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volume fraction of particle phase
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Fig.1-1. Experimental apparatus for batch operation
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Fig.1-2. Experimental setup for continuous flow operation ; (1) CSTR, (2) stirrer,
(3) peristaltic pump, (4) thermocouple, (5) N, gas vessel, (6) monomer
tank, (7) initiator & emulsifier tank, (8) mV recorder, (9) sampling

collector, (10) temperature-controlled water tank
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Table 1-1 Recipe of emulsion polymerization

(A) Batch operation

Reagent

Quantity

Distilled water

300 ml

Vinyl acetate monomer

Sodium dodecyl sulfate

31.45 g (/290ml-emulsified solution)
0.2005 g (/290ml-emulsified solution)

Ammonium peroxodisulfate 0.3337 g (/10ml-water)

(B) Continuous flow operation

Reagent Quantity
Initial content of CSTR  Distilled water 164 ml
Vinyl acetate monomer 23 ml
Sodium dodecyl sulfate 0.138 g

Initiator solution

Ammonium peroxodisulfate  0.218 g (/10ml-water)

Initiator & Distilled water 4,000 ml
emulsifier solution tank  Vinyl acetate monomer 30g

Sodium dodecyl sulfate 50g
Monomer tank Vinyl acetate monomer 500 ml (=466 g)
Emulsifier concentration in CSTR 0.0026 kmol/m*

(CMC : 0.008 kmol/m?)

Anticatalyst

Hydroquinone 1.0 g (/100 ml-water)

Coagulant

Sodium sulfate decahydrate 200 g (/100 ml-water)
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Table 1-2 Experimental condition for continuous flow operation

Experimental temperature (at steady state) 55+0.5C
Mean residence time 27.2 min
Feed rate of vinyl acetate monomer 0.8 ml/min
Feed rate of aqueous solution of initiator and emulsifier 6.4 ml/min
Stirrer rotational speed for aqueous solution of initiator
200rpm
and emulsifier
Temperature of aqueous solution of initiator and emulsifier 55 C
The rotational speed of the stirrer in CSTR 500rpm, 600rpm,

700rpm, 800rpm
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Fig.1-3. Temporal variation of monomer conversion and reaction temperature

obtained by batch operation
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Fig.1-4. Temporal variation of polymer particle size distributions given by a
laser-diffraction particle-size analyzer (left column) and a centrifugal

particle-size analyzer (right column) . (Batch operation : stirrer =

600rpm, controlled reaction temperature = 55°C)

L—PEFRBE SR OBE FRAN 0.1lum TH B —F ., EOILELE
HEHOPE LBRBAN 0.lum THDHZ &I LD, KIGBZETLTH, HALFB X
UBBAITEFE L TR, ERETH., | FERBELTLHET S 1 KK+ O
M COBEEIRE 2hot, ZOHRADRRMFENK 0.2~03um T, T 0K

25



FEP, BENPEBETICHE L I REFOBRARFELEZL LN D, 600rpm
DEEONMEHETHLEHE /) ~—HE 0.4um & OB OZDIZ, FET T A
P—Tho bbbt Lz~ ay BT/ ~—HBRIIAETET, L—
VEIFRBLE LA FHORERRAL F<0.lym ThHotr) 2MHAA T, FHFEOE
BREATOTEN.TT v 7 AR FROMAMITIFIEAEEDLLT NIGEEIINZ -
THOLETLE, THEDVE/ ~—FH2OKEFR~DE ) ~— OEMHPEHEE
BTRVWZ EPmIEINT,

3.2. EBMEORIGEHN

SEBELFCEREELOFEEZ, £iBOFHERRM (27.2min) T, EFEARY
WAL, RU S5CORMRE TEARIGEITo R, HBKOE VT,
Fig1-5 D L 5 RfERZB I, HBELIEWAFBOTHTIEH 508, LRI
WHRER 2D, REBREBERIEILERZVWZ ERbhot, £/, AUEEET
SR BDOE ) ~—HEP/NIWFIRETFEHARIELS 22EMBIRBD LI
D, LML /INEZWE = —ERD 700rpm [2.422pm] DA D ERL R A3, 800rpm
[2.712um] OHFA LY TIHTED, HABRFEL TW5H, HEHEN 500rpm
DFE DV —FEIFr R E A CRIE L, BB oM OB E % Fig.1-6
(R, Figl-5 R TEXOIC. BEARICEENIZE—EDEFRETH-TH,
PLFBERFAIRESEBALTNDZ EBb2 D, B 90min £ TiX, 0.2
~0wmuT®%wﬂ%%%@®1ﬁﬁ%®ﬁm BRI AER I N TE Y, KL

BombERRELVWZS, LaL, KIGHEHE 120min (2725 &, RAR
%%Q%ﬂ&mﬂ&otlﬁﬁ%%vlbf2ﬁﬁ¥@ﬁ§ﬁﬁi5‘?@b

R R RAEICLVAERT A ) I~ —FREHICHFHLE S &3
DEHBLFH. 1 WRLF LR BEFIT, @m%:k%ﬁzmﬁ%iﬁ’ﬁm-&%
T5, ZOEDIC, V—YEIFTRXBESMEH THRE LR TR 0mIX, bR
MAT vy PTRICEAT 20T RERMICELL, SHAOFLBHFRIZ
FLUTITE, | RELFORFREHIZITRFBEFEEL 2V, 260min (2725 &,
2WALFIX lpm A DR FREIZRY, ThHUERESEFRLARVWTERER
BEKTTS, KIGEIE CSTR THEHZDOT, ZOH, REBE®D 2 KK ¥t

26



--- 500rpm [0.460pum] B 600rpm [12.308pum]
A 700rpm [2.422um] @® 700rpm [0.695um]
€ 800rpm [1.364um] + 800rpm [2.712um)]

T

A\

‘\+———+_‘~~+__+

-
loe

Conversion[%]

1 1 2
100 200 300
Reaction time [min]
Fig.1-5. Temporal variation of monomer conversion obtained by continuous flow

operation for various revolution numbers with the mean diameters of

initially emulsified monomer droplets given in the square brackets
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Fig.1-6. Temporal variation of polymer particle size distributions obtained by
continuous flow operation measured with a laser-diffraction particle-
size analyzer (Experimental condition : stirrer rotation = 500rpm, mean

residence time = 27.2min, controlled temperature = 55°C)
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Fig.1-7. Temporal variation of mean size of polymer particles observed at various
revolution numbers. The initial mean diameters of emulsified monomer

droplets are given in the brackets.
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Fig.1-8. TEM microphotographs of polymer particles sampled at 120, 160, 260
and 280 min. The experiment condition is the same as in Fig.1-6. (The
scale of 1um shown can be approximately referred commonly in each

photograph.)
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Fig.1-9. Molecular weight distribution of vinyl acetate polymer obtained at
reaction time 60, 160, 260 and 280 min. The experimental condition is

the same as in Fig.1-6.
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Table2-1 Value of parameters

Parameter Value Parameter Value
Piotal 4000 M 12000—40000
e 50—70 N 1
Adc 27 C 6
dmax 200
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Fig.2-2. Experimentally obtained mean diameter as function of nondimensional
time obtained by dividing by mean residence time: rotational speed of

impeller 300 rpm: mean residence time 20.0 min
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Fig.2-3. Numerically obtained mean diameter as a function of nondimensional

time at Adc =27, =50, and M = 40000 ; a) two particle collision model

and b) multi-particle collision model
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Fig. 2-4. TEM photograph of latex particles of polyvinyl acetate
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Fig.2-5. Time variation of PSD in experiment of Fig.2-2
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Fig.2-6. Time variation of PSD in numerical result of Fig.2-3
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Piotal
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aggregation parameter

particle diameter

: diameter of larger particle

maximum size of particle diameter
diameter of smaller particle
residence time distribution
constant

number of repetitions

total number of tanks

: total number of particles

probability of discharge of particles
random number

total amount of surfactant

reaction time

reaction time in model

growth rate of particle diameter
critical value of particle diameter
constant volumetric growth rate
mean residence time in model

mean residence time in experiment
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Fig.3-2. Experimental setup ; (1) CSTR, (2) stirrer, (3) peristaltic pump, (4)

thermocouple, (5) N, gas vessel, (6) monomer tank, (7) initiator &

emulsifier tank,

temperature-controlled water tank, (11) computer

(8) mV recorder, (9) sampling collector, (10)

Table 3-1 Recipe of continuous emulsion polymerization

Reagent

Quantity

(A)lInitial content of CSTR

Distilled water
Vinyl acetate monomer

Sodium dodecyl sulfate

164 ml
22 ml
0.131 g

(B)Initiator solution

Ammonium peroxodisulfate

0.218 g (/10ml-water)

(C)Initiator &

emulsifier solution tank

Distilled water
Vinyl acetate monomer

Sodium dodecyl sulfate

4,000 ml
3g
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(D)Monomer tank

Vinyl acetate monomer

600 ml
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Fig.3-3. Effect of mean residence time on monomer conversion (time-averaged)

for steady-state operation
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Fig.3-4. Effect of stepwise switching on mean residence time. The shorter vertical
dotted lines at 120 min show switching points of the mean residence time,
and the longer dotted line shows variation of the reaction temperature.

(a) 71=27.2 min and 7,;=19.8 min and (b) 7,=27.2 min and 7,=13.6 min

e R £ & 7,=27.2min 2> 5 7r,=13.6min, 19.8min ~AX 7 v FHIC LI S

HIEBEEDE ) v —i b ROBEME % Fig3-4 12”77, 19.8min ~ZEfk I ¥ 7
BE. EFEEBECEERENRBILRVEEZLLPPDLT, £/ v —dx{LE
OWLiZo TNz EEY, RWMEER -T2, RIGREIZSWVWTY, D
TORBETERDONTR  —EOELHEF Uiz, — 77 FH IR H % 13.6min
~ELERTEEE, T v —EEEIIHN30%E TR L, RSRE b BEICE
THRED LT,

56



8- e e
60- °o®
S a0 ]
S o© 1
2w0- o i

I -

¥ *4° 30

z [min ]
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the stepwise switching operation. Black-marked points are the averaged

monomer conversions for the steady-state operation shown in Fig.3-2.
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Fig.3-6. Time-dependent PSDs of latex particles obtained by stepwise switching
operation. (a) 7,=27.2 min and 7,=19.8 min and (b) 7,=27.2 min and

T 2=13.6 min
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Fig.3-7. Effect of amplitude of switching on the temporal variation of monomer
conversion. The shorter vertical dotted lines show switching points of the
mean residence time, and the longer dotted line shows variation of the
reaction temperature. The switching interval was fixed at 60 min. (a)

71=27.2 min and 7,=18.1 min and (b) 7,=27.2 min and 7,=13.6 min
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Fig.3-8. Effect of switching time interval on the temporal variation of monomer
conversion. The higher and lower mean residence times were fixed at 7,
=27.2 min and 7, =18.1 min, respectively. Switching intervals are (a) 30,

(b) 45, and (c¢) 60 min, respectively.
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Fig.3-10. Time variation of monomer conversion and time-dependent PSDs of
latex particles at black-marked data points. The periodic switching
condition was 7:=27.2 min and 7,=19.8 min with a constant interval of

60 min.
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Fig.3-11. TEM photographs of latex particles obtained at the same loci as the
PSDs, parts a~d (200~260 min) in Fig.3-10

65



5. f5 ol

AETIX, FFBBt =LV OEBGALCES IR IT DR FESMERIE TS0
FEFBREELZRELE, ZOFEOERa VBT M, ok RIlBWTAE
Co#MEHEELRAT 2L TH D, Eﬁi‘ﬁ.‘a{/ﬁc:ﬁu\ﬂ%t‘onk:&/—v—;ﬁfzﬂ:
L, FRHH B R v =22min Z 52 AFIE 0% 5K 60%~AWIC LR T
b EBbholz, JPi’J(%%H#F‘ﬂ%Eu\ﬁsz%w\ji/\xr/7°B’J B ¥
A EERREBLEREBOEYE ) ~—H{bRiT, LB B FHE 7 ,=18min
EEICLT, KEL<@EAHLE, LrL, £/ v—&/EIT, 10min O X5 72h
ROEVWERHEERRA~ABLLEIREHEETIZL, 0%ITIEED LghroTe, T
EWRBENPDORD L, AT v THBEEEZTOIZLICEY, BROEFEREL
VLRV ENEYEERROGEICEVY T, ERACES I ROICER T
HZENFRETH D,

FEEEEEIZ LY, %/v—iﬂt%ﬁc:ﬁ,ﬁ;ﬁ#ﬁ%%ﬁ*ﬁ“ ENRTER, T
BEERLV LS CEVANTE/LLIREDZ L RLFESMITE
< —E{LROBENCER L TEL Lz, AYBREEICLY., FHHERROR
IIEB LA Z ERICHAB TSI ZLICI > T, MTRSMAEHIBE TE 58
Hr R Lz, £, MFEEEST TRIEBEN, CMCUTORKETIZE
WTHIFROFICEEEEZDZEDBAEAMRICID o T,

66



ERARS

particle population based on volumetric occupation [-]
T : reaction temperature [K]
t : reaction time [s]
X : monomer conversion [%]
7 . mean residence time [s]

7. : critical mean residence time in the time-independent steady operation  [s]

7. : critical mean residence time in the stepwise switching operation [s]
71 . higher mean residence time in the periodic switching operation [s]
7, : lower mean residence time in the periodic switching operation [s]
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Fig.4-1. Experimental setup ; (1) CSTR, (2) stirrer, (3) peristaltic pump, (4)

thermocouple, (5) N, gas vessel, (6) monomer tank, (7) initiator &
emulsifier tank, (8) mV recorder, (9) sampling collector, (10)

temperature-controlled water tank
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Fig.4-3. Time variations of monomer conversion and reaction temperature
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Fig.4-5. TEM photographs of latex particles obtained at the same loci as the PSDs
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Fig.5-1. Experimental setup ; (1) monomer tank, (2) N; gas vessel, (3) initiator &

emulsifier tank, (4) stirrer, (5) peristaltic pump, (6) first CSTR, (7)

second CSTR, (8) sampling collector,

temperature-controlled water tank

thermocouple, (10)

Table 5-1 Recipe of continuous emulsion polymerization

Reagent Quantity
(A)Initial content of reactor Distilled water 164 ml
Vinyl acetate monomer 22 ml
Sodium dodecyl sulfate 0.131 g

(B)Initiator solution Ammonium peroxodisulfate ~ 0.218 g (/10ml-water)
(C)Initiator and Distilled water 4,000 ml
emulsifier solution tank Vinyl acetate monomer 3g
Sodium dodecyl sulfate 5g
(D)Monomer tank Vinyl acetate monomer 500 ml
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Table 5-2 Summary of the experiment carried out in a continuous stirred tank

reactor
Run Rotational speed of impeller [rpm] Mean residence
N; (1* reactor) N, (2™ reactor) Time : 7 [min]
A 150 190 54.4
B 150 300 54.4
C 300 300 544
D 300 300 43.4

Thy, SELVNTORIGOEELRET S22, BRIEBALVRE (0.008
kmol/m®) LV bRV EVEBECERE L, —ENEBCE-RHBLIUE
oD EY TV 7 (7Y EER Imin BLN) L, FLEFITH
e RFax /) reEMaEsELEE, BEFATHLIHEAET VI =V A () N
KFnd (2.5kg/m’) ZMMx, BELLTIT v 7 AR Tk, EEZHET
HréwckvE/) v—EREFQUELE, 77 v 7 ARFORFELSMITL—
YR T 2ORLE A 5t & AW CHRIGE L 72,

Table5-2 1Z/R 3 X 912, EHHEKHEIL 43.4min X' 54.4min, HEHFEIX
150rpm > 5 300rpm [ZFHE L, ER LT -7,

SHRLER

3.1. EBBOER

Fig.5-2 (2, EH#EEFRE 54.4min (BT B F /) v —BHRIIHTHHBED
EELRT, B OEBLEN 150rpm, F _EOHEBID 190rpm (Run A) 12
BWT, E-HOoT ) ~—8BLRIEINI0%THoTz, LL., HBEMP L BHIZ
300pm (Run C) DFAHITIX, £/ v — BRI 0% U LIC LR LT, LR
BErAVWE | HOLOEGHAESOHE. R UEREMLETIZEWT 150rpm
TEREIToEHER, T/ v —EHERITHN20%TH o7,
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Fig.5-2. Effect of the rotational speed of an impeller on monomer conversion (r=
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Fig.5-6. Standard deviation of particle size in Run D as a function of time
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d . particle diameter

P : particle population based on volumetric occupation
N : rotational speed of the impeller of the first reactor
N, : rotational speed of the impeller of the second reactor
T : mean residence time
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