BhpEs 1512

i~ A0 7 7 2R U R OB BT

Shi BB

WERRF KRG S AT 7 AT AW

B B RAREIIATIC Lo TSRO B A A T AEER R - Thd, i EAHET 2 FELL TR
SRR EIRDFAEL TODD, I T~ A7 afi g E2FI R 3 285501 B ShQnd, v/ 7afitgicsnwad, 20
TR BN SR M2 i b T D LI IO TEWRAMEREE D ENTED, v A7 it B ITELE D N SN ENH K
RDHDH, i B/ IE T EA KT HFIEEL ORI~ A 7 a it AR RSN CD, AT, H{LT R
U LOBEVEIEARTE, TR~ A 7 aii i AR H L CEMBL, HOKEmON e s i+ 5284 HiE L,

T, A7 B LOVERIER ~ A 7 2l i OIRAMERE DTN A AT o 7o, ~ A7 iR 31T DIt o AL 5%
1To7-LZ A, IRAMRDIEDH R EES I BT MM bz, £, EIEHFICRURERITAZ LIS TH
IRATEREDUGENR AOLNDT ENRINT, RIER~ A7 i BT DAL, ETMNOBIEY 2L —ray
IZ Lo ThEtE D 7=, IR IRBEA TN 5720, 1238 DR MK A6 OREYE R =2 B L, ZOEITIRS
PEREN BV E XTI/ NSz /R, ~ A7 iR D54 LRI A RS DIc o CRAMEREDS M L L7, £
7o, VRPN IZIE IO IA A 3 T TN A SLNVS A LR A MERED — @ M L322 L s, ZIHOM M,
IRA YRR A AVBN TWAE TE— F o a~ U Wb E VT EZRIZE > Th g E T,

BVRIAAHT EBRIZIB W TUE, B —, v A/, YEEN -~ A7l o 3 A, fERE kUi, Biatel
T ) — W, MKORFIKIERE TS ) — N E AWT, ~ A7l CORRIEEREZITHOE, FIENKLL
HUTe, 22T, BIsEEL Thlik7e=® /—LTlidzed, 80 vol %D =X ) — )L KIRHRE AW CEBRE I T2 25, [HZE
R CELHZEDIRENTZ, v A7 it a W TR ST 21T L, ©— I —% W358 I~ TG TR 3
FORi o TR DGO, TR~ A 70k A 2358128V T RIBROBE M AN bz, YRR A A 3 HRER
AP A ERES BN, LT RID AR DR REB L OV iR A /NS T 5DIZRb A Th -T2,

R E 2 RESDIETHELL Y,
MEANZ LSRRI AL L TIT, BEEST 5

1. %
BB D SWE &R -7 fE b B 92 i 3D TF

S i

HTHD, O MRER2NE L TUIRR A BT
SND, R ZHET 5720121, WAL E OFIE AN EH
B ThD, MBS CIIFR AR LA KL,
P72 FE K EITH/ELNDZENNHDIL TS, iEALF
REEZAED T FIREL TRV DD D FRERH DD, %
OHYL R, WHETEITES e, ZAUT AR EOR
FERAFHED /NS DDDTH D, TEMNTIIARICLDR
i CiB AR REL LA ST H S DT ST 3 — %I
HAWHI TS, B3I CIIEME PV LT DT,

ZHND, BB T, BIAEETHHKICAIEZEA
fRSE TR, FIARETHET Va— Vil e KE
(CHINT DL TROIEBEL L COREN AR T SEik %
FrHEE 580 Thd, —MICBIEKEBIRBEEDIRA

EARETDHE, BMEFELRKETHILENTED, SH
IR SATICB W, IRAEELX B RICE (L TER
X, B fESORIEE B RICHIETE5EE 25, LL,
— R OF AR -V CTRBBAAIT21TO &, BIRIA
RER CH— ISR T D2 MR EE L2 T2, Endlc K

-111 -



BOBRBEATINT HZENTERNZD, KB R
I XN 72D,

ZZTAMIETIL, FERObREE L TR Esh,
BEICE A EbED BN TS~ A7) T 78 Vg LT
BB AATV, B O RIAE A O W et A R
HZEELTe, =AY T 72 IXREEN 1 mm J5iIEON
¥ (A 70 i) TSN LR EE THY, A
— & — LU T OER ] COWMRIES D FTRETHDH LD Fr
WEAL TS, KAER 22 LR 7R R A OBREL
EATOZENTEDLEVI RN H DL, Es 2 514
TCORIER, ARG ORE BRI L5 SOSILER H]
L2 EORNREPHERRS N TRY, KISEEEL TOIRHN
FRELTHEA TS,

~ AT I HI~ A7 i TSIV TWATCD,
TEEAICIE T BT I TR B 2 RSB D H DS
PCThD, BFIL, BEO~Ara)T7 7225 bEE5
FIE(F VT Ty 7 ) BRSNS, L LEfli7R~
Ao VT 7B EZENDOII R E/e D — A b
TW5,

Fx OMEETIIRENIEZ LR HIZFHBLTEE~
Aa YT IREUT, WER~ AT 72 EREL T
%Y = ya )T I RZB N TRA SNA TR E2E 3
LHEREF MERZ THLHE, mEEA LW ST R R
FACES R ORI HEIZ SN DL O D, TE D
SHEIZIZHEVEEIN N ETEIND, ZOTEIFKFE
FHEOFENR 1 mm A —F—LUiFE, TE S HO]

il; Smm

5
omm 15mm

Smm
Smm

Ea RESTHLNPBEAIE R TED W REMEZRL TV
@ R~ A )T I 21E, BLEDOIHTT AR R DS
REWIREE (RIER~ A7 i) ZiEH Lo~ A27a)7T
I BEFET . SRR 19 4R IZIZNEDO O 3B 4321F, 1,000
t/yr OIS ] REZRIRIE AL~ A /v )T 7 2 DR GE T
LTCW5(2), SLICEIER~ A 70T 72D WNERIZHHE
REN0IAI IR EZFRTTIZY, A LS T3 524 T,
RAHEEZRIE CELI L RIRSNTND Y,

PLED X570 FT S, RIFETIE, BIEOEWE
BEARHTIZ R T D EVEBHR AR OB L RIES -~ A7
2t OB E O A D DL LT,

2. IO RBEAV-RBIEO BT ERENT

FT AT I 8% RO BIEBEO SRS SR
DRI FT IOV CHREE T T2, ~A7a)T
7213 EEZ30 mm, 870 mm, JEX2 mm O7 ZUVARER
BREUTHIW, FERIL72, FERICIEWTITET, 1 o772
VLD blc~Arna~y =72 — (PMT #h:
MICRO-MC?2 Light) Clig 0.5 mm, £ 0.5 mm Oif%Y)
HI L7, WD AV D=8 D RAFRIT =R DT 7V AR
ZREL, IhborEREDE T 1200CThlEStE, <1
oa )7 ralUT-, R IZZEDO~HEZRT,

FT, VERLTZR I DIRAVERB A R 35 B a1T-
720 ZHUCIE R AE ThD=a—a s VKRR E
L, Zhuek (M) LARAL CTRFEONMEBILEL,
NVR T W TENENDNL R E ~ A7 i & 1T

Smm LB
5
= ——] Smm
30mm ™ 10 15mm
- Smm
' ' Smm
- . mr
30mn 10mm Smm
TFE TE

H1. (ERL e~ Aomfitgo~E (T 58~ Ara) 728, 2 iR A DT=b D IREA R T2T 7IVAR, 45

IR Ao~ A7 aifiti)

-112 -



BAL, B E R LI RO —# & R21TR” T, 20
FEERTITmARLBIZFEE THRL TV, TR0
TRAROFREDN 4 mL/min TH-o2HA121E, =2—a7y
Y DOFEADGREED DO A BEES, IREDEITLT
WRWZED RSz, ZAUEEEDY 4 mL/min LA FC
LA CH -T2, 5 mL/min BLEETHER2(F) DL
BBITIRADEITL, =2—a7 U AMERL TODEE
FHBIEES T, BIBITIE, BIAROEEAY 1 mL/min T
BOGEITONWT, B EZ A T 5~ A 7miiigicsiT s
Sa—alY  OYEREB A BIE LR R AR T, T E
DI NEWZH B LT HRAIDO R RIZB W TR ELI
MO TS, ZOSRMIZB W THRAR N B TLE DR AD
ARURIZETHETORREIL0.038 s THY, Fh&2HE %25
ZL TR COIRG A R CEDHT LN RS,

YL EDIRAMEREE A T~ A7tz W CRED

4

BRI NTZAT o Tz, BTABEL =¥/ — & fviz,
FP S — L KIRIE DO E LA T NI DOVERREE D
BRI AKAEE T,

y =0.0004x2- 0.106x + 6.0719

0 20 40 60 80 100
T & ) —NOREvol%]

B4, SHRHMRIE L5 ) — VKU IR L O BAR

AR |
X 3. A 2E T~ A 7 OB R (L AW, A L1 FEORUR, £ F2FBOUR, A F:3%&H
DRUR, FL BT A FAES 1 mL/min)

-113 -



ARG LT R ORISR E =5 ) — VKRR & T T
PRI, o FRsds T FRIBI ORI EZA 5
~ A7 CREB AT O TR AT T, Mikiemz )
—VEBIRBEE L THWA LRI S PAZE T HIEN AT
Teo ZTT, AWEORNEZFE T 578, =& 7 —/LK
W B E LT, TOREZFHES T2 TER
OB EZHIBE LI, TORERT Y ) — VRN 90
vol %LL 272 B EEAZENAEL 70 vol %LL T Cidfimm
IFEAEB/FLNIRNZEN DT, £2T, AFEERIT 80
vol %D TX ) — VKSR BIEEEL THWHZEEL
77

EIRBLRAT O EBRIZIBW TR, fafniEkE 80 vol %
DB ) — VKRR E Vo IR R, SV VR
ZHWT, i 11 Ty A7 aiiigI k] LIz, ~1/ 71
A - AZY—1Z, 300 rpm THEAESE TS 50 mL
E— A —ITHEEL 15 o HRIR L7z, 5507fE ORI
DA EHT BT, fifhE T VAN vAIRRa—T7T
REZL, 724 AZIERATS 200 EORE SO RESZHIEL,
RIB A a5, FEEDIZ B — T — T OB IR BT 5
Brb Fh L7z, #E RABSITRT,

~ A7 AR WL LIV — —E WS
FOBATT RDPNEL, BEERER O /N ESRL - 3ME 5L
TWBZENERSNT, — 5T, MEEH RIS, J§
M2 L CRAMERRZ M L& H 7202 LR 2803

60*

50 | 4
E4O
B
N30
~
™
* 20 B Batch

0 L TFEHvs 2m) 7o 4

—=EHEREET L/ 2T IE
0
0 92 4 6 8 10

INSLIRDEBZ BTN, W RERDFER N ELNT-,
ZOJFKEL TTIRA D ENE X IT MR 5
T C i OB AR 3 AE U O BIRIR DV NS5 2850,
RS T 52 TR mlfa kgLl > Tk
ENHETTDREDAD =X LNEZZLNDD, JRIKOFE
EATIEE > TR,

3. EBERTAIORBOFRE S

VRIS~ A 7 0 i B VLR O TR DO VR S 24k E
LIzEEERB LTS, RI2DH00n5A5912, TS
TIXEEHDHFEERE U W E RAFRIRA RN 2155
TEMTERN, B ZFRITAZETIRARET D LT
TRIER < A 70 jit B8 CIEBLER TR, — 7T, TN
(N7 oY R A 3R T 5 Z L TIR A MERER KIE IS
1] L CEAZEDRRHS I TND Y, AR TIEE R ESR
WA E O ~TEE LS IR A RIS KIFE T BT
L7,

7, A~ A7 it N OB A i 12—
GaNCEHSTHREL, > 3al— a7 =T LT,
Fluent #7& FALT=, 2 FEO KT D IREGSNDGEEIE
L, TNENOFAAEOYPEITKER— (B 1,000 kg/m?,
FEE0.001Paxs) & L7z, MiEEEIE, RESITZEZ410.5 mm,
5.0 mm EL7z, SO T8 2 it 34541212 0.5 mm % L
MrETHRESOMAMEIEZIEE LT,

GOL
50 |
1 v/’
E
';30 3
&)
20 B Batch
TFH v 20 Fo4&
10 R ET AT IR YT R
0
0 2 4 6 8 10
# i 2 [mL/min]

B5. BRI I DA T AL () BLOEIRE CF) DZAL

-114 -



B6ZAWFFE CHE LI RIER ~ A 7 a it i O IR %
R, BIIABR 7 VI E DRI B0 % 5 1@ D
—REAETE LT, 20D N AL RRD KR IE NS
LHEL, KO EIZEB T DI DIRE /3 AR OFE (R 5K
O, B7ICEED T, IBETERENEWIGA I TR
IERES, B —RIEADERIN TOIUIEERZT 0
7%, Feb HifliZafkis (O) CIIEER AN KEL, BE
HELTLIC <b\:é:7b> YD, —H T, ?fﬁ*ﬁ’?@]@v_\ﬁ
TR T HZE TCIRAMERRA RS B IZ M L TEAZEDREN
77

6@

W& AL, - HENREMERIZEAD

HAELZREL L, IMKEESIRE% 8 mm &L, JLRKFED
TR LS CHAEZIT), R AL R LA
RERBITRT, YERMEN RELZRDIT O TH A DOFE
R ZIIRIBIZIR T Lo, ZAUSIERIEDOH K E LI

AR EVEELEND 2D TH D, — 5T, AN
PERERECOMAE A AL TRAMREICKIT T ED

T, R K ELTDICHON THEERAEIL 02 25
0.18 %j%f;z“iﬂf&? L7=bod, HHEED 2 mm LA Eiz7epd
PR 22T — B &R o7z, YL EXD, SRR O E X
%iﬁkfﬁ@m&ﬂrbmmrmr RRICRE B L D=2 5T
EHBENETR ST,

.6. MELTIRE R~ A 70 )7 7 2 DTIR

- \M.._.A
0.35 | M ¢
0.3

==L L
OUILFNE YY)
DIRBEIR

——DIRD Y

—=@Y] Y AH+IER

0.15
0.1
0.05 - - L
0.0 0.5 1.0 . 2.0 2.5
FANEE [m/s]
XI7. ORI 3T Bk S0 A DR R 7=

-115-



*

0.20 | o
. <
e N
Eo 15 *
# S
L4 *

0.10 |

0.05

0 0.2 0.4 0.6 08 1 1.2

# K 08 [mm]

B8. 6@DHLES I T, FERIED TR APEREIS KX

E/
KB4

UIVIABZ AT HEBITIRATERRD M 352873,
X 7Bt A EID, LsL, GIAZ TN TAEEL
IR BINDDHT-, FERIIZ L HIRAVEREIR 1 2h B i3k
TN THHET 2D, PR DO HIZE > THRAMTEREEZSS
2l L&D, RIIRT IO, EREZIC, FEE
BN, SRR T DR E LR e 21T 272, 20
W CIXIERD 2 ERTiebi oz, IRG D
M EWIREE D, RINTR T IOITHE/ NS 2 FEH O
JERERETOMBZ LS TUIab—Tar a7l
LA, ZOBREIO OO TR AT 0.06 F2ETIX
E— et ZHUIRT, R8O T —H LH#RL T,
PEFG D I TR CEDIEHER 2L L TUTRIROETH
0, VRS TEREZ R T 2N 00D,

LI EOR RE RS 5720, RTIORTIRIREET5
A~ A a2 ERL, IR YEREE F2 BRI M
L7, ZORMIIZIZE TE— & v 2w S EMEID
RIS AR LT, 2O RIS h oI % L L5
KT b, IBA DRI T AL BRI E E A Iz L
STAY R EE KIFSTeW, —F T, IREDEBWGA
i, BBICE> CIURENRN T —R A4 AL EAICHE
B35, NI —RAA NS EIE 352 nm (ZE—27 3
L%, ZOWETORNEAIREGTEREDIEEEELTH
Nz WEDS NSV ETR A MERBIZ B AF THDHEE 2 D,

EBRTHOWD~ A7 7 7Y EFEM ELTE
BU7=, MR EL TUIIERLIVIAH D72\ D
(FMR1), YERDIHDB3HHED (FMR2), H5KEGIVIA T

9. 2x AT DOYEREEA I D URIBIL B HS

(9]

m FMR(1)
25 1 ¢ FMR(2)
FMR(3)
2 e FMR(4)
@; 15
R o =
=
1 F ®
m]
05 | n
||
0 1 1 1
0.0 0.1 0.2 0.3 04 0.5

H 8 T OfE [m/s]

X10. E5F— ¥ v a~v KRS L AIES HERE TN

D350 (FMR3), FHUCT 2 #TDOYEREEE T 55D
(FMR4) ® 4 i@ Z/ERLL7-,

HI A OSHEITERS 5 mm, 1§ 0.5 mm THY, JLK5E
AT HWMEIZOWTIE, JERATOREEIEE 0.2 mm L7,
TERUEL, Jeh L7zt D LRI THD,

FERAZBLI0ITRTA, WT NI IZIB VN TH i
DA EEEBITEAYERRD M LA A R b, Zh
ER7OFEREENTELEDOTHD, YIVIABREE TS
FMR3 (%, 4 D EBRGAEOFME Clifid BVIRSGTERE
LT, F72, 2 nATOIEREHEZ A 35 FMRS 13K &
FMETIRAMREMEL Ao T2y, Wi ESEICB VT,
FMR3 ERIFEDRAVERRE R LT,

- 116 -



4. FERTAIORBICKIBEOESERNT

R~ A 70t 2 O TR KB REZREL,
FEHAVDRE S ORLEE AT 2T LT, iD= —7h
— & W BRI SRR [RIRHC T 72,

ZCERULEER ~ A 7 e igiE, K77 O8
®DHIRDOELDTHD, ZnbE AW TRIEKETY /) —
N 2:1 TRAELT, BE— I —CAT)—%INELTI15 5
MR U7, S5 72 S O Wi 2 B EE CHiv L, fif
Y7k Imagel % AVNT, 200 fEOKFDRKRESEHIEL
720 ZDORERNOFEEIRL TR0 E O — 2 EHHL
77

BHKEL CRIfI R KE O T To 7 5 R4 X
111" T, ¥, batch [T —H—EBROFE FA2RLT
BY, FMR 1ZK 7@, m-FMR (XK 7@D Rk DOE#ER ~
A7 g a2 R U7 KRS R Ch D, RifiA LD LR
W~ Ar7aiilae b E2E-T, BE—I—Jh/h&
IR REBELN TS, m-FMR &AW 54E120,
FMR 106 )88 % /&< 72572, ZiudE m-FMR 28 FMR
O EWRAIERER RL TWD T Th 5D, LAL, FMR
WG AR R R KR EL 725860 b
(F0, PREERE EBI RN R DS R,
ZIUTEHKOVEBEE L TKE W72, BIREECTHS
TH )= VERGENDHZE TIRE N K ES LB TH2L
WNIRRTH D, BRI N RE LB T D LA RN 23 2
W BT DR L LEE DO BT IMEES NI E 2 5
N5,

BHKOEBEL LTI K TIdel, ke /—u
% 1:1 DR CIRE LT W CERE 7572, 2
(CEV AL OIRA OB ORI B DO EE 7 B 7240
filcEpEMRFIND, fERARI121T77T, 2 FEOTEER!
AR ONTNE AWSEA BN TS, R
WS Tp oD, 72, m-FMR ZHW5A12,
BIBPTRIRIC D DL TIC IS T e —h— EBROK Sy
WD Uiz, BEMEEL /NS5 TRY, KR D3 -7
BT DNEONDIENHBENE ST,

5. F&H
~A7afiiE RO BEOBREEET 2 L, 5
ONDRLF DRI AAE T LTz, ~ A7 ik TR &%
L CELLFREE THD, KA LU TREED/NSNT
EMFEITHNDLD, TEES -~ A7 ot I LM S 2 A
L, 22 0iREMREL M LT E THD, i Ial
—arBIOERIZE > TGRAMREEZ ML -2 5,
DRI DR FE N CHE OGN IA R IR EZ T HT &
TRAZ —BIRETEHLILD RSN, TIER -~/
WA O TR AT R 21T o728 2A, ~A71li
HTROLNDIO%, IR OIREVERRM FICXDRiR
DI DRI, RETR AR A e CEHGRIER
~ AL TEMITIERLCT W, BT IcE
BRI AT CEA RIREMER S D E S 25,

(1) HHEM—EEE, ~A7a)7 72— —HRROE
i—, =T A —HAR, 2003; HBEC - St —
B, ~A7ml7 752 A, 2008; Hi—EIEAH, ~A7/n
T 75— LDE e T3EARE, S A= AT
N7 /ay—4t, 2009; Bi—BEEE, ~A7ul)T o5
—EAR DR, o —T b — K, 2012

(2) K.-I. Sotowa, K. Takagi, S. Sugiyama, “Fluid flow
behavior and the rate of an enzyme reaction in deep
microchannel reactor under high-throughput condition,”
Chem. Eng. J., 135(S1), pp. S30-S36 (2008)

(3) K-IL Sotowa, S. Sugiyama, K. Nakagawa, “Flow
Uniformity in Deep Microchannel Reactor under High
Throughput Conditions,” Org. Process Res. Dev., 13(5),
pp. 1026-1031 (2009)

(4) K.-I. Sotowa, A. Yamamoto, K. Nakagawa and S.
Sugiyama, “Indentations and baffles for improving
mixing rate in deep microchannel reactors,” Chemical

Engineering Journal, 167(2-3), pp. 490-495 (2011)

-117 -



No. 1512

Antisolvent Crystallization of Sodium Chloride in Deep Microchannel Reactors

Ken-Ichiro Sotowa
Tokushima University

Summary

Supersaturation strongly influences the quality the product crystals obtained from crystallization. There are
several techniques to control supersaturation, and use of microchannel is one of the alternatives. It is widely
accepted that the microchannels show an excellent mixing performance when the geometry and the operating
conditions are optimized. Deep microchannel is a sort of microchannel which can process chemicals at a high
rate. This study was conducted to examine the performance of deep microchannel as an apparatus to carry out
anti-solvent crystallization.

The mixing performance of microchannels and deep microchannels was examined. The flow visualization
experiment showed that the mixing quality in microchannels largely depended on the flow rate. Bends in the
microchannel also enhanced mixing of fluids. The fluid flow in deep microchannels was studied by conducing
computational fluid dynamics simulation. The mixing quality was evaluated by means of standard deviation of
fluid composition on the outlet surface. The study showed that the mixing quality improved by increasing the
flow velocity, and by forming internal structures such as expansions and cuts. This was also confirmed in an
experiment to evaluate the mixing quality using Villermaux-Dushman reaction.

In an anti-solvent crystallization experiment, saturated sodium chloride solution and ethanol were mixed
using flask, microchannels, and deep microchannels. When pure ethanol was used as the anti-solvent, it was not
possible to conduct experiment using microchannels due to clogging. Thus, ethanol was diluted with water
before the experiment. The results of the size distribution analysis proved that small and narrowly distributed
particles can be obtained by employing microchannel for anti-solvent crystallization. Similar results were
obtained in an experiment using deep microchannels. Deep microchannels with expanding sections were most

effective in reducing both the size and coefficient of variation of the sodium chloride particles.
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