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Effect of the AI(IIl) coagulant basicity on phosphorus removal

in wasterwater effluent

Chul Min Kwon

Department of Environmental Engineering, The Graduate School,

Pukyong National University

Abstract

The experimental results for the analysis of aluminum hydrolysis species with
PACIs (polyaluminum chloride) prepared by different basicity (r value) showed that
monomeric Al species were reduced while polymeric Al species. were increased with
an increase in basicity for PACls:s The PAC]I with 2.2 of r value contained the
highest amount’ of polymeric: Al species. According to the experimental results for
the phosphorus ‘removal, the alum and PACI (r=0), which consisted of mainly
monomeric Al species, were| the most effective for phosphorus removal. Therefore, it
was concluded ‘that the Al coagulant containing higher amount of, monomeric or
lower molecular Al species. would be more beneficial for phosphorus removal. The
analysis of Al (II) hydrolysis -species with PACIls prepared by different basicity
showed that mononmeric Al._species were reduced -while precipitate Al species
were increased with an increase in basicity for PACIs. In the case of the PACI
with 13.6% basicity, monomeric Al species were 81%, polymeric Al (IlI) species
1996, precipitate Al (IlI) species was 0%, as showing the dominant monomeric Al
species. The PACI with 13.6% basicity showed above 80% of turbidity removal
efficiency without any restabilization. The PACI containing the higher amount of

monomeric Al species was the most beneficial for T-P and PO,~P removal.
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A F49o Ao WE sweep flocculation®] F8 AdE& AAA,

ol A Fdel ded, BAEe= B2 o SHAAL, AggelMe Iw &4
_T
=

O
ofo X
ol
L
o
)
il
rlo
R

© & van der Waals ¢l & o] Z3s} A 2 HEste] TAHAA
(Amirtharajah and O’'Melia, 1990). o3t olT S SF=ol 2ol&) o]Fox= EtA st
HAHL NaClg 2e 7tds Asd S 7leFo2A] dojd 4~ e ols5S o=
A17171 $18) AlgHEE 2599 #Hstg wEl I 882 Schultz-HardyH Aol ufhzt
ol 2(2-2)¢} (2-3)3 zko] el A ),

CCC o« —1— (2-2)

(charge)
Na+, Ca2+, Al3+ — [:—=:— =100 : 16 : 0.14 (2-3)

SAR ool @ WM W e dojumz A FAY AL AHgHE

NP Aol Ftadge oFi FHol @ Bt He PARS AT 9
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Fgoi Qs WAt Z Fzol= Bdol

el

= polymerel] &ale] Be JAE0]
polymerdll HZ2 ul polymer? 2877} Akl wHol| F2Fa Fhofslhi= 247
= ool 9 "o vk g2 F=2ol= o] polymere] HO = ZE7] &
zho] dojd 49 polymeri= W 4] 7tus A3kl wetA] polymeris 714
Q 2%59 EorAS oo F3] 2 staE o]F 4 & polymero]ojof & Flo|th
SHA Y B = polymerol] 9% F2e FFolA AASE o/ FUF UTE A4

< polymer Ao z&st= AAZLI|ZA AAFAFole] JlaEkEo

=
N
rlo
o
rlo

S A= Aow 4 dth(Black et al, 1965; Lyklema, 1978; Dental, 1991).

POLYNUCLEAR
Y v ALUMINUM
O HYDROLYSIS PRODUCTS

¢ O & SI1TE-BOUND

Q ALUMINUM
¢ 1+~ HYDROLYSIS
PRODUCTS

\ 0

\U/ PARTICLE

ENMESHED IN
%RECIPITATE

Fig. 2.4 Schematic diagram of the enmeshment process for

a hydrolyzing metal coagulant.
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AlCHL,033" AICOH)(H,O) 2"

Fig. 2.5 Deprotonation of the aquo aluminum ion. Initial step in
aluminum hydrolysis(Letterman, 1991).

Tl A GA TR HY 55900 o] <l9] 7|E FAAA
S, A5 pH 79 wet OH o]23 2%d oz Fehz =4

o

ri

=
o,
rlo
rlo
ox

=

goh. ad s A 7Fraa 2 JdE FAol the mechanisme &5 ol A 9
543 &a3dd QoA FastAl e AR, 58 AIMA & RANA 7HEa 7t 13
He ¢ FAHE 4F Al 7teesfisS AR theE SHS5AS YEved, 5
8] polymeric AI(DF< £ FAstE il glo] Sdsts W AdAY =29 A
stiolo] g3 olgt & 4 5 (Pouillot and Suty, 1992).

AP ol 2ol WE bR Tt aHel A= AP o], F AlH0) S 2
T 9719 ligand % 42 o] £t} Mononuclear AKIN)ES 123 2 9o <)

AA ArRal bl gt ol w48 2 it

T

Al(H,0)}" + H,0 = Al(H,0);0H*" + H,0" (2—4)
T
APT + H,0=AI(OH)*" + H (2—5)

AP olest A%E HO B0=g A,

Al(OH)*" + H,0 = Al(OH), + H" (2—6)
Al(OH); + H,0 = Al(OH)} + H (2-7)
Al(OH)) + H,0 = Al(OH), + H" (2-38)
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2l (2-4)~(2-8)ell vrebdl mish el AIMS] 7h4=3f wh-g2 OH o3 F3te

Bkl @AARL X Fke] o3 o] Foxth 2 (2-4)9 Zo] AfHO e H0 &
A7F OH o] 2o & oz A T2 A AFAEA Bronsted 8]l o
s A

2} Abolgt & & gtk 2B R Jtedse A-47] whEelA 5o Tk
de 9 Fxd Qo] pHe dFe] A "tk ol¥e pH 93-S Al &
S o]&3lo] pHel wel A= AIDEEY A%5S olaid = Sth
Sl e AN F2keteE &8 F, A OH oS /3 &84 F9
et ok Ao ek A7l o]Fo{x gth(Hem and Roberson, 1967). Table 2.1
T Jdge] wep AAEE AIDETES] 7teas] Fdd5E Hed 3o =2A,
Al(I) A8t ZshetEe] P48 wet H ol 2ol felds & + Advh &3 o=

o] FPGFE ol &8t Al Sl = =S Fig. 263 2ol Uebd 5 3l

A= A

P

Table 2.1 Hydroxocomplex formation constants for ANII) at 25C
(Baes and Mesmer, 1976; Nordstrom et al., 1990)

Reaction log K'(25TC)
(1) | AP+ H,0 = AIOH* + Hf * - 497
(2) AP*+ H,O = Al(OH),' + H' - 430
(3) AI¥, + H,O= AI(OR) + H' ~'5.70
(4) AP +“H,Op="AlOH), + H’ - 8.00
(5) 2AP" + 2H,0-="AIx(OH);" + 2H" - 770
(6) 3AF" + 4H,0 = AlL(OH),”" + 4H" -13.94
(7) 13AF" + 28H,0 = Alj304,(OH)»™ + 32H -98.73
(8) Al(OH)3(m) = A" + 30H -31.50™
(9) AI(OH)3) = A" + 30H -33.50

*  Ligand and H2O molecules are omitted for brevity
s Calculated from the reported values of AH; for Al(OH); Al”,
and OH"
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go| FatstdFulE [AOH)sem, log K=-31.519] &3l= 4& yepd el 9
A Fig. 26(A)9 495 ngdoz AR AAY AeldFrge 7
Aoz, 47ZelAd pH W9 (pH>8)ol oA Al(OH);9+ 3 &4
gad Al ES Sol44< Al(OH), o1™, w& pH W9l (pH<6)oA 9] AlII)ZF
A3} AINOH)* 9} 28 %ol 2] monomeric Al(I)o] FZ o] F 1 Ut} Fig. 2.6(B)
T AR "7t wah A== A4 gorA AAY At}
£ 7} & o] Fo] Rt} Baes® Mesmer(1976)= HAA AlOH)3umoll thate] B3 A+
gjol Al 37k €] polymeric AIIZE [AL(OH),", Aly(OH),", AlizO4(OH)s," 13} 5714
°] monomeric AI(IM% [AI”,-AIOH*', AI(OH),’, AKOH);, Al(OH), 1] #A ¥t
Atk Ee pH 62 A=A dFujEe] &t 7hg vHA Jebd S B 5 Atk
pH 58~82] M ¢lolA 10* M2l A [Alum (Aly(SOy)3 - 14.3H,0)2] 30meg/L] S 2 A
A4 AlIOH)semel EAE 47F 9o, pH 57 olstoll A A AA AlOH)3umE &
A3 &85 [AlsO4(0H)2]™ $F 228 polymeric Al ZES AT 5+ ATHAWWA,

1990). ol=1 3 H@dehe] Al s B F 2F A2 SHHSS ofsfol B

i

CESE MR

’

=4S ATIA T o Aol A b3l A& 248 el AL by,
pH
2 4 6 8 10 12
E 3
—r AIOH) 5 .
-~ =
g ----- S
8 AI(OH) 4 \‘ )
o
j=T]
© Alom” -
Al,50,(0H)2q Aly30,(0H) 24
-12 L L L L L L L l l L

Fig. 2.6 Solubility of aluminum at equlibirium with Gibbsite(A). amorphous
aluminum hydroxide(B)(Thermodynamic data from Table 2.1).
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AAE Zb pHelA AIID®] W& Zhedsie]  Fefol] wep wepxlty =
polymeric AI(II)E& FH G AAE = Fol ofvet P omo] e Il A
AR E = gstFolt. o9 o] FFolA AlI)o] 7FFEafso] a0l waol
uE ke el AR S Fig. 2.7 YERA AT

Fig. 279 Al(IN) 7k=#s) Ao FAAA o] 7] AT o] &2 7h¢E 89
8o wal monomeric AI(IM)ZE ¥ polymeric AI(INZES AA AI(OH);9Y HAES
Ak, 1elal pHe F7hel wel AIOH), 29 #el7h o] FojH & Hola Yt
A7|M T EAE P4 polymeric AIIDFS] FXo] mE $HJELE&S o=
Uelvyez =342 FAH9 S 29A polymeric AIDE JA4LS Tost & 4
Atk

Brosset %(1954)3% Hsu(1977)] AKHI) 7hrdtafel] gk <Avto] olatd Jd= =
polymeric AIFS] T2 AAYe L&FvE FAIdE 12
AT E FAsE ol ALY o] 2 OH o] 93 6 Z
Atk AI-OH-Ale = Aftsss Astde] uap AP o2 Abolo) whdtge] F¥UA
Zggtohd 1 Fxe HAsktta @ ¢ glth Polymeric AIIDE o] (b el
A5 &34 AP el OH ol Atolofl wlde o FuF FakstEa FAMS vl
S o)A Hrh gy 4R vE A E FEOAM 7 OH ol X 1719 AP’
o] &3 AAH Slo] &S] H' o] FA whEA HFo| =dsiA dvt
(Amirtharajah and Mills,~1982).
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Al(H20) 3" aquo Al ion

lT — = hwdrogen ion

AI(DH)(H20)%+ mononuclear species
A

—» hwdrogen ion

¥
Aly 504 (OH) 24 polynuclear species
'+
+ | — = hydrogen ion

|
AI(OH]S(S) precipitate

lT —n= hwdrogen ion

Al(OH)4 aluminate ion

Fig. 2,7 Aluminum hydrolysis products(Letterman, 1991).

v

olynuclear. 2t3}3 &2 OH | o]2°] %o mononuclear 2H3}gHE 1

p
= F%5ole B 3 HO o] At} Stumm} Morgan(1981)e] ¢jstd OH o] &9

(PACD+= NaOH 59 9471 7kel wel polymeric AIDEFS2 FAddrh o3
PACI &3 Al o] 534 SAS do7le dIAAEE FHH= 9719 T/

&= (Smith, 1971), AI(I) <9 FZ(Stol et al, 1976), 9719 %< =(Dempsey,
1984), 971 %=(Hsu and Bates, 1964), €3%7d (Vermulen and de Bryun, 1975) % <
% (Stol et al, 1976), ©] 7% (Stol et al., 1976), &o]29 ZAl(de Hek and de
Bryun, 1978), <:A]7]7F(Morgan, 1976; Parthasarathy and Buffle, 1985; Bertsch,

1987; Parker and Bertsch, 1992) T°] At PACIS drbA o= AICL & <o NaOH
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NS AdA =72 [AIIOH)Cly, r=1~25)]¢] o]Fo] A w71 FogozA 3
e A71A r& A7IETR £ W S-HA Azl ol H7bE= OH o3
Al o] 29 & FEH| (F, r=[OH saed/[Al)ZA YERALE ¢ Fho] 0 F-8 Z712 4
% polymeric AIINZF (e, Alp(OH)' ol H2b S7hsttirt 54 ddA e relA =
precipitate A& (o], AI(OH)3)ol Pt stAITE AI(OH);9] A& &3 =]
oA m g ole] FAS AT & A= AdY r @& FASkE B Tast &
T SATH(e], 1998).

Baes®t Mesmer(1976)¢] PACI /g0l #3gk Aol ot FFolA 7heital] %7]
o= AN monomertt dimer £o] FAHY r 39 =7l ulg} polymeric ©]-=
o] gAo] o]F o} olHA A E polymeric AIHZF ol tiste] AI-NMR +4
Eall AlOyOH) (A1) Ao s wuwdth(Bottero et al, 1980). r=2.0914 Al
() =9 90 %7F Aljz polymeric o2 el on, <2391 gdor FAHH
polymeric AI)ZLS <kAE A= Qom >269) 4= polymer A EHI7F o< x4

m[o

3 22 SAA F7 60A, BEAA 500A 27| HAER AIEH(Bottero et
al, 1986). Thomas & (1991)¢ll °}st™ & e} pHet = 3f&o wel sk Al &
Aol A P E= AMDFT= HHEA e oRal etttk =3 Bertsch® o8 A7
A= (Bertsch, 1987; Bertsch, 1989; Parker and Berch, 1992)< ' NMR 37 %

ol

Ferron £4& E3dle] &A1= polymeric AIDZ S Al &9 kel sl

2.2.2. 9 7] = (Basicity)

A7 Ee A EAS Hrtste M S syl FEe] SHAE 9VIETH
°F 40~50 %(OH/Al=1.2~15)¢]H, otefo] 23} o] Aol 3 4= Irh(F, 1998).
7] %= (Basicity) = % 7] % = [L?gigii ;ﬂ;ijgxloo (2-9)
A% Sof ok ool et AVIEE FAHoR Ade| B e L)
AP — [OH] =0, [Al=1 — B = 0 (2-10)
Al,(OH)," — [OH] =2, [Al=2 — B%) = 33 (2-11)
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Al;(OH)> — [OH] =4, [All=3 — B(%) = 44 (2-12)

Al;304(OH)»"  — [OH] = 28,

o>

~

| S—
Il

13 — B(%) = 82 (2-13)

I

w

=
I
l

B(%) 100 (2-14)

@71k Fogst AR Edow AHgHth @FvE 449 OHYlel WE 3
o0& e WAEE wau, FASATHC] A A OH/E A3 9] wol

o EFvE 92 F oA A7 duE V=S 66.67 %0lH, o] A &
3}

5) Al NMR(nuclear magnetic resonance) %

o9 AT AM T dish A, ol AAE & 1 d W #H3eA

Shel WeE F AFS] #Ao] el A§H T ek ol d FagAlste] uhg

7-iodo-5-quinoline-sulfonic acid)®, aluminon¥ So] gt} o9 WY = B A
AN E AlRbe] M2 FFES Wistel] gk BAo® HlwH FEeta kst
& 4 9= Ferron ¥ (Parker, 1992)& AHg3h%om, “AI-NMRel €] g Al <]
E48E S AAEY Ferron w49 7he] Hlwg 319t

nBRAo7 Z3E AWM ‘A Ferron A ke £330 Z7lxE= &3
|

J

st ANIS A8 o) o] 23k Ferron WH-2 Davenport(1949)7F Al(II) A
g o 7 o] &3k A3 )l Smith(1971), Smithet Hem(1972)& HEH o2
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st Al &Kol A monomeric AI(IT) ¥} Ferron AleFahe] Hkg-o] FA] o] Fozlth
= 7IAH%tN A monomer$t polymerE TR} TH Bersillon(1980) 2 Smithe}b
Hem(1972) monomeric AI(IDS AZFet7] fla] F3=5 SAHL o 30z & +
o FHLE AAY gor AR e, Smithet Hem(1972), Tsai¢t Hsu(1984),
Bertsch 5(1986)2 polymeric hydroxy-Al¥} Ferron® #Fgo] 7}-12F wWk3-(pseudo
first-order kinetic)e WEth= AS 8218t th Jardine¥} Zelazny(1986)+= Ferron}

Al §98 A7FA9] dAuks =, W2 monomeric AI(II) WHE-, polymeric Al(I)

N

o =9 we uf§ =¥l 2 polymeric v ZEo|EA AEje] AN WHE-o 2 e
o, Hxe] F wkgo]l FH] "ol v H8 HAASHE AEste] do]F
o] AIZFAES wEle] F3E-A17ke] 3R monomeric AIM)S A3} sttt o]

%, Jardine®} Zelazny(1987)& ZHx 250%9 WFS$S 2%

—.~
rz
o
o
fru
il
o
ol
3R
1
2

polymeric AI(INZO. 23 w2 A ¥$3= monomeric- AN ZS 79317 984
12 g5 o8&t AuE AN AldDS BFssta = A2S A=sart w3
Ferron¥}2] WH3-& nxl Wkg- o0& #2431 =dl, monomeric Al(IM)2} polymeric Al(I) 2]
WHeE 22F kgl ejste] AgtsiAl HAbE g Al Shgith. 18]al Parker ‘5(1988,
1989) ol ¢} fAKE " AlEdH 23, monomeric AT ¥ Ferron#}e] w¥Hg-& 4
2 224 Wl Agkety, polymerie AT 9] BEE-2 12} wh-g-o B dxdthal 313l
t}. &3 monomeric “AI(TIDS, 37 ool wkg-o] o] Fo) XA polymeric Al(I)-E 30&W
of ¥kgo] ¢hFdEva ste, Yy FHEO B HAH ow oA A Hal, o]

Z
Y
=

2

23k Hdk-gAJ ol AT ZES precipitate-AlIDZEo= Vel At}

Fg AR A AP o] &S monomeré}t polymere] AN E 7FFEaf ], 7141 3]
A= pHE ®Wste] webA] B roghol] webx FAo] Hed, e BAV|EF
TAIFNMR 39 oleld AAEE Al 7Hris A4Ee] EA
T doem Al 7heas AAES] ®stE F8E ¢ e M F
L3t organic ligand®} inorganic ligand®] A& 28 W& Al 742 FS T8
g ¢ dE= BEAolth(Akitt et al, 1972a, 1972b; Karlik et al, 1982; Greenaway,
1986, Mhatre et al., 1993; Masion et al., 1994).

Lu 5(1999)2 10 mM AICIE AF&3ste] r gkl & SHAE Alxste] AI-NMR
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A= Al 7FEEs S debabslith Lu 5(1999)l o3k A

FAAEE Al 7Ha38lE S Fig. 299 2o Yelgon,
Fig. 29& &3l Yetd A 7HrEdlES A3 EE 0 ppm F2ol A 9] chemical
shifte} 22 peak: monomer [AI(H0)*'S H&A3F AHolw, wrdo] 3 ppmol A <]
peakt dimer?l AlL(OH),"E uERd  Zleolth(Akitt et al, 1972a, 1972b).
[AIO4AL(OH)24(H20)12]™ (Ali3)e] polymeric catione 62.5 ppmoll A tFEFRE S ™ (Akitt
et al., 1972a, 1972b), AI(OH), & 80 ppmelA vElE Aotk (Thomas et al., 1991).
183 Fig. 2102 “AI-NMRel o8] &8 A2 t& r gelA FFL& o]F& Al
(MZFl 3t B2E Vel AezA, w58 §94 YAI-NMRES #33F 2 3jo
22 dimerZ& 15 x Z=tHBottero et al., 1980;-Bertch et al., 1986). r #t°] 2.0
o]3} (pH<4.0)21 74 %-ol’] monomer cation®]- +F S o|Fa oW o FTEL r F
o] F7tetell et Alpg oz HAF d&o]l "t 05~22 k08 r FelAE Al
Tl S7Vsla 2 o] Fel M m A S e 2.7014 (pH=475)9] r gkel Sl
AM AlpFL A=A Fher, r gl ¥ S7kskel mek AlOH)s7h 34853
30 o9l r gkell A Al(OH) © &&=7} F7kste] 3.7 o] r g (> pH 10)el4 =
AlOH)y o] FF< o|F = AL E e

S AA = A E(Aum), 2] 9 81 E P E(poly T Aluminum  chloride, PAC)

So) Fuli Fol B2 AFBEG T el g AT A A2, 43t 423 59

i
154
e
>~
-

&5 ole) 74A §7) LS A (polymen S AHEE 7= T
O A7) (AL(SO)s - XH,0)
(s

3 Alumelgt EelE FAAFUFLS FAHAFVFI FooREH
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A% 9ol golabd o7) WMol e FAL Ay FRATUIES FFen
oley.

g AA7k ok, A2 Agol fold AAS R Agach B
gaol fEste ngEg A5e Al ol $AREAS Wegonsm e n
AEAD 5 ATk B A FRLRAFES Aol BBAEIF FEo} wow

AA o] MEzEo] HAAS )4 &= o) Qlomz Al FolE g3k}

O #9845 755 (PAC, Poly Aluminium Chloride)

PACE THA= we} 971=7} dolsts AlxgAel meh S4o] st
Eqnt AT S ERITE O, S AR ) ol gl R B o E (bauxite)
24 Sevete A¥ RN RS +Usta ALdsa A 498 S35

3 Sler}, etgAe] A
-5 67138 :}hﬁl A, Bl

rhe wol/ 4ok A4
selAE @Aﬁ'-a}eq Aol

st} FAjg]ol o]g-5 FHHE HA ==

=51 7 o:] 751;41 oﬁ,r‘g .
3ol ek shAw A F «&% ol e,

O Z 3T ol E( PASS, Poly A_Iﬁmlmum Silicate)

PASSE FiricielA 7idd Fr|nEASHAZA SiE FFHeEA Bl
100,000 ~300,0009] ©]2t} SiE Edslal oo w IAAn vAede] A A}
Tk Aol 5ol 53] F& ALdd 850l Holvka Alumd} vws] B
A3l d71shmEASHHIY Sie] e 47189 AASEH AAEY 5
433 AArE = Aok
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O Z¢ 93¢ 2HPACS, Poly Aluminium Chloride Silicate)

71&9] PACALOysE 10%)SJAE Eu 1e=st A7l zoZ PACY
silicate® 713l S AT S /WA Aol o] AFL F&7F £} +H0E
4738 £ douz FAA oA e A e 4F9] FElstn Aol
&8 X4 g 483 eln.

O ¢FulF - H(Al-Fe) $3A

$3 pHY Yol Wor& pH7l && #Fol AA3 Aol wpapr Al
FeS E38IA AST A5 %E—l 54& o ¥ § . gkl s Fes A=
WAl AD "‘;ﬂﬁzE?} b, i A s Reel S Ao

Eolth. AlFe FASAAE AUAR}E FHei0) ee}%@\xo: % # %+ Yok
58 71k R AL B2 g A e S AAZ AEE 5

ek, Wk QA FA 7L

O %]

_>.:
8
2
b

Q
_9_
rr

SiH 7}

@qel o sid AL ' Jzﬁqg' 71t A Aol

golZt} Sio] Ya= ’éﬁli’ﬂé’r‘;-s—

O 3kA] Y (Ferrous Sulfate, FeSQs) 8- A

ot o3 AA F2 AHSEHE A 52 ngoz EAFCE iAol HE
Azete Quz ARSHT g4 5%F)R FEHT 2 olge] FEAAE
Fe(SOq) - 7TH09 -2 ARE WEY. FAG AL §qo] Fo] o Bedlx
FHueol 7Aid=2& S3e] sl
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Table 2.2 Comparison of the Characteristics of the coagulant used in the domestic

HEEF Alum PAC PASS PAGS Al-Fe Al-Fe-Si
. =2 &4 =c|¥Et =2|¥ 3t .
=z ZEe| 7ot
gkt T Fo|E | FAYsolE| 50| H
L sietFolE gFo|=d
D gdFolE (Poly (Poly (Poly
StEEFR - (Poly o o o (Poly
(Aluminium g Aluminium | Aluminium | Aluminium i
Aluminium Aluminium
Sulfate) Sulfate Chloride Iron ) i
Chloride) [ron Silicate)
Silicate) Silicate) Chloride )
AloO4
AlOs | 55~95% Fe+Al
jél "é;l' A|202 8% A‘EO"] 10% A|203 17%
81 D?’u FezOS =7%
1~45%
HI| = 0% 45 ~50% 25~50% 45~:50% 45~50% =
Alum
Sz
pres | Alum Alurm -
oo 5 Seolztel | Felzrs b - -
= 20=60utf ¢ PAC
70 ~80% S0~ eaea Ls
S =F2|
60%
= MR
otz S 2 X}
2 | Sohgo| |gEol=ol | S
E=2 N |y | =% L=y 1 o 9| 2
B} 30201 10| o SEHIE = x| M =2 77| 771E
— # JE=. C w < (=M= = — -
J e HAH =2 HAHZ
= ch= A} | g =] =L 2
SERLEE | S T
A SEH T =0|=0|
H| Sol&ol
5 cg
IT SOS Cé!
MNe/nEE
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= Al == HeNEIS Al 22 == =
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ol
-

o)

lo

_Pr
F T ¢ FEE 05~30mg/L AL ¥& FAE ey gy 252 3
Ae 29 FEE 7~10mg/Lel™, dubxel HAAFEAL Tmg/L FZolthH(AzA,

gyt T Agde sk de F=E 37~49mg/L A

EI oS g FEE B % 3~15my/L WA sHAEFoA HAEn
(Snoeyink and Jenkins, 1980;— APHA, 1998). o]#3dt <2d4de  AHelAl
(orthophosphate), %34T, 7109 FH=E 7 A HAPHA, 1998). fF71dL F
2 A wet SAE A ol A B s oL <A (orthophosphate) ¥ 3L 2t
¢14H(polyphosphate) & AlAl ol A A= Zhg Aol St thekgk ejel 92 stA
I gel A A< AH(orthophosphate) 0.2 A 3= 1 14k (orthophosphate)2 1 4H <]
FHE Hgsten o)A HE A s HF AS-EtH(Bratby, 2006). kAo
2 1A, 23 A d A SIS f71912 A< AH orthophosphate) 2.
o 23 A #FEF Y AL giE &3¥" A<l sk orthophosphate) 2] &
sl AlE tH(Duenas et al., 2003). ©l o] A <4H orthophosphate)> A% 59 HF9 4
3= opr|dle AEANZHIE HF AEF R(Selig et al:; 2002).

z
!

o

232. 35 W A AAY HaA

FR¢stes 75 277F st AAsH] dEol FEAs e #Ed SAE oF
718tk 912 Fd gt AR e FFo FYHE S FaE Fole A
o7 Hogoksl A A8 4= i (Chutter, 1990; Dillon and Molot, 1996). 7 <14k
(orthophosphate)©. &% 91& 0.05mg/Le] & FZdAM= ZF AFS o7ad

T oAew 05mg/L ol FElAv= /e AEES AT 4 AdtH(Manahan,
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2.3.3. 219] &3 AA Mechanism
T HFEe dAES datE ma 9o, o] JAES M= FHo] sHedt

5]

7HE ARbAQl 2 AEAE A Aot dAES AR FES] Mg S

= 45, 9ol HEuEy g AA du. g590] Eol7bd dArxE e 7)ol 3ol

Hi} FE27F 8 (Van der waals force)S I A 3T We]l Aok <lo] S A 2

3te] A AFE #d 38323 mechanisme 2 (2-15)~(2-19)3 Zt}

AP = AIOH)* = AIOH)* = AlI(OH)s5( #) = AlOH), (hydrolysis) (2-15)

Particle + Alx(OH)y*" or Al(OH); — Precitation (2-16)
PO + AI(OH)3 — Precitation (2-17)
PO/ + Al(OH)™™ or Al(OH); — ALPO4OH)™ *(phosphate) (2-18)
Organic compounds + Al(OH)y**¥ — Al complexes (2-19)

7} Q1Aitol &S OH ¢ ZAA o= AP 5}8H4 wkeS o] A
PO, + AP - AIPOL( |) (2-20)
) Complex 3}3& A

Organic compounds + Alk(OH)y™Y — Al complexes (2-21)

o £33 ¥%F
PO o]&o] A3l AI(OH)s(s)ol F&ate] AlAHEY, ddo wg2 oz Yeh
W 2](2-22)~(2-25)3} 2t}

AP+ HO — AIOH* + H' (2-22)
AIOH? + H,O — AI(OH)," + H' (2-23)
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(2-24)
(2-25)

AI(OH)," + H,0 — Al(OH); + H'
AI(OH); + H,O — AI(OH), + H

o] 7]A Al o] ¥ AI(OH); © ¢lste] o] A|A %= mechanisme & U A}A|3]
H 2(2-26)~ (2-27) % 21}

(2-26)
(2-27)

AP+ (3-x)H,0 + xH,PO, — Al(OH); (HoPO,)y + (3-x)H'
AI(OH)% + XHQPO({ - AI(OH);fx(HQPOz;)X + xOH

dZ2 &9, pH7} 8°] 1 ortho-P7} 8Smg £+ & 189 EHE

E

-55.5% 9] Z&zt

-0.25 x 10 9] ortho-P

-10 &9] OH o}&& ¥ g3t}
o] o2 HHW 025 x 10°297Ale] QoW Qe 100 % AA7} 758t 4

of et e, AP o] & & SFelA wge] Aot a7t wel Aojuu,

rf

= =9 &34 1S ortho-P(PO )& Hii-iE sof 9l o poly(tri)-PE at<

i

[e}(}

l

F9 o 30 %% AAsY $YY B35l A FYAAS FALelt. 19 wrhe
Qe fr100H QA o F oFH0~15 %E AT BEF G55 14 AUD 4

7 A 9] 20~30-2%7F H skl AAHY A& s Az AAL D5 HA

3

50~65 W= 4HA At
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3.1 Al(l) SEHAS S9&=4
Az AA F71584 $AA tate] Ffsol gl 7hsgs) A ma

EQAFL Z3letA 9o ukSgo 71%=2 3 Ferron

m:
EE
o
off
p‘L
s
1
>
p‘L
38
o

Ferron =241l 9loJA Ferron Al2F# AN S 2] ¥ (1) monomeric Al(TI)
&< Ferron Al ofato] whg-o] whg] o] folx] whg FAl Fdr dAsA HH (2)
polymeric AI(IZE-2 FerronA| oF# WFEAIZE S A4S W& whg-ato] 3o
olzw UdA FAE=Z FAEA Eut. (3) precipitate ANIM)FEL ferron A &3} wk

S Fetes AHEE V2= ofo] Alx7 SAAC I S4EEe sdd 1

A 81X [75ug Al (FHd) 25me) o]st]ste] AL-&8FSAL.

EAA ol AME&E DAk A= ohe# 2o Ferron E3HA19F [(Ferron = 2.85
%10 mol + 1-10, o-phenanthroline = 2.52 x10 *mol)/¢] 500 m=S ZAHIEF (4.3
mol/¢) 200 miek @S| =S obuialek [(NHOH - HCI 100g + &9AAF 40 ml)/ 2]
200 m7F EFH Al E=HE Ttsle] 1Y 2 sk th ool wW Ferron Al¢fel TR
1.45x10"Mo| ™, ZA et WA okol ot Ao Qs A 5~7d T 43t A&
Eiaag

ZFAdFnFe =4L ICP [Inductively coupled plasma, Thermo JARREL
ASH(ICAP 61E-Trace Analyzer)]E A}F&3}F%13, monomeric AN F-S ¥HS 30%
o FFE FARA dFete] FFststdow, AW AIIDFE 2 Ferron Al °F
de] FHhGAIZHE Al-Ferron #3gtE Aol ¢a o] F3dk9 ¥yt gle 1208
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=
SHAP AR SHAE FAHE @A Ao AR EHE alum¥ 97 =
FE3tsith. PACE S A= Al &<l 471
HA7rste]l SRuES JteRsAlA A xStk o W mE JhEES|AI7I7] f18ke
HA7bE = A7 #H7MeS A= 8 ol & r (=OHadded/AlIT)Z A 3} th(o] 5}
T or golEk AR, F, dvine FvEe stgREld oste] AAEE F
Zolzol 7ol et FIE = HAEE YERUE Zlojth PACI Azl AREE Al
(IDPo2+= 02 M AICI36H20S A3t on, 947]2% 05 M NaOHE vt 5
T2 JAFAo g FosHA PACI SHAS Axstgt
B AFA AMEE o AR B4R 2A AstAR g HE AAA
o] 7|2 E& AFate JAANZ F s i dFE AR oH, o

o] 2 & Table 313 7t}

e
fr
i1
jue)
i1
2
o
2
BN
it
-
>
a
tlo
>

O,
»
)

o
4

Table 3.1 Characteristics of ;wastewater treated at a A wastewater' treatment plant

in Busan
pH Turbidity (NTU) Alkalinity (mg/L) T—P (mg/L)
6.9~7.2 1.5~3.0 100~120 2~35

oo

HAAEL Jar testers olgstder, SAAFgA o SHAE FYds== P9 Al
7_}

= Bl 1:08, 1:1.0, 1:1.2, 1:14,-1:1.6, 1'1.8" (P_mol:Al mo)= 7}

lo

stttk @AY AL2H Jar testers Phipps & BirdAl A2 2 paddled] ZL7]+=
25W x 751 cmo]™

O

WEEE 24T JdE Aotk ALEHE Jars 2 Lo A
d JarZ Argsglon, umWtEsiE F5E3F 250 rpm (FHESEPA, G=550
sec N7 £ EF 30rpm(G=22 sec Holdom, WHkAIZFE 747 187 0% o R
FAS G o Wy & FJAAFS Ao R sk AA T Fdeld 10 cm A
Aol AFTE Tkl A ths T-P9 orthophosphate (PO, )¢l 418 391 o
B8 Standard methods(AWWA, 2005)o] uw}gkt}.
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4.1. AI(MMSEA O o35t 2Z mechanism 24

Ferron #41H& ol&ste] AIE SF A 38 Al 7Feds & +43d
GERA Al F AERA Al F, 2824 Al £ 2 precipitate Al o2 FEE
AATE. o 71A A Al F& AlOH),, AIOH)* T At e Al T2
e, AR Al & ALOH),", Al(OH),” 52 2~37/19 Al $Hrat
AR Feel Al < yedth 283 EAA Al T2 AlpOy(OH)y ' 5o T
2 dee) Al FS JeEH, precipitate Al FS HAE FEH Al FoEA
Al(OH)3) & HEFILE

Al-Ferron®| whgol wel F3%= wste] & Al 7teiaiso. &4 243 24 &3
Aol A JE Al T EEE Fig. 419 HEM oM, Fig. 42 4 &F
Aol gt = Al & AL Al T3 1224 Al Fo=2 AL
sho] vbebdl Rolth Fig. 413 o] PACIS r @8] Z7bol wek w4y Al Fol
Asta uEAAG AL T2 SUletE 2o YERY o= HUtEHEE 979 OH
o] &FulgEiol2de] Fsteks Ao & uEAAH Al AESE Holg w
2 23424, 271 Al @S- Ag 9719 27t 3 d7kge 2B &FrF &
A Azol o] - FTo sk QAteh dE A A (Stumm & Morgan, 1996, Stol
et. al, 1976, Smith, 1971, Hsu & Bates, 1964).

el Fig. 429 A34E AHREW r gho] 259 A%l QoA AA A Al
T2 7 Bol Ffrsle Zog yeiwoy, AlEstste] dyuw

il
o A&Ad Al ol H#43] T7HES & Atk o= dVIE vE T wet

kil
o
rir

A8 Al %

GERA] AlFo| A nERA AlFC R Aol o] precipitate AlFECS 2 Hol7p dojyt
= Aol ol g}, At AlFolA AEAAY AlEo=Z Fo|Eo] whgo] FxE o] i
24 AlFo w2 Aozl AYPFE A ¥l precipitate AlFC 2 2] Ho|7l AP E o] e}
W Aow dgHn, ¢t 3 52 r gho] 235 o]l v 9] FHoE st
of 43 pHY Z717F dojyal o]& 23ko] precipitate AT ZE0] &
gt B a3 oh(sE € 291 2004, 3 9] 2¢1, 1999, Vernon et. al, 1980).
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Fig. 4.1 Distribution of Al(III) hydrolysis species with various r values on PACIL
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Fig. 4.2 Distribution of AI(II) hydrolysis species with various r values on
polymericand oligomeric species of PACI.
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FEk B AN A HlAE fte] dukq oz FAE @A g wol
AFEE = alumdl ko] Ferron A1H S o] &3ste] Al & 43 A¥E Table 2
of Yelith Table 410149k o] alume] 7 $-ollHs dEAA Al T3 A&EAA
Al Fo] Z47F 881 %<t 115 %= AAe 996 %S 2AAsta Y& Aoz YER,
alum SZA ] FHE = Al T AEAA Al To] S A5 e
o2 vERgth 2200009 A@Ane] ostd, dYE SHAR AHEEHE Alume 4
S GEAA ANIDFC] 90~97 %S FA s Aoz ®Baug vzl gk

Table 4.1 Distribution of Al hydrolysis species for alum

Al species Monomeric Oligomeric Polymeric Precipitate

Content(%) 88.08 11.48 0:44 0.0

412, 357 v
2 AgelA AR A
4.39] YJeRN ST Fig. 4.3 4]

°lo] 965 %E AA|EtAL YR o

B 1

UERG weh 2ol St P fEFE T-P 5 854
H, 824 ¢ FolME PO -Pe dFo] 276 mg/L=
T-P 334 mg/LY. 797+ %5 HAAsh= Aoz el o, Tripolyphosphates,
Pyrophosphates 52| th&<!

o

)

g
o2
o
o
N
o
rlo

0.58-mg/L= 168 %& e}, FA4F Ast
FAYFY FEFT 2 TRl AR E St oy, £ 2 FolA
de=

T PO/ -Pe
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3.5%

= 100 - o
o= v
< Total suspended - illetshofs .
§%) 80 - phosphorus ny yphosp B
% Organic phosphate
—
S 60
&) 96.5%
% Total dissolved 79.7%
B 40 ~ phosphorus
L Orthophosphgrus
o
8
9 20 —
o \\

0

Wastewater Total Dissolved (P)
T-P

Fig. 4.3 Distribution of phosphorus species in treated wastewater of A
wastewater treatment plant in Busan.

Fig. 44¢} Fig. 45% 3staA el diste] alum®t A71=( el wet Alzd z
PACI SR A4S A1¢3le] $1 A8 & T-P & PO/ P2 AA&ZES 247 vehd Ao
2, S-A FYdHe Al mol/P mol HIZA 081, 1.0:1, 1.2:1, 1.41,/1.61, 1812 z}7}
Fdotel SHADE AAIGHATE -Eig. 4404 WERE vlepigkol S A3l AHEH &

HA FllA alum@} r gko] 091 PACIOIA F1ol-AAEE ] 27 60~92 %<} 59~90
%z 7P = Ao YeEhgon ¢ o] 7 =L 259 A= 25~41 %E M
e T-P AAEES JERdATh E3F PACI $3A1S r o] S7HdF5 T-Pe] A
Aggol APH oz Faste A4S vehdl= o2 veRgh Fig. 449 &34l
w2 T-Po] AAZE&H vlA7FAZ Fig. 459 $-Al0l W& PO -Pe] AAF A

2l PACIOIA PO/ -Po] AA&EC] 22t 68~9%6 %9t 65~95 %=
Ebkom, r gho] 7 & 259 Agelle 20~45 %2 TP @
PO/ -P AA&&S YeElAE =3 PACI S8 A9 r gtol 71853 T-P2 AA
T80 APAHoR asts AFS el A=A A o8 HEd st
FAREF A, AR o A <o FuEE SHY 2L 3y Ao o

S
o
s
rlo
po
o
fru
i o
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o] oprlEg =g T-Pol 93k 2z &&o] PO -PY AAEo] Ay oz A vehd
Ao g FokEt} o]} #wEdle] John Bratby(2006):= phosphate £&£& #4931 38
A Zyek ZsgtEs st Awskar gl
Fig. 449} 459 @A}l vepd vpel o] whiapyd 3l ARad Al T FF2
2 3ta 9 alum¥ r gtel 02 PACI S8 A1e A$olA T-P ¥ PO/ -Pe AIAR
=

=2 AL AlY SFZA 93 219 A)A mechanisme H=2 %9 3= yu

o

AT LEAA AlE[el: ALsO«(OH)z 1ol ©gk o] HAE[e]: AlPOys)] FAHTH=
2 (4-1)3 o] @A E AEAA Al Fo] o] HHE[d: AlPOys)] FAd o
< anAoelgt FuEh ES Al mol/P mol BI7F F7bgel wiel Al HAE[:
Al(OH)ys)19] Aol Z7h=m, ~olo] Mk AlOH)sg°l &EA <o &2 59 W
o] o]Fox gleo] AMAFE] FVHelE Aoz ATH}

APLY H RO, F & AlPOR +. nH" (4-1)

o,
%

Tl A AlPOye®l HHd=el 4= uf pHe ®sle weat Yed & s
Al F%& Yed &l A4S A4HE™, pH 66 olstollA <13 AlY s+
AlPOy 9] &3 =l mel Ao =2 6.6 ofaFe] pH W9 dlA= AlOH)s 9 83l
of weh AlojgEth el AARE2 AlPOyy ol FHE A el o3 pH 5504 7H
=4 Yeldth(Vernon et.“al, 1980,. Georgantas, 2007). o}¢} @& 3to] 7 S(2008)&
alum¥ r Fto] 209 PACIS o]&3ste] pHel e $HAIE H3te] AlOH):9+

A4 9 AR

:.:, ﬂ}{El
o

H

it

AlPOse] Sele =¥ 94 SHAdd Ads wlas s,
Al $& FFoR sfal gl alume] AolM AlPO,S) &elle A} fAE d94
5 e tH(Fig. 46). pH 7 ©lste] W& pH d9olM A& 5 OH °]&0

el wel HPOy o]0l FFo= =etdst A= =48t

o2

o

1 1% (John Bratby,
FAdell ot o A

H
AEE&2 Aesst 3 Al A& F4 wE A3 dFvjgEe] S8 g e
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Fig. 4.4 Total phosphate removal efficiencies under various coagulants doses.
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Fig. 4.5 Orthophosphate removal efficiencies under various coagulants doses.
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oo Alum, Al/Pmol=1.0 \\ g
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= DACI(r=2.0), AIPMoI=1.0 |

(r=2.0) mo \ Al(OH)3(s 13 %
= 2 1 2
§ AIPO,., : E
— 12 @
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Fig. 4.6 Comparision of phosphorus removal efficiencies and ‘the solubility
diagrams of AIPOyss and Al(OH)se).(Kim et al. 2008)

Fig. 479 Figh 4.8 alum¥} 97| =7F 2,021 PACI SR AS o]&3l] 3~
ZFS Al mol:P mole] ¥ E 1.07 182 F¢3te] pHel W& T-P 2 PO,/ P A%
S Ueldl Aolt} Fig. 47¥ Fig. 489 pHel W& T-P % PO/ -PY AF Fee=
AlPOys® HA &l o3 &l =pdat FAgE Aoz detdth 5 Al &7t
7Fd wbe pH 6.0 Foll A Q19 AAZEC] 7MY =L o E YEYT mEpA <l

o BAHD AAE A% SHAL DEAY AIG $WA Bk Ry % AR%

N
o

Al TE FFOE g Y& alume] HAIT A ddEY a8 AlY $F
Aol 3+ 219 A A mechanisme =& %o HdE v =

g Qe Adw dHRGE G2 R AZAE Al Foll o AHE FAHo o5

EAelet btk e Al mol/P mol HlE 1.0014 182 &{A FYFel F7E
gl Qo] AAGE] F7he AL A FAF Sk ©E Aldel HrtHe

24 F49 Al AAE[6): AOH,lo) §24 99 F3o] Tz o] Fofd 2ol A
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Fig. 4.7 Effect of coagulation pH on T-=P removal with various coagulants
and doses.
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Fig. 4.8 Effect of coagulation pH on PO -P removal with various
coagulants and doses.
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Fig. 49 Comparison of alum and PACI coagulants for turbidity removal
as a function of coagulant dose.
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Fig. 4.10 Comparison of alum and PAC] coagulants for PO437—P removal
as a function of coagulant dose.
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4.2. G7|=0 Mg A(I)SEH S8 S5&4
42.1. 471 mE A SRJAY 5

FAZAL 7l A 2 BEATF @A, 2008)0] o FF &2 d 8T 4w (PACDH
of ¥4 W wat AVIEE dElste] AlxE PACIY FAES °olFi A= ALO;,
pH, 9715%=9] &4 2= Table 429 #2o] WESIY Table 42014 ¢F o] & A+
off 4 Ak&¥ PACI Al ALO; &2 10.8~11.0 %= W23 s FA3ta
ANoH AV|Z=E 136~651 BE AZR YgE AVEE
¢t Fig. 4112 2 A7l AHgd 971=E 2¥stel Alxzd PACIH oid AIIDFE
, 97157t =S92 monomeric AN FES A o]A L,
precipitate AN FES ZF7eke ALR YEYL ols dA7|=7F S7HEFE
monomeric Al(I)Z o} polymeric AI(II)FE o 2 A o]3tth7} precipitate AI(IN)=E 0 =2 2
Hol7k §438] o] FolAV| WEor wetdd A7|=E PACI Alxdd o] €712 H
7bElE OH ol £ 7184 M o AP o] &e] tjst & 5%n) (5, [OH aceal/[Alr])
2 Uit g7 o] 0o 2HE F7tE5 2 polymeric AN ZE (4,
Alz(OH)3 )0l A&k F7hatdzt 54 A3ha]e] A7 gholl M= precipitate AT
(e, AIIOH) el FAEE F7|&=7F 7 @2 136 %9 7 59l 4% monomeric Al
(IMF°] 81 %, polymeric AIIM)ZE] 19 % 2™, precipitate AIINFS 0 %= Y
B, monomeric AI(ID)Eo) FE02 o]Fox &S ¢ Arh 971=7F 7H3
=2 651 %9 4 -$ol4 = menomeric AT o 18.2-%, polymeric AI(II)F©] 19.8

%R oW precipitate AT ZEE 62.0 %= precipitate AIMZS 714 @o] df3al=
Aoz yelyith a8y A71% 540 %2 PAC]I %4 polymeric AI(INZS 71
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Table 4.2 Characteristics of PAC used in experiment.

ALO: (%) Basicity - Monomeric  Polymeric  Precipitate
e (%) P Al (%) Al(%) Al (%)
11.0 13.6 3.82 81.0 19.0 0.0
10.9 39.2 3.97 44.0 19.1 36.9
10.8 54.0 4.06 36.3 21.6 42.1
11.0 65.1 4.10 18.2 19.8 62.0

« pH %74 : PAC €912 100¥] 514]3}e] =4

. M onomeric Al

Palymeric Al
B Frecipitate Al
100
< 80
g
e 60
c
(=]
B )
<
20
0

13.6 % 39.2 % 54.0 % 65.1 %

Basicity

Flg. 4.11 Distribution of AI(III) hydrolytic species contained in each PACI
coagulant.
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