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Abstract

The kinetics of esterification of sodium salicylate with benzyl bromide to produce benzyl salicylate was investigated via third-liquid phase
transfer catalysis. The formation of the third-liquid phase from the interaction of aqueous reactant, inorganic salts, organic solventsand cata
was investigated to find the characteristics of catalytic intermediate in the tri-liquid system. The minimum quantity:ebtejd@hosphonium
bromide (TBPB) required to form the third-liquid phase was affected by the addition of NaBr, but the variation was insignificant with greate
amount of TBPB. The volume of third-liquid increased with increasing amount of TBPB, and using 202-@0water for 30 cm of n-heptane
solvent favors the formation of the third-liquid phase. The interfacial tension between the aqueous and the third-liquid phases was 1-3 mN
much less than 9—12 mN/m for the third-liquid/heptane interface, indicating that the mass transfer resistance dominates in the heptane side.
product can be present in both organic and third-liquid phases, and above 85% of the product yield in the organic phase can be obtained L
0.006 mol of TBPB to form the third-liquid phase. The distribution of the catalytic intermediate between the agueous and the third-liquid phas
was measured, and above 86% of catalyst in the third-liquid phase is in the form of catalytic intermediate. The reaction mechanism and kin
model were proposed and the pseudo-first-order kinetics was successfully applied, the apparent activation energy in heptane being 73.94 k.
when TBPB was used as the catalyst.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Wang and Weng performed the reaction of benzyl chloride
and sodium bromide using tetrabutylammonium bromide as
Phase-transfer catalysis (PTC) is an important tool in organithe phase-transfer catalyst in liquid-liquid phases, and found that
synthesis and is widely applied in pharmaceuticals, flavors, dyeshe overall reaction rate rapidly increased when the amount of
perfumes, etc. The multiphase system of phase-transfer catalysiatalyst exceeded a critical value, above which a viscous lig-
can be divided into liquid-liquid, solid-liquid, gas-liquid, solid- uid phase concentrated with the catalyst was insoluble in both
liquid-liquid, and liquid-liquid-liquid phases, among which the aqueous and organic phag@$ This viscous phase called the
reuse of catalyst in tri-liquid phase-transfer catalysis can overthird-liquid phase enhances the reaction rate even several fold
come drawbacks of other systems. The process using tri-liquidompared to liquid-liquid PTC conditions. Wang and Weng
phase-transfer catalysis would be more efficient by consideringxplored the effects of solvents and salts on the formation of a
the catalyst reuse, catalyst separation, and higher reaction ratésird-liquid phase for the reaction efbutyl bromide and sodium
etc. In 1984, Neumann and Sasson investigated the isomerizphenolatg3]. They concluded that the solvent of different polar-
tion of allylanisole using polyethylene glycol as the catalystities and the amount of NaOH were two important factors in
in a toluene and aqueous KOH solution and observed a thirdoerming a third-liquid phase full of catalyst and enhancing the
liquid phase formed between the aqueous and the organic phagesiction rate. The aqueous reactant NaOPh is also important in
[1]. some certain conditions. Ido et al. reported that a halogen substi-
tution between benzyl chloride in the organic phase and KBr in
the agueous phase was efficiently catalyzed by the third-liquid
* Corresponding author. Tel.: +886 4 22840510x609; fax: +886 4 22854734Phase which was formed by changing the concentration of KBr,
E-mail address: hmyang@dragon.nchu.edu.tw (H.-M. Yang). types of PTC, and organic solvert.
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Besides the investigations of necessary factors in the fortant without further treatment. Tetrabutylphosphonium bro-
mation of the third-liquid phase, Yang developed a theoreticamide (BwPBr, TBPB or QBr in general), benzyl bromide
model for the reaction mechanism of tri-liquid phase-transfe(CgHsCH2Br, RBr), the desired product benzyl salicylate
catalysis by concerning the mass-transfer and reaction of thg€€sH4(OH)COOCHCgHs, denoted as ArCOOR, used as the
key reacting components within the third-liquid phdSg Jin  standard in the analysis) and other reagents are all reagent-grade
et al. performed the dehydrohalogenation of 2-bromooctanehemicals from Fluka, Lancaster and Aldrich.
using dodecane as the solvent and with aqueous KOH solu-
tion to investigate the synergetic effect of tetrahexylammoniun®.2. Formation of third-liquid phase and synthesis of
bromide and polyethylene glycol under the tri-liquid system,ArCOOQ
and concluded that the catalytic activity of tetrahexylammo-
nium bromide was reduced as the amount of PEG increased A definite amount of sodium salicylate (ArCOONa) was
[6]. Yadav and Reddy investigated thebutoxylation of p- introduced into 20 cth of deionized water and 30 chof #-
chloronitrobenzene (PCNB) using NaOH under tri-liquid phase$ieptane with phase-transfer catalyst (QBr) tetrabutylphospho-
conditions; a distribution of catalyst between the organic andhium bromide, TBPB (or benzyltributylammonium bromide,
third-liquid phases indicated about 89% of total catalyst residBTBAB) to form the third-liquid phase and to produce the cat-
ing in the third-liquid phasé7]. Ohtani et al. investigated the alytic intermediate, tetrabutylphosphonium salicylate ArCOOQ
phase behavior of tetrabutylammonium salts under the situatiofor benzyltributylammonium salicylate). After 1 h of shaking
ofinterface-mediated catalysis and found that the phase behaviat 60°C, the third-liquid phase was separated and then mixed
and component composition of coexisting phases in the tetrawith 10 cn? of deionized water. The catalytic intermediate was
butylammonium bromide/benzene/water/NaBr four-componenéxtracted with 10 crhof chloroform three times and purified to
system were strongly influenced by the temperature, catalysfive the gel form of ArCOOQ, which was then identified.
content and NaBr concentration. Their results suggested that
the catalysis was attributable to the interfacial reaction of tetra2.3. Analysis of ArCOOQ in the third-liquid phase
butylammonium salts with the organic substrige

In the past, the phenomena of catalytic intermediate in the The concentration of benzyltributylammonium cation or
third-liquid phase-transfer catalyzed system were seldom studetran-butylphosphonium cation (denoted ag)Qvas deter-
ied. Recently, Lin and Yang investigated the kinetics of ethermined by the titration method in the water-chloroform system
ification of sodiumo-nitrophenoxide via third-liquid phase- using sodium tetraphenyl borate (N&BP~) as the titrant and
transfer catalysis and found that the consumption rate of thbromophenol blue (0.2% in ethanol) as the indicgidr]. For
catalytic intermediate in the third-liquid phase increased withthe determination, 20 cfrof chloroform, 20 crd of water and
the increase in reaction rates for a large excess of organic reaseveral drops of bromophenol blue were added to the sample in
tant used, and the measurements of interfacial tension betweerflask and then the mixture was titrated with 0.05 NP~
phases revealed that the interfacial tension for the organic/thirégolution. When the end point is reached, the color of the chlo-
liquid interface was less than that for the aqueous/third-liquidoform layer changes from blue to colorless.
interface, which contributed to the faster reaction of organic sub- For determining the amount of ArCOOQ in the third-liquid
strate with the catalytic intermediate in the third-liquid phi@e  phase, the third-liquid phase was separated and poured into
Huang and Yang reported that the reaction rate of the benzoyl&0 cn? of deionized water to remove a trace amount of aque-
tion of sodium 4-acetylphenoxide in a third-liquid phase-transfeious reactant ArCOONa, and the catalytic intermediate ArCOOQ
catalyzed system was faster than that conducted in a liquidwvas then extracted from this aqueous solution several times with
liquid PTC system by 25-28 times and the concentration othlorobenzene as the solvent. With the chlorobenzene-solution
catalytic intermediate in the third-liquid phase slightly decreasedontaining the catalytic intermediate, an excess amount of ben-
with increasing reaction timgl0]. However, the investigation zyl bromide (RBr) together with diphenylmethane (the internal
of catalytic intermediate, which generally shows hydrophobicstandard) was introduced to start the reaction of ArCOOQ and
property in PTC systems, is important in developing an effecRBr. During the reaction, 0.2 chof the sample was withdrawn
tive PTC process. The aims of the present study are to furtheat the chosen time and diluted with 4 f acetonitrile to ana-
investigate the behavior of catalytic intermediate in the thirddyze the amount of the product ArCOOR by the internal standard
liquid phase-transfer catalysis for the esterification of sodiunmethod using HPLC. After no significant variation in the amount
salicylate with benzyl bromide and to propose a kinetic modebf ArCOOR was detected at the chosen time, the solution was
for properly describing the present third-liquid phase-transfechecked for the inexistence of Q and the amount of ArCOOQ
catalyzed system. was then determined. The reaction of ArCOOQ and excess RBr

in chlorobenzene can be completed within less than one hour.
2. Experimental
2.4. Analysis of interfacial tensions
2.1. Materials
For measuring the interfacial tension between aqueous and

Reagent sodium salicylate §84(OH)COONa, denoted third-liquid phases or between organic and third-liquid phases,

as ArCOONa) from Merck is used as the aqueous reacdefinite amounts of sodium salicylate, phase-transfer catalyst,
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and inorganic salt were added into the deionized water anll)
n-heptane solvent. The mixtures were agitated for 10 min to pro-
mote the formation of the third-liquid phase. Small amounts of
the aqueous and third-liquid phases or the organic and third-
liquid phases were withdrawn to measure their interfacial ten-
sions for at least three times by using a DoNoUy surface tension
analyzer which used a ring method for determining the force to
detach a ring or loop of wire from the interface of liquids. The
measured values of interfacial tension were then averaged.

2.5. Kinetic measurements of third-liquid phase catalytic
esterification

For the kinetic analysis, the third-liquid phase was first pre-
pared and separated to measure the volume and then analyzed.
The third-liquid phase, benzyl bromide (RBr) together with
a definite quantity of diphenylmethane (the internal standard? )
were added and agitated in a 250%hree-necked batch reac-
tor, which was immersed in a constant-temperature water bath.
For a batch run, a known quantity of sodium salicylate was added
into the reactor to start the phase-transfer reaction. The agitation
speed and the reaction temperature were controlled at the desired
values. During the reaction, 0.2 émf the organic sample orthe (3)
third-liquid phase was withdrawn at the chosen time.

To determine the volume of each phase at different reac-
tion times, the reaction should be terminated at each chosen
time for separating the aqueous, the organic and the third-liquid
phases to measure their volumes individually. Thus, a separate
kinetic run was needed for each chosen reaction time at the
same operating conditions. The amount of total catalystrQ
the third-liquid phase was determined by the Volhard’s method,
and the organic sample as well as the third-liquid sample was
diluted into 4 cni of acetonitrile to determine the product with (4
an internal method using HPLC with a C-18Bn) type column
and a variable-wavelength UV detector at 254 nm. The flow rate
of the eluent with a volumetric acetonitrile/water ratio of 70/30
was 1.0 crAmin—1.

3. Kinetic model
Inthe present phase-transfer catalyzed esterification via third-

liquid phase-transfer catalyst, the key reaction step is the for-
mation of the catalytic intermediate, which is formed from the

257

catalyst QBr reacted with ArCOONa in the aqueous phase
to form ArCOOQ and transferred into the third-liquid phase,

ArCOONa (agH QBr (aq)= ArCOOQ (agH NaBr (aq)

with the reaction rate,
3 o0l
aq ,~aq ArCOOQ"™ NaBr
r1=ki (CQBrCArCOONa_ — x ) 1)

and with the distribution relation between aqueous and third-
liquid phases

third
CArcooq
KarcooQ = —ag—— (2

aq
Carcooq

transfer of RBr into the third-liquid phase from the organic
phase with the distribution relation

third
CRBr

org
CRBr

3)

KRrpr =

intrinsic reaction of ArCOOQ and RBr in the third-liquid
phase,

ArCOOQ (third) + RBr (third)
— ArCOOR (third) + QBr (third),
with the reaction rate of RBr
ety
dr

third _~third
= —kCarcooqCRBr »

(4)

) transfer of regenerated QBr into the aqueous phase from the

third-liquid phase with the distribution relation

c

ionic-exchange reaction of sodium salicylate (ArCOONa) with Taking mass balance for RBr gives

catalyst QBr in the agueous phase. The reaction scheme is as
follows:

ArCOOR

H-

RBr + ArCOOQ —— QBr+ ArCOOR
Third-liquid Phase
NaBr + ArCOOQ =——= QBr + ArCOONa

1L LA

NaBr + ArCOOQ =—= QBr + ArCOONa

Aqueous phase

org
CRBr

__ —QBr
KQBr = W’ (5)
QBr
(5) transfer of product ArCOOR from the third-liquid phase
into the organic phase with the distribution relation,
cthird
Karcoor = —aig >R, (6)
ArCOOR
VO'9CRar0 = VOUCRar + Carcoor)
+ VIHCHE + CiiCooR)- )

Defining the product yieldXapp) based on the limiting reac-
tant in the organic phase #gpp = (Carcoor/ CRBr.0) and sub-
stituting it and Eq(6) into (7), we have

1- MYapp

Crero 1+ Vthirdgpg/vorg’

The reaction and mass-transfer steps involved in the above
overall reaction are:

(8)

whereM = 1+ VK A coor/ VO'.
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Substituting Eq94) and (8)or (2), the intrinsic reaction rate 10
becomes
dr

From the experimental observations, the amount of ArCOOQ
in the third-liquid phase can be maintained at near constant and
the above equation is integrated to give a pseudo-first-order rela-
tion

M = kCACboo(1 — MYapp).

6F

—In (l - MYapp) = kappf,

where

Volume of third-liquid phase (cm3)
[3S)
1

third
kapp = kCarcooq

The apparent activation energy can be estimated from the
Arrhenius’ equation:

0 1 L 1 1 1
0 2 4 6 8 10 12 14 16
Amount of TBPB (mmol)

app
RT Fig. 1. Effect of catalyst TBPB on the volume of the third-liquid. Water 30 mL,
sodium salicylate 0.02 mak-heptane 30 cf) temperature 60C; NaBr (mol):

For correlating the kinetic data, the value Mf should be (0)0.1: () 0.15: () 0.175.

obtained first. For determining th& value, the values of

Karcoor, Vinird andVorg should be measured for each reaction o . )

time, as described in the experimental Secfidn The values of solubility in water leads to the retardation of formation of the
M at different reaction times were then estimated and averagedird-liquid phase. o _
as1.11,1.11,1.12, and 1.10 for 20, 30, 40, and Sdafwater, Fig. 2shows the volume of the third-liquid phase for varying
1.11, 1.11, and 1.09 for 0.01, 0.02, and 0.03 mol of ArCOONa@mount of water or-heptane with the amount of the other phase
1.07, 1.11, and 1.14 for 0.003, 0.006, and 0.009 mol of TBpBlfept. Itis seen that the amount of water strongly affects the for-
respectively. It revealed that the variationdfvalue for differ- ~ Mation of the third-liquid phase; the volume of the third-liquid
ent conditions is substantially small. Thus, a valuéfogan be phase decreases with increasing water amount. This is expected
conservatively averaged as 1.10 for simplicity and applied in th&u€ to the significant effect of hydrogen bonding between tetra-

kinetic equation to describe the present system successfully. Putylphosphonium salicylate ion-pair with water. With the aque-
ous reactant having —OH group, the third-liquid phase would be

much more hardly formed due to a higher solubility of the pro-
duced catalytic intermediate in water. Moreover, the polarity of
organic solvent also influences the quantity of the third-liquid
phase formedTable 1shows the effect of different solvents

on the formation of the third-liquid phase. Chlorobenzene with

4. Results and discussion
4.1. Formation of third-liquid phase

The volumes of the third-liquid phase formed by introducing
phase-transfer catalyst TBPB, sodium salicylate, and different
amounts of NaBr exceeding the critical amounts are shown 5
in Fig. 1L It shows that the volume of the third-liquid phase u] —
increases with increasing amount of TBPB employed, and a
greater usage for TBPB is required to form the third-liquid phase
with a lesser amount of NaBr. When 0.175 mol of NaBr was
used, only 0.002 mol of TBPB is needed to show the third-liquid
phase. This fact indicates that the total concentration of various
salts or ionic strength in the aqueous phase affects the formation
of the third-liquid phase significantly. In addition, the solubility
of inorganic salt in the aqueous phase also strongly influences
the formation of the third-liquid phase. Under the conditions of
0.02 mol of sodium salicylate, 0.006 mol of TBPB, 30tof
water and 30 crhof n-heptane at 60C, the volumes of third-
liquid phase with 0.125 mol of NaOH, KOH, NaBr, KBr, Nal, b = e = = ™
and Kil, respectively, were 3.6 é)’ﬂﬁOI’ NaBr, 3.5 crﬁ for KBr, Amount of water or n-heptane (cm?)

2.1 cn? for Nal and 2.0 crd for Kl, and no third-liquid phase
was formed for NaOH and KOH. This shows that the type o liquid phase. TBPB 0.006 mol, NaBr 0.125 mol, temperaturé G0(QO) n-

anion strongly affects the sal_ting-out _EffECt OT the thi_rd'"qUid heptane 30 cf sodium salicylate 0.02 moLI) water 30 crf, sodium salicylate
phase from the aqueous solution. The inorganic salt with greateyoz mol.

Solid and
2 -

tri-liquid ) 7 7
Tri-liquid regime

regime Liquid-liquid

Volume of third-liquid phase (cm3)

regime

fFig. 2. Effect of amounts of water ai-heptane on the volume of third-
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Table 1 20
Interfacial tension of third-liquid phase and organic phase for different sofvents
Solvent Polarity Volume of Interfacial tension of 18 |
third-liquid third-liquid phase and E
phase (mL) organic phase (mN/m) % 6L
Chlorobenzene >0.27 0 - g A
n-Heptane 0.01 3.6 9.6 § 14 F
n-Hexane 0.01 3.6 8.1 ‘_;
Toluene 0.27 35 2.9 i
£ 12F
a Conditions: sodium salicylate 0.02 mol, TBPB 0.006 mol, solvent 3% cm 2
temperature 60C. - ok
polarity greater than 0.27 cannot be used to form the third-liquid 8% . L L )
. . -0 -2 - - -
phase, while:-heptanep-hexane, and toluene can be applied InC )
-catalyst

to form the third-liquid phase with almost the same volume of
3.6 cn?. In the present system, the third-liquid phase can be prerig. 3. Plot of interfacial tension vs. InC for different PTC. Water 3§cm
pared by adding large amounts of extra inorganic salt even witkodium salicylate 0.02mol, NaBr 0.125 makheptane 30 cf) temperature
the hydrogen-bonding effect of catalytic intermediate in water.80°C: PTC: () TBAB; () TBAL; (0) TBPB.

4.2. Characteristics of catalytic intermediate in the tion into constant interfacial tension reveals that the micelle can
tri-liquid system be formed when the quantities of PTC exceed the critical point;
furthermore, the interfacial tension for TBPB is smaller than that
In a liquid-liquid system, when the amount of PTC exceedsor TBAI and TBAB, implying that TBPB would be much better
some critical point, the micelles may be formed. This criti- to produce the third-liquid phase in the present system.
cal point depends on the type of phase-transfer catalyst used. Since the reaction is mainly conducted in the third-liquid
The formation of micelles might be beneficial to the forma-phase, the resistance of transporting organic reactant and the
tion of third-liquid phase. When the molecules of PTC andcatalytic intermediate into the third-liquid phase may also affect
catalytic intermediate form the micelles as a thin adsorptiorthe reaction rate. The interfacial tension between organic and
layer in the interface of aqueous and organic phases, the neargueous phases can be reduced through the formation of the
hydrophobic effect of catalytic intermediate would make thethird-liquid layer between thenilable 2shows the variation
layer thicker to appear as a separated phase between aqueofisnterfacial tension for different amounts of sodium salicy-
and organic phasebig. 3shows the plot of interfacial tension late or water. When the third-liquid phase is not formed, the
versus logarithm of catalyst concentration for tetrabutylammointerfacial tension between organic and aqueous phases is about
nium bromide (TBAB), tetrabutylammonium iodide (TBAI) and 9-12 mN/m; it is about 1-3 mN/m between the third-liquid and
tetrabutylphosphonium bromide (TBPB) under the followingaqueous phases if the third-liquid phase is formed. Hence, the
conditions: 0.02 mol of sodium salicylate, 0.125 mol of NaBr, catalytic intermediate transported from the aqueous to organic
30 cn? of water, and 30 crhof n-heptane at 60C. The transi-  phase in a liquid-liquid system would only be transported from

Table 2

Interfacial tensions for different amounts of sodium salicylate and #ater

Sodium salicylate Water (cnd) Formation of Interfacial tension Interfacial tension

(mol) third-liquid phase between organic and between third-liquid and
aqueous phases (mN/m) aqueous phases (mN/m)

0.005 30 Yes - 15

0.01 30 Yes - 1.6

0.02 30 Yes - 15

0.03 30 Yes - 1.6

0.04 30 No 111 -

0.05 30 No 11.7 -

0.06 30 No 111 -

0.02 20 Yes - 2.6

0.02 40 Yes - 1.1

0.02 50 Yes - 1.4

0.02 60 No 9.3 -

0.02 70 No 9.1 -

0.02 80 No 9.1 -

a Catalyst TBPB 0.006 mol, NaBr 0.125 mol, solvertieptane 30 cf) temperature 60C.
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the aqueous to third-liquid phase, resulting in a much fasterrate 60
of reaction for the concentrated ArCOOQ and RBr within such
a thin layer of third-liquid phase. 50
For determining the amount of ArCOOQ in the third-liquid &
phase, the method of accelerating the reaction of ArCOOQ with
excess RBrin chlorobenzene solvent was applied, as describec
in Section2. The third-liquid phases for different types of PTC
were first prepared using 0.006 mol of PTC, and the third-liquid <
phases were separated. Then the third-liquid phase containing”f‘; )
ArCOO0Q dissolved in 30 chof chlorobenzene to react with
0.01 mol of benzyl bromide. The amount of ArCOOQ in the
third-liquid phase was equivalent to the amount of ArCOOR
produced, and the reaction results for different types of PTC are
shown inFig. 4, in which the product yield is based on the initial i 20 40 (,'(, 3'0 ,(',n ,;U 140
amount of benzyl bromide. A larger amount of ArCOOQ exist- Time (min)
ing in. the thirdjliqUid phase_ initially reflects a Ta.Ster catalytic ig. 4. Determination of ArCOOQ in third-liquid phase. Formation con-
.reaCtllon rate.WIt.h the organic substrate. Thus, it is necessary ions of third-liquid phase: sodium salicylate 0.02mol, NaBr 0.125mol,
identify the distribution of PTC between phases to search for thetc 0.006 mol, water 30 i reaction condition: benzyl bromide 0.01 mol,
catalyst efficient in forming the third-liquid phase for acquiring a chlorobenzene 30 cintemperature 60C, agitation speed 350rpm; PTG
higher reaction rate. To obtain the distribution coefficient of PTCTBPB; () BTBAB; (O) TBAB; (4) TBAI.
between phases, the third-liquid phase was first prepared, fol-
lowed by separating each phase to measure their volumes indb form the third-liquid phase by producing more hydropho-
vidually, and the amounts of QBr and ArCOOQ in each phasdic ArCOOQ, and that the distribution of TBPB increases with
were then detectedable 3depicts the distribution of QBr and increasing amount of catalyst, as showTable 4 Above 86%
ArCOOQ in the third-liquid phase for different catalysts. Appar- of catalyst was in the form of ArCOOQ in the third-liquid phase
ently, the amount of QBr in the form of ArCOOQ in the third- when TBPB was used. This demonstrates that the key component
liquid phase is the highest for TBPB and the lowest for TBAB, in the third-liquid phase is the catalytic intermediate ArCOOQ,
and the order is TBPB > BTBAB > TBAI > TBAB. The distribu- enhancing the rate of substitution reaction with the organic reac-
tion of catalyst shows that TBPB and BTBAB are much easiettant transported from the organic phase.

2
P
=

CO0

2
=

Table 3

Distribution and amounts of PTC and catalytic intermediates in third-liquid ghase

Type of PTC QBgq (Mmol) QBiihirg (Mmol) ArCOOQhird Vinird/ Vag (cm®lem®) ArCOOQird/Qthird (%6)° DistributBion of
(mmol) QBr Dt?]irg_aqc

TBPB 0.58 0.72 4.70 3.7/33 86.7 11.00

BTBAB 0.74 1.13 4.12 3.7/33 78.5 13.41

TBAB 2.46 1.90 1.63 3.75/33 46.2 6.89

TBAI 3.40 1.10 1.50 4.2/33 57.7 2.54

a Operating conditions to form the third-liquid phase: 0.02 mol of sodium salicylate, 0.125 mol of NaBr, 0.006 mol of PTG, &0xater, 30 cr of heptane,
and temperature 6.
b Qis the amounts of QBr and catalytic intermediate ArCOOQ in the third-liquid phase.

¢ DtthE:&_aq is the concentration ratio of QBr in third-liquid phase to that in the aqueous phase.

Table 4

Distribution and amounts of TBPB and its catalytic intermediate in third-liquid ghase

Amounts of QBraq (Mmol) QBripirg (mmol) ArCOOGhird Vihird/Vag ArCOOQhird/Qthird (%6)° Distribution of
TBPB (mol) (mmol) (cmi/ent) QBr DRig o
0.003 1.28 0.18 1.54 1.6/33 89.5 2.87
0.006 0.58 0.72 4.70 3.7/33 86.7 11.00
0.009 0.48 1.07 7.45 5.4/33 87.4 13.53

a Operating conditions to form the third-liquid phase: 0.02 mol of sodium salicylate, 0.125 mol of NaBr33ff evater, 30 cri of heptane, and temperature
60°C.
b Qis the amounts of QBr and catalytic intermediate ArCOOQ in the third-liquid phase.

¢ DtthE:&_aq is the concentration ratio of QBr in third-liquid phase to that in the aqueous phase.
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&
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(b) Time (min) 0.09 s ] ] ] ]
( 2 4 6 8 10 12
Fig. 5. Dependence of amounts of Q in third-liquid phase on differentamounts Amount of TBPB (mmol)

of: (a) TBPB; and (b) sodium salicylate. Water 30%rNaBr 0.125 mol -
heptane 30 cr) benzyl bromide 0.01 mol, temperature€l) agitation speed  Fig. 6. (&) Plot of-In (1 — MYapp) vs. time for different amounts of TBPB; (b)
350 rpm; (a) sodium salicylate 0.02 mol, TBPB (mo[}3)(0.012; (O) 0.009; dependence of apparent rate constant on the amount of TBPB. Sodium salicylate
(2) 0.006; () 0.003; (b) TBPB 0.006 mol, sodium salicylate (moD1)(0.03; 0.02mol, NaBr 0.125 mol, water 30 ém-heptane 30 cfy benzyl bromide
(©) 0.02; (O) 0.01; (1) 0.005. 0.01 mol, temperature 6, agitation 350 rpm; TBPB (mol):()) 0.01; ()
0.008; () 0.006; (1) 0.004; @) 0.002; @) O.

4.3. Effects of operating conditions on third-liquid phase hydrogen bonding of salicylates with water molecules to retard
catalyzed esterification the formation of ArCOOQ in the aqueous phase.
Fig. &(a) is the plot of—In (1 — MYapp) versus time for dif-

The concentration of ArCOOQ in the third-liquid phase ferent amounts of TBPB. Without using PTC, the product yield
strongly affects the overall reaction. An almost constant conceris only 2.01%; while it is above 85% in-heptane at 60C
tration of ArCOOQ in the third-liquid phase during the reactionwithin 2 h of reaction when 0.006 mol of TBPB was used, and
would resultin a pseudo-first-order kinetic behavior to favorablythe apparent rate constants are 0.0056 for 0.002 mol, 0.0104
describe the present third-liquid phase-transfer catalyzed esteor 0.004 mol, 0.0153 for 0.006 mol, 0.0199 for 0.008 mol, and
ification of sodium salicylateFig. 5a and b) shows the total 0.0245min® for 0.01 mol of TBPB. The pseudo-first-order
amount of tetrabutylphosphonium ion {Qin the third-liquid  kinetic model can be successfully applied to describe the ester-
phase for different quantities of TBPB and sodium salicylateification reaction of sodium salicylate in this tri-liquid system.
used. It is seen that the amount of @ the third-liquid phase A linear relationship of apparent rate constant with the amount
was kept nearly constant during the progress of reaction witlef TBPB is observed, as shown kig. §(b), indicating that the
the fraction of @ in the third-liquid phase increasing with the concentration of ArCOOQ in the third-liquid phase is almost lin-
increase in the TBPB amount. When 0.005 mol of sodium saliearly increased with the increase in TBPB. This fact can also be
cylate and 0.006 mol of TBPB were used, the amountbfrfQ  shown inTable 4 from which a linear relationship of ArCOOQ
the third-liquid would be quickly reduced to a constant, due tan the third-liquid phase to TBPB employed is also obtained,
the initial consumption rate of ArCOOQ faster than its produc-indicating that ArCOOQ in the third-liquid phase is the key
tion rate in the third-liquid phase. In addition, when 0.03 molreacting component.
of sodium salicylate and 0.006 mol of TBPB were used, the The appearance ofthird-liquid phase mainly resulted fromthe
constant content of Qin the third-liquid phase was less than formation of hydrophobic ArCOOQ by the reaction of sodium
0.01 and 0.02 mol of sodium salicylate, resulting from the strongalicylate and PTC; hence, the concentration of sodium salicy-
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35 sodium salicylate increased is dedudeig.. 8 shows the Arrhe-
nius’ plot for different phase-transfer catalysts to describe the
30 effect of temperature on the reaction rate. The apparent activa-
0.’ tion energies in heptane can be estimated at 73.94 kJ/mol for

5 r TBPB, 83.06 kJ/mol for TBAB, 73.90kJ/mol for TBAI, and
d 72.48 kJ/mol for BTBAB, showing that TBPB has the highest
catalytic activity in the present system.

In(1-MY,,)

5. Conclusion

The kinetics of esterification of sodium salicylate with ben-
zyl bromide to produce benzyl salicylate was investigated via
third-liquid phase-transfer catalysis in the present study. The
! . ! s formation of third-liquid phase from the interaction of aqueous

0 20 40 60 80 100 120 140 reactant, inorganic salts, organic solvent, and catalyst was car-
Time (min) ried out to find the characteristics of catalytic intermediate in
Fig. 7. Plot of—In (1 — MYapp) vs. time for different amounts of sodium sal- the tri-liquid system. The volume of third-liquid increased with
icylate. TBPB 0.006 mol, NaBr 0.125 mol, water 30%m-heptane 30cf)y  increasing the amount of TBPB, and using 20—76 ofwater
benzyl bromide 0.01 mol, temperature®®D), agitation 350 rpm; sodium salicy-  for 30 cn? of n-heptane solvent favors the formation of the third-
late (mol): (©) 0.01; ©) 0.02; (1) 0.03; () 0.04. liquid phase. The interfacial phenomena between aqueous and
. third-liquid phases exhibit the mass transfer resistance domi-
nating in the heptane side. The product can be present in both
organic and third-liquid phases, and above 85% of the prod-
uct yield in the organic phase and 93.5% of overall yield can
be obtained by using 0.006 mol of TBPB. The measurement of
distribution of catalyst shows that above 86% of TBPB in the
third-liquid phase is in the form of catalytic intermediate. The
reaction mechanism and kinetic model were proposed and the
pseudo-first-order kinetics was successfully applied, the appar-
ent activation energy in heptane being 73.94 kJ/mol when TBPB
2F was used as the catalyst.
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