.[8], the inhibition effect of water was included in their isabetterelectron pairdonor and can establish a stronger interac-
rate expression. However, their mechanistic scheme was bastdn with cationic species, stabilizing them better than methanol

Table 5

Variation of apparent activation energy and pre-exponential constant at differen

concentrations of water (30-6Q)

Cw (M)2b 0.3
AE? (kJ/molf 46

A (x1077)¢ 1.46
InA 16.5

2.9
61
80.7
20.5

9.2
61
53.6
20.1

& Cw = Cao(w + X), w = Cw,0/Ca0-
b Experimental error3%.
¢ Experimental error5%.

molecules. Multiple water molecules are known to form strong

(DN =19) [29,30] Therefore, in line with the higher electron
donating capacity, a larger enthalpy release would be expected
for the proton solvation process in water making the enthalpic
state of the HO" less positive than MeO#1. On the other hand,
water can preferentially self-orient to oppose the external field
created by cations due to its high polarity. In turn, water has been
described as a proton “spond&1] where protons can be easily
accommodated inside the “self-assemble” water network with an
associated lower entropic state. Methanol molecules, however,
having a smaller orientational polarizability than water and being
less symmetric due to the —Gkdroup, can only accommodate
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protons in their hydrogen bond network in a less ordered wayollowing set of chemical equations describing a mechanistic
than water does. path:
Accordingly, in acid—base reactions with a given substrate,
9y g 2HpSOy + CH3OH + Ho0

CHOH,+ + S<ECH;0H + SH, © ™M W)
fast —
AGms = AHys — T ASus 0] E>CH30H2+ + H30" + 2HSO (M-1)
(MHT) (WHT)

H3O™ + S—H0 + SH', CHzOH,* + CH3COOHE™, CHzOH + CHsCOOH,*

AGws = AHws — T ASws am o) ® w B )
the hydroxonium reaction would require more energy than its
methoxonium counterpart. That is, Q¥Hus < AHws, which  H30™ + CH3COOH<K—W> H>O + CH3COOH,* (M-3)
translates to weaker acid strength for protons inside the solvatiofWH") G W) (AHY)
sphere of water. But deprotonation of hydroxonium has a larger
entropic force due to its lower entropic state, A8ys < ASws. CH30OH + CH3COOH,™
Thus, when the higher enthalpy demand in reactiby is M) (AHT)
not compensated for by its entro radient at temperature
D y g P % CH,COOCHH +H,0  (RDS) (M-4)

T, formation of SH is more favorable via reactioft) due to
AGus < AGws. In esterification, where S is the carboxylic acid

and the reaction rate is determined by the nucleophilic attack
of the alcohol on a protonated acetic acid molecule, lower conCHsCOOCHH™ + CHsOH <> CHsOH,™ 4 CH3COOCH;
centrations of CHCOOH,* will certainly result in hindered (BHT) ™) (MH) © (M-5)
kinetics. Thus, we conclude that the diminished catalytic activ-

ity observed as the concentration of water increases is likely a

consequence of acid strength decline due to strong solvation 6H3COOC|‘§H+ + H,0 < H30" + CH;COOCH;  (M-6)
protons by water molecules.

As shown iriTable 5 our measurements of reaction thermody-First, let us consider what applies during the initial reaction
namics agree well with the above thermodynamic interpretatiorperiod where reverse hydrolysis is not important. Edr4)
Thus, as proton solvation by water takes over, higher energy iseing the RDS, the forward rate expression can be written as:
required for the protonation of the<© moiety in acetic acid by
H3O" proton carriers. On the other hand, larger entropy release — kCap+Cu Q)
accompanying protonation of substrates contributes more gevith the assumption of fast protonation stej-2) and (M-
metric configurations for the subsequent nucleophilic attack bg) occurring in quasi-equilibrium and the consideration of the
alcohol and increases the collision efficiency. In addition, thischarge balance in the reaction mixture while neglecting the con-
variation of proton activity with water concentratioRig. 3 tribution of AH*, EH" and the second proton dissociation of
is in good agreement with other observations of proton-relatedulfuric acid, the rate expression becomes:
characteristics, proton dissociation rate and acid—base equilib- %
rium constant in water—organic mixturgl]. Water was found  r; = %
to produce the greatest decrease in activity for esterification &y + T

at Iovz water concentration€{y =0-3 M) where it constltute_d As defined by reactionév-2) and(M-3), Ky andKy are the
.0_1?/0 of-éhe FOt?I amr(])unt ofl(;_KD:M.eOH) p(;eS(lant. This equilibrium constants for the protonation of acetic acid from
;iriﬁof%'ai?t:;awzetr gnresrgtt;no disPslggiZtann Ii?e(:’irrgfg]in amethanol and water, respectively. These constants represent the
HoO+ MegH mixture Fi J,'pref [31]) and for the acid—base extent of proton exchange in reactiqih4-2) and(M-3) and are

2 9- : related to the acid strength of MHand WH'. By subtracting

;’ﬂ“t"'f’é'“m cozst;r;t (glpmtoggtgdtﬁg'“rlz;?eggr; MaeC?H as reaction(M-3) from (M-2), K\ is connected t&yy by the proton
ixture (ig. 4 ref. [31]), w g Imp W exchange constant in methanol-water mixtures:

seen forCyw =0-4.5M (also 0-10% of the total amount of
(H20 + MeOH) present). This narrow range has been explaine@HgonJr + Ho0 Kmw CH30H + H3O™ ()
in terms of the great preference of water as proton acceptor over

(EHT) (W)

CaCm (8)

methanol by Pines and Flemifig/l]. Beyond this range, water Kmw = Kw - 1/Kw (9)
seems to dominate the solvation sphere of protons, resulting Kw  1/Kwm
in the protons behaving fairly constantly with increasing watenyhen the reaction mixture is anhydrous or the concentration of
concentration. water is significantly low, Eq(8) can be reduced to:

The strong correlation between the competitive proton sol-
vation of water and methanol and the observed esterificatiop) — CcCACM (10)

kinetic and thermodynamic data can be accounted for by the ~ Cm/Kwm
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kKwm
Cwm

may have also played a role. In addition, for nucleophilic sub-
stitution, the different sensitivities of transition state and ground

) o state to the change in solvent medium may be another cause for
where r| represents reaction rate of esterification at low (I)ihe increase in apparent activation enci@j.

water concentration arig | is the reaction constant. Therefore, From Eq.(8), the sulfuric acid catalysis constant can be writ-
according to E(11), the temperature dependencyef (appar-  aop, as:

ent activation energy) is a result of the combination of the RDS

and(M-2) steps: k
G, Cw

alnk dlnk  dInk —AE? X X
C,|l M | (12) M w

ke, = (11)

(18)

aT) a1 " aT) R

Comparing Eq(18)to Eq.(6) (experimental correlation between
where Ef is the activation energy of esterification at low Cw andkc), the —0.83 apparent order, while netl, can be
water concentrations. On the other hand, as esterification préxplained by the presence of the methanol termin the denomina-
ceeds, alcohol is consumed while water is produced. When ther of Eq.(18). Moreover, the comparison supports the predom-
methanol term becomes less important and may be considerétant impact of water as previously shown, which almost covers

negligible at high water concentration, we have: the entire esterification process unless a large excess methanol is
used. Eq(18) also agrees with the experimental determination
h = CcCACM (13) ofthe apparent reaction ordfer of alcohol _being lat low alcohol-
Cw/Kw to-carboxylic acid molar ratiofl4,15], while 0 at high molar
At ratios with simultaneous water remoyab, 36]
dlnkcn _ dlnk , 0ln Kw AL (14) Itis worthwhile to recall that the acid strength of strong acids

o1/T)  Ba(1/T)  (1/T) R is determined by solvation state of protons, while for weak acids,

where m, ke and Eﬁ represent reaction rate, reaction Con_the overall acidity depends on both proton dissociation extent

stant and activation energy of esterification at the high (h) watef"d Solvation energi26]. During autocatalysis, esterification is
concentrations, respectively. From E¢8), (12) and (14), the catalyzed by acetic acid which is well known as a weak organic

difference in apparent activation energy between low and higR€id- In principle, both acetic acid molecules and dissociated
water concentrations can be expressed as: protons can activate the=© group, catalyzing esterification:

AER - AE}9(In Knw) (15) CH3COOH+ CH3COOH <> CH3COOH,™ + CH3COO™
R a1/ T)

Using the Van't Hoff equation, the increase in apparent activatioH+ + CH3COOH <> CH3COOH,™
energy caused by an increas€iy can be related to the reaction
enthalpy of proton exchange between water and methanol:  but second-order kinetics with respect to acetic acid indicates

that undissociated acid protolysis dominates over the proton cat-
(16)  alyzed routdl16]. This is probably due to the low availability of

R R protons from the weakly dissociated parent aciki{p 9.72, in

Similarly, the difference in pre-exponential factor at high andpure methandB7]). Water, on the other hand, is able to promote
low water content regimes can be related to the entropy term dhe dissociation extent of weak acids due to its ability to stabi-

AE} — AE}  —AHuw

the same reaction: lize carboxylate anions and protons electrostatidaiy37,38]
Thus, with increasing water content, more protons would be
—ASuw . . - L
INAn—InA = R (17) released to solution through acetic acid dissociation; however,

the catalytic activity of these newly available protons would be
The thermodynamic characteristics of proton exchange betweatiminished due to the same water characteristics that promote
water and methanol have been studied at@®by Zhurenko acetic acid dissociation. In addition, water is also believed to
et al. [33]. Since AS and AH are usually weakly dependent promote protolysis between carboxylic acid molecules by inter-
on temperature, the data from Zhurenko et al. may be used tacting with acetic acid molecules in such a way that provides
check the validity of Eq416)and(17). FromTable 5 the deter-  a low-energy pathway for proton trans{d0]. Thus, the weak
mined difference i E* and InA between highQw =2.9M)  sensitivity of autocatalysis to water should be a result of these
and low (Cw =0.3 M) water concentrations are 15 and 4.0 kJ,multiple balancing effects, higher acetic acid dissociation, inter-
respectively. Both of these values are in fairly good agreemennolecular proton transfer, and proton deactivation.

with Zhurenko, but somewhat higher: AHyw =9.1 kJ/mol, Finally, a mathematical model has been developed to account
—ASuww/R =2.26. Although the difference may be partially for the deactivating effect of water on acid catalysis during the
accounted for by the differences in methodology for data acquieourse of esterification. Although E¢f) is relatively less gen-
sition and the deviation of components from ideality in oureral compared to E§18), which is derived mechanistically, the
reaction mixtures, the possible reduced accessibility of acetiabsence of accurate determination&gf andKy makes more
acids to protons due to a heavy hydrophilic hydration spherdifficult the application of Eq(18). Therefore, using Eq6) and
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1.0 with increasing concentration of water indicated that catalysis
L is impaired as esterification proceeds and water is continuously
———T & e ) ; .
c 084 - T T T Ty produced from the condensation of carboxylic acids and alco-
S ./ 7 v,,/»/’“’ = hols. The negative impact of water on catalysis was found to
o * - /,/" be essentially independent of temperature or molar ratio of
§ aal jy pd methanol-to-acetic acid under the experimental conditions used.
] pfv // The thermodynamic concordance between proton solvation in
S04V u binary mixtures of methanol/water and esterification indicates
% v M ® C.0224M,Cy,=0M a strong correlation between preferential proton solvation by
& oo ﬁ”F v Cc=0.046 M, C,, ;=0 M water and the obseryed Qeactlvat|ng effect of_ water. It would
/ B C.=0.046M,C,, =27 M appear that the loss in acid strength of catalytic protons due to
o O# water solvation It'aads'to a dec.;rer?\s.e' in the concer]tration of pro-
o 10 a0 30 40 %0 80 70 tonated carboxylic acid, thus inhibiting the formation of esters.

Not only esterification but also other reactions may also suffer
such a deactivating effect of water when catalyzed by strong
Fig. 6. Comparison of experimental data with values predicted byZq for protonic acids. Thus, the simultaneous water removal during
esterification of acetic acid with methanol at&andCiv,o/Ca0 =2 (symbol  yeaction should not only inhibit the reverse hydrolysis reaction,
Is experimental data; dashed line is model prediction). but also preserve high activity of the catalytic protons throughout

Time (min)

. L . reaction.
inserting it into Eq(1), we obtain:
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