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ABSTRACT

The determining the appropriate dosage of coagulant is very important, because dosage of coagulant in the coagulation
process for wastewater affects removing the amount of pollutants, cost, and producing sludge amount. Accordingly, in
this study, in order to determine the optimal PAC dosage in the coagulation process, CCD (Central composite design) was
used to proceed experimental design, and the quadratic regression models were constructed between independent variables
(pH, influent turbidity, PAC dosage) and each response variable (Total coliform, £.coli; PSD (Particle size distribution) (<10
um), TP, PO4-P, and CODq) by the RSM (Response surface methodology). Also, Considering the various response variables,
the optimum PAC dosage and range were derived. As a result, in order to maximize the removal rate of total coliform
and £.coli, the values of independent variables are the pH 6-7, the influent turbidity 100-200 NTU, and the PAC dosage
0.07-0.09 ml/L. For maximizing the removal rate of TP, PO4-P, CODq, and PSD(<10 um), it is required for the pH 9, the
influent turbidity 200-250 NTU, and the PAC dosage 0.05-0.065 ml/L. In the case of multiple independent variables, when
the desirable removal rate for total coliform, £.coli TP, and PO4-P is 90-100 % and that for CODs and PSD(<10 pm) is
50-100 %, the required PAC dosage is 0.05-0.07 ml/L in the pH 9 and influent turbidity 200-250 NTU. Thus, if the influent
turbidity is high, adjusting pH is more effective way in terms of cost since a small amount of PAC dosage is required.

Key words: Analysis of variances, Central composite design, Coagulation, Wastewater, Poly-aluminum chloride, Response
surface methodology
FAHof: 2AEA, SHEEAE, 38, st PAC (Poly-aluminum chloride), BFSHHZAH
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t}. wEbA R E u]XYE(Indicator organism)ZA] Total
coliform T E.coli (Escherichia coli)7} YA v|YE
o) ezt & 4= qlom, sig gho] Erhal sho W
A wlage] BRAXCR WD o 4t gAY o
E40 72 =r}il HrlEltkMasters and Ela, 2008).

2ol 50 Sl && 1P EY & 1L =] 7
go2 NPANE ksl 71F0] Wk T T
ol w& B FWAL AF Ui, gz ofo]
Hgux) 73k ARFEolAlE dEUE UepdckSawter
et al, 1994). 3], A =70 W H7F Balo]
=0, ol AT @ ofw W WAL} Ak,
S AatAlol oJsf E4dS) HA] gar ojnk &
R LR R i
o Sithel RE el Sof ol
Y= 0.1-1 um =27]9] YAfof| o 71 AshA 9

W=tK(Bache and Gregory, 2007). £3
10 um oj3te) YAt Bmol=4 B
dH = EAsHH, Aol ot E=o|
EHASHE SIS = A Floc’ o2k YA

=2 gYAIT ojegt E2e Wdo] 7
& Fel a0, GEr7IE gRolns
Q3} (US. EPA, 2001).
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olstw %5 W Abo]ofue e 2|0} (Cyanobacteria) ]
Aoz Qlo] Hapidioln, A= 19) o] A4
olz}@ zHe shr}. Qlo] EXE) JLof Al
J(Algal blooming)o] Hojun, o]A- Fa&
7]—1:— delo g2 223 tck(Sawyer et al., 1994).
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AAE olejst ARAYYY ol WA wARA
XH A & (Screening design)S E3l £ 22055 9
A 5lH, A5 28 A (Interaction design)2 3] 221
5 7o) HEAES dFUT 2T NFEALAL
M43, o2, BY % 3 AA 24 5L APt
Al 61-E}(Montgomery, 2013; Patience, 2013; Myers et al,
2009). o2 w=ollAl= SR ey
= 24 279 HASE fsto] HRRUAAE A
3}al QJtH(Wang et al, 2007; Ghafari and Azizb, 2009).

2 A= 5G4 A PAC (Poly-
aluminum chloride) 22| =I5 242 fIsto] U
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PO4-P (Orthophosphate), COD.; (Chemical oxygen demand
using chromate))2] o]z} o] RY REA S = shalA}
stk E3 ofe b WHSHSE 1efste] $Al
A4 2w 9 M4 WE =2tu wk

2, iy
2.1 HAST o Asiuns

AN A olF SHE e AW WY
shdon, sig shais B sh4x elakel 4 23 sheich

2 2|3t o]——,—_J 2 EAL Table 13} 7t}

o
2ad
Q
at)
D)
i
4=
_ﬂ
N
o)
&
L
D)
ol
ol
R
18
1o
m
o,
=2

ot WA wes %?JE%E—E— SR
RS Ee SAARE RS P
99)2=0] Wi 9l BT 2 7|20 90 % oA A
5207 5to] 2 mol Al mol PE] H|= ZYA| FUTF
Table 29} Zro] AFASFATH (Metcalf and Edy, 2004).

FHRAAY Ao BE 2 a9l 4A4F wEgo
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AE A FUFS Ao =Z PAC 0.03-0.13 ml/L
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Table 1. Characteristics of the wastewater used in this study

Parameters Mean S.D. Range
pH 6.65 0.13 6.55-6.88
Turbidity NTU 150.00 118.97 14.70-285.30
Total coliform CFU/ml 44,360 22,522 9,800-65,000
E.coli CFU/ml 13,500 7,874 2,500-22,000
PSD(<10 pm) #/ml 3,175,997 1,887,633 716,839-5,909,200
T-P mg/L 9.91 6.52 1.62-17.26
PO4-P mg/L 6.35 3.44 1.29-9.88
CODcr mg/L 366.40 237.39 68.08-648.76

Table 2. Determine PAC dosage according to the P concentration of wastewater

Molecular weicht Number of P or Al in molecular PAC concentration (ml/L)
HHa el formula 2 mol Al/mol P
p 31 1 0.01012
PAC 238 2 0.08
Ak HULE oA GUFO] W HES FAH 22 AlEA
o7 AAHs AAE PHPEW Z2A2 0|85 ]
14728530;04 US| 3 ;;’fj SR ol B AT A pH, 9-¢) B, PAC S A ] ws
] e 2 SRS E=(Total coliform, E.coli, PSD (<10 pm
SHADE AP oIH | L vAE ol darest T e (Toal colfom, Beol PSP (10 i)
= x]z%lo}g{ H, SHZRAL F&FIS oz T-P, POs-P & CODur®] A|A-£)2] ¥3}E Design-Expert

@%‘zﬂu% &35t %@“3}511} Sh= ARIAE WS-
SR AN AHSRoH, Aehs 3 275
A== E.coli, Total coliform, PSD, PO4-P, T-P, COD, =-0|
Tt E.coli®} Total coliforme 3MA}Q] Petrifilm E.coli
/ Coliform count plate 2 48A]7+2] wjJa}A LS Az &
243}tk PSD= AtikAF2] AccuSizer 780A = 0.5-1000
um =7]9] Particle 32 E =A3}¢Ic}. US. EPA (2001)0]
A AR, 10 1m ofst 27]8] QJAiEo] Eol=
d E42 &9 (Floc) A & &= mA R, &
AtolA= olE o2 stof HlaA] 313tk POLP,
T-P, CODs= HUMAS A}2] AJeFa} HS-1000-2 ©]-8-5}o]
sapA ool o3t BYENS Fo 2ok

Table 3. Summary of Jar-test conditions

Factor Value
Temperature 20 C
Coagulant type PAC

Rapid stirring velocity and time 110 rpm and
(AWWA, 1969) 20 sec
Settling time 2 min

Software (version 9.0) L2 738 F3lo] EAFo7
AAsk BAshee.
WS EA QRO R s st A
Al REg3EH 2 of2] 7] Fpol diet
HEE (Multiple regression model)o] ™, |5t Lo
= o]A} 3| 2E (Second order regression model)2-
QAT ol FAHe We Faeb] St
3}
o

oiN op

37w grct 0|3} Bl AmGo] Hasirk ek

o, 43} olFe] AR A= B A=
FASA 274l met AAgEe] &dlo] M
o3} 3l7|mA(4 ()] 7P At shete ek
(Bas and Boyaci, 2007; Bezerra et al., 2008).

k
Y—ﬁo+EﬁX+E +EZﬁ,JXX+e M
= =17
where, Y =response

X; or j= input factors that in fluence the

response Y

B or j= cosefficients

¢ =random error
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| USHUZAY-SUTIAEIS 0188 2H STl FRY o A7
oz ARG S FFHoIALA THFAIAB(Central  TPIFIAL ALEE ZFHSH SlaA} Yol W
composite design)S Eo1] IUATE AAAT F W4 (Coded variable)S ARE3l= HHo|th(Bas and
A AEE Q91 (Factorial points), =41 %(Center Boyaci, 2007; Bezerra et al., 2008)
points), =% (Axial points)2] AlFEo 2 FLAEH, Q
AHe 2 adl AAmRe doldt Ag FaHe N K T2 o
AAe) FAlol He 4e, 29T 2P AAe) F4 (X = Xninl /2
domve 4 aeg dehg S8 vl diAe)
gh2 "ozl H2YHLS Zieh (k FaFHSo] A2, whrer, z; =coded value of the ith independent variable
o|z} 3RS :,L?o} TR} AT ZAHA A E A X, =uncoded value of the ith independent variable
Ao ukat 2° oA A 87, 2AIH 37, 2H 6= Xnax =maximum values of the natural variable
A7Jsto] Z+ j-gHARe tisiA F 177 AP F4 X,,;, =minimum values of the natural variable
AT Ao, Z12ke] GRS pHX), § S
(X2), PAC SAAEHX)Z 2] (2)9F Zro] A3 S Linear SHE A WE Ad AL 2 s (E
transformation) 313t} o] glo]E] Z4lo] A&z}r} Az} 2790} A= Table 52} 7t}
3h= 50| 9 &(Region of interest)2] 3t 71-9-9] $Jx|skctar Desirability function approach (DAF)E -§-3}to] of e
Table 4. Level of the variable tested in the 2° central composite design
Value
Factor
-1.353 -1 0 1 1.353
pH 4.3 5 7 9 9.7
Influent Turbidity (NTU) 14.7 50 150 250 285.3
PAC coagulant amount (ml/L) 0.03 0.04 0.08 0.12 0.13
Table 5. Central composite design with six responses in coded units
Factors Responses
% Influent = PAC ol g PSP TP POP  COD
H pH sty et ol removal (<10 pm) removal removal removal
(x1) NTU ml/L removal, % removal % % %
(x2) (xs) % %
1 -1 -1 -1 99.16 98.90 -85.80 5.65 1.79 13.54
2 1 -1 -1 81.19 67.40 4.78 59.61 56.91 45.11
3 -1 -1 99.51 99.45 7.84 65.67 59.17 60.19
4 1 -1 91.73 91.95 92.12 90.07 87.77 85.23
5 -1 -1 1 98.89 99.90 -89.56 2.21 0.62 13.57
6 1 -1 1 99.43 99.70 -30.37 28.82 37.78 43.53
7 -1 1 1 99.19 99.95 -29.84 51.98 45.63 53.85
8 1 1 1 99.95 99.90 -3.86 68.72 68.34 67.60
9 -1.353 0 0 99.55 99.15 -50.44 54.05 58.33 52.38
10 1.353 0 0 98.80 98.42 86.91 96.67 95.80 79.60
11 0 -1.353 0 99.86 99.60 -33.77 17.22 .22 2.89
12 0 1.353 0 99.97 99.95 42.18 73.45 64.23 67.45
13 0 0 -1.353 84.34 72.23 24.56 25.32 33.96 10.44
14 0 0 1.353 99.55 99.92 -84.30 12.62 27.11 9.95
15 0 0 0 99.34 99.92 -17.66 57.30 56.80 35.18
16 0 0 0 99.77 99.92 43.91 52.52 52.24 36.62
17 0 0 0 99.55 98.38 1.94 57.95 56.33 48.59
196
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7 WSS Tejste] GRS A BY  ATHATS Batol Avmgton], 1 Aol Table 5
o= ] _9_ Sl

AE BEshnA ST of W o2 Kol ke uhgom 7 whguse] dit o)X 87 mEAlS 7
HEE shU9] 7|&0 2 A sHDesired result, di)s}ho] =3} tH(Table 6). Z R E X o] st ANOVA(Analysis
AFstE =2 7] 8}-@ ——,r_(-(Geometnc mean) (D)2 of variance) Ai}+= Table 73} LT} WH-H4 Z1Z)o
gt APd o R A, 7 RESHeEY A9 T s A melo] theh A 90]al Zhafof] thRk A}
R ) SEL TRA % §o5EA AR B ),

Fo0s(9,7)9] {2 3.682 2= HFZH49] F value2 9]
Hr} 37] wfjiof 7+ mdXo] ggAde A5 4
Rom, P valuee 5 % F-o=FolA AF7HES 712t
skl S mdeo] oty wehEch Eg
PSD(<10 pm), T-P, PO,-P “18]3l COD. A|A &<l
gt AARAS RS Fhol 0.92-0.99 M Z 7} vk
9] 92-99%7} s mEaof oJste] A
AA

D= (ddy---d,)" 3)
where, m=the number of responses

olu) AFSHE Qe 03F 14olol EAyte, wep ¥
WSS} BEAo] mksh dic1g, wgHas s T #E

T ] ; N
§ FsT BFE MOIHS A a0g depae "L A A o colfomel £l 5
° SO RN t=2]
(Myers et al., 2009). = =eam oA W= .
=] ] = 3 N
T3t Overlay plotS E3}0] UG M50 A W 5 OME}L.: ol& 2l A|A EH;] L,ﬂ_ PACZOOE7L 3
o2 z|Asto @A ojaFuo] A WolE w2y ZP_—E-—E ]7']:]"1:]:“ QLo A= TJrﬂl_—rdﬂMﬂ
4 s, o] S QxS0 FUEEe} pH Wste] A v
S51A] il B AALS e o] FYUoR
el
3. 2t & 13 7k wrgwgo] ot o) 519 meAle] whg %
A Sl Sk Xixis © Fig 19} 2o, pHE FAH(PH 7)o 245AS
3.1 S 20l et 2iRet ), §UeHES} PAC FqI%e] Halol W 2 g
SHIYL B pH, HUEE, PAC o] wige] 50 AARE HolFa gk
w2 Total coliform, E.coli, PSD(<10 ym), T-P, PO,-P 7} dhg o] whE Bk I v AlAE
193 CODy A7 &0 Tt VA S EHEA-E S HThE 3 uo] JeFseo] ghe Abw K (Table 8),

Table 6. Second-order regression model for each response

Response Final equation in terms of actual factors

109.30 —5.93z; —0.02z, +286.161, +6.51 % 10~ >z, +45.702, 24

Total coliform .
—0.342525 +0.0227 +4.75 X 10 x5 — 2831.27x3

117.31—11.42z, —0.05z, +569.10x; +0.015x 2, +65.10z 4

E.coli ) 4 )
—0.842,74 +0.162% +1.20 X 10~ ‘22 — 4543.53z2
—350.61426.70x, 4 0.90x, 4 3530.302; — 0.02z,2, — 150.69z 225
PSD (<10 pm) , T ,
—3.18%,5 +0.5727 —5.38 X 10~ 22 — 17333.7222
—7.76 —28.99z, +0.50z, +2287.002; — 0.027,7, — 59.137,7,
T-P ‘ ‘
—0.03z,2,5 +3.2227 —3.53 X 10~ 23 — 13097.375
3.53—30.952, +0.762, + 1590.10x; — 0.03x 2, —40.072 25
PO,-P
) — 0432525 +3.3127 —1.10 X 10~ *z5 — 8808.58x3
116.76 — 56.282, +0.30z, + 1528.80x; — 0.01z 2, — 21.6 72 25
CODe:

—0.75zy1, +4.712% +2.03 X 10~ ‘23 —8393.561;
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Table 7. ANOVA result for each response model

Degrees of Sum of P value
Response Item Mean square F value R-Squared

P freedom squares q Prob>F q

Total coliform Model 9 472.79 52.53 7.06 0.0087 0.90
Error 7 52.06 7.44 - - -
Total 16 524.85 - - - -

E.coli Model 9 1349.51 149.95 4.71 0.0267 0.86
Error 7 222.96 31.85 - - -
Total 16 1572.47 - - - -

PSD(<10 pm) Model 9 43968.98 4885.44 8.73 0.0046 0.92
Error 3916.23 559.46 - - -
Total 16 47885.14 - - - -

T-P Model 9 12726.69 1414.08 59.97 <0.0001 0.99
Error 7 165.05 23.58 - - -
Total 16 12891.74 - - - -

PO,-P Model 9 12171.55 1352.39 62.60 <0.0001 0.99
Error 151.23 21.60 - - -
Total 16 12322.78 - - - -

CODg, Model 9 10013.11 1112.57 17.48 0.0005 0.96
Error 7 445.48 63.64 - - -
Total 16 10458.60 - - - -

Table 8. Optimizing point for maximizing each response

Response pH Influent turbidity (NTU) PAC amount (ml/L) Removal (%)
Total coliform 7.275 103.340 0.094 99.970
E.coli 6.383 202.179 0.073 99.992
PSD(<10 pm) 8.898 237.077 0.049 92.688
T-P 8.974 249.880 0.065 97.315
PO4-P 9.000 226.669 0.064 91.872
CODg: 8.993 244.952 0.058 85.359
e gt ARE FEARS ¢ 4GS 9

24 pH7F SAREH 7) 2ot 52 AS & 5 e

gl pH7} 718442 8= d2u|E9 l55—57} =7}s} 3t 2% pH7} 6.5-7.5%(Shuler and Karg1 2002) Total

o, E3] pH7| 8.0 213 Wiy &£& AFu|E9 coliform¥} E.coli®] A¥ Az}, pH 7.31 6.45 LER]

SR FAS Asolellee 012, $H0l B How, ol chE WeWAEel N7 pHE we

ololA HgWEEe] A gl Holde & 4 9 G RIS o 4 grk

o} pHE= 49| E-of uhfdt gk 1, ol= 1) ol Ao Byl 9w ox Zo FA5)
198
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Total coliform removal (%)

PSD(<10um) removal (%)

008
PAC amount (ml/L)

PO4-P removal (%)

008

PAC amount (ml/L) °% === 1 |nfiuent turbidity (NTU)

(e)

T-P removal (%) E.coli removal (%)

CODcr removal (%)

PAC amount (ml/L) %

012 250

PAC amount (ml/L) ©% 100 |nfluent turbidity (NTU)

004 50

(f)

Fig. 1. Design-expert plot; response surface plot for (a) Total coliform removal, (b) E.coli removal, (c) PSD(<10 pm) removal,
(d) T-P removal, (e) PO4-P removal, and (f) COD. removal at pH 7.

© FROIES] AR} Frtste, SAle 7HESE AT
© A& AFE 5 %len, HA grEs SAFHA050
NTU)Et #A Yeh= 32 2 o=’ &

olE A HHAS TA-NA AU HAE Fof
o3 EHHH, FRo|=9] FAlol| thEt e &

Ashe AW e Fzol=oh AH Ao] Awel A
o B Ak £ FRo|E EWFY B A
3 2= Qlth(Bratby, 2006).

PAC F1%-2 67} WHgH

A5 AAE 7H
UFSHA Wget AR ATt BEE 5
AT EZH PAC FAFF2 vl-&T= AR BA7L
7] wiZoll PAC =47 Wste] digh #ilol o =
O Al et uehA, 52 gl pH7F 1A Hth
P A7 v 2P Al HFAH, 0.08 mI/L) Et
A2 der HeHesld w2 ArEess Vdid
& Zloltt
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| USHURAE-SLEA I&
A

3.2 Cl=o| BESHASOf Cist Z|Xst o] % AAE& 90-100%, T-P,
90-100%<2, COD, % PSD(<10
50-100%S EzH o7 o3FHL0]
ok g Al HE oA Total coliform, T-P, COD
W PSD(<I0 pm) ALl T2 Japrse] Mz
9] Fig. 27} 7o, Ecoli, POsP, COD; 2 PSD
(<10 pm) A|ALo] o FIFAF] 22 el Fig 3

POPE] S AAE
im)e] A9 AAL

Numerical method= 4] Desirability function (D)2 9| 24 wols A
HE 5 = alA

£3}4] Total coliform, T-P, COD,; % PSD(<10 ym) A|
Ags W= sh= A5 A= Table 9.9 Fow,
E.coli, POs-P, COD.: 2 PSD(<10 ym) 4| 74&-2 2t
She Z2W ATHS Table 109} 2eh 47h2] ] whgw

SEE nefele] AU AAT A% F A 14
A

o A3t Uebtew, pHet =] 4y S4A
BTl &2 pH 99} 250 NTUS UEler, o5
PSD(<10 pm), 2, F-71E4ol| gt A|AEo] Zuf3]
o7 gk A & 4 ASTh PAC FUF9

i
=l

P
e

1} It} Total coliform, T-P, COD,; % PSD(<10 um)2]
B3 AAE] mE FFHE2] 24 Hel= pH 9-10.5,
FYEE 237-260 NTU, PAC F=¢]3F 0.045-0.075 ml/L
2 YE o, Ecoli, POs-P, COD, ¥ PSD(<10 pm)

Ae, FAH0.08 m/L) Hobs 2L ghe vepgxgr o 53 AARe 02 dgHeSe] 24 Wel= pH
whow2s zhzbo] oish AlALo|A UEhdY A = 9-9.3, §-Ekx 185-257 NTU, PAC F<=F 0.05-0.07
olgfF Wt & ZHe vepde ks 4~ 9igith m/Le] ZAiE dS 4= Q%) pHe F-YUEEe]

Graphical method& ©]-838}o] Total coliform, E.coli

=
>

4 w9l AuARe R AYaild F44

i)

Table 9. Optimal condition for maximizing Total coliform, T-P, CODs, and PSD(<10 um) removal rate by the desirability

function
Influent Total PSD
T-P CODg; Desirability,
pH | turbidity, | PAC, ml/L coliform removal, % | removal, % (<10 pm) esn‘aD Y
NTU removal, % e 7% yemoval, %
Value 9 250 0.076 99.535 96.670 87.015 76.993 -
Desired result, di | - - - 0.977 1 1 0.917 0.973

Table 10. Optimal ¢

ondition for maximizing E.coli, PO

4-P CODy, and PSD(<10 um) removal rate by the desirability function

T T
50 100 150 8.00

Influent . PSD T
- E.coli PO,-P COD¢, Desirability,
pH | turbidity, | PAC, ml/L (<10 pm)
removal, % | removal, % | removal, % D
NTU removal, %

Value 9 250 0.070 99.954 90.893 87.500 83.699 -

Desired result, d; | - - - 1 0.948 1 0.954 0.975
0.12 0.12 250
CODcmnvaI 50 CODcr removal: 100
J o0 J o0 - 2w
= z z
E E _— T z
€ € T-P removal: 90 CODcrremoval 100 =
T

3 008 3 008 3 1504
£ £ T-P removal 100 5
© ] :
: o € [CObmmoe)
2 < g
o 0.06 — o 0.06 - % 100 4

CODcr removal: 50 -

0.04 - 0.04 } 50 ;
250

T
200 9.00 10.00 8.00 10.00

Influent turbidity (NTU) pH
(a) (b) (c)
Fig. 2. Design-expert plot; overlay plot for Total coliform, T-P, COD., and PSD(<10 um) removal at (@) pH 9.00, (b) Influent
turbidity 250.00 NTU, and (c) PAC amount 0.076 ml/L.
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