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Settling Characteristics of Natural Loess Particles in Seawater

Sung-Jae KM

Department of Marine Environmental Engineering, Institute of Marine Industry,
College of Marine Science, Gyeongsang National University, Gyeongnam, Tongyeong, Korea

PSD (particle size distribution) for 2,000 mg/ natural loess in seawater showed normal distribution curve at 0 minute settling time,
accompanying with very large particle distribution range with its mean particle diameter of 31.6 um and coefficient of variance of
72.6%. With elapsed time it showed that the PSD was rapidly changed from normal distribution curve to abnormal distribution curve,
steepened the right-hand side of it and its coefficient of variance was getting increased because of ragid settling of large size particles.

Cumulative weight distribution showed that 2,000 mg/?

natural loess in seawater was almost 1007 constituted of particles bigger

than 20 m in diameter. Ratio of Vs/ (Dsn)” for loess particles in seawater was increased with increase of particle size in geometrical
progression. Almost all loess particles in seawater had Stokes settling velocity not less than 2,255 times of Brownian diffusion
coefficient. There was almost no EDL (about 0.4nm) around natural loess particles in seawater, Thus, there was always LVDW
attractive force between loess particles approaching each other in seawater, and almost no EDL repulsive force. Loess particles were
not always in the condition of easy floc formation. Concentration of natural loess in seawater increasing from 400 mg/¢ to 10,000
mg/?, characteristics of the settling was changed from Type I settling (discrete settling) to Type II settling (flocculation settling).
PVD (particle volume distribution) showed that natural loess particles in seawater were largely constituted of two types of particles,
such as rapidly settling particles and suspended and dispersed particles for a long time. Amount of the latter was much less than

that of the former.

Key words: PSD, natural loess, cumulative weight distribution, Stokes settling velocity, Brownian diffusion coefficient, Type I '

settling, Type II settling, PVD
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4 (S) 2 €7 F (ADES E¢3
HES A (Fe) 2 7Iet n&F2
TEAG B, YAz 34
AedAE HHY F&olde] #AF AT
st EgolMe W A7z 383 FANEE
23 o2 BEB4A72F (surface hydroxyl
group) S B A8t (Dzombak and Morel, 1987). &5 54
E Atold] AddlMe AFAY AF7] ko]
dojutA A3tge BHde pHY #Astd we A9 @
714de] 44 wetM 25485 RAFAVAEFL F4
o2 (H") & AYsAY WET 4 Jonz F4443tE9 ¥Y
2 £ pHel uwelr FEA FEHAS (amphoteric surface
charge) & WA "o (Dzombak and Morel, 1987).

FE 2548 BAY e 74 ()7} 48%, 4FvH
(ADo] 35%, H (Fe)ol 11% 24 94% & AX3te YuviA 6% <
ZF (K, 78 (Cw, ot (Zn), HEF (T TL2 745 3
Aok FE UxE oF 265011, g FAA HEYAY zeta
potential& —112 mV°l Xt (Kim, 1996).

vl A& Yz el e 58b8 4238 (hydrous metal oxide) & &
% AT ¥ 3UFE ML gon, FEFAT|aEe] o
oA S & ol HIAYE JEdY. F3FEI8E

T
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AgANN 4E AR (HE, £718 - #7894, 2594 8)9
oA 482 §} (Anderson and Morel, 1982; Jenne, 1968, 19
7). A, 4FuE, A 59 F5AIEL AFy FHEORH
] BEsiy Frlol2o] tidk 7 gy gl AdA g 5
A FR X F2E FI715FA7F ok UJenne, 1968, 1977; Ben-
jamin et al., 1982).

SRS L 2] Zo A Lojvte S &334 A4
Aoz AdA 7,0 dF S Bdglel doyt
g eFue e B F o5 383 FHelge F kA
A4 $Y83 JAL 3o dojdth B o)Fd 4% S
oAs AdAe & F2ols YAE UhE 2ok YA BY
SR FAIE Ao2M BHFEEF, EAFY, 99 AdY,
%9 Solx, 383y Fzto %L v AT YAY W
EAD F899 gtz A (pH, ©]271, AEY F57) Fold
(O’Melia and Stumm, 1967). 5 YA Aboldl] F&dte & ¢
A A Y AFdred @Azt A1, e F oo o3t
o dgt AAYRA F Yz} Alejdle HA A710)FF (electrical
double layer, EDL) ¢} W&ol dojuiw, §}ae] EDLe] %+
o] 1% wole &olstA U¥ (London-van der Waals attrac-
tive force, LVDW attractive force)©] Z£8 & e A A
go] Tgdo2N olF 53l FANE NI T HY
ghM £ A7} $28 e 38y FHrgol dojdtt (O'Melia
and Stumm, 1967).
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o AEHv} BYE FAHoE 3 gt sl £
A2 W Cochlodinium A% E LA} 9J3ld FEE A}
3t gov AT Heln g3yt AARHA B3 wyez &

EgozA B4 Y9 BEE A8 4AULH 2RHY
AYoge ALY AYL 2 U WA AzE A

7) A3l F2 AgEHT QE FEVERYL AU &
A3 B4 B} AEHT Yo $EE ol H2F 13}
Aoz $AAAN AANE BEYA} Ax4BIAZ o5
sl AZHBYRSY FEE 5L U0/E2 e A3 B
FAHUEE JOIIES HE Aol BHY WAMZoI, 2
ZEQA} FAMA ABHARGE A5 FAH WA 5 2
S AZAESH BT FEE YOS G A0l 045 3
2% 297t 9,

2 A7NE FA ST Yt FESTRYY ENE 44
$n FA0 BRI FELEANEANLY NxE A3 #4253
B e P
e FEYD ABEH GBS 7Y (RIFTA B

=

7= of 8

Yo FEZ ZEHUE 0 FEUA A £ ¢
EalsterA el "":l @® 4= Brownian +F°l 23 Brownian
diffusion (] A& €& £ g 2AELH 2L ozA
4= 7} —‘?‘7‘}9} 5% £33 FAYFoR 222 HHYI}
T &2g B3, @ Y4 4T A%, @ 2R 9 £33
F, O YA Atoly A® 3}%011 9l3t interaction energy (electro-
static force?} molecular force ® I A3 &0 & oA ¥
o2 ALY + gt} o5 ‘EJ°] 4Bk 83t B4 o
=23 HolM 9 EF A%ol AFE dutdoz 34
FEo] He e AGelA YA Aede FE & @9 @
o, $AFAELE A3 YAy AL &ttt

1. ¢Xtel Browian2E I XZUR2Z

Browian diffusion coefficiente F201% A7t &A% 55
Fo2H YU Browian £59 A7E Yehle go2A A
AH2] & Stokes-Einstein equationoll e} Th&-3 o] HA R,

kT

6 »

om—

7|4 Dyme Browian diffusion coefficient, k= Boltzman 4
F, T 2UeE, p= £99 Jx, 2= A9 HAolth

Stokes settling velocity= Reynolds number 0.3 013t A4Y
(laminar flow regime)o1 A F o9} Aol FE3e RE g
< ZAsn YAy BYS FAH Hug 7o A e O
23 ge Aoz Asgtt

_ @9 glolp—Da’ @
Nr

714 V= Stokes settling velocity, g& F714 %, pv 9A
g 9% pe FAY IE, a,© YA WA, g 99 T34
Ao},

Stokes settling velocitye UAMZAS AF 2 Ao =9
49 dxAd HHgc d4AY dxrt &9 Uk Hg &
Y e I5HoE A A do

2. Uxtel Mo|SHEE of4A|

FZ0 dT A FHdE FF9 olFo whet bt F
A2 EDL (electrical double layer)ol A E1 o]& 4A7 4Z
2T 1 EDL Alole] Wgo] dojubA 5 A Abolole= AT
A A¢Esd e AAE AT Y9 HYPo FHH
AN A LY YAEL FYE SAHFE g 3%} o]
32 2% EDL repulsive force (electrical double-layer repulsive
force) 2 A AT AT A7t B 749 A EDLY ARG
Zol A& u LVDW attractive force”t 2H&-3HAl ok 59 4%
HZde 294 (hydrophobic) Y97+ Atole] ¥4 =+ interaction
energy DLVO (Derjaguin-Landau-Verwey-Overbeek) °l&°l w
& A€ 4 It} (Verwey and Overbeek, 1948).

5 59 49 Fxe & 05 MolH, o] FxdA &5 F9
ZEAR FYo 45 EDLY FAE 04nm2ZH 49 37
AE 316 ums ¥ w3t & of o] ¢ F& Fejolt}, o] F4 43S
FATse T YA Atold EDLY %¥H$2 Derjaguin’s methodol
e HHoz Y £ I F29 FYPF F YF AboldA
Yoty A4 4 93, %€ EDL interaction force® T
23 2 Hoz Aued (Hogg et al, 1966).

T (o2 + ) I: 2010 ( 1+exp (—«6) )
® 4(ata) (g2 + D 1—exp (—«8)
+In (1~ exp (—2«5)) | ()

A 714 Ve EDL repulsive force, e F4 9 electric permitti-
P P
vity, 2% ae 33 e T 949 A, 0% g2 F A

surface potential £& zeta potential, k& EDLY 4, 6 F

Azt Abol9] kA Folth 4 (3)L FFA FF Tx o|FY F
A} Atole]l EDL interaction forceE AL & e ¢Ad o
o2 o3 ¢,9 Adlgto] 25 mV o|3tejx EDLY Tt
Azt ZA o) gt ¢ 2 Lo et AHSA HEE
F A

Hamaker (1937)€ 2% AI23c 55U 789 F & Aol
of 288+ LVDW attractive forceS 2AHH o2 g3 22
Hoz Aatslrl.

Aa.az
4
6 (at+a)é “

VA: -
714 V,& LVDW attractive force, AT Hamaker constant®l
HHEARS 7IAEZ o8 "}°1—~] "JIZ}%"H )3 Hamaker
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constant® g £L g& Ve £FAA FEA3}E Y Ha-
maker constants 3.5X107%~80X107" erg AE oIt} (Hogg et
al, 1966).

F 94& Ateld total interaction energy (Vi) EDL repulsive
force (Vo) 9} LVDW attractive force (V)& @3] tdozy
AArd,

V=V, + Wz (5

T Y4& Atele] Agst F71gel wel EDL repulsive forces
AFgeHo 2 7+4 33, LVDW attractive force= 031343 2
2 g2 gdebA e 24¢ Ay H A4 LVDW att-
ractive force®] gL EDL repulsive forced] AuigtRch a4
& #& vt

RE %
B d7olA AHEE FEE F9A S9HAAN AAdFon,
JEE %7‘7 ZolA F13 F 32 ALSE 5 FAA
AAZH ] FEIAY YAAIRE (particle size distribution,

PSD) % 7:,70%— 3& ZA8E7] 98t 4 g, 20 g 100 g8 BEE
A B35 (045 um FEAFAFAE o} 83t AFHF d4) 104
of Y3, &0z orjo] nlAld EiFE] 9] 400, 2,000, 10,000 mg/2
FELAS HEY T BAHEER o] FEZAHL APs}
A AoHA 1L vo]A gl 27} 1000 méd wWEIL Q) 1, 5, 15,
30, 60, 90, 1209 Alzte] A WhE AREHE 243 Q.
2000 mg/l &3 WaiMe JA F A 3t psDs} ¥
FHES FX (SE A3 400 mg/ld 10,000 mg/l FE
499 M e ERIEY vxwe Y. B2 FEL
HE& £33t (Standard Methods, 1995).

#FE9 pSDE YEE47] (Model 770 AccuSizer, Particle Si-
zing Systems, Inc., Santa Barbara, USA)E AM&3te 234
. #E9 FHAAE AXAY A (Scanning Electron Micros-
cope, Model JSM-6400, Jeol, Japan) 22 #4934,

Zn o 03

Kl

1. §°_I-§ Ix}g_l 22| E EA-I

Fig. 12 34 3o & 248 9489 2000mg/l FEHE
o dte] HZAY H ol W2 PSD (particle size distri-
bution)E YERN B Table 12 PSDY W9} Ha g7, XF WA},
HEASFELS BodF 2 gt} Table 1914 Y=t HaE AEL 31
6umolL WEAFE 726%ZX S FPAT Yz A ¥
E3eE Jehz it Fig 1904 QA8 (0 min. 2ZA12D) )
et 857% 2 FEYAZF 10~100 yme HHo) £31 8
& F Atk 0 min. AZAZHA PSD 28T FHFEZITHAE
S oy Azte] Al wetA YAl E YAy A7
A& dojyez A3 JHe 22% wWe sigzA §

f
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Fig. 1. Particle size distributions for 2,000 mg/Z natural loess
in seawater with elapsed time.

Table 1. Results of particle size analysis for loess suspension

Elapsed Mean Particle Std. Coeff. of
Time (min) R2nge (m) Dia.(gm)  Deviation Variance (%)
0 0.7~2954 316 23.0 72,6
1 0.7~146.5 26.0 14.6 56.2
5 0.7~131.5 204 12.0 58.7
15 0.7~124.6 149 9.2 614
30 0.7~118.0 12.9 74 576
60 0.7~111.8 10.7 6.4 59.8
90 0.7~111.8 88 59 67.6
120 0.7~68.8 7.7 47 61.3
9% We 2 nE 7R HAFREESNE JEIQY S5 F
A HEY HFL 1545 JEHT

0 min. A2 AIZEAA 2,000 mg/29) AAAFE ) FEL A o3
PSDS HHEES TEZREH A4E 4 A 7)Y dg §
B EAFAEX (cumulative weight distribution) F4& Fig.
20 Yehd At

Fig. 2, Appendix 1914 20 ym "9 AA FEFTAY 27 07
%, 30 ym "j%HE 35%, 50 pm UITHE 17.5% o £33, thF 50
%7} fine sand%} & A7|0|3, 25.5% 7} coarse sand¥ 2L 32
79e o 4 9k

Fig. 32 7~}°4*JEH-4 e A Aol FE HH
< A1 4% d9E ¢ Ut

2. g

Fig. 4% £ A¥dAM ALSS Ad4e FEYAY A7) &
Browian diffusion coefficient®] AFZ ( (Du)™® 3 Stokes sett-
ling velocity (V)9 ¥] (V/ (Dpn)®) & AlAF3FL, ©] B9 2t 3
EQate] avigel BAE Yehle 2gxer}

Fig. 494 VJ/ (Dy)” H19 & A A77F 01 pmY o
0.004, 1 ym% 4 1.3, 10um% ) 3986, 100 umY 9 126,034 5
o2 9AY U} S wEA JEEFHez FbEe
A%E Jedd & 85 S FELAY Vs (Dpn)” A0l

o|xjo| RZUEM
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Fig. 2. Cumulative weight distribution for 2,000 mg/{ natural

loess in seawater with particle diameters at 0 minute
settling time.

Appendix 1. Cumulative weight distribution for each particle
size for loess suspension at 0 min. settling time
Particle Dia. (ygm)  Cum. Weight (%) 100-CW (%)

1 100.0 0.0

10 100.0 0.0

20 99.3 0.7

30 96.5 3.5

40 90.5 95

50 825 175

60 74.0 260

70 66.0 340

80 570 43.0

90 517 483

100 45.7 543

200 24.5 75.5

300 22.5 715

Fig. 3. Secondary electron image of natural loess particles by
SEM. Magnification is 5,000 times. Length of bar
scale is 1 pm.

A AFEFS FAL DR V/ (De)” ¥l &2 92 27
7t F74stel wat 713t AL 1um B A whet $A7t
e AAAE 2 pAEo R ¢3te] Brownian +%° A A
gtx)o} b e yEFsadez Fvehth whdd) [ um o3k
AR it Brownian £E& % 9380, dxte 277}
Fold$2 BE 718 V/ (Dp)” ¥l B2 718 FHLR
B2 Ao, & Z2ol= YA £F4d 2A4HUE W 1um
AAE 7|Ho R o] oL FHd 23 Apo] Py EYA
A% L Awjstz, o) 992 Brownian diffusion©) A¥jdch #H
R Aide o FES P: Table 2914 & 4 Sl%o] A4

122 24 Stokes settling velocity7}
ol W& & & v

100% 9A7F 20 um °149] ¢4
Brownian diffusion coefficient® t} 2,2554]
el et (Fig. 4).

Fig. 5 59 107> M NaCl £9 (pH=7.0) FA 4% 3
Z23te ¥ #E2} Abold] 243t interaction energyS 4 (3),
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Fig. 4. Relationship of V,/(D..)" versus particle diameter in

seawater,
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Fig. 5. Interaction energy profiles for loess particles approaching
each other in seawater. The zeta potential is —11.2 and
—67.3 mV in seawater and 10~ M NaCl solution, res-
pectively, and Hamaker constant is 5X107" erg.
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107 M NaCl €% (pH=7.0)% AFAX FEYAY zeta po-
tential 27t —67.3, —11.2 mVe] 3 (Kim, 1996), EDLY F7 <
727t 96, 04nm °lT Fig 490M HEQAS 4 (flocculation)
4 A#ste & EDL repulsive force® YERWE energy bar-
rier7F 107 M NaCl &9 (pH=7.0)9] %% total interaction ene-
gy 34 9 dF 2~30nme TENA et W) B
o] A% wE 7tAd A LVDW attractive forced] AW#ko] EDL
repulsive force®) Bolgrc} 4 & & Jesid ol s+
9 ¥ 9% w2 Usto FEYAY EDL FA7F 59 ¢
okx A EDL repulsive force”} A9 &84 ¢7] o, 2
HEZ Fig 59M 8l F9o FEIAEL RE TAAM &9
total interaction energy ¥t (attractive force) & el &4 &
ol3A floc AT St $le 24 Utk
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D
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ez 2,000 mgh
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Fig. 6. Variations of suspended solid with elapsed time for the
settling experiments conducting with 400, 2,000, 10,000
mg/? natural loess in seawater,

0 T T T T T
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ELAPSED TIME, min

100 140

Fig. 7. Particle volume distribution with elapsed time for the
settling experiment conducting with 2,000 mg/¢ natural
loess in seawater.
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¢ FAM AAFHY AY BE FEJAT 2FY T 75
ojuf 9jol A FAu o] o3t AdFHo] Qloje 22 &

A8 & g Aol Yok tetd 279 $H 5ol e vl
PEUS AE FEA 9@ £HLF F AVl B PEE &

3ln Aujdoz 2L3A Ho.
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FagANM Az A BB G d F9
o3 gl

Fig. 6914 $ELA F=7t F71g wet of
Ag ez 9tk 2000 mg/t FEL Y A
FEE A433% avdE 73 FA WA
B 2 Uz B¥XE i 300 um o)l 323}
olch FEQ FE7F 400 me/lel A 10,000 mg/l2 &
AAE Alolg) zHH o] FotF oM (Y72 Y FEE]
o2/) Azt Al we o & flocd FAEHATL 1
mg/l SAoA AR 7HF B e FEYA AAet
BEFE7} 400, 2,000, 10,000 mg/ o2 Frhetel wa} AFEA
AR AR (BEELFILHE, Type 1 settling or discrete settling)
ol M AR (BE#5ILEE, Type I settling or flocculation settling)
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Fig. 72 2,000 mg/¢ FEF A0 tlste] dAg AL PeNA
A7t Aol wE pVD (particle volume distribution) & B F1
p=g
PVDE #EUA]
L3t} AR

HFUE9 pSD dataZHE g A& o

PVDZN%CP

7|4 N& SEQAY 24 de FEYAL FdPAel
Figs. 6, 7914 2,000 mg/2 FEF Aol th3lo] A

2] 158 ool 87.1% 9 FEYAIL AAdL 2

=9 ¢ F QU o9 o] AdgEH Y &

Zate YA FAZE Fiehy N8 G

P RS Agstuige AxAAY A2 PVDE &
ae Aoz Jy7dd,

Fig. 82 1, 5, 15, 3029 Algte] ZA#g Fo 7 FESQIA
8 settling depthZ Stokes settling velocityE ©l &3t A4tat
2, oA FEYAY Z7is}e] AAE B FE AWHZonh

Hz%9 yol7t 72 A2 7} 100 m, F4o] EF2ENH 35
mQ Az A¢ FEATL Az AAd A7 7] ASA
B H259 $£4 35 mE HAx 308 o FhatdA HAe o
¢ Aoz A", o A% FEYAY AV]E Fig 8elAM
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Fig. 8. Relationships of particle diameter versus settling depth
calculated with Stokes settling velocity for elapsed
times of 1, 5, 15, and 30 minutes.

S50 um ©}3}7F $& & 4 Aok voF ute 2F98 f4E Sem
/secBt X 3 3083 3.5 m7hA AZRE F HFEYAE 90 w7t
7 #¥oz BAdA " 28y o)A dAE Aol 9 electro-
static forced] 98 P8 FH¢HFo) 3 A¢gy L 13}
A & lEHR Adtolth AA wtME AFfEd 9T A
g FEUA 789 $3AE, FEUAYG H2IA Atolg &
J#E Fol oatd o] &A= 2 A Eld ¢ U
Table 2914 2,000 mg/¢ FEL A Z$ 50 um ©] 3] ALt
BEJAE 175% EFET 825%9 FES AZAEYY
FES AZE glo] AZ¢qT FHH
2 o

FoA Addde FESIAY AFEA B¢ 979
g5 2,

1. 2000mg/t FEEA] tfd PSD FHL2 0 min. AZAI
A AFEETHE VeI HFYEE 316 um, AFAFE
756% 24 ) BHYT Yro FEXFHYE B9 F9o 1y
AN HHe] wel B AFEEITAY e el
g TAFAEEZHAMN A 100% 9 YATE 20 umBT &
AAZ FAREHA YU

2. 3 FoA FEJR B V) (Dew)” B9 32 929
717t 74t wet g LR SR EoH, [ pm YAE
FHog o o2 Vit (D) *ET 22 o] B (Dyw)”ol
V.2t & & vehidoh 20um 2719 4A] e vy
(Do) ® 19 F& 235501910},

3, #F FolAM FEYAE ¢ 9& EDL 54 (04 um)E
veld o 24 EDL repulsive force?t A9 EA3HA gston] 4
3 AIEE FEQAE E8 TLHAAM LVDW attractive force”}
EDL repulsive forceRth & gt vEhdo] &4 So]stA flocE
FAE sod g 244 AU

4. A5 Fo FEYAY V/ (De)” ®l9 & total interac-

o ~{»

3
a9

tion energy2HE A H Y FEYAE A FAAM 9y 2
g Aol gloje WS HAH7] ofFE FHd gon, 2F
9 £¥EFo] L UgdME A EHF AT A% 9
3o Auise AL R YErETh

5. 2000 mg/l FEFH] g AFAHAN S 25%9] &
Ex 299 agtdx B7sta $4) AZHT FEFZ7 400,
2,000, 10000 mg/2o.2 F71¥l wet JAEEL MEYART
(fE Bk FULRE, Type 1 settling or discrete settling) ol A <247
(BE&5TLRE, Type I settling or flocculation settling) ¢} Ael2 w}
At ol AL AA HFANM FEQYAE 78 flocd LT B
52 Be Y FES FET BAAA Qi) AEIE AL A
Fafjop 3te] Falo] FYY T2 FELAL AIyo) up
4 277t 23 # dS gviste Aot

6. PVD 2 Z2RH AdN4H] FEE FHIA Adde
AArer FA T BH3 AA3 A2} QAR FAE AL
FAe Fo] AR Fell wdto wlg HE A Z JEhytTh

7. BEE o438y AxE ARFoZ AA%LY HdMe &
A FEE adz AgEU|Ege O AT A=
452, @ HAd SXAu| 9 BAFEE AL B Fol
A ZFEQAZL HA Ff 2o HzAER FET S 9
o715 5 ottt oJRE Holx FEYUAE ol§3ld H2E
SR AAFHL ¥ A AT F gle 78R 487} =5y S
BE ALFE 29 & e sy Wy "4 .

8. dwrFoZ A9 Avie 3 2 FEHWS W& F83
AA7E €. FEYAE 2717 FEFE £ol3HA 2N Z
Qo A% a}A02 Cochlodinium 2% AAY & 3
AAZ ofd FEQAY 277 F2 AA A Avte ¥
4¥E 389 AREE, FELHESY, AZAALE §& XA

dta] wr=A] AAstejor Frf
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