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A study of rapid mixing condition for improvement of

water treatment process

Si-Hwan Chol

Department of Environmental Engineering, Graduate school,
Pukyong National University

Abstract

The rapid mixing process in water treatment shall mean the rapid dispersion of
chemicals throughout the water tube treated, usually by viclent agitation. Most
desirable rapid mixing condition is the very rapid and uniform dispersion of
coagulants throughout the total flow in mixing tank without any concentration
gradient. The rapid mixing process for coagulation is a critical component in a
water treatment plant. The effectiveness of rapid mixing significantly influences
the efficiency of the subsequent sedimentation and filtration process. However, at
the present time a detailed understanding of the rapid mixing by in-line mixer or
generally accepted criteria for all type of design are unavailable.

The overall objective of this research is an understanding of contaminant
destabilization using Al(Il) coagulants during the rapid mixing period after
coagulant addition, and development of design relationship for mixing processes
base on basic concepts and experimental results. Four of specific objectives are (1)
to investigate the effect of rapid mixing conditions on the removal of organic
matters under several coagulation mechanisms, including adsorption/destabilization
(A/D), sweep floc, and enhanced coagulation (2) to find out the role of rapid
mixing in the species of hydrolyzed AMI) formed and the colloidal material
formed from dissolved organics in the reactor, and (3) to suggest the optimal
mixing conditions depending on the raw water quality and the contaminants to be

removed and (4) to investigate the performance and the design parameter of

- viii -



in~line static mixer. The coagulation experiments were conducted to compare the
In-line static mixer to the traditional backmixer under several coagulation
mechanisms.  Experiments  were  also  performed to compare the coagulation
efficiency of different mixing type of the in-line static mixer which were made

using different flow rates and the number of elements equipped in a pipe.

The effectiveness of organics coagulation due to the change in rapid mixing
condition was varied with the order of the following coagulation mechanisms: A/D
> sweep floc, Under all of the coagulation mechanisms investigated, while the
efficiency of organic removal was higher at higher mixing intensity, that of
turbidity removal was higher at lower mixing intensity. In addition, optimal rapid
mixing time used at all mixing intensities was ranged from 30 to 40 sec above

which the coagulation efficiency was substantially decreased.

The in-line static mixer performed much better than the backmixer for all
coagulation and mixing conditions tested. Especially, the static mixer was very
effective in the surface charge neutralization, as showing higher reduction of
negative charge with increasing mixing intensity. However, little difference was
observed in the performance of the static mixer equipped with 2, 3, and 5
elements. Also, the experimental results showed that the static mixer works very
well for both A/D mechanism and sweep floc coagulation mechanisms. The results
also indicate that the static mixer is more efficient at producing A/D mechanism

conditions as a result of its fast and uniform dispersion of the coagulant.

When an AKID) salt is added to water, monomers, polymers, or solid
precipitates may form. Different AI(II) coagulants {alum and PACI) show having
different Al species distribution over a rapid mixing condition. During the rapid
mixing period, for alum, formation of dissolved ANIN) (monomer and polymer)
increases, but for PACI, precipitates of Al(OH)se increases rapidly. Also, for alum,
higher mixing speed favoured AI(I) polymers formation over Al(OH)ss
precipitates formation, but for PACI, higher mixing speed produced more AIOH)s
precipitates. Under A/D and sweep floc conditions, both AI{OH)ss and dissolved
Al {monomers and polymers) exist, and then concurrent reactions by both

mechanism appear to cause simultaneous precipitation.
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Fig. 2.1. Deprotonation of the aquo aluminum ion. Initial step in aluminum

hydrolysis (Letterman, 1991).
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Table 2.1. Hydroxocomplex formation constants for AI(IO) at 25T

(Baes and Mesmer, 1976; Nordstrom et al., 1990)

Reaction log K (25C)
(1) AP + H.0 = AloH* + H'* - 497
(2) A" + HO = AlOI)," + H - 430
(3) A" + H.O = AIOHD)S + H' - 570
(4) AP + H;O = AlOID. + H' ~ 8.00
(5) 2AI" + 21,0 = Al(OH)," + 2H' - 770
(6) 3AI" + 4H,0 = ALOI + 4 -13.94
(7) 13A1 + 28H:0 == AlsOs(OH)o™ + 32H ~98.73
(8) AOH)3am — AI* + 30H -31.50™
(9} Al(OH)3) = AI" + 30H -33.50

* Ligand and H2O molecules are omitted for brevity
#* Calculated from the reported values of 4H; for ANOH); Al”,
and OH"

log (conc) (M)

Ao

Tr
AL 50, (0H) o Aly30,(OH) 2%
-12 ] 1 I { | ] | | ] |

Fig. 2.2. Solubility of aluminum at equlibirium with Gibbsite(A),
amorphous aluminum hydroxide(B) (Thermodynamic data from Table 2.1).
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T AT (AWWA, 1990). )2l 3 @& aele] AN &8lw 2 F B ZHe o3
W olsel W =& AlFEA|, ool AN sEEs Fel= 2As] e
Wiz 2 obdrh HAR 7 pHel A AKID ] whe-& 7l-Rae] Ao wa} et
o. =, polymeric Al & FHAHAA YA e £o] olr)g Ay omo] =
& AFAM AT FFoln o8k Fo] FF:o|A AU} F4RaHe] i
oo wrae] wWe M4 Re 448 ¥HAEE Fig 23¢9 JEU Fig 239
AN 7hp el AdEet AR ol 27 AF o)ee sAsrae A ua
monomeric AN &3 polymeric ANI) £ & 7] AlOH)38] HAAHEES DAdsin,
-5 pHe F7kel] whel ANOH), 22 dol7} o] Roje wela gt} o7 A &7t

rz

rf.
i

<

ofy

AAEARZ W9 polymeric AN Fo) ¥¥el We $AXEE 24 eun
2 A2 $49 §3 oA polymeric A & 342 Fasct & 4 ATt

Brosset & (1954) Hsu (1977)9] Al 7hrisfe] @3 7o) o)sha 43
1T polymeric AN &9 P2 AAYe LFnE 5432 Tz

3 &FulE FAsE A o) &2 OH o) o3 szrael a3



stk Al-OH-Ale.2 A=t A8 mel Al o] Apele] whdtede) Fa gl
Agetopd 7 FRe obgEit 8 4 ot Polymeric AN Eo] obA g Aej

B &84 AN 0123 OH o) & Alole] wjde RFmy SustEn fAbe W
o olFA At 2y &FelE FASE FxoAl 2 O o] v 1 7))

A" ol ed ddFoe] glo] fgaldAe] H o £ul g waA Wao muals
(Amirtharajah and Mills, 1982).

A o 2 polynuclear #83HE ¢ OH o]29] ey mononuclear #8388
the F&el& 8 9 B0 3o Atk Stumm™ Morgan (1981)e] 28t OH o] &

o geFo) & FEL UlsRaE §% %Fol20] ol mononuclear 4R Fu

e

o FAEA O 29 S-AE & 5 vk ol9k 22 polymeric AT $H A
(PACD+ NaOH S92 97 7t we} polymeric A o3 ARG, o st

PACL & Al lo] s}eta S48 dose ddUAzs FUs 9719 2

i
©

F 5% (Smith, 1971), AT F el &% (Stol et al, 1976), B~719 FU&4E (Dempsey,
1984), @7]1%= (Hsu and Bates, 1964), T2 7 (Vermulen and de Bryun, 1976) 9
2% (Stol et al, 1976), o] 275 (Stol et al,, 1976), 2¢] &2 & (de Hek and de
Bryun, 1978), %/71%t (Morgan, 1976, Parthasarathy and Buffle, 1985; Bertsch,
1987; Parker and Bertsch, 1992) To] 21tk PACIZ d9rA o2 AICL £<¢] NaOH
F4E 499 %2 [AOH)Cly, (r=1~25)]0] o]Fo] A ujrtz FdtozA &
gk A7A r2 *driE'E gdEm A Azl 3o FHE OH ol
AP o129 B B (2 r=[OH wwed/[AlD2AH UERATH wabd r gho] 0 FE
F7HE S polymeric AN & (9, Alg(OH)x' Dol Fab Frhstthrt 54 g
rell 4= precipitate Al & (o, AIOH)ye] A" slA) gt AOHRe A HE
sHgol WolAug oY FA4L AAY + U= Ao r FE FAGE Aol F&
gto) 3 4 ol (o], 1998).

Baes®t Mesmer (1976)2] PACI SAle] #gt aA7o| 28t fFo)A 7588 %
7Yl AlID) 2 monomertt dimer Fo] A= r g9 Z7te wed polymeric ©]
=2 o] o] 2oz} oA MY polymeric AN Fo & AI-NMR 24
& 538 AlOs(Ok’ (Al Aoz RIEATh (Bottero et al, 1980). r=2.0014

=N
R



A F°f 90 %7} Al polymeric $22 Uelwon r<239 £doa 845

polymeric AKI) &2 b4 s el = 9o r>26dA1E polymer AH 7} o] A2

Tz AR FA 60 A, BFAA 500 A Av]e AAEZ Agdr) (Bottero
et al, 1986). Thomas & (1991)dl 918} &9 pH} #3&d wea 23E= AN
£ WellM FAHE AN & g2 vedon st E£3 Bertsch® o2
A72E (Bertsch, 1987; Parker and Berch, 1992)& NMR 2% 749} Ferron 24 &

3t EA 5 polymeric AN & Al 298 stolgtd),

Al(Hzo)? aquo Al ion

lT —= hvdrogen ion

AI(OH)(H,0)2" mononuclear species
}

—— hydrogen ion

¥

7+ :
Al1304(0H) 24 polynuclear species

1

| ——= hydrogen ion
|
AI(OH)3(S) precipitate

H —»= hydrogen ion

Al(OH), aluminate ion

Fig. 2.3. Aluminum hydrolysis products (Letterman, 1991).
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2.2 3 mechanism

4 2 AAS aAHow o
FolMmE ALGH I Ak old $UTHe $H wE T TN AT B
£33 Aol 208 2R A% 9FEF 4o droldg. 53
HESE) SAL SYAE TAFUN B A7 U] BuF FaNFA] A Aoz
$AAE gl glol ERH FLERE A FaA GAVG ok LA
FEl Rl HR SR B 1 2 ool o Foid AfRa GAEo] B4

93, YHE ApRd 4AEE Fmolm Yol FANY Uxte /1M Ueby
Ge oyl wielch oeld Brol= Uxe AFE 2 BARA ool 4 3
s, AAE A0 HEel dejut

1JF'

trhgelm, s HEo HNe o F%
Ader Qe 9Ae EehEaE 5 4 vt (Vik and Eikebrokk, 1989),

T glelA gizbe] EoA sbell thdk A B3 mechanisme #sbitEo] &4
GAlCN M BEEE SPAL o) JhA @ ET Q@ Ze] v uel A
olel it Stumm 3} O'Melia (1968)% S HolA o] wre ©A S A7te) wely =
AR o] Al Z A s,

© a7te] S&o)2d G st FolAe nRAg

@ g2olmg EdAss TUg n-9 AW SFEARE F

@ A% "ew ety 4E4ee Fuste FoAe stndgd o 2eys
@ kel 4y

@ dAel AL van der Waals ol ofs] 2dgste dxte A%

©® Floce] 3 g} ehggde WelolA Me-OH-Me F%& 717 884 Wl
of W& flocel %4 (aging)

® & E o

7

LM

e
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b
~

57 3ol A FAle] dojur)n gk ole] whEl spRE]EE F4hAe) oE 43
SHA dAM Pate] BorA st w2 27129 F 8 mechanismo . UEE 4

AT (Amirtharajah and O'Melia, 1990).

Lo

9

AakEshe delel HE BRE Belqe F4 SdA AR 2o F4

@ 53R 4

>
h:]
X
=
fial
2
lo
o
olo
fie)
s
Hu
5
in
o,
2
2o
bl
rﬂ,

A (Sweep floc coagulation)

e 2 7FA mechanismell G&9 ¢xte) Bl tiek 2 A 2 23
mechanisme] it} =,
@ A7| olFFel =

DR Qe AwAEE o) FH

1FF 4F OB MET UHE W YAE AoldA 4ur1d W Sxs
oo il AsE @ o)&o] AR Fel 4 W AWA)H whele) pas
AT QAP FEE sH e ee ofs) 233 olEHen AAez ) YRS
$ AT F e AEAA AEH QA £ el a7 TR}
FoW YA Eeldi Y BAEFY wolele wRs obdA o] 4w 4

FE A Hote]l £Ee FA 7HasA 9 (Amirtharajah and O'Melia,
1990). ojel & o) f =2 vl Ar)e] TRl Al SAFE g W

FastA =i, 427 van der Waals 219 o] ZbA 2435t HA7A kA5 A

MR i) TR L olfE FAY) 9F 2AAHE Be BAGEL AXn Y
FHoz o EAEY, F, F20=
=d°l polymerd] < ul, polymere] #&7]7F iate] gHe] FHAHIT st
A&7V ool dA "o ek ti2 g22o® 23 o] polymers] Hlo] = =L
of F&el deid A9 polymeris ¥ date] 7tug 4@k webA polymer:s

AZNAR 2 5o Bgs 9o FEE 0 g o g

il
o
-~
o
o
=5
et
=
4]
=
=
o,
ol
ok
2
58
e
o2
)
min
©
moh
-5

* A& polymer ¢lejof g

4

Aelrh st AT polymerdl 21E FHE FFoAAM AHAIE o2 F71 Y
tho#E 22 ol 22 polymer Aol A&t AALEI 2N YApAbole A
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ol dFS wAE Roxm A Utk (Black et al, 1965; Lyklema, 1978; Dentel,
1991). e} eojeigr A FE & “vtwAgTe old 237 mechanisme

AP Ei= Fe' B498 ol&d 5 $ME A HaHx 2

2.2.1 ¥# % A58 (Adsorption and charge neutralization, A/D)

WLE W Aol detEe s g8 vaidee stdd FeFe FHE SHof
el Fa dAFe stuolt. whrjol 2] Fael osle 2ol= mwWAse
37t 7hedte, o2 <ldte] Frol=zt whte LAY ZAAst Aol wE S| e
Foldlv. HReoln U WA WolelR e MElEE ojow FAL A&ed
dojrp Hats 9dAZ 5 ok old wel S eA
W el A e gol kAl delg 4 om oo ulgl TRolmy AotA st Ao

o,
L
i+
e
r>~1
ol
o
18
o
=
lo,
o

diAow JhrERdE ool gd4eRe) RE HEE TREEA g o) »
ot Z2ol= FAde] Fatol o ggHolm, FA4E FHeM Ha el glol

ol ®7|% %t} (Matijevic and Jananer, 1966, Weber, 1972; Stumm and Morgan,
1981). oleigt 5/dol uiste) ¥He AFAE &3 e HAue 39 (Stumm
and Morgan, 1962; Stumm and O'Melia, 1968).

DO ZrFRae] Aol oy YA EE R
Izt @ deojwdrl

@ v 2% € hydroxide groupe] &= &c}

@ hydroxo groupel ©1% aquo group® M HE& A4 (hydrophobic)S =+
AEAEe A g DA ThA 9 FetH o FEso] Folt

@ 4=t FARNA shte) hydroxide group Bt ®eo] Rabgct

ol

EL 0% polymerdtzt S A

olElgt A} FTRol= Aol A A E Fad 23 A
of elgted =Fo] HrE Hu LaE wrln vl wmd el LAA ] Ay
Al 43E st AekdAE et Fabze] BA A wheE B F279
G AREE Hwry steiEn

S

2
iop
2
ofp
i
rlo
oX,
e
N
Y

‘0,
)

01
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James 9} Healy (1972c)f 2933 ¢ modelS Al&38le] 74 asEs ool
Fatel digk dsig AAstdh ol ¥ fule) FEAge B e ddy vy
(%, kaolinites} SiOe] FARMANA A s H jonel Hzoz szl Aol
gl3 oo Wt shEEl £ ligand FSEE EAgo) o8] wopa w, o] &
guiol 43 A& gase oo wel o] Foli utelach o) &o) nyE A
MoR H2@ 9 coulombd] ¥H #e AAY Auag oludxzt A He o o

rlo
o
i
e
Ho
2
e
4>
32
hu)

A& ddeole 44 9@ a5y Frolre $he) Bek AFdA Matijevics
Kolak (1967)& 813H% olesl F4%50) 988 7 ARz Fawo) A A&

obum], frAteh 3& ZeolE B4 (F Colen)s” % Crlen)™) & M2 dz=A Yz

of #ehgatel dae vAtkn AT FA2H0)L L ligandel WA TRI WA
o ety A8v)e] JFe olH BRolr FAA Hdolr B FRsol oy
& A7 dEel FAtE oL $33e Al B,

AR shdd mE shHEA g AheEd ANES S xE T
HAE Aele - FAdA = HYEct (Healy et al, 1968). James <} Healy
A972b)= 7bBa S F34E 4 FdolMe vAHAd Satg FAZe) B
A F (system WA AdR0E, ol A-FHSTE w9zt 5o oo o
goh)S FAdstA g skl

[OH VV[Alr] #1¢t FHdFrEe] 4L o438 AFoA Dentel o Gossett
(1988)= 4=t EFdelA oz g $asedEr e A3 (precipitation)ol] 2] &
dAste FAEG R 9 Boyss ¥4ysiydn. 220l ERAW A =

HEel AFHA WA FA ofd Jdxe BagsE HAdY¥ 4 ds FAe|u.

1o

O'Melia ¢ Stumm (1967)2 bR E Fe(lll) 2o &Fabol 2l8f el silica
ool ohd AtAgel £ e Langmuir SLEFFA S AJ L3 EHAog M4
Atk 25& 9A4 U 357 AAUY EBE Fe(lo) 98 Ewe 982 ¢
o Bgo] 12 I Aol dolM £47 gotAz @ge) mABH o Yehdo)
T Bgon, o9k wi, ®W Ao 2 F wE Fe(llDol] osf Hdo] H&A gz
&0 008 Ak RolMe Fael oS3 At PR on ooty ssrt,
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Dentel T} Gossett (1988)=

e
iaad
™
al
ki
¢ —
4z
at
e,
zi
rE
ot
] )
2
O_u

g gk A
T Urk P on
F7b AR ol Bl Ao H3 2
i AeZ O'Melia?t Stumm (1967)
e AAZ Fold 23

s, ole AAl Folz 4w 27 olse WeTt Y] WEel SRA FAD
of Wz 4F F domz das] sre) wet $UA FALL A2 A
Aegol drtm s

AR Fragoletd, vhjel 2o z 3ol o datd A Aoy E dA4LS
7 ¢ gls Folth el R oleld Aot Ade ddsty] e gy
A AdEAgerFE obrlse A B g AMGS msjort & Ae)th
Stumm ¥ Morgan (1968)-2 HYES $HAZ ALEE AFoA Aastdde 434
eg 7|09 sgTh ®

ferric nitrate® ARE&3F &9 Ao =A Ay nFAH FEFE FHol o
2 Asd93S AU Ferric sulfate® A3 clayel 3o 33 AfelA
Black (1967)2 clay iRl el n&xpy tirte] Fe*' ol go Fadel Anzn
clay d<tel ERHAHe Fo] ofFAAEs A A th¥ mechanismE 43l
3, James< Healy (1972b)v 813 = FZHolA ZAARY AEA¢ EHL Aslg9d
des A ¢ Urkar dsch 250 BEW Side] AV9EE ATFE Ealy
Collel A FH FAu FEe E¥

silicates, silicas T3 @2 @}

o}33v}.

ok

hydroxo-ferric 9] -

¢

(]

=R
(o

==t

ol WA AR silver, halides,

AEel A}t GANA Gerte A Y

=
=
kil

Lt

oL
K
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2.2.2 Sweep [loc coagulation

ANMA R FelllDE Z2 a&5ged o3 4 #4359 AzxEo IH2 F 2
EE ¥ AEe] g4 F5e HANUE o, Zroey fdat:= Sars 1A
Eoll oste] FA4W floc HellM THANL ®£3 FES do7lt (Amirtharajah and
O'Melkia, 1990). o] el g+ HA & “sweep floc” €7 E£E “enmeshment”z} el Sweep
floc coagulation &<je] F=2ol=e it AR odte] FAH floc Abo]el
A olFolal: JFEFEelry Johnson Amirtharajah (1983)% H@ <@ Ad <&
of 71 34 mechanisms Fo7e 4ol thd WHE Asyct (Fig. 24). =8
Amirtharajah®} Mills (1982)% alum$ o] &3le] &% A7 o8 3 naxsg
Fig. 259 #Z°] Yehdldd. o8& 2% Fe(l)¥ AN #3f% FHAMA Ao
2 Ao 189S e nd3d o) 298 A FUF S99 pH
of 4ol wet §7e F mechanismo] dojibs ddS LR Aol

&8 Fig. 24904 eyt absp el wZEFEE Fe(OHRe dl§ & fx
(Kso<10 ™) nel@oiad Az $3gd4 A48 Fe(lDo F9FL Fe(OH):ol
ekl HZs Ave & 5 Aok §AT, Stumm  O'Melia (1968)9] w2 @, o)
2 ool e FEHFAE] WE FAE P dojM wzal fHbE=
RAE oby] sxshss: Avs wE dJE o] o] Fo)x|7] el zuts|oje} &
Ha Fgstech olelel @70 nEse x £2H0 Qs So|Lu Lo oA

o

ofu] #e ol QA9 GPg Wi

o
i
2
2
1o
ol
o
5t
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LOG[Fe] — mol/t.

Fig. 2.4. Coagulation diagram of iron (Johnson and Amirtharajah, 1983).

LOG [Al] - moles/liter
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T 1 1 1 ]
%} CHARGE NEUTRALIZATION
Fed* ADDITION OF Fe(ill) TO
\ . TVPIC:?L NATURAL WATER
E'\“- L S]V/EEPI COAGULATION
] Sl PAS S Y 3 G B SR
A W, iR A B
RESTABILIZ AT\ 5 A TR Y
—-1ON ZOKE { by Fo3 10 ey KINETIC, BOUKDARY [ 7
SReEs - S '
SURFACE - Sl
AREA Y Feon®™ AW 4
Fe(OH) 3 (am) ‘//
N , Y
| - St RPN A / /
Crystallinel » T T T L ecohy 1
a-FeooH Fe(OH)'Z \ e(ohy
| : /
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p

H

270
100

(-3
-

o mre
N ean®
3

FeCly-6Hy0 - mg/L

AKOHYZ" = I | ® Literature
| |/

3 [Resiabmzgiion L ] 300
fobndartes AN F-b-1-4- 0
change with 1Y | Optimum sweep E 10
colloid ) >, = ‘4, } =

-4 4 L Charge Neutrallzatlon —.”] 30

B LI, o zero zeta potential -
Charge Neutraliza- with %I(OH)S(:‘S)
tion to zero zeta —] 10
potential with E
-5 | AIOH) /AN OH)5(S) 2 3
=2 F TN o 7
b Combination 1
\ (sweep and adsorption )=
-6 A AN i 0.3
= REGION FOR
Al (——AI(OH \
total 4 BEST DIRECT
-7 AlglOm, ,\ ) FILTRATION —
A //\>
-8
2 4 6 8 10 12
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Fig. 2.5. Domain for best direct filtration on alum coagulation

diagram (Amirtharajah and Mills, 1982).
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e EFRoIEA AR SHA Atele] FEel o obriEle Yo AdAAL

heterocoagulation® §4 mechanism® 24 4™ 7}535c}. Dentel® Gossett {1988)

il
>

v AtabEe]  Evidl ndE AElR olFojAE AL EHIpFd &3
mechanism®.2 7 4 Atz dgen, o o © o2 udEZTo] SFHIHo]
heterocoagulation® Ao dhy d¢rl IE5& olgd HAE FA Ferl &9
drtet FAFeA vebg S #glst on, o) A sweep floc & A HolAM Y gt
ek AR BmdelA FdE e FdSed os) ofvlE 4 goeng od] m floc
o By= FubEva sk glEe], 158 2 je] M=
THsAT A BR, duH FHEAA dFFEE AR SFHE dAtel ®EHo
M oz SHE AAEY 440 olojxy o)d uwEl Y UYArEHEL SAo) W

shAl Aok S-A o) “FA-sweep floc” G S dA A F el oF AH Afo)st

o)
AA
& 27 mechanism

o a2 mEw “sweep floc” &S ANEZ Aol AAEEAN o] FolAE Ao
ol floce] 73 & 9jxe FES
A Fig. 268 AIOD 7H2s] $9f F3 5 42 ZHAA
ol FAHE A7AY 2 Ay e RE 2y

shAIRY, Fig. 2600410 A2% FAMAAY £9¢3 298 FA3 Zolr])
o 449 &3 mechanisme A 83 Pt &
ol TR ke uele F3 #HEdE 494 ada s REEE F40129
Apololl A A=dolzt & 4 Slth. EF Letterman F (1999)2 714235
SHAZL F2o)m 1 EE NOM (Natural organic matter) g 833 9= 925
°of Fdd B¢ bR P E W g ARE Fig 277 Zel B &
Aol FdFe] B el - g8 AxAde Edo] ERY s
S ARSI AL T AFES oA ©. ol¥d HAHL eokstd g
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SOLUTION

. i ati nucleation/
hydration polymerizalion pracipitation

Al(m) = Monomers = Polymers mwp Precipitates

. hetro-
lv adsoption l -'r coagulation
Monomers smp Polymers == Precipitates
d 4 w "4l o o~ - ad
SURFACE

Fig., 2.6. Schematic representation of the various pathways followed by

aluminum hydroxide species in solution or at a surface in contact with
the solution {(Dentel, 1987).

Natural organic material (NOT/I)

Sorption -cooAlon™
Hydrolysis B e Mineral particle =Si0” AIOH2*
Coagulant Reaction . .
Solution ———————— Precipitation and Floc
with AICIID + stabilization -
2= A(OH)3 + sorbed NOM
H* -
Precipitation p AI(OH),

E »

Soluble Al species, e.g., [AOH), ]
H*+HCO3 —® H,C03(CO5Z)
( alkalinity is reduced and the pH tends to decrease )

Fig. 2.7. Reaction pathways that hydrolysis products may follow when an

hydrolyzing metal salts coagulant is added to water with particles or NOM
{Letterman et al., 1999).
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#As FEGel bR Aol AfsE e Jehn
iz Ao B4 AN Ro1% sbrge AT FRel o ARAAol vy

At (van Benschoten and Edzward, 1990). Wrof 7h3is] M489 w5 wa 4
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=
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ok
B
~
N
—h

AP + =Si07 — =SiTAKOH); + 2H -~ (2-6)

A (2-6)l A kst A 7hs A48 2349 silicas) AAA] A
, detelel g 5L ®W WakFghe] mechanismol |8 2H43}

EL
ar
]
L
Ll
K

T U YHEH &AE 5% St i AHES AY B 429 1A Ay
Fol B AMFAd F% beis AHERe] AT 5 YE QAFEH 99
of MlulE o AY bulk SNl F& A YHE FHF Afste B
of deojd & vk FFeA LA B &5 EF FrE §HE

A= 2438 4= 9} (Clark and Srivastava, 1993; David and

flo

-

rlgel AT ArolA 25 st PHo] A4E i, aF4on g

coating®] ¥t olelq HPS FIBE Fhshiz FEANA SHA) £HE
AZITH FAEE f718e 2RI vRE =L Ao o] microcrystals YAE A

Adow fof EUASNE A A7 A BuselAT $AA] FIF
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}& A9, microcrystals?] ZWHA el Frbeta, A 294 F3HE #
N8 e AAE vk AT we FHAY FRlFE Ao HWeAM o=
S QA= SRR Rekn, 3

gole B E olF T, B4 FuH PAER TANE flocdl FHOE B
W
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o
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o
>~
irls}
—lo
ol
o
il

o
ed)

2
)
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oA
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1o,
2

bl

i

(o]

v g4 a5 ke Rs T& 3¢ 34 A2E dvehdlae dd F
ol AL FYFH vl disted F& #2s AAEL FAY e HF pHel
o3l At HAF pil7t 5 FAHEY HA Ealmol e pHl 28E A+
AAES o2 Hort Hx el BEats flg F& o= ¥ Havt
g Aot ANIDF Fe(IDo tate] #HA B3] pHe zhe oF 63 8% Aoz
tbebstth (van Benschoten and Edzward, 1990). @A Aw € A olo] ula} flocd] )

AEL Bt sel date] ols § EFE EFS] Ao $3H $H ¥/ AR
Ak AWWA (1989)e] w23 sweep floc 28 2A9 Fa)g @FoA Ed ZF%
e 3~4 o o] e dog Fxs Heldds 55 A APEE 1~7 £ Wl
¢ w2 AHEE gk Tang®t Stumm (1987b)e of3t¥ 54 F#tgles Ad
2 st 9% enmesh colloid®ZA] o]z SHAYE ¥ Fxo ERO=E 7
A ZFo Mt gl e ¥EE MR S599 Age] ME sweep floc &3¢

T 2P AAAd, o9 A Fde ded, 4HET we ¥ 38 A, Ay
Fol Mo I &g FEel o7 dA vAs ¥ 5ol A4
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& 22 43 mechanism
DIHoz 2754 % $4 mechanism® £3 EAss gzosy FAL
qAsteEd FHE Fol drHHo] s e A7) 228¢ 90 %ol AL A7 3=

TR FE3Y (DOC)e2A Al ZReol=o A 4Ed Holrt gl o

4 2A7 99 % floc@ Aol WALk ool deulds 5 AAf e &
& gon $HAl et B4 Ade AA HsAT
del % #712e w9dl HetE wn glov o dsts ol $AaE g

AL ok o Z2A ZFREAINCOO0 19 olu|nZ(NH; ) E 7HAle §718 #4He o}
S 22 o3} Hkgd 9ste] HetE WA Pk

NH; —R—COOH & NH{—R—COO 4+ H'--- v (2-7)
NHf —R—CO0™ © NH,—R—COO0™+ H—-smmmmmm (2-8)

pH =39 oM Fel24E& oz
Ao Frigde] FHAEE £ pHol wheg} WA dut & pHIF $718Hd) o
Ase] A7 FA FrheA "ok frlEde] ol tdHE Ao F24E F4
Ta gle BRAtete] Ege] ug Frisia oldl uet £Ee o AT AA
A drt =8 #7132 F humic 2L 2 Bdel du Ye F4E /1A V)
7], & carboxyl, phenolic, hydroxyl, keton® SA o we} $& AN\ A humic &
de) ZAY 54 2A9n. Humic 22 e 18§ 75715 F71% £330
4% AasAE WA e oo wE}l humic B2 FMEE FA 7Y #7)
249 Gt FESFE AFAHE FUAsa oo wE 53 W R A
= EAEA "k
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Table 2.2. Comparison of alum coagulation of dilute clav suspensions and humic

substances

Dilute clay suspension

+ Optimum coagulation pH 6.5-75

' Independence of pH on minimal residual turbidity

- Increase in clay concentration results in the decrease in coagulant dose

- Coagulant dose and optimum pH depend on the presence of humic
substances

Humic substances

- Optimum coagulation pH 5-6

+ Dependence of pH on minimal residual TOC

* Increase in TOC results in the decrease in coagulant dose

- Coagulant dose and optimum pH are independent on the presence of clay

v

Particle —» Destabilization

!

A 4
Raw water Coagulation » Flocculation
l y

Transformation

Organic |—>
I,

Fig. 2.8 Particle and Organic matters coagulation and flocculation.

(organic » particle)
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oM E FrIEe AA et 5% mechanisme FFA Y $AFL AH o)

Rl Tasteh A4 7‘4*2131011 M FrrlEel A 93 SREAgAE He)

71 mechanismo] A& FEH= 7% vt olejat §r)159 Ao HBslo

mechanisms 245w o223 2o}

1) Precipitation of Metal-Humic Substance Complexes
“HAdE PA(Precipitation)’o] gt S AN B e JANo T EA 5=

FOE wETh 2, AAR/12 A g old BAF Fdold £ Fol

1}
S HAAR7IEEe] B QP oRRy 1B F4HE 2L Aeln 2ol
datg w2 e F7) ligands FolA AEE Wi e Al ZMRE 23 7
AR71A wkgol ot} 25 PE (complexation)e] FA o) LAMsrt E45E
BREol PGP olHd metal-humate F835 Ao 2o AHE FHS 4

g DY E(AIOH))®l HARTE ¥ 22 pHolM o]Fe]dt}. Dempsey et
al.(19840)e) o3 AFdste] mzd E8F4 ToF dojipe AHE 84 wgo 9
ate] AdE YA A7 Fop AAE AEA o} ool o AA" 4 gt
2o ol HA HAE #HLE AAE AFe] FRO=A ARA LA 8
49 AllOH)» % A ¢35 A 7Hedt 4719 floco s @49t}

2} Adsoption of humic Substances onto Solid Hydroxide Precipitates

pH7F =AY ALEd S3Ae F9%] B& 49 AlOH)y7t %ol 4450 &
4 F7IEdelt [Al-humate]y HEEE] ANOHkERS AH Fito] Uold
ot Dempsey (1989)¢] A7l AlOH)x ZHANA fulvic acid?] F#& Al-fulvic
acid #3EE Ao vk} 16wyt Far] wBe Tzl $r)2 AAS 94
Mo F2e o3 $3 mechanisme) & &4 pH W3lolA 713 FadA 24ag
2 sl

dubA ez oA A5 BAF/1229 ¢ mechanism F Al-humate 3 D2
H4E pH 4~6% 91, AllOH)s) FWelel FHE pH>7.09 M F2 dojrjr}
Fig. 299 2ol Aol st F7182 &30 tated 7teRaje) g o)o ma
r7lz kel Fao] o) R AFHoRE MAAHY DHEA ANOH)y 2 Ao

F7lEe] FHPezM FUIE9 o] o]FAIL 4 4 U} 93714 monomeric
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AT & =& polymeric AKH) 23 &71%9 vigo 7

Us wEA o] Folxn ojo] wEh AMD-F7]1E9 #s53Ed we A Eo]
i, e ol IHEEA ANOHe HA e Fateo] o]Fold $ 9}, B3] x
OOl TOCS 942 A5 "% Al-humic AAZL2 HAddd o8 AAA
Folg 2 flocoz #HAH7 ofgrh <lgd A$ ANOH)xwol old F2 Tt

sweep floc &4 ojg AAF7E2=] A7 2&FHA Aok,

— [HA + Monomeric Al] ¢

[HA + Polymeric Al) 5

Humics Adsorption
or interaction

Humics

OH "~ OH ~
Al + H20——=Al-Monomers — Al-Polymers —— AI(OH) ()

e.g. AI(OH) * e.g. Alz(OH)z"
AlOH»" Alz (OH) « ™

Fig 2.9. Mechanisms for alum coagulation of humic substances (Dempsey, 1989).

Edzwald9} Van Benschoten (1990)2] A rA e w2 HAR7IER 27 A
F colloid HAE =29 SHED AR 22 pH HHAA o Z&Ho2 o|F3
W FHA=EA alum? PACIE AM4% A% pH7F 55 #2904 E 03 mg Al/mg
DOC, pH7F 7 3o+ 1 mg Al/mg DOC7t A€t sauv. gaa f7129
AAE A S DoAY mechanisme HAeEF3} 2 FaA 183 sweep floc
coagulation®ll €18 A&Z ] wAe] sl o|FejAn, E3F {H71F AAE &
pHel wel 55 dF9] g gEr oz dojd g ¢ F ot

_25_



HoAfr7| A0 SHEMNL HAGEAY ZA el Adg Aot e &
r}, Adutx o @ A4 4 (ex. humic and fulvic acids), 3LE3}A

o
a
(Wre pHIol A 57189 o] Brh B892 dojdrh EF EAFe] ®Hot

—,)L/‘ o

(e H
Z humic acidZF fulvic acid® o €3 o] folsith. {7152 Aol 47 02 A=

ol gstel AARIIED $hol dF ALBHE el Edewald (1999 thest 2
o gae aadh

-Humic substance #&o] =& B (& SUVA ) 1 50 %°]4e DOC A7
7b58 ™ SUVA W97 4~52) A9 °F 70 %4 DOC, 80~90 %4 UV AlA7}
7He gk

-Humic substance 33o] @& & (w2 SUVA ) : DOC %7t &34

Fl o) mjAlE g0 don 50 %o)ste] DOCAAZ 7Hsst SUVAS 8 4+
ok 30 % o|&}2] DOC, 30~60 %2 UVl AA7} 715351

7] M SUVAZS Specific UV Absorbance 2.2 UV adsorbance (m YDOC(mg/L)E
Vel Hth mEkd UV FB =S 0% %o 58t 725 7H 224 %9
Wk B Aol Al AR 21839 AR e g Az 84 ZolstA

dojdrin & + duh
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FAe A wE A B 7hA dAeA ol g eI =d 1 F 37bA F8

(1) Initial mixing =+ rapid mixing (=9 Bt

>

d3t2 918 A ApsiA
o] Z2HFA) (2) Slow mixing £ flocculation (EerAsd S Mg 25
AA FHEAS 34 ed AHEdoAe £33 4) (3) Mixing of disinfectants
(Fa 2x3A ALEHo As EFFH)

71 E8 (mixing)el & @ FA Fo mEx ¥ 72 E3FA (rapid mixing,

slow mixing)el digt 2 & T&=d), rapid mixings

Mo
olo
i)
2
S
o

2479 33hH
1L, slow mixing2 9 Apzk

FEOl A 294 9GS AMFEE 4EER EE &)
7

WgS EYSEE FEOEN EL FHEwld g

Fig. 2102 $FA 2 alumE A4 -
Ao =45 el Aol

Incipient Solid or Soluble

Chemica! hydrolysis Species
Al(OH),™
o~ o~ st 5
Co _ 9. + O Co
99 o | &N | ROy
oz S Ce Ag o Jo oy o 3

Colloids AKOH)s(s)
TICLE DESTABILIZATION FLOCCUL
SLOW MIXING
APID MIXING :

Fig. 2.10. Overall process of coagulation with rapid mixing
and slow mixing (AWWARF, 1991).
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24.1 5% Z 3 (Rapid mixing)

il

W& E334 (rapid mixing, flash mixing, ¥ initial mixing °)gt31 % )&
HEADA (flocculation)o) el $HASZ Helstnzr st A4 o Wz, 7Y
A EAA A FerMm S JAES ATANA YAES BAE = e
AAE w2 awtFEe Eaggelrt oldels SN FHEHITAH KU
E42 Fiete B9 355 B $AAE wMEn pdstA BEAAANE Aoy o
AHghal, FHYEATAL ARET S8 dotizy o A A=
Az AzrEolx ¢4} (Amirtharajah, 1982; Montgomery, 1985), 281} o @
A= fEtel HEHESTHE 2 olde® 4Helem ot Amirtharajah
(980l eJstel A A FE5EFFAL A5 FRol=et LAY s
AdETe] HES ATIdES FEH delgdn st 283, O'Melia (1982)
T HEESTAHY FAEALS Y29 BoHE fEEE Aoldtn g, o
AL ST Fx: oA dEEA BAdHA D ERol=ete] HEo] 4H35 o

FolA A g Bl (Destabilization) 2 €02 4 g3, Boayiy Tao|o

ay

4

T F2 J4EF7F7 FoARRA FEOA aggregationo] ¢} FolA|A) &S Zo]r] uj
ol ERAY s G AAEY FY 2 HH dAE

9
#AS 7HA 2 dde= AL vEhit (Benefield et al, 1982). & 3423124 4 4

wASE g4lo] FHASRA oFAhd FHFANA vEFe £ oA FAw, %
448 2o 2 Yeel A% AN—e T F&E BaADE GL4Ee

AL A FAANAM HE T AR 5 Ao (Moffett, 1968). Vralest
Jorder (1971) oleldt w&HEstFAol A FAHNAA Ferkd Fd3Hof
FAAL &4 F 7 Av Ausn, HEEA FH5ESE FHAAE 227
el A5 floc BAEE oA oz 534
A FFE A ARe FEE AstAida sl aYne §EERI3Ee ¥
S8 $A-ABA-ART Y] BEe YL IFE VAL A5 Faw wA
A vk 53 alumelyd AEn 28§59 $AE Agse S
M FEESE B8 FaA qAATH, 2 olft 349 ¥AAY JtrEsrt )

$ @Agte] oy, oel@ b MY Ee] EolE Kol FAHE we =

- 28 -



gh g w2 dolubr] wEoith (AWWA, 1999).

HEEGTAY S vide dAes
D SAAY FF 2 ¥ 2) Az 3) WAt g) FRelE £ fr1Ede
5 R ¥ 5 59 #4234 o Yo

ojgat SIAEL oy A wyer Mz AFFHE stod Fig 21194 35E8H
T4 Aol FHL F A5 AFAES JeRATh

MIXIN(V

COLLOIDS '/

> > DESTABILIZED
WATER COLLOIDS
COAGULANT—P

TIME

Fig. 2.11. Parameters influencing the outcome of the rapid miXing process.

oA} Brolugle] A AL 2 Hie g& S o €2 JIE
Wi Aow delA gk FHESE SAs BAHAAE PP 9¥E Fu
SHAS Bael Fangs $PAst Bro|mire FEA Gl IFE Fa, ek
e o)eld FuFge WweEme FHL ok FEETHTAY Aids €537
gejME 159 AFAg®y olyzl ot AXE FZe) g A= dTHO
o, gAY A wen MG LHEATN A e BT Ay LAY

N

BE @o] o)A g} (Jorden, 1968; Vrale and Jorden, 1971; Letterman et al,
1973). o]=¢] o1+ aggregation kineticoll SlolM F&HEsE A2 I i AL
2 x4 R £ AE AY Adrt 24E& RF3Arh stARE Amirtharajah
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o} Mills (1982)7= +A oA alume] 2HAZ Al& 50} a&Eaxzle] clay

suspension®] SHEFAY T HAdo] Aw YFE vHwrtE BoFE dFERS &
LA 159 Ay FHEede] 54 7 pHe Al e WedME F4
TR A FFE viAE bl g2 Y pHek Al T WSldME 98 v

A4 ge=Ae] g ol {5 st ua shgon], 23 gdd we FLHESEAC
el ttE2A ALz E23FAL 24 mechanismel 7158 Fi AA A
o #tal A Aekvh 1€ 1 Clark et al (1987)2 Eghxzo] A9 A Ao|
BEFEe ¥ oy SR A5RE F HAHd AL £ 4 slokm shdch
HEHESAG T e Yo dojupErl? e $7r G5 ESNA Fotel of
W sub-process7t dold AAAE AT 5+ uiw 2A7te] sub-processE B A
A3, 1w Fig. 21249 o] 2+ sub-process®t 159 HE L8 FEalo]

e
s
e

4
w2

[+
Hebd ¢ o 549 3RS £F FAHAR T o] & A= BA
HolAlx, old F&H9 $HAe RS 39 monomer, polymer Fi=
precipitate® A stc} o|g A dAR s 2 Y5 Fo] Zrolma o98x

el
o el §49/)% oy 4714 LdBAN FRGEL G4HE v ol
S EE #7140 09847 $RA AsRd e 588 el B

AeE dAsty 2gede AAREE 240 713 2834 AAE gaMe
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METAL SALT COAGULANT COLLOIDS & ORGANIC
CONTAMINANTS

I I

WATER

MIXING

[ DISPERSION

\ ¢

HYDROLYSIS }‘ PRECIPITATION

P

~

POLYMERIZATION

vy

e

o

COLLOID

DESTABILIZATION

AND

ORGANIC MATTER

COAGULANT
COMPLEX
FORMATION

\

/

Fig. 2.12. Sub~Processes in the rapid mixing process and their interaction.
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242 $3 mechanismel] W& F&%&E3 =

AT A F45E &AM dF e FA - d&5 3 (adsorption and charge
neutralization, A/D) $-3 mechanism¥® sweep floc 248 mechanisme 2 FE R}
Amirtharajah®  Miils  (1982), Amirtharajah®} Trusler (1986)% olgld 23
mechanismol] we} @ PEAE F4HER} 208 2487 9 ALE stgh 1
il HZo] &£EF7IEH0] THMsS Z& AERAES AFEEYo] ¢ HA
o5& HulFd MAF}) 9% WA L2 enhanced coagulationol@ 3 pHE A

224 $2771848 99 A/ A% Eaael B8 ok

P

1) % - 438 % s(Adsorption and Charge Neutralization)& 938 &g x2A

7t S AAE FE5EES AR ol &5t MaFEE o=

—

=2
=

2

3
depAl71E F& - 4558 mechanismol YoM F& o) MR wigo] @
of FHFAER FAH ol FoUANM AAE TSRS E3) TRo)o
e FEE FRstoiekyt o} (O'Melia, 1972 Letterman et al., 1973).

R

)

jincs

FA 73 #<¢ monomers microsecond ¢l 845 2, medium polymer
= 1& ol FAET (O'Melia, 1972). 7443} 42 vlE FHE, AOH)w9 o4
(precipitation)& © 2=glA Aol 1~7% Alojo] Yot} (Letterman et al,
1973). 23z dazsst andoz dojur] YaMeE 94 U SHAS w
2 ZaA7Ie A (01 sec ©1Fh)e] 001~12A A4 HE 7h5pRe)Eo] 2o
58 2dAs MRS sled el whde] Randtke (1988)= pH7F 5~6 4 A

€3} mechanisme] & - A58/t Ay Age MG T Bug b Yo w3
ol & (1998)e] A-pell ostd Fafubgol s Iake] F£aolLo] sHelHHal oS0
dMNH 22 pH 4 o)37tA] AdalFlE Aoz dustgol olu e w pHAl =
< AT pH AdAge] sl FA dehye 8257124 AAL AdEE A
oz vesn B¢ S04 FaAzle] pH 65 ojatelME Fxa] Ao wg =
FHE AW, I oM SFAl FaAAztel mE Foldol A e Ao
HtstQAvk ol w he Ak AgES nAF of F3}-48%3) mechanism® $3
A FAA D ThERe g Alzke] ARy, $RA BAAe 2o =79 wut
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Sweep floc &% & Sl A Y H ARl SHA 2+F o] F2 Ao SHAE =
Ustel AOH)is HAE 2Hgol 93] TRole BAL Arsts Wa o2 HEH
oA Ao AHEHT e SNl o]RA AfAdH HHYLT ALE
4T olfE FAHY &L e A Ald dddoer v HolAw Hg A
TAE B4 vehie B o] &olshy] wiolth siikalw gl &y o] o
A UER whel o] sweep floc H WA pH 2 AHSHA FUF ME Lo
- W mekA 5ol AR Wek SR B aA WElA domw AHpe
HE o= AR Y or RIS = A Hrl Sweep floc 7o) ok <)
Y EE&S Ve 20 olde S84 FY959 sweep floc 27 o) Qo
= oedt AdE AHE (E e 2FvE FASE)H 25 Fo Zrol= s
Atelell= E8l4Ql 45 a4o] dojdt) Sweep floc £ 274 doAo Urkael
THE FAAME 29 B4 AAY &5 Rl 1,000~10000 ¥ AE sEs Fo) g
M precipitate’t 1~7 Zgbell wl$- w2 @A EC} (Letterman et al., 1973). wa}
Mool 23 stolM e FRelmel SAA e BdolEd HEAEL TiHe

AP AGA A nls) @ Fasit)h = Sweep floc 3 ZA sME @S RAA

4

—

i
W

mechanismel| A ¢Hg & F 8 3} 4
Heleh 8 dAlEge =9
°] ol FdARte) Fasltl o]y A& Amirtharajah®d Mills (1982)2] |7 2
A= dehded, o159 A sty 98 Aold ¢YAE gl B
EAMNE Gug=300 sec 1M Gag=16000 sec '7kx  wHAA F&Ese ye
jar-test A= 30¢ A Fo| AHW BHEE 35l Aaglel FdstAt

o
o
]
&V
2
oifl
r o
o,
oo
i)
>
1o
o
£
o
=
ol

£
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3} Enhanced coagulation

V= EPAE 19799 S8l THMs®] $471E4% 01 meg/lLe Astgen,
2000 A7kA ol = 0.08 mg/L, 20020l & 0.04 mg/LE ZsEgdch 22y w3k EPA
= THMs #8F o2} HAAs (Haloacetic Acid) [monobromoacetic acid, dibromoacetic
acid, monochloroacetic acid, dichloroacetic acid, trichloroacetic acid]®l Bl&ll A = 2000
o= 006 mg/L, 200291914 0.03 me/L& &5 0o (USEPA, 2002). #A $-2)vt
Zhol %= THMsel g 7|52 & wEshi=dl olg %ol s AAolth zejy
THMs °]9)2] HAAsW TOXGol @k 253aEe Age #3 A7 A9 e
Aotk vi= EPAE THMs# HAAsel thé 71F25 wEr) Aol o223,
enhanced coagulation, 2.&, GAC, #& tl4d 22 TOC, THMs, HAAs dis 415
78332, enhanced coagulationS )23k AEHAE22 (DBPs)e] Hujs&x2
FTENZ Ay P $53 7]£ (BAT, Best Available Technology)® 4174 3}9)
ok oolel wet 1998 USEPAE stage 1, Disinfection By-Products Rule (DBPR)L
Totol Al A dizled DBPs 4L Aelstr] 998 WO enhanced
coagulation A% E3td NOMel #A7] dgg ASE2 g 7slxm gt of 349
T 5YE 259 EHAN FAYAA gEAAd T2 ALEEH gov} dR
dxde 245 §3ld A58089 A7EHU NOM A A o148 & s
Rolt) (USEPA, 1994).

Enhanced coagulation®] 5 XE& DBPS #7882 & AAsE Holxm TOCE o s
AFEAS Yehds REZ AMRYo)Z ) Enhanced coagulation® 78dE NOMe)
AAE S7HA7194 AdH gx AASE FAA7= et oalgd ¥ sxle =
He gAdsrl Aatd OedAe gd, @334 9% @ pHE WA= W
& AHE8HH, enhanced coagulation®] A£& 2 BAZ AR Step 1L B o)
TAAA AHgHE A5 42 =g TOCEE o &8ke) Table 23014 Al A sjob o
= TOC #=9 ZEGES AT 28 step 25 94U step 1o &3 ZFauz
o] TOCE AA3ZIZE A& Aed5e F4d HEHT S jar test® T
alumelvt Y FHAE ALEste] U9 dgdelxel ubE B3 pHE (Table 2.4) w
F opHe W37 #A8ke) alum 10 mg/l (2 @A ¢ 2e Do zk, Table

ole O

rot
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F pHE minimum pHZ}2 =0 ol F
Aol dze)wd uet 2o, 2estd TOC AA &gl W dAx2 59z &
TdHE 03 mg TOCOIFE AAFA & w72 g 949

THAEE AT daddAe AF THAFeR 44 S residual TOC

2008 S3AE F7F FYe ol E &

alum dosage?] 2L E TH S o curve slope <(TOC 0.3 mg/L)/ (10 megl. alum)
ol H= FeAMe A F=IFS AHLHA
Point of Diminishing Returns(PODR)e|g} 3F3z, o)u] =] A ¥ TOC?} step 1e14] A4
3 TOC AA 7lFo D afol o,

THHOR AAT Fejrh o HE

]

Table 2.3. Required removal of TOC by enhanced coagulation requirements

TOC removal-percent
TOC ..
Source water alkalinity
mg/L
0~60 mg/L >60~120 mg/L >120 mg/L

<20 No action No action No action
>20~40 40 30 20
>4.0~8.0 45 35 25

>8.0 50 40 30

Table 2.4. Enhanced Coagulation minimum pH

Alkalinity ..
Minimum pH
(mg/L as CaC0s)

0-60 55
>60-120 6.3
>120-240 7.0

>240 75
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Table 2.5. Coagulants dose equivalents

Molecular Coagulant dose |Point of diminishing
Coagulant welght equivalents returns
g/mol mg/L mg/mg
A(SO4)3 - 14H:0 594.36 100 0.030
Al(S0Q43 - 18H0 666.42 11.2 0.027
FeCls - 6H20 270.30 9.1 0.033
FeCl; 162.21 55 0.055
W step 20 M E HAH A FAFS AAA EIHUL AL AT AS
# enhanced coagulation®] ¢ %% #H&& WalgA @k 28y stage | DBPRE
G5 #2& 6 7] 71EE 2SS 2 71$S £2% H S enhanced coagulation©]
slel e AET T ALRE A =
1. 952 TOCZ} 2.0 mg C/Le]3}

A4=2] TOC} 2.0 mg C/Lo| 3}

3. 499 TOC?F 4.0 mg C/Lo]d}o]
2 TTHM# HAAs9 ¥ 57F 242 40 pe/L9} 30 pe/lo)sty wj

Aao] TTHM#H HAAsS)

SA% 4
5. Aol

6. 49 SUVA #te] 20 L/mg -m'!

o) g e
3w e 2o
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M, G724 E7E 60 mg/l. as CaCOsolAto|n A

BE7h 7he 40 pe/lo} 30 myLoldtelw, Aast F 4
A FREZ AFEE o

429 SUVA #l°l 20 L/mg - m'*
olatd of

enhanced coagulation®) 23t TOC A A4 e A4 g 4L gk



1. NOM9 %+ TOC ez 7b% & mAlyw, TOCE THMs3 HAAs £ A
A HEd A55AAES AT

2. NOMS Al % Fe(I&3 Al ofste] A4 7} &oldtrh

3. NOM 532 &£&2 &3 pHell o9& A =t

kel sl A #H$-9rc)

. TOC 5 57F 27152 TOC(%) AA} Bu o &o)sich

5. SUVAgEe]l 45 TOC%) A A7t Bt i} &o]sich

[ TR B I R
12
ol
o
(=]
T
i
o
+
1o
mO
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pal
s
Cloi
oy
rle
o
~
o
s
U,
o
L
_l
:i
_.L4
1SS
N
2L
O
i
s
rlo
L
1
a
il
iy,
Ao,
ik
¢ o
o
o
fuln
L
it
4

i mder MA 9 Fdo] Holek ghv} wthd F&E s HAHG Ao 9

FHo] o]Fo]x] 7] YA E e L& asE pHd oyt 3}
1) mubgAie] #5557 (Back-mix, In-line, etc.)

of

b= =2 (Velocity gradient, G)

3) aREAIFE-? (Mixing time, t)

D S3AA F FAHES S8 s F9 AHEHA FY AR Jde 2

Aol & AJTE, TR & A<I7hH

7 FAEAEL o)gd AE sty AAP dAzAY i zo|r} gl
o, AA FAE FAHAM ALHD v anERATG 2 Z97 gl o 7)Ao
Htzdo] gk F2% AneA S Ay oS3 o

=

1) Water Treatment Plant Design (AWWA, 1990)
HEERAe] Fad}d W, yREe $HA A4S Tz lslFoler &
AAE 1~3 & ool unle] $43| o] Fojxins & Hmojojof dr} azln
S A alume] Fwre] A SFH)AE B EEAAL Gues 600~1,000 sec '
of Mool By G- tgh& 1,000~2,0000 ek olwf @WAIZEE 5 x o2 {3
Holop ghoh elm oldel Mol FF BE AN GgEE 300 sec |2 A}
71% 3ted ojwl wRkAI7FE 1530 22 Aetdd.”

2) Water Quality and Treatment (AWWA, 1990)
ol SHARZ 3 m A2 BZol=A UAEEL 7HA suspensiond FF - H3
%3 mechanisme2 E<HAE A7luz & o AEY F5EHE Y8 FFE=
A}, Gavg =1500~3500 sec'o} HeelA & Ed7t Hioh I 1eg &
Bl BEMAHEE HilMe o WA FEAAL @2 s op gk o)l
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A% wgon FAA EHAss ¢ HTFERFA HLE backmix
reactord] = Gawy =700~1,000 sec '©] AF&5 o251, in-line blenderdl M e Gaw
=3.000~5,000 sec o] AbgEle}A k. I8 sweep floc Sl FAE el
¢ AF F45E] F9 dAdAets FaEsirh Sweep floc S0l F2 Y
A w) FAEEHAE Gag=300 sec "ol A Guy=1600 sec’ 742 WEA A 355
A% &de 23 §¢sA YE Amirgharajahst Mills (1882)e] -4

&

=
=

s ol AL FWan At

3) Water Supply and Pollution Control (Viessman and Hammer, 1985)
“The Health Education Service (1976)2 7143 mybAz|eo] 2]&)] o] Fo|x]=
wE SAe) Bg FHST vk aea ofu wHAE 30 & oo

At Tk sAY Lol F oA mekAIRE 30 & ojskE st ok

satamel fAwEel WA Sol Azate AEY WHow
458 & YRS sfolof Arh SPAel BRABES A%sn TYF £}
A A AeEa delel 1 & U uhtAst £4 % dFEde) ek pH
A 5o dasiel 248 + A9

olg} ol FuUIAM 71F 9 A ANAE U AdFE Pew, A=) vEg A
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2.4.4 BackmixerZ °o| &3t g4&3 &3
AT e T Q= 2

in-line blender (3) hydraulic mixing (4) diffuser® injecter device (5) motionless

4F3 AA2+E (1) backmixer reactor (2)

static mixer T°l Utk FAHEYTHAAN wHEI} A A RHEAN e
backmixer ¥FgZe|tk Fig 2130 239 backmixer 4 & 248359l

A HE dbHes AgsHe awxids FAE% SFEF4 &2 Campst
Stein (1943)¢] &5 AR G-value2] 7§d-& irykol
=l AFEHAA gk Gakel 55 &35 FA e A oA ti e T AAgs
A G A duadTel WelFstel ofd EoA g HAAHANME FRo|mel 27
o] 7hitel AAAEFNe FEo TR AT s, sweep flocTHAE &5
et FRo|: Atoje] 2Ed Fad A¥E Ao dg RUHOR £33 ghol
ch,

Camp®t Stein (1943)2 dRolMel 284 Hx4& FE3] $ste FHAA

o E88 Aol U3 Smoluchowski’s (1917) o] &2 Ab239t}. Smoluchowskizl )

i)
fo
o
il
)
2
r (83
okl
it
o
i)
o

ol
o

AE Eol Y A FEYSE G 2k
1112% nzn; RB:}‘% _____________ (2‘9)
of 7141,
Ji = 2% gsted WAse FENE

AT LA FEERS AFTFE WWFAY VR AAA o] oA 2, ol
g Wl 9 Ae) we) MAHE WR FEA G2/ W) dausel A6 o
G oA BAL S Aelnh WRAA SRR, GE F ARl 6w go) u

stm2 wbga el HAAHA Este| 9EE Hussie oY adA Campdt



Stein (1943)> H+ Gab s AHSE AL Al¢bgdv}y. 158 4

FFE oA fUs wae] dvky Hed HEFA, GE e 2ol Fmadrh

1
b
o,
>~
e
N
o
>
|
o
=
e

w=FH A N-s-m?

HIE Eq. (2-10)9) AIA8 Ggtel €339 4A A a9 252 dede 2oz 7}
d RAHOE o) g5 T AW, FEHEEG A BAHE FF (turbulent fluid) F3 o]
Me FASEZAL GO AFEo] o FA] Hojgth & Fold mitde £ GF
A ofste]l FEHE A impellere] Fdolt ) £ EstFxo] Aol
7ol weh M2 g27) dielch ey mure] 2zl S e mAE 9L G
ofer muEdos FAHY ¢ Qe QA obF e AMEHT A = A
Hojtk,

Cutter (1966)% ®F&-3 e wwub Abg
2 5 vk s

il

e e A 7A gdow TR R

(1) mixer blade % ¢] maximum turbulance intensity
(2) impeller stream zone

(3} bulk zone

olefgr M FHolMe energy dissipation®} B G AR 1 G AL
= G&Z Fig. 2149 Jepdigdoh 9714 maximum turbulence zone< 3ol 7}
d A Fiely olu] G power dissipatione] 71 AtE AL 4 £ Ya,
impeller stream zone®l X 2] power dissipation¥}t Gt = th&o= zow buk
zonell A= G# T power dissipatione] 713 #tieE A& 4 4 9v).

_41-



Gemmell (1971)¥ Water Treatment Plant Design (AWWA, 1930)o1 4+ back
mixer reactorelAd el I HLAAL o2 G=700~1000 sec’', HA HZAIRE 1
0~30 22 MAAFESE Agtar i, olglgh HFEATA dis) SHEZ FAHE F
#He  09~1.2 hp/mgd (million gallons per day)?l ¥ 9ol Ak A} Letterman
et al (1973) 9 Camp (1968)= AW £3HHE AABs7] HalA Gemmell

=

(1973)e] AT HEgAbet $UF SHRAGAIA 1~2 £ uwtAE At
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A.T. ANGLE GEAR _,\_\ MOTOR
CEMICAL FEED TYP. — e
&V ;Djﬁf\~w
[;E;?#’% @ ‘<.3..r$ Lsdr 58 58 2oy |
S : e — T T | s e
| 2
/( 5 P J - oy
S5\ NUUN—— T 5 DOWN FLOWY
i P po PROPELLERS
e Yo
Y3
) - 5
lezs ' # 4
o S Lt %
e } &
|zl Bt
STATOR — g o
TYP.(3) : I =

=

Fig. 2.13. Propeller-type mechanical flash mixer.

Total Volume = Vr = Vi+Vo+ V3

Average Power Dissipation Per Unit Volume = P

Average Velocity Gradient = G

Fig. 2.14. Partitioned energy dissipation in a stirred tank.
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2.45 In-line A # &3} 7] (static mixer)E o] &3 F45E 34X

In-line E4 E&F2 = datFdel o3 Eebgzs doy)e 7h5is Ho) Iz
ol= 2} 001~0.1 Z o]l wrgo] o] Fojrrhis Abde] 7123 Fa mekd Ao
o (O'Melia, 1972). ol&l@h &34 G=3,000~5000 sec '9] ¥ & WP ES} 05~1 &
of & wykA o] Zgaln® wobElth Kawamura (1976)= 83 4
g 454949 in-line blender?l AHE+& A8tz e, ol backmixersl] B3}
of G Hade] dojua A £ EFEE o)® 5 ] WEold. olew
in-line 4 Z&#7Ie ERESSE FEFUA FFAY AEen YUY EFL F&
starap & A F2 AMEEE Aotk Inline W HolE £FAE ]88 TE
A4 9 in-line 7]A4 webdad] wel o3t FA7 gled B AR o) &%
in-line A &35}7] (static mixer)s d45&824 A5 A3 $F271 457
TEE WAoo ol 5 vk by & AHe] o 9B
Ch (Table 2.6). Backmixerol| Aol wut S4c)re 4% & dde v= dHEF
(fully backmixed) 4 #le] = back mixer®] FANA #E74 24 FAA Rl (fluid
clements) &3tx uldlXq FU& HAFAZ (residence time)S FA & A &7 u]Fol
wAdg T AN Erbeeeh ¥y in-line £3719] A9 # Ui Wi 2
A AAZE e e Bl U 4F wIdo o] FAFH mEOR 9t 9A
&5 plug-flow 545 250 4T 5 71 vk deb A in-line €87 W&o 4
o A AR AF AT R o 7Yt LR @A A Aok A Espo) e
#3F # W fA EEWY B BE dxgE nAY £}AFD (element) 0.2
T4E ATk 4 elementy: @@ TRER pAFo on #HM FA B
ol ¥AZ 9 elemente FA9 £FS FEEn tA AT E d2e dd, =
clementZ} @1 AAEs7eAMe] BF g0 S4HL B 583 A
4, element7t dAH % Aol dEgast FEo Awst Zrbsted oA

YT HF FHEES AFALo o FL8A Hol TdHgo AXNA B
A 59 elementell A WA= Aol &8 AHE Fig. 21590 AAE dely g

ol
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Table 2.6. Advantage and disadvantage of in-line static mixer (Kawamura, 1891)

Classification Description

U Lack of moving part

(@ Do not require external energy

Advantage @ There is little clogging potential by coagulant
@ Small space is required

(& Maintenance is easy

@ Mixing intensity and duration can be changed with flow rate

@ Design of this may rely on the manufacturer’'s specification
Disadvantage @ There is no guideline for design and operation

There is lack of the understanding on the coagulation theory for

in—line mixer
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AAELZ HdM Fal elemente] =WEFow s=da Hruh 7#dt AH

13t A2 Z31712] element

u

(homogeneous)2 ¥ oAt} (Mutsakis®t Rader, 1986). ©]

-8 Wl 2w FdEA

o

T radial £3-8 A BY oyl Wt ey BA
dozFol wel micromixingg FHAAZIA €rd (Bournest Marie, 1991). o #3%
micromixing2 & A9 F&A ANIDEY 7FeEEs] vhgo] T A3S wzch A
FE gk Al WSET e e dojddh wEA dE@ A
backmixerol] 4] ¢] W82 “transport limitation”e) o] Zh5Ea w3 23 dsictn
Aot geba w2 @8bAl ZF} micromixing B3 S A SE HdlE in-line A A
E8717F AKID 7he@ e wbge 2oy Hgsga & 571 3

A FHAe s EAL Ad 28 dee 4AHES79 element’} A ZFH 3
Ao A0 2 clement®] HEle] wel FAlEge Ed€3 Age) ohgsbA el
WA ok g He2 AFD in-line £371E Figs. 2167 2.170 =435
Ghllich whebA A stn ohekd AAR odte HAHERIY A A eAEA
= d¥tHer Fagste] A HWrlE Jere ofg o)¥A ArgEHE HAHE
gh71e] v HelZ Asted 7 elemente] AAME AMRE elementE 2 AEE F
Heta 2AE 218 fol=aglg AANSAT AN 2L A8E F L3 2L
A3 A elemente] Zolo] B A EZe] ¥] (length-to-diameter, L/D)7} A4 Atk
SHAIRE ol F 9] Aot dubxolm zetael whEm GFEH mE Tair)el A
e Askal B vk, FARH Al A E 879 scale-upe He Az} A KHo)
@A stk ST ANA in-line BAEE7) 2 scale-upd] hE Clark et al
(1990)9] AFoM= AFd BHE vehgx Ragen @2 AHES7| o 2o
SR s wNFErt FaYs: HFEd. AN ERI)E oj43 £3EES Huw
3t7] flske] viel M B2 duldde] AASAT (Schulgen, 1995; Burke, 1996).
EUolES 4228 AEol A2 AFAFE o] 838 bench-scale A& A )
A gAY HAHAR (direct-filtration) FHNAN AHEF/Z B8 FFEEHoy
TS Aot g4 gro 2 gL vjAA Fabdrt (Schulgen, Amirtharajah,
and Jones, 1996). ¥4 HFxANM {71EE 4 mg/ll A7tele AFAFE ol gd
Burke (1996)9] AFelA M4 ¢ dist =54 43k 79 yehuzx] s

b W S

o
o

do

il

]
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Fig. 2.15. Schematic of fluid stream at in-line static mixer.

4ty MOTOR

GeAR DAVE < 1 ) |
f 1| SHAFT GLAND
cHEMIGAL | T aurernaTivE
\ .~ (DOWN STREAMICHEMICAL
—— o FEED LINE
o #’ﬂ
1
S :@«{ S| S
AV AV a— J
R —‘_\
/ |
STATORTYP. " PROPELLERS

Fig. 2.16. Typical in-line blender (mixer).



Housing Inlet

Jacket
(optional)

Elements

Outlet

t&\\‘ N
]

0 T A A A A P 4

Flow

) lements 11

_‘

Sulzer co.

Kenics co.

Fig. 2.17. Schematic of In-line Static mixer.
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LYY F1E HohE ek HEd g Ad ¢AA FRge 2
Aer] £F HHEG NN F71E AALC) jar-tested H|Eo] EHH O T
U m S 85 dole (AWWA, 1992)0] o3t 2 A 7

o 65 Maxel Aggelr AHE877 AAFo] $da glon o3 23

e A4 dizk AR, BHEse] AAda AREHs) LA g AR
Agstn Aok olE FAHNAN IwtdA HHE}E 1-4 M9 elementd] FE 7}
HoAe AE2 150 mm - 274 m, $FELL 150 mm-1.83 mz TS0 ). a5
ARE ok A HAHEBIE AMET B FTAHAA AR MAAAI A o] 9
B @A MEIALEL) e Relu o Esta Qo)

AAEG7ANA wyk ddAE WY clement® £33 S0 s3o osho
EAAsE YE gl odtel WAHTE Phal 28] 7 Muschelknautz (1982)= FZEAF
of A% factors}t empty #& 7122 o] e Batel W@ AL S} o] AAs)
Ak

ﬁd
%
)

e
4>

rl

—;}4&%% =¥ (Re, geometry)----————---— (2-11)
714, U = empty #e] Bi&x= 4Q/mD’

Q= 7

o= fAld A&

dp = E3}7] Rl Al qta 7ta)

D= &2 A&

= Z37)9 F Ao
Re = 9 dgolz=
V= SHAAS

]
o = UDwv

Godfrey 9} Amirtharajah (1991 W& ddd = A3 #3879 Jux =42
#EE 5 AbgEE v A (riction factor)e] AdS ALg &) Musart =
=D dp

20 UL
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Bourned} Maire (1991)& A E&7le] Mo AF o« A3 oo} ge 4
Hoez gAsl v

e = 5o FRIe] it & Al AMEEE Sule] gig y|

ces AHRA, Bl elate] whrolatt, oln)
Ho golo] ostel B o)Ay PEAL H@Hr
Al elste] WAl Al Aok G FEAE T QRS Ao uwlel gers) | et
A EHY ] Babg, 0w @] R it "d@siow vuhA 9t (Bourne
and Marie, 1991).

1:1_[:
f

Godfrey ¢k Amirtharajah (1991)% element® &) uwlg} w) %ol 583 B
in-line BHE271U ] oz EAHL “v}= A (f) - Reynold number (Re) "] A=
ElEIR =S

S
-1

e (2-14)
Re — J%& —————————————————————————— (2-15)

Flel NE olgstel B3 165 mme A S 4¥EY FY9 Re 2ol M in line &
HEZ7INM ] e A wlo] FRHAAE 10~100 H, GHAM = 100 ] o
O element®] FHol uhl zolsh Witk oleld APAWNES ngom 5o A
HES71e] £441 7 - Re "o @7 F4g o188 AL AA Y HFig. 2.18). 4



(2-11)~(2-15)9} 7ol A=A Fd}lr|e] e} EF:

L

m

qe sygHor sz o
7HAl NEZL glejgtont ofAzbA) ke A EGV AT ool dwrsel A
A R gddRE AA e} A @tk w4 FEE3| Y Axd bt 2zl

HA

Ho

A4S S AAsn Qe 2 F b Bl AT U= AAE o
A (9 G FE (AP)elth Ex Al 2ol chebd T 2 HAAAZ AA
sk gk

=

A 7)A, APy @ AAES A 9] FE A

APy Edd #A7A e N Fel e otE 7}l

L, 4P,
I - (2-17)

H
rir

714, L 7 Dy @ A& &322 @ dolg} 27
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Friction Factor
wh
Q
i

10
Sulzer SMX
Empty Plpe
3 | . ( { JI\(nmlt::a: .
106" 1 10 10? 10° 10* 10

REYNOLDS NUMBER: Ro = E—’:ﬂ

Fig. 2.18. Typical friction factor data for static mixers (Sulzer SMX
and Kenics (in Fig. 2.17) refer to the manufactur company of static

mixer).
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246 S5 E39 5Xo] AFvE sFRae] nH= o g

WEIEY qo] R o E YHAME GFo WE B s o)ESo] jels|of
o Fch i 1 AAE FASES EdstE Reynolds Averaged Navier-Stokes
(RANS)H 8] mlefd2 ldlo] Belstyon ZEajx EAES shdelnh, aeh
GHE AWt AHEE R gubyel Ad e FEEHTHL ATy 5o AR
“oigto ] (Amirtharajah, 1981), &3}%4d) 4| micromixing 3 macromixing2 73
71 A% 7R gel 288 Axz Ahgsle) $rh Macromixing® 2 7HX Ede &
T AY AL dF(eddies)®] A7) oste] WA AW EHDE SH ulo)A
24 (convection)oll &ldte] HEFHEAAS PgaA = Rolw micromixing <
eddyeh Bebd Fabog Qlsled 2 7hx] Edo] EFEE FH2o] Ho] Yo By

kel 2%k FAWY ¥ 7 (fluctuation) S 7+HAA]7)3= AL [iga=

a2
rlr

J}}

ol
e

H1
o

micromixing g AWatr] 9l wutgE wS 2o dis olsyl SANFHo = g
AEojopgitt o] wEFi M ow AN AY batch Felw T e el Wk Wk

el E3E 2929 Fre e x Yxd wa $w B gea LHER L
4 iAol ntgp TR FREE Az wi)l WEo] wAlstA Fo olefgt x|
et 7 7hA] EA L oz ez o)A micromixing #} macromixing < 9 7] =4

g

-

macromixing£ WH&E dlel F9H AR Eitel oate My 2= &

e AWstA gon @A wez oMo HBART (RTD, retention time

micromixing®] A FUEHE FHYEEN AEW o wet 2 74x Z2dom 3
A0 3 WAt FYE TR g U s THHA Fe 4

oMW AT fUEE AR BEE WM g TguE @4 ol

Bourne¥} Dell'Ava (1987)+ thFdt 27]9] wk-gzo) A micromixing ®} macromixing

=
T FARAT. 259 ATl BAE FAEA fuss WO

£
£
o
2
2
-1
il

7t AABH el A4 A (competitive-consecutive) 3} 3HuF2-of fete] F 87 4R
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Zg3icia Rusldrl 48 59 wHkS-S ZHA0 R competitive-consecutive §FS<EEAF
4%, A g &-E (limiting  reaction) 2] #%7]% &, kolmogorov microscale-d & A38hs 29
FHA Eo] B 2l ek nA) 7] ") w2 competitive—consecutive ¥FE-oll Azt

FrAbstAl Hold w2 2 g A fHoh =, ARk gEo] 7]
TwEold W webdwsh wE o ey FAEr 2S ouw wEkgE 2 gE 7R
ol olgt e M E FAANES A4 R competitive-consecutive RS-l
ofste] WA EE HFTAH B o fASA YElYA "o

<ol e AFE alum EHAE ol & FHITAHA AEeAHE

Wikge] HA sl wf A FAEE (ex, ANOH)e)- thE AT 7ha 3
Fo vt A e A dEbdth ol A ZheES) A AN AR <
il Zhg A3 vEehyr] wF et Clark (1986) AN F4tstE
W= A dojubm w35 competitive-consecutive Y822 @i F o] 4 doim Aol
gk 2 AICL &4 AbEste] griFslel WE A 7R
kel od kg A7Elr] 28e] competitive-consecutive 82 o] &3l HizE}
(Clark, et. al, 1993). o] Ao M Bladyge®t Bourne (1984b)ell 2]3le] A€ mdd
I FARSE micromixing Rl o]dte] Fatubsm JHEG I Az oAES Ay

ahaiet,

Competitive—consecutive reaction

e FZAAN F2 AMGEE ANA QA F5ESFTANA Y 2t
29 oldl= £HTAE odste dd £ a3lv). Competitive-consecutive ¥k-3-¢ A
A ow WgEL] ubgAgle]l E3tE fg AN F ZA 2 el Tt s

stAl g8} (Levenspiel, 1972). Levenspiel (1972)= A @2 competitive—consecutive

o
o

o WiE Eokel TGS ui PEe] e ol utet AKIDA 37 Al <
Zhraefol 9§ EFelvsiyt AAE FAYWS-E H7F9H 9 competitive-consecutive
g = series pardlel ¥H§o2 s1Elelzin} (Clark, 1986). ©]213F competitive-consecutive
g A& dAe P dAR pAE BEPHGeA d&5-my ukgols
st o) & competitive-consecutive ¥H8-oll tiste] AAS] AHHEAE b3 g}

Ta
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A+B-—-5R
R+ B s

S+B——T

+B, K, . +B, K,

R

in
N

!

|

|

[

|

I

[
,-:\
®
o
Lo

+Cl, +Cl,  +Ch

C6H6 C6H5CZ CGClg ——————————— (2_20)

+ HNO + HNO + HNO
CsHs % CsHNO, 5o S CoHy(NOpa________ (2-91)
CH, _TCh, CH,Cl— Cl, . _TCh CClymmmmmmmme e (2-22)

olel wet Agt Bt A (2-199 whet oW gk ghRo] AirtErtE dotir] A
A= Ash Be] EFudel whet Azbe 471 ook Edie] we 3 7hx Edwe
2 uE 7 S, (D Bl AS WA AU (2) Adl BE #HE H7 (3) A9 B

<l

g g7 T Paol Ak
WA Bl AZ F7bste e Aved BE ghen At wgzel AT A4
3 Feletn] sy W o)A Rol 4454 B o) dosA EAsns
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Al SE A ddh olol me} Agt RS A9 WREE ATle] glomw EIE
S7F Fobstal Biz iAok o)l ek whgo] Algste] Yojld Fig. 2194 et v}
o} o] zZ} PRI LR T WHE B 5 9l

T oA Aol BE H7bshiz w32 A9y AE BE At 9rgde RE AA
st ERHE ule) B EAEhA @omw RS © o4 AAHA gt ore BE
HAL H7Rshd Agt Rol 4442 Hrtd Bep whgdtedn stAiw A% doielA &
Adtez B A whgdte] RE o wWeol AAAzZIch o] d whgo] A &EW Rel
A F7hstn Av A A& At Rol 7t Be di5aA w3E wrtx A
£do. 23 R $Ee Hool {2 AFRE R FRE Z4stA g oq
AZg9] 2 W2 BE H7behA =W wbex yeo) EAsts 222 S 2dxto] a5
A Ak olefd Wl i WEE Fig 2209 JeEhUdd nixl oz Ast BEA
& FAel EHD A MeEEs s B@Eel #UHAI] el A9 gl
dojupAl gtk 271 Re E717F Bl Ash AAo] Hol BEEH ol wig 2
== Aol BE A3 #Zoksle e £43A Atk

7zt 2ol Eibyel wet wERIEsE th2A Jehvdan ged Figo 2199 2.20
E HVEY AHE BESULE wE Aojsl HAES & 5 gtk Fig. 2209 A9
Afl szl wbgabd A FUskw Rel A E ARt Fig. 2200049 2o whgd Ad
MEE AP £35W 4849 249 RE 44ER weth ojs A R Sof #a
of 4 (2-23)2=2 YEE F 9o} d&urgo] Agn YA E AL ¢ 5 Ut

olo

o

Fig. 22091 Be s5& A234d Fxd gl vge dze Y4E9 £¥
ol el Utk oA FUF WEATe Hawre o AwI FU 42-23)e
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teb Q&-PYREE 259 FANEY AL YYugos A4Y 5

don AMHE Bxel o A HFE 7 TS i A FUsich whebA

o
o
=

e
&
—t
=
<
o
o
)
=3
w
o
o]
=
=g
<
I+
rI
ole
2
2
o

o
ls

it}

i)

L

=

r o

ol

o

o=

o

s}

lo

R

13

ml
I
oA
L

>

o

Zolrt. oo wat o
el g FYE upebo R AN bR Fol @ dgd A7 ME ge 2
A FellM 8 A, EFI 47 FAEY o wel Al R Fo 2y
of @& d&e] Fopx B et (Smith and Hem, 1972; Vermeulen et al, 1975;
Bertsch, 1987, Parker and Bertsch, 1992a, 1992b). Patterson® Zipp (1991)&
competitive-consecutive 9H& (A+B—R; R+B—S)A] E%4E =2 50 rpmiH 600 rpm
R F7EA ] el F3F RS A EQ Rol £ FbEol whet Frbebddvt
I 3 0=
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A beaker _

Amount in the B, or mixing, beaker

Moles A added differentially
(all A is consumed with each addition)

Fig. 2.19. Distribution of materials on the B beaker for the method of
mixing shown.

B beaker '-g’

LI
[

Contents uniformiy

@ mixed before
= reaction starts
5.

g3

5 ﬁ A+B—=R

§ £ R+B—=8S
£E

g-c

c

3

L
-

AB = By =~ B, moles B consumed during reaction.
with either method of mixing of reactants

Fig. 2.20. Distribution of materials in the mixing beaker for either
of the methods of mixing shown.
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Kinetics aspects of AI(II) hydrolysis

Al 7b5=88l whg-9] kineticell T8t olale Al o) 2o g shitafo] dish
SR AIE T g A BAZE Aok oAl Ak ekel o] Mononuclear A 5
gk mE g ol glolA sheEdle vhEe wrEa ol dAH o= et

(Ohashi and Morozumi, 1969).

k

AP+ H,O —SAKOR* + HY e (2-24)
AKOH)* + HZO&AZ(OH); D £ (2-25)
AKOH);, + H,0 ﬁ»Al(OH)% + H (2-26)

walel oig w32 WEEw A ol oty AHREW she A<l whgErkeE H|7b
¢ whg o sfMEct ol FAHAA Y Aol =esl wiEe] 7 ukgof
hated Aubg S Aer3-o] vlete] &) =elA ez sfFelth el Al
FE7F FhE A Y Ho 2R &3 Fo] FAHAdgy @ F A9 EF
Al(OH)7F HEH o8 AAHT BEAEA A9 SWAHEAEE Al monomer
2} Al polymmer7t 2 Alelt), webr] AN 7H=E-sfol il 932 competitive-consecutive
ghgo g Aud $£rb Qv wEkA A A - A2 7hEael o3t &av et

A4 w32 87193l competitive-consecutive g3 A@AA A A EA

i
e
il

£
dle
i)
M
2
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AI(H,0)5* == Al(OH)(H,0): " = Al304(0H)3 == Al(OH) 35

mononuclear species  polynuclear species  precipitate

OH"
[ MONOMERS | ~| POLYMERS |

-

| PRECIPITATES

Fig. 2.21. The scheme of polymerization and precipitation (Ravi, 1988).

Fig. 221& AlID 7heisl F9 vy Jehln glvh, Rwn)Eo] ZenE
o AdEgEe A Fo2 A@o] doly AL EZenzel AMTH Yo A
£ Wgoz BAYGS & 3= glch weld competitive-consecutive

WSS UER A (2-23)e M o & g%l mwmET ZelvEze HAE P9
AlEe] FAF7] deofl FLAEZA Yebys goh ole) abal AI(L) 71425
whgol WP weh AP AVAAE FAAHEA e E BviEe wu
bSrhetA=Et 2eees 448 ge9 ANMES] A4 B4= st 217
Feiel AIM o) 4% dehuia ok 988 Az7ke] 2w Ad2 e
Al(ID Fe) F7tkA =9 o] Bue AddAE 248 e AN =gbo]
[ vEbd b}
7he ol wA HoE AR HA
= #HaddA g9 AHEe e A

~

fulrs

EASA "ok 2RlEE Fig 2.209) competitive-consecutive 3%
o] FUNRAEAY BrvFg ZuvZEo
e o F Reugs ZevEe B

o] F7ket7l Ak

2

i

-]
olw

o

o
o
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oloh Zol hsRael da YRS AN T 44 TN Fo3 o
AL flek ol g Zhd el F4 #Ao diste] Amirtharzjah®t Mills (1982)& Al
(Il o pC-pH T4 (Fig. 25)% o] 3te] 422 THAAe F4e 248

thoolEel Satw G&EgEH wE 9P HetEae os aA vebdoan A
Hata glvh & F39 A8tEF 5 mechanisme) Auja el G = Zelv|Eo) F
T& °)F1 Ao sweep floc mechanisme] #|1]2]Q) GA = AN JAE 3
Hel Fol £& olFL 9SS ¢ F Uk 2R GFuE AEREed g2 ug
& HEESY] 276 # FJ8g Ua e o 5 9y

wEEsd o $HANE FaF A 88§ (chemical process),

Bl

2

B o
s

b

3

il

e

O

FHAA N = oA ald g

M
e

o2 wRkale] Ayl HEF73S =A
stel F&& 2% (physical process)dtd] Z 82 7AA s S st} (Tambo
etal, 1970). &9

AT S22 adbs A Ho, olg B Sode dAEL Hily % fAH

&, =2 el Al 74 mechanismell olsf M2 Fodoha deix gl

HEEA AN A FEO o 2L FAHAER sy s

FAN Qe B wA A g 3 TRolm YA} ASAH o)
EoEEe wa emsh wAe BAS Ao

(2) +4 Add (Fluid Shear)

AFZHE oA E stale] fAlel HEAA ()7 AV SE sle] 22 Qs YA
78] TESEE &7 95 RozA g FHFPAY FRAME o] Gate A
oeddag AbgEE A g F2 Yake] =77 1 pmEc 23 % 9abe] Z)H]
7k 2F 10 ) ol A& o HAAwte] 528 mechanismeo] Bt
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(3) =z A (Differential Sedimentation)

WA%T 42 G2 F 9z 402 o 40 W22 oo oa Ee

ol bRl FEost A E AdAelq Hde] A HEE ARAde] e =
943 ARl dhe wE, Aoyl oA & B2 sy ¢ste =9
7= FAG Amrh xE EFEE YAstolol drh nivmg ZEgA gAY A
FALE #HA 20 B~40 Eo] Bed oz deld gon GT@S Kawamura
(1976)= 10,000~100,000, Sank (1979)& 20,000~200,000, $2judete] A4g A7)
T(1997)2 23,000~210,0002 MAatwn, HA GIHL 75 sec ' ~10 sec ' o2 HE
W GEEE v 34§t Ee) AoAre ZYS B4 =2y o)dem §AA)

7l Gag 20 olsle) gte g &t o] Frl

;0
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3.1. 99 4 54

E Ueld lem Hidt TOCE 20 mg/Le] FE5 AYyx
A nEE @48 AYstz EF g% 5 NTU o8& vehva gtk
A9 =48 Table 3.13} 2o}

Table 3.1. Characteristics of raw water

. Hoidong
Itemn Unit .
reservoir
Temperature T 13~22
pH - 652~7.12
Turbidity NTU 34~51
UVass cm ' 0.049~0.052
TOC mg/L 2.0~23
Alkalinity mg/L as CaCQs3 25~30
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3.2 AgFA 4

3.2.1. Backmixer &x 92 u

oF

"

HA A FAF] 2A AANE}o}e] FHENFZAY wWEE LFEES
Al E $ste] backmixer FEh jar testZ T3t om 2ao] AHER jar test:
&R - 2AE Y& 28 6 e @mwbAdxE 2bE Phipps and Birds A9 jar tester®

Argatdnh JEEE paddle 4224 Z71E (75 cm)¥x(25 cm)t o]glen] Al

A jare (115 em)¥x(115 em)"=(21 cm)fel A8 2 L Abzt jar2 Al L3900 =
do] 2 F AS2AAE £ER o} 10 cm AAHAH N42 A5, 219 2
Rk e IS E (pm)dl] WE HiEEAAL (G) %S oLty ou| A3 Fald

dgeien dndy A 238 A4 G e 35 2L 459 WnEN g7
250 rpm (G=550 sec ' at 20 T 30 rpm (G=22 sec at 20 T}, Fig. 3.19) 2
L jar, Fig. 32 18 L jar®] @43t ghele] a142 Jehgit. 15844 &3}

[=]

Eh gmel e scaleo] AEA FA] WA ge) Be el waAlsA Hra
B84 el odeln, wugEe wuAziel W Shagd nAE Jge

& © AAEA #Fstaal 2 L ojar-testerE scale-updle] 18 L Hbex
Hase 48S +Y939d. 18 L Bex29A GE Y mpmHe Auads= axgx
ol torquedkst Y@l HALme oste] 73 $) vk 2N input power
T HHEES WA IIEA dde Fe] ALEEE torque 32 torque meter® 18
2 HAEEE tachometers o1 &35t A 2PFoaHd FAHo A} oy power,
torque®}t rotational speed®] A= oh&u o},

714, P = the power input (kg - m*/sec’)
T = the torque (kg - m/sec’)

© = the angular velocity of the rotating impeller (radians/sec)

N = the rotational speed (revolutions/sec)
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Pébs AE3te] 27 vbg o g3 N2t GY calibration curved =dkd N3 G A

HAE 3

G = 0135 - N**™ (at 23 T, with N in revolution/min)------—- (3-3)
ool @A met 18 Lol Al 8] £ AL (velocity gradient, G)9F 31 A4 (impeller
speed, N) F##AE Fig. 330 Jelldg =3 598 dwoez gz 2 L

jar-tester®] £ AHAL (velocity gradient, G)¢ 2 #H 3 (impeller speed, N)¢| A}a
A2 Fig. 3400 ehioh
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N

2lcm AN .7 10cm

7. 5cm

Fig. 3.1. Schematic diagram of jar and paddle used for 2 L reactor test.

~

P

Fig. 3.2. Schematic diagram of jar and paddle used for 18 L reactor test.
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Fig. 3.3. Velocity gradient (G) vs. paddle rotating speed (N)
(18 I, reactor at 23 T).
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Fig. 3.4. Velocity gradient (G} vs. paddle rotating speed (N)
{2 L jar-tester at 23 T).
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322 In-Line A& Z3} Fx 9L iy

dded AHE FAEEE B R 2-5 e EHAEY (elements)E B
T4 SlEE AR on AAERN I A e Be oaAAAL o] g8t oy
element®] AW 304 2 Qe A92 AFact AT we] WAE 001

em, ¥l Heol= 10 em ol o9, Fig. 3501 elemente] @A A 9<S Jelyae

H Fig. 360 AL AAEs7e 44 ARS Y. AT 2o 224
TULS AFFYAN (peristaltic) HEZZ o] 83t Be §33 2o FUAHEE 3}
Ao due] =% E&4E A4 (differential pressure transducer)® o] £3}e] <}
2]

HEd (AP)E SAE AT 2P Algd A xRS Fig 379 A48
ERlSth A4E&71E AW F 22 (flocculation) & 93] jar-test 2@ oA AF&
@ 2 L8Rl ARy jars A8sgon 94583238 backmixings] A9k B o
3330 mmAlA 30 F wuhelM HASAT AAETHNAANE o8I AP
Fig. 3.8¢ ZAIs veb odcl,

dnkoz SYForY MAN HFmAA G EE SEAA S maAZEe B
el GTaS 7192 g
3 GEE Agster Qo] B o Fo] Aaj¥ el gteo) {Cleasby, 1984; Han and
Lawley, 1992) o}3{ 742 G o2l & + Q& 428 284 Axz %= g
ol E ATAAME AEGNE £ f40 4 2 foe wE pigrs 4x
st dWbA 22 backmixero]l AMgEHE WA T 2lalel &L AAF (G)ehe] A
Mg gflete] FAEG M Ggk 33 B e ten Zo] S5t ApEago
% back mixerol 9 G,

i

‘ﬂ
32
v}
I
&
v
r:"\
=
>
ik
ok
1
rlr
L
S
ridl
o
A
ok
o
s
M

A7IM, P = E8x29 5959 (kg - mYsec®)
V = E3x9 By (m’)
= A A4 (kg/m - see)
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L.

Ay, AHEarlel 2 4GPl yEld Gz dgEs

]
4z
o

0,
o

= BA fste] A4S ey o] wasla] backmixeret Sk aulHl

Gats yrhle 48 weadd (&4 Laj(Vigte] £S5 s 44

AN G-DellA Vo= A0EE) x L(de]) o)ug,

2 (3-6)M P =Q Ap
Ap = vhy

T8 (volumetric flow rate)

o71A, Q
Ap

¥ = F3:9 W53 (specific weight of water)

i

% 3} (pressure drop across the mixer)

he = $5%%&4 (head loss)

H G0N R B e FEel 2 v p (AE)g UlEE) ojug,
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K

(3-8)e] wp () = v (FHA) o2 HEHA G Yo o] Yehd 4 9

A7, v= FHEAT (mYsec)

A (3-9 dERY wvhe} gol AAESY) WY £4 m- oo mel Wass
FEEA () AGAZ 24310 ages £57

B0 el HEHAL GE FH437] Aol 9Fe £9 29 @B e
element 0] W} AAEE ) o)A WAstE $EEAS AL o] Latd Z4shal

.

fe——1.5cm —»

\

]
Elements

i
|

Fig. 3.5. Schematics of in-line static mixer element,
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i

Fig. 3.6. Photograph of element equipment in a in-line static mixer.

Fig. 3.7. Photograph of differential pressure transducer.
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Differential
pressure cell

——— ™= Waste
; C
me:«mc#
Static mixer
Rawv water 2-liter square jat: used
Holding Tank for flocculation

Coagulant
tank

Fig. 3.8. Experimental setup of a static mixer for rapid mixing.
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323 A 7}=¥4 F2o 54493 (Ferron method)

2 ATAAE AU A4 el ael S92 sl Al HaAlste] e o
ANE=E & ferron BN E Folel B4 AS AAS9th Ferrond Al 7142
e AdEwhge (1) Bwrd AN 7bRs £ ferron® W= A 9hgdte] &

FLZF A dASA 99 2) Zaojyd A 7FEEs EL ferrondt QA A PE

AN 7h & F& ferron? wHg8lx] Eths AAAS Y22 9. AN 744
i F NS AT AD FF44e Rnmy AN ARNe T38 9so
MEel A smelel %A s4skel Abgstgich Ferron ¥Awel ol Hul 1y
mg/L (as ADZ 21 o|ste] ¥9e FTold A¥L AAlsdn)

S493% Abgd @Al gzi= e 2t Ferron #3419k [(ferron = 2.85
*10” mol + 1-10, o-phenanthroline = 252 x10* mol)/L} 500 mLE ZAH}EF(43
mol/L) 200 mlLe} fatsl=gAebl A ek [(NHOH - HCL 100 g + 594 40 mL)/L]
200 mL7} &3 Aokl hsbe] 1 LR 95U 2D ferrond FEE 1.45x10
mol/Lel s A eke Az F 57 A Fob £4dke] Algsgon] Faaore w

3
o)
i
w

T oEeh dAR 49 ¢AAE FYsn FHES) BY £ AAS %o ANas
ol A7yepar A"
el MRS Alstel Egof &k 1 em MY A AREEle] 370 nmell M spectrophotometer
€ AHgete FREE EHSUn FUFuFds &Rd= [CP (Inductively coupled
plasma)& A}-&-3} kel 30 =& AWow TA43
A AR (AR Ben] AES dEste] A on FRHLANE Al-ferron 2
SHE QAo ¢ Ao s Aa

°l™l Al ferron Atele] wk&#A= A(3-10), 3-1D3 el Yed 4 g
(Smith, 1971).

fati)
o
2
£
>
it
s
¥
2
_0|£
N
r)d
=2
AT
N
>
19
ot
o
=
ﬁ]lm
e
v
n
4
5

;a
rﬂ kil
kit
i
=)
o
>
2
o
i
"
o
&
>

il
Ru)
2
gfol
ofd
K1
E
i)
M
£
rr

Ale = Al + Al (1- ®)-mmm e (3-10)
IN(AL+AL-AL) = -kt +In(Al%) -~ ~=m=mmmm e (3-11)
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7] M, AL, = 2o Al
A= 0 Akl &ahol] &5k Al (polymer & Al
Al = t A7kl ferron¥ W23 Al

k= Al 9] 17 Whg& 5 45

A= ferrons ol&ste] FLHES) Fo) wubFE et mubAzhe] WE AN 7}
r Fol 54E A SlEA dubH g go] A8 H T e AFEuEA &3
ARY alum (Al(SOs)z+ 16HO)2 A AAH AZd Q71E (=0H/AD 2.2, E2 4
AT} FFe] 80 %<0 PACIE AME3ste] sheRe] Fo 542 2AEAT. Table
328 & 484 AgE 4 A A F9 REEAS YUY Alume 7
F R4 ANIDO) 90 %ol AAstn lew PACIY A9 ZvA Al 80

=

Mz

lo

Al o) (01 mole/L as ADS Zulz AFRFQon, alume A2E 025 M
stock solutions A|ZEsto], H9 F LA FAS Adaste] o JFL Hid
71 $ElA 24 Al Aol 10 g/l dosing  solutiong A Zasbe]  ApgR e
Backmixerol 2@ 574 E3ke) WAL E G=150 sec ', G=550 sec’, G=800 sec '¢l
o 3 ZFA Wb Rel M GTE-E 5000, 15000, 30,0002 A& WEFAIZEE W

shA) 2t

Table 3.2. Chemical characteristics of alum and PACI

Conc.(mol/L) Al, Al Al
Alum 0.25 92 %% 3% 59
PACI] (r=2.2) 0.1 15 % 83.2 % 18 %

Alx monomeric Al, Aly polymeric Al, Al precipitate Al
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THEM 2 Standard Method (1995)9] o] 8] 2=a) 5 ¢ o
7z

O

HACH, 2100P &= & Ar&38ts] 0~4000 NTU® Ha&gdoz gads 213
W22 o g F grg 24390 g cell ulo] XA =
_‘C';:

da celld EFO] F olF HEE Z4al )

2) UV-254

Aot Fr1EL S0l 54 lignin, tannin, humic 22 52| 9z =A%
ohoelEg Frg A SEEES 200~400 nme) ZRGAH G Ay FREE U}
Ehlith ofelgh A& W ekE 3558 (aromatic substances), B ¥ At 33
=% (unsaturated aliphatic compounds), ¥ &% %% 8 %% (saturated aliphatic
compounds) & Far 127t o] FAE o) H S studE BAS) WE Fiels Ao
Agheh ol 2@ ol W&ol UV-25dnm7t UV FR %8 AAs=d 47122 o
FEHE dgdes Qs #ol o493 9k (Edwald et al, 1985).

AEE Type A/E Glass Fiber Filter (Gelman Science)® Al43le] ojujg 3
Imem 49 cell$ AME-3he] 3b 254 nmell Al spectrophotometer® AF&-3te] =454t}

3) TOC (Total Organic Carbon)
T S E KR TEE g@slelv)] 8 2P, ARG &y
S §18td TOC vial& ZAFA AHdoz A& 478 YRS = A g g

=

SHTE AAHS Abgstth 2492 GHsKO: (anhydrous potassium biphthalate) 9}

‘
|

NaxCOs (anhydrous sodium carbonate), NaHCO; (anhydrous sodium bicarbonate)2
T E&Aom ARSIE Zh TCo ICS Heaas AQgwHgz 243 & Ry
AAEAt AR FME FA AN g 294 28 A9 W ol =&

H3 FEE e 4 CollMd wasAg
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4) Alkalinity
SHAZE FhERe BANAM Axes dduvE AAUWon A oz
dles #2002 N& AMEle] A2 pH 45717 FEa=0 A8 s @2 gag

S CaCOs Fatstel E A} el

5} Zeta Potential

Aol B HIE wotslrl 9dld W7 9% =47 Lazer Zee Meter (PEN
KEM Model 501)& AH&-3t2 2.9, jar-test 43 Al 1 & Foto) F4E3 £ A|a85
Az et MUt Bt W Aae Zezzga SoadEn) e 234 o4
7l AR R a7l 23 COw2t Hob Eo7h pHF Hele 2L @] A gr
st AFs A agn el o W AAE HEol ofste] Aste] mX - Fge
Hagpesl el Bar)d B WAR S sl

M AT AR ALgd EAMu 2 v]7] 2 Table 3.301 el Qo

Table 3.3. Analytical method and instruments

Item Unit Analytical method and instruments
Jar-test - Jar—tester (Phipps & Bird, Model 7790-500)

pH - pH-Meter (METTLER DELTA 345)
Turbidity NTU Turbidity-Meter (HACH, 2100P)

Zeta potential mV Laser Zee Meter (PEN KEM Model 501)

Combustion/non-dispersive infrared gas
TOCOC) mg/L analysis method

(TOCAnalyzer, Model TOC-5000, SHIMADZU)

Uv-254 om UV -Spectrophotometer (UV-1201, SHIMADZU)
Particle counter - Particle sizing system (Model 770 Accusizer)
Al mg/L ICPA 61E TRACE ANALYZER

{Thermo Jarrel Ash)
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A4 A 2 2z

4.1 Backmixer &AolA 9 3 F &
411 F33 4355 3HAdsorption/Destabilization (A/D)) A3 sweep floc

mechanism =74 ZAA

S4 mechanisme W& $Y&&E vlwalr] Yste] 2t $3 mechanismol W
&3 pHS A F9%L =28 ax a9t 29 AstE3 22 mechanism &

A& #A] Aste] v d¥A9 ©&9 pH 5500 alum Fd %ol BE SHE
5 S4HE A9 Fig. 4110 Yebdape}l go] §718 AA2 9% A alum 29
@& 007 mM (as Al ©l13Uth Sweep floc 4% mechanism %72 2R38 7] 94
At dnlddds =29 pH 70 X ¢34 TP B2 2UFTLL HWE 2

7, Fig. 4.1.2°0 vhebd whep Zo] 718 AAE

fl
2

g #HA alum FYEFE 0.15 mM

(as AD o]tk Fig. 4.13& dM F23 Hat%3l mechanismi} sweep floc

I

mechanism =31 A& HFE 98t pH 559 pH 7.0o0AH <34 FUsko we
At A9 (Zeta Potentia) S =A% Asfelrt pH 559 pH 7.0 2% <44 =9

of F7tgkel whe} Alel A9 gho] ZrE e RojFm gtk 1y sweep floc
mechanism @ %<2 pH 7.0 A precipitate (AOH)3e) A0 2 Q3 #Asga
HAgE Yok 1 gom, F343 HehF3 mechanism 99¢ pH 559 M= &
A F9F 01 mM (as AD o142 o A9 Habo] BAFS o £ ot o
#4 A/D mechanism ZZolA A=A &FA FYEe At WA o] WAz =

0.075 mM (as AD°l HH g FUFeR FAHUeY sweep floc mechanism

BN

Al gzt §718 AAge b4 3489 015 mM (as Ao HA g4 =

SR AAHUA
ol 22 dEAdTe Eda B 9% Aed F33 1533 mechanism &
A& pH 55 alum FYF 0075 mM (as ADSZ ZAAsS AHL AAFH
15 mM (as A2 2 A A3}

.
i

sweep floc mechanism 272 pH 7.0, alum 59 %

HEe A,
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=

K

; 80 A/D condition (adjusted pH 5.5)

Q -—&— Turbidiy
5 v UV254
= —8— DOC
e 80

= —

u

©

= 40 -

g Optimum coagulant dose (0.075mM)

@

¥r 20

T T T T

0.00 0.05 0.10 0.15 0.20 0.25

Alum Dose (mM as Al

Fig. 4.1.1. Effect of coagulation dose on turbidity, UV and DOC
removal cfficiency (adjusted pH 55, A/D condition).

;ﬂ‘ 100 Sweep floc condition (adjusted pH 7.0)
: -
£ 80 - —&@— Turbidity
.d_', v UV254
© —=— DOC
b
w 80 -
‘©
>
O 40 -
£
a
(14

20 Optimum coagulant dose (0.15mM)

0

0.00 0.10 0.20 0.30
Alum Dose (mM as Al

Fig. 412. Effect of coagulation dose on turbidity, UV.ss and DOC  removal
efficiency (adjusted pH 7.0, sweep condition).

_78_



20

— .
10 - pH 5.5
9 /‘_\‘
e 0
8
€
g -10 4
¥
p ~—— pH7.0
B 201
N

-30

'40 T ¥ T T T T T

0.00 0.05 .10 0.15 0.20 0.25 0.30

Alum Dose (mM as Al)

Fig. 413, Zeta potential as a function of coagulant dose.
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h

s AEE 4 S mechanismel A FERMA R e ¢HESS AEd
&3 mechanism& A =29 Faa dsEst =43 sweep floc =4 A xls}
Aow HHTHxz W HN A TS8-S Fig 4149 JeERE T Fig. 4.149]4
LERd upel Zel HEHe) Ag® 7k wwbZwelA F3u AsEs Mg
sweep floc E=3eAM grel AAFE] S48, WP T mels e
Al G=150 sec 'elH B E AAZG] $5ePon WWMREs Zruez &
= AAEY gage] Fas vebdn guh wukA k] waldiE A|zke] =sbat
of wet Fa3t A3 F 8 2d4 sweep floc 27 25 A A o] FaI= AYe B
elEl 53] MRt w7t G=550 sec ' ol @elAlE Bn AlAEL At wAlsgo
W G=800 sec '} 1,000 sec "ol A HE AR il oS ERA hebto,

Fig. 4152 sd% 24904 UV AAREE YehQY} Fig. 4159 el
dube ol BE AAEAE drdeorw a7 ds8Fs 2AqH AATE0) £

k58 227 sweep floc 24 =

, = WREQ G550 sec el A9} 30~40 22 mukx|zh

el
k4t
K
El
rDZ
BN
o
2
B2
gl
2
2
FO'II
i3
ro
oy
L.
_\‘1
2

2
X

AA &) b fetRdon, 4 wwgwdA A kA7 o)l s UV,

AfEe] Aaste %S RS w3 wudno e B g A AP

FAFSHA G=800 sec'# 1,000 sec "2 wutAEE Z71A17 AS AARe 71t
#2438 delvpm Ak Fig. 4.1.69 DOC A7 EZ &A= sweep floc ZAd A B}
_%_

B 240M 20 %ol H ¥ 712 AAEES BHgon, wuka
of webME FAI AslFEs ze] A o= wed Asg woly sweep floc
AT wukAzke) Fobdtel wek AAZTLo] oA A= AL Holx 9§
o 53§43 W Fa 2doME DOC AAELe]l BT aukA 7Y ol g
=AY B ggton sweep floc ZANNE RAPEY] QG wHEAIZEe] o
N7 E s o

ol it e AT wEw v wUBEAE BT AAg0) 2E wukz

o
2
i)

d

_80_



hz 7)o w27 4% v A2 (microfloc)
°f A& e MWhAI Fotel st e F Ay A mwel shera Zely g ao] w
stef Algtol el wel thal AAES sheAel gasly] wiolgtn Alzbdr
(AWWA, 1991, °]2& Kang# Cleasby (1995)¢] d5+2vo| Mo} zro] 43 2
a5et €3 2ARY sweep floc $ARANA floc AHEE7 HE wWeos
sweep floc 2] 49 Was YFd v flocd T2 54 kA7t o]ow A=
d 3 H#1rE deurt A A b5 flace] WAo] A WAl o] wal
ARgol #HAd Ao ¥tk Amirtharajah® Mills (1982)e] <f3}=

2
re
2
rO
e

G AAE St FHER F 2e AN wwe] a3 H5EF mechanism
AAAE F2F FFS VNG sweep AAlME AN W o)t Ae
ki stded, £ A3 AneldE 5018 B8 DOC AAREe] S Tam A
stk oM wE (@Hgmeh AhHel 9 do] ofE Moy sweep floc
AeAAE FAY AtEs 2A0A9) AR FTEEHEA0] Hro §]Be
SHel R GFL v e Yegth 2oy o]% dATAEe o Had
W gE A FUeld AHE Ao §412 A ZUA= FHEe ool
A e SR ddn 47dd. 28 949E o)des wiYrE Zse A4
T FAH HsHE3 mechanism® sweep floc mechanismel < < o A | A& 2
7h 348 dejyew Ade awgse Hgo] $UTLE wolw adHol
cHe T
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Fig. 4.1.6. Effect of the rapid mixing condition on DOC removal efficiency (A/D
condition vs. Sweep floc condition).
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Fig. 4.177. Comparison of settling velocity under different rapid
mixing conditions (A/D condition).
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Fig. 4.1.8. Comparison of settling velocity under different rapid

mixing conditions (sweep floc condition).
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Fig. 4.19. Changes in particle size distribution after rapid mixing under
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1000

sweep floc condition

Raw water
G = 550 sec™
G = 150 sec’

<o)

(=]

o
1

800

700

il

600 A

Particle Number (number/icm®)

500 -

400

1 10
Particle Diameter {um)
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4.2 In-Line ZZ &3 7]o)Ae] S0 88 2 backmixer $HE& 9 nlw
421 AAZTAZINM FF F5ol we w 3o A

Table 413 Fig. 42,100 A&7 29 Gl abe] Wabe) gho) gt Axg
element®] 7hol] WE FEA 274} 1
of £ GE 7 23
ok HB-9& ol&ste] KA, GE FAEY] st element?] $7F 0 (empty
pipe)ell A 5 A7 7E A28 AHEGI] ) B 2ol 10 em ©131 2.7 (3+2) element
7F dAE E371e] @ ZelE 30 emP, 7R 3 MY element® A FL &
-9lel 2 7hel elementE Zb2F HAEdc) Table 417 Fig. 421004 2sRg &
o 7tgel weh 9 element®] b Tl weh FREEA3 HEAAL Gitel
Afdoz F7h-E Ve Aduh o)z AG-9DeAM yebd ukel o] F%
element 7} F7hatel whh @ W Ro M o] dFHo] Zrhele] uwlel §elRel &
Arele] il F7hE HFEPoRA £LAHNE AHH02 FANEE & F
DT 5 elements 9 (3+2) element®] 2% % element®] §°3% oy #e] Zolx}
= qlste] (3+2) element?] o FFEde] tha ®A Uebyth £ Fig. 4219
U FA elemente] Aol W} HEAAL Ggrel AdelA & 4 dgo] Wukel
Ggkol 1,000~4,000 sec ' = Wi~ EA AT 57 9dejA AubA A backmixere} H]
weh F4 AHRER7Ie A FHA #REFE AT @A dnIFAze) Ao
7beatejet Bmagd

4
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Table 4.1. Measurement of head loss and calculation of velocity gradient

under various flow rates and numbers of element

1 L/min 2 L/min 3 L/min 4 L/min
hy. G hr, G hy G hr G
(m) |(sec™| (m) |(sec H| (m) [(sec | (m) [(secd)
empty 0.004 | 288 | 0012 | 815 [ 0.020 | 1,116 | 0.040 | 1,822
2 elements [ 0.045| 966 | 0.055 | 1,511 | 0.070 | 2,087 | 0.130 | 3,284
3 elements | 0.050 | 1,018 | 0.065 | 1,642 | 0.110 2,616 | 0.150 | 3,528
5 elements { 0.060 | 1,116 | 0.095 | 1,985 | 0.170 3,253 | 0.210 | 4,173
(3+2) element | 0.060 | 644 | 0.095 1,116 | 0.190 | 1,985 | 0.230 | 2,522
5000
——8—— empty (L=10cm)
Qe 2element (L=10cm)
4000 4 ——-%-——  3elements (L=10cm) e
s —-—y-—- Selements {L=10cm) rd
o — —= —  3+2elements (L=30cm) e
w N Y
) 7 7.0
o 3000 ya 7
= . ~ .
2 e »
© - -~ -
E ./ // //
g 2000 - | ' // g
8
D
> 1000 -
O T T T T
4] 1 2 3 4 5

Flow rate (L/min)

Fig. 4.2.1. Velocity gradient as a function of flow rate.
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422 AAE372} E5A w6 2 SHEa8&9 v

Iigs. 4223 423& A3 E51719 AR 45} element o) 2 SHETLEL 4
awsk7] kel obM AAR AHEgrle #A SPA FUFL 0075 mM (as ADE
aRgEted Bl fo1E AALEE YeEbRa g - &8y = 2 A
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dRAIACNAL e whsh ol Wl Hol Mo 2 ES ek Ao ol gigoy o
T HE AES s AFge A9 e A ANRE (DB SR QA
v AEAG(AP)E st ARV 2 %9 HEE 58 2§40 aTHG,

ofdel awbAme m# G AAs] FWnsl Pad S FYEL 0075
mM (as ADZ AP F b wwkgeo ugd Aebas 2439 Fig 4249 e}
AT Fig. 42490 debdeie 2o) G g & wntR el 842 e adr A
A ErbE ot Gatel 3000 sec ol ol M Ao §A1E At AYS Ho|gA} ThA
HEFR GEE BT Ak vk YA AL AAE B
=oSAAA o Aagat § 2eKez delutst UT Be mulPmeAn
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Fig. 4.2.2. Turbidity removal efficiency for different mixing conditions

under varied flow rates and element numbers (alum dose: 0.075 mM as Al).
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Fig. 4.2.3. UVuss removal efficiency for different mixing conditions

under varied flow rates and element numbers {alum dose: 0.075 mM as Al).
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UV, removal efficiency (%)
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Fig. 4.25. Effects of coagulant dose on turbidity removal for

the selected rapid mixers (Q = 2 L/min).
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Fig. 4.2.6. Effects of coagulant dose on organic matter removal for

the selected rapid mixers (Q = 2 L/min).
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Fig. 4.2.8. Effects of coagulant dose on organic matter removal for

the selected rapid mixers (Q = 3 L/min).
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Fig. 42.9. UVas removal efficiency for different mixing conditions under
varied flow rates , pipe length, and element numbers (alum dose: 0.075
mM as Al)
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Fig. 42.10. UV2s4 removal efficiency for different mixing conditions under

varied flow rates, pipe length, and element numbers (alum dose: 0.075 mM
as Al.
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Fig. 42.11. Comparison of (3+2) element static mixer with other mixers
for settled turbidity.
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Fig. 4.2.12. Comparison of (3+2) element static mixer with other mixers

for particles size distribution (Dose: 0.075 mM as Al, Q: 2 L/min).
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Fig. 42.13. Effect of the rapid mixing condition on Turbidity removal

efficiency (A/D condition vs. Sweep floc coagulation)
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Fig. 4.2.14. Effect of the rapid mixing condition on UV removal

efficiency (A/D condition vs. Sweep floc coagulation).
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Table 4.2. Computed kolmogorov’s microscale on backmixing and in-line static

mixer
' tbt_a} | power | mean H_rnicr_oséale;
_ - power |dissipation| veloeity |- .| ' of
- mixer ‘dissipation | per: unit- gra@j‘éﬁt, | .GXT | turbulence,
X100 | (mYsed®) | (see ) )
100 rpm 450 0.02 150 9,000 81.77
250 rpm 6,050 0.30 550 33,000 42770
backmixing
376 rpm 12,800 064 800 48,000 35.41
500 rpm 20,000 1.00 1,000 60,000 31.67
empty 6.53 0.08 288 270 59.01
2 elements 73.47 0.94 966 90 32.22
LLMinig cloments|  97.96 1.95 1,116 | 1,049 29.98
(3+2)
97.96 0.42 644 1816 39.46
element
empty 52.26 0.67 815 383 35.09
2 elements 179.65 2.29 1,511 710 2.77
static 9 Unin
ixer 5 elements| 31030 | 396 1985 | 932 22.48
(3+2)
310.30 1.32 1,146 1,615 29.58
element
empty 98.00 1.25 1,116 390 29.08
2 elements| 343.00 4,37 2,087 730 21.92
SIS ements| 83300 | 1061 | 8253 | L138 | 1786
(3+2)
931.00 3.95 1,985 2,084 22.48
L element
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Fig. 4.3.2. Schame of ANII) polymerizaticn and precipitation.
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Table 4.3. Chemical characteristics of Al(I) hydrolysis species formed after

rapid mixing using a pure water

AlL(%) Alw(%) Al(%)
Alum PACI Alum PACI Alum PACI]
G=150/sec
GT=5,000 28.3 28.7 65.0 18.2 6.7 53.1
GT=15,000 32.0 28.1 64.4 19.4 3.7 52.6
GT=30,000 31.0 27.8 64.4 19.3 4.6 52.9
G=550/sec
GT=5,000 317 285 63.2 11.3 5.1 60.2
GT=15,000 294 28.3 65.3 124 5.3 59.3
GT=30,000 30.6 27.8 64.6 124 438 59.8
G=800/sec
GT=5,000 31.0 27.8 61.8 159 71 56.3
GT=15,000 29.8 30.8 63.5 15.0 6.7 54.3
G'T=30,000 30.3 33.3 60.0 14,3 9.7 524

* Al monmeric Al, Aly' polymeric Al, Al precipitate Al
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Table 4.4. Chemical characteristics of AI(III) hydrolysis species formed after

rapid mixing using a raw water

Al{%)’ Alp(%)* Al(%)"
Alum PACI Alum PACI Alum PACI
G=150/sec
GT=5,000 28.7 26,7 455 69.9 258 3.4
GT=15,000 30.3 272 582 70.1 115 2.7
GT=30,000 204 278 579 69.4 12.7 2.8
G=550/sec
GT=5,000 285 27.0 64.1 64.1 74 8.0
GT=15,000 30.0 27.3 68.3 63.8 1.7 39
GT=30,000 20.0 217 65.5 62.6 b5 97
G=800/sec
GT=5,000 34.0 282 65.5 46.7 0.5 20.1
GT=15,000 30.3 283 69.4 49,7 0.3 22.0

(GT=30,000 30.3 289 68.3 529 14 182

* Al.' monmeric Al, Aly polymeric Al, Al precipitate Al
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unreacted Al fraction
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Fig. 4.33. Effect of mixing intensity on the reaction with
ferron during rapid mixing period (for alum).
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Fig. 4.34. Effect of mixing intensity on the reaction with
ferron during rapid mixing period (for PACI).
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unreacted Al fraction
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Fig. 435 Effect of the intensity of mixing during rapid mixing
on the ferron test (at A/D condition).
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Fig. 436. Effect of the intensity of mixing during rapid mixing
on the ferron test (at Sweep floc condition).
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Fig. 4.3.7. Distribution of Al species of alum during rapid mixing time
(A/D condition).
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Fig. 4.3.8. Distribution of Al species of alum during
rapid mixing time (sweep floc condition).
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