Chemical
Engineering
Journal

www.elsevier.com/locate/cej

Chemical Engineering Journal 90 (2002) 241-251

Mechanism and NaOH effect of polymer-supported
catalyst: phosphazene reaction
Ho-Shing Wi, Chang-Lin Lee

Department of Chemical Engineering, Yuan-Ze University, 135 Far-East Road, ChungLi, Taoyuan 32026, Taiwan, ROC
Received 20 July 2001 ; accepted 9 March 2002

Abstract

The mechanism and NaOH effect of the substitution reaction of hexachlorocyclotriphosphazeng){NRtI phenol to synthesize
the poly(phenoxy)chlorocyclotriphosphazene were investigated by using triphase catalysis in an organic phase/alkaline solution. Four
relationships between the ion-exchange reaction and organic reaction were presented and clarified by experimental result. The reaction
behaviors varied with different particle sizes of resins. The reaction zone was not the whole resin, and occurred obviously at a shell of the
resin when the resin was used larger particle size and higher degree of crosslinkage. The thickness of shell in the resin varied with different
NaOH concentrations. The intrinsic reaction kinetics, particle diffusion and film diffusion had to be considered to explain this triphase
reaction behavior. The performance of recycle fixed-bed reactor was also investigated.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction clarified by the experimental resy®,10], the relationship
of reaction mechanism between the reaction and polymer

The reactivity of a liquid—solid—liquid triphase reaction resin in a liquid—solid-liquid triphase reaction has not been
(i.e. polymer-supported catalytic reaction) is influenced by understood completely. Hence, this study aims to discuss
the structure of the active sites, particle size, degree of the mechanism of a polymer-supported triphase reaction.
crosslinkage, degree of the ring substitution, swollen vol-  Among the vast scope of phase-transfer catalysis (PTC)
ume, and spacer chain of a catalyst. In the past, the characapplication[9,10], approximately 40% of PTC patents in-
teristics of a triphase reaction subjected to the mass-transfewolve the hydroxide ion and, it has been estimated that, ap-
limitation of the reactants and ion-exchange rate in the aque-proximately 60% of commercial PTC application involve
ous phase have been discusfeeb]. The ion-exchange rate  the hydroxide iorj10]. Many paper$l1-16]have presented
in the agqueous phase affects the reactivity of the triphasethat the reactivity of a reactant in an organic reaction is in-
reaction. fluenced by the base concentration. It is well known that

The hypothesis of planar phase boundary used in a clas-the base concentration plays a crucial role in a liquid-liquid
sical two-phase system cannot be derived to describe aphase-transfer-catalyzed reaction. However, the base effect
triphase system. Telford et gB] suggested an alternating for the reactivity of reactant in a liquid—solid—liquid triphase
shell model that requires periodical changes in the liquid reaction was rarely attention.

phase filling the pores of the catalyst. Schlunt and JB&u Most PTC reactions are carried out on an industrial scale
indicated that the reaction was occurred in a thin shell nearin the batch mode in mixer-settler arrangements. In view of
the particle surface. Tomoi and Fofd] and Hradil et al. the reactor design in the liquid—solid-liquid triphase reac-

[8] presented that the droplet of organic (or aqueous phase)tion, Ragaini et al[17-19]reported the use of the fixed-bed
was collided with the solid catalyst. However, the mecha- reactors with a recycling pump or with a recycling pump
nism and effect of the internal molecular structure of the and an ultrasonic mixer, and emphasized the importance of
polymer support in a triphase reaction have seldom beeneffluent recycle concept. Schlunt and Clélireported the
discussed. Although some rules were listed in the text and use of a cyclic slurry reactor, which allowed the immiscible
reactants to contact the catalyst sites in controlling sequen-
"+ Corresponding author. Tek+886-3-4638800-564: tial_steps. However, for quuid—solid—liqu_id tri_phase _system,
fax: +886-3-455-9373. which reactor type employed properly in this reaction sys-
E-mail address: cehswu@ce.yzu.edu.tw (H.-S. Wu). tem is not clear solution. In this study, a recycle fixed-bed
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Nomenclature given below:
CL degree of crosslinkage A N
Kapp apparent reaction-rate constant _CH‘CHz{‘ CH—CHZﬁ’ CH“CHA"
(cm®/(min g-resin)) m
Mresin weight of resin (g)
MX metallic salt of X |
MY metallic salt of Y —CH-CH,T <|:H2
QX quaternary salt of X ion in the resin C4Hg—N*C,4Hg
QY quaternary salt of Y ion in the resin L o o] 1
r radius of resin e
RS degree of ring substitution
RX chemical reactant The properties of microporous resin with 4mol% of
RY chemical product crosslinkage and 20 mol% of ring substitution are: appar-
t reaction time (min) ent density= 1220 kg/n¥, true density= 702 kg/n¥, CI—
T absolute temperature (K) density = 0.7 mmol/g (determined by Volhard method).
Vr total volume of the reaction system (&mn The characteristics of the resin were similar to the Wu and
Lee’s report20].
Superscript The procedure for determining imbibed solvent composi-
_ species in the organic phase tion of the resin is similar to that in Wang and Wu'’s report
[21]. A 125 cn? funnel equipped with a fitted disk served as

the testing apparatus. A known quantity of the catalyst pellet,
organic solvent and alkaline solution were added to the fun-
reaction was used to evaluate the performance of the triphasenel. Then, the external liquid phase was removed from the
reaction. slurry using an aspirator. The wet resin was placed in a flask
The substitution reaction of (NPgk with phenol is a containing 15 crd of dimethylformamide from the catalyst
sequential reaction in this study. The reaction type is differ- pellets. The amounts of solvent and water in dimethylfor-
ent from the common one-stage reaction. The experimentalmamide were measured by HPLC and potential meter (Karl
results can easily demonstrate the relationship between the~ischer Titration), respectively.
reaction kinetic limitation and the particle diffusion limita-
tion. Hence, the purpose of the present study is to investigate2.3. Synthesis of poly(phenoxy)chlorocyclotriphosphazene:
the NaOH effect and mass-transfer behavior for synthesizing NsP3Clg_; (OCgHs);, i = 1-6
poly(phenoxy)chlorocyclotriphosphazene from the reaction
of phenol with hexachlorocyclotriphosphazene by triphase  The procedure for the synthesis of poly(phenoxy)chloro-
catalysis in an organic solvent/alkaline solution. cyclotriphosphazene is previously descrij22]. The prod-
ucts of NsP3Clg_;(OCsHs);, i = 1-6, were successfully
separated by pressurized column chromatography and cool-

2. Experimental ing crystallization. On the basis 8P and H NMR spectra,
the substitution reaction type belongs to a trans-nongeminal
2.1. Materials path.

Hexachlorocyclotriphosphazene (Aldrich, 99.5%), phe- 2.4. Kinetics of the triphase catalytic reaction
nol (Aldrich, 99%), styrene (RDH, 99%), chloromethyl-
styrene (Aldrich, 97%), divinylbenzene (Aldrich, 80%),  The analytical method and the kinetic procedure of poly
tri-n-butylamine (Merck, 98%) and other reagents are all (phenoxy)chlorocyclotriphosphazene were previously de-

analytical chemicals. scribed[22]. The standard reaction conditions in batch reac-
tor were: NaOH= 0.9 kmol/m?, CsH50H = 0.75 kmol/m,
2.2. Procedures H,O = 50vol.% (75cm), (NPCh)s = 0.575kmol/n?,

CHCl, = 50vol.%, 20°C, resin (microporous, 4 mol%
2.2.1. Preparation of poly(styrene-co-chloromethylstyrene) CL, 20mol% RS, 60-80 meshy= 0.5kg/n?, CI= =

immobilized tri-n-butylamine 0.7 mmol/g, 1000 rpm. The apparatus of recycle fixed-bed
The synthetic procedure for polymer-supported (styrene—reactor was a Pyrex jacketed flask, shownFig. 1 The
chloromethylstyrene—divinylbenzene) immobilized rri-  standard reaction conditions were NaGH 0.9 kmol/n?,

butylamine resin is identical to that of Wu and Meng’s CgHsOH = 0.75kmol/n?, HO = 50vol.% (75cm),
report [15]. The molecular structure of polymer-suppor- (NPCh)s = 0.575kmol/n?, CH,Cl, = 50vol.%, 20°C,
ted (styrene—chloromethylstyrene—divinylbenzene) resin is resin (microporous, 4 mol% CL, 20 mol% RS, 60—-80 mesh)
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Fig. 1. Fixed-bed with recirculating pump reactor.

= 13.3kg/n¥, CI~ = 0.7mmol/g, 1000 rpm, flow rate= wherekapp andkapp (cm™/(min g-resin)) represent the appar-

7.5 cné/min. ent reaction-rate constant in the organic phase and agueous
phase, respectively. The values of pseudo-first-order kinet-
ics are applied up to 90-100% conversion of (NP&I

3. Results and discussion depending on reaction conditions. The consumption rate
of NaOGHs in the aqueous phase is equal to the total

In a triphase reaction, the overall kinetic cycle can be consumption rate of the intermediate products and reac-

broken up into two steps by virtue of the presence of two tant. Hence,Eqg. (3) is independent oEqg. (4) Because

practically insoluble liquid phases: a chemical conversion the apparent reaction rate varied proportionately with the

step in which the active catalyst sites (résiwith pheno- amount of polymer-supported quaternary ammonium chlo-

late ions) react with the hexachlorocyclotriphosphazene in ride, the first-order dependence on the amount of triphase

the organic solvent, and an ion-exchange step in which thecatalyst.

attached catalyst sites are in contact with the aqueous phase:

NaCl+ Resint CHO™ <—— Resin®Cl™ + NaOCH,

| 1\

NPClg. (OCH,), + Resin¥CHO™ ___. Resin™CI™+ NPCl; (OGH,),, : i=0~5 )

i+

The overbar denotes the characteristics of the species in the The function of base in a liquid—solid—liquid triphasic

organic phase. Thus, the total moles of catalyst sites are: reaction have four roles: (i) reactant; (ii) deprotonation of
resin = resin"CgHsO~ + resin™CI~ ) gcidic Qrganic compound tp becomg the reactive'form; (i)

improving the reactive environment in the catalytic pellets,
In this study, the reaction rates for the organic phase andsuch as swelling volume, imbibed solvent ratio, solubility

the aqueous phase follow pseudo-first-order kinglibs22] between two phases, etc.; or (iv) reducing the solvation of
and can be written as follows: catalyst and water to upgrade the reactivity of active catalyst
NPCh S _ in the organic phase. In previous works, it was observed that
- d[(NZth)3] = kappM‘r,eT “"[(NPCh)3] €) the reactivity of organic reactant varied with the concentra-
tion of the base in a liquid—liquid phase-transfer-catalyzed
and reaction[13,23,24] In the liquid—solid—liquid triphase re-
d[NaOGsHs] Miesin action, the effect of base for the reactivity of reactant (or

dr = Kapp VT [NaOCgHs] (4) reactive environment) was rarely attentidfig. 2 shows
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100 tration was excess to derive the hydroxide ion to react with
£ resintCI~ to form resinrfOH~, and so that was larger than
o that of phenolate ion in the resin. Thus, the ion-exchange
4 0 rate of GH5O~ with resint Cl~ decreased.
€ The concept of phase-plane and superposifz#tj was
"?E/ . used to change the variable from time to the consumed
S ratio of GGHsOH/(NPCb)s in Fig. 3. Fig. 3 displays the
_} @ trajectories of the products and the reactant in terms of
0.1 mole ratio of GH5OH/(NPCb)3 consumed. In the organic
—~ 10 phase, the reaction mechanism of the reaction of (NRCI
= with resin"CgHsO™ can be expressed lqg. (1) The ex-
a pression cannot be directly solved to yield compositions as
g, 1 a function of time because the amount of ré€dgHsO~
< \O\f in the resin was unknown, and the reaction was also in-
3 N fluenced by mass-transfer resistance. If the mass-transfer
e o resistance of the poly(phenoxy)chlorocyclotriphosphazene
3& in the interior of the resin can be neglected, the maximum
& 001 L . . ®) yield of monophenolated product can be obtained when, ap-
3.1 30 33 3.4 35 36 proximately 1 mol of phenol per mol of (NP&§ has been
1T x 103 (K'1) reacted, and the maximum vyield of diphenolated product
results when around 2 mol of phenol per mol of (NPel
Fig. 2. Arrhenius plot of apparent reaction-rate constaggandk.pyon  has been reacted, etc. Whereas, if the position of the max-
temperature; NaOH{D) 0.5 kmol/n?, (v) 0.9 kmol/n?, ((J) 1.8 kmol/n. imum vyield shifts to right, the higher shifting value means

a larger mass-transfer resistance of organic reactant in the

particle. InFig. 3, the maximum yield of monophenolated
the influence of NaOH salt on the apparent reaction-rate product shifts to right by more 0.2 units; the maximum
constantgapp andkapp The values okappandkappdramati-  yield of diphenolated product shifts to right by more 0.1
cally increase with increasing concentration of NaOH when units. This reveals that the intraparticle diffusion on the or-
the ratio of NaOH to @HsOH is in the range of 1-1.5. This  ganic reaction rate influence the reaction rate. The trend of
trend corresponds to that using liquid—liquid phase-transfer shifting to the right of the maximum yield increased with
catalysis[15]. Table 1lists that the apparent activity ener- increasing concentration of NaOH.
gies of Arrhenius law for the organic phase and the aqueous  The reactivity of a triphase reaction is influenced by the
phase at different NaOH concentration. The apparent activ- structure of the active sites, particle size, degree of crosslink-
ity energies for organic reaction decreased, and for aqueousage, degree of the ring substitution, swollen volume, and
reaction increased when the NaOH concentration increasedspacer chain of a catalyst pellet. All these make the triphase
The reactive behavior of organic reaction became reactionreaction a complicate one. Past efforts have carried out this
chemical control to diffusion controlH,; < 42kJ/mol). investigation macroscopically. However, the mechanism and
The reports of Wang and W[25] and Wu and Leg20] effects of the internal molecular structure of the polymer
indicated that the imbibed solvent compositions of organic support have seldom been discussed.
solvent, water and salt, and the swollen volume of resin  According to the steric effect of phenolate ion react-
increased with increasing the NaOH concentration. In other ing with hexachlorocyclotriphosphazene and the Wu and
words, the reactive environment of organic reactant near theMeng’s reports (two-phase cataly§&2]; triphase catalysis
active site increased with increasing NaOH concentration. [15]), the maximum vyield of partially substituted pheno-
However, the activity energy of the ion-exchange reaction lated product increased with increasing degree of substi-
increased when the NaOH concentration increased. The re4ution reaction.Fig. 3 shows that the maximum vyield of
active behavior of ion-exchange reaction became diffusion monophenolated product was larger than that of dipheno-
control to the reaction chemical control. The NaOH concen- |ated product, and the maximum yield of partially phe-

nolated product decreased when the NaOH concentration

Table 1 increased (i.e. reactivity of the active site increased). This
Apparent activation energies in the organic and aqueous reaction onresult reveals that the reaction rate of phenolate reacting
different NaOH concentrations and particle sizes with monophenolated (or diphenolated) product was larger

[NaOH] (kmol/m?) Mesh than the diffusion rate of monophenolated (or diphenolated)

product from active site to bulk solution and hexachloro-

0.5 0.9 1.8 60-80  140-200 . ; e
_ cyclotriphosphazene from bulk solution to active site. Most
Ea (ki/mol) 62.4 313 315 315 18.0 monophenolated (or diphenolated) product reacted in situ
Ea (kJ/mol) 293 489 523 52.3 9.60

with resintCgHsO~ in the neighborhood of the active site.
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Fig. 3. Yields of products and conversion of reactant as a function of reactiyGE1/(NPCh)s consumption ratio at different NaOH concentration:
(a—d) 0.5kmol/m, (e~h) 0.9 kmol/m, (i-1) 1.8 kmol/n?; (@) (NPChL)3, (O) N3PsCls(OCsHs)1, (v) N3PsCls(OCsHs)2, ((J) N3P3Cl3(OCeHs)s3, ()

N3P3Cl2(OCsHs)a, (A) N3P3Cl(OCeHs)s.

Meantime, when the reactivity of resi€sHsO~ increased
as the NaOH concentration increased, the diffusion resis-
tance of reactants was obvious.

In general, the reaction mechanism of the fluid—solid reac-
tion is: (i) mass transfer of reactants from the bulk solution to
the surface of the catalyst pellet; (ii) diffusion of reactant to
the interior of the catalyst pellet (active site) through pores;
(iii) intrinsic reaction of reactant with active sites. Triphase
catalysis is more complicated than traditional heterogeneous
catalysis, because it involves not merely diffusion of a sin-
gle gaseous or liquid phase into the solid catalyst. Both or-
ganic reactant and aqueous reactant exist within the pores of
the polymer pellet. For step (iii), the substitution reaction in
the organic phase and ion-exchange reaction in the aqueous
phase occurred.

In the present reaction, the overall reaction includes the
organic substitution and the aqueous ion-exchange reaction
(Eg. (1). Two rate-controlling steps influence the reaction
rate simultaneously. The reaction is complicated. Hence, in
views of literatureg1,3,7,15,16,26,28}the four special re-
lationships between the ion-exchange reaction and organic

(@)

(b)

()

the intrinsic organic reaction is the rate-controlling
step. Hence, the concentration of the active site of
triphase catalyst resitCgHsO~ remains constant.
The value ofkapp is constant. The value dfapp
increased with higher concentration of (NBYgl
due to an increase in the consumption rate of phe-
nolate ion Fig. 4g9. Similar result was presented
by Wu and Tand16];

the organic reaction rate is limited by both reac-
tion kinetics and particle diffusion. The values of
kappincrease, and the values iaf,p decrease with
an increasing concentration of (NR&J (Fig. 4b
[26];

the organic reaction rate is only limited by film
diffusion of reactant from the bulk organic so-
lution to the surface of the catalyst pellet is the
rate-controlling step. The values éfpp is con-
stant, and the values &fpp dramatically increase
with an increasing concentration of (NRJE
(Fig. 49. Similar result was presented by Tomoi
and Ford[7].

reaction with an increasing concentration of organic reactant (ii) Itis assumed that the organic reaction rate in the organic
phase is much higher than the substitution reaction rate
in the organic phase. The effect of the organic reaction
could be eliminated by controlling the reaction. Also,
(a) if the film diffusion of ion from the bulk aque-

(NPCh)3 according td=gs. (1)—(4)are discussed as follows:

(i) Itis assumed that the ion-exchange rate in the aqueous
phase is much higher than the substitution reaction rate
in the organic phase. The effect of ion-exchange reac-
tion could be eliminated from the reaction-controlling
steps. Also,

ous solution to the surface of the catalyst pellet
is the rate-controlling step, the value hfy, re-
mains constant because the initial concentration of
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phenolate ion is kept constant, and the value of

IEapp dramatically decrease§if). 49 [26];

if the ion-exchange rate is limited by both parti-

cle diffusion and film diffusion, the value dfpp

decreases with increasing (NB®l concentra-
tion, and the value ofapp dramatically decreases

(Fig. 49. When the degree of ring substitution is

low, the ion-exchange process is the rate-limiting

step[1,3,27,28]

if the ion-exchange rate is limited by the intrin-

sic ion-exchange rate, the value kfpp remains

constant with an increasing (NPJ4 concentra-
tion, and the value ofapp dramatically decreases

(Fig. 4f).

(i) If the organic reaction rate is limited by both reaction
kinetics and particle diffusion, and the ion-exchange
rate is also limited by film (or particle) diffusion, the
value ofkapp decreases, and the valueighp also de-
creasesKig. 49 [15].

(iv) When the organic reaction rate competes with the
ion-exchange rate, the values &fpp and kapp re-
main almost constant with increasing concentration of

(NPCb)3 (Fig. 4h.

(b)

(€)

H.-S WA, C.-L. Lee/ Chemical Engineering Journal 90 (2002) 241-251

during the course of the reaction. Also, when the concentra-
tion of organic reactant decreases, both the reaction rate and
the effect of mass transfer of organic or aqueous reactant
between solid and liquid phase decrease. However, the ap-
parent first-order reaction-rate constant increased with de-
creasing the concentration of organic reac{ast26] The
experimental data iRig. 5shows two different phenomenon
observed, and their apparent first-order reaction-rate con-
stants were

(a) decreased with increased concentration of organic reac-
tant when the particle size of the resin was smaller than
104pm. The ratios ofkapp (Or kapp) for (NPCh)3
0.28-4.3 mmol are less than 2 kfig. 5d and hHence,

this reaction belongs to case (iii). The ion-exchange rate
could not be neglected despite the concentration ratio
of NaOGHs to (NPCh)s being greater than 12. The
ion-exchange step in the aqueous phase should be taken
into account when studying the triphase reaction rate.
otherwise, kept constant (or increased slightly) when
the particle size of the resin was larger than Lod

(Fig. 5a—c and e-g and the reaction belongs to
case (iv).

(b)

The elemental analysis of the resin was studied by means
of energy dispersive X-ray spectrometer (EDS) methods.
The elemental analysis of EDS of the catalyst (microporous,
4 mol% of crosslinkage, 20 mol% of ring substitution) ob-
served before reaction shows that a high Cl peak was de-
tected due to the active site. Some chemical compounds (Si,
Ca) added in the procedure of synthesizing the polymer resin
were also detected. Although the pretreatment of the resin
was conducted by washing with water, NaOH solution and
acetone, the salts (Si, Ca) used as reaction agent by the sus-
pension method were slightly retained in the resin. After re-
action of 4 h, the elemental analysis of EDS of the catalyst
shows that a low Cl peak was detected due to the active site.
The peak height for Cl atom was decreased 72% and for O
atom increased 54% between before and after the reaction.
The finding demonstrates that the phenoxide ion exchanged
the chloride ion as counter ion on the polymer-supported
catalyst during the course of the reaction, and however, did
not occupy all the active site in the catalyst. Hence, the result
reveals that the mass-transfer resistance of the ion-exchange
step influenced the concentration of phenoxide ion on the
active site (resihCgHsO™).

The surface area of dry catalyst measured by BET ab-
sorption method was smaller than 0.04/g for 4 mol%
crosslinkage and 20 mol% of ring substitution resin. How-
ever, the volume and wet porosity of catalyst were increased
about three times when the different catalysts interact dif-
ferently with the volume ratios of organic phase to aqueous
phase. Wu and LeR0] indicated that the imbibed amount
of organic solvent was larger than that of water because the
structure of the catalyst support is lipophilic. The imbibed

If mass-transfer resistance influences the reaction, theamount of water was dependent on the amount of ammo-
concentration of the active catalyst cannot remain constantnium cation (i.e. active site). Hence, the imbibed amount of
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water increased with increasing number of ring substitution.  Fig. 5c and gshow that thekapp (Or IEapp) increases with
If the structure of resin is rigid (higher degree of crosslink- increasing concentration of (NPJ4. According toFig. 5¢
age) or larger particle size, the organic phase and the aqueand g and Egs. (3) and (4)the concentrations of both
ous phase were almost quiet in the interior of the resin. The resin"Cl~ and resifCgHsO~ increase with increasing
organic and agqueous reactants should not diffuse simultane{NPChk)3 concentration. This finding may demonstrate that
ously to the active site. Hence, the reaction occurs at a shellthe reaction zone was not the whole resin during the course
near the surface of the resin. When the degree of crosslink-of reaction, and was slightly increased and shifted to central
age of the resin is low, the structure of the resin was not of the resin when the (NP&k concentration increased.
solid. The flow rates of the organic solution and the aqueous Furthermore, if the organic reactant concentration is extrap-
solution in the interior of the resin increase with increasing olated to zero (NPChk)s] — 0), the organic reaction rate
agitation rate. The number of the effective active site in the is much smaller than the mass-transfer rate of organic or
resin is increased. aqueous reactant between catalyst particle and liquid phase.
Wu and Le€[20] indicated that the free chloride ions on Hence, the effect of mass transfer can be neglected. The
the active site (measured by Volhard analysis) were at only reaction-rate constant deduced@PCh)3] — 0 increased
50-70% of the amount of immobilized content (measured when the particle size decreasé&ily. 5), that is the effective
by element analysis). The results of the Volhard analysis active site in the resin participating into the triphasic reaction
method determined the free chloride ions in the bulk solution increased.The reaction-rate constant determined from the in-
by the AgNGQ titration method. Their result implied that the  tercept inFig. Sdwere around 78.5 c#(min g-resin), which
active site in the resin could not react completely with or- supposed all active site to react with organic reactant. Wu
ganic reactant in the duration of triphase reaction. According and Meng[22] reported the intrinsic reaction-rate constant
to the experimental result, this reaction is a two-zone model using tetran-butylammonium bromide as phase-transfer
(or shell-core model). The reaction occurs in a shell-zone, catalysis was 3712 #(kmolmin). Hence, the amount of
and does not occur in a core-zone. Therefore, the triphasicthe active site resinCgHsO~ participating in the tripha-
reaction mechanism and the swollen type of the resin cansic reaction may equal 0.02 mmol/(g-resia}78.5/3712).
be given inFig. 6. The effective percentage of the active site in the resin is
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Triphase
catalyst

RY

Aqueous phase

MX MY
(a)

o :quaternary salt
: polymer backbone

(b)

Organic phase

only 3% (= 0.02/0.7 x 100) because the CI density in
the resin was 0.7 mmol/(g-resin). In general, the reactiv-
ity of tetran-butylammonium bromide is larger than that
of polymer-supported ammonium bromide. Hence, the ef-
fective percentage of the active site in the resin is larger
than 3%, but smaller than 100%. These results indicate
that the active size of the resin was not all participated
to react with the reactant at different particle size during
the course of reaction. The reaction zone was at a shell of
the resin. Therefore, according to the experimental result,
we deduce again the reaction mechanism in the triphase
reaction.

The rate-controlling step can be identified experimentally
without much difficulty. Internal reaction control is estab-
lished when the overall rate is proportional to the amount of
catalyst and is independent of the particle size. With both
film diffusion and surface reaction control the rate is in-
versely proportional to the particle sizeig. 7 shows the
effects of particle size of catalyst resin on the apparent
reaction-rate constant. The reaction-rate constant was almost
proportional to the reciprocal of radius of the resin (i.e. the
ratio of area to volume) when the particle size was larger
than 104.m (Fig. 7). Hence, the reaction may be influenced
by both film diffusion and surface reaction. Anoth&aple 1
shows that the apparent activity energies of the reactions for
larger particle (60-80 mesh) are larger than those for smaller
particle (150-200 mesh). Because the reaction zone of shell

Fig. 6. Mechanism of the triphasic reaction (a) and the swollen type of and the ratio of area to volume of the catalyst pellet increased

the resin (b).
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