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Preface





Introduction  

     Microcapsules are minute containers made of natural or syn-

thetic polymers called as "wall material", with diameters of 1 to 

1000  /A.m. Microencapsulation is a process by which small solid 

particles or small liquid droplets are completely surrounded and 

enclosed by the wall materials. 

      Microcapsules have two major functions in practical use. 

First, they can prolong the release rate of core substances into 

the external environments in a sustained manner. In this case, 

the thickness, chemical property and physical structure of the 

wall materials may be designed to release the core substances at 

specific rate and/or under a specific set of conditions. 

      Second, microcapsules are containers of core substances 

against the environmental conditions. For example, microcapsules 

can be used to separate reactive substances, to mask taste and 

odor, and to reduce toxicity of a substance. These functions 

have been applied commercially for some years. The initial exam-

ple in utilization of microcapsules is carbonless copy papers 

using the aqueous coacervation method developed by Green and co- 

workers1-3) of The National Cash Register Co. Dayton, Ohio. 

     Thereafter, the techniques used to prepare microcapsules for 

practical use have been refined and detailed over the last dec-

ades. The wide application of microcapsules has become a poten-

tial reality_ Especially in pharmaceutical and medical use, many 

coating materials and processes of application have been de-
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veloped. 

     Microcapsules may be prepared by different methods, and the 

methods may be generally divided into the next  categories4). 

   (a) Coacervation method 

   (b) Interfacial polymerization method 

   (c) Mechanical method 

   (d) Solvent evaporation method 

According to the objectives and conditions of the application, 

the most suitable method should be selected out of these.

Significance of this thesis  

      Many applications of microcapsules to practical use have 

been particularly developed in pharmaceutical industry. Besides 

this pharmaceutical use, the unique functions of microcapsules 

promise commercial possibility in other industries, such as food, 

cosmetic, paint, print, adhesive, photographic, fertilizer indus-

tries in the near future. This work intends to evaluate quantita-

tively two important functions of microcapsules for the sake of 

wide practical application. 

     As described above, the controlled-release function of 

microcapsules is to maintain desirable concentration of core 

substances in a certain region. In pharmaceutical examples, the 

sustained release can maintain the therapeutic range of the drug 

over an extended period without undesirable side effects. In most 

examples investigated so far, the water solubility of core sub-

                                   -4-



stances encapsulated was rather low. Since such core substances 

have inherent sustained release properties, further reduction in 

their rates of release can be easily attained by microencapsula-

tion procedures. On the other hand, core substances with high 

water solubility are difficult to formulate into sustained-re-

lease microencapsulation. Therefore, few instances have been 

reported about microencapsulation of water-soluble core sub-

stances. 

     In Part  1 of this thesis, microencapsulation of core sub-

stances having high water solubility was investigated for the 

sake of extensive application in new field. Nonaqueous coacerva-

tion, spray drying and  (W/0)/W multiple phase emulsion methods 

were tried. Since no method is available that is suitable in all 

cases, several methods of microencapsulation must be examined 

according to the states of core substances and the usage of 

encapsulated products. Anhydrous sodium sulphate (ASS), nicotinic 

acid and Vitamin B6, all of which can be easily analyzed, were 

chosen as model compounds though they may not be a favored sub-

stance as a commercial product. In this Part 1, microencapsula-

tion of pheromone-analog was also carried out by using a new 

method. Because elucidating the release behavior of vaporizable 

core substances to atmospheric environment is particularly inter-

esting as a new application in controlled release. 

     Release behavior is a mass transport phenomenon involving 

diffusion of core substances from a region of high concentration 

                                       -5-



in the capsules to low concentration in the surrounding environ-

ment. Several release models of core substances have been  pro- 

posed5'6), however, no models have enjoyed a reputation of uni-

versal applicability. This is due to the great diversity in the 

physical form of microcapsules with respect to shape, size, 

combination of core substances and wall materials, and that in 

the chemical properties. No single approach to quantify the 

release of-core substance from microcapsules are universally 

accepted. However, from the standpoint of engineering it is 

desirable to establish a model applicable to microcapsules pre-

pared by different methods. 

      In Part 2, release of core substances from microcapsules 

prepared by several methods stated above was measured, and at-

tempts to model the release behavior were carried out. The model 

that agreed fairly well with the observed values could be pro-

posed. Furthermore, in order to understand universally the 

release phenomenon, the relationship between the individual 

models was revealed in relation to the structure of microcap-

sules. These results are significant in understanding the factors 

to control release behavior. 

      In Part 3, an application of microcapsules as a minute 

container of sensitive substances, immobilization of enzyme by 

microencapsulation, was studied, and the performance of the 

encapsulated enzyme was evaluated through the reaction with the 

particular substrate. Commercial application of bioreactors 
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employing immobilized enzyme has drawn a wide attention in recent 

years. Extensive researches on immobilized enzymes have been 

carried out for these two decades. Needless to say, there is a 

vast potential for using immobilized enzymes as recoverable, 

stable and specific industrial catalysts. 

     The immobilization of the enzyme may be achieved by various 

 means7-9). Enzymes can be covalently bonded to, and physically 

entrapped in or on a suitable carrier. However, immobilization by 

covalent bonding method has a defect that the immobilization 

reagent will often preferentially attack to the active site of 

the enzyme, thus rendering it inactive. Physical adsorption 

method on the carrier has also disadvantage of weak bonding of 

enzymes that may lead to desorption during the catalysis. 

     On the other hand, the enzyme immobilization by microencap-

sulation is advantageous, because it is free from steric defects 

associated with covalent bonding method, or desorption problems 

encountered in physical adsorption method. However, though funda-

mental researches have been carried out on the potential applica-

tion of microencapsulated enzymes, they have not been employed 

commercially. The main reason is that microcapsules are too frag-

ile to cope with the mechanical shear or vigorous agitation in a 

practical use. 

     In this thesis, the wall material that has mechanical dura-

bility superior to those reported in past investigations was 

obtained as a result of extensive research in polymeric materi-
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als. This wall material, a mixture of polystyrene (PS) and sty-

rene butadiene rubber  (SBR), is recommended for the industrial 

processes. 

      Furthermore, attempts to model the catalysis by the microen-

capsulated enzyme were investigated. In addition to mass transfer 

phenomenon of the substrate molecules through the capsule wall, 

the catalysis in microcapsules should be considered. As has been 

developed in the case of chemical reactions involving inorganic 

catalysts or carriers, the concept of the catalyst effectiveness 

factor can be also applied to the encapsulated enzyme for the 

successful modeling. The results obtained from this mathematical 

modeling will support the designing of large-scale industrial 

processes using the encapsulated enzymes. 

Content of this thesis  

     The thesis consists of four parts. The Part 1 consists of 

four chapters, and is related to the preparation method of micro-

capsules. 

    In Chapter 1, the microencapsulation was carried out by the 

nonaqueous coacervation method. The term "coacervation" has been 

used to describe the phase separation into polymer-rich phase 

"coacervate" and lean phase . This step is rather stable but 

essentially a transient process observed just before the forma-

tion of polymer precipitation", 11). Aqueous coacervation method 

involves the dissolution of polymeric wall materials in water , 
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therefore the core substances must either be immiscible with or 

insoluble in  water12). However, there are many cases where micro-

encapsulation of water soluble substances is desirable, and the 

aqueous coacervation method is not available. 

      For nonaqueous method, a suitable combination of organic 

solvents and polymers is used. While the wall material used in 

the aqueous coacervation method is limited to a few kinds of 

water-soluble polymers, the nonaqueous method has an advantage 

that suitable wall materials can be selected from varieties of 

polymers. This chapter dealt with the nonaqueous coacervation 

method consisting of two-component system13) (polymer-solvent) 

and three-component system14) (polymer-solvent-nonsolvent), and 

elucidated the relation between the properties of microcapsules 

formed and the preparation conditions. The phase separation in 

this system was carried out either by the temperature change or 

by the addition of poor solvent to the polymer solution. 

     For explaining the behavior of nonaqueous coacervation , the 

theoretical thermodynamic approach on polymer chemistry can be 

used to describe the behavior of phase separation15). This theo-

retical calculation of phase separation is able to predict the 

wall thickness of microcapsules to some quantitative extent that 

is an important factor in the controlled release of core sub-

stances. 

      In Chapter 2, the microencapsulation of water soluble sub-

stances by the spray drying method16,17) was dealt with as one of 
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the mechanical methods. The dispersion of core substance in the 

solution dissolving wall material was sprayed into a hot gas 

chamber. Being rapid, single-stage operation suitable for contin-

uous production in large scale, this method can be used for the 

encapsulation or granulation of a wide range of drugs and fla-

vors. Even a heat sensitive substance can be encapsulated by 

spray drying because the exposure to elevated temperature is so 

short. In this chapter, microencapsulation of nicotinic acid 

mainly coated with bees wax white was reported. A handmade spray 

drying tower equipped with a two-fluid nozzle was employed as an 

apparatus. The effect of operational conditions, e.g. nozzle 

diameter, gas flow rate, drying temperature and the component of 

the wall materials on the properties of microcapsules were  dis- 

cussed18). 

     In Chapter 3, multiple phase emulsion methods19-22), classi-

fied as one of the solvent evaporation method, was used to pro-

duce microcapsules having thicker wall. A water-in-oil-in-water 

(W/O)/W multiple phase emulsion was prepared. The W/O emulsion 

was prepared by dispersing the aqueous solution of core substance 

in the polymer solution using a low boiling point solvent. This 

mixture was dispersed in the aqueous solution of stabilizing 

agent to form stable (W/O)/W emulsion. The solvent was evaporated 

under the reduced pressure and/or mild heating, and the capsules 

formed were collected by filtration or centrifugation. 

     The advantage of this method is that one can select suitable 
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wall materials, and the combination of several kinds of polymers 

can be also used if they are miscible. Additionally, it should be 

also emphasized that the heat sensitive or reactive core sub-

stance can be successfully encapsulated without damage because of 

a mild condition of preparation. In this chapter, several kinds 

of wall materials were used to prepare the microcapsules, and the 

advantage and disadvantage as the wall material were  com-

pared23,24). 

      In Chapter 4, a novel method of multiple phase suspension 

was proposed for the purpose of long term controlled release25). 

Generally, the release behavior of the core substance from the 

microcapsules is the order of hours or utmost days. In the appli-

cation to the sustained release of insecticides and pesticides, 

it is preferable to maintain the release effect over a long 

period of time for saving the man-power. The study in this chap-

ter was conducted to establish the feasible production and appli-

cation of concerned microcapsules with a duration at least half a 

year. 

     In Part 2, controlled release of the core substance from the 

microcapsules prepared in Part 1 was discussed. This part con-

sists of four chapters. 

     In Chapter 1, release behavior from the microcapsules pre-

pared by nonaqueous coacervation method of the binary and ternary 

systems was discussed. Anhydrous sodium sulfate (ASS) crystal as 

a model core substance was employed for the measurement of con-
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trolled release. In either case, Higuchi  model26,27) was most 

suitable to explain the release behavior of ASS through the cap-

sule wall. The values of diffusion coefficient estimated by this 

model was correlated to the operational conditions13,14). 

      In Chapter 2, controlled release of encapsulated nicotinic 

acid by the spray drying method was investigated. The operational 

conditions, gas flow rate, inner diameter of two-fluid nozzle, 

drying temperature and the component of the wall material, con-

tributed to the release behavior18). Higuchi model was effective 

to correlate the release behavior over the wide range of those 

parameters as well as in Chapter 1. 

      In Chapter 3, as a core substance, Vitamin B6 was encapsu-

lated by multiple phase emulsion technique, and release behavior 

was observed. Polystyrene (PS), copolymers of styrene with acry-

lates, and styrene-butadiene rubber (SBR) were employed as wall 

materials together with natural waxes to change the mode of 

release and the rate. In this case, two-parameter masstransfer 

model was proposed to simulate the release behavior24). 

     In Chapter 4, as an application for long term release, the 

release behavior of encapsulated pheromone-analog, 2-ethylhexyl 

acetate, to the atmosphere was investigated. Pheromones have been 

used to obstruct insect mating by communication disruption in a 

particular field. Controlled release is therefore essential for 

efficient and economical dose because pheromones are expensive , 

volatile and in some cases labile compounds. As a release model , 
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two-step process of masstransfer was proposed, and the related 

parameters in terms of the capacity coefficient and effective 

diffusion coefficient were  estimated25). 

     In Part 3, immobilization of enzyme by microencapsulation 

was studied. This Part 3 consists of four chapters. 

     In Chapter 1, lipase (Pseudomonas fluorescens) was encapsu-

lated by (W/O)/W multiple phase emulsion method. Mixed composi-

tion of PS and SBR yielded a tough structure as wall 

materia128). The morphology of the wall structure was studied in 

detail by a scanning electron microscope (SEM) and a transmission 

electron microscope (TEM). 

      In Chapter 2, performance of the encapsulated enzyme was 

examined employing hydrolysis of short-chain lipid in a well-

stirred batch reactor. A mathematical model was derived under the 

assumption that the diffusion of substrate molecules through the 

wall of capsules plays a dominant role to the overall reaction 

rate. The calculated values agreed quite well with the observed 

data28). 

     In Chapter 3, the microencapsulated lipase were applied to a 

continuous packed-column reactor, and longevity and mechanical 

strength of the microcapsules were fully confirmed. The reaction 

model derived in the stirred batch reactor was also applicable to 

simulate the behavior in the packed column reactor as it was 

proved that there is no mass transfer resistance between the 

reactant stream and the surface of microcapsules29). 
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     In Chapter 4, an application of encapsulated lipase to the 

hydrolysis of lipid was carried out with a continuous stirred 

tank reactor (CSTR) in which the encapsulated enzyme was dis-

persed under the shear-stress. An automatic control device to 

adjust pH of the reaction mixture at a desired level was designed 

and installed in the reactor system. Conversion of substrate at 

the steady state operation with pH control became significantly 

higher than that without pH control. A reaction model proposed in 

the preceding chapters was also applicable to simulate the  behav-

ior of CSTR system30)
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Part 1

Preparation of Microcapsules





Chapter  1

Microencapsulation by  nonaqueous coacervation method

Abstract

     Nonaqueous coacervation in polystyrene (PS)-cyclohexane 

solution induced by the lowering of temperature (binary system) 

and the addition of nonsolvent (ternary system), n-hexane, was 

utilized to investigate the fundamental problems involved in the 

microencapsulation procedure. In either case, the phase equilib-

rium diagrams that gave basic knowledge on practicing coacerva-

tion method were prepared prior to the encapsulation. The appear-

ance temperature of coacervate droplets in the binary system was 

accurately measured by a specially designed device. In the micro-

encapsulation, percentage of encapsulated PS by the addition of 

n-hexane remarkably increased as compared with the result where 

coacervation was induced by temperature lowing of PS-cyclohexane 

solution. Though the addition of talcum powder was unavoidable to 

prevent microcapsules from adhering each other, controlling of PS 

wall thickness was quite successfully performed by adjusting PS 

concentration in cyclohexane solution, encapsulated temperature 

and amount of n-hexane. 
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                           Introduction 

      Coacervation, phenomenologically generation of droplets of 

a dense polymer concentration from a homogeneous polymer  solu-

tion-,2), has been extensively studied as a potential physico-

chemical technique to obtain microcapsules utilized in various 

field such as pharmacy, foods, cosmetics and agricultural chemi-

cals. 

      Water-soluble polymers of natural origin, such as gelatin, 

gum arabic, carboxymethyl cellulose, pectin, polyvinyl alcohol 

and mixtures of these have been accepted as suitable wall materi-

als due mainly to their non-toxic natures, a great advantage when 

utilized in the fields mentioned above. Physicochemical aspects 

of coacervation, especially the choice of reagents or operational 

temperature to induce coacervation and wall-hardening reagents 

for wall materials have been thoroughly studied and well estab-

lished as practical procedures3-9) 

      From the literature, it may seem that coacervation involving 

polymers which are only soluble in nonaqueous solvents has been 

paid less attention due to the rather restricted applications in 

the fields where toxicity and in vivo acceptability become impor-

tant issues. Rowe 1°) and Powell", 12) et al. have given a number 

of synthesized polymers together with solvents and non-solvents 

applicable for use in the encapsulation process classified as 

phase separation technique. 
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     In this chapter, the coacervation induced from a binary 

system of polystyrene(PS)-cyclohexane and a ternary system of 

PS-cyclohexane-n-hexane is discussed from the engineering view 

point and its possible applications to microencapsulation is 

demonstrated experimentally. 

                              Experimental 

Reagents  

     Polystyrene as a wall material was synthesized by employing 

a conventional suspension polymerization technique. Styrene 

monomer (ST)  100m1 was dispersed in 900m1 of an aqueous phase 

containing 0.2g sodium lauryl sulphate, 2.Og anhydrous sodium 

sulphate (ASS) and 15m1 lOwt percent calcium phosphate slurry, 

which plays the role of a stabilizing agent for viscous PS-ST 

droplets. Polymerization was carried out at 363K under nitrogen 

for 5hr. The molecular weight of PS was controlled by changing 

the amount of benzoyl peroxide, an initiator, from 1.25 to 10.0g. 

PS samples used in the following experiments are listed in Table 

1-1 with their molecular weights and polydispersities. 

      In binary system, cyclohexane, n-butyl ether, tributyl 

phosphate, cyclohexanone and dioxane were found capable of gener-

ating phase separation in PS solution by adjusting the equilibri-

um temperature. Cyclohexane was more suitable than the others, 

since the coacervation takes place at room temperature. In ter-
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nary system, n-hexane was used as an agent inducing phase separa-

tion in PS-cyclohexane solution. 

      n-Hexane and ethyl alcohol were selected as wall-hardening 

agents of PS. Methyl alcohol was used as a solvent for washing 

the hardened microcapsules. 

      Spherical glass beads of a mean diameter 59.5pm were used as 

a core substance when the encapsulation was intended to investi-

gate basic problems such as the performance of encapsulation, the 

utilized amount of wall materials, the desired amount of talcum 

powder etc. Talcum powder  (H2Mg3(SiO3)4) was used as a stabiliz-

ing agent to prevent encapsulated particles, covered with a 

viscous PS layer, from sticking to each other. From 20 to 40wt 

percent of the powder based on the amount of core substance was 

added. 

     All these reagents were used without further purification.

Measurement of phase equilibrium 

 Temperature at phase separation  

     The onset of phase separation in binary system, which can be 

detected by the appearance or disappearance of coacervate drop-

lets, was observed by a specially designed device as shown in 

Figure 1-1. Small amounts of PS-cyclohexane solution where placed 

on the shallow cavity of a haemocytometer slide, whilst the 

temperature was controlled by recirculation cooling water. The 

apparatus was set on the objective stage of a microscope and the 
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 Table 1-1.   Molecular weights of polystyrene samples employed as 

wall material.

Molecular weight

Sample
Number Number average Weight average  Dispersion

(M,, x 10 ") (x 10 °) index(M„/H„)

PS-1 0.891.09 1.90

PS-2 2.243.73 1.07

PS-3 1.352.02 1.94
I'S-4 0.801.58 1.98

PS-5 2.325.09 2.19

Measured with  GPC, solvent dimethyl formamide.
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Figure  1-1 . Apparatus for measurement of phase separation point. 

Key: (1] microscope, 1-21 exposure meter, (3] dark 

chamber,(41 thermocouple, (51 shield glass, (6] meas-

urement cell, (71 cover glass,(81 slide glass, (91 

 test solutions, (10] condenser lens, (11] lamp, (121 

 thermoregulater, (13] temperature control circuit.
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separation point was detected through the ocular lens either by a 

naked eye or photographically using an exposure meter which 

latter is very sensitive to slight changes in the intensity of 

transmitted light, due to the light scattered from surface of the 

coacervate droplets. The temperature at phase separation was 

accurately measured by a thermocouple placed in the other cavity. 

 Equilibrium  composition  of  coacervate

      In the binary system, 150m1 of cyclohexane solution contain-

ing 7-8 vol percent of PS was introduced into a 300m1 flask, 

stirred for a certain period with a magnetic stirrer, and allowed 

to stand for 6 to 7hr so that coacervate droplets would settle. 

Samples were withdrawn from the dilute (continuous) and dense 

(coacervate) phases in order to determine the equilibrium compo-

sitions. A gas chromatograph having thermal conductivity detector 

(TCD)(MODEL-802T, Okura Riken Co. Ltd.) and a UV spectrophotome-

ter (UVIDEC-320, Japan Spectroscopic Co. Ltd) were employed for 

analyses of the samples (a,= 252.5nm). 

      In the ternary system, 20g of lwt percent cyclohexane solu-

tion of PS was added in a 50m1 centrifuging cell, held for 15min 

at constant temperature, and then prearranged amount of n-hexane 

was added in the cell with agitation. After droplets of coacer-

vate were generated, it was allowed to stand still for 3hr to 

make the floating droplets settle. After centrifuged for 5 to 

10min, dilute and dense phases were analyzed by the similar 

methods. 
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Preparation of  Microcapsules 

     Microencapsulation using the binary system was carried out 

as follows. 30m1 of PS-cyclohexane solution containing 1 to 4wt 

percent of PS was mixed with 2g of coresubstance and stirred with 

a magnetic stirrer. The dispersion was subsequently to a desired 

temperature to allow the generation of coacervate droplets and 

0.4 or 0.8g talcum powder was added to prevent the coagulation of 

the encapsulated particles. The procedure in the ternary system 

was essentially regarded as same as in the case of binary system 

except the addition of n-hexane after mixing with core substance. 

      In either case, after the particles surrounded with coacer-

vate phase settled down under intermittent agitation, the dilute 

phase was removed from the system. Approximately 50m1 of a pre-

cooled non-solvent for PS (ethyl alcohol or n-hexane) was extract 

cyclohexane and harden the PS wall. After the upper layer was 

removed by decantation, the microcapsules were rinsed with methyl 

alcohol and dried under the vacuum at room temperature, or at 

333K in a dryer. 

Characterization of microcapsules

     The average thickness of microcapsules was calculated as 

half of the diameter difference between the two samples. In the 

gravimetric analysis, 0.5g of dried microcapsules was added in 

30mL of cyclohexane and PS wall was completely dissolved under 

the influence of ultrasonic oscillation. The average wall thick-

ness was routinely determined by the following equation. 
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 S =3pmPc  ww 
      6Pwwe-ww(1-1) 

where Pc and pw denote the densities of core and wall materials, 

and Ww denote their respective weights per capsule, and 7 

denotes the average diameter of the microcapsules.

We 

pm

                       Results and Discussion 

Combination of volymer_and solvent to_induce_the coacervation

     Coacervation is phenomenologically located between dissolu-

tion and solid precipitation of polymer, and can be induced in 

the case where the appropriate combination of polymer and solvent 

is obtained. However, the selection of solvents inducing coacer-

vation cost a great deal to trouble because of widely researching 

range of solvents. Classification of solvents, either good or 

poor solvent of PS, was given by Kurata and Stockmeyer13), and 

the results are illustrated in Figure 1-2. In figure, solubility 

parameter14) and hydrogen bonding index15) are chosen as coordi-

nates. Among the good solvents, the experiment revealed that 

those capable to induce the coacervation are unanimously located 

near the boundary separating good and poor solvents. In the case 

of ternary system by adding nonsolvent, selection of nonsolvent 

(poor solvent) is not so strict, in fact any nonsolvent can be 
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paired with the good one as far as it is capable to produce the 

coacervates. This fact is quite understandable, if one considers 

that the coacervation is regarded to be in-between of the soluble 

and insoluble states. 

      In this work, cyclohexane and n-hexane was selected as a 

good and poor solvent. 

Phase  diagram of coacervation_ 

      In Figure 1-3, the phase diagram for the PS-cyclohexane 

binary system was obtained by interconnecting the temperatures of 

phase separation points observed for PS solutions of different 

compositions as shown by the appearance of coacervate droplets. 

Two broken lines are also shown in the figure, which were ob-

tained from the measurement of the equilibrium compositions in 

the coacervate and dilute phases. Initial concentrations were 

selected as 7.7 vol percent for PS-1, and 7.0 vol percent for 

PS-2, respectively. 

      Comparisons between phase diagrams obtained from two differ-

ent runs showed that the polydispersity of PS (shown in the Table 

1-1 in terms of the dispersion index) is mainly for the wide dis-

crepancy between the two diagrams. The two curves would be ex-

pected to coincide with each other if monodispersed PS was used. 

In the present case, fractionation of PS inevitably takes place 

during the prolonged period required to reach the equilibrium 

state, whereas the appearance of coacervate droplets occurs 
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instantaneously. Since polydisperse polymers are utilized commer-

cially, these different determinations will offer substantial 

information about the actual encapsulation conditions, such as 

maximum allowable temperature and polymer concentration of the 

original solution. 

      The evidence for the dominant role of polydispersity can be 

found from comparison between the two sets of samples  P5-2 & PS-3 

and PS-1 & PS-4. As shown in the table, PS-3 and PS-4 have lower 

average molecular weights, but have more enhanced polydispersi-

ties than their respective counterparts. The reason why those PS 

samples, which have lower molecular weights, showed higher or 

equivalent values of the critical temperature for phase separa-

tion can only be ascribed to their higher polydispersities. 

      The three-phase diagram for the PS-cyclohexane-n-hexane 

ternary system which were obtained from the equilibrium composi-

tions using PS-5 is shown in Figure 1-4. Theoretical curves 

calculated from Flory-Huggins theory16,17) are also shown in 

figure as compared with experimental values. PS was assumed to be 

monodispersed with molecular weight of 50,000, while parameters 

were calculated by setting the values of solubility parameter as 

9.1, 8.2 and 7.314) for PS, cyclohexane and n-hexane, respective-

ly. Tie lines in the both figures are drawn for the equilibrium 

at 303K. The agreement between calculated and observed values 

are not good, especially those for the coacervate phase, due to 

the polydispersity of PS used for the measurement. The other 
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reason to be considered is an inadequate presumption to derive 

the entropy term in the theory which regards each segment in a 

polymer chain as completely flexible, leading to the over-esti 

 mation of conformational entropy. 

Amount of PS utilized inmicrocapsules 

      In the binary system, the wall thicknesses calculated from 

the amount of encapsulated PS (PS-5) are shown in Figure 1-5 as a 

function of the encapsulation temperature. Two grams of glass 

beads with smooth surfaces (d=59.5pm) were used as model core 

particles. The amount of encapsulated PS was determined by UV 

spectrophotometer after the dissolution of PS by cyclohexane. The 

contribution from the talcum powder attached to the wall was not 

considered in this figure. From the observation by scanning 

electron microscope (SEM) as shown in Photo. 1-1, the wall struc-

ture of microcapsules indicated that a thin film of PS covers the 

surface of glass beads, and flat talcum powder attaches onto the 

PS film. When the glass beads were encapsulated at 293.9K, using 

a PS solution of 4wt percent, the thickness of PS film is approx-

imately 0.3pm. Supposing all PS in the coacervate phase is in-

cluded in the microcapsule, the thickness of PS film should be 

16.7pm, but the PS utilized in practice in calculated to be only 

3.0 percent; an indication of very poor utilization of PS. This 

result means that a large number of coacervate droplets are 

wasted or lost in the effluent. The main reason, which in fact 
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was observed by microscope, may be by the adhesion of free coac-

ervate droplets with talcum powder. Poor utilization of PS may 

limit the use of this binary system for practical purposes. 

     The wall thicknesses of  PS in the ternary coacervation 

system are shown in Figure 1-6 as a weight ratio of n-hexane. As 

the amount of added n-hexane increases, the wall thickness dif-

ferences became enhanced. When the concentration of PS exceeds 

3.0wt percent, encapsulation became different due to the too much 

generation of coacervate droplets. Conversion of PS Utilized for 

the encapsulation based on the total amount of PS in coacervate 

phase gradually increased from 20 to 40 percent as the added 

amount of n-hexane increases, a remarkable improvement compared 

with the values obtained in the binary system. Effect of encapsu-

lation temperature on the wall thickness is shown in Figure 1-7. 

This result indicates that temperature can also play a role as 

effective operating factor. Difference of 5K in the temperature 

results in the change of wall thickness from 0.2 to 0.4Am. 

     From these results of encapsulation procedures, it is con-

cluded that the controlling of wall thickness is quite possible 

by changing the amount of added n-hexane, encapsulation tempera-

ture and PS concentration in the original solution. 

                                Conclusion 

     Fundamental problems involved in a microencapsulation proce-
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dure in which coacervate droplets generated in a PS-cyclohexane 

binary system and a PS-cyclohexane-n-hexane ternary system plays 

a vital part were investigated. Low efficiency of PS in the 

binary system is, to a great extent, improved by introducing the 

third component in this system, n-hexane. In this ternary system 

 microencapsulation is efficiently performed by the addition of 

n-hexane into PS-cyclohexane solutions coupled with temperature 

lowering.
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Chapter 2

Microencapsulation by spray drying method

                           Abstract 

     Microcapsule of volatilizable nicotinic acid crystal was 

prepared using a spray drying tower equipped with a two-fluid 

nozzle. Crystals of nicotinic acid were suspended in hot chloro-

form containing beeswax white and n-praffin, and then introduced 

to the two-fluid nozzle for spraying. 

     Nozzle diameter, gas flow  rate of the nozzle and the drying 

temperature were changed as well as the composition of the sus-

pension. The observation of prepared microcapsules by the scan-

ning electron microscope (SEM) showed that the crystal was uni-

formly coated with the wall material. Agglomerated microcapsules 

and smaller particles of the wall material not utilized for the 

encapsulation were also observed as the encapsulation condition 

became less favorable.
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                         Introduction 

      Spray drying tower is normally regarded as an efficient 

instrument for commercial scale granulation with which solutions, 

suspensions and emulsions were sprayed from a two-fluid nozzle or 

a rotating disc, the latter being more suited to the large scale 

production. If a polymeric material, easy to form film or skin, 

is dissolved in the solvent,  microcapsules or spherical matrices 

are formed depending on the affinity of the polymer with core 

substance. Two kinds of spray granulation method have been em-

ployed so far; one is a spray drying in which solvent is volati-

lized to yield solidified product, and the other is a spray 

congealing in which ingredients were sprayed into the cooled 

atmosphere. Kawashima published an informative review concerning 

to the recent development of spray granulation employed in the 

fields of foodstuffs, medicine and so forth". 

     Generally speaking, microencapsulation by the spray drying 

technique is favored for a large scale commercial process , but 

its applicability is rather limited when uniformly coated micro-

capsules are requested. Choice of solvent may also be a problem 

because of the inflammability of organic solvents which will 

demand additional cost to protect from a probable fire2) . 

      In this chapter, water soluble substance ,nicotinic acid, was 

encapsulated with beeswax white and n-praffin by using nonaqueous 

system. The nonaqueous systems were only reported in some pat-
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 ents3'4). A handmade spray 

nozzle was employed as an 

crystals were quite stable 

high vacuum condition.

drying tower equipped with a two-fluid 

apparatus. Encapsulated nicotinic acid 

even though they were exposed under a

                           Experimental 

Apparatus  

      A schematic diagram of handmade spray drying tower was shown 

in Figure 2-1. Drying chamber [11] is cylindrical shape, 30cm in 

diameter, and 100cm in height. Drying gas was introduced from the 

upper wall preheated by a 2kW heater [5] on the way to the cham-

ber. Two-fluid nozzle (Yamato Kagaku Co. Ltd.) [7] was used for 

spraying slurries. Inner diameter of the nozzle was selected from 

508, 711, and 1100p m. Outer diameter of the annular nozzle was 

fixed at 1778pm for spraying gas. Cooling gas was introduced from 

the lower wall of the Lower. Nitrogen gas from the cylinders 

[1],[2] was used for spraying and cooling. Gas-solid mixture in 

the chamber was withdrawn and introduced to the cyclone [12] by 

an air blower [13], the capacity of which was 12m3/min at 

135mmH2O, and the rate being adjustable. 

Reagent 

      Reagent grades of nicotinic acid (apc=50.3pm, volume aver- 
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age), beeswax white (m.p. 335-339K), n-paraffin (m.p. 341-343K) 

and chloroform were used as served. Beeswax white, a mixture of 

long chain esters, was selected for its better affinity with 

nicotinic acid than n-paraffins. Chloroform is among all things 

nonflammable, and suited for the spray drying. Hot chloroform 

dissolves these waxes, but nonsolvent for nicotinic acid. 

Preparation of microcapsules 

     Nicotinic acid crystal was added in hot  chloroform solution 

of the wall material [9], and then exposed under the ultrasonic 

wave to ensure a fine dispersion. Meanwhile the temperature in 

the drying chamber was controlled at the desired level introduc-

ing hot air from a fan blower [11], and small flow of nitrogen 

from the two-fluid nozzle. Then the flow rate of nozzle gas was 

adjusted to the desired level [4], and the slurry was fed through 

a slurry pump [8]. The flow rate was fixed at 10m1/min, and the 

slurry hold tank was kept warm to prevent the precipitation of 

the wall material [9]. Cooling gas was also introduced [2], and 

the air blower was on during the spraying [13]. 

      After the spraying was over, dried particles were collected 

from the cyclone, and also from the chamber wall at which quite a 

few amount of microcapsules were attached. 

Analysis 

     General features of microcapsules, in particular condition 
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of coated wall, attachment of smaller particles of the wall 

material on the surface, and degree of agglomeration, were ob-

served from SEM. Mono-nucleus microcapsules coexisting with 

agglomerated ones were picked up from the photographs to measure 

the average diameter,  apm. They were assumed to be a group of 

ellipsoids. Average diameter was regarded to be equal to that of 

a sphere having an identical volume with that averaged for the 

ellipsoids. In actual practice longer and shorter axis of micro-

capsules were measured, and after a mathematical treatment, the 

diameter of equivalent sphere was obtained. 

      Percent drug content in microcapsules was determined by 

melting the wall with hot water, and measuring dissolved amount 

of nicotinic acid in water by a UV spectrophotometer (X=261nm). 

      Average wall thickness of microcapsules, 8, can be evaluated 

using the percent drug content, m, and either apm or apc. 

                ]-113]      =apm1 -1-I100- 1Pc(2-1)    2 lm Pw 
                                 1/3 

pc S =—1+100- 1Pc- 1(2-2) 

                                    W 

     While there exists uncertainties with the values of apm, 

may be regarded as most accurate. Then the following relationship 

will be useful to judge the accuracy of measurement and to evalu-

ate percent utilization of the wall material with respect to the 

core substance.
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Table 2-1.  Effect 

            tics of

 of operational 

microcapsule

condition on the characteris-

Changed  Percent drug d'pm (obs) dpm(calc) S (calc)#1 S (calc)*z (Ww/Wc)
condition content (%) (r•m) (am) (/.cm) (um) (-)

(A)
Gas flow

rate (1/min)
10.6 71.9 56.0 58.9 4.07 4.28 0.391
13.8 68.1 57.6 60.3 4.77 5.00 0.468
17.5 75.3 59.9 57.7 3.82 3.68 0.328
20.0 71.3 58.8 59.1 4.37 4.39 0.403
25.6 66.7 65.4 60.8 5.67 5.27 0.499
30.9 67.7 68.7 60.5 5.77 5.08 0.477

(B)
Drying temp.

(K)
313 81.1 59.0 55.7 2.87 2.71 0.233
333 09.1 61.2 59.9 4.91 4.81 0.447
353 71.3 58.8 59.1 4.37 4.39 0.403
373 77.1 55.7 57.0 3.29 3.37 0.297
393 71.7 57.6 58.9 4.22 4.32 0.395

(C)
Nozzle dia-

meter( µ m)
508 83.7 59.1 54.9 2.48 2.30 0.195
711 71.3 58.8 59.1 4.37 4.39 0.403

1000 71.5 69.3 59.0 5.12 4.36 0.379

(D)
Bees wax

white(g)
3 80.1 56.2 56.0 2.88 2.87 0.248
5 71.3 58.8 59.1 4.37 4.39 0.403
7 60.8 63.3 6.51 0.645

10 40.0 62.8 75.0 10.3 12.3 1.500

(E)
Fraction of

n-paraffin

(-)
0 71.3 58.8 59.1 4.37 4.39 0.403
0.2 69.7 67.4 59.8 5.34 4.74 0.435
0.5 63.8 66.3 62.3 6.39 6.01 0.567

0.8 63.8 64.4 62.5 6.28 6.09 0.567
1.0 61.5 59.5 63.6 6.23 6.67 0.626

*1  CaIculated from Equation (2-1). 
*2 Calculated from Equation (2-2). 

Standard operational condition: Chloroform 
5g, Beeswax white 5g, Gas flow rale 201/min 
353K, Nozzle diameter 7111.im, No n-paraffin.

50m1, Nicotinic acid 

, Drying temperature
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Result and Discussion

Effect of the operation conditions

      Percent drug content and average diameter of mono-nucleus 

microcapsules were listed in Table 2-1 as one of the operational 

conditions were changed. Average wall thickness, 8 , calculated 

from Equation (2-1) and Equation (2-2), ratio of wall material 

and core substance calculated from Equation (2-4), and apm 

calculated from Equation (2-3) were also included in the table. 

Gas flow rate (A) and nozzle diameter (C) of two fluid nozzle, 

temperature in the drying chamber (B), amount of the wall materi-

al (D), and composition of the wall material (E) were selected as 

principal conditions. 

     Unanimously higher drug content than that predicted from 

assuming 100 percent utilization for the wall and core substance 

indicates that the considerable amount of the wall material is 

wasted uncapsulated. This is reflected in the column of Ww/Wc in 

the table. In fact uncapsulated wall material was collected at 

the filter of the blower as well as in the cyclone. It is quite 

probable that a few amount of nicotinic acid was accompanied with 

the wasted wall material, and to obtain accurate material balance 
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becomes difficult. 

     Greater difference between observed and calculated value of 

the average diameter anticipates a less favored encapsulation 

condition indicating enhanced agglomeration of microcapsules 

and/or increase in the amount of uncapsulated wall material.

General  features of .._ nicotinic acid  microcaps_ule 

     SEM photographs of nicotinic acid microcapsules prepared by 

the standard operational conditions were shown in Photo. 2-1. 

Nicotinic acid was encapsulated with its crystal shape retained. 

Inspection of the surface revealed that the wall was smooth with 

no cracks and pinholes. Small particles of beeswax white were 

also observed attached on the surface. Since the diameter of 

these particles is an order of micron, no nicotinic acid crystals 

are included. Amount of these particles increased as gas flow 

rate of the two-fluid nozzle increased. Multi-nucleus microcap-

sules due to the agglomeration of mono-nucleus ones were observed 

in Photo. 2-1. The portion of agglomeration increased as W
w/Wc or 

percentage of n-paraffin in the wall increased. 

     Equation (2-1) and (2-2) estimating the wall thickness were 

obtained on the assumption of mono-nucleus microcapsules. In case 

of agglomeration, however, the wall thickness that was an impor-

tant property of microcapsules might be erroneously estimated . 

The agglomeration between microcapsules or core crystals will 

result in the thicker wall as a schematic diagram in Figure 2-2 
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indicates. The concept drawing the figure is an introduction of 

the degree of agglomeration, n, average number of core crystals 

included in agglomerated capsules. Theoretically wall thickness 

of agglomerated capsules can be written as follows. 

     n1/33pc100Pc1/3 

 =---------- 

         1 + ----—1— 1(2-5) 
  2mPw 

     Strictly speaking,  S in the lefthanded vertical axis shows 

merely a conceptual value because Equation (2-5) is derived 

assuming that all the wall material is present on the surface of 

agglomerated microcapsules, neglecting the possible presence in-

between the core crystals.

Conclusion

     Microencapsulation employing the spray drying method was dis-

cussed. Nicotinic acid microcapsules coated with beeswax white 

and n-paraffin were prepared with a handmade spray drying tower 

with a variety of operational conditions. It was confirmed by the 

observation with SEM that nicotinic acid crystal were uniformly 

coated with the wall material. Detailed descriptions of the 

effect of operational conditions on the release behavior will be 

given in Chapter 2 of Part 2.
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Chapter 3

Microencapsulation by  (W/0)/W multiple phase emulsion method

Abstract

     Aqueous solution of Vitamin D6 (5-hydroxy-6-methyl-3,4-

pyridinedimethanol hydrochloride) was encapsulated with the 

(W/0)/W multiple phase emulsion method. Natural waxes, polysty-

rene (PS) and styrene (ST) copolymers were employed as wall 

materials. Particular attentions were focussed on how the physi-

cal properties of polymers such as molecular weight, composition, 

glass transition temperature (Tg), miscibility with solvent and 

possible blending with others affected the general features and 

performances of microcapsules. SEM photographs and measurement of 

drug content were quite informative to judge applicability of 

products. 

     ST-acrylic copolymers and the blends of ST-butadiene rubber 

(SBR) and PS gave tough wall structures, while PS gave a homoge-

neous but fragile wall structure.
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Introduction

      In previous chapters, water soluble solids were encapsulated 

by two different methods. However, these methods are not applica-

ble to the encapsulation of aqueous liquids. 

      Two conventional methods may be employed to encapsulate 

liquids as core substance; one is interfacial polycondensation 

 method", and the other is multiple phase emulsion method2-4) 

classified as a modified solvent evaporation method5). Normally 

the former is more frequently employed than the latter, because 

the latter has been less employed for commercial purposes mainly 

due to the smaller drug content per capsule. 

     However, the advantage of multiple phase emulsion method is 

that almost any kind of polymeric materials can be utilized as 

wall material, if only suitable solvent is found. One of the most 

effective ways to carry out the feasibility study, in which a 

particular substance is to be employed in encapsulated form, may 

be achieved by adopting the multiple phase emulsion method. 

     In this chapter, it will be found that the general feature 

of microcapsules changed dramatically depending on the wall 

materials employed for the multiple phase emulsion method". They 

also intend to collect as much information how the properties of 

polymeric materials such as molecular weight, composition of 

copolymer, glass transition temperature (Tg),and probable blend- 

ing between them will affect the overall features of capsules . 
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                             Experimental 

Reagents  

Wall  materials. n-praffin (m.p. 341-343K) and beeswax white 

(m.p. 335-339K) were used as served. SBR (Solprene T-414: copoly-

mer containing 33wt. percent of styrene by solution polymeriza-

tion) was from Asahi Chemicals Co. Ltd. PS and copolymers of 

styrene with acrylic esters were polymerized in the laboratory 

employing either the suspension or emulsion polymerization tech-

nique. Physical properties of the synthesized polymers were 

listed in Table 3-1. 

Solvents. Chloroform, methylene chloride and benzene used as 

solvents were reagent grade. 

Other materials. Vitamin B6 and polyvinyl alcohol (PVA, 

Fn=500, 97 percent hydrolyzed), each being reagent grade, were 

from Wako Pure Chemical Industries. 

Preparation of microcapsules 

      In standard recipe, 1.3g of Vitamin B6 was dissolved in 5g 

of 2wt percent PVA aqueous solution. 3g of wall materials were 

dissolved in 27g of chloroform. (W/O) emulsion was prepared with 

a conventional homogenizer operated at 5000rpm for 3min, the 

temperature being controlled at 3.13 to 318K. This emulsion as 

then poured into 250m1 of lwt. percent PVA aqueous solution in a 

500m1 round-bottomed flask, and stirred at 250rpm to form (W/0)/W 

emulsion. The system was kept at 328K for 2hr under the slightly 
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reduced pressure to remove chloroform. After 2hr elapsed, the 

ingredient was cooled with ice water, microcapsules being fil-

tered, and stored in a desiccator. 

 Quantitative measurement of_ Vitamin _...B6

     Quantitative measurement of Vitamin B6 in the aqueous solu-

tion was carried out employing a UV spectrophotometer (.t 244nm). 

2m1 of sample solution was dissolved in 8m1 of 0.125N NaOH aque-

ous solution. 

     Vitamin B6 content in microcapsules was determined in a same 

procedure after the wall of microcapsules was broken in a ceramic 

mortar with a pestle, and all the drug was leached out with 

water. 

Characterization of microcapsules

     General feature of microcapsules was observed with a SEM 

including measurement of average wall thickness. Average diameter 

of microcapsules was determined from photographs obtained with an 

optical microscope. For rough estimation of the average wall 

thickness the following equation was derived assuming the addi-

tivity of volume for each component. 

Ww 

                                  P 
                                 -1/3i 

S=apm1—1-i w (3-1)                    2W
e             [1100Ww1jj        Pc-1-

where, g, apm 

We = weight of 

ty of wall and

= average wall 

gall material 

drug, and m =

               + Pc( 
                                   and 

                                and 

drug 
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 Table 3-1. Polymers employed as wall malarial.

Molecular weight

Wall material  Copolymer

composition Number average Weight av

(mot. ratio) (Mr, X10 4) (Mw X 10

PS 0.70 1.10

P(ST-co-BA)

13-4 71.6/28.4 1.34 2.95

13-5 74.3/25.7 3.89 8.71

13-6 74.7/25.3 8.58 19.25

13-7 74.5/25.5 12.6 30.6

1'(ST-co-MA)

M-1 68.2/31.8 6.91 19.68

11-2 56.3/43.7 7.20 15.93

M-3 35.4/74.6 6.38 15.45

11-4 69.3/30.7 0.97 2.75

P(ST-co-EA)

E-1 64.7/35.3 9.61 21.22

E-2 50.7/49.3 6.44 15.04

E-3 33.9/66.1 4.46 13.40

E-4 70.6/29.4 1.13 3.24

P(MMA-co-BA) 77.4/22.6 4.07 12.40

P(MMA-co-EA) 72.5/27.5 2.14 10.50

SBR(Solprene 33/67 7.40 10.74

1-414)

Natural wax

n-Paraffin

Beeswax whi-

Le

ST = styrene, BA 

methyl acrylate,  SBR

n-butyl acrylate,  RA 

= styrene-butadiene

average 

0 ")

Dispersion 

index 

(ff./ff.)

 = ethyl 

rubber.

1.56

2.20 

2.24 

2.24 

2.43

2.85 

2.22 

2.42 

2.83

2.21 

2.34 

3.01 

2.87

3.05

4.91

1

Glass 
 transition 

temp. (K)

338 

321 

313 

338

209-214

m.p.341-343 

m.p.335-339

acrylate, MA =
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                      Results and discussion 

      Vitamin B6 containing microcapsules were prepared employing 

various polymers (shown in Table 3-1) as wall materials. Average 

diameter,  3pm, average wall thickness, S, and the drug content 

for each preparation were listed in Table 3-2. 

      Attempts to prepare microcapsules employing natural waxes as 

sole wall materials had little success due to the strong nonpo-

larity (hydrophobicity) of waxes. 

     SEM photographs of microcapsules with SBR as a basic wall 

material are shown in Photo. 3-1 to Photo. 3-5. A particular 

feature of SBR microcapsule is the fact that there are numerous 

holes in the wall as shown in Photo. 3-1. Blending with n-paraf-

fin (n-P) and/or beeswax white (Bww), both immiscible with SBR, 

gives utterly different features having full of small creases. 

Those holes are all patched up with the waxes as shown in Photo. 

3-2 and Photo. 3-3. Photo. 3-4 shows a three component (SBR/n-

P/Bww) wall microcapsule, having a similar feature as that of 

SBR/n-P wall. 

     PS wall was shown in Photo. 3-5. PS capsules revealed quite 

smooth surface and thin thickness, however, the wall was fragile 

against the impact force. Mixing with miscible SBR remarkably 

erased this brittleness of PS, and yielded quite resilient micro-

capsules. As shown in Photo. 3-6. PS/SBR capsules gave a smooth 

                                         -58-



 Table 3-2. Characterizations of microcapsules.

 Diameter Wall th

MC No. -d-Pm(Am) S(u

105 SBR/n-P 506

106 SBR/n-P 471

107 SBR/n-P 489 34.

201 SBR/n-P 476 50.

403 Sill 458 32.

404 SBR 446 25.

602 SBR/n-P/Bww 415 47.

604 SBR/n-P/Bww 458 51.

606 SBR/n-P/Bww 482 54.

704 SBR/PS 163 27.

706 PS 88 14.

1003 B-4 173 11.

1009 B-6 255 16.

1012 B-5 249 17.

1016 E-1 245 15.

1017 E-2 323 21.

1022 B-4 207 13.

1028 P(MMA-co-BA) 244 15.

1030 P(MMA-co-EA) 276 17.

1035 B-6 198 9.

1041 B-6 256 16.

1043 B-4 178 11.

1045 B-6 213 12.

1050 B-5 200 13.

1052 B-5 209 14.

1055 B-7 318 17.

Ch = 

 mixed

chloroform, 

solvent.

Dm = metylene

ckness

1 

0 

1 

1

1

0

4 

1 

0 

1

2 

7

1 

7

 ess Drug content Solvent

(mg/g-MC)

•43 .8 Ch

44.0 Ch

37.6 Cli

129.0 Cli

14.0 Ch

71.0 Ch

53.5 Cli

48.8 Ch

48.2 Ch

52.4 Ch

24.0 Ch

213.3 Ch

1:1.7 Ch

17.0 Ch

27.2 Ch

142.6 Ch

128.7 Din

38.5 Ch

94.4 Ch

102.6 Be

62.5 Be

96.5 Chile

107.2 Ch

96.0 Ch/Be

130.4 Ch/Be

84.3 Ch

chloride, Be =  benzene, Ch/Be =
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surface as well as PS capsules. 

      Synthetic copolymers from styrene as base monomer and  acryl-

ic monomers yielded microcapsules with singularly different 

features depending on particular acrylate copolymerized. n-butyl 

(B), and ethyl (E), and methyl (M) acrylate were chosen to incor-

porate different degree of ductility into the stiff PS chains. 

The glass transition temperature (Tg) of poly-n-butyl acrylate is 

219K, almost rubber-like, whilst that of polyethyl acrylate is 

248K, and polymethyl acrylate, 283K. Tg of various copolymers 

shown in Table 3-1 was estimated according to Uematsu6). 

      Incorporation of n-butyl acrylate chains (B series in Table 

3-1) yielded microcapsules with smooth surface, thin wall and 

reasonable drug content unless molecular weight of the copolymer 

was too high. The typical appearance was shown in Photo. 3-7. 

      General features were nearly same in the cases of ethyl 

acrylate copolymers (E series), however, either the drug content 

was low. In several cases there existed sharply bored pin holes 

on the surface of microcapsules. When methylene chloride , a low-

boiling point solvent, was employed, large holes were created on 

the surface of microcapsules caused by the evaporation of the 

solvent, an emphasis of very thin wall. One photograph was shown 

in Photo. 3-8. 

     Copolymers of methyl acrylate (M series) failed to give 

smooth-wall microcapsules no matter how conditions of preparation 

was readjusted. As shown in Photo. 3-9 , numerous, sharp pinholes 
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 Photo. 3-7. P(ST-co-BA) microcopsule

H 101a m

Photo. 3-8.  P(ST-co-EA) microcapsiele 100µm

 Photo. 3-9. I'(ST-co-MA) microcapsule 100pm
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were observed on the surface, an  obvious reason to yield poor 

drug content. 

      In this manner, a miscible pair of PS and SBR is recommended 

for the preparation of general purpose microcapsules, being very 

tough against the inflicted force whilst retaining appropriate 

transport through the wall. Copolymer of ST-n-butyl acrylate will 

provide fine feature of the surface as well as thinner but uni-

form wall. The drug content is very high. ST-ethyl acrylate 

copolymer can be a potential wall material, however, more experi-

ences will be necessary to secure the procedure and conditions of 

preparation.

                             Conclusion 

     Hollow sphere microcapsules were prepared with (W/0)/W 

multiple phase emulsion method. Vitamin B6 was chosen as a model 

drug, and the aqueous solution was encapsulated. PS/SBR blends 

and copolymers of ST-n-butyl acrylate are most recommended as 

wall materials which provide reasonable drug content as well as 

physical strength of microcapsules. Mixing natural waxes with SBR 

yielded fibrous structure developed inside microcapsules . Copoly-

mers of ST-ethyl acrylate were also applicable as wall material , 

however, the conditions of preparation is limited .



1) 

2) 

3) 

4) 

5) 

6)
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Chapter 4

Microencapsulation 

       and  (S/W)/0

of pheromone-analog by complex coacervation 

 multiple phase suspension method

                             Abstract 

2-Ethylhexyl acetate (EHA) that was selected as a insect 

phromone-analog due to its similar structure was encapsulated. 

For control of insect populations, microcapsules should release 

the core substance at an intended rate for a long-term, and 

desired goal of effective release was set at least half a year. 

For this purpose, complex coacervation method and multiple phase 

suspension method were adopted. At first EHA was impregnated in 

wax particles, which were then encapsulated employing the complex 

coacervation of gelatin/gum arabic system. As a second attempt, 

solid-in-water-in-oil (S/W)/O multiple suspension method was 

employed to encapsulate multiple numbers of wax particles in 

hydrated networks of gelatin. The difference of wall structure 

was revealed with SEM.
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                           Introduction 

     Pheromone is a new type of insecticide, being very specific 

and effective in trace amount (ppm or even ppd), and leaves no 

harmful after-effects to surrounding environment1,2). For example 

nearly 50 pheromones have been identified as to belong to the 

lepidoptera. Being classified as esters, alcohols, aldehydes and 

ketones, they have in common a long carbon chain with one or two 

double bonds. Against the advantages mentioned above, minor 

deficit is due to expensive cost of synthesis based upon the 

absolute necessity to incorporate double bonds in the exact 

location of a carbon chain. 

      Since pheromone is so expensive and effective in very small 

amount, controlled release of the drug from microcapsules seems 

to provide a promising solution to prevent unnecessary waste 

during the practice.  I  Ierbig and Smith3) has reported the encapsu-

lation of gossyplure (pheromone for the pink bollworm) in a 

particular asymmetric microporus beads, which were distributed 

from an airplane. The effective duration of the release was a 

month utmost forcing the repeated distribution once for every few 

weeks. For the practical use, the time-scale required to obstruct 

the mating of target insects should be at least half a year , or 

hopefully a full year, and has remained unsurmountable for the 

conventional encapsulation techniques.
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     In this chapter, the preparations of microcapsules having an 

effective rate for a long period of time are  investigated4).

Experimental

Reagents  

Pheromone syrup and its analog. Pheromone syrup (Z,Z-7,11-

hexadecadienyl acetate : Z,E-7,11-hexadecadienyl acetate = 50 : 

50) for pink bollworm was donated from Shin-etsu Chemical Co. 

Ltd., and was encapsulated as served. 2-Ethyihexyl acetate (EI-IA) 

was reagent grade and supplied from Tokyo Chemical Co. Ltd. 

Wall materials. Gelatin (Wako Pure Chemical Industries) and 

gum arabic (Kokusan Chemical Co.) were used as the agents of 

complex coacervation. Beeswax white was used to prepared wax 

particles impregnated with EIIA or pheromone. 

Crosslinkingagent. 30wt percent aqueous solution of for-

maldehyde was used to crosslink gelatin chains. 

Other reagents_ lOwt percent aqueous solution of acetic acid 

and the same concentration of sodium hydroxide were used to 

control the pH of solutions. Liquid paraffin was used as a medium 

of the aqueous suspension (S/W) in oil (0) dispersion. 

Preparation of wax micronarticles 

     4.5g of molten beeswax white was mixed with 0.5g of EHA, and 

then added to 200g of lwt percent gelatin solution stirred in a 
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 500m1 separable flask equipped with a teflon-blade stirrer and 

four baffle plates. The agitation rate was 250min-1, and the 

temperature was kept at 343K. After five minutes the ingredient 

was quenched in an ice water bath, and wax particles were fil-

tered. 

Preparation of ictgcl 

Complex coacervation method Equal portion (30g) of 5wt per-

cent gelatin and 5wt percent gum arabic aqueous solution was 

mixed in a 300m1 separable flask equipped with a stirrer blade 

and a thermometer. Wax particles were added, and the temperature 

was kept at 313K under the agitation. Then 140g of warm water was 

added, and after pH of the ingredient was adjusted at 4.0 by the 

drop-by-drop addition of lOwt percent of acetic acid, generation 

of coacervate droplets was observed. After 30 minutes elapsed, 

the ingredient was quenched to 278K. 3ml of 30wt percent for-

maldehyde aqueous solution was added to crosslink the gelatin 

with pH being adjusted at 9.0, using 10wt percent sodium hydrox-

ide. Crosslinking continued for 2hr, and then the temperature was 

raised to 313K. Microcapsul.es were separated by means of centri-

fuge. 

/SLW)10 multiple phase suspension method Wax particles were 

dispersed in 20g of 20w1 percent aqueous solution of gelatin , and 

then this suspension (S/W) was redispersed in 200g of liquid 

paraffin. After 30 minutes agitation at 250min-1, (W/0) emulsion 

composed of 4g of formaldehyde aqueous solution and 50g of liquid 
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paraffin was added to the  (S/W)/O dispersion. Crosslinking reac-

tion was allowed to proceed for 2hr, microcapsules were filtered, 

and washed with petroleum benzine, ethanol and cold water. 

Characterization of _microcapsules 

      General features of the surface and cross-section of the 

wall were observed with. Average diameters of wax particles and 

microcapsules were measured from the photographs of optical 

microscope. 

      Average wall thickness of microcapsules were calculated from 

the mathematical formula written below by measuring the amount of 

gelatin. Elemental analysis (CHN analyzer Model CHN-1A, Shimadzu 

Co.) was conducted to measure the nitrogen content in microcap-

sules. Since nitrogen is contained only in gelatin, the amount of 

gelatin was easily obtained. The correction for the small amount 

of gum arabic incorporated during the complex coacervation proc-

ess was done based upon the composition of crosslinked coacer-

vates. 

      The average wall thickness of microcapsules can be obtained 

from previous Equation (2-2). 

    As mentioned later, microcapsules obtained from (S/W)/0 

suspension method contained multiple numbers of wax particles. 

Approximate numbers of wax particles in one microcapsule can be 

estimated from the following equation. 

                apm              (5)33 

2 

  N —
3(4-1) a

pc 

                  2 
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In this equation,  apm is the average diameter of dried microcap-

sules, and related to that of wet ones (containing moisture soon 

after the preparation) as follows, 

1/3 _100—w—m)  apm
100aPmw(4-2) 

where, apmw = average diameter of wet microcapsules, w,m = wt 

percent of moisture and drug in microcapsules, respectively. 

Measurement of drug  content 

     Content of encapsulated EHA was determined by gas chromato-

graph (GC-163, Hitachi Co. Ltd.) with a flame ionization detector 

(FID). Stainless steel column (3mm diameter and 3m length, Sili-

cone SE-30 adsorbed on Chromosorb carrier) was used with 463K 

column temperature and 523K at injection port. n-Dodecyl acetate 

(Tokyo Kasei Co.) was employed as an internal standard substance, 

and chloroform as a solvent.

                         Results and discussion 

Wax ___particles,. 

     Appearance of wax particle, impregnated with pheromone, was 

observed as shown in Photo. 4-1(a) with SEM, and that of enlarged 

surface feature in Photo. 4-1(b). No pin-holes or cracks were 

observed besides the fine creases which characterized the surface 

of wax materials. The particles distributed between the diameter 
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Photo. 4-1. SEM photograph of wax particle impregnated EttA.
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of 40 to  400pm, the average value being around 250p m, and very 

few agglomerated particles were observed. 

EHA content in the particles was around 70mg/g-MC, approxi-

mately 80 percent yield based on the feed EHA. 

Microcapsules  prepared using complex coacervation 

Composition  of coacervates from  gelatin/gum _.__arabicsystem.. 

       Composition of gelatin in coacervates was 75wt percent, and 

remained constant regardless the feed ratio. At the present 

condition, pH = 4.0 and 313K, maximum amount of coacervates was 

observed at the feed ratio of gelatin/gum arabic = 60/40(wt). 

This result was slightly different from that of Bungenberg de 

Jong and Dekker5'6) whose data shoved the maximum at 40wt percent 

of gelatin. 

      In the following encapsulation, majority of procedures were 

carried out with the feed composition of 50/50(wt). 

Micro ncapsulation of wax particles. All the microcapsules 

were obtained containing only a single core. No doublets or 

further multiple cores were observed. 

Characteristics of prepared microcapsules together with one 

example of uncapsulated wax particles were listed in Table 4-1 . 

EHA content was sufficient for the present purpose . However, the 

thickness of the wall was an order of 1Lrm utmost , leaving the 

concern that the wall thickness may be too thin. On this context , 

MC-107 was encapsulated twice to double the wall thickness . 
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 SEM photographs of the general feature of microcapsule and 

its surface were shown in Photo. 4-2(a) and 4-2(b), respectively. 

One may feel that there are not so much differences between the 

features of Photo 4-1(a) and 4-2(a), but the magnified view of 

Photo 4-2(b) revealed that the uniform and somewhat soft struc-

ture of gelatin wall developed on the surface of wax particles. 

Microcapsules prepared using __(S/W_)/O_multiple_phase suspension 

     Dimensions and properties of microcapsules obtained from 

(S/W)/O multiple phase suspension method were listed in Table 4-

2. Significant changes one may notice from those microcapsules in 

Table 4-1 were the size and the high moisture content. Due to the 

preparation using solid-in-water suspension, microcapsules con-

tained multiple numbers of wax particles ranging from 10 to 70 

expressed as N in the column of Table 4-2. Moisture content just 

after the preparation was understandably high indicating that the 

gelatin wall is present in swollen state. Based on the weight of 

completely dried-up-microcapsules , content of gelatin became more 

than 60 percent. 

     The loaded EHA per gram microcapsule decreased naturally as 

the content of gelatin increased. From MC-201 to 203 , the temper-

ature employed for the preparation of second-stage dispersion , 

(S/W) into 0, was changed from 293 to 313K. As the viscosity of 

the continuous phase (0) decreased with increasing temperature , 

the size of (S/W) droplets became smaller , resulting the smaller 
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number of wax particles encapsulated. In the preparation of MC-

203, the temperature was too high (313K) for the gelatin solution 

(W) to envelope the wax particles (S). Consequently the operating 

temperature for the preparation of second-stage dispersion should 

be kept low to keep the  EHA loading within the reasonable range, 

though the size of microcapsules becomes larger. 

     In MC-204, charged amount of EHA in the preparation of wax 

particles was five times more than that of MC-201. Amount of EHA 

eventually loaded was no more than three times of MC-201. 

     An appearance of microcapsules containing real pheromone 

syrup (not listed in Table 4-2) was shown in Photo. 4-3(a), and 

that of cross-section in Photo. 4-3(6). The surface feature 

clearly showed the inclusion of multiple numbers of wax parti-

cles. From Photo. 4-3(b) one could observe quite tight domain of 

gelatin wall.

                                 Conclusion 

     Two kinds of encapsulation method, complex coacervation and 

(S/W)/0 multiple phase suspension method, were investigated with 

a view to obtaining an effective release rate of pheromone for a 

long period of time. The multiple suspension method could give 

the thicker wall, compared with complex coacervation method . In 

addition, the observation by SEM showed that the structure of 
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Table  4-1. Characterization of 

complex coacervation

microcapsules 

method.

prepared with

MC No.

101 

102 

107

Wax P.

Diameter 

core ( 

dpc

335 

268 

256

233

of EllA  Gela

/2 El) (mg/g-MC) (wi

66.0 3.

71.9 4.

71.6 8.

78.1 ^^

4

WaLer 

 (w1%)

17.8 

15.8 

17.9

Thickness 

(Eam) 

  1.3 

  1.5 

  3.0

Table 4-2. Characterization 

 (S/W)/0 multiple

of microcapsules 

phase suspension

prepared 

method.

with

 Diameter CIIA Gelat

MC No. of core (mg/g- (wt%)

dpm(Am) MC)

201 302 14.1 58.

202 237 6.9 64.

203 176 1.5 76.

204 212 50.0 78.

1)
Water 

(wt%)

52.6 

59.8 

68.8 

62.8

     2) 
Thickness 

 5  (Am)

133 

95 

107 

247

Wet Dry

Diameter Diameter  N2)

dpmw(Am) d"(/Lm)

1545 1192 28

987 724 11

914 618 12

1904 1366 70

 1)Based on dried capsules. 2)Based on calculations.
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capsules 

thickness 

pheromone 

clearer.

differ from one another. 

and wall structure will 

 . In next part, Chapter

These differences in the wall 

influence the release rate of 
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 Part 2

Controlled Release from Microcapsules





Chapter 1

Controlled release of water-soluble substances from 

          prepared by nonaqueous coacervation methods

microcapsules

Abstract

     Controlled release behavior from microcapsules prepared by 

nonaqueous coacervation methods was successfully investigated by 

using encapsulated anhydrous sodium sulphate (ASS) particles. 

Microcapsules were prepared by PS-cyclohexane binary system and 

PS-cyclohexane-n-hexane ternary system. In either case, Higuchi 

model was sufficient to evaluate the release behavior of ASS 

through the wall as the effective diffusion coefficient estimated 

from the model was correlated with the operating factor on micro-

encapsulation. The values of diffusion coefficients were in order 

of between  10-7 and 10-8 cm2/sec depending on the thickness of PS 

in the wall.
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Introduction

      Release behavior of core materials from microcapsules is a 

mass transport phenomenon involving diffusion of core material 

molecules through the wall of polymeric membranes. Release model 

is important to an understanding of how core materials are re-

leased from microcapsules. The wall of microcapsule normally acts 

as a barrier, the resistance of which is remarkably influenced by 

the wall structure, e.g. the wall thickness, chemical composition 

and morphology. Studies to model the release behavior have been 

reported by several  workers1'2). However, since core materials 

transport through the wall is a very complex, there still exist 

many uncertainties and inconsistencies in the available informa-

tion. Takenaka et al.3) reported apparent diffusion coefficient 

of sulfamethoxazole, that was calculated by Higuchi mode14,5) 

through gelatin-acasia coacervated microcapsule. Senjkovic and 

Jalsenjak6) have studied the apparent diffusion coefficient of 

sodium phenobarbitone from variable size ethylcellulose capsule. 

     In this chapter, the controlled release of anhydrous sodium 

sulphate (ASS) from microcapsules produced by nonaqueous coacer-

vation method is mentioned with the correlated results obtained 

by employing the Iliguchi model. These results will provide sul)-

stantial clues for the practical design of microcapsules on a 

commercial basis.

-84-



Table 4-1. Characterization  of 

complex coacerualion

microcapsules 

method.

prepared with

MC

101 

102 

107

Wax

 Diameter of

o. core (pm)

dpc

1 335

2 268

7 256

P. 233

 rnn 

(mg/g-MC)

66.0 

71.9 

71.6

78.1

 Gelatin 

(wL%)

3.0 

4.41 

8.7

Water 

(WI)

17.8 17.8 

15.8 

.17.9

Thickness 

(um) 

3

1.3 

1.5 

3.0

Diameter 

of 11C(gm) 

dpm

338 

271. 

262

Table 4-2. Characterization 

(S/W)/0 multiple

of microcapsules 

phase suspension

prepared 

method.

FLi f h

MC No.

201 

202 

203 

204

Diameter 

of core 

dpm (tim)

EIIA 

(mg/g-

MC)

302 

237 

176 

212

14.1 

6.9 

1.5 

50.0

Gelatin/ 

(wL%)

58.5 

64.8 

76.1 

78.6

Water 

(wL%)

52.6 

59.8 

68.8 

62.8

     2) 
Thickness 

3 (/cm)

133 

95 

107 

247

Wet 

Diameter 

dpmw OLIO

1.545 

987 

914 

1904

Dry 
     2) Di

ameter 

dpm ({i m)

1192 

724 

618 

1366

28 

 11 

12 

70

1 )Based on dried capsules. 2)13ased on calculations.
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                          Experimental 

     A major part of the  microencapsulation procedure was de-

scribed in Chapter 1 of Part 1. 

      In PS-cyclohexane binary system, crystals of ASS were encap-

sulated to investigate the mechanism of controlled release from 

microcapsules. lwt percent of solution of PS-5(17w=50,940) was 

used in the temperature range 285 to 292K. 

      1.5g of dried microcapsules containing ASS were added in 11 

of distilled water and stirred with a magnetic stirrer. Aliquots 

of 5.0m1 each of aqueous solution was withdrawn at prefixed time 

intervals through a glass filter, and the concentration of ASS 

was determined with a UV spectrophotometer. The wavelength se-

lected was 188nm. 

      For the microcapsules prepared by PS-cyclohexane-n-hexane 

ternary system, the procedure was essentially regarded as same as 

in the case of binary system.

Results and Discussion

Release .profiles 

Binary system _. In PS-cyclohexane binary system, controlled 

release profiles of ASS encapsulated within a PS film and talc 

shell are shown in Figure 1-1 and 1-2. Curves in the two figures 
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show the effect of encapsulation temperature on the release rate 

of ASS. The difference in encapsulation temperature was expected 

to cause different wall thicknesses and average molecular weights 

of PS in the capsule wall, thus yielding different release rates. 

      All the microcapsules shown in Figure  1-1 were prepared ac-

cording to the ordinary procedure described previously in Part 1. 

However, the release rate was insensitive to the difference in 

encapsulation temperature, due probably to the thin PS wall. In 

Figure 1-2, the encapsulation procedure was repeated twice as 

represented, and this time the effect of encapsulation tempera-

ture becomes enhanced, as the release rate is decreased with 

lowering encapsulation temperature. 

     As encapsulation temperature is raised, especially over 

290K, the release behavior becomes less affected by the encapsu-

lation temperature. This tendency may be explained by the fact 

that the PS film hardened at the first encapsulation dissolves 

again during the subsequent processing. 

Ternary system, In the case of PS-cyclohexane-n-hexane ternary 

system, effect of added amount of nonsolvent, n-hexane , to the 

release profile is shown in Figure 1-3. PS concentration in the 

original solution was lwt percent, and encapsulation temperature 

was 298.2K. The release rate was strongly affected by the amount 

of n-hexane. 

     Effect of the encapsulation temperature to the release 
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profile is shown in Figure 1-4. Microcapsules were prepared with 

lwt  percent PS solution and by the addition of n-hexane with 0.07 

weight ratio to the original solution. The profile revealed a 

significant dependence on the encapsulation temperature as well 

as the added amount of n-hexane, for example showing 60min of 

release time constant in the case of 288.2K. 

Correlation of the release 

     The effective diffusion coefficient of ASS, D2, was obtained 

from the well-known Higuchi plot4'5) and will be discussed as a 

suitable measure of the mass transport to evaluate the mode of 

the controlled release. 

     Assume that each microcapsule is spherical, having uniform 

structure with the solute included. Key equations for the plot 

can be written as follows. 

 f(x) = 1 - a + 2(1 - a)x3 - (3 - 4a)x2 - ax - alnx = BO (1-1) 

   B = 6CSD2/C0b2, a= Cs/CO3 x = a'/b(1-2) 

 CL/CL =1 - x3(1-3) 

where CL, Cs and Co .denote the concentrations of the solute in 

the aqueous phase, in saturated solution, and in microcapsules at 

time zero, respectively. b and a' denote the mean radius of the 

microcapsules and that of the penetrating front of the solvent 

(water). Cr denotes the equilibrium concentration of the solute 
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after the release curve levels off. 

     Obviously the structure of the microcapsules containing ASS 

crystals does not belong to the category described above. Howev-

er, the plots of f(x) against release time shown in Figure 1-5 

yield good linear relationships up to the time when nearly all 

solute molecules are released. This figure was obtained using the 

samples encapsulated twice in the binary system. The value of D2 

can be easily calculated from the slope of the plot of B against 

time and shown in Figure 1-6. 

     In the case of ternary system, Higuchi plots of the experi-

mental values also fairly gave linear relationships, and D2 were 

obtained as shown in Figure 1-7. D2 was a tendency to increase 

with increasing film thickness of PS. The wall thickness of the 

binary system was not measured due to the twice repeated encapsu-

lation procedure. In either case, the values were in order of 

 10-7 between 10-8cm2/sec, and were similar to the values measured 

by Senjkovic and Jalsenjak7), who reported that the effective 

diffusion coefficient of isoniazid in ethyl .cellulose wall of 

microcapsules varied from 0.53x10 7 to 2.79x10-7cm2/sec. 

     Though Omi8) has proposed a more strict mass transfer model 

to deal with the release from spherical microcapsules, the Ili-

guchi model seems to be sufficient Lo correlate the data present-

ed here. As microcapsules were encapsulated twice in the binary 

system, direct comparison will be unjustified owing to the dif-

ference in the wall structure of microcapsule. However , these 
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measurements suggest that the thickness 

control the release behavior even if 

layer of talcum shell.

and structure of PS film 

there exit considerable

                             Conclusion 

     The release behaviors of ASS encapsulated by PS-cyclohexane 

binary system and PS-cyclohexane-n-hexane ternary system were 

investigated. Higuchi model revealed adequate to  evaluate out-

comes of release profile, and value of effective diffusion coef-

ficient was in the range between 10-7 to 10-8cm2/sec, depending 

on the wall thickness of microcapsules. Control of the wall 

thickness was well performed by adjusting the encapsulation tem-

perature in the binary system and more effectively the amount of 

n-hexane added and encapsulation temperature in the ternary 

system.
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Chapter 2

Controlled release of water-soluble substances 

    prepared by spray drying method

 f  rom microcapsules

                           Abstract 

     Controlled release of encapsulated nicotinic acid prepared 

by spray drying method was investigated. To evaluate quickly the 

contribution of several operational conditions to the release 

rate, the release behavior was characterized by the half life of 

the drug release, T50. Capacity coefficient model and Higuchi 

model were used to explain this release profile. Higuchi model 

was effective to correlate the release behavior up to 80 percent 

release. As the amount of n-paraffin increased in the wall mate-

rial, compared with other operational conditions, T50 became 

drastically longer due to the enhanced agglomeration and its 

water-repellent nature.
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                         Introduction 

     Microencapsulation by the spray drying method using nonaque-

ous solution was reported in some  patents1-3), however the ap-

proach to quantifying drug release from the capsules have been 

not developed. In Chapter 2 of Part 1, microcapsule of the water 

soluble core substance, nicotinic acid crystal, was prepared 

using a spray drying tower equipped with a two-fluid nozzle. 

     In this Chapter, the effects of the operational conditions 

such as nozzle diameter, gas flow rate of the nozzle, drying 

temperature, composition and weight of wall material on the 

release behavior is studied, and an appropriate release model is 

offered4) .

                           Experimental 

     All reagents and analytical procedures are given in Chapter 

2 of Part 1. 

     Apparatus for the measurement of release profile was same as 

that in Chapter 1. The concentration of nicotinic acid released 

in water was determined by a UV spectorophotometer ( =261nm ) .
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                    Results and discussion 

Release profiles  

     A typical example of the release profile was shown in Figure 

 2-1 when gas flow rate of the two-fluid nozzle was changed. 

Microcapsules were allowed floating on the surface, and water in 

the vessel was well-stirred to assure the uniform drug concentra-

tion at any instant. Effectiveness of microencapsulation is quite 

obvious if one notices that untreated nicotinic acid dissolved 

completely within 5 min. 

     Half life of the release5), T50, defined as the time when a 

half of the encapsulated drug is released, was shown in Figure 

2-2, the operational conditions being changed one after another. 

T50 is in fact a most quantitative parameter to evaluate the rate 

of release when no suitable mass-transfer model is found. As 

shown in Figure 2-2(a), increasing gas flow rate of the two-fluid 

nozzle delayed the drug release, but T50 remained unchanged as 

the gas flow rate was over 201/min. Clear maximum in T50 was 

observed when temperature in the drying chamber or the nozzle 

diameter was changed as shown in Figure 2-2(b) and (c). 

     If one compares these tendencies with the calculated wall 

thickness in Table 2-1 in Part 1, it may be said that the in-

crease of T50 dose not necessarily correspond to that of S. This 

is due to the negligence of agglomeration between microcapsules 

or core crystals which will result in the thicker wall as sug- 
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gested in Chapter 2 of Part 1. Since estimation of the wall 

thickness  in the table was done without agglomerated capsules 

taken in account, the wall thickness may not be enough to corre-

late the release rate. On the other hand, suppose the value of 

really represents the average feature of microcapsules, it will 

mean that the structure of wall depends on the operational condi-

tions employed. It is thought that though the latter in some 

extent affects the results shown in Figure 2-2(a),(b) and (c), 

the former will overwhelmingly prevail when the amount of beeswax 

white increased or mixed wall material was employed as shown in 

Figure 2-2(d) and (e). 

Correlation of _._the_.release 

     The capacity coefficient, KLa, model" or the Higuchi 

model7'8) can be considered to be suited for the correlation of 

the release profile and to obtain appropriate transport parame-

ters. An integrated formula of KLa model can be written as fol-

lows. 

CL CL 
= exp —KLa0 

CL') 

4 n(a/1O4)3N 
P = ----------------

3V(2-1) 

where CL, CL = concentration of drug released in water , and that 

at the equilibrium, a = radius of core , N = number of microcap-

sules added in water , and V = volume of water. 

                                        -102-



 8J 
U 

-J 
U 
I 

v 

C

Figure

co 
co

Figure

-1

-2

 -3 

2-3.

0.4

0.2

0 5 10 15 20 25 
                                   Release time (hr) 

  Correlation of drug release  with the capacity 

ficient model. 500mg of microcapsules were used i 

wafer. Measured at 293K.

0d 
 0 

2-4.

 2 4 

Correlation of

  6 

drug release 

 —103—

8 10 12 

Release time (hr) 

with the Niguchi

coef-

n 11

model.



The basic equation from Higuchi model was expressed in Chapter 1. 

     Respective transport parameters for two models, KLa and D2, 

effective diffusion coefficient of drug, are easily obtained from 

the slope of straight correlation line. 

      Examples of the correlation curves were shown in Figure 2-3 

and Figure 2-4,  respectively. It is evident that the Higuchi 

model is better than the other in this system as the latter 

correlation gave no conceivable straight line, while a good 

straight line was obtained up to 80 percent release. Though it 

was discussed in the preceding part that apm may not necessarily 

present the overall feature of microcapsules, D2 can be estimated 

if b in Equation (1-1) in Chapter 1 is regarded as apm/2. Ob-

tained D2 was given as a function of gas flow rate of the two-

fluid nozzle and temperature in the drying chamber as shown in 

Figure 2-5. 

     Obviously, the profiles become those of reciprocal T50. 

Order of D2, 10-7 to 10-8cm2/sec, was in good agreement with that 

of anhydrous sodium sulfate microcapsules coated with polystyrene 

in the preceding chapter the wall thickness of which was 5 to 

1Omm. 

     Higuchi model gave less encouraged results when it was 

applied to the correlation of the release profile obtained from 

the microcapsules with enhanced agglomeration.
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                               Conclusion 

      Release behavior of nicotinic acid from microcapsule employ-

ing the spray drying method was investigated. In operational 

conditions, mixing of n-paraffin with beeswax white led to an en-

hanced agglomeration of microcapsules though apparently the 

release rate of nicotinic acid decreased drastically. Obviously 

increase of the wall material against the core favored the slower 

release, and promoted the agglomeration. 

     Higuchi model was more effective than the capacity coeffi-

cient model to simulate the release profile of nicotinic acid. 

Diffusion coefficient,  10-7 to 10-8cm2/sec, was obtained if one 

assumes that all microcapsules are mono-nucleus.
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Chapter 3

Controlled release 

          prepared by

of water-soluble 

 (W/O)/W multiple

 drugs 

phase

  from 

emulsion

microcapsules 

 method

                             Abstract 

     Release behavior of Vitamin B6 from microcapsules prepared 

by (W/O)/W multiple phase emulsion method was investigated. 

Release profile of Vitamin B6 was successfully simulated by the 

proposed model using two masstransfer parameters, each of which 

separately accounts for the initial fast release and the much 

slower release in the later stage. These transport parameters 

were correlated with the type of wall materials and the drug 

content. 

                            Introduction 

      In previous chapter, the release behaviors of encapsulated 

water-soluble crystals to the external environment were studied, 

and the proposed mathematical model could successfully simulate



the measured  values"). 

      In this chapter, microcapsules containing aqueous solution 

of Vitamin B6 are prepared by (W/0)/W multiple phase emulsion 

method that was investigated in Chapter 3 of Part 1, and the re-

lease behaviors are measured. PS, copolymers of styrene with 

acrylates and SBR are employed as wall materials together with 

natural waxes, n-paraffin (n-P) or beeswax white (Bww), to change 

the mode of release and rate. Appropriate masstransfer model is 

proposed to simulate the release behavior. Finally attempts to 

correlate the model parameters with the type of wall material and 

the drug content are tried?).

                            Experimental 

     Wall materials, Vitamin B6 and others are given in Chapter 3 

of Part 1. Apparatus for the measurement of release profile was 

same as that in Chapter 1.

                      Results and discussion 

Model of controlled release 

     Observed release profiles were curve-fitting with the calcu-

lated values, and the transport parameters were determined . In 
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principle these parameters together with the model equations can 

be used for the designing of controlled release patterns of 

particular drugs. Two mathematical models, diffusion model (Model 

1) and capacity coefficient model (Model 2), were proposed. 

Diffusion  model_.(Model  1)_ 

     Consider the diffusion of small molecules through a spheri-

cal shell. The Fickean diffusion equation4) for spheres can be 

applied for drug release from microcapsules. The solution was 

given as follows, 

      C°°—C     LL6 D2 

_ 

      exp — ----------0)(3-1) 
CLb2—a2 

where a, b = inner and outer radius of microcapsule, CL = drug 

concentration in water, and D2 = effective diffusion coefficient 

in the wall. CL denotes the equilibrium concentration of the 

drug. 

      In actual experiments, small amount of the drug was always 

detected in the aqueous phase at time 0. This is due from the 

drugs left on the surface, or very fast burst effect5) from some 

microcapsules with erratic wall. The theoretical solution was 

modified for practical correlations, introducing the concentra-

tion at time 0, CLO. 

  CL—CL I 6D
2 ----------- — exp----------- 0(3-2) 

CL CLO\ b2—a2 

                                            -111-



 Capacity coefficient model (Model 2),

     As will be discussed in the later, the release profiles 

revealed very fast rate in the initial stage, and slowed down 

significantly in the later stage. Although being more consistent 

theoretically. Model 1 was hardly successful to simulate the 

release behaviors. Instead, Model 2 was developed for more prac-

tical purposes. 

      Suppose there exist two types of masstransfer resistances in 

microcapsules, one being assigned for the initial and faster 

release rate, and the other for the later and slower rate. Two 

capacity coefficients, KLa2 and'KLal, were defined as the quanti-

tative measure of the resistances. Schematic diagrams of the 

concentration profile were shown in Figure 3-1. 

      KLa2 is assigned for the release from larger microcapsules 

with thinner wall, whilst Klial, for smaller ones with thicker 

wall. 

      An alternative, probably more complex, model can be drawn; 

outer shell and inner core model. The outer shell corresponds to 

the resistance through the wall of microcapsule, whereas the 

inner core anticipates possible existence of inside structure. 

The reality to assume the latter structure can he recognized from 

cross-sectional photographs shown elsewhere6). 

1) Fast release in the initial stage 

      Considering that the concentration of drug in inner core 

remains unchanged, the solution of release in this initial stage 
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is easily obtained as follows. 

 In CLc CLO -KLa2  0(3-3) 
 CLc CL 

where CL,CLO,CLc = the concentrations of the drug in the aque-

ous phase at initial stage, at time zero and the critical value 

of the concentration at the finished time of initial stage. 

2) Slow release in the later stage 

     When the release rate becomes slower, and the release from 

the inner core of microcapsules becomes dominant, no considerable 

difference exists between C2 and CL_ The solution is obtained as 

follows. 

    In    (CL—CLc—KLal Co — Oc)(3-4)        CL — CL 

where CL = the equilibrium concentration of the drug, and Oc= the 

finished time of initial stage. 

     Eventual goal of the data analysis is to determine two 

transport parameters, KLa2 and KLai. Correlation with a few 

example will be shown later. 

Release profile _of_Vitamin B6 

      Several release profiles of Vitamin B6 through the wax-based 

wall were shown in Figure 3-2, non-dimensional concentration , 

CL/C17, being plotted against the elapsed time. As mentioned 

before, fast release up to the release time of 10hr preceded the 
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slower release in the later stage. As the wall thickness of these 

microcapsules were fairly thick (Table 3-2 in Part 1), and the 

inside structure was somewhat fibrous, the later release took 

quite a long time to reach the equilibrium of the release. 

2) Release through the copolymer wall 

      Release profiles through copolymer walls were shown in 

Figure 3-3. Initial release rates were faster than those shown in 

Figure 3-2 because of the thinner wall thickness. Abnormal re-

lease profiles were repeatedly observed for MC-1043, 1050 and 

1052, an acceleration of release during the later stage. This may 

be explained as the bursting of some microcapsules having thinner 

wall thickness due to the counter diffusion of water from the 

outside medium to the inside caused by the osmotic pressure. Note 

in Table 3-2 in Part 1 that all the microcapsules were  prepared 

with the mixed solvent of chloroform-benzene. The viscosity of 

oil phase became lower by the presence of benzene which is a 

better solvent for styrene copolymers than chloroform. 

     The release profile of MC-1050 or 1052 will be desirable for 

the controlled and sustained release of drugs. 

Simulation of release behavior 

1) Correlations according to two models. 

     Take the release profile of MC-602 shown in Figure 3-2 as an 

example to test the validity of the two models . 

     If the diffusion model is adequate , then the plot according 

to Equation (3-1) will yield a straight line , and effective 
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Table 3-1.  Parame iers of drug release for Mode I 1 and Model 2.

MC No.

105 

106 

107 

201 

403 

404 

602 

604 

606 

704 

706

1003 

1009 

1012 

1016 

1017 

1022 

1028 

1030 

1035 

1041 

1043 

1045 

1050 

1052 

1055

SBR/n-P 

SBR/n-P 

SBR/n-P 

SBR/n-P 

SBR 

SBR 

SBR/n-P/Bww 

SBR/n-P/Bww 

SBR/n-P/Bww 

SBR/PS 

PS

B-4 

B-6 

B-5 

E-1 

E-2 

B-4 

P(MMA-co-BA) 

P(MMA-co-EA) 

B-6 

B-6 

B-4 

B-6 

B-5 

B-5 

B-7

Model 1

 U2 X101B

'cm2/sec)

9.1

10

8.0

11

13

7.2

/liww 5.0

/liww 34

/Ilww 25

2.1

1.3

1.4

36

22

20

16

4.9

co-BA) 9.7

co-EA) 14

4.7

11

3.0

1.9

0.53

0.68

32

 K1a2 

(1/hr)

0.34 

0.40 

0.35 

0.27 

0.36 

0.70 

0.41 

0.81 

0.81 

0.81 

0.36

1.6 

2.4 

1.6 

2.3 

0.47 

0.76 

0.58 

0.54 

0.89 

0.79 

0.91 

0.49 

0.36 

2.1 

5.4

Model 2

 Ktai 

(1/hr)

0.0087 

0.018 

0.021 

0.026 

0.023 

0.025 

0.01 

0.012 

0.0070 

0.0073 

0.0090

0.014

0.038 

0.00071 

0.030 

0.034 

0.013 

0.045 

0.015 

0.022 

0.031 

0.017 

0.0099 

0.020 

0.0098

0, 

(hr) 

9.2 

8.4 

8.3 

10.0 

7.5 

5.8 

6.3 

6.2 

5.1 

5.3 

9.2

2.4 

1.6 

2.7 

2.5 

8.4 

4.2 

5.8 

7.4 

8.4 

5.5 

3.5 

6.7 

6.0 

2.1 

1.1

 CLc 

(mg/L)

14 

20 

18 

80 

11 

34 

15 

30 

23 

13 

15

40 

14.5 

40 

19.8 

110 

100 

28 

47 

36.5 

23 

50 

18 

 7 

 8 

45.5

0.42 

0.57 

0.50 

0.57 

0.79 

0.48 

0.28 

0.61 

0.48 

0.33 

0.68

0.34 

0.98 

0.93 

0.91 

0.87 

0.56 

0.80 

0.86 

0.88 

0.74 

0.51 

0.45 

0.19 

0.16 

0.96
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diffusion coefficient can be calculated from the slope. Natural 

logarithm of the lefthanded term was plotted against the elapsed 

time in Figure 3-4. Linearity of the plot held only for the first 

few points, anticipating that more dominant resistance prevailed 

in the later stage. Calculated value of the diffusion coefficient 

was  5.0(10-9)cm2/sec. 

     On the other hand, one has to assume the critical values of 

CL and release time beforehand to correlate the release profile 

based on Model 2. This was normally done using the plot shown in 

Figure 3-4. It was assumed that the first point deviating from 

the straight line gave CLc and Ocin Equations (3-3) and (3-4). 

     Two plots according to Model 2 were shown in Figure 3-5, 

indicating excellent agreements. Two transport parameters, KLa2 

and KLal, were easily determined from the slope of respective 

lines. In some cases readjustment of the critical values improved 

the fitness of correlation. All the parameters estimated by these 

correlations were listed in Table 3-1. 02is defined as the volume 

fraction of microcapsules responsible for the fast release, and 

can be calculated as follows, 

        V2 CLc — CLO CLc — CLO  

02=(3-5) 
 -I- V2=CC°°_C(3-5)         0LLO 

      Simulation curves of the release profile of MC-602 was shown 

in Figure 3-6 to demonstrate the preference of Model 2. 

Correlations between transport_parametersand drug _content 

      Several experiments were done to estimate the transport 
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parameters of each lot of microcapsules, KLa2, KLaland 02. from 

the correlation curves and equations. Rather unexpectedly corre-

lations against the drug content yielded most interrelative 

results as shown in Figure 3-7. Correlation are fairly scattered, 

in particular  KLa1, however, classification with wall material 

will give some clues. For example note encircled groups in Figure 

3-7(a). Microcapsules with SBR/n-P/Bww wall have almost constant 

KLal as well as those with SBR/PS. Those prepared with ST-n-butyl 

acrylate copolymers (B series) show no specific tendency. 

     Majority of the KLa2 data remained constant against the drug 

content (Figure 3-7(b)), whereas the volume fraction decreased 

gradually with increasing the drug content and converged to 

constant level (Figure 3-7(c)). However, the transition point, 

approximately from 60 to 90mg/g-MC, was obscured due to the scat-

tering data of ST-n-butyl acrylate copolymers.

Conclusion 

     A particular masstransfer model was proposed to simulate the 

release profiles of Vitamin B6. Two capacity coefficients each of 

which controls the initial (fast) and later (slow) release were 

easily calculated from the correlation of data . These transport 

parameters were correlated with the drug content of microcap-

sules. 
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Chapter 4

    Controlled release of pheromone-analog from 

prepared by complex coacervation and  (S/W)/0 

suspension method

 microcapsules 

multiple phase

Abstract

      Microcapsules containing pheromone-analog, 2-ethylhexyl 

acetate (EHA), as core substances were prepared by gelatin/gum 

arabic complex coacervation and (S/W)/0 multiple phase suspension 

method, and the release behaviors into atmosphere were measured. 

In the case of microcapsules prepared by complex coacervation 

method, the release period of EHA through the gelatin wall turned 

out to be too short, only a week at most. On the contrary, though 

initial release rate of EHA from microcapsules prepared by 

(S/W)/0 multiple phase suspension method was still too high , 60 

percent of encapsulated EHA performed a sustained release over 

six months after imbibed moisture completely evaporated. Two-step 

mechanism of masstransfer was proposed and the related parameters
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in terms of the capacity coefficient and effective 

coefficient were estimated.

diffusion

Introduction

      Since pheromone are expensive, effective, volatile, and in 

some cases labile compounds, controlled release is essential for 

efficient, economical use in obtaining a sufficient, long dura-

tion. For application to an extensive area, hand-applied  dispens-

ers") that is commonly used for monitoring and detection of 

insect populations. Microcapsules can be sprayed with convention-

al equipment, and aerial broadcast application is feasible3). 

     In Chapter 4 of Part 1, microcapsules containing pheromone 

and its analog were prepared by gelatin/gum arabic complex coac-

ervation and (S/W)/0 multiple suspension method, and the struc-

ture of capsules and drug content were investigated. In this 

chapter, a pheromone-analog, EHA is encapsulated, and the release 

profile as well as the rate is observed to evaluate effectiveness 

of the encapsulation method. Some chemical engineering aspects 

accompanies with the sustained release , in particular, the model-

ing of masstransfer process and the estimation of related parame-

ters are also discussed4).
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                            Experimental 

     All reagents were given in Chapter 4 of  Part 1. A schematic 

diagram of experimental system to measure the release rate of EHA 

was shown in Figure 4-1. [2] is a particu]ar glass tube, 2.1cm 

diameter and 17.5cm length. Microcapsules of known weight were 

extended on a filter paper placed in the tube. Released EHA was 

mixed with continuous flow of nitrogen, the flow rate being 

lml/sec at room temperature, and was introduced to the [4] gas 

sampler with a certain time interval for gas chromatograph (GC-

163, Hitachi Co. Ltd.) with a FID. Analytical conditions were 

same as those in Chapter 4 of Part 1. The release rate of EHA was 

directly obtained from this procedure.

                    Results and discussion 

Release profile  of EHA from __.microcapsules prepared by_complex 

coacervation method (MC-107) 

     A typical release profile together with the release rate was 

shown in Figure 4-2. As mentioned before, MC-107 was twice encap-

sulated, and has maximum wall thickness of 3.0 m. The fraction of 

EHA was plotted against the elapsed time, and the release rate 

also plotted in the figure revealed very fast at the early stage. 

Unexpectedly, in fact disappointedly, 50 percent of total EHA was 
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released within three days. 

     Also the release profile of  EHA from uncapsulated wax parti-

cles was shown in the figure (broken line). Comparison between 

two curves of the release rate reflected the ineffectiveness of 

crosslinked gelatin wall for sustained release. Though twice 

encapsulated, the wall only managed to decrease the maximum 

release rate to the half of that observed from the uncapsulated 

wax particles. 

      Release profiles from other microcapsules in Table 4-1 of 

Part 1 yielded more or less the same results; rapid initial 

release and exhaustion within a week, and being hardly capable to 

achieve the sustained release of months or more. 

Release profile of EHA _._from _._microcapsules prepared (S/W)/0multi-

ple suspension method 

      The result of long-run release experiment from microcapsule 

MC-201 was shown in Figure 4-3. First of all, it should be re-

mained that the comparison with Figure 4-2 shows the time-scale 

in this figure changed from hour to day, a demonstration of 

really long-term release. The initial release rate was still 

high, the maximum rate being 38.3(10-3)mg-EHA/g-MC/hr. However , 

after ten days elapsed, 60 percent of loaded EHA still remained . 

The release rate became almost constant, 1.67(10-3)mg-EHA/g-

MC/hr. This constant release continued on even after 36 days when 

the measurement was discontinued. Analysis of EHA revealed that 
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still 6.8mg of  EHA remained in one gram of microcapsules. Suppos-

ing that the release continued with the above rate, time-spun of 

full release will be calculated as 207 days, and 47.4 days for 

the halflife of release. 

     Generally higher release rate was observed during daytime 

than nighttime due to the higher temperature which resulted in 

higher vapor pressure of EHA as well as the more loose conforma-

tion of polymer networks. For example, the vapor pressure of EHA 

at 293K was reported as 39.8Pa whereas it was 19.OPa at 283K, 

roughly a two-fold difference. 

     The initial fast release is mainly due from the quite high 

moisture content in microcapsules which swells the gelatin net-

work, and enhances the transport of EHA through the wall. Consid-

erable amount of EHA may have been wasted accompanied with the 

evaporation of water. Once the evaporation of water settled down, 

the gelatin networks were dried up, and the tight conformation of 

the chains prevented the free transport of EHA through the wall. 

      If one could achieve intensive elimination of the solvent 

(water in this case), the initial fast release will be suppressed 

so that the percentage of EHA spent for the latter release will 

be higher. 

      Though not shown in detail, when MC-202 was employed, ma;:i-

mum release rate of EHA was measured as 0.lmg-EHA/g-MC/hr, and 

after ten days reached the constant release mode with the release 

rate of 1.67(10-3)mg-EHA/g-MC/hr, a coincidence with the result 
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of MC-201. The total time-spun of release was estimated as 107 

days, and the  halflife of release as 4 days. As mentioned before, 

the higher temperature adopted for the preparation of the second-

ary suspension provided inefficient encapsulation, yielding 

microcapsules with less EHA content and smaller size.

Masstransfer model and estimation ofparameters 

     A simple two-stage masstransfer model was considered to 

estimate the values of transport parameters such as the capacity 

coefficient and diffusion coefficient. As roughly sketched in 

Figure 4-4, it was assumed that two masstransfer resistances 

dominate for the transport process of EHA; one is located in the 

wax particles and the other through the gelatin wall. 

      If there are no particular adsorption or other accumulation 

of EHA in gelatin wall, then the release rate for each step can 

be equated as follows. 

   -r = KL
al(Cs - C1) = KLa2(C1-C2)= KLaCs(4-1) 

where, -r = release rate of EHA, Kial, KLa2, KLa=capacity coef-- 

ficient for wax particle, gelatin wall, and over all transport, 

respectively. Cj = concentration of EHA for the location assigned 

in Figure 4-4. C denotes the concentration in the atmosphere, P.nd 

can be regarded as 0. 

     KLa can be related to ELai and T{La2 as follows. 

1
_ 11 

 KLa KLa1 KLa2(4-2) 
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For the case of  masstransfer from sphere, KLa is related as a 

function of the radius of sphere and the diffusion coefficient-                                                                         5). 

Basically non-steady state, Fickian diffusion equation was solved 

analytically to yield an infinite expansion series of the concen-

tration-time relationship. Further procedures of approximation 

and application to the analogous masstransfer process as dis-

cussed here was given elsewhere". 

     Applying this theory for KLai and KLa2, we obtain the fol-

lowing relationships. 

%2 D1~c2D   K
La1 =

a2KLa2 = ---------b22(4-3) 

where, D1, D2 = effective diffusion coefficient of wax particle 

and gelatin wall. a, b = average radius of wax particles and 

gelatin microcapsules, respectively. 

KLai was estimated using the release rate of EHA from uncap-

sulated wax particles shown in Figure 4-2 as broken line. Though 

KLairemained by no means constant with elapsed time, the estima- 

tion was done using the point value at M/M, (fraction of FJIA 

released) = 0.24, where the maximum release rate was attained. 

The release rate was estimated as 1.6mg-EHA/g-wax particle/hr. 

Since 76 percent of impregnated EHA (78.1mg-EHA/g-wax particle, 

see Table 4-1 in Part 1.) still remains in uncapsulated particle, 

KLai is calculated as follows.
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 1.6/3600 K
Lal = --------------= 7 .5(10-6) sec-1(4-4)          (78

.1)(0.76) 

Using the average diameter of wax particles also shown in Table 

4-1 in Part 1, the effective diffusion coefficient in wax was 

estimated as follows. 

        KLala2(7.5(10-6))(2.33(10-2)/2)2 
 D1 =2---------------------------------------------- = 1.0(10-10) cm2/sec 

                             (3.14)2 

                                                              (4-5) 

     On the other hand, KLa was estimated using the constant rate 

of MC 201 observed after 10 days (see Figure 4-3.), the release 

rate was 1.67(10-3)mg-EHA/g-MC/hr. Since 60 percent of encapsu-

lated EHA (14.1mg-EHA/g-MC, see Table 4-2 in Part 1.) still 

remained at the time, KLa was estimated as follows. 

         -r 1 .67(10-3)/3600  K
La = _ ------------------------= 5.5(10-8)sec-1 (4-6) C

s (14.1)(0.6) 

     Comparison between the order of KLa and Kr
im. revealed 

that KLa2 « KLal, or KLa - KLa2. The effective diffusion coeffi-

cient in gelatin wall was estimated using the dry diameter, a pm 

of MC 201, shown in Table 4-2 as follows. 

KLa2b2 (5 .5(10-8))(0.119/2)2 
 D2 = 

n2= 2.0(10-11) cm2/sec                           (3
.14)2 

                                                            (4-7) 
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     According to the  correlation between log(D) and log(molecu- 

lar weight of penetrant) given by Baker et al7), the diffusion 

coefficient in PS is approximately 10-12cm2/sec, whereas that of 

natural rubber is 10-7cm2/sec. Comparison with these values 

revealed that the order of D2 (crosslinked gelatin) is approxi-

mately twenty times higher than the value in PS, whereas D1 (wax) 

is approximately two orders higher. On the other hand, D1 and D2 

were a few orders lower than the value in natural rubber.

                                 Conclusion 

     The wax particles impregnated with a pheromone-analog, EHA, 

and encapsulated with gelatin-gum arabic complex coacervation 

method proved to be insufficient for the sustained release as 

long as six months, but they are capable for the release of 

shorter time-spun. 

     The microcapsules prepared by (S/W)/O multiple suspension 

method fulfilled the long-term release, though 40 percent of PHA 

was released in the initial 10 days due the high moisture con-

tent. After the complete evaporation of moisture , the release 

continued with almost constant rate. 

     As the EHA transfer model yielded the diffusion coefficient 

in crosslinked gelatin network to be slightly higher order than 

that in PS, it may be encouraged to replace the present aqueous 
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suspension with organic 

solvent, good solvent for 

is found. Since it is in 

solvent than water, the 

expected to  be  minimized.

1) 

2) 

3) 

4) 

5) 

6)

recipe provided that an appropriate 

wall polymer but poor one for the wax, 

 general easier to eliminate organic 

initial fast release of EHA will be
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 Part 3

Immobilization of Enzyme by Microcapsules





Chapter 1

Immobilization of enzyme by microencapsulation using 

               multiple phase emulsion method

 (W/0)/W

Abstract

     Microencapsulation of lipase (Pseudomonas fluorescens) was 

carried out using (W/0)/W multiple phase emulsion method. Po-

lystyrene (PS) and Styrene-Butadiene Rubber (SBR) were utilized 

as wall materials either separately or in mixture. A particular 

composition of 2:1 PS/SBR yielded homogeneous and tough wall 

structure, resilient to the impact and tight confinement of 

enzyme macromolecules. The appearance and morphology of microcap-

sule produced were observed with a scanning microscope (SEM) and 

a transmission microscope (TEM), and its uniqueness of the wall 

structure was identified.
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                            Introduction 

     Enzyme catalysis has been utilized with batch reactors, in 

which enzyme molecules, normally dissolved in the aqueous solu-

tion, contact with substrate molecules, and catalyze the reac-

tion. The procedure is rather uneconomical because the spent 

catalysts are dumped after having being deactivated thermally and 

separated from the products, even though they still possess 

enough activity for repeat catalysis. 

     In order to realize the full advantage of the enzyme, var-

ious immobilization techniques have been investigated by which 

the enzyme is made insoluble in the medium while conserving its 

 activity1-4). Microencapsulation by the multiple phase emulsion 

method has an advantage, being acceptable to a variety of enzymes 

due to the almost unlimited choice of wall materials. Vrancken et 

al.5) patented a microencapsulation method in which an aqueous 

solution of core material was emulsified into a nonaqueous solu-

tion containing wall polymer, followed by emulsification into an 

external aqueous phase. Takenaka et al.6) reported that enzymes 

have been encapsulated within polystyrene membrane by this meth-

od. Ogawa et al.7) produced poly(lactide-glycolide) microcapsules 

including leuprolide acetate. However, microcapsules are essen-

tially susceptible to mechanical deformation resulting in an 

eventual fracture because of the thin wall thickness, normally of 

only a few microns. Unless this disadvantage is countered, they 
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will not be able to be used in commercial-scale bioreactors
, 

particularly not in those such as fluidized beds and packed 

column reactors. 

     In this chapter, one of the prime objectives is to find wall 

materials with favorable mechanical strength but which retain 

reasonable diffusion rates for smaller molecules through the 

 wall8).

                               Experimental 

Reagents  

 Wall material. PS was prepared using suspension polymeriza-

tion, for details see Chapter 1 in Part 1. SBR was the same one 

used in Chapter 3 of Part 1. Properties of the polymer are shown 

in Table 1-1. 

Enzyme. Lipase P (Pseudomonas fluorescences, Amano Pharmaceuti-

cal Co. Ltd.), capable of hydrolyzing and position in glycer-

ides, was chosen as the enzyme to be immobilized. It was dis-

solved in the buffer solution and filtered to remove precipitates 

prior to use. 

Substrate. Triacetin, Triglyceride of acetic acid, was used as 

a substrate, which releases three moles of acetic acid after 

undergoing the hydrolysis. 

Buffer solution 0.33M solutions of potassium phosphate, monobas-
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 is and disodium hydrogen phosphate were mixed, the mixing ratio 

being adjusted to obtain a solution of the desired pH value. 

Protective colloid Polyvinyl alcohol (PVA, Pn=500, 97 percent 

mole hydrolyzed, Wako Pure Industries) was used. 

Inorganic reagent Analytical grades of sodium carbonate, copper 

sulphate(5H20), Rochelle salt (KNaC4H406.4H20), and sodium hy-

droxide were used as analytical reagents. 

Microencapsulation  

     Microcapsules of immobilized enzyme were prepared using the 

(W/0)/W multiple phase emulsion method9). lOwt percent of PS and 

SBR, either independently or in mixed form, were dissolved in 

chloroform. In order to prepare the primary W/0 emulsion, this 

solution was homogenized with the phosphate buffer solution (pH7) 

containing 6.7wt percent of lipase and 2.0wt percent of PVA for 

2min under the agitation rate of 5000min-1. The temperature uas 

normally kept at 318K to adjust the viscosity of the emulsion. 

     Two flasks of different size and shape were used for the 

preparation of the secondary (W/0)/W emulsion and volatilization 

of chloroform. A round-bottomed, separable flask of 300m1 capaci-

ty with four baffle plates was used for the smaller scale prepa-

ration. 250m1 of buffer solution containing lwt percent of PVA 

was supplied in the flask, and the temperature was controlled at 

328K under the agitation rate of 250min-1. 40m1 of primary emul-

sion was poured in the flask, and the system was kept under a 
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slightly reduced pressure to remove chloroform. No damage was 

inflicted to the encapsulated enzyme under these conditions. 

      After chloroform was eliminated, the flask was cooled down 

to 328K, and the microcapsules were recovered by filtration. The 

leaked amount of the enzyme was measured by analyzing the amount 

of enzyme in the filtrate, and the efficiency of the immobiliza-

tion was determined. 

     A flat-bottomed flask of 1 litre capacity was used for 

scaled-up productions after the quality of microcapsules was 

proven to be quite acceptable. The agitation rate was normally 

set at  350min-1 without any baffle plates. The proportion of the 

ingredients was kept the same as that employed in the smaller 

scale. 

Analysis. The amount of the free enzyme was determined to 

evaluate the immobilization yield by the Lowry method10). Photo-

metric analysis was carried out using a UV spectrophotometer at 

wavelengths of 500 and 750nm, depending on the concentration of 

enzyme. 

      The visual features of the surface of the wall, were ob-

served by SEM. After the dried microcapsules were cracked under a 

stress in liquid nitrogen, the cross-section of the wall was 

investigated in detail. Therefore, the morphology of the cross-

section in which the domains of butadiene in SBR could be stained 

with OsO4 was observed by TEM.
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                        Results and Discussion 

Structure of microcapsule  

     The conditions of preparation and the characteristics of 

microcapsules were shown in the Table 1-2. 

     A SEM photograph of microcapsule (MC-2007) prepared with the 

weight ratio 2:1 PS/SBR is shown in Photo. 1-1(a). This weight 

ratio was adopted for the experimental evidence that the micro-

capsule containing Vitamin  B6 solution was obtained with reasona-

ble drug content and a smooth surface9). The microcapsules are 

spherical, the surface feature being quite smooth. Small holes of 

about 2pm in diameter spotted on the surface are not serious 

defects because none of these holes bore through the wall as 

shown in Photo. 1-2(a). 

MC-2027 shown in Photo. 1-1(b) was prepared with no SBR in 

the wall. These capsules had a smooth surface, however, they vere 

extremely fragile, and a number of capsules (approximately 30 

percent) had broken in the filtration procedure soon after the 

preparation. This may be attributed to the brittleness of PS 

rather than to the thinner wall structure, a major disadvantage 

compensated only by the blending with SBR. 

     MC-2028 shown by Photo. 1-1(c) was prepared using SBR only 

as a wall material. As Chapter 3 in Part 1 showed, there were 

many holes on the surface, probably formed during the liberation 

of vaporized solvent. None of these holes, though much larger 
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Table

Table

MC

2021

2023 

2024 

2025 

2026 

2027 

2028

 1-1. Polymers employed as mall material.

Wall  material

Molecular weight

Number average

(M„ x11)-4)

Weight average

(&)(10-")

SOR1)

PS-11

PS-12

PS-13

7.4

0.43

0.32

10.74

1.12

1.02

21.3

 l)Solprene

1-2.

T-414

 Preparation condition 

microcapsules.

and

Dispersion 

 index 

OLA.)

1.45 

2.61 

3.19

characteristics of

Wall  material MC character
1)

No. Scale Solvent Core material

PS SBI1 (CIICl3 ) Lipase/PVA sol. Cont
7_)

dpm

(g) (g) (m1) (g) (g/m1) (%) (IL

07 PS-11 2 SBR 1 250 27 0.5/10 54 .0 141

12 PS-11 10 SBR 5 1000 135 2/30 52 .0 78

19 PS-12 5 SBR 2.5 1000 67.5 2/30 31 .0 106

20 PS-12 15 SBR 7.5 1000 202.5 2/30 34 .3 99

21 PS-12 10 SBR 5 1000 135 2/30 34 .0 74

22 PS-12 10 SBR 5 1000 135 l/30 47 .5 81

23 PS-12 10 SBR 5 1000 135 3/30 47 .0 74

24 PS-13 10 SBR 5 1000 135 2/30 12.4 117

25 PS-12 5 SBR 10 1000 135 2/30 32 .7 99

26 PS-12 7.5 SBR 7.5 1000 135 2/30 31 .4 83

27 PS-12 15 1000 135 2/30 40 .8 42

28 SBR 15 1000 135 2/30 34 .5 186

1)5 and 25 ml of the mixture 

scale,  respectively. 

2)Percentage of encapsulated

were used

lipase

for the

based

smaller

on the feed.

.1

42.2

and

the

8 

(Am)

14.3 

9.80 

3.54 

3.52 

5.67 

6.17 

4.00 

9.76 

7.19 

4.95 

28.5

larger
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than those observed in 2:1 PS/SBR, bored through the entire wall. 

      The average diameter of microcapsules containing lipase 

solution becomes smaller as the content of PS in the wall in-

creases. 

      Photo. 1-2(a) shows the more detail observation of the 

cross-section under magnification. The wall of microcapsule have 

the structure consisting of three layers in which the thickness 

of outer and inner layer are  lµm, respectively. A photograph the 

cross-section taken with a TEM is show in Photo. 1-2(b). In par-

ticular, staining of the residual double-bond in the butadiene 

unit of SBR chains revealed the unique morphology of the wall. 

Although the PS/SBR blend system has been regarded as fairly com-

patible, a separate layer of PS can be clearly observed at the 

inner and outer surface. A well-blended structure develops be-

tween the two layers, and this finely interwoven structure may 

play a major part in confining the high molecular weight lipase 

within the capsules, whilst smaller molecules of the substrates 

diffuse in and out through the wall. 

      On the basis of this results, subsequent experiments were 

mainly carried out using the microcapsule of the weight ratio 2:1 

PS/SBR. 

RREoducibility and activity of encapsulated enzyme 

      Percentage conversion of triaceLin hydrolyzed by the cataly-

sis of encapsulated lipase is shown in Figure 1-1. One gram of 

wet microcapsules were dispersed in 500m1 of the buffer solution 
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containing 2wt percent of triacetin. The hydrolysis of the sub-

strate actually took place as the released moles of acetic acid 

 increased with the reaction time. 

      The microcapsules were all recovered after the first hydrol-

ysis, and redispersed in the second batch of the substrate solu-

tion. Reproducibility of the second experiment was good, indicat-

ing that no leakage enzyme occurred during successive operations, 

and the hydrolysis proceeded by the diffusion of smaller mole-

cules of the substrate through the wall. 

     Encapsulated enzyme was extracted after the wall of micro-

capsules was broken, and the activity per unit weight of the 

enzyme was measured in order to detect the possible conformation-

al damage which might be inflicted during the encapsulation. It 

was found that the activity remained unchanged, positive evidence 

that the conformation of the enzyme was unaffected during the 

encapsulation. 

Molecular size of the .__permeable substrate 

     The substrate molecules in the external aqueous phase dif-

fuse into the internal phase through the polymer wall, and are 

converted by lipase in the microcapsule. It was thought that the 

diffusion of the substrate through the wall was dependent on its 

molecular size. In order to investigate the effect of molecular 

size, the three kinds of PVA having relatively many acetyl resi-

dues were used as the substrate. The results of hydrolysis are 

shown in Table 1-3. The molecular weight of PVA were 1
,070, 2,455 

-148-



                                                                                                      4,4  

.• 

741 At-44, *-4 

*,
v 

(a)SEM photograph (Layers of polystyrene 

the inner and outer surface.). 

4, # 

                                                                                              ° 

                                    "

 5-.  17% 

(b)TEM Photograph (The chains 

well-blended domain 

    Photo. 1-2. Cross-section

4 

<. 

10Am 

(Layers of polystyrene are clearly visible at 

r surface.). 

0. ,4 , #a,4^ie 

4 

                                                   ./`yy•F.} 

   yt`Y1,AY 00 ,y....7, 

lir='~$1          ,*'a              +:e..et°~•^,iV  '''         •:.,'. ~0+s. ,• 
    t

.rxr7 q..#< 

ra.
$eQ e,"-„; 

                                      a s1m           ei 
(The chains of SBR were stained wi th OsO4 and a 

n developed between the layers of PS.). 

ross-sect ion of microcapsule. 

                  —149—



and 6,245, respectively. After the reaction the products were 

analyzed. As shown in Table 1-3, LP-1 having lowest molecular 

weight was only hydrolyzed with encapsulated lipase. The limita-

tion of molecular size in permeation process through the capsule 

wall would be between 1,000 to 2,500.

                                Conclusion 

       Microcapsules containing lipase were successfully prepared 

employing the  (W/O)/W multiple phase emulsion method. The wall 

material, a mixture of PS and SBR, was quite resilient to the 

impacting force, and withstood such a dead weight as that in-

flicted in the packed condition. No leakage of the enzyme was 

detected even after the repeated use in a continuous packed 

column reactor for a few months. The packed column reactor will 

be investigated in next chapter. Encapsulated enzyme recovered 

100 percent of its activity even though the ambient temperature 

was raised to 328K.
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Table 1-3. Reactivity of PVA having

1)
Degree of Degree of

PVA No.  polymerization saponification

(mol. %)

LP-1 22 88.9

LP-2 50 87.9

LP-3 127 87.7

different

Average 

weight

 molecular

molecular

1070 

2455 

6245

weight.

Reactivity 

for hydrolysis

Yes 

No 

No
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Chapter 2

Application of microencapsulated enzyme in a batch reactor and 

                          mathematical approach

Abstract

     Performance of microencapsulated enzyme was evaluated em-

ploying the hydrolysis of triacetin as a model substrate of the 

immobilized enzyme catalysis in a batch system. A mathematical 

model was developed to simulate the behavior of hydrolysis, which 

was derived under the assumption that the diffusion of  molecules 

(substrate and products) through the wall of microcapsules plays 

a dominant role to the reaction rate. Inhibition of the reaction 

by the decreasing pH due to the production of acetic acid uas 

also taken into account. The calculated values agreed quite well 

with the observed data
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                                Introduction 

      Immobilization of enzyme for the purpose of repeated utili-

zation has been a major issue for chemical engineers who are 

extensively engaged in the R&D of commercial scale  bioreactors. 

Atkinson1) has mentioned in his well-known article that cell-free 

enzymes, being both water-soluble and relatively unstable, are 

therefore difficult to recover from the products for reuse, and 

for these reasons operations using cell-free enzymes tend to be 

of an ancillary nature rather than a major processing stage. 

However, he already foresaw potential usefulness of the encapsu-

lated enzyme, and even proposed a few mathematical modelings to 

predict the overall rate of the catalysis. 

      In previous chapter, microencapsulation of lipase employing 

(W/0)/W multiple phase emulsion method, with 2:1 PS/SBR mixture 

being used as a wall material, was proposed. This chapter intends 

to investigate the performance of encapsulated enzyme in a batch 

reactor, and introduces a reasonable mathematical model for 

understanding the mechanism of enzyme catalysis immobilized in 

microcapsules2).

                           Experimental 

Reagents and micr_oencapsulation 

All regents and lipase P are given in the previous chapter . 
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A major part of the microencapsulation procedure was described in 

the previous chapter. In order to compare the  microcapsules 

having the different concentration of lipase, three kinds of 

internal enzyme concentration, 3.3, 6.7 and lOwt percent , were 

prepared. 

Hydrolysis ._.oftriacetin 

     Catalysis of the encapsulated enzyme was investigated em-

ploying the hydrolysis of triacetin in a stirred vessel. One gram 

of the microcapsules were used in 500g of the buffer solution (pH 

= 7) containing 2wt percent of triacetin . A magnetic stirrer was 

used for agitation, and the temperature was kept at 310K. Samples 

were withdrawn using a special pipette equipped with a glass 

filter at the tip to prevent the suction of microcapsules.

                   Results and discussion 

Mathematical simulation of the reaction catalyzed by encapsulated 

enzyme 

     The following assumptions were made to derive a mathematical 

model of the reaction catalyzed by the encapsulated enzyme: 

(1)Microcapsules are spherical shells, and are uniform in 

(2)Reaction kinetics of the substrate obey the Michaelis-Menten 

mechanism. (3)Resistance of mass-transfer depends overwhelmingly 

on the diffusion of substrate molecules through the wall of the 
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 microcapsule. 

     The hydrolysis of triacetin catalyzed by free lipase dis-

solved in the buffer solution correlated well with the Michaelis-

Menten equation, the Lineweaver-Burke plot gave two kinetic 

parameters, k2 = 0.0051sec-1 and Km = 205.8g/1. The second as-

sumption is reasonable since the activity of the enzyme molecule 

found to be unaffected during the encapsulation as shown in 

preceding chapter, and it is present as a free molecule in the 

buffer solution even in the encapsulated state. 

      The Michaelis-Menten equation is written as follows. 

k2CEC1 k2CE C1 
-r

s(2-1) K
m+ C1 Km 1 + CI/Km 

where,-rs = reaction rate of substrate, CE and CI = concentration 

of enzyme and substrate in the microcapsule compartment, Km = 

Michaelis constant of enzyme, and k2 = rate constant. 

      The third assumption gives a schematic concentration profile 

of substrate as shown in Figure 2-1. 

      Provided that there is no accumulation of substrate in the 

wall, the equation of mass-balance will. yield, 

    (-r s)3za3N = 4 7c r2ND2----= -vdCL   4d
rd 0(2-2)

where C2 and CL = concentration of substrate in the wall and in 
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the aqueous phase, N = number of microcapsules in the system, D2 

 = effective diffusion coefficient of substrate in the wall , V = 

volume of the aqueous phase, a = inner radius of microcapsule, 

r=coordinate of the radial direction, and  0 = reaction time. 

     Strictly speaking, at the initial stage of the catalysis the 

diffusion equation derived for non-steady state should be applied 

instead of Equation (2-2). However, as the rigorous solution pro-

vided by Crank3) clearly indicates, the concentration profile is 

established rather rapidly, in a matter of a few minutes at most. 

Numerical solutions, obtained from Equation (2-2) and shown in 

the later figures, quickly offset the discrepancy in the early 

stage. 

      Let us introduce the following non-dimensional parameters. 

4   = b/a x = r/b /1 = -
3 b3N/V (2-3) 

where b:outer radius of microcapsule. 

      Initial and boundary conditions can be written, 

     I.C. 0 = 0 ; CL = Cs0(2-4) 

       B.C. r = a (R = 1/Y); C2 = C1(2-5) 

             r = b (x = 1); C2 = CL(2-6) 

Equation (2) can be solved using the conditions given above. 
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 C1 CL  -  C1 

1 + C1/KmY- 1 

 k2CE/Km3D2Y3/h 

     The Thiele modulus, 

effectiveness factor of 

fit the enzyme catalysis as fol 

    0,11Y-  1 ,,    N3Y3 

     By substituting 

be expressed as a function 

      C1/Km=2 

where, p = CL/Km - 

     The latter part 

lows, 

        dCL 

dO 1 

      Equation (2-c 

those parameters which 

sules such as the average diami 

coefficient. Conversion 

leased acetic aci were simul 

Calculated result and comnarisc

               CL 

      1 + C1/Km Y - 1 

        k2CE/Km h 3D2 Y3/b2 

ally introduced to estimate 

inorganic catalyst, was modified so 

 as lows.

k2CE

y3dCL 

p d0 

  (2-7) 

 the 

as to

KmD2                                               (2-8) 

lg these parameters into Equation (2-7), C1 can 

']unction of 
L• 

    IF 2                                               (2 -9) 

              q =CL/Km 

rt of )n (2-7) can be rewritten as fo'_-

            /Y3 

+ Cl/Km~,(2-10) 

                 were numerically solved using 

hich indicate the characteristics of microcap- 

average diameter, wall thickness and diffusion 

rsion of the substrate and the amount of re-

1 as time-dependent variables. 

and  on with observed data. 
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     Microcapsule MC-2012, with a diameter of  78Am and wall 

thickness of 9.8A.m was used for the particular experiments to 

test the availability of the reaction model. 

     The rate constant and the Michaelis constant, as mentioned 

before, were measured as 0.0051sec-1, and 205.8g/1, respectively. 

     Numerical correlation of observed data with varied diffusion 

coefficient is shown in Figure 2-2, indicating 4.1(10-10)cm2/sec 

as the best fit. 

     The effect of the wall thickness on the reaction rate is 

shown in Figure 2-3. As is clearly shown the reaction proceeded 

faster as the wall thickness reduced. 

Effect of substrate concentration 

      Amount of acetic acid released was plotted against the 

reaction time in Figure 2-4 as the substrate concentration was 

changed. Agreement between the observed and calculated values was 

generally fair except for those at the higher release of acetic 

acid corresponding to the higher supply of the substrate. Deacti-

vation of enzyme may have occurred due to the decrease of pH by 

the release of acetic acid. 

Rate constant as afunction of pH 

      As mentioned in the above section, it is desirable to inves-

tigate the effect of pH on the enzyme catalysis on quantitative 

basis. The change of pH in the buffer solution, originally ad-
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justed at pH  = 7, was measured by adding small amounts of acetic 

acid intermittently. The observed curve is shown in Figure 2-5 as 

a function of the concentration of acetic acid. The theoretical 

curve from the dissociation constant of the acid was also shown 

in the figure, indicating the effect of the buffer solution to 

offset lowing pH. For the convenience of computation, the curve 

was empirically expressed in two equations as follows. 

   3 CpHC 6.2 ; p11 = - log[H+] = - 1425C2 - 46.45C + 7(2-11) 

6.2 < pH < 7 ; p11 = 0.03828/[C + 1 .01(10-3)] + 3.358(2-12) 

where C=concentration of acetic acid in mol/1. 

      The extent of deactivation of free lipase was measured under 

the adjusted value of pH. The relative value of the rate constant 

defined as kp1.1/k7 was expressed as a function of p11 as follows , 

log(kp}1/k7) = 0.204pH - 1 .428(2 --13) 

k7 is 0.0051sec-1 as mentioned previously. 

Eff of enzyme concentrat ion in microcapsules 

Microcapsules of MC-2022, MC-2021 and MC-2023 were prepared 

varying the concentration of enzyme in the W phase of the primary 

emulsion. Conditions are shown in Table 1-2 in Chapter 1 . 

      As the enzyme content increases , the average diameter and 

the wall thickness become smaller because lipase itself functions 
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as a surface active agent, and reduces the diameter of droplets 

in the W/O emulsion. No appreciable change was observed in the 

surface. 

     Results of the catalysis employing these microcapsules are 

shown in Figure 2-6 with the calculated curves. The different 

rate of the reaction was clearly due to the varied amount of 

encapsulated enzyme. Two calculated curves were shown for each 

experiment (broken lines being without  consideration of the 

effect of pH, and solid ones calculated using equations (2-11) 

and (2-12)). 

      The simulation was carried out under the presumption that 

the effective diffusion coefficient may change depending on the 

wall thickness. Those values which gave a best fit to the ob-

served points are shown in Table 2-1. Though the difference is 

quite small, the diffusion coefficient decreased slightly with 

increasing wall thickness. The simulation with the correction of 

pH inhibition during the catalysis predicted well the degrading 

reaction rate at the higher conversion of the substrate . 

Effect of  PS/SBR ratio in the capsu1ewall  to the _  performance of 

catalysis 

     Microcapsules of different PS/SBR ratios in the wall were 

used to compare the performance of the catalysis . The result was 

shown in Figure 2-7 together with calculated curves . The rate of 

hydrolysis of triacetin became higher as the fraction of styrene 
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Table  2-1. Effective diffusion

No.

2012 

2021 

2022 

2023 

2025 

 2026 

2028

Wall material

coefficient of

 PS(g)

PS-11 

PS-12 

PS-12 

PS-12 

PS-12 

PS-12

10 

10 

10 

10 

5 

7.5

 SBH(g)

SBR 

SBR 

SIIR 

SBR 

SDI? 

SBR 

SBR

 5 

 5 

 5 

5 

10 

7.5 

15

S 

(u in) 

0.80 

5.07 

6.17 

 4.00 

7.19 

4.05 
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2-7. Effect of composition of wall materials on the 

   performance of microcapsules. Composition of SBR: p, 

   0%; 0 . 33%; • , SOX; A , 67%; ° , 100%. ----------, calculat-

   ed curve with the correction for pH inhibition. Reac-

   tion temperature was 310K. 
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in the wall increased. Since the effective diffusion coefficients 

are nearly same, the reaction rate seemed to be governed by the 

size and wall thickness of microcapsules. 

     It may be worthwhile to describe that the numerical trial to 

correlate the data taken  MC-2028 (100 percent SBR wall) succeeded 

only when the value of effective diffusion coefficient was as-

sumed to be almost five times as large as those assigned for 

other microcapsules of blended wall. The particular wall struc-

ture of MC-2028 may lead to easier transport of smaller mole-

cules.

                            Conclusion 

     Microcapsules of lipase employing a (W/O)/W multiple phase 

emulsion method was used efficient, recoverable catalysts. Catal-

ysis of the encapsulated enzyme was investigated, and the hydrol-

ysis of triacetin was successfully simulated by the react-on 

model based upon the Michaelis-Menten mechanism. Other factors 

affecting the mechanism such as the mass-transfer resistance of 

the substrate molecules through the wall and the decrease in pH 

due to the formation of acetic acid were also taken into consid-

eration. No leakage of the enzyme was detected after repeated 

usage and storage over the duration of a few months . 
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Chapter 3

Application of microencapsulated enzyme as a 

      column reactor

continuous packed

                             Abstract 

     The microencapsulated lipase were applied to the continuous 

tubular reactor system, essentially a packed column reactor, and 

longevity and mechanical strength of the microcapsules were fully 

demonstrated. 

     The reaction model derived for a well-stirred batch reactor 

in the preceding chapter was also applicable to simulate the 

behavior in the packed column reactor as it was proved that there 

is no mass transfer resistance between the reactant stream and 

the surface of microcapsules. The observed data agreed quite well 

with the calculated values. Similarity of the behaviors of catal-

ysis observed between two reactor systems was thoroughly con-

firmed.
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                        Introduction 

      Generally speaking, the structure of microcapsules has a 

tendency to be too fragile to cope with the mechanical shear or 

vigorous agitation in a practical fermenter or a reaction 

 vessel1). However, lipase-containing microcapsules prepared in 

the previous chapter exhibited excellent endurance to the mechan-

ical shear force created in a stirred vessel. The encapsulated 

lipase retained its activity for the hydrolysis of triacetin as a 

model substrate under repeated usage2). 

     This chapter intends to demonstrate further potentials of 

the microcapsules by applying them to a packed column reactor in 

which they are exposed to a continuous flow of the buffer solu-

tion including triacetin under various operating temperatures and 

pH. It is also shown that the similar operational equation and a 

particular rate equation derived for a batch reactor can be 

applied to the packed column reactor3).

Experimental

Reagents  and enzyme 

     All reagents and lipase P were 
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 Procedure of continuous catalysis ina _packed column reactor 

     Microcapsules were packed in a 13mm ID glass column equipped 

with a water jacket. The reaction temperature was controlled by 

recirculating the water in and out of a .thermostat. The substrate 

solution was supplied from a feed tank, the flow rate being 

adjusted by changing the height of the tank. The effluent solu-

tion was taken as a sample in a certain time interval, and the 

changes of the substrate concentration and pH were examined with 

bed height and flow rate of the substrate solution being changed. 

                      Results and discussion 

Effect of the  reaction temperature and mean residence time on _the 

substrate conversion 

     Continuous operations were carried out with 2wt percent 

triacetin solution as the substrate. Microcapsules of MC-2012 

were packed in a column at the height of 17cm. Relations between 

the mean residence time and substrate conversion are shown in 

Figure 3-1 with varied reaction temperatures. In this temperature 

range the substrate conversion became higher as the reaction 

temperature rose at the fixed residence time. No noticeable 

deactivation of the catalysis was observed even at the highest 

reaction temperature. 

     As the substrate conversion became higher, however, the 

reaction rate was depressed due to the inhibition by decrease of 
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pH in the downstream of the column. This deactivation was be-

lieved to be temporal because activity of the enzyme was promptly 

recovered after the environmental  p11 was readjusted to the opti-

mal level with a continuous supply of the buffer solution for 

lhr, and the column was allowed to stand overnight. 

     In order to demonstrate full recovery of the enzyme activi-

ty, one particular experiment, shown as an open circle in the 

figure, was done on the day after the operation at 323K followed 

by the treatment mentioned above. The substrate conversion pre-

cisely fell upon the correlated curve at 310K, a clear evidence 

that the activity of the enzyme was fully recovered. 

Basic equations for the .__operation of packed column reactor_ 

     The observed behaviors in Figure 3-1 anticipated that the 

flow in the packed column reactor can be regarded as an ideal 

plug-flow. One may find in any textbook of chemical reaction 

engineering`I) that the residence time in the plug-flow reactor is 

replaceable with the reaction time in the batch operation. This 

concept may be easily derived from material balance in small 

section of the plug-flow reactor. 

      From the schematic diagram shown in Figure 3-2, one can 

derive the following material balance equation. 

    FvL(CL- dCL)- CL.j--rsdVr(3-1) 

where, Fv = flow rate of the reaction mixture, CL = concentration 
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of the substrate in the holdup solution, Vr = volume of the 

holdup solution in the reactor, and  rs = reaction rate of the 

substrate. 

     Dividing each side of Equation (3-1) with Fv, and a read-

justment will yield, 

- dCL = - r
$ d(Vr/Fv)(3-2) 

V/Fvhas a dimension of time, and can be expressed as follows. 

   0 = Vr/Fv(3-3) 

Substitution to Equation (3-2) will yield the following equation 

normally derived for the batch operation. 

- dCL/d0 = -- rs(3-4) 

Equation (3-4) means that Vr/Fv for the plug-flow reactor is 

equivalent to the reaction time for the batch operation, and the 

basic equation of operation is essentially same. 

      Equation (3-4) may be applied to the reaction system cata-

lyzed by enzyme immobilized in microcapsules provided that there 

is no appreciable mass transfer resistance between the reactant 

stream and microcapsules. Let us assume that this condition is 

satisfied in the present packed column reactor, and derive the 

essential equations at first. Experimental evaluation of this 

particular resistance will be shown later. 

      For the case of enzyme catalysis by immobilized enzyme in 
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microcapsules, the reaction rate,  rS, was given in the preceding 

chapter. 

Evaluation of  mass transfer _ resistance between the reactant 

stream and microcapsules 

    Since it is well-known that the extent of mass transfer 

resistance between the fluid stream and particles is governed by 

the velocity of stream, experimental evaluation can be done by 

undergoing the catalysis with varied flow rate and height of the 

packed column. If the mass transfer resistance is of considerable 

intensity, a significant change will appear in the performance of 

the catalysis depending on the flow rate. On the other hand, if 

the resistance is negligible, the outcome of the catalysis will 

be solely correlated with the residence time of fluid in the 

reactor. 

      According to this well-established concept, hydrolysis of 

triacetin was carried out by changing the flow rate and the hnd 

height. Microcapsule MC-2012 was used at 310K. The substrate 

conversion was correlated with the residence time in Figure 3-3. 

No significant dependence on the flow rate of the substrate 

solution was detected as the observed data taken with different 

column height fell upon one line, a positive evidence that Equa-

tion (3-4) can be used as an operational equation for the packed 

column reactor.

- 175 -



 Effect of enzyme concentration _in_microcapsul,eg 

     As has been done in the batch reactor of Chapter 2, micro-

capsules with different enzyme contents, MC-2022, MC-2021 and 

MC-2023, were packed in the reactor, and the catalysis was car-

ried out. The result was shown in Figure 3-4 together with the 

calculated curves obtained from the numerical integration of 

Equation (4). Same values of effective diffusion coefficient as 

those employed in the calculation of batch operation were adopt-

ed. Agreement with the observed data was quite satisfactory. 

Effect of PS/SBR ratio  in the capsule wall  to the  performance  of 

catalysis  

     The catalysis employing the microcapsules of different 

PS/SBR ratio was investigated. Microcapsule MC-2027 having only 

PS was too fragile to be packed in the column, so it was not 

tried in this continuous operation. The result was shown in 

Figure 3-5 together to the calculated curves. The calculated 

curves were drawn by using the values of the efficient diffusion 

coefficient obtained in Chapter 2. The rate of hydrolysis of 

triacetin became higher as the fraction of styrene in the wall 

increased, as well as the batch reactor. 

Effect  of molecular weight o _f._.polystyrene___ 

     Effect of PS molecular weight on the general feature of 

microcapsules was investigated with PS-13 having higher molecular 
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weight. PS-13 was synthesized by thermally-initiated bulk poly-

merization at 403K, and the weight average molecular weight was 

213,000. Microcapsule MC-2024 was prepared, and the catalysis was 

carried out to compare the reaction rate with that observed with 

MC-2021. Since the similarity between operations of the batch and 

the packed column continuous reactor was well established, only 

the farmer was done. The substrate conversion was correlated to 

the reaction time Figure 3-6. Apparently no appreciable change 

was observed from the conversion curve. 

     According to the data listed in  Table 1-2, MC-2024 is larger 

in size and thicker in wall thickness than MC-2021, however, 

these deficits are compensated by larger percentage of the enzyme 

encapsulated and probably by larger value of the effective diffu-

sion coefficient. Larger molecular weight will certainly favor 

the effective encapsulation of enzyme because higher viscosity of 

oil phase in WO emulsion resists the break-up of WO droplets 

when they are suspended in the secondary emulsion. 

     It can be said to summarize the result that the blending of 

PS and SBR are flexible enough to change PS molecular weight over 

wide range.

Conclusion 

Feasibility of the lipase microcapsules with tough PS/SBR 
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wall was successfully established in the continuous catalysis 

employing a particular packed column reactor. The hydrolysis of 

triacetin was selected as a model catalysis. 

     The enzyme immobilized in microcapsules retained its full 

activity during the continuous operation extending over 2 months. 

Temporal deactivation due to the accumulation of acetic acid in 

the reactant stream was completely recovered by a simple  treat-

ment, i.e. the column was washed by the continuous flow of the 

buffer solution for lhr and then allowed to stand overnight.
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Chapter 4

Application of encapsulated enzyme dispersed in a continuous 

                        stirred tank reactor

                             Abstract 

     An application of encapsulated lipase to the hydrolysis  of 

triacetin was carried out with a continuous stirred tank reactor 

(CSTR), in which the encapsulated enzyme was dispersed. An auto-

matic control device to control pH of the reaction mixture at a 

desired level was designed and installed in the reactor system. 

Conversion of triacetin at the steady state operation with pH 

controlled became significantly higher than that without pH 

control. A particular kinetic model proposed in Chapter 2 was 

applicable to simulate the behavior of CSTR system as in the case 

of packed column reactor.
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                           Introduction 

      In Chapter 1 and 2, microencapsulation of lipase solution 

was prepared employing the  (W/O)/W multiple phase emulsion meth-

od, and a kinetic model was derived. Simulation of the experimen-

tal results employing a batch rector agreed well with the ob-

served values". In Chapter 3, continuous operation was conducted 

with a packed column reactor to investigate the long-term endur-

ance of microcapsules2). The wall of the capsules was quite 

resilient to the static and mechanical forces due to the rein-

forcement of hard PS with elastic SBR, and passed the longevity 

test continued for several months. The kinetic model also quite 

effectively simulated the experimental results. 

     One major setback of the packed column operation for thir 

catalysis is that the activity of lipase gradually decreases dble 

to the released acetic acid accumulating towards the downstream 

of the column. While not impossible it is impractical to inject 

alkaline solution alongside the column to neutralize the acid. 

Instead, the use of a CSTR train may be a more reasonable choice 

since the alkaline injection and pH adjustment can be done for 

only a small additional cost. 

     Based on this, this Chapter deals with the operation of a 

single CSTR which includes the introduction of a simple device 

for pH adjustment3). Extension of this single CSTR to a multiple 

train system will be easily accomplished. 
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                               Experimental 

 Reagent  and enzyme 

      The lipase and all reagents used were described in Chapter 

1. 

Microcapsules 

     Two kinds of microcapsules, MC-I and MC-II, were prepared by 

the (W/0)/W multiple phase emulsion method described in previous 

chapter. The average dimension and properties are listed in Table 

4-1. 

New analytical method to measure the amount of acetic acid 

     The neutral titration adopted in previous chapters to meas-

ure the amount of acetic acid released is no longer valid when 

the pH in the reaction mixture is controlled. Instead thin-layer 

chromatography(TLC) was employed to measure the conversion of 

triacetin. An Iatroscan TLC-FID Analyzer (TH-10, Diatron Co. 

Ltd.) was used with the mixture of n-hexane, ethylether, and 

acetic acid as a developing solvent. The composition in weight 

ratio was 45:30:1. 

Apparatus, 

     A schematic diagram of the experimental apparatus with the 

pH control device is shown in Figure 4-1. A round-bottomed, glass 

separable flask of 500m1 capacity [5] was employed as reactor 

immersed in the thermostat controlled at 310K [10]. Continuous 
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supply and withdrawal of the reaction mixture were performed with 

a dual-tubing pump [3] and [4] driven by a single motor  [2]. The 

hold volume of the reactor was kept constant by this method. A 

coarse glass filter [7] was placed at the tip of the sampling 

tube to prevent microcapsules from mixing with the sampled solu-

tion. Mean residence time of the reaction mixture was adjusted by 

changing the speed of the shaft drive. 

     Microcapsules were dispersed in the reaction mixture before 

beginning the operation. Flow rate of the exit solution, conver-

sion of the substrate and the change of pH were measured at a 

certain time interval. To prevent the agglomeration of microcap-

sules during the long-hour operation 0.1wt percent PVA was added 

to the reaction mixture. The pII in the reaction mixture was 

controlled by using a pH-sensitive electrode [11] to monitor the 

pH level which activated the relay whenever it decreased to a 

value of 6.8. Alkaline solution stored in the hypodermic syringe 

[13] was injected into the reactor until the pH level recovered 

to 6.9. With this mechanism, p11 in the reactor is maintained at 

7.0, thus preventing inactivation of the lipase.

                      Results and discussion 

Basic equation _..for the .._operation of single  CSTR 

     A well-known mass-balance equation4) derived for the opera-

                                        -186-



1

 'I3

5

011

I'o
2 3 4

10

 a
 O` 

O

e

7
9

0

O 0 O

Figure 4-1.

14 12 13

     _Jr             ~
15 

  Schematic diagram of experimental apparatus. 

Key: (11 motor for stirring, (21 motor for driving 

tubing pump, (31 tubing elements for feed stream, (41 

tubing elements for exit stream, (5] reactor, (61 

microcapsules, [7] glass filter, (81 thermocouple, (91 

heater, £10] thermostat, (111 pH electrode, (12] p11 

control circuit, 1131 syringe to inject alkaline solu-

tion, (14] p11 meter, (151 recorder.

Table 4-1 . Properties of microcapsules and parameters employed 

 for simulation.

NC No. Lipase cont.  1Fm D2 x 1010

(%) (µm) (µm) (cm2/sec)

I 39.2 119 4.1 6.0

11 25.4 105 5.6 6.0
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tion of single CSTR can be applied to this enzyme-substrate 

system, assuming a state of perfect mixing. Considering the 

unsteady state during the initial period of operation, the mass-

balance equation for the substrate can be written as follows: 

      dCs Cs0-Cs 
+ rs(4-1) d 0 

Vr/Fv 

where 0= operation time, CS,CS0 = concentration of substrate in 

the reactor and in the feed-stream, respectively, Vr = hold 

volume in the reactor, rS = reaction rate of substrate, and Fv = 

volumetric flow rate of the reaction mixture. 

     If the steady state is attained, the derivative in the 

left-hand side of equation (4-1) becomes 0, and the equation is 

reduced to algebraical form. The initial condition may be written 

as follows, 

   0 = 0, Cs =
80(4-2) 

     The reaction rate of the substraterSwas derived in Chapter 

2. Equation (4-1) can be rewritten as follows after the steady 

state is attained, 

Cs - Cs0 -Vr 
— =S 0 =F(4 -3) 

                                            v where, 0 = mean residence time of the reaction mixture . 

     For a given set of CS0 and 0, CS in the steady state opera-

tion can be obtained from Equation (4-3). 
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 Continuous  hydrolysis with aCSTR 

     Profiles of the substrate conversion and pH with elapsed 

operation time are shown in Figure 4-2. The mean residence time 

is 60min. lwt percent of triacetin in the buffered solution was 

continuously supplied to the reactor holding 30g of microcapsules 

(MC-I). No attempt to control the pH was made in this experiment. 

The steady state was well-established after 3hr of operation, 

measured values of the substrate conversion and pH remained 

constant thereafter. The solid line in the figure indicates the 

calculated values employing the numerical parameters listed in 

Table 4-1. Agreement with the observed values was quite good, a 

solid confirmation that the kinetic model derived in Chapter 2 

can be extended to the operation of CSTR. 

      Stable dispersion of the microcapsules was maintained during 

the operation, and neither the outward diffusion of lipase mo].e-

cules nor distortion or breakage of the capsules was observed. 

     The fact that the pH level in the steady state operation 

stayed constant (approximately at 5.7), even without p11 control, 

is due to the low concentration of acetic acid released. If the 

operation is carried out with a longer residence time or higher 

substrate concentration in the feed-stream, concentration of the 

released acid will become higher than that observed in Figure 4-

2. According to the information5) given by Amano Pharmaceutical 

Co. Ltd., the activity of lipase is permanently lost when it is
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exposed to a  pH level of less than 4.0. This implies clear pref-

erence to employ p11 control, otherwise the steady state may be 

never established because of the continued inactivation of lipase 

during the unsteady state operation after the start-up. 

     A result of the operation with pH controlled at 7.0 is shown 

in Figure 4-3. Due to the low content of lipase encapsulated in 

MC-U, the steady state conversion is lower than shown in Figure 

4-2 despite employing the same operational conditions of lwt 

percent triacetin solution and 60min of the mean residence time. 

The steady state was established after 4hr of the operation, a 

little later than observed in Figure 4-2. The two calculated 

lines in Figure 4-3 (solid for controlled p11 and broken for 

uncontrolled) indicate that the steady state conversion of 

triacetin became higher with p11 controlled at 7.0. No inhibitory 

effect was observed by the injection of alkaline solution. 

Relationship _._between the steady state _conversion and the mean 

residence time 

      The calculated relationship between the steady state conver-

sion of triacetin and the mean residence time was shown with a 

parameter S = b - a, wall thickness of the microcapsule; Figure 

4-4(a) shows the relationship without pH control, and Figure 4-

4(b), with controlled pH. Experimental data obtained with 0= 30, 

60 and 90min were plotted in each figure as well as the calculat-

ed line employing the values listed in Table 4-1. 
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     It will be easily understood from the comparison of two 

figures that the increase of the substrate conversion with  longer 

mean residence time is gradually suppressed in Figure 4-4(a), due 

to the increased concentration of released acid. No such limit is 

observed in Figure 4-4(b), another demonstration of the advantage 

of pH control.

Conclusion

The hydrolysis of triacetin catalyzed by encapsulated lipase was 

carried out employing a continuous stirred tank reactor (CSTR). 

An automatic control device of pH in the reaction mixture was 

introduced into the reactor system, and resulted in stable opera-

tion and increased reaction rate. One may attribute the advantage 

of employing stirred tank reactors over packed column ones to the 

fact that pH control can be done with less sophistication. 

      Commercial feasibility of microcapsules for the enzyme 

catalysis with substrates, small enough to permeate through the 

wall, was established by these fundamental investigations.
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Conclusions





      Preparation of microcapsules, controlled release of core 

substances and application to immobilization of enzyme were 

discussed in each parts. The results obtained are summarized as 

follows, respectively. 

Preparation of Microcapsules. 

      Several kinds of microencapsulation, coacervation method, 

spray drying method,  (W/0)/W multiple emulsion method and (S/W)/0 

multiple suspension method were carried out. Anhydrous sodium 

sulfate, Vitamin B6 and nicotinic acid were selected as typical 

water-soluble core substances depending on the encapsulation 

method. Since these methods have their individual advantages and 

disadvantages, an adequate method should be chosen considering on 

the state of core substances and the usage of encapsulated 

products. Characteristics of microcapsules obtained, e.g., rela-

tive difficulty of preparation, wall thickness and dimension of 

capsules, are summarized in Table 1-1. Half-life of the release 

of core substances from microcapsules are roughly estimated and 

also given in this table. 

Controlled Release from Microcapsules.

     To understand the release behavior of core substance from 

microcapsules, Higuchi model, capacity coefficient model (KLa 

model) and diffusion model for hollow sphere were proposed in
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Part 2. Release of core substances from capsules is needless to 

say a mass transport phenomenon of the core molecules diffusing 

through the wall that acts as a barrier. In principle, Fickean 

diffusional equation can be employed for the correlation of 

release data to estimate transport parameters. However, the 

transport of core substance through the wall of microcapsule is 

by no means straightforward very complex. As described previous-

ly, this is due to the great diversity in physical form of micro-

capsules with respect to shape, size, combination of core sub-

stance and wall material. 

     In the case of multiple emulsion method, microcapsules had 

relatively well-defined structure, e.g., the appearance of sur-

face, the thickness of wall and the wall structure, therefore, an 

analytical solution of the diffusion equation for hollow sphere 

can be applied to correlate the release behavior of core sub-

stances. However, more empirical treatment was necessary for the 

behavior observed in the later part of release. 

     Capacity coefficient model (KLa model) was available when 

the definition of the interface through which the transport takes 

place was difficult. The capacity coefficient, KLa,is defined as 

a proportional constant multiplied to the driving force of the 

overall mass-transfer, in this case, the concentration gradient 

across the interface. 

     In microcapsules prepared by  (S/W)/O multiple phase suspen-

sion method, the interfacial area of diffusion was not exactly 
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 Table 1-1. Characteristics of 

work.
microcapsnles prepared in this

Preparation  Core Substances Wall Materials Relative Wall Diameter Half-life

methods Difficulty Thickness of release

.Solids .Water -soluble

Coacervation •Low volatile
polymers

Method liquids •0il-soluble Easy 0.1-10 u m l^-100 um min-^hu

.liquids impreg- polymers

nated into solid

.Water -soluble

Spray drying .Solids polymers

Method •0i1-soluble Difficult l' -20um 10—Z00 u m min—hr

polymers

•Waxes

(W/0)/W Multiple .Liquids 0i1-soluble

Phase Emulsion .Slurries polymers Easy 1^-10um 10^-200 um hr--day

Method •Waxes

(S/W)/0 Multiple .Solid •Water-soluble

Phase Suspension polymers Easy 10-300 um day—year

Method
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determined, inviting the capacity coefficient model as an effi-

cient alternative. It should be born in mind that the capacity 

coefficient can be related to the diffusion coefficient, D2, if 

the structure of microcapsules is identified so as to allow the 

theoretical treatment. For example, KLa is related to the diffu-

sion coefficient of spherical solid particle as expressed by 

Equation (4-3) in Chapter 4 of Part 2. 

     On the other hand, microencapsulation of solid particles by 

coacervation or spray drying method yielded microcapsules having 

multinucleous clusters of irregular shape. Release behavior from 

the surface of such a granular-type cluster was assumed to be 

analogous to that from the spherical matrix of uniform network . 

Therefore, it was possible to express the release behavior by the 

Higuchi model in which a mathematical solution has been obtained 

from the Fickean diffusional equation by assuming core substances 

dispersed in a homogeneously in the matrix. 

Immobilization of Enzyme by  Microcansules .

     In this work, the wall material (PS/SBR) having mechanical 

durability was obtained, and the microencapsulation of lipase was 

carried out using (W/0)/W multiple emulsion method . Employing the 

microencapsulated enzyme, several types of reactors
, e.g., batch 

stirred tank reactor, packed column reactor and continuous 

stirred tank reactor (CSTR) , were investigated. By immobiliza-

tion, the enzyme can be easily recovered for recycle
, and contin-
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uous production becomes possible. 

     In Chapter 2 of Part 3, the hydrolysis of short-chain lipid 

using microencapsulated lipase was carried out in a batch stirred 

tank reactor, and the modeling analysis of the reaction was 

tried. A mathematical model of this reaction system was success-

fully developed by introducing the concept of catalyst effective-

ness factor. As has been the days of employing free enzymes, 

batch stirred tank reactors can not exert a full advantages of 

the encapsulated enzyme because of their intermittent operation 

in practical industrial processes. 

     Therefore, the attention was then shifted to the continuous 

system, and an operation in a packed column reactor was conducted 

to investigate the long-term endurance of microcapsules. The wall 

of the microcapsules was quite resilient to the static load in 

the packed column, and passed the longevity test which continued 

for several months. The kinetic model quite effectively simulated 

the experimental results. 

     The setback of the packed column operation is that the acid 

product from the hydrolysis may lead to the reduction of the 

enzyme activity towards the downstream of the column. As the 

activity of lipase decreased with an decrease of pH in the down-

stream, though not being impossible, it was impractical to inject 

alkaline solution alongside the column to adjust pH in the reac-

tion mixture. These problems may be overcome by increasing the 

flow rate, but it will reduce the substrate conversion, and 
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require unnecessarily large scale. A potential advantage of 

packed column reactors, low costs of construction, operation and 

maintenance, can be fully enjoyed only when the catalysis reveals 

no such serious problems mentioned above. 

     CSTR consists of a series of stirred  tanks,each equipped 

with a substrate inlet and product outlet, and can overcome the 

problems encountered in the packed column reactor. The use of a 

CSTR train may be a more reasonable choice since pH adjustment 

can be done for a small additional cost. 

     A single CSTR equipped with an automatic pH controlling 

system was used to offset the acid formation in the reactor. The 

operation was quite successful, no pH drop being observed. The 

same kinetic model was applicable to simulate the reaction behav-

ior. 

     This microencapsulated enzyme using PS/SBR as mixed wall 

material can be practically extended to the large-scale industri-

al processes because it has mechanical durability superior to 

those reported in past research works. It can be said that the 

general design concepts for the bioreactor systems involving 

microcapsules were established by this work. 

     As a summary, two major issues concerned with the practical 

usage of microcapsules in commercial scale were investigated in 

this thesis. 

     In Part 2, controlled release of core substances from micro-

capsules was investigated together with the practice of several 
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encapsulation methods which yielded microcapsules of different 

characters. Emphasis of the investigation was focussed on the 

derivation of mathematical models useful to correlate the release 

data. Quantitative analysis was possible based on the Fickean 

diffusion model, and the capacity coefficient model. 

     Understanding the release behavior of core substances 

through the microcapsule wall encouraged conducting the assign-

ments in Part 3. 

     In Part 3, enzyme catalysis by microencapsulated enzyme was 

investigated. A mathematical model of this particular catalysis 

was derived introducing the catalyst  effectiveness factor to the 

ordinary kinetics of free enzyme catalysis. An advantage of the 

continuous operation corresponding to the longevity of encapsu-

lated enzyme was demonstrated in the operations of the packed 

column, and a single CSTR, an advantage of automatic pH control 

being shown in the latter operation. 

     To conclude this thesis, the author sincerely wishes that 

these investigations will provide some fundamental directions in 

the future research and application of microcapsules.
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