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Abstract This study investigated the effects of various process parameters on the productivity of
biodegradable PLA microbeads manufacturing process and the size of biodegradable PLA microbeads.
The process parameters considered are surfactant concentration, PLA concentration, and homomixer
rotation speed in the water phase. A new process for preparing the PLA microbeads was adopted in this
study. This process shortens the processing time by combining the key features of suspension
cross-linking and phase inversion emulsification techniques. First, the water phase dissolved with PVA
was homogenized at a high rotor rotation speed for the efficient dispersion of PVA surfactant. Next, this
homogenized water phase was brought to the oil phase, already dissolved with PLA and initiator. These
two phases were instantly mixed and underwent phase inversion and cross-linking simultaneously. This
work showed that Re < 22,000 is crucial for phase inversion stability. In addition to this phase inversion
stability, the high pumping capacity of the homomixer was proven to be crucial for the high yield of
microbeads. The effect of PLA concentration on microbead size and yield was also investigated but was

proved to be less significant than the flowability properties like Reynolds number and pumping capacity.
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71&9] WAzt Q17te] WOl floto] ETtAE 9] ALE
E7HsHA =X sige® fEe 2H7]9
60~80%% AHA|otH] ZepAE Y] ARG HA} S5t
£ FAIE Holi SIH1l. HithE f=le vt St
gHt} 3o APl EAE o= A2 5mm ©]
st9] A71E 7HE mAIEEAE ot Wid HITHE &
A== oF 9509 9] ZtAE F 15~31%S AA|oh=
NS EtAE2 - 2R 7|2 Qlste] slrAE| 7} of
291 S BEEC] Hol2 lste] HHE 7ol
3H2]. ol AFH o R FPAEA Q] HA7FAdT AL
w2 JRE 4HE B A7 AE dTFES
tt.
u]FA} (microbeads)= 3P¢HE, A2k, 59, T&, &
EARIGOIA B AHg = dAER HHFoR
uto] 32 T9j9] A& 7t ol wHA: SR,
Ak, HIE 2 AH§ Atga} Zo] &g Hoprf v ot

o

1__

MN o

&Fotal core-shell F+x0]7] wiiEo] 74d ¥ F7h&
=3 &4 BFL HI5l 2H6tE 7152 $3T

3], ©°]8%t microbeadst FZ Polyehtylene
(PE), Polystyrene (PS), Polypropylene (PP),
Polymethyl methacrylate (PMMA), nylone¥ Z-2
AF 716t A SEAIE ol-8ste] Ak 4= jloH,
oY ] FHYA=Z F/4d5= microbeads?t FAA
o7 Astal A3t Aoy FAEE YA 1% 2
< Aol tisto A&str] f7] el ¥ 22 5
Aol AFgHET vFERE] 32 AREAQ] SE AA
A olHgt AHo = Qlsf 7|&9 HA ATy AEE
ETtAE ATY AFOE A dASIATH4. EA=
o|ZA DAL oNA FHASH A== HEAE 1L
Z1740] 0.332~1.015mm= ¢ 22 F7]0]7] ufio]
SR 2ol A AR A Eotal R SHEAY ot
A} v g BREd5]. oA vitE #RE ugRt
52 54 248 &5 4 554 5 A ol A
S04 AFHE] APAA FFE 1A 5= A6l

olggt EAIFEY] tigteE HeE Ho| HiE BE
S HA FEAE ol&qt WHA ARolw AR,
polyester, @&, 2%} 5o JA0|t}7]. o]
A FEAE Bl nEAE Az A oA =
7t 7FsiAER 919 AT BARES AT &
At A FFA polyester A FoA= 7H A
20|11 A7} wo| Hoj AL A PLAR &<

3

o -
22 A

539

&, AR 59 100% A 7Hett dREEE g4
HoH8]. PLAE 953 71A1A A, BAZE, P&
A, 54 5o& QI8 9=, 3E, #7174, A& 52
Aol B QIeHA AREEE AAolTHIL.

vERHe] Az WL ook, A 71A
spray drying®t 22 71A14 ¥, coacervation 7|
T} 22 E95eky Wgo g vdd10]. olF E93et
A Al Bl FAPAS0] 41 vgAe] Exvt
gsto] BPFE, AlFE 9D ARG AA FRHYSHA AR
=2 QuoH11]. o] WL WA 24 (aqueous phase)
Woll 24 4 (oil phase)s #AMKA AFEE T

olZ cross-linking 3to] 113 W|PEAS LAst= wpy

2 el

olty. o]y3t coacervation 7|HS HEVIIH
(suspension crosslinking)¥} ®FARSPH  (phase
inversion emulsification, PIF) 52 XE3SIH3]. &

Hg2E §HEo

71 BE o] A4S BAMA
e 182 sttt dsvtn 7S A 9
e SRuAGoR 13 A § od A 9F
= AZAA PIBAE oA, wHReEE o
Aol 4 8] - H7IstAA 449 HlSol
Eo|HA QG4 o] EAMIC R HHAEE MR vy
A5 A&t Wit sRRshES a4 SRR
28082 U¥Ho] X &g, water-in-oil (W/O),
oil-in-water (O/W) 9] F7}4] o'dd Fefjolct. A WH

A W/0 L FHZ0] QUZ0 7 E=o| odA Al
2 9UF Yo 24tEo] & Heolt). o 4%
micelle 52 E3& THI YolA &4 HEHES
HpPZE A HE| BB o oz g g5l Qi) o] AL

oA 25 H7Isto] E59 S ¥ HA O/W
AHE v & A oEHY micelle & 29F
= R 3o, W/0oNA O/WLE HehE= 1750
Al micelle o] FHE HIFHOE AAE olF=
surfactant 9] &4 TE= FE, A5/ HeEs v
g FoHA HrH12l. ¥hgo] BE Ed & £ I
A B35S 7131712 U v1g A7 hollow BEfe] +
Foz A "ot dutzoz ubd {3lyo] A uH|Lof
oA #®Eo] woH FL PSD (particle size
distribution)¥] wHEAE AAsck dEHATH13],
g A Frlofopt A2 JA £XZE S 5
A01A[14,15] Tzl @ dRth= @] Qith

£ AFoAe Ao TEAR] 4R 089
of @ 7t} vhd /3PS J&Eole £ 389 o

e Hgslke WHoR nyAE Adste +&, vd
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2.1 A2F 2 M=

2 AYoAE HAA 53| % Poly (L-lactic acid)
£ 771 8l A3t g (Methylene chloride)oll =
o u]FRE R714 (organic phase)E AX3H3ct. 0]
W PLLA= ol sk 2AFol &2 LX575
(Total-Corbion) &, @3MEAL G4t A (EHE
FE ot ARgSelth 3 JiAAE= BPO
(Benzoyl peroxide, tiAs 13)E AR, WEA
35t Al AWEAAZE PVA (Poly vinyl alcohol
1500, H3k CP S#)E A&
e
AE Axske AP ¥EE, 71E9E WE
(Heating mantle), 715847, magnetic bar, 7%
g2 o2 d¥9 FE S vHE= 1L
£3F9] 37 FHEESATE ARSI e Higol A
P A 7198 WES ol&d A&H wyk I
A 255 FAGHA Tzl AExde wEt {71
FAAIRA PLASE AHE/IAIR] PVAY] & Alitsto] &
et 5 PLLAE 119] §Eg-x0 8ufiQl 143 mLo] H3}
Hgzo] -&siA|7]1aL o719 ZAAAQl BPOE 0.15 %
HEE FUHAth 42 PVAE BARS Qe S5
100 mL7} @11 H|A] &afiste] EH|sHTE PVAZLE 5
5ol 4] Balgt F, 259 SEA oI A (a1 &E4t
7], DAIHAN, HG-15A-set A, Silverson L4RT-A)S
ARgste] Zb7] B2 24 stoflA PVA 89& A8z
o dFshe SH&EERE 187 ZEs| WHA|A BAbE
R AAE FAAFT 239 SHEA oA FHA}
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(rotor) A2 AF 7121004 #AH 3%, 247 1.28
cm (DAIHAN, HG-15A-set A), 3 cm (Silverson
LART-A)E Ed2o] ARSIt 2 =RolAd= |l
Z47e] S RAUC|AE o]F A-type, B-type2E BT
3ok E4HE PVA &2 dsigdlo] &siE PLLA
£do] F7] BEexRo] HHs] Fof 71d WEolA §hs
AASIAT. ojnf ¥kg F ww £== 100 rpm, ¥
2L 305E A5t 2A7F B FAISHI
Fig. 1 o]" A9l A9 FS =451 7
o] Aol ArH & olE EHEZAY| &4 HEE
Iz SRS 4 |71 8WE BT BAE &Y
2 9F 45~60%9] Y FHZANA FFt] ARSI
71 &WlE AASHL, olF 3L o9 FHRFE
washing sto] JHF 771 8ot AASZAE AASH
T A% ofF AT odabE JR= ok 80k A7
7Azxsto] PLA Hlo]AE RS Atk

o
=

o
[e)

A type: 1.28 cm
B-type: 3cm
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Fig. 1. Illustration of experimental steps

2.3 A =
Ao AL Table 1~4 Zo] FAS EAA|7|=

SR FAREE PLAS f71d01A9 B%, PVA
9] £43o1X9 FEE M o]o] mE microbeads Y
A+ A7) WskE st oy, PLAY] & (w/w)e
dshEal 143 mLE 7]1%C&, PVAY B& (w/wE
7 2 100 mLE 7|82 2 A4lste] A5l
rotor 3A&EEE Table 1~37H]& A-type TEYA
9] JALE (rpm)S YEM I, Table 4= B-type &
HA ] AL E (rpm)S HERATH
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I 2] SEE Aug SYReRA Ans
ol 3Ee Lt Bgon] olF ste] Ostwald HEA

£ ARESHlt Ostwald F=Ale 44 Hojo A7t
g —4‘3}04 A Fof Efliges ol &851=
}1— HP/\]__E 251:,_01]/\-1 7P l"—E I:P 351_4
3].@13} & AR A E =451 gt
Q}Uﬂaﬁﬂ |iet SR 519
= QA 519]. o]FA &
EIJJr Fepgde M 3
sto] Agide %IE AU ict. AzE AR B
AT = Laser light scattering® Q& 0.01~3,500
mmZ7HA] 24 715351 nfo]32 JE=EA7](PSA, Malvern
Instruments LTD, MS 3000)2 &35ttt ESH
Aol FHiet 2718 FARIAADZE(SEM, JEOL-6510)
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Table 1. Process condition at different PLA
concentration
samples
PEES #1 #2 #3 #4 #5
PLA 5% 1% 3% 5% 7% 9%
PVA 5% 1%
RPM (A-type) 13,500
Table 2. Process condition at different PVA
concentration
samples
A8z #6 #7 #8 #9 #10
PLA 5% 5%
0.75 1.25
PVA 5% 0.5% o 1% % 1.5%
RPM (A-type) 13,500
Table 3. Process condition at different rotor
rotation speed
samples
A8z #11 #12 #13 #14 #15
PLA 5% 5%
PVA 5% 1%
~ 1080 1350 1620 1890
RPM (A-type) 8100 0 o o o

541

Table 4. Process condition at different rotor
rotation speed

samples
A8z #16 | #17 | #18 | #19 | #20 | #21
PLA 5% 5%
PVA 5% 1%
. 160 200 270 | 320 350 | 400
RPM (B-type) 0l ol ol ol ol o
3. 20 ¥
3.1 9 2L
Fig. 2 B4 vjga} 279 wske ek

sample #1 ~ #5= PLLA ¥%o] ©hE Q& WS H
o]F=d, PLLA 5%7F £od4E JAke] 3717t 571
S & 4 Qi) o] PLLA ko] 227 g4l 4
T} HolASE oY Ahg B4 Aoz HEkEler &
[EE 9504 oyA7t AH o2 FolA]7] dio|
P& Apo]=7t AR Ao Helth

Fig. 29] sample #6 ~ #10 oA o] Ax}ZHL
PVA 5&7t AZSLE oA AFE Ho|A|Th

sample #8 OJOIA L Afo] =7} gt HW@% w2
011:]- o]‘_—-_ _Q_oﬂ_g] 2—159,]_ 0:]:'_]-5]01 01‘7 3].0;]

section 3.3 modeling F&NA & AHA|5] =2J5H4ch.
Fig. 29] sample #11 ~ #15, sample #16 ~ #215&
Hed, 7} typed] T B4 SR&ER QIRE ARF 2149

—B=Sample #1 ~ #5
#10
so0 | =—e=Sample#11 ~#15
#21

—d—Sample #65 ~

Sample #16 ~

Mean particle diameter {pum)

N\ ;

— Sample number increase

. Mean diameter of PLLA microbeads produced
from different process conditions

Fig.
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Zpo)7h ESiskA] k2 Ao Z Holy I|[&LT) uf$-
L2 F7HAE (sample #15, #21) ¥AF A H0] 34
5| AXEZ E 4 Utk oA IR AR E vle F 7L
A 20 g 5= A, S AR AAY Ato]=7t
AX= Aot 22 A=Y B3, & IR FS 9T
AFo] WA Al BAHAS] BE7F EQFYSE H9-9] T 1A
7} Qltt. o]& AAI5] GotE 7] YA+ SEM olu|A &
%3] morphologyE Eojthg a7} 9lon, ol= ot
< 3.2 sectionA =2J5t=E Jict,

3.2 Morphology

Fig. 3= sample #1 ~ #21°] A AZ2] SEM ©o|0]
A& Hoj&oh AUt o g 3.2, sectionoA9 Y= &
322} Fig. 39 ofu|R|o| A 9] Y=} Afe]= H3Fgdo] LA
T E 5 Uk

Fig. 3(2)ollA] HXo] A5z PLLAANE B ¢
A} A7o] 7P} W2 S HolF7ls sHA AAHEY]
S3o] Ko, Hutdoz s FA9] Hg/dol d
oz B £ qltt. WA Fig. 3(b)~(e)ollA] HEO]
PLIA 7} 552 ST45E JAES] FEErt ot
A3 Afo| 27} F7FHe TS £ Sl ol AskY
PLLACIA] Y4A19] Halol] EAI7F A7) o0& Kl
PLLA 1 %= PVAE ZFets 479 F=Apol7t 7}
7 @2 MEZ A micelle 4ol glolAl Az xfo]7}
ojL & Fojx]ojof o] Hito] Lolgt AL 4
o S Uk

UA P BE AT HoERo], AFE] PVA
o5l Y&} Ato]=7t FA5] Aok ATE HoYT
Fig. 3(D%} Fig. 3(@~()E vlws] 2H ol A=t
AAJsH=t, PVA 0.5%1 sid== Fig. 3() ol 4=
Ato]27F FA45] AZE & 4 Slrh §HA Fig. 3(e)~()
oA EXo], PVA 3go] EobdasE QRES Buvt
AR DA EAMYE7E FETE B 5 Utk
A} Afol2e A JEEE AT E HoHRol, PVA
1.0 %25H HoiAs AT BRItk 0|24 B &
2] o|iFe] BAA|Y] FollA YAt Ato] =& WA
doiRlE & 4= Sk

Fig. 3(k~(0)= ZEA MLl e =9 o]
t]ZE Blwglt}. o]F oJu]|A|oA] Kol w2 HAL
O] Y YA Afo] 204 F AlolE & & YA 2
A FA%EQ Fig. 30 A A=Y AH7E Bt
11, o] opd H12A 1L E2 A7t wol upgrz| gt
2AxACE Ho|A| k=t o|FA YA} FFo| of

JLEURN

d BF d=AolM= B ST HgE A& Alo]=
T Hojk, A4 go] 9 v 5 ok 2T 7t
7R RSOl WEE 8o] Word Zog AidEe
o, &of T A= section 3.5004 ZpA|3] =olgict.
@A PVA 4tk 9t TRYA LTI 22 F
oA JAE AR = 8RS F 7K 7L W
o] =93], Fig. 3(0)3} Fig. 3(WE W & 5 old
BFUA = 7hsolitt. JAF AA7E AR= Zo] ofd
PAE] TRer Q8| YA ATolA FE YA
7ol AX ALoR HRIt} o] 1% EAGEoA
ALY S S5 e w2 A3 o= Qs PVA
micelle®] &M 02 AR o|fFE AEE &
ARk, 15902 gE & 7 Ao] Wit Fof| micelle 7
27t AuiAE Zoleg FgstHor d5Ho] F=5)
ot 25]2 PVA micelle°] - 2] &4t AdEiolA
I 730l oA 7haL Bk AR Al REA o= A4
HE H250] FAIHA ol @ido] BEHE Aow
B Zo] ggsltta Zot. oo gk WAUEE 3.3
Modeling sectionol4] SHH0E FEE 3t}
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Fig. 3. SEM images (x500) of (a) sample #1 (b)
sample #2 (c) sample #3 (d) sample #4 (e)
sample #5 (f) sample #6 (g) sample #7 (h)
sample #8 (i) sample #9 (j) sample #10 (k)
sample #11 (I) sample #12 (m) sample #13
(n) sample #14 (o) sample #15 (p) sample
#16 (q) sample #17 (r) sample #18 (s) sample
#19 (1) sample #20 (u) sample #21

3.3 Modeling

2 =RoME ¥4 Aatt 7HEE o g QA A
o|zet §A| AT JHEAE vl RdS A6
stct. PVAZE 831 4 (aqueous phase)ihe S
Mz BAAZ f 7] Ipkez Qg olsRsys
Eq.(D3} o] 28T 4= 9ot

2
. — pND

R D

o714 p¥ PVA $899] Wi (kg/m’), N& R4
FALE (s, DE 420, & AR 7 (m), p
L PVA 899 H: (Pas)E Qulsit} 7|4 =&
o] Wil ALeo]A PVAS Wik (1.2~1.3 g/cm’)2}
£9] W%(1.0 g/cm’)7}F BB PVA H7bFo] 1.5 %
ojgtz wujetRE Eo] WrE ojfsiyrt. M+
Table 59 2JAEH ATE thUst] Re ghZ AKX
Wlth o714 Re Alktol] SlojA 523t 4449 =4k
Z0°| 90o]A shear thinning effect® I2{5}A] ot
HeA 95 S 7H $ Ut Gao et al[16] PVA 4=
BN [HEH AFS A7F=tl, IE°| HAES
PVA 894 HE5 7M 22 5571 10 % e o]
BEolA ZAE 1 rad/s, & 9.6 rpmol| HFEHE=
shear rate?|A%#E Newtonian A5& EY Fx==2
shear thinning®] J&F2 H|stAct. & Aol &
&% IJA&EE 24 1600 rpm olFolH, 7Kgt
PVA =% @R WYOoHUF shear thinning &72 F
Aldle 4 #2082 wgdt X3 =2 rpmolA
shear thinning 235 &%sk= A A7 E7Fssk2

543

2, BAGIAL HE 9o SREA A5 2719 Re
ahe Tlzos g

Table 5. Viscosity of aqueous and oil phase for
each concentration.

sample# #1 #2 #3 #4 #5
aqueous phase | 55 | 21.8 | 61.0 | 1553
viscosity (cP)

sample# #6 #7 #8 #9 #10

oil phase
viscosity (cP) 1.4 1.7 2.1 2.5 3.4

Equation (1)ollA #&H glolsx &= £H9 M4
o] dst= 554S Uehlls FAESolt & #o
2 37 ALASE I Y tR E 4A8E0] B
4Jo] 4= o] AFOoZ PVAS] BAPY =7 FolA| 1,
Fig. 404 AAlok= PVA micelle ©] © A 34E
ZAoZ ot 4= 9t} Fig. 4(a)= 8 AollA PVA
9] micelle B& TAISE Zoloh. #RA] A9t L2
A9 PVAS] -OH 2Hg7| 782 A5 F97} v
O & Ffdl= o]FT FZRE micelleE0] F4HE Aol
EE PVAE TEA BiAo|lB g A4 2= Fig. 401
TSt PAET A o BT 122 49 A2 A
o|A|qt, EX|oJA= 7HEsto] Aot s it

Fig. 4(b)= TLYA A& IE PVA micelle
Alo]z WEE HolEth & DS &2
micelle © &4 ZWAEZ 5to] 22 micelle 2343
oz AZHE Ao|t} Fig. 4(0)= 4T 2YAJo] Ho]
] Z7tuRkgo] AR uff $44-0.d AFo] BAMY v
2014l micelle Ale]= Zo]7} ojHgt HAUS Alol&
7tAEA] HojF= A Eolt) &9 & micelleR 2
o] AR = B Hlud HHE FES] §on A
o] ¥HAg ZACoE 7EHY, TEYAY IJH&LT &
OFXHA] PVA micelleo] ZolAHA @ Uito] AXE
£ 4 1, 35808 IHEET B JXE A3l
o] micelle ©] & ZtolAH AgHE A7t micelleo] 3
e 25 e o] EYZoR offg A vkl &
FgsHAl dold A= oidHr. Fig. 409 viA=
RAET} o]2|3k A4S HolF=t|, o|gA ERPHsHA
A Bdo] AP 2 =78 54 & Bolgvt B
el A0E =549tk A8 0g 49 ¥k (phase
inversion)o] ELASH] <dojv= =M w4

(incomplete phase inversion)2& QU3 YAE9 &
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=

Zo] Yol Zo g Holu, o]gA FHH 27| IAE
2 ©]% PVA9| micelle o] FHsIHA g4 E2H
AFE FEo| o A4FE FFetal, -OH 2h87] F&2o] =4
S otdA] ARkdol &g Aol

HhHo]| 7]29] HEIY (suspension cross-linking)]
$= -9 F Y AL AT E 94
O & & FARSH] wiio] Zi= ARl o=
Hag]o] qiot. o] HL HELI} EoHdSE o &2
YRS dojul= Ao E d&A QI=Hl17], ol= 4=
8 ol 2 A Al FEAto] 7] wfiZo] 2 =
oA Aok W A8 o 37 wIAHUEth

lo

|

o

ol

@ 9909,
i
el

b

O 0O

Rotationspeed T

Rotation
speed T

Rotation speed increase
abovethreshold

Fig. 4. Illustration of (a) PVA double layer micelle in
water phase (b) PVA micelle size transition at
high dispersion speed (c) Suggestion of
mechanism on how the phase inversion
occurs at low rotation speed and at high
rotation speed.

Fig. 5= sample #6~#21 PVA $8H9] Re kol u}
2 ¥ 4 FF #2 plot g ZIolt}h sample
#1~#55 ALzt ol o] #HY 2 A9
=R Halsly PVA 5k 9 KT = #M3t ¢l
o] Re #o] 47st7] Woltt. Fig. 571 Kol Bt
YA} Afo]2E= W2 Re Frolle A dFE @A Y1

— 1 R

I = O
%‘E‘Et‘
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o

1A FAIES7E 22 Re grolA
£ & Atk o] plotg B34 & &
2,000 -9 gk ofstollA dsoF APt AR Ato]
A& 5 e, o] gk ool E FH A IA
YA Afolzet PR RS AL = Ak Aol
- TEbA HAekd mgA AiEgE fisiade PVA
& Re < 22,000 oJstollA 235 E AR

=
o
=

st

pal

[\S)
o

-

¢

¥ o (N

&

Mean particle diameter {(my}

15000 20000 25000 30000

Re number

Fig. 5. Mean particle diameter vs. Reynolds number
of water phase.

3.4 vyield
F82 A9 7)o FUS PLA A o] £5%

PLA "EA AFE HAE HEE A4 diolch
Fig. 62 Z} ME9] && Blu3it} T8 & Blus|
HY £80] PLA 5%, PVA kol 25 JFS ¢o
H, PLAY] &9 A9+= HY 5% "7t = AL
2 HQIt} Sample #1 ~ #5914 sample #4, &
PLA 7 %l si3== PLAS] koA 10| a2 B
olEt. PLA ko] e &9 Aol 33 U A
Ate]€] Z&Apolof 7]Q15k= AL HRlt} PLAE 2
ol QY A1 Hr 7} Eobd4E phase inversion A
o @2 o|A7F Zasto] R}t Ao EHT AL
2 Hol, ¥ifg & A7) H& Aozt A9 gAY
2358 oY Ao Mrrt o Z& B, A £ AA
£ FAY driving force?} WobA o] E3St phase
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