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F—0—F: ERXH,

EIHN DAL T DEENDY,
0.03, 0.1, 1.0, 4.3 S LV 9.6 um DERFEARY XF L VRIFZRINT, BAESNT.
UE—9BROAEICE, L—HF—FyTS5—NREFREBELTIEEZRH .

BEHED pH B LVEENEMNT S(3L, BHMFOBKKEBEEIEMLIZ. EXXEBBHERR
KNO3 RERRTFRICK > TEILT 5. Wiersema D DEINEZRA T, RNFOBEIKIBHEICELE
EBEZ3LBONIBBMNRE L UVERKEELENRICDONTHET LT,

BEHENTONFICERT 30, BEKKENN, BEH, ZLTAFT VOEHTRONSBENHRL
BUKEBIEEENROL S GEMOINEZ OoND. NFOBEBMEERBRFEICIEKET S EhNbho T
MFEN 1 um UTOEE, BERRFENKRELLLBZICONEMTS. —A, WHFEN1um L ED
LE, FERNFENKECLBZICONBLTS. TORRIEBADOHBFICERTIHICL-T

RUZRFL 2, BfuF, SREER, 7k

BERXEBEES &

BRFDOMRICERT S LZBME LT, EFIVRLIFICTGRFEN

BEAEND.

&

Jll]

WA, +/ 77 /7 uY—oEicky, TEMNNOKDNS
R 3 Med 2N d 5. ki F1d, EFARL BEME
AL, ER, guktis E ok e sl v s, Bidosy
FeH W SN 2 MR byl L O E 0 A 72 57, JE
KoR TR —Thsc kv oncTuwsd, h1EEr /L
NV THIET 5 2 & d MR INEE TR B 7o, ko Bl g
WAHLRL - ORADEBES S0, R FEAEE—IT Licy, HIR
FENFEICBRET 2 2 &, MbFoiekzm s 3044
Ih, BET 2 L ORISR 7 o 2 ORI b oA B EEA
5N%. THOE, SEREIME T 20> 2B TEbo
THIWSEHEINTH % (Sasaki, 1991, 1992; Sato, 1982).
SR L s e KBlah B, BRI
&, EHERMT 2 HEBIOREROCHERHT 2 HERERS S
(Tinoya, 1978). L2 L, W NoD Tk b ol alfeishiF3% 1-5
Hum TH B0, #7370 ko UCHETE 20

MOBAFENMELE SN T WS, FricsiBaiEic & 2 08 O B
FAEHRL T, BRkEEEAFMT 2 EICEH L. —fic,

KA TRETOR TFRIEELEAICHELTBY, BRIk
BSR4 U % (Aoki and Nagai, 1978; Higashitani, 1996; Nihon Ka-
gakukai, 2002).

AWFZETIE, EIR A 0.03 um 2> 5 9.6 um DERIE AR Y 2 F
Vb FalA LT, SR FOBEKIKEIBEIE S L ¥ — 5 &AL
B XIFTEE, pH B X OEMEREOFE I > W TR L 2.
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Wiersema > (Wiersema et al., 1966; Wiersema and Overbeek, 1967)

DFfTiEE W T, KT OBKUKEIF B I 2 MR B L
OB IERN I o W TR 21T - 7<.
1. SRR
BRIKEIR ORFITHEH 4 2 113, BT & B HEdET) &R

Pi71, RRFHER, BRKEEREES RS & O Th 5. BN
ThHEFIClER 9 % 71% Bq. (1D, #in & ) < 4EHi7)% Eq. (2) 1
NI
F,=qE (1)
F=3mnD,+X (2)
2T, Fi%%qwm@T’ B ERE g[C1EF>hiF i
TEFS 271, v 3B EEE m/s), D, 3R FEm]TH 5. X3
INGETISIEI G 2 &5 2 S B4 ﬂﬂ%@*bﬁﬁﬁﬂm%mt
ERIMEE LTEALIL NS A —9ThHb, BHRIELEE, KT
DT 5 & XA & VEHGBEICHL» SEBN S 2bITED
I/ CH b, BXIKENIELEZNE (Aoki and Nagai, 1978) & (&
A 4 VEHRNORL T & BORFFZ DA A v 8GRI E 4 5 7
DIEL BN TH S, Bgs. (1) & ) K2V T=2—F VD
EEOH &E%LWT%&Eq@)# S5, ESIChTo0E
FVERIRIBIE LRI 3B EEE T Eq (W) ThobT T &
MTE5,
qE—(37rvnDp+X)=m% (3)
qE—X
- 3mnD,

(4)

FEFIZD R0 BRI B3, BRI ICB S 5/¢5 x —
5 k[m N ERTHEE RmMIEDHIT K > Th 5 b &0 5 KT
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Fig. 1 Relationship between E, and kR of Wiersema et al.

RIIKAE S % (Kaga et al., 1993; Radko et al., 2000). Figure 1 ®
AR 13 Wiersema (T & 2 #ZFIZN R B L B XIKENELER) R %= Z &

LM HETH D, kRIS 2 IMEESKEB LS L O
E e — s BEMOBAFREZ/RL TS (Wiersema et al., 1966;
Wiersema and Overbeek, 1967). flXoufb & 7 B SR EIFEH)

B B[] & OB € — 5 BHLy (18, Egs.(5) & (6) LD
H &t 5 (linoya, 1978; Aoki and Nagai, 1978).
= brne u (5)
ekT
e
- 6
Yo T ¢ (6)

25°C O BIREIRRESZ D &, E=0.750u, y,=0.0389¢ &
HEanz., CoRKRE, HEAR, BEXIRKGBHE =
4.0(um/s)/(Viem)® & & E 133.0 £75 0, ¥— &N {=25mV D
EEy M1 EBBIEZERLTVA. Wiersema DU TR L 72
Hh#t o 5 5, kR OEMB &2 1 LIT O FRIER 3 BRI DMKV
Fo I BB RIK BB AR TR A E LV TH D, kR
DOIEBB LT 1-30 OFEHIE, CNoDO _SOMRNPFE LTINS
HrThd b, ERRIRCESIRENEEN R &, WEE— 7 EALy,
ﬁk%mi&%wam@%% HobNhd. 30 LI ED kR OfflE
T, RTEPIKRZTVADIZINSDOFEIE LW, Wiersema
DN T3 EE mH&WQMM eSS B EE O MRS
FEEnTwiEWicw, kR2 100 L EOKREEETO E KT
REs TV,

2. EBAE

SR 0.03, 0.1, 1.0, 43 BX T 9.6 um DR Y X F L VR
F (5000, 7000 ¥ ) — X, Duke Scientific Corporation) % Jfj\ 7z,
SRR OBEIRIEIE 2 10wt% & L, B2 O®) ZF L vk ORIE
DAMEZET - 72, RIESHIRE I L — 3 — [/ SR B 5y
MMEREE (LA-910, () ESEEN) 27,

LD 10 wt% DBEIRZITEDRE E THIRL, 25— —
T 10 IR Lo, ERREOERIC X 52— s EMOELE
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Wb TS Wi o, SRS 0.03 um O RO &I A
B 0.10 W%, 0.1, 1.0 B X 4.3 um ORI DOEAITIZ 0.01 wtv,
9.6 um ORI FDFEITIX 0.02wt% ICENENHB L 72, Thoo
BRI LT, DINMISRT &M T clRRUKEIBEEL LU € —
5 B DOWEZTT - 2.

BRI E Vs & 2 0BEXKEIRHE L L 0¥ — ¥ BALO
ME T, BEKO pH % 4-11 B X CIRE % 20-60°C ICFHHE L
fo. BRUKEIFEEIE B L ¥ — 7 BALOHE
(ZEN2600, MALVERN INSTRUMENTS) %MW\ T, L —#—F.v
75 —HERERIC L 0T 7. pH JHEEHNCIE HCL B & U NaOH
AR W7, 1.0X1075=0.1 mol/dm® @ KNO, ¥ & U LiNO, &g Hhic
Wkl F 2B S € ¢, BRIKHBHES L 0¥ — 5 BALOHE%
085, MREIRO pH (FHA pH, HEIE 25°C & L

3. ERERELUER

FBLREHRATINDB 12D EFIRIT-& LT, SR T
0.03, 0.1, 1.0, 43 BL UV 9.6 um ThH 5 £ Y 2 F L v O F%
AV 72, 0.03 um DK% Bk < RIEE 5345 © JIITE RS S % Figure 2 12
IR BRLT DA VT VRIZTNTN0.09, 1.09, 436 B £ T 10.09
um TH -t WINOKF bRESMHIENIER IR, A —Hh—
DAFL TV BN FROMERE S N 4 97 v RIZIZIZ[E
ClEcdh s, ThoDhFIEKERTTHEL7IREETHEIEL T
W3 EEZ LN,

%ﬁw@ﬁﬁ&ﬁbﬁﬁ%ﬁg@%%&ﬁgm3K%?.Vf
NORFROBE TS, RED LA & & bICEKPKETF B
mLTuwa., m%@ﬁﬁ%ﬁﬁﬁﬁimm®t§;@maoﬁ
BN L 72, XEBWEEB L UOES EEBEOE S O % Egs.
7 & (® wRY.

(& Zetasizer Nano-Z

ﬁﬁ 7z,

0=1.0x1.0"%unx (7)
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Table 1 Temperature dependence of viscosity and dielectric con-
stant

T € (eT)* n
[K] [F/m] [Pa-s]
293 7.09x1071° 4.56x107* 1.01x1073
313 6.48x1071 4.50x10* 0.66x1073
333 591x10°1° 4.44x107* 0.47x1073
30
Median diameter :
(a) 0.09 pm, (b) 1.09 ym
L (@) () 4.36 pm , (d) 10.09 um
(?)
X 20| & Q)
) @ n
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Fig. 2 Particle size distribution of polystyrene
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Fig. 3 Effect of temperature on electrophoretic mobility

(Viem)], n 3AB O MR [kg/(m-s)], x TR _HEEOE S O
Hm™], n & A A VEEE/m? [C], z & A A& ¥ ik
[—], &€ BIBFEDFHFBR[CYI -m)], k ER VY < v ERIKZ/RT
Equations (7) & (8) 2% W TCulc>WTEHI 5 &, Eq (9

ISR AN

], e SR

5
ko? eT)%s
u3.5><107[ ZZJ e (9)
mne z n

Equation (9) DA TIRMEDRE L TEALNEDE, (eT)"°
BLUnDIETH S, Table 112/89 & H 1T, 293-333K TD
(eT) BXU nOFEFER» S, (e OIHIF C OREIETH
45X107* O—EMARTOITH LT, n O 2 fEo L4
LTVWaIEnbhrs, THbL, BED LIS BXEHF
FEOHME, F& L TABOMEROE{LIcESS b EER
5t % (Aoki and Nagai, 1978).

B D pH & BXIKENILEE ORIR % Figure 4 IT/R9. pH 2%
< 2B EEBLIKEEFE ML, ) 2F v vRF IR

¥33% H55 (2007)
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Fig. 4 Effect of pH on electrophoretic mobility
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Fig. 5 Effect of KNO, concentration on electrophoretic mobility

ICHEEL, SpHMEETRT O OB AL D TH B &
EZoNA, pH4 (LD I AT, pHI0 LI E OO F5 08
R DEWIC & 2 BLIKEIBEIEDOZENKE WV (Kitahara ef al.,
1995).

EIPE & LT KNO, i@ % O 7o & & OBIFE I & B5IKE
@%ﬁ@%%%hym5umﬁ.Mﬂm®m¥®$ﬁwﬁ@ﬁ
JE 13 KNO, IBFIC X6 FBIE—EDM@EERL, 01, L0B XV
43 um ORTOEBXIKEFHE I3 LicMoIREL Y, 9.6um O
RT3 KNO, IREEDQEINNC PE » TP 3 2 | 2R L7, &K
PRENFEEIEEIC 5 KT 9 EME R OB, R TRRIC X - TR
5T ENbDD

bﬁh@ﬁ% BaTch, KMTOBEKUKEFELE, KNO,
mﬁomkummmﬁwﬁﬁfi,%ﬁﬁ%@ﬁ%ﬁk&afm
LI B EN A RS, KR TR pHEEAITT- TV &5,
BRI T 24 4 Y HUIEMEIRE IS 2 EFA T
W, Eq.(8) KO ZEBOKEFHKTIE, « DOEIF Eq(10) &755.

ZC(J.S

RERIT 1o

22T, ¢ 3EAEEE mol/dm’|TH 5. BRI _EEDES !
3 O OWHICHMH T . BRERENESLEEL) ZF LY
ﬁ%@ﬂ@@4ﬁyﬁmﬁm¢%tm EFL O EEATES A,

BALDHaXHEA /T 5. Figure 5 OFER I O K 5 58
%;%O<%®t%i6ﬂé —75, 0.03 um DKL DB IKE
BB 13 KNO, B ICBIfRE <, BE—ETH - 7. Bilikho
[6) CEHAREE T, /NSO FIERE ORI TIT N THE S FE
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Fig. 7 Relationship between E, and xR
T BB, NSOWRIT Ol B d 72D ORI TIEEICEET 5

K" BXUNO,” A & v ORI D55, ZofEREL
TEX_EEOTMNE I DI HsfcicdThHBEEALN

5. 0.03 um i fo k5 MR TR, LKomwERERET

EBR_EHEOEMPB IS EFEAONS,

SR8 0.03, 0.1 BL V1.0 um DRI T D kR & HHEESIK
B EE E, OBIR% Figure 6 IS/8 7. SaldFEREL» 5E SN
T EERIKEBEHE TH D, BT Wiersema 1T X 5T HEZ
R, BRFRITOVWT kRDVBRARERS B HI3EMYEE
0.1 mol/dm® IZ{ii& L, kR MWIR/NE D EITEMAEEE 1.0
10 mol/dm® IZ (L& 9" 5. PR 7148 0.03, 0.1 B LT 1.0um
TdH Bh T ORFLESKEBEE QLR T — 7 1d, SR>
WT KR IR & 18 % BAHE TR 5 K& 2N 38 E 2R L
to. —H, SR FREOBRK kR BELLT O cld, HEESIKE
BHEE BRIt - BB AR L. COfERTIE, 003,013
KU 1.0 um DRI T RFEFNE B L CBIKEIELE ) R 0 8 %
55D EEZONE. EAIRB & 0*“%%}3@@%%@% L
BRI kR DfHIC & - TEILT %A%, KNO; EEE 0.1 mol/dm’
ETIRER_EFEOEMEIC & 2 BXIKEE B DI 0 35Kl
MThdEHEZOND., PR T 003 BXT 0.1 um IXfd 5
KR 13100 KiiTH BT EM D, W15 KNO, IR TH - Tbik
FEh % & CBKUKEEES R E BN B TH 2.

43 BL U 9.6um Ok T-D kR & E, D% % Figure 7 12/189".
PR ESIKE R BIE B L s BB 2R L, SRR
NEl bR E, FEESKIBIHEIRE KN L. 08
BT, KRN REVWICHEREIEESK TS kR 25100 2L
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Fig. 8 Relationship between particle size and electrophoretic mobility

L&y, BRIES L CESKIIEE RO ESBEHTE S
R LS5, Joewic, WEBEKIKEIBEI ORI ERERE
JEDINC X 2EK_HEOITLMHICERT 2 EEZ o605, T4
b, BXUKBBIIEICS A 2 BB & CESKE)E L) H

ORZBINS <, BROEEO I X 2 HEBD S BXENTH
5EEZEZLNS.

Figure 5 ® KNO, /A 0.01 mol/dm® T D ki 1% & Bk BN B
¥ DOBA% % Figure 8 12789, 1.0 um T IS SRl 2 5 > 0] 53 R
SNz, Figure 8 THOMNIHRE Eq.(4) ZhbbETERAS L,
FEFEH5 1.0 um LI T OFHIK T 13, BRRNE © B AUk E 2 LR R
DIF X DFEREN 2, +8bBRTENNS VIFE X OfE
BRELIED, ZTOEE LR OBELERE AR 28I L

TrELHMRENPOANSE b Db S, —T, RTED
4.3 um YL EOFHIETI, FRFNRH R DR IKENE LR AL T &

5X51C85, TOL, XOMEMWNSLBEEZEINE, BH
FERL PRSIl d 2 EE2 o5, ok S BHEED OH
FE1Loum (L CTRRADOEXIKENBENE L2 588 2R L&
Z 605, Lum LUF OHEBICBRAUE, KPR & BXOREIFS B &
WHIBARTH v, DL L CGERNEETH 2 EHZL 5N 5.
KNO; # & U LiNO, /A7 O FifH & Bk B B OB o,
BRUKEEBIED R Ic>WTHRET L7z, LiT 13 KF &0 &Ko+
B2 EBHMSNTVS, 003,01 BLU 1.0um OkFIc>
WC, KNO; iREE 5 £ U LiINO, IR SR L7 kR & E, DRfR
% Figure 9 IT/RT. wbnmuT@&31mqﬁ;Uumk
BROVWTNOLE S, W > o288 & 78 > 720 0.03 um O
M¥®&§,MMMSAMmW®P®%§TUM%%M§m“t
KD J5 55 KNO, 751K & 0 BRIKBIBENEL /NS {5 > 72, 0.1 um
ORFO & E, 0.1 mol/dm’ f1UE DR T LINO, iFREH W & &
DJ5 738 KNO,y iR & 0 BRKEIFEIE 3/ha {18 -7, 1.0um D
R0 & &1Tid, LiINO, & %E Ml v ic & & O ERIKEIFF B 13
KNO, /AR D & EREBELVWETH >, KTENPRKELES
&, EXRKEIFENE SEREOIC L 22BN E U .
BFEOMIC X 2 BRUKIBEIL DI, Lit & K DKM
DTHOBECHBR LTS EEZ NS, EMHREEICL S Li'
&K oKMEL 678XV 32 TH S (Miyahara, 1976). Li' &
Kri3Esob—liogA 4 v Thb T Enb, R XFL VAT
DREDICEFEI UKD 4+ v HBEHELTWE EEZ NS, KLY
FHOZ WL XA A v ELTRTIEFBICERL TS & &I
&, K FORESkE & @IS Lit B K ORFKSBE L, &
SUOKEIBIEZN R BIN g EEA 5N 5. KPR NS<E5

(b2t T asm s R
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Fig. 9 Comparison between KNO, and LiNO; solution for £, vs kR

BREORBEIC L 2ENKEL L -1 b, BLKH
TREN R R TRICH BART 2 B2 o005, CoXDHHR

(&, UKL SR KB N R R RS RS 5 T & %
AEHT 5 6DTH 5.

&

Em%h? EFOR) 2 F L R TFOBSKBIBEIE L LU

7B ENE LT, NTFOBEKUKEIFEIE S L€ — 5 &Er
WX IR, pH, EVEIEE B L OB O OB AR,
L7, RIFREBXUKBIBEIE OBIRAEER X 0 iE»D 2.

(1) BRTROBSIKEBHILIERENELBEIEERELE
3. IREOBEINCHE-> Te BET n N2 LT 3708, RTFIc/EHT
BRSNS 15 T ENFER B BN TH 5.

@)§ﬁ¥@$%%ﬁ%ﬁﬁﬁmHmmwi&ﬁ%<&5@ﬁ
AR L, @ pH SEI TR T D& W IT X 2 BXUKIIL B E 0 2% 1
KD EAEICIS 5.

(3) BXRIKBFHEICHT 2 KNO, iR ORE I, KT
Ko TR Z, BXUKEBEEIE 3R TR & > TE{EL, 1.0um
L TIRKDELRIKEFEIIE & 75 2 88 2R, KL TEAY 1.0 um
DI ol c i3, BRIk BB R D L B A A 1 73
BT, BRIKEFEBE R TEIANS B2 EE KT 5.

4) BiA A v OFEHDOEVIC L > TESIKEIBEIENELT 2
BRI, KA 4 v oK THEPBEELTWS, T &,
W INBL TS IS BRI BN AL SRR I A E 4 5 & & A

[l

TELDTH .

(G &) COMER, Rk 17 FERE R A A D o AR
(A) (17206091) DFfRk&Ic L D iThhie, CIE#HoEEH oD LET.
Nomenclature
¢ =Electrolyte concentration [mol/dm?]
D, =Particle diameter [m]
e =Elementary charge [C]
E =Electric field [V/m]
E. =Reduced electrophoretic mobility [—]
k  =Boltzmann constant [J/K]

¥33% H55 (2007)

n  =lonic density [t m’]
¢ =Quantity of electricity [C]
T =Temperature [X]
u = Electrophoretic mobility [(um/s)/(V/ecm)]
v = Velocity [m/s]
X = Parameter relating electrophoretic retardation effect and relax-
ation effect [N]
¥y = Reduced zeta potential [—]
z = Valency [—]
& = Dielectric constant [F/m]
o = Density of electric charge on surface [C/m?]
n = Viscosity [Pa-s]
K = Reciprocal number of thickness of electric double layer [m™]
{ = Zetapotentia [mV]
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Behavior of Fine Particles Present in Aqueous Solution in an Electric Field
Daisuke YAMASHITA, Ryo SHIBATA, Norihiro MURAYAMA and Junji SHIBATA

Department of Chemical, Energy and Environmental Engineering, Faculty of Environmental and Urban Engi-

neering, Kansai University, 3-3—-35 Yamate-cho, Suita-shi, Osaka 564-8680, Japan

Keywords: Electrophoresis, Polystyrene, Fine Particle, Electrolyte Solution, Classification

The behavior in an electric field of fine particles present in aqueous solution was measured in order to apply
the results to the classification of fine particles. The sample particles used were spherical polystyrene particles
with average diameters of 0.03, 0.1, 1.0, 4.3 and 9.6 um. Electrophoretic mobility and zeta potential of the parti-
cles were measured based on the principle of the laser Doppler effect.

The electrophoretic mobility was found to increase with increasing pH and temperature of suspensions, and
to vary with electrolyte concentration and particle size. The electrophoretic retardation effect and relaxation ef-
fect were considered to explain the behavior of fine particles in an electric field by applying the electro-kinetic
theory of Wiersema et al.

The forces acting on particles in an electric field are considered to be electrical force, friction force and
other forces like relaxation effect and electrophoretic retardation effect which appear in ionic behavior. We
found that the particle moving velocity depends on the particle size. When the particle size is less than 1 yum, the
velocity increases with increasing the particle size. On the other hand, the velocity deceases with increasing in
particle size when the particle size is larger than 1 um. These phenomena can be explained by the forces acting

on the fine particles in the electric field. The behavior can be applied to classification of fine particles.
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