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Abstract

In this study, lab-scale phosphorus coagulation/precipitation experiments were performed using three types of
polyaluminum chloride (PAC) with different Al contents (10%, 12%, and 17%). The PO4-P removal efficiencies at various
operating conditions, such as initial PO4-P concentration, initial pH, and Al/P molar ratio, were evaluated, and correlations
among the operating factors affecting phosphorus coagulation/precipitation with PAC were derived to optimize the process
efficiency. When the initial PO4-P concentration was 0.065 and 0.161 mmol P/L under an initial pH of 8-10, the optimal PAC
dose was 0.126-0.378 and 0.189-0.667 mmol Al/L, respectively. Under these conditions, the Al/P molar ratio was
2.16-6.18 and 1.28-4.30, respectively, and the PO4-P removal efficiency was in the range of 40.2-92.5%. When the Al/P
molar ratio was 2 or less under an initial pH condition of 6-8, the PO;-P removal efficiency was approximately <40% owing
to insufficient AP* ions. However, when the Al/P molar ratio is 3-5, the PO4P removal efficiency improved to
approximately 80-90%. Thus, the optimal Al/P molar ratio to achieve a PO4P removal efficiency of over 90% was
determined to be approximately 4 in the PO4-P coagulation/precipitation process using PAC.
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al., 2020; Moon, 2021). °lell =olAE= FFgFst
A28 fol 20119HEH FEHFAE =YUsHA,
201295 EE slA 283 500 m?/E olAF Al

/\

sl 7 I~ 1V A1)l whet FA(T-P) o -+
47145 0.2 mg/L °lot~2 mg/L ©lst=2 7F3toto]
olF FFAIZI7] S1gt st A e Aol -85
Aot (Lee et al., 2012; Park et al., 2014).

stol A9 Q1 AAE g HH o 2= AFE5HY A
glot &e4] A7t 2 ARREL Tt (Kajjumba
and Marti, 2022). AJ28H4] 2= A& AAsH] 9
A FAJN o= dujA glov, A Mste] uE
GaFo] 231 F7HQ QF e4Y(external carbon
source)= AR o, F2 AAGES Hol= 5 T
A-S 7HA A ek (Yang et al., 2010; Park, 2011).
s}a1A Aa]oA] EAQ] SA- 1A 2L Lgo] 7
Hotal, 2 THE OP%(surface loading rate)& 7}

AHA =2 AARES Hol= A AlA o= 37t
=37 Qlct (Lee et al., 2016; Hu et al., 2023). 54
ﬂﬂ ”‘_Zg 8 O}EB]’E’T(AICB Alz(SO4)3) Zq(Fer
Fez(SO4)3) ?—-}%(Ca(llz Ca(OH)z) E]':LLﬂH(MgClz)
590 FE5AS SHAR At AHA(PO,) FER
94 ?l% 7}:1751 7Fs$t E5(floo) 22 S /5AAIA Al
o} (Tran et al., 2012; Ge et al., 2018;
Wen et al., 2021).

ol & Al 7I§te] R nEA SHAQ! PAC
(polyaluminum chloride)x 71&9 SHILFrE
(alum, Al(SO4)s-14~18H,0)°l HIs] |7] 7} =
of pHO| FFol A, o r =2 SHEES H
of | 274A] steA glof 2] A= Qlt} (Han and
Moon, 2012; Chen et al., 2018; Toor et al., 2019).
PACE Alx Al Al &5 40| 7FssH, AP o] &3t
OH™ ©] 7Fe] EH|(molar ratio)oll T theket 471
L5 7}t (Han et al., 2012).

PACE ]85t 8@ A F0NA9 QA AAZES
z7] 91 &, pH, ¢l =2 FH|, SHA U=
(Al/P 2H]) & theFet 2079 FFE 7] oo
(Kim and Chung, 2014), Zt <H1AE 24 3lol=
A7F Zasiet spA|RE, HI7kR] Mg E W2 Ao
A Q19 SH- Aol JFS ”] A= ohefet A0S
= EgHor e °q¥ BEZE oIt} o] 2
TFollA= Al o] oHE 339 PACE %71 QI(PO4-P)
FLo} pH WEF 2o A-gate] - AH B &S
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2.1. 2 A& Y PAC 224

Ao AHHE QI(PO4-P) AlRE ALJMEEE
(KH,POy, Junsei Chemical Co., Ltd., Japan) A19F
= AFgsto] ARt Sl A9 Al s P s Q& 7]
Fo=7 P 7]F 1.80~1.92 mg PO4+P/L (0.058~
0.062 mmol PO4P/L)2t 4.56~4.85 mg PO4-P/L
(0.147~0.157 mmol PO4-P/1)%] ‘== A =353 &
H, Alg9] 27] pHE 0.5 M) NaOH 8H-& AI-8S
o] 7.57~9.93 HLE At AxH < §H9)
z7] Q1 F&8t 7] pHE Table 10 YEFHAT. &
AAlE BAREE AA $A42] @4 4851 Y=
PAC 10% (Al 3+ 10%, B71% 68%), PAC 12% (Al
A 12%, B71% 65.9%) 2 PAC 17% (Al = 17%,
7% 60.5%)°] 35= /\}33}9&3‘3{ PACel =3te
Al S & 9 1 AlA 585 v Frlskarat shelt,

M- A wukEx xdo]l 7HEE jar
tester (ECE engineering Co., Ltd., USA)E A}-&35}
o™ 6.0 cm (PIR) X 4.0 cm (M=) 2719 671 =i
E(paddle)e] 242 =] 3t Jare= 8.0 cm (7t
2) x 8.0cm (M=) x 20.0 cm (F°l) 42 ot3 8
A AZYE 871(V = 1.28 L& AH&start ad-d4
AL 913t jar tester AHIS Fig. 19 YeRf ATt &
A AR Rl ZAFE 67H4 jaroll 2+t 1 LA &1L,
< WYH320 rpm, G : 1000
s1H2 1 min?t, ¢ 2930 rpm, G 1 44.2s)& 15
min%t X 3YSHITt, 2h% Wit &bs S A4S 915 30
minZF ARSI A & g AHE Eo] 5.5
cm Al Q= tap= &5t0] A5 AlRE AF S
ot ZFRE A=) QI(PO4-P) skt FU A4 kit
(HS-TP-L, HUMAS Co., Ltd., Korea)?t &<l =4+
A 7](HS-1000 Plus, HUMAS Co., Ltd., Korea)E At
Boto] A= 24k
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Table 1. Initial concentrations and pH conditions of prepared phosphorus solution

Initial concentration

Coagulant Initial pH e POrD/D ol PO/
6.61 4.63 0.150
7.57 1.92 0.062
PAC(10%) 7.80 4.72 0.152
9.53 1.82 0.059
9.63 4.81 0.155
6.53 4.85 0.157
7.60 1.80 0.058
PAC(12%) 7.82 477 0.154
9.82 1.89 0.061
9.83 4.85 0.157
6.49 4.84 0.156
7.58 1.81 0.058
PAC(17%) 7.69 4.56 0.147
9.93 1.89 0.061
9.76 478 0.154

Fig. 1. Image of used jar tester for coagulation/precipitation experiments in this study.

3.1. 27| pHE PAC Y| W2 Q1 HIH L4

27| pH 6, 8 ¥ 109 74 PAC(10%, 12%,
17%) A%l W2 25 PO4-P 5= ¥3HE Fig. 201
LER I Fig. 2 a)9l 7] pH 691 2704 27]
PO4-P BE7F 0.161 mmol P/LYE i, PAC(17%)+=
0.151 mmol Al/L7HA] FYste2te 357 POs-P -5
T+ 0.156 mmol P/LelA 0.150 mmol P/LE 71€]

FAaskA] okoket. skARE, PAC(10%)2t PAC(12%)+=
PAC FY%°] $71845 7 POs-P 5+ A3 &
25kl o™, PAC(10%)%F PAC(12%)E 2+ 0.111
mmol Al/L®} 0.133 mmol Al/LZA] & PAC Y
o] HdH, 27 POs-P 5X7F 0.119 mmol P/L7
0.127 mmol P/L7FA] ZH4-5t3itt. PAC(10%)2] 73,
0.148 mmol Al/Lold FHstA =W, X5 POs-P &
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Fig. 2. Variation of residual PO4-P concentration on PAC
dosage at different initial pH.

i)
o
2
Mo
i

ol
T 0.146 mmol P/LZ t}A] S71sF et

Fig. 2 b)2] 27] pH 831 74 7] PO4-P &%
7} 0.161 mmol P/LE i, PAC(10%)3} PAC(12%)7t
0.445 mmol Al/LZ FY=H 7 POs-P 5= 2
7} 0.047 mmol P/L2} 0.050 mmol P/LE 7FF W2
ZIE Bt PAC(17%)= 0.189 mmol Al/LolA %
F PO4-P %7} 0.088 mmol P/LE ZASIEAN,
PAC(10%)1 PAC(12%)°ll Hlall ZH& PO4-P st =
Al vrebetth 271 PO-P “s%=7F 0.065 mmol P/LY
o, PAC(10%)3 PAC(12%)= 0.222 mmol Al/LZ =
A== 2AA ZHF PO4-P 5=71 2H2F 0.025 mmol
P/L}0.019 mmol P/LZ #4stg 21, PAC(17%)=
0.126 mmol Al/LE F4 == 2404 X7 PO4-P&
=7}0.026 mmol P/LZ ZAstth.

Fig. 2 09 7] pH 1091 23104 7] PO4-P 5
%7} 0.161 mmol P/LY ©l, PAC(10%)¥+ PAC(12%)
£ 22} 0.667 mmol Al/Le} 0.623 mmol Al/LZ 5
Q5tAe u], 75 PO4-P =7} 0.021 mmol P/L2}+
0.018 mmol P/LE IA FAHUTE EIL
PAC(17%)= pH 89 At fAISH HlwZd 22
PAC 94721 0.378 mmol Al/LAIA ZH& PO4-P &
%7} 0.032 mmol P/LE /35| ast= 235 HY
o £7] POsP &E7F 0.065 mmol P/LE w,
PAC(10%), PAC(12%) ¥ PAC(17%)= ZZF 0.334
mmol Al/L, 0.378 mmol Al/L ¥ 0.221 mmol Al/L
7b HAol PAC FY ZFHoE Uehton IR
PO4-P &= 242 0.006 mmol P/L, 0.005 mmol
P/L 2 0.008 mmol P/LE2A A ZAstE FFE R
ot

%7] pH 6, 8 & 10014 2 PAC(10%, 12%, 17%)
Tl I PO4-P AAEES Table 20 HEHSA
ot 7] pH 6ollXE 24 PAC(10%, 12%, 17%) =
FoA = gl F2] PO o] 20l SHAR FYUH AP
o] 23} F85] AIPOs=E S =A] ¢fot POs-P AAHE
£0] 4.3020.7%% ¢ A HErgT =7] pH 8¢l
e ZA PAC(10%, 12%, 17%) U] 27A
Fig. 3 b)et Zo] &4 F9] 4314 Al(OH);< S =
AIPO4E Kol nlAigt E5o] Ay £7] shRE
A PO4-P AIARE0] 40.20069.3%= EOHATE
%7] pH 10914 €94 ol OH o2 s&7F =014
24 PAC(10%, 12%, 17%) F4=Fl4 Al(OH);<}
AIPOs29] =381 9 -3 F&o] P Flo] PO4-P AlA
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Table 2. Effect of PO4-P removal efficiency on optimal PAC dosage at different intial pH
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pH Dose o
Coagulant Initial Final (mmol Al/T) RGO
6.0 5.84 0.111 20.7
80 6.57 0.222 59.7
PAC -
(10%) 6.;3 0.442 69.3
7. 0. 89.2
10.0 3 33
6.68 0.667 86.3
6.0 5.73 0.133 18.6
80 6.55 0.222 68.1
PAC -
(12% 5.83 0.445 67.7
7.19 0.378 92.5
10.0
6.57 0.623 88.7
6.0 4.38 0.151 43
80 6.45 0.126 54.7
PAC -
(17%) 6.29 0.189 40.2
6.74 0.221 87.3
10.0
6.35 0.378 79.5

(a) Raw water

(b) Treated water

Fig. 3. Images of raw water and treated water after coagulation/precipitation process.

B-89] 86.3092.5%% H F7Fot= Ao |E
Lee et al.(2012)2 =71 1 &=7F 3.73 mg/L
(0.120 mmol P/)S! st4AE &5 o=
PAC(17%)E 29020 mg Al/L (0.07400.741 mmol
Al/DE F¢st SH-FAREE Frteler, 10

mg Al/L (0.371 mmol Al/L)FJA7HA] PAC 4%
of Hgste] ZH7 <l ‘5 += 0.5 mg P/L (0.016 mmol
P/DE FAstdt sk, SHAE 15 mg Al/L
(0.556 mmol Al/L)elde 2 4 3¢ 47 2l 5
L7t oAl Frtete dae Bk ol=lRt A=
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Fig. 4. Effect of initial pH conditions on PO4P removal
efficiency. (*92.52% is optimal removal efficiency
at pH 10; *69.28% is optimal removal efficiency at
pH 8)
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3.2. 27| pHoj| [kE PAC &t 2 AI722]

%7] pH 87} 10914 PAC(10%, 12%, 17%)°ll 2|5t
3 2 JAH T 2F pHE PO4-P AlAE2] A
€ Fig. 49 YeRRUTY. Fig. 4 a) 7] pH 102
27] PO4P =7} 0.161 mmol P/L9] 27
A2 HAF 2% pHE 6.12007.25 HeolH, PO4-P

39,
A3

Mo

rkl

- o)t
A AEL 60.70088.7%= VFEFTE TS, 27] PO4-P
557} 0.065 mmol P/LS] 704 S0 9 HH &
ZE pHE 6.5707.43 HelolH, POs&-P AAES
71.7092.5%% 575ttt Fig. 4 b) 7] pH 89 7
%, 27] PO4-P %7} 0.161 mmol P/LE] ZZofA]
4 M & 2% pHE 5.896.5°H, PO4-P A7
59.30069.3%%2 WEFITE %7] POs-P &7t
0.065 mmol P/L9] 274§ 9 A & 2% pH
£ 6.55%6.57°]H, POs-P A& 59.7068. 1%
2 z}o]lZ Holx] ¢kekrh 7] pH 894 pH 1022
7 ol ot PO-P AAEC] F 60% ©lFolHA
AIPOZF AP 9F PO, o] e 2 At st A] ek
34999 F pH Wt TUletded, HF
PAC(10%, 12%, 17%) STU=olA PO+-P AlA-&°]
90% olde & P = S Ejletrt. 7 A

el FARHA Park  (2011)2  PAC(11%)°F
PAC(16%)E 1% =2t sk 2) o] A7 &

o] -3t Aol A, PACE 3~10 AP*/P 4|2
5192 ], 1 AAEo] 247t 83.4%~93.4%2} 84.8~
91.0%= YElS3-2 Balstsrt.

27] pH 6, 8 & 10914 PAC(10%, 12%, 17%) &7
9 PO4-P AAE&S Fig. 59 UeEbAL) o] Axb=
Fig. 29| PAC F433 75 POs-P w=o] Avp=R
B PAC FUZF2 Al/P E4]€} POs-P AAER T4t
sto] Al/Pe] AeAQl ddAIE vl Aoltt. Fig.
5 a) 27] PO4-P %7t 0.161 mmol P/LE] 7%, =
7] pH 6°141= Al/P EH]7F 0.2800.97°14 PO4-P
A ALEo] F 20.7% olst= WA Yebstth 7] pH 8
o= PAC(10%), PAC(12%) ¥ PAC(17%) F
2Fo] 247} 2,929} 2.89, 1.28 Al/P EH|Y wf PO4-P
AAEL 69.3%, 67.7% Z 40.2%°1%1ct. %7] pH
100141 PAC(10%), PAC(12%) Z PAC17%)E
247} 4.30, 3.97 H 2.45 Al/P BH|Z 59 A| PO,-P
A ALL 86.3%, 88.7% Z 79.5%°] Act.

Fig. 5 b) £7] PO4-P %7} 0.065 mmol P/L2]
. %27] pH 89A4E PAC(10%), PAC(12%) ¥
PAC(17%) =42°l 217+ 3.60, 3.82 H 2.16 Al/P &
H| Y o) PO4-P AIAE-2 59.7%, 68.1% 2 54.7%°1%L
on, 27| pH 10914+ PAC(10%), PAC(12%) %
PAC(17%) =470l 242+ 5.68, 6.18 E 3.61 Al/P &
1Y of PO4-P A& 89.2%, 92.5% 2 87.3%°1%
ot %27] PO4P 5=71 0.161 mmol P/L(Z7] pH 8)

=

o
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Fig. 6. Correlation between Al/P molar ratio and final pH.
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