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ABSTRACT

Divinylbenzene homopolymer microcapsules having porous membranes
encapsul ating tri-n-octylamine as a core material were prepared by in-situ
polymerization accompanied by the evaporation of toluene. The extraction equilibria
of hydrochloric acid and precious metals in an acidic solution using the prepared
microcapsules were measured at 303 K. The addition of toluene into the dispersed
phase resulted in the microcapsule membrane having a porous structure due to the
toluene evaporation during in-situ polymerization, which was verified based on the
results obtained both from SEM observation of the microcapsules' morphology and
in the extraction equilibrium of hydrochloric acid. Using microcapsules prepared
with toluene, hydrochloric acid was sufficiently extracted form an agueous solution.
In contrast, microcapsules prepared without toluene scarcely extracted hydrochloric
acid. The microcapsules successfully extracted palladium (11) from the acidic media,
and this was explained by the reaction between one palladium ion and two molecules
of tri-n-octylaminein asimilar manner of that taking place in the solvent extraction.
The back-extraction of palladium (1) from the microcapsules was expressed by the
back reaction of the extraction. Gold (I11) and platinum (IV) were aso successfully

extracted using the prepared microcapsules.



INTRODUCTION

Microencapsulation is a unique technique for enclosing active reagents in a
porous polymeric membrane, and has been extensively studied in regard to the
elongation of the sustained release of core materias (2, 5, 9-12), the protection of the
encapsulating active-reagents (3), and the extraction of metal ions and acids (6-8, 11-
16).

The processes of separating target chemicals from agueous media can be
roughly divided into two methods: one is solvent extraction in which an organic
solution containing extractants is in contact with an aqueous solution containing
target chemicals. Solvent extraction has the possibility of being developed into an
efficient process by means of enhancing the molecular design and synthesis of
extractants. However, solvent extraction still has some problems in that the phase
separation of organic and aqueous phases is difficult and that extractants and/or
organic solvents are lost by being dissolved into the agueous phase. The other
method is adsorption in which adsorbents, such as activated carbon and chemically
modified synthetic resins, are immersed in an agueous solution containing target
chemicals. The separation method using resins such as ion exchange resins and
chelating resins is useful for the treatment of dilute solutions and is frequently used
for hydrometallurgy, and for the recovery of valuable materials and the removal of
harmful substances from agueous wastewater. These resins are, however, very
expensive due to the difficulty of their preparation. Thus, the separation technique
using extractants-impregnated microporous resins (17-24) and Levextrel resins (25-
27) for diluent solutions have gathered much attention in these fields. The extractant-
impregnated macroporous resins have many advantages from the standpoint of

preparation and operation. However, the following disadvantages have been recently
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pointed out: all molecules of the impregnated extractant are unreacted by the steric
hindrance and the selectivity for the target substance decreased due to the
inactivation of the extractant (17).

The microcapsules with porous membrane that encapsulate extractants are
expected to be adaptable for separation technology because of the high separation
property of the extractant encapsulated, which has been clarified in the solvent
extraction, and because of the high capacity of the extracted chemicals utilizing their
internal core (6-8, 11-16). Previously, we successfully prepared poly (styrene-co-
divinylbenzene) copolymeric microcapsules enclosing tri-n-octylamine (hereafter
abbreviated as TOA) dissolved in n-dodecane by in-situ polymerization (9, 10, 15).
The extraction property of propionic acid using the microcapsules encapsulating
TOA isfound to be same as that in solvent extraction. The ammonium salt of TOA
with hydrochloric acid has been known as useful for the extraction of precious metals
(4, 28, 29).

In regard to the practical application of the microcapsule extraction system, a
microcapsule membrane that has a higher strength than that of cross-linked
polystyrene is preferable. Polydivinylbenzen homopolymeric membranes (hereafter
called poly-DVB membranes) are stronger than cross-linked polystyrene membranes
because of the former's highly three-dimensional network, though a highly
developed network structure might be expected for the reduction of mass transfer rate.
However, this reduction is considered to be able to compensate by the formation of
macropores into poly-DVB membranes. We have successfully prepared
divinylbenzene homopolymeric microcapsules  (hereafter called poly-DVB
microcapsules) with highly porous membranes enclosing TOA by in-Situ

polymerization accompanied by an evaporation process using volatile solvents (30).
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Furthermore, the extraction of hydrochloric acid can be effectively achieved using
the microcapsules having macropores. In this paper, microcapsules having highly
porous poly-DV B membranes enclosing TOA are prepared by in-situ polymerization
accompanied by the solvent evaporation, and the extraction characteristics of
precious metals from an acidic aqueous solution using the prepared microcapsules

are investigated.

EXPERIMENTAL
Reagents

Divinylbenzene (hereafter called DV B) used as a monomer was purchased
from Wako Pure Chemicals Co. and purified by adistillation under reduced pressure
of nitrogen atmosphere. The distilled DV B was stored in arefrigerator until it was
used. 2,2'-Azobis(2,4-dimethylvaleronitrile) (hereafter called ADVN) was purchased
from Wako Pure Chemical Co. and used as received. Tri-n-octylamine (hereafter
called TOA) obtained from Wako Pure Chemical Co. was used as an extractant
without further purification. Toluene and gum arabic were used without further
purification. Reagent grades of hydrochloric acid, palladium (11) chloride, hydrogen
hexachloroplatinate (V) hexahydrate, and sodium tetrachloroaquarate (111) dihydrate
were also purchased from Wako Pure Chemical Co. and used as received.

Preparation of Poly-DVB Microcapsules Encapsulating TOA

Poly-DV B microcapsules were prepared by in-situ polymerization using
ADVN as apolymerization initiator. The experimental apparatus for the preparation
of the microcapsulesis shown in Fig. 1. The reactor was a separated cylindrical flask

with a round bottom and was equipped with four baffles of 1/10 the width of the
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reactor diameter, and with atwo-bladed screw type agitator, athermometer, and a
reflux condenser.

Preparation conditions of poly-DVB microcapsules arelisted in Table 1. An
organic dispersed phase consisted of DVB, TOA, ADVN and toluene as a diluent.
An agueous continuous phase was composed of distilled water containing 2.0 wt% of
gum arabic. The continuous phase was put into the reactor and then the organic phase
was poured to the continuous phase. The solution was stirred at 6.67 s " to form O/W
emulsion. The reactor was then maintained at 343 K for 28.8 ks. under a nitrogen
atmosphere in order to prepare the poly-DV B microcapsules by in-situ
polymerization. The prepared microcapsules were collected by filtration, washed
with water, and finally dried under a vacuum. The residual toluene in the core
solution after polymerization was detected to be only 0.1 wt% of theinitial toluene.
This means that the core solution was pure TOA.

Theyield of the microcapsules prepared at various conditions was determined
gravimetrically for each experiment. The diameters of the microcapsules were
measured microphotographically using adigitizer (MODEL K-510mk2, Logitec Co.,
Ltd.). More than 300 particles for each run were measured in order to determine the
microcapsules’ average diameter. SEM observation was carried out using a Hitachi
H7010A scanning electron microscope at an intensity of 10 kV under various
magnifications; great care was used to minimize the damage to the microcapsules

due to the electron beam.

Extraction Characteristics of Poly-DVB Microcapsules



A prescribed amount of the microcapsules was immersed in an aqueous
hydrochloric acid solution, and the solution was shaken in athermostatic bath at 303
K. After attaining equilibrium, the microcapsules were filtrated and the equilibrium
concentration of hydrochloric acid in the filtrate was determined by neutralization
titration with 0.1 mol- dm™ NaOH agueous solution using phenol phthalein as an
indicator. The results of the preliminary experiment determined that several hours are
enough to attain the extraction equilibrium for the microcapsules prepared with
toluene; however, for the microcapsules prepared without toluene, the extraction
equilibrium was not reached for several hours. Therefore, the results for the
mi crocapsul es prepared without toluene were expressed after immersion at 172.8x10°
s. The amount of the microcapsulesin the agueous solution was kept at 80 g- dm,
and the initial concentrations of hydrochloric acid in the agueous solution were
varied from 1.0 x 10 mol-dm" to 3.0 mol- dm’".

For the measurements of the extraction equilibrium of precious metals with
microcapsul es, the microcapsules were pretreated with agqueous hydrochloric solution
except for the experiment without pretreatment. This treatment caused al molecules
of TOA in the microcapsules to react with hydrochloric acid to form its ammonium
salt. The pretreated microcapsules were immersed in the aqueous acidic solution
containing a precious metal. The amount of the microcapsules added to the agueous
solution was 40 g dm . The concentration of precious metals in the agqueous solution
was determined by means of an atomic adsorption spectrometer (AA-625, Shimadzu
Ltd.). The concentration of the metals extracted into the microcapsul es was estimated
based on the mass balance of the metals in the aqueous solution before and after the

extraction.



Back-extraction of Palladium from Poly-DVB Microcapsules

Prior to the back-extraction experiment, the microcapsules were immersed in
0.2 mol -dm™ agueous hydrochloric solution in which was dissolved 5.0 mmol -dm3
PdCl,. The microcapsules extracting palladium (I1) were then immersed in new
agueous solutions at various hydrochloric acid concentrations and equilibrated in a
thermostatic bath at 303 K. The amount of the microcapsules in the agueous solution
was 40 g-dm. The distribution coefficient in the back extraction experiment, D, was
calculated based on the difference between the initial palladium (I1) concentration
contained in the microcapsule and the equilibrium concentration in the agueous

solution after back-extraction.

RESULTSAND DISCUSSION
Preparation and Characteristics of Poly-DVB Microcapsules by In-situ
Polymerization Accompanied by Toluene Evaporation

The yield and average diameter of the microcapsules prepared arelisted in
Table 1. A following modified yield, a', which is based on the assumption of toluene
during the in-situ polymerization process previously reported (30), was also used in
thiswork.

a' =Wy /(Wovgo + Wsp) Eq.(1)
Thevauesof a’ were very high in all preparation conditions. This means that 1)
amost al molecules of the DVB monomer used form the microcapsule membranes,
2) TOA which was dissolved in the organic phase was perfectly enclosed in the
microcapsules, and 3) amost all of the microcapsules prepared were recovered.
Furthermore, it was confirmed by gas chromatographic measurements that toluene

did not remain in the core solution and was less than 0.1 wt%o.
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A microphotograph of the microcapsules prepared with toluene, MC-2, isshown in
Fig. 2. The microcapsules were spherical in shape and had arelatively large
distribution of diameters. The same spherical microcapsules were obtained under all
the preparation conditions examined. The average diameter of the microcapsules was
affected by the extent of toluene in the organic phase. The average diameter of the
microcapsules prepared with small amounts of toluene, MC-3 and MC-4, tend to be
amost same as that without toluene and tend to be larger than that of higher toluene
contents, MC-2 and MC-3. This difference of the average diameter may reflect the
difference of the formation process of O/W emulsion by the difference of viscosity in
the organic phase and/or the membrane structure of the microcapsules due to the
difference of the amount of evaporated toluene during the preparation.

In order to clarify the membrane structure and morphology of the
microcapsules, the surface and cross section of the microcapsules, which would
reflect toluene evaporation, were observed via SEM. The surface morphologies of
the microcapsules prepared with toluene, MC-2, and without toluene, MC-1, are
shown in Fig. 3. The surface of MC-1 prepared without toluene was smooth and
uniform, and no holes such as pores were observed on the surface. On the other hand,
many pores of afew mm in diameter were observed on the surface of MC-2 prepared
with toluene. The same surface morphologies were observed for the other
microcapsul es prepared with toluene. Figure 4 shows SEM photographs of the cross
sections of the microcapsules as shown in Fig. 3. The membrane of MC-1 was a
uniform and dense structure, a porous structure not being observed. The membrane

of MC-2, however, had a highly porous structure, formed with microcapsules



prepared in this work which were found to be mono-cored. The formation of poresin

a polymeric membrane was recognized in microcapsules produced using toluene.

Extraction of Hydrochloric Acid with Poly-DVB Microcapsules

Prior to the experiment regarding the extraction of precious metals, the
extraction equilibrium of hydrochloric acid was measured using the prepared
microcapsules. TOA isatypical extractant for various acids and its extraction
equilibrium has been clarified (1,4). The ammonium salt of TOA, which isformed by
the reaction between TOA and hydrochloric acid, is a useful extractant for precious
metals (28, 29).

The extraction of hydrochloric acid with TOA is presented by following
reaction:

B + HCl = B-HCl Eq. (2)
Kawano et al. introduced the apparent association number, Z, to estimate the
extraction equilibrium constant (1). Z is defied as the number of hydrochloric acid
molecules extracted by one molecule of TOA and is given by the following equation:

Z = (Cuciaqo— Crara) V! (Caco W), Eq. (3)
where C, , isthe acid concentration in the agueous solution, V is the volume of the
agueous solution, W is the weight of the microcapsules added to the solution, and
Cg uc isthe TOA concentration in the microcapsules.

The results of hydrochloric acid extraction using the microcapsules prepared
with and without toluene, MC-2 and MC-1, respectively are shown in Fig. 5. The
values of Z are plotted against the equilibrium concentration of the acid. In the case
of MC-1, the values of Z were very low even in the high concentration range of

hydrochloric acid. Since there are no macropores in the surface and the membrane of
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MC-1 as suggested from Figs. 3-(a) and 4-(a), it is considered that the mass transfer
in the extraction is prevented or that additional time is needed for effective extraction.
In contract, the values of Z for MC-2 prepared with toluene increased with increasing
concentrations of hydrochloric acid in the agueous solution and approached 1.0 at a
high hydrochloric acid concentration. This clearly shows that TOA in the
microcapsul es reacts with one molecule of hydrochloric acid to form a 1:1 complex
and that the extraction property expresses a manner to that in the solvent extraction.
This result indicates that macropores made by toluene evaporation during
polymerization work are effective as channels for the extraction of hydrochloric acid
as suggested from Figs. 3-(b) and 4-(b). The effect of initial toluene content on the
extraction properties of the microcapsules prepared with toluene was not observed

under the condition examined.

Extraction Equilibrium of Palladium (11) from Aqueous Acidic Solution with
Poly-DVB Microcapsules

The complexation of palladium (1) with chloride ions in an aqueous chloride
mediais given by the following equation:

Pd* +iCl~= PdCl,¢2~  (i=1-4). Eq. (4)

From the distribution calculation of palladium chloro-complexes (28, 31), the
majority of palladium (I1) exists as atetrachloride complex, PdCl,*, in the
concentration region of chloride ions used in the present study, while concentrations
of the other species of palladium (I1) which are Pd**, PdCI(H,0),*, PdCl,(H,0), and

PdClI,(H,O)™ are negligible compared with that of tetrachloride complex, PdCI =
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In the solvent extraction of palladium (11) using TOA ammonium salts from
the agueous solution, PdCI,* is extracted into the organic phase, and the extraction
reaction is expressed as follows (28):

2BHCI + PdCI,* = (BH),PdCl, + 2CI~ . Eqg. (5)
Therefore, the equilibrium constant, Ky, for the above equation can be expressed as
follows:
Kpg = { (Cghy,pdciymc) (Cerag HH (Coricime)*(Craci 2 a0)}
= { Dr(Cer0)3 (Capicinc)? Eq. (6)
where, D, the distribution ratio for palladium (1) is defined as the following relation:

Drd = Cramc /CPd,aq

= (Crazq0~ Cruag) (VIW) / Cry g - Eq. (V)
Equation (6) can be rewritten as follows:
Drs =  Kpg {Cahaime /CCI,aq }2. Eq. (8)

In this equation, the concentration of free ammonium chloride salt in the core
solution encapsulated in the microcapsules was cal culated from the mass balance of
the chemical species related to the extraction reaction.

In order to elucidate the effects of chloride or hydrogen ions on the extraction
equilibrium, the concentrations of both ions were changed by the addition of
hydrochloric acid or lithium chloride into 0.2 mol -dm agqueous hydrochloric acid
solution. The values of the distribution ratio of palladium (l1) are plotted against the
chloride ion concentration in Fig. 6. The distribution ratio of palladium (I1), Dgy,
decreased linearly with an increase in the concentration of chloride ion and plotted
on the same line. No difference between the cases of lithium chloride and

hydrochloric acid, which were used to change the concentration of chlorideion, was
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observed. It is concluded that the values of Dy, depended only on the concentration
of chloride ion as has been determined in solvent extraction (28).

The effects of theinitial concentrations of palladium (1) in the agueous phase
and TOA in the microcapsules are shown in Figs. 7 and 8, respectively. The
distribution ratio of palladium (11), D, was plotted against the concentration of
chlorideion. D decreased with an increase in the concentrations of chloride ion and
palladium (11) in the aqueous solution and increased with an increase in the
concentrations of TOA in the microcapsules.

All experimental data shown in Figs. 7 and 8 were analyzed based on the
extraction reaction of Eq. (5). Based on Eq. (8), the values of D were plotted against
Cahamc/Cal o ON the logarithmic scale shown in Fig. 9. All experimental data except
for the data at very high values D values were plotted on a single straight line having
aslope of 2.0. This result shows that the extraction of palladium (I1) with TOA
enclosing in the microcapsulesis also expressed by the reaction of Eq. (5). The
intercept of the straight line shown in Fig. 9 gives the equilibrium constant, K,
which was determined to be 1.2x10* dm*kg-MC™. The calcul ated results using K,
are presented as the solid linesin Figs 7 and 8. The calculations agreed closely with
the experimental results.

Poly-DV B microcapsules pretreated with aqueous hydrochloric acid to form
TOA ammonium salts were used in the measurement of the extraction equilibrium of
palladium (11) described above. Considering the industrial application of
microcapsules encapsulating TOA, it is preferable to exclude the pretreatment
process. Therefore, the extraction of palladium (I1) using the microcapsul es without
pretreatment with hydrochloric acid was carried out at various initial TOA

concentrations. No difference between the results without and with pretreatment was
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observed when the hydrochloric acid concentration in the aqueous solution was 1.1
mol-dm~in which all of TOA molecules are changed to its ammonium salt. This
indicates that a TOA molecule was first protonated by hydrochloric acid, after which

the reaction expressed by Eq. (6) proceeded in a substantial manner.

Back Extraction Equilibrium of Palladium (I1) from Poly-DVB Microcapsules
The back extraction of palladium (I1) using aqueous hydrochloric acid solution
can be expressed as a back reaction of Eq. (6). Therefore, the equilibrium constant in
the back extraction is derived as follows:
K’ g = {(Canaime)*(Cruci 2 ) (Cihy,pacigme) (Coag)
= (Canamd)* 1 {D"(Can)} . Eq. (9)
where D’ isthe distribution ratio for palladium (I1) in the back extraction whichis
given by Eq. (9),
D’ g = Crymc /Cruag
={ Cramco (Coaae VW Cryg » Eqg. (10)
Equation (9) can be rewritten as follows:
D'ei= (Canomc /Coag) TK py - Eq. (11)
Palladium (1) extracted into the microcapsules at various initial concentrations
of TOA was back-extracted using various concentrations of hydrochloric acid. The
results of the back extraction of palladium (I1) are shown in Fig. 10. The values of
D’ oy Were plotted against the concentrations of chloride ion in the aqueous phase
used for the back-extraction. The distribution ratio decreased with an increase in the
concentration of chloride ion in the aqueous solution in a manner to that described

regarding the extraction of palladium (11).
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The experimental results in the back-extraction were analyzed based on Eq.
(11). The values of D’ oy were plotted against Cyyic mc/Cq o ON the logarithmic scale
in Fig. 11. All experimental data were plotted on asingle straight line having a slope
of 2.0. Thisresult shows that the back-extraction of palladium (I1) extracted into the
inside of the microcapsules is expressed by the back-reaction of Eq. (5). The
intercept of the straight line shown in Fig. 11 gives the reciprocal value of K’ ;. The
value of K’ 5, was determined to be 2.0x10* kg-MC-dm. This value of K’ 5, which is
correspondent to the reciprocal of K, is smaller than the value anticipated from the
value of K. Thissmall of K’ value suggests that back-extraction occurs only with
difficulty in this system. This difficulty concerning back-extraction may be due to
slow diffusion velocity in the core solution or the formation of another stable
complexesin the core solution. This difficulty in back-extraction using hydrochloric
acid will be improved by the use of the appropriate eluent compounds. The
calculated results using K’ o are presented as the solid linesin Fig 10. The

calculations agreed closely with the experimental results.

Extraction of Gold (I11) and Platinum (V) from Aqueous Acidic Solution with
Poly-DVB Microcapsules
The extraction of gold (I11) and platinum (IV) from acidic chloride media
using the microcapsules was also carried out at various concentrations of metals and
1.0 mol-dm™ of chlorideion. The extracted fraction, E,,, was defined as follows:
Ev =100 (Cy 0= Cuma)/Cwi a0 Eqg. (12)
The results are shown in Fig. 12. In both metals, E,, values were very high under the

examined condition. This shows that the prepared microcapsules containing TOA are
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also effective for the extraction of gold (111) and platinum (1V). These extraction
reactions would be expressed by following reactions:

AuCl, + BHCI = BHAUCI, + CI~ Eq. (13)

PtCl,> + 2BHCI = (BH),PtCl, + 2CI- Eq. (14)
However, further investigations will be required in order to clarify the extraction
mechanisms and equilibrium of gold (I11) and platinum (1V). The difference of the
distribution ratios between these precious metalsis relatively small. Thus, the
separation of precious metals using the microcapsules prepared in this study is
expected to be difficult due to this small difference in distribution ratio. Therefore,
we consider that vigorous studies will be performed in the future, postulating the
operation of column type equipment and the separation using the elusion process

using the microcapsules prepared in this work.

CONCLUSION

Studies of the preparation of divinylbenzene homopolymeric microcapsules
enclosing tri-n-octylamine as a core material were performed, together with an
examination of the extraction equilibria of hydrochloric acid and precious metals
from agueous acidic media. Morphological and extraction properties were
investigated by varying the relevant parameters to arrive at the following results.
(1) Spherical poly-DVB microcapsules having an average diameter of 170 mm were
prepared with and without the addition of toluene into the dispersed phase.
Microcapsules with porous membranes can be prepared with the addition of toluene.
The in-situ polymerization accompanied by solvent evaporation proposed in this
work offers a new process for preparing microcapsules with highly porous

membranes.
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(2) The results of the extraction of hydrochloric acid demonstrated that the pores
created by toluene evaporation act as channels for extraction. The effect of
preparation conditions such as the concentrations monomer and solvent was not
observed.

(3) The extraction mechanism of palladium (I1) from the agueous media using the
microcapsules was the same as that in the solvent extraction.

(4) The back-extraction of palladium (1) from the core solution encapsulated in the
microcapsules was successfully carried out using aqueous hydrochloric acid
solutions. The distribution coefficient of palladium (11) in the back extraction
decreased with increases in the concentration of hydrochloric acid in the aqueous
solution.

(5) Gold (I11) and platinum (1) were successfully extracted using the prepared

microcapsul es.

REFERENCES

1) Kawano, Y.; Matsui, T.; Kondo, K.; Nakashio, F. Extraction Equilibrium of
Hydrochloric Acid with Tri-n-octylamine. J. Chem. Eng. Japan 1989, 22 (5),
443-447.

2) SakakuraC.; Takahashi, T.; Hagihara, A.; Itoh, M.; Sasabe, T.; Lee, M.;
Shobayashi, S. Controlled and Release of Cisplatin from lactic Acid Oiligomer
Microspheres Incorporating Cisplatin: In Vitro Study. J Control. Release 1992,
22, 69-74.

3) O'shea, G. M.; Goosen, M. F. A.; Sun, A. M. Prolonged Survival of
Transplanted Islets of Langerhans Encapsulated in A Biocompatible Membrane.
Biochim. Biophys. Acta 1984, 804, 133-136

17



4)

5)

6)

7)

8)

9)

10)

11)

12)

Tanaka, M.; Akaiwa, H. Y oubai chushutsukagaku; Shokabo Co.: Tokyo, 2000;
109-117.

Zhou, M. X.; Chang, T. M. S. Control Release of Prostaglandin E2 from
Polylactic Acid Microcapsules, Microparticles and Modified Microparticles. J.
Microencapsulation 1988, 5, 27-36.

Wataral, H.; Hatakeyama, S. Extraction of Copper(I1) into Microcapsules
Containing 5-Nony| Salicylaldoxime. Analy. Sci. 1991, 7 (3), 487-488.

Y oshizawa, H.; Uemura, Y.; Kawano, Y .; Hatate, Y. Preparation and Extraction
Properties of Microcapsules Containing Tri-n-octylamine as Core Material. J.
Chem. Eng. Japan 1993, 26 (2), 198-204.

Y oshizawa, H.; Uemura, Y.; Kawano, Y .; Hatate, Y. Regeneration of Styrene-
Divinylbenzene Copolymer Microcapsule Containing Tri-n-octylamine. J.
Chem. Eng. Japan 1993, 26 (6), 692-697.

Cohen, S; Yoshioka, T.; Lucarelli, M.; Hwang, L. H.; Langer, R. Controlled
Delivery System for Proteins Based on Poly(L actic/Glycolic Acid)
Microcapsules. Pharm. Res. 1991, 8, 713-720.

Hatate, Y.; Kasamatsu, K.; Uemura, Y .; ljichi, K.; Kawano, Y .; Y oshizawa, H.
Controlled Release of Copolymer Microcapsules by Phase Transformation of
Encapsulated Stearic Acid. J. Chem. Eng., Japan 1994, 27 (4), 479-484.
Nishihama, S.; Sakaguchi, N.; Hirai, T.; Komasawa, |. Extraction and
Separation of Rare Earth Metals Using Microcapsules Containing Bis (2-
Ethylhexyl) Phosphinic Acid. Hydrometallurgy 2002, 64 (1), 35-42.

Kondo, T. Microcapsules: Their Science and Technology Part I11. Industrial,
Medical, and Pharmaceutical Applications. J. Oleo Sci. 2001, 50 (3), 143-152.

18



13)

14)

15)

16)

17)

18)

19)

20)

Y oshizawa, H.; Uemura, Y.; Kawano, Y .; Hatate, Y. Stripping Rate of
Propionic Acid from Styrene-Divinylbenzene Copolymeric Microcapsules with
Tri-n-octyl Amine as Core Material. Solv. Extr. lon Exch. 1995, 13 (2), 333-
351.

Matsumoto, M.; Kondo, K. Application of Microcapsules Containing
Extractants to the Extractive Fermentation. Solv. Extr. Res. Devel. Japan 2001,
8, 113-119.

Kamio, E.; Matsumoto, M.; Kondo, K. Extraction Mechanism of Rare Metals
with Microcapsules Containing Organophosphorus Compounds. J. Chem. Eng.,
Japan 2002, 35(2), 178-185.

Laguecir, A.; Ernst, B.; Frere, Y.; Danicher, L.; Burgard, M. Extraction of
Metal Cations by Polyterephthalamide Microcapsules Containing a Poly(acrylic
acid) Gel. J. Microencapsulation 2002, 19 (1), 17-28.

Akita, S.; Takeuchi, H. Sorption and Separation of Metals from Aqueous
Solution by A Macromolecular Resin Containing Tri-n-octylamine. J. Chem.
Eng., Japan 1990, 23 (4), 439-443.

Akita, S.; Takeuchi, H. Sorption and Separation of Divalent Metals by a
Macromolecular Resin Containing Organophosphorus Acids. J. Chem. Eng.,
Data 1992, 37 (3), 303-306.

Juang, R. S.; Su, J. Y. Sorption of Copper and Zinc from Aqueous Sulfate
Solutions with Bis (2-Ethylhexyl) Phosphoric Acid-Impregnated Macroporous
Resin. Ind. Eng. Chem. Res. 1992, 31 (12) 2774-2779.

Juang, R. S.; Su, J. Y. Separation of Zinc and Copper from Aqueous Sulfate
Solutions using Bis (2-Ethylhexyl) Phosphoric Acid-Impregnated Macroporous
Resin. Ind. Eng. Chem. Res. 1992, 31 (12) 2779-2783 .

19



21)

22)

23)

24)

25)

26)

27)

28)

Parrish, J. R. Macroporous Resins as Supports for a Chelating Liquid lon-
Exchanger in Extraction Chromatography. Analyt. Chem. 1977, 49 (8) 1189-
1192.

Matsunaga, H. Recognition, Separation and Concentration of Metal lons with
Chelating Resins or Chelating Reagent Impregnated Resins. Bunsekikagaku
2001, 50 (2), 89-106.

Takahashi, M.; Yamashita, Y.; Kosaka S. Sorption and Separation of Metallic
lons by a Macromolecular Resin Impregnated with 2-Ethylhexyl Hydrogen-2-
ethylhexylphosphonate. Nihon Kagaku Kaishi 2000, 2000(5), 341-346
Yan, N. A Novel Separation Technique with Microcapsules. Miner. Process
Extr. Metall. Rev. 1997, 17, 257-276.

Cortina, J. L.; Miralles, N.; Aguilar, M.; Sastre A. M. Distribution Studies of
Zn(11), Cu(1l) and Cd(11) with Levextrel Resins Containing Di (2,4,4-
Trimethylpentyl) Phosphinic Acid (Lewatit TP807'84), Hydrometallurgy 1996,
40 (1-2), 195-206.

Inoue, K.; Baba, Y.; Sakamoto, Y., Egawa, H. Adsorption of Nickel(l1) and
Cobalt(Il) from Aqueous Solution on Levextrel Resin Containing Acidic
Organophsphinic Extractant and Phosphorus Based Chelating Resins:
Comparative Study on the Selectivity of the Resins. Sep. Sci. Technol. 1987, 22
(4), 1349-1357.

Akita, S.; Maeda, T.; Takeuchi, H. Metal Sorption Characteristics of A
Macromolecular Resin Containing D2EHPA.. J. Chem. Eng., Japan 1994, 27 (1),
126-129.

Kawano, Y .; Osada, S.; Shiomori, K.; Baba, Y.; Kondo, K.; Yoshizawa, H.;

Hatate, Y. Distribution Equilibrium of Palladium Between Aqueous

20



29)

30)

31)

Hydrochloric Acid Solution and Tri-n-octylamine in Toluene. J. Chem. Eng.,
Japan 1995, 28(2), 227-230.

Y oshizawa, H.; Shiomori, K.; Yamada, S.; Baba, Y.; Kawano, Y.; Kondo, K ;
Hatate, Y. Solvent Extraction of Platinum(lV) from Aqueous Acidic Chloride
Medium with Tri-n-octylamine in Toluene. Solv. Extra. Res. Develop., Japan
1997, 4, 157-166.

Y oshizawa, H.; Fujukubo, K.; Uemura, Y .; Kawano, Y.; Kondo, K.; Hatate, Y.
Preparation of Divinyl Benzene Homopolymeric Microcapsules by In Situ
Polymerization with Solvent Evaporation. J. Chem. Eng., Japan 1995, 28 (1),
78-84.

Baba, Y .; Inoue, K. The Kinetics of solvent Extraction of Palladium(l1) from
Acidic Chloride Mediawith Sulfur-Containing Extractants. Ind. Eng. Chem.
Res. 1988, 27 (9), 1613-1620.

21



Fig. 1
Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Fig. 8

Fig. 9

Fig. 10

Fig. 11

Fig. 12

Figure Captions

Schematic illustration of reaction vessel used.
Microphotograph of poly-DVB microcapsules prepared with toluene, MC-2

SEM photographs of the surface of the microcapsules
a) without the addition of toluene, MC-1, and b) with toluene, MC-2

SEM photographs of the cross section of the microcapsules
a) without the addition of toluene, MC-1, and b) with toluene, MC-2

Extraction property of hydrochloric acid using the microcapsules prepared
without of toluene, MC-1, and with toluene, MC-2.

Effect of the chloride ion concentration on the distribution ratio of
palladium(ll), Dgy, using the microcapsules prepared with toluene, MC-2.

Effect of the chloride ion concentration on the distribution ratio of
palladium(ll), Dy, at variousinitial palladium concentrations in the agueous
phase using the microcapsules prepared with toluene, MC-2.

Effect of the chloride ion concentration on the distribution ratio of
palladium(ll), Dy, at variousinitial TOA concentrations in the
microcapsul es.

Plot of the distribution ratio, Dpy, against Cyyiq mc/Coy o

Effect of the hydrogen ion concentration on the distribution ratio of
palladium back-extraction, D', @ variousinitial TOA concentrations in the
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Plot of the distribution ratio in back-extraction, D’ py, against Cgyc) wc/Co -
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Fig. 1 Schemitic illustration of reaction vessel used.
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Fig. 2 Microphotograph of poly-DVB microcapsules prepared with toluene, MC-2
K. Shiomori et al.
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Fig. 3 SEM photographs of the surface of the
micerocapsules
a) without the addition of tolunen, MC-1, and b) with
toluene, MC-2
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Fig. 4 SEM photographs of the cross section of the
micerocapsules
a) without the addition of tolunen, MC-1, and b) with
toluene, MC-2
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Fig.5 Extraction property of hydrochloric acid using the microcapsules prepared

without of toluene, MC-1, and with toluene, MC-2.

27



100
i A key CI- source

s 105 0 8 O HCl+LiCl 1
~ ; © 04 A Hcl ]
D 1nal .
(] o :
= : Ag O ]
S, 103}
g o ;
0O 102 A ]
§de,aq,o = 5.48x10-3 mol-dm-3 ;
101 [Cemeo=LTLmOlkgMC |
101 100 101 102

-3

Cclaq [Mol-dm™]

Fig. 6 Effect of the chloride ion concentration on the distribution ratio of
palladium(ll), Dgy, using the microcapsules prepared with toluene, MC-2.
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