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Effect of third-phase properties on benzybutyl ether
synthesis in phase transfer catalytic system
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Abstract

The production of benzyh-butyl ether from benzyl chloride an@tbutanol is studied in phase transfer catalytic system.
A third phase is formed when polyethylene glycol (PEG) and dodecane are used as the phase transfer catalyst (PTC) and an
organic solvent, respectively. The production rate at the three-phase system is higher by seven times than that at the two-phase
system. The ether production rate and its selectivity are dependent on the initial concentnadioriasfol. These are affected
by the properties of the third phase, especially the concentratiarbufanol and water in the third phase.

n-Butanol reacts with benzyl chloride and potassium hydroxide simultaneously. The reaction betwetenol and potas-
sium hydroxide occurs in the aqueous phase. Then, the selectivity of ether on a basis ai-itiahol is below 0.6 in a
stirred tank batch reactor. The selectivity is much improved at 0.9 by using a static triphase batch reactor in which the organic
and aqueous phases are separated by the third phase. The interphase mass transfer can be accelerated by ultrasonic device.
© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction Step2. Ether synthesis from potassium alkoxide and
alkyl halide:

The synthesis process between reagents in two im-
miscible phases can be simplified by using phase trans- ROK + R'X — ROR + KX 2
fer catalyst (abbreviated as PTC) [1].

For example, the following two-step process is re- In this process, metal potassium is consumed and
quired for the traditional Williamson ether synthesis. potassium halide becomes waste.

On the other hand, if PTC is used, the process can
be simplified as one-step process, i.e., alcohol and
alkyl halide can react directly to produce an ether

Stepl. Potassium alkoxide synthesis from alcohol
and potassium:

2ROH+ 2K — 2ROK + Ha a (2
PTC
ROH + RX + KOH — ROR + HO + KX 3)
(org) (org) (ag (org) (ag (ag)
* Corresponding author. Tel./fax:81-52-789-3261. Some works have been done on ether synthesis.
E-mail addressigoto@park.nuce.nagoya-u.ac.jp (S. Goto). Neumann and Sasson [3] reported synthesis of alkyl
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Nomenclature

Ca.0 feed concentration of benzyl chloride
in organic phase (mol/frorg)

Ca.org concentration of benzyl chloride in
organic phase (mol/frorg)

CAa third concentration of benzyl chloride in
third phase (mol/mthird)

Cg.o feed concentration afi-butanol in
organic phase (mol/forg)

Cg,org concentration ofi-butanol in organic
phase (mol/ri-org)

Ca. third concentration of-butanol in third
phase (mol/rfthird)

Ch,0 concentration of water in third phase
(mol/m3-third)

kRr,obs ether production rate constant {3

m.o feed mole of benzyl chloride or
n-butanol (mol)

M org mole of benzyl chloridep-butanol or
ether in organic phase (mol)
M third mole of benzyl chloridep-butanol or

ether in organic phase (mol)
Maikoxideaq the moles of alcohol alkoxide

produced in the aqueous phase (mol)
R selectivity of ether based on initial
reactant i
t reaction time (s)
Vorg volume of organic phase @
Vihird volume of third phase (f)

YA org dimensionless concentration of
benzyl chloride in organic phase,
CA,org/CA,O (_)

YB,org dimensionless concentration of
n-butanol in organic phase,

CB.org/ CB.0 (—)

1) concentration of PEG based on the
volume of organic phase;p/ Vorg
(mol/m3-org)

§KoOH dimensionless concentration of
potassium hydroxide in the aqueous
phase {)

Subscripts

A benzyl chloride

B n-butanol

R benzyln-butyl ether

[ AorB

ag agueous phase

cat catalyst ((HexNBr or PEG3000)
org organic phase

third  third phase

aryl ethers from alkoxylation of halobenzens by us-
ing different molecular weights of polyethylene gly-
col (PEG) in two-phase systems. The greater molecu-
lar weights were found to be more effective catalytic
activities.

Wang and Chang [4] studied the ether synthesis
from sodium phenolate and allyl chloride with PEG
in two-phase system. The reaction rates in both the
organic and agueous phases were increased by PEG.

Wang and Weng [5] reported the ether synthesis
from sodium phenolate amdbutyl bromide with tetra-
butylammonium bromide in three-phase system. The
formation of third phase and the reaction rates were
significantly dependent on the solvents and salts.

However, the main disadvantage of PTC, espe-
cially in commercial applications, is the difficulty
of separation from the products in the organic
phase. To solve this disadvantage, PTC system with
a catalyst-rich third phase has been proposed. A
third phase may be formed when PTC cannot be
dissolved in either organic or aqueous phase, and
once a third phase is formed, the reaction rate in-
creases sharply and the catalyst can be reused easily
[6]. In our previous paper [7], the relationship be-
tween the properties and catalytic activity of the
third phase was investigated by carrying out the de-
hydrohalogenation of 2-bromooctane on quaternary
ammonium salts catalysts. Furthermore, a synergetic
effect of PTC was observed for the combination of
tetrahexyl ammonium bromide ((HeBr), and
polyethylene glycol (PEG) in a third phase. The ob-
served reaction rate constant could be related to the
water concentration in the third phase drastically
[8].

In general, PEG and their many derivatives have
been extensively investigated as phase transfer cat-
alysts and are used in many commercial processes
[9]. These materials are inexpensive, thermally sta-
ble in the presence of strong bases, nontoxic, easily
biodegradable.
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Dehydrohalogenation of 2-bromooctane was inves- the undesired side reaction, Eq. (7) may take place
tigated by using PEG as a catalyst and toluene asbecause the organic and aqueous phases can contact
an organic solvent in the saturation of potassium hy- each other.
droxide in an aqueous solution [10]. When adequate Finally, a static triphase batch reactor with ultra-
amounts of methanol were added in this system, the sonic device was used to improve the ether selectivity
third phase appeared [11]. When the concentration of by avoiding the direct contact between the organic and
PEG in the organic phase became zero by the additionaqueous phases.
of methanol, the condition was optimum for repeated
use [12].

Another advantage to use the third-phase system2. Three types of reaction mechanism
is that the organic phase does not contact with the

aqueous phase if the catalyst-rich third phase presents 1. Reaction mechanism in two-phase system
between organic and aqueous phases in the reactor

withput_stirring. This reactor may be na_med as @  The mechanism of Eq. (3) was proposed by several
static triphase batch reactor. In our previous paper g thors [15]. In this case, PTC is usually ammonium
[13], this reactor was used for the halogen substi- ¢4t

tution reaction from benzyl chloride to benzyl bro-

mide and the reaction was promoted by ultrasonic ROH
waves. , ,

Stanley and John [14] implemented a porous e QR+ RO = ROR + Q1
solid membrane reactor to avoid direct contact l _l
between organic and aqueous phases. This mem-~ ~ [~~~ -~~~ ~~~7-77777 -
brane reactor was continuously operated for the aq QOR + KCI <— KOR + QCI (6)
displacement reaction from bromooctane to iodooc-
tane. ROH + KOH +—> KOR + H,0 (0

As far as our knowledge is concerned, no studies
have been done on one step Williamson ether synthe- . . ]
sis from alcohol and allyl halogen in base-catalyzed Alkoxide is formed by Egq. (7) in the aqueous
reaction with a third-phase transfer catalytic sys- Phase. The alkoxide combines with catalyst to form
tem. ion-pair Q"OR~ by Eg. (6). lon-pair QOR™ is
This paper attempts to investigate this possibility.
The reaction is as follows:

CsHsCHoCl 4+ C4HgOH N CeHs5CHy—O-GiHg 4+ HCI @
(A) (B)  PTCwith OH (R)

The reaction mechanism of this three phase shows
as below.

Dodecane and toluene are used as a nonpolar and .
a weakly polar organic solvent, respectively. Tetra- extracted from the aqueous phase into the bulk of or-

hexyl ammonium bromide ((HexNBr) and PEG ganic phase. QOR™ reacts vyith RX to form an ether
(with molecular weight of 3000) are used as PTC. and to release _the catalyst into the aqueous phase for
At first, the conditions to form the third phase were 2another catalytic cycle (Eg. (5)).

determined by changing the concentration of potas-

sium hydroxide (KOH) in the aqueous phase. Then, 2.2. Reaction mechanism in third-phase system with
the effects of initial concentrations of benzyl chloride stirring

(A) and n-butanol (B) on the reaction rate and the

selectivity of benzylr-butanol ether (R) were inves- The mechanism of Eq. (3) in third phase would be
tigated in a stirred tank batch reactor. In this reactor, as follows [6]:
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—ROH R'Cl ROR’

B A

ROH + RCl + QOH —» ROR’ + QCl + H:0 (8

o A [ o

KCl + QOH«—» KOH + QCl ()]

aq direct contract with aq.phase
v
ROH + KOH <+—» KOR + H:0 ¢)]

Both reactants, ROH and’'®), are dissolved into . .
the third phase which has a form of QOH with a high catalysts. All chemicals with GR grade were commer-

base strength [7]. The ether RO&n be synthesized cially available (tetrahexyl ammonium bromide from
by Eq. (8) ’ Aldrich Chemical and other reagents from Wako Pure

Chemical Industries) and used without any purifica-

In this case, however, if both the organic and aque- tions

ous phases are directly contacted with each other by
stirring, the formation of alkoxide, KOR, may proceed
simultaneously by the side reaction, Eq. (7), which is 3.2. Determination of third-phase composition
not desirable.
These experiments were done as the same way
2.3. Reaction mechanism in third-phase system in the previous paper [7]. The water contents in the
without stirring third phase were determined using a gas chromato-
graph with TCD. The contents ofi-butanol were

If both organic and aqueous phases are completely also determined using a gas chromatograph with
separated from each other without stirring, the reaction FID.
given by Eq. (7) does not take place.

ROH R'Cl ROR’

BT I

aq KCl + QOH «—» KOH + QCl (€)]

3.3. Kinetic measurements
3. Experimental
3.3.1. Stirred tank batch reactor
3.1. Catalysts and reagents The same stirred tank batch reactor at constant tem-
perature of 323 K was used in the previous paper [7]
Tetrahexyl ammonium bromide ((HeXBr) and except for adding-decane as an internal standard. The
polyethylene glycol with the molecular weight of 3000 initial volumes of both organic and aqueous phases
(abbreviated as PEG3000) were used as phase transfewere always equal to 50 ¢in
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A B R org
| | 0
\4 \4 |
A+ B—>R + S third
l l aq
OH™ S

Ultrasonic device

Fig. 1. Schematic diagram of static triphase batch reactor.

3.3.2. Static triphase batch reactor

Fig. 1 shows a schematic diagram of static triphase
batch reactor. The direct contact between organic and
aqueous phases can be avoided by the third phase

The ultrasonic device (Yamato Sci., 3QT/H with 50 W

of supersonic power and 47 kHz of frequency) under
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Fig. 2. Effect of catalyst and KOH concentration in the aqueous
phase on the formation of third phase & 10 mol/m3-org at
PEG3000,w = 25 mol/md-org at (Hex)NBr).

the reactor was used to promote the interphase mass

transfer rates.

phase by varying the concentrations of potassium hy-

The static triphase batch reactor was placed in a droxide (KOH) in the aqueous phase as well as the

constant temperature (323 K) water bath with known
amount of HO, catalyst, KOH and organic solvent
(one-third of all). Then, known quantity ef-decane
(as internal standard), benzyl chloride amtbutanol
dissolved in organic solvent, respectively, were finally
added and a kinetic run was started. The initial vol-

initial concentration oh-butanol in the organic phase.
No formation of third phase was found in any con-
ditions in the case of toluene (weakly polar organic
solvent).

In the case of dodecane (nonpolar organic sol-
vent), the third phase was formed as shown in

umes of both organic and aqueous phases were al-Fig. 2. The value oftkon represents the dimen-

ways equal to 10 ch At given intervals, samples of

sionless concentration of KOH in the aqueous

0.2cn? were taken from the organic phase. The con- phase. When the aqueous phase is saturated with

tents of benzyl chloridey-butanol as well as the prod-
uct (benzylp-butanol ether) in the organic phase were

analyzed by a gas chromatograph (Yanaco G1800)

with FID. The column was the same as that in our
previous paper [7].

4. Experimental results and discussion

4.1. The formation and volume of third phase

4.1.1. Condition of forming a third phase

Preliminary experiments were carried out in order
to determine the conditions of formation of the third

KOH (1.76 x 10*mol-KOH/m3-ag), &ékon equals
unity.

In the case of (HexNBr, the third phase is formed
without n-butanol as shown in our previous paper
[7]. As the concentration ofn-butanol increases,
the volume is decreased at higher valuestbH.
Especially, the volume of the third phase is disap-
peared atxon > 0.7. The disappearance of the third
phase may be explained by the similar mechanism in
Egs. (6) and (7), that is, the ammonium salt"¢Q")
in the third phase may be extracted to the organic
phase.

However, in the case of PEG3000, the volume of
third phase increases with the addition ebutanol
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and KOH because the reaction given by Eq. (6)
does not occur with only polyethylene glycol (PEG). dodecane
PEG3000 as phase transfer catalyst has rings such as toluene
crown ether [16] while the ammonium salt {®& ™) T —w %
does not have them. .

At higher & ko without n-butanol, the third liquid
phase disappeared and in turn, the solidification oc-
curred. This solidification phenomenon was also ob-
served by Masson et al. [17] and Jin et al. [7]. They
explained the phenomena by dehydration of catalyst
phase (third phase), causing its precipitation of cata-
lyst. K obs |

The solidification was not observed by adding 0.2 .
n-butanol to moderate the dehydration of catalyst
phase. I

® O|x
| g )

o
o0
1

| PTC: PEG3000

| © =10mol/m3-org

yA,org ’ y R,org
e
N
|

|
\

i

s PR PR R W N
4.1.2. Effect of n-butanol concentration on 0 50 100 150
third-phase volume ¢t [min ]
Fig. 3 shows the effect afi-butanol concentration
on the volume of the third phase dkon = 05 Fig. 4. Time course of reactant and prosduct in toluene and dodecane
and 1.0 in the case of PEG3000. As the concen- ¢<ort =05 Cao = Ca.o=200mojm=org).
tration of n-butanol, Cg org is increased, the vol-
ume of third phase increases independently of the 4.2, Reaction rate in the stirred tank batch reactor
concentration of KOH in the aqueous phase ex-
cept for lower concentrations afi-butanol where 4.2.1. Effect of third phase on the reaction

the solidification occurs atkoq = 1.0. These re- Fig. 4 shows concentration profiles of the reactant
sults suggest that substantial quantity ebutanol (A) and the product (R) with time in both cases of

may be dissolved into the third phase during toluene and dodecane as organic solvent, respectively.
reaction. In the case of toluene where the third phase is not

formed, no reactions occur. On the other hand, in the
case of dodecane where the third phase is formed, the
etherification can take place. Itis revealed that the third

L Solvent: dode(lzane I | phase may play a significant role in the reaction [6].
= 0.1} PTC:PEG3000 _ The observed rate constakg ons Was determined
,:"5 | =10 mol/m™-org ] from the slope of the plots betwegg andt at the
§ o initial stage as shown in Fig. 4.
= Ekon ] 4.2.2. Effect of A and B concentration on the
E o005} - reaction rate

g Fig. 5 shows the results of the observed rate con-
A I \ . .
% ks £ con=0.5 1 stant_of ether (R) for various concentrations of benzyl
NG - . chloride (A) andn-butanol (B).
L |~ Solidification 1 The rate constant is almost independent of the con-
0%), . 5(')0 —_— 10'00 : centration of benzyl chloride (A) at the constant con-
centration of-butanol (B), 200 mol/rfrorg. However,
C orgl mol/m’-org | the rate constant increases dramatically witbutanol

(B) concentration at the constant concentration of ben-
Fig. 3. Effect ofn-butanol concentration on volume of third phase. ~ zyl chloride (A), 200 mol/m-org. These imply that the
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Fig. 5. Effect ofn-butanol and benzyl-chloride concentrations in  Fig. 7. Dependence dfps on the KOH concentration in aque-
the organic phase on production rate of ettigion = 1.0). ous phase in two or three phas€a(p = 200molm?3-org,
Cg,o = 1000 moym?3-org).

properties of the third phase for the two cases differ

from each other and these variations in properties may Concentration in the third phase in Fig. 6 may cause
be due to the composition changes in the third phase.the increase in the rate constant with the increase in the

initial concentration of B in Fig. 5. This is consistent

In this regard, further studies are done as follows. k ) : k
with the results obtained in the previous papers [7,8].

4.2.3. Compositions of the third phase
The reactants and products may be dissolved into

PTC to form the third phase. As the initial concen- "at€ o
tration of n-butanol in the organic phase increases, Fi9: 7 shows the effect of KOH concentration in the

n-butanol in the third phase increases while water de- 20U€0Us phas&kon) on the ether production rate in
creases as shown in Fig. 6. Benzyl chloride was not POth cases of toluene and dodecane.

added to avoid the reaction. The decrease in the water !N the case of toluene (two-phase system), the reac-
tion occurs only at higher concentrations of KOH.

In the case of dodecane (three-phase system), the
T rate constankr opsincreases sharply with the increase

4.2.4. Effect of KOH concentration on the reaction

10

T T T T
| Solvent: dodecane

PTC: PEG3000 ] N £koH- . .
8- w=10mol/m™-org . The reaction rate in the three-phase system can be
I i=H,0 1 higher by seven times than that in the two-phase sys-

tem atékon = 1.0.

n-Butanol (B

4.3. Selectivity

C€,x10” [ mol/m’-third ]
(o))
T

4.3.1. Time course of reactants and product and

ol v o their selectivities

0 200 400 600 800 1000 Equal concentrations of benzyl chloride and
n-butanol (Cao = Cgo = 200 moym3-org) were
added to the batch reactor and the concentrations of
Fig. 6. Effect of initial n-butanol concentration in organic benzyl chloride (A),n-butanol (B) and the ether (R)
phase on the compositions of the third phaggofi = 1.0, were determined with time. The results are shown in
Ca.0 = 0 mol/m3-org). Fig. 8.

Cg o [ mol/m*-org ]
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Fig. 8. Time course of reactants, product and selectivity in a stirred
tank batch reactorgkon = 1.0, Ca0 = Cg.o = 200 mon3—org).

Even if the reactants are stoichiometrically the
same, the decrease mbutanol (B) is greater than
that in benzyl chloride (A). This may be due to the
side reaction, Eq. (7).

The ether selectivity based on benzyl chloride (A)
or n-butanol (B) are defined as follows:

N MR, org

SR,i >

mj 0 — Mij org

i=AorB (20)

In the case of benzyl chloride (A), 1mol of A is
consumed to produce 1 mol of R by Eq. (4). Both A
and R may exist in organic or third phases because
they are not dissolved in the aqueous phase.

MA,0 = MA org + MR org + MA third + MR third ~ (11)

Therefore, Eqg. (10) can reduce to the following equa-
tion:

MR, org
MR, org + MA third + MR third

SR.A

(12)

The fact thatSg a is around 0.8 in Fig. 8 may be
explained by Eg. (12) which indicates that the compo-
nents dissolved in the third phagea third + MR third)
cannot be neglected.

On the other hand, the selectivity § g is around
0.5. This may be explained by the additional consump-
tion of n-butanol (B) due to the side reaction, Eq. (7),
that is,

MR org

mR,org+mB,third +mR third +malkoxideaq

SRB = (13)

G. Jin et al./Catalysis Today 64 (2001) 279-287

where Mgikoxideraq are the moles of alcohol alkox-
ide produced in the aqueous phase by consuming
n-butanol (B).

4.3.2. Behavior of n-butanol in the organic phase
n-Butanol concentration in the organic phase was
measured with time for three cases as follows:

(a) Without PEG300@w = 0 mol/m?3) without ben-
zyl chloride (Ca.0 = 0 mol/ms-org).

(b) With PEG300Qw = 10 mol/m?3) without benzyl
chloride (Ca.o = 0 mol/m3-org).

(c) With PEG3000(w = 10mol/m3) with benzyl
chloride (Ca.o = 200 moym?3-org).

The initial concentration afi-butanol in the organic
phase was fixed afgo = 1000 mofm?3-org in any
case.

The results are shown in Fig. 9. Even when the third
phase cannot be formed in Case (a) without PEG3000,
n-butanol is consumed by the reaction of Eq. (7).
The addition of PEG3000 in Case (b) does not af-
fect the consumption rate of B as shown in the dotted
line in Fig. 9 although the third phase is formed in
Case (b).

In both Cases (a) and (bj;butanol concentration
in the organic phase attains steady state after 300 min.
This means that the equilibrium holds at the reaction,
Eqg. (7). However, in Case (c) where both reactants, A
and B are present with PEG3008Bbutanol (B) is con-
sumed faster than other two Cases (a) and (b) because
two reactions, Egs. (7) and (8) occur simultaneously.

1 T Case | w Go
r ao 0 0
0.8+ b a 10 0
(=] 10 200
- mol/m’-org
— 0.6} ~ ]
5 G5e®  pre. pEG3000
Cg 3 Solvent: dodecane -
EN 0.4} Case(b) .
0.2} q
Case(c)
0 I 1
0 100 200 300
t[ min ]

Fig. 9. Time course ofi-butanol in organic phase for three cases
(ékon = 1.0, Cp,0 = 1000 moym?3-org).
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1. Athird phase was formed when PEG3000 was used

—_ as phase transfer catalyst with dodecane as the or-
L 0.8 ganic solvent.
o2 2. The ether production rate in the three-phase system
.06 was seven times greater than that of the two-phase
g1 system.
= 0.4 3. Inastirred tank batch reactorbutanol reacts with
| benzyl chloride and potassium hydroxide simulta-
02 i Sohvent: dodecane neously. The selectivity of ether on a basis of initial
N/ (» =10mol/m"-org n-butanol is below 0.6.
0 50 100 150 4. In a static triphase batch reactor, the undesirable
¢ [min ] side reaction is suppressed. The selectivity is much
] ) o improved as high as 0.9.
Fig. 10. Time course of reactants, product and selectivity in a
static triphase batch reactdion = 1.0, Ca,0 = Cg,0 = 200 mo)/
m3-org).
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4.4. Selectivity in the static triphase batch reactor

The static triphase batch reactor was used to im-
prove the selectivity of ether (R) by suppressing the
reaction, Eq. (7).

Fig. 10 shows the selectivitie§g o and Sz g to-
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can be suppressed by separating the organic and aque
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