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Summary

The flocculation and floc characteristics of humic acid in water are
investigated at different pH (5, 7 and 9) and ionic strength, using several
inorganic (alum, polyaluminum chloride (PAC) with degree of neutralization,
r=(OH/Al) of 1.7) and organic coagulants with different molecular mass and
charge density, and a simple continuous optical technique. The results obtained

are summarized as follows:

1. It has been shown that the flocculation and subsequent removal of humic
acid by the coagulants are dependent on pH. For PAC and organic coagulants,
they occur by a simple charge neutralization mechanism, regardless of pH used in
this study. However, for alum, at pH 5, they occur by both mechanisms of
charge neutralization at lower dosages and sweep flocculation at higher dosages,
occur by sweep flocculation mechanism at pH 7, and there is little flocculation at
pH 9, because of the electrostatic repulsion between negatively charged humic
acid and negatively charged aluminum species (AI(OH); ) formed mainly at this

pH.

2. It has been found that the flocculation and subsequent removal of humic
acid are also affected by ionic strength and its effect is caused on its charge and
so 1s more evident for the salts of highly charged cationic species, such as CaCls
and MgCle.. However, it has been observed that the salts have no effect on those
at the optimum dosage for alum acting by the mechanism of sweep flocculation

at pH 7, regardless of their charge.

3. The humic floc characteristics (floc breakage of pre-formed floc at high
shear rate and reformation of broken floc at reduced shear rate) are not affected
by the pH of the solution in case of PAC and organic coagulants, but are

affected by it in case of alum. The flocs of humic acid by organic coagulants are



more stronger than those by inorganic ones and are more stronger for the
coagulants with higher molecular mass among the organic ones. The reformation
of broken humic flocs at reduced shear rate occurs reversibly for the organic
coagulant with lower molecular mass, but occus irreversibly for the other

inorganic and organic coagulants.

4. The ionic strength has not affected the humic floc characteristics for alum
acting by the mechanism of sweep flocculation at pH 7, has affected humic floc
strength and the degree of reformation of broken flocs positively than those in its
absence for PAC, and has affected them negatively than those in its absence for

organic coagulants.
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(2) &2 9 H714 F3} (Adsorption and Charge Neutralization)
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3) &Fel ogk NOM AA wAUZE

(1) &FulF o] 2[AII]e <3 &H
dFulFgdol F¥ & (humic substances, HS)E SHA|7]= WAUS S s,

gttt 2 FTollA AFAA wEA L de] FetgolAa = MAYSE
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Al(OH)s(s)ell F9d =& &dFrE-792 A7 $% A AE (enmeshment) S A
Uss & 7 Uk o3 fAYSES 248 %

AFEH A goje] olee] FReh <, pH, $HA FUF 5ol wepd Fusol v

Charge Neutralization & Precipitation (lower pH, low Al dose)

HS + monomeric Al — [HS-monomeric All(s) at pH 4.0-5.0
HS + polymeric Al —  [HS-Polymeric All(s) at pH 5.0-6.0

Adsorption (pH>7, high alum dose)

HS + AI(OH)s(s) — Adsorption
(HS-polymeric Al) + Al(OH)s(s) — Adsorption

DA S EHA(alum dose, pH)2l W3l mE $Ha&S #AFs 3 AdF
(Gar-test) 23 & 3 8to] AA Ll =4 HElE 9S8 st diagrame =z duts)

AA YEPW S (Fig. 2). ol Sz met A 3l% 3H(charge-neutralization) <} =
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Table 1. A review of the different methods employed in shear-based

techniques for determining floc strength (Jarvis %, 2005)

Type of flocs

Impeller system

Method of

determining floc size

Sher levels
investigated

References

Tap water
+ferric
chloride

Kaolin+alum

Polystyrene
+alum

Activated
sludge

Bentonite
+alum

Humic
+alum

Sewage
sludge+cationic
polymer
Kaolin+alum/

polyaluminium
chloride

2 L glass tank with

a turbine type
impeller

4 L stirred vessel

(unknown impeller

type)

2.8 L baffled tank

with Rushton
impeller

1.2 L baffled mixing

tank with six flat
blade impeller

Jar tester (unknown
volume and impeller

type)

2 L square beaker

with single flat
blade impeller

Couette flocculator
powered by variable

speed motor

1 L jar test beaker

with single flat
blade impeller

Photography+image

analysis

Small angle light

scattering (Malvern
Mastersizer 2200) in

situ measurement.

Single pass to waste.

Small angle light

scattering (Malvern
Mastersizer E) in situ

measurement.

Continuous recycled

pump loop

Small angle light

scattering (Malvern
Mastersizer E) in situ

measurement.

Continuous recycled

pump loop

Video camerat+image

analysis
Non-invasive
measurement

Video camera+image

analysis
Non-invasive
measurement

Image anlysis with
flocs removed ex situ

Photometric dispersion

analyser (PDA)

Continious re-yled

pump loop

Gay 160 -500 s *

Gay 30 -1000 s !

100-460rpm
Gav 50 -500 s !
Gumax 597 - 5969

100-700rpm
Gav 194 - 444 s 1

30 - 150 rpm

Gav 9-33s !
Gmax 35 - 360

Gav 10 - 400s !

Gav 10 - 400s !

50 - 400 rpm

Gav 23 -520s !

Leentvaar and
Rebhun (1983)

Francois

(1987)

Spicer et al.
(1998)

Biggs and
lant (2000)

Bouyer et al.
(2001)

Bache and
Rasool (2001)

Wu et al.
(2003)

Gregory and

Dupont (2001)
Fitzpatrick et
al. (2003)
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(3) Floc strength factor ¥ Recovery factor

25 HEE FAste rdd W F9 slue floc strength factorg Al4bstE

Aot (Francois, 1987). 71+ %7] AAHE 59 AVIE d, 39 & 59 V| E
7))

d 283 QG | EF9 278 o2 #FAsa E5FEe ddd T

(e

strength factor¥ recovery factorS % 2olsFt}h. o 7]o| A strength factore Al E

Wt E st el e 59 33 A=E Yede Jdom F50
o Ax o3 2EsHA Z23dEH JdE 7ME YElE Woly) recovery factor
= 25 99 F U EE UEAS W gyE 50 o= FAx APY HEAE
HeEtl = ®FR ols SZUAYUS wet vE=via 4EA dvh(Yukselendt
Gregory, 2002). Yukselen ¥} Gregory(2002)= A A &% =7]7} o} Flocculation
Index(FDeh= &2 =59 A71E dHEtilew <714 dis FLOE, ¥ FLE,
d;E FLe = sto] 2 (3) 3} 7o) Strength factor® Recovery factorS YERU AT}

Strength factor= (FL, / FI;)* 1 0 0
Recovery factor: [(FI3 k. FIZ)/(FIQ 3 FIl)]*lOO .......................................................... (3)

Strength factor’} W, WRIZEE F7HIAHES o 5] A g5, weha
Z=o] et AgHAta ¢& 5= glt}h Strength factorghe A57F ofun, 1}

Aol AgE awEAd ostel debnE g Wy 2wl Mwd F 9

—

o} E3 strength factorS %7} S7hgel wel A skoh(Fitzpatrick 5, 2003). ¢
Ao w HFE ARe 5 AVI7F UM wet Faste AdES Za v 5 A
o 9 WA E oA FAH E50] =& FIEke /AW B2 Flaks 7z &9
Bt} v& Strength factors 7FRthal B %31 Y} Floc strength factors Aol
How E57E s FAske w21 AL el 1y g wwk Sxeb
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e Gregory®t Nelson(1986)e] 23] 7H¥®  PDA(photometric  dispersion

analyzer)E ©]&3l= Aoz ol &0 IAUWE z2E Fotd A= F3Fo
ol A Axt S vEldth PDAY A3 2= DC, RMS, Ratio 5°]

YAl e FA=ES dekdoh ACe] FEdAY Wedg grel Ao Alwt
#t(root mean square) = RMS=Z HA|HW, o] g2 A §=o AlFt ghol wet
Wty = 540 Atk
RMS¢t Ratio (rms/dc)#ke @EHe] sio} dee] o Ffsls dA=9] A7)
b BeE glor dgde SHAFHE UEdy fdAEe] skl Ex2 A7)
S 7Fshd RMS® ratioft= S7Fshal, dxbse] 22 A7 atHW W as)
A

A €k w2k RMS9 ratiowh2 S3GH, 5 $H9 =8 Ye=

L:wel Betat 2ol (bes] 47 )

A
N

Fig. 4= $F AN A PDAZS AFE3l9] on-line monitoring®d W dojx|= FE
o] aubr el dFelolt; Hxolx AAE A7 7F w9 =7 w|Eo| Ratio gro] o
U SHAE FU & Z5o] IAHWE AgE dioA T W] o]
ol o) AP e WA ATl whel Ratiogh Al F7HsHAl HAIRE DC

e AasAR o wstEe Ao webA 54" PDA #t oA Ratio gt 7HE
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Fig. 3. Schematic diagram of the turbidity fluctuation technique [a) a
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Fig. 4. Measuring Values by PDA on Flocculation Process.
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Az R EH

FrEabS EAbEFo]l 2000 oo w dZuld ol oste] FEH7]= AW pH
Edolt. FFolA FHdo] Exstd
el AsHAES AAdSHal(Smeds 5, 1995
Nobukawa®} Sanukida, 2000), 3A-zZMe] M E fabsly wgAloA vAYE 2]
S 2dE ¢ Jdow, Fedt Mnol AZE Wafsty, ed=4d9] ol&& §ola
st 5 oY 7HA 9SS yEly A " v (Prakash® McGregor, 1983; Rebhun
Lurie, 1993; Kersting 5, 1999).
Foa e Fal A (Aldrich Chemical Co., USA) 25 g& #3stod 0.1 N NaOH
500 mLel 9]

=
ol
T
sal
ew
o
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o
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S
oy
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@
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@
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107}
=
Q
=4
=
3
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2
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2
H
Of
ol
2

Abgatadth Ao AFeE FUAF 5 (25 me/L)E FEAF 99 20 mLE 4L
N-Na;CO3; 40 mLe} SHFE Yol AAFS 4 L= 3 &
A5 R o] &gt A5 pHE 0.1 N HNOyYNaOHE o] &8t A st}

e
2
-
=2
>~
=
ofo
)
olo
N,
2,
Ir
o
o
o

= Al F(Alum,  Al(SOu)s - 16H0:  Junsei
Chemial Co., Ltd)3} 97]%= r(=OH/AD7} 171 #7174 a2 &5 AI1 PAC(Poly
Alumium Chloride, 10.2% as Al:O3, Summit Research Lab, USA) 59 F7] <34
92} Allied Colloids Ltd.(&8 4] Ciba Speciality Chem., UK.) oA A& ¥ acrylamide2}
dimethylaminoethyl acrylate®] copolymer® % #A}7} methyl chloride® 43 X2
B dHE #H P-A, P-B¢ polydiallyldimethylammonium chloride (P-C) 59|
7] SRAE At F7]1 - A9 stock solution alum % PACe] o3 7zt
Z} 1000 mg Al/L, 100 mg Al/L 22 ZAeA1, o]E &N aging effectE A
sb7] sl 25 wiok AR EAsk o, 4T Waale] Bykste] AMEEFaith
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7] A= Aol P-A (40% active solution)= 0.25 ¢ S FHslo] ZHFE
7vete] A#E 100 mLZ &tal, dA|A & P-Be P-CE ZH7F 0.1 goll methanol 2
mLE 7hstal SHFEA AFS 100 mL2 & thd 30 rpme] X2 2A1F 183}
of AL A Al ol EFHWE TFT = 345t 44 0.01% &4(100
mg/L) & WEo] ARSIl er agingwAlE aeste] 15ty & vbEo] ARE-S)
Atk ols 71 A 42& Table 201 YeEb AT

R
2

219

Table 2. Properties of organic coagulants used

Oragnic coagulant Cat%nic Mrrrll?alécsglar
P-A 100 3~4 x10"
P-B 20 9~3 x10°
P-C 40 9~3 x10°

@ calculated from intrinsic viscosity given by the manufacturer, using
the Mark-Houwink equation (1=KMa), with estimates of the constants
K and a taken from Griebel and Kulicke (1992).

3) 7}2 ¥ (kaoline) & €Y

7}& A (Aldrich Chemical Co., USA) #eHe 7188 W HzE 105TolA 241 F

T 50 g& FAste] mlolAd YW, THS 400 mLE HolA HEH

olmf 7h-&d dEes 3] EAA717] 9l 0.1 N NaOHE AF&-3ato] 27| alrt7]

oA H& wwtelHA pHE 752 AU v 1 L vi= ddgol 7kt &7

FE ol 1L & & F 2477 o] WXd F A 600 mLE HAste] HE Heh o
%_ fex]

3~

3%)

o} olu] JE=EA7](Malvern 2600, UK)Z 4%l dx=7]&= 5.

Jﬂ
12

6.18 mm (FiF 5740l o, A=t Fri= 2872 W/ V%ot Ad5E= o &
S 8 A%t 35 NTUZ 3t AFgstglom, 1 N =& 0.1 N HNOsZ pH 72 x4}

AN
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FA o dE F2F(2521T) EodglE 300 mL pyrex Y o] 7]
of FHAk §o1(25 mg/L) 200mLE FHetar, of7]e] dFZFe] SHAE 7He 5 |, pH
5 7, 98 BrE Th HlojA nigo®HE 10 mm Al FoIUE single flat
blade(67mm x 8mm x 1 mm thick)® % a¥H200rpm, G=852s 1) 1%, &<
(50rpm, G=106s") 15% Faate] UeElWE SHAEHE  microtube pump (Eyla
MP-3N, Japan)Z ©°]&3lo] W74 265 mm ¢ ¥9% PVC tubeE %3] 15 mL/ming
o dA&xorw E3A7]HA PDA 2000(Rank Brothers Ltd, Cambridge, UK)
< %3] on-line ZYE Y 3} )

PDAERE vehtE Ly aE (Flocculation Index): digital forme & 7 3k% o]
chart recorder2 7| Z3stAU A&Hl B3 Y 7 FE spreadsheetol]l A 7= 21Tt
(Fig. 6). 232 3T =A 89 AE2YxY AeAY S Zeta—potential meter
(Sephy Zetaphoremeter T, France)®= Z=A33 1, Urx &9 dAZFS FHslo

% AAAe Asto] 25amol A FRES =27

pHE 5, 7, 92 W3AA pHE| W3l mE SHA FAFH SHEEHE, ol =9

$HHE AESAT ou Aume) A% Ee MHEE AU 9

Lot
k
t
0,
:OI:
i
ol
e}

o
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He
i
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£ E% 2718 PDAR o] §3ke] muEYstalch
VA LEE fAH0] it Ferx

£ 7Fe $ Hlo]A] g o 25 H 25 mmel F
mm x 1 mm thick) & %
10-30 F33stol &3 A
10-300s S el st
£ 43] wrEsiel. 919 WES okt

Flascualom

(25£17C)ell FoI3d

£ (25mg/L, pH 5 2 7) 800 mLE 33}
single flat blade (29 mm x 65

o] ==
AT

FUH400rpm, G=729s ) 10s, <l

g
>

o,
I
El

=)
@
2

=)
S
AL
¥
09‘;5
S',l',
2

Data corresrisr syabam
b

+ 1000 mL

i, o7lel A &

Fig. 6. Schematic diagram of experimental set-up.

Table 3. Summay of experimental conditions

Items Value
Humic acid conc.(mg/L) 25
Solution turbidity (NTU) 35
Ionic strength (mM)
(Nacl, MgCl,, CaCly) 05,1, 2
. pH 5179
Condition Temperature(C) 25
Clay Kaoline (NTU) 35
Mixin Rapid mixing 200 rpm(60 s)]; 400 rpm(10 s)
& Slow mixing 50 rpm (600 s ~ 1800 s)
Floc Mixing intensity for floc break—up 400 rpm(10, 30, 60, 120 300 s)

reversibility Mixing intensity for re—flocculation

50 rpm (600 s ~ 1800 s)
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1, Fejitel S olxle b W ol2dse] A

1) pH &
pH7F 715 &2 A9 S 4 A= At e dEy EEA Aot

(Hall?} Packham, 1965; Kretzschmar¥} Sticher, 1998). ¥F-3-8<4 o] pH7} $-H o] 1]

A= Qs AESH] Aste] pH 5, 7 2 994 FHAE &H(25 mg/L)el F71 &3

Al(alum, PAC)¢t f718-HA(P-A)E 48 ZFH 7lsto] &2 ZA3E PDAE F3h9]

ot
tlo

—)
=
S
&
Q
=
=
o
5
5
a.
@
i
=)
Z
!
Bl
r U
i
off 2

pH 5, 7 3 9ol A 2} &HAl 58]
UHd s Zyep o]o] mE JF{ FHLke] % zeta potentialS Fig. 7(a—c),
Fig. 8(a-c) 2 Fig. 9(a-c)ol| e}

Fig. 7(a-c)= pH 5914 2z} &ZJAE Fdste] &2 A34E i Aol &3
2 MEgHoRE 4 o=

Hal7h gl 99 A, 3o AlFEe] FI gkell S7Fe YelhdlE 99 B, &3
7b dAste] FI gro]l AMdA o= Frtete 49 C % FI ghol Aol gl =g
dAGsHA FAHE 49 D2 UFolAd vekd 5 dvk(Lee®t Gregory, 2000;
Kam ‘&, 2002). P-A(Fig. 7(c)¢] 4% 7 w2 34 F4 =65 mg/L)elAM= FI
w2 719 Wstrh gldled ole $Fol A dowES ndth 3
75 mg/L7VAl ZF7hA1 7o whel A A A 7H(lag time)o] FolX 1 CEY9 7]&7]E ¢
A F7EstR e ol By wE o] WP HATE AS o gt 75 mg/LKE

we $AAe] FUFNAE FUe ke P-AS FHske] Al st do]
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oy
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U FEEE9 A4= FIgol Z443s ¢ 4 Atk 105 mg/L % it £& &3
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zeta potential®] 1H O 2R E HAFAINAM M w2 FEite] AAE
™ zeta potential> 0°] HslG=dl o]Z2HE P-A= pH 594 Asts3st WiAUSE
o ozt $HHE AS & 4 AUk PACFig. 6(b)%= pH 5914 22 AnE
guidled ol PACE vix7HA = Aetwst vAYFl oste] S-ES & 5 3
Atk

8y pH 590141 alumell 93 &2 PAC, P-A¢ 25 v FEHE JehAtt

o= 16% ot S0l Ao dojubx] Fskhe= AL ongt. A FALFS 39

mg AV/L7MA S7kA el whel A A A Zbo] grobA o 7] 7] 7F F7kst el ol = wh

2 SHo] AAHAt= Ag ou gy 12y 39~ 6.3 mg AL Atolo] &-A F

P&l A= AAAIZEo] ZolA oL CP Gl 71&717F Zadd=t ol 32 Atgst
2 #ddEd. 63 mg AV/LET 2e $HA2 F489S

u Flgte] S7istsd ol ofvf & $3A FEFAAE b vAYS

Ao AIOH)z0 F9 4] & Z(sweep flocculation)o] dolwt7] wfj&E¢l Ao

A M (Gregor %, 1997; Duan® Gregory, 2003). ©]¢ #& 4

FAF e IH FEAY st Aebdeete #ARFH Ho W] & &

VL elstel 44 Fdel At SHA T el
L

)
1

fr
>
b

1 39~63 mg AL AfololA e b7 FHlwZrE HE FHAE #%2(25

A v grog ZH71eg I zeta potential e 9 S YEFUATE o] AL
6.3 mg Al/Lolstell A= Aetz3st wAYS oste] &30l dojdrte= 31E& e
A Adnk ol2=5H 63 mg AVLEY £& 349 FHdA= I FHite 5%

fr
0
B>
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BA FYHPACY 49 23 mg AL, P-A9 4% 90 mg/L)& AYstze= 53
A FAE Al A& 2E]3l zeta potential #He FElE Z+ZF pH S0l A€ ZokEd)
olAZ o] F FHA A5 pH 7oAME Hssst mAYSE st SHES ¢
F Atk 28y pH 79149 PACY $3 WAYSES Gregory<t Dupont(2001)7}F |
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s

n
SRAA e Fd T oEerta BFIT 5 glomF sweep flocculatione] o= A
%= ARgstar dvkal & Aol stk Wang 5(2002)0] o5t PAC AlFEe] s}
3= (=0H/ADe W} o]o] MAYUFLS th2rty Rusta Q. upgba 2 Aol
A AH8-¥ PACSF Gregory and Dupont(2001)9] oA AL&%8 PAC Alele] A A
HAYSE 2ol WA= FAT o5 AT At Ttk zold 71dE Ao
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pH 714 alumel ¢ate] FAHE S =49 o, IF FHAY 5% 3 zeta
potential & Fig. 8(a)oll HEF =4 °]= pH 5(Fig. 7(a)¢t ttE FEE YHEFU S
a1, B8 pH 7942 PAC, P-Ast= tt2 7 yepwch 3 A T &l S7hghel uf
2t Ho) FIgtS 95 mg AVLY FYE71A Z7bstthzE 11.0 mg ALY F 2ol A
o]

£ 23 42U o FE 23F FAFANAE Flikel oAl S7keth 95 me

Al/Le FhHNAM = 7/ F94F T27F 433 AastidAw, S3A FHFe] =
7}eho| wel HFAax o g2 =7} zeta potential #2 15.0 mg ALY SHAE F

d& w7A= 2o FS JehiAT 20 mg AVL olde FHHNAME zeta
potential ¥zt +9] FE Uz FYFo] F7Fstel whEl zeta potentiale A<
WHal7h gldth o] 22 pH 7 Z7slell A alumell <3 FEjake] AA= Aoz A
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A=A, R FEh = 32 A" E59] zeta potential kel W3t FEj= 42t
pH 5 % pH 7oAl e} 2k, ol pH 9914 o] & A o Fujake] AA

=

= Adatsst WAYSZ 9t dojds & 5 AATh

Alum pH 904 Fig. 9(a)ol A= BAAA] FkAINE W& A FAFe] H9
ANA FI #k2 A W7t gllorn, o4 F2ol= Hed e vAl E5wko] A4
HE, o= o] pHollA dAHE o9 Al F(AIOH)")(Edzwald®t Tobiason,
1999)# Fo]9] FHAE Alole] HH7]A whrHe] ofgh Ao=w dAdtETh ol gl
A#FolA FF/F FUF T 2 zeta

Ao ¢F 60 mg AVLZFA 9 wW& $HA +F
=R
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a) Alum

3
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x —m—1.9ma/L 0.50 10 E
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3 0.60
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= o} ——13mgL —E—16mgiL e N
c —a—19 mg/L @ 040 N
o 2 —
T S 0.30 s
g 2 5
8 > 0.20 8_
o o)
0.10 o
N
0.00
20 0 2 4 6 8
Time [min] Coagulant [mg Al/L]
c) P-A
3 0.60 20
>
x S
() —e—55mg/L —®—60 mg/L o 0.50 10
g —&—70mg/L —@—75mg/L 8 -
= 2 —e—85mg/L —B—90mg/L S 0.40 N
5 —A—95mg/L —e—105 mg/L o 0 —
= o =5
@ 2 030 ©
3 ] < -10E
3 > 020 2
o =) o
o -20 2
0.10 o]
@
0 0.00 -30N
0 5 10 15 20 0 5 10 15
Time [min] Coagulant [mg/L]

Fig. 7. The flocculation curves of humic acid solution, and residual
humic acid concentration (shown as residual UV absorbance at
254 nm) by centrifugation and zeta potential of flocculated
material after flocculation test, with the dosage of alum (a),

PAC (b) and P-A(c) at pH 5.
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a) Alum

3

—e— 4.7 mg/L 0.60 20 -
3 |Seina T
T —&— 11.0mg/L o 050 LI
< 2 b—o—142mg/LfP 8 N
c —8—34.7 mg/L. o 040 N
o —A— 47.3 mg/L o 0o -
- o @
% g 0.30 E
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ke 3 g
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0000 [}
0 r N ~N
0.00 -30
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Time [min] Coagulant [mg Al/L]
b) PAC
3
as Al
Z§ —e— 13 mg/L —— 17 mg/L >
ho) —4&— 19 mg/L ——23 mg/L © £
£ .|l =25mg/L —e—28mgiL o )
2 = N
c —a—31 mg/L S N
S 2 =
5 2 £
=] 2 S
3 < 2
o 3 &
o =
]
N
0 2 4 6 8
Time [min] Coagulant [mg Al/L]
c) P-A
3 20 _
—4—70mg/L —8—75mg/L >
> —A—80mg/L ——90 mg/L o =
o —6—95mg/L —8—10 mg/L o 10
Eo —4—105mg/L —o—115mg/L S o
c Q o N
o o =
kS 3 =
=P < -10E
= :
i -20Q
©
0 soE
0 5 10 15 20 0 5 10 15

Time [min]

Fig. 8. As for Fig. 7,

Coagulant [mg/L]

but for flocculation at pH 7.
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a) Alum
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Fig. 9. As for Fig. 7, but for flocculation at pH 9.

_30_



wmo

‘.mw.o

o)
H

70

2) o]

—

R

o
0

,._A.u_yo

ol
cut

=0

H

lol o= 7}~

T Atk (Lee, 1991; Wall®} Choppin, 2003; Lee2t Kam, 2005).

SEREE

< 3to] 9

3

Z

d

Aol 2]

9] sweep flocculation w7}

==
[e)

W E%

7
3

1|

N

A nEa 71 $QAel 9

-
_EH

ot

ol

N

o)

T

A

oj
00

_Eﬂ

ol

P-A)¢]

71 13, FaAk 8925 mg/L, pH 7)ol A}

S

jail
=

o] S A (alum, PAC

JGge AE

Vs =ik

=
=

MgCly)9 %0, 05 1 2 2 mM)

)
=

f| 2 (NaCl, CaCls

15

o7 FAs=
3744 €]

A %2 pH 7oM<

A5

=
T

EEED

A

7] pHe| F&2

/E]—

’

=
=

(

o

0

X
@O

7K

FSA k.

to] AEs

S

SHA FA>F)

2l
o

Ny

L

Al FHFE alum® 45, 47, 79 ® 137 mg AVL, PAC® A$+= 13, 1.7

&

olo

]

23 mg Al/L, P-A9 A$+E= 7,75 2 9 mg/L o]}, o]

A (Fig. 10(a—c)~

2 zeta potential #k(Table 5) o2 e S T).

=1}
=

Fig. 12(a—c))

Bl

et Aolth 47 mg ALY F Fo

KeR
T

Fig. 10(a-c)

A

Aol

s

A

3

SRR

Q)
=

ol = &5l A9

[SL MR
0w =2

A 8FA]

2 (H)el =

Faksl

A

_31_



29 A7), & Fl #=

=

=

=
pe

| Qota, of gake] w
CaClot MgCl7t 17F ol & #8ke] NaCl ®th v 27

- S op dod Y
A T B S R A
BT K oo K Ho W T U o ﬂ@ ﬂw| do T o T o5 oW N of o H
) HH o T o W W = F by T % 4
W AR op ) oy , s w7 i A= o Bl N
X = FTTOT OS2 T I ) \;lo_l ) ,,,HA_H w mo ik X < T "N
A A = 5T N = oRX N o T =
e PRET T EFE A A BT
T o) o X = N g w ™ . 4w o —r ok Lm o
S ol SRS 'O <o o B T o T
XH ‘_%m.o 5 WA_.O R Z_.t o) o~ ,mq < ,ul ﬂoﬂ ,Dl ..:‘_ L _UT \Nﬂ
olo Bo H o w 2] & 5 NM i~ o o) T’ o ) )l o)
L R R & R S i B . o= ok o
qT o B O W & < < Ao ; T8 x BOF
- ™ X 2 M T s g s 5o T o A
G o £} e = oF - of 7o . - B X el |
R BT A PEYEOEY 5% 0w %
j W) o u = e = B X [ —
}mqﬂm%ﬂﬂﬁo%@awﬂlﬂua?arﬂﬂagztoz
N - % P g g o O ST M T : woE
Hos 3 ST o R R T N o -
Ho 2 A Qo < e Nprul ) o N o T o
Mg Y B X E N S o X W oG M
ulp Ho 3 B <0 ofu M o Njo o & ™ ojn o 2 o ol
- 2 o T o o i3 iy
o =K P P o | = e F ® 0 R
g oo BT N G S S B ERE ~ N
2 g - N o= = U do = A o T ofp s m
T o Y3 R T S R TR s & w8
° o I R < R B o o B iy T
: o o % I S s £ o BIKRR - NIY
(N N S o 5 B ® < T Y g g = p
s — O/ -— Lf . @c ...F O TO o ﬂ.M 0 d_ﬂ .60 ‘Nﬂ
= ) N = A= M4 o° B
DR~ R SR 1 T o " B o oo
O m B oF or W w4 b X % oW ° s 8 o= 3 )
S R TR TR LW & R F B 4% T Y
X Mo ok o Tl W m P o iol o cn X Yo
N mﬁ w8 T L o o W — o T o T
Gl o R 2 8 o 4 oo T T DN W oo oo
Py T ﬂ]ﬂeNar_/uzTZT),a.%ﬂ%MHT% il
o o H s X9 B B > S Mo - 37 t =
T % T 8 = o) NG =K = T oF
= < B » % o Lo SE= W B XS
OT O#E " OME ’ t h Z m £3 1%! N m - . = ﬂAE e = Of nE
oo %%lmﬂ%mMAggﬂﬂgqé& i
) < =)o 0 2 .8 F o oy O R0 ~ X
ﬂﬂ - —_ — M.A - o + o'} F = N ZE E#E o
= o W | M g » g 2 E = T L
Sy w® % g W¥EIg S Lm L
NI " s &= = 3 " S B
M Pxro.® TN T 9 = oo ke ® N A T W
Aroke ® o R oo oM TR K

- A o] HA =
o] pH 7ellA F=4k A A sweep flocculation®Z 2H83kil gl alume HA F



Table. 5. Effect of salt (electrolyte) and its concentration on zeta potential

of flocculated material and removal efficiency of humic acid by

each of alum, PAC and P-A and its dosage.

In the absence In the presence of salt
Coagulant  Dosage of salt Conc. NaCl CaCl, MgClz
zp RE (M) zp RE zp RE zp RE
mv)"” (%)” mV)” )" mV)" ) mV)”  (%)”
05 -14.8 23 -13.8 60 -13.1 60
4.8 -19.7 1 1 -14.7 26 -132 58 -12.7 60
2 -138 22 -12.8 58 -11.7 59
05 -9.9 68 =79 84 =79 85
Alum 7.9 -179 50 1 -9.6 69 -7.8 83 7.2 83
2 -8.8 67 -7.1 82 -6.9 83
137 0.5 -6.4 95 -5.9 96 -54 96
-2.3 95 1 -6.1 96 -5.3 96 -5.2 96
2 -59 95 -4.7 96 4.4 96
0.5 -10.7 26 -4.9 93 -5.9 93
1.3 o 45) 4 1 % 30 -43 92 -3.8 92
2 79:8 22 -3.4 91 -31 92
0.5 -5.1 70 2.8 45 3.2 46
PAC 1.7 -8.7 50 1 -4.2 71 34 45 4.1 45
2 -3.0 67 46 45 4.6 45
0.5 14 95 6.3 19 6.9 15
2.3 11 94 1 16 95 7.2 14 7.0 14
2 2.2 94 8.7 12 74 13
05 -3.2 7 2.1 83 2.0 83
7 -12.7 13 1 -3.1 7 3.0 82 3.0 82
2 -3 76 4.2 80 4.2 80
05 -2.6 82 45 54 4.1 55
P-A 75 -107 48 1 -2.0 82 5.3 54 5.1 54
2 -1.7 81 6.1 53 5.9 53
05 1.3 7 7.9 27 7.8 27
9 12 86 1 15 7 8.2 26 8.0 26
2 19 76 9.7 24 9.6 25

2)

Vzeta potential of flocculate material, “removal efficiency of humic acid;

3 .
)salt concentration.
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a) 4.8 Al mg/L
3
x 0.5mM imM omM
3 —¢—salt free —®—NaCl —®—salt free —®—NaCl —o—salt free —®—NaCl
£ 2 | —>—MgCl2 —8—CaCl2 | ——MgCl2 —8&—cCaCl2 | —o—Mgcl2 —8—cacI2
S
S
3 11
(&
o
[V
0 B L eeee
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Time [min] Time [min] Time [min]
b) 7.9 Al mg/L
3
- 0.5mM imM 2mM
5] —e—salt free —#— NaCl —e—salt free —#— NaCl —eo—salt free —#— NaCl
T —o—MgCI2 cl2 —o—MgCl2 —B—CaCl2 —o—MgCl2 —&—CaCl2
o
©
=
[
[&]
o
[T
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Time [min] Time [min] Time [min]
c) 13.7 Al mg/L
3
x
(9]
s | peoafttsesngs | 9| 0 2 copbetmmgee. | | ooeless.
£
c 2 B B
o 0.5mM imM
= —e—salt free —¢—salt free —e—salt f
31 —m—NaCl —®—NaCl +;2ct| .
S —o—CaCl2 —e—CaCl2 —o—CaCl2
2 —8—MgCl2 —B8—MgClI2 S5 MgCI2
0 R R R R R R R R R
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Time [min] Time [min] Time [min]
Fig. 10. The effect of ionic strength on flocculation of humic acid (25 mg/L) by

alum at pH 7. Each of the three alum dosages shown in (a), (b) and (c)

is the maximum dosage not forming humic flocs, the intermediate dosage

forming humic flocs to some extent, and optimum dosage showing the

maximum FI value and removal efficiency at pH 7 in the absence of

electrolytes respectively.
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PACO t3t dside 93-S Fig. 11(a—c)ol e At} Fig. 11(a—c)oll A Hof
A= vpel o] Aad Atole] Hatel e nHul AA GFS wHE & 5 Ak
Z, 17F9] %¥o]2¢] NaClel 2% 1.3 % 1.7 mg AL FdFel A F¢@o] F713
of we} NaCle] EAl8tA] &S ¢ Hoh FI ¢ dAdo=w 78k, 23 mg
Al/Lel Fd &M= NaClo] EA8A] &S 49 Ao e s YERSAT
ey 27 el CaCl, @ MgChel 4%, 1.3 mg ALY FYZFol A= FI ghol
AA F7FsEAAR 179 23 mg AVLS] FHFolAe Yo date] S o
FH Z=o] AtAstE Qe Aoz AU o= PACH o3 FHAke] &
ol Aol datgst mzidFe] T84S Yehdla itk o]ef 22 AE2 Table 5
o AAE FHAFe] zeta potential ¥ FHAte] A AL AZZHEE wu} PIa] o
T ATh

P-A9 ¢ PAC® w53t 435 BYS &  AUthFig. 12(a-c)). Asfjde] &

A9 SRol 7o dojuA &= 7 mg/Le FFA 271 o2l
CaClo$} MgClo] E=AAI9] FI 72 Hdaldo] EAlstA] @& wWeo] HA SHA +4
oA et A #Ze AF}E AL, o] Rup =2 FUHAA = FIgte A4
17} Fol2<l NaCle] 92 27} %ol9l CaCl, ¥ MgCl, Bt} HgS & § ol&
dl, ol P-Adl olgh FHA4kel Ek4dst 2 AbAE s datTstel o3 dolds
(SR AT A=
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a) 1.3 Al mg/L

Flocculation Index
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—o—salt free —#@— NaCl

| —>—MgCl2 —8—CaCl2

0 5 10 15

Time [min]

b) 1.7 Al mg/L

Flocculation Index

20
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0 5 10 15
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| ——MgCl2 —8—cCacCl2
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c) 2.3 Al mg/L

Flocculation Index
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0 5 10 15
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| —e—cCacl2  —8—MgCI2

0 5 10 15

Time [min]

20
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—eo—salt free —#—NaCl
| ——CacCl2 —8—MgCl2

0 5 10 15 20

Time [min]
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—e—salt free —#—NaCl

| —o—cacl2  —&—MmgCi2

Time [min]

Fig. 11. As for Fig. 10, but for PAC.
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a) 7 mg/L

x 05mM 1mMm 2mM
g —&—salt free —@— NaCl —eo—salt free —#—NaCl —o—salt free —#@—NaCl
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Fig. 12. As for Fig. 10, but for P-A
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Fig. 13(a)e] Z3=XF¥ 2] (3)o] 23 strength factor®} rcovery factorE 3}
pHel & F59 A=t F59 79SS AES A tHTable 5). Table. 5914 e}
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Hog dojds & = d=d, olHE AI= Yukselen® Gregory(2004)2] 4+
Jae 5 94 Ao Aot frAbstah. ey 3y Sl E skl et
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gyE ZZF9 AP dF P-AE 7tEdez dojygAvk(Fig. 13(a)),

acrylamide®} dimethylaminoethyl acrylate2] copolymer®! P-B¢} P-C& & wWH7:

Lo osf HiE F52 AFAHol 4] dojuA BES & F A=, ole o

copolymer®] 33 W&l Aoz AlZH}(Ditter 5, 1982; Horn® Merrill, 1994).
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Fig. 13. Effect of pH on breakage and reformation of humic flocs
formed by alum (a), PAC (b), P-A (¢c) and P-B and P-C (d).
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Table 5. Strength and recovery factors of humic flocs obtained by alum,
PAC and P-A at different pH (5 and 7) and at different breakage

time under the condition of 400 rpm

Conditions
I breakage time at 400 rpm
P 10s  30s  60s _ 300s
5 27 24 23 20
alum
7 40 33 32 26
Strength 5 39 34 33 26
PAC
factor 7 A1 35 34 %
5 40 38 37 35
P-A
7 40 39 37 36
5 89 73 69 44
alum
7 36 25 23 18
Recovery 5 32 21 18 14
PAC
factor 7 32 2 19 14
5 99 99 9 90
P-A
7 99 99 9 92
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Fig. 14. Strength and recovery factors of humic flocs obtained during 4

repeated cycle at different pH under the conditions of stirring rate

of 400rpm for 30s.
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c) P-A
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Fig. 15. Effect of ionic strength on breakage and reformation of

humic flocs formed by alum (a), PAC (b) and P-A (c).
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Table 6. Strength and recovery factors of humic flocs obtained by alum,
PAC and P-A at different ionic strength and at different breakage
time under the condition of 400 rpm and pH 7

Conditions
Tonic breakage time at 400 rpm
Coagulant strength
1 mM) 10s 30s 60s 300s
NaCl 34 31 30 25
alum
CaCly 36 32 31 24
Strength NaCl 42 39 38 30
PAC
factor CaCly 43 41 40 39
NaCl 27 26 25 21
P-A
CaCly 23 21 19 16
NaCl 35 25 22 15
alum
CaCl; 34 26 22 17
Recovery NaCl 40 34 33 27
PAC
factor CaCl, 33 33 31 %
NaCl 72 71 70 55
P-A
CaCly 54 50 49 46
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