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Comparison of the characteristics of Al(Ill) hydrolyzed species by
improved ferron assay test

Mi-hyoung Yoon

Division of Earth Environmental System Sciences,
Major of Environmental Engineering, The Graduate School,

Pukyong National University

Abstract

In this study, newly improved Ferron assay test haved on timed
spectrometry was used for the determination of hyolrolytic Al species
presented in PACl coagulant. Comparison of the distribution of
aluminum hydrolyzed species was made according to the difference in
the preparation method of ferron colorimetric reagents to confirm
whether it is available. The color development reagent ferron was
prepared by using conventional method and two newly developed
methods. Then the ferron assay test was used to compare and analyze
the distribution of Al(IIl) hydrolyzed species presented in the prepared
PAC] and alum. The distribution of AI(IIl) hydrolyzed species using the
preparation of conventional method and newly developed method, both
colorimetric solutions showed similar distribution of Al(Ill) hydrolyzed
species presented in PACls (r value=0, 1.5, 2.0, 2.5) and alum. The
preparing method of reagent A required an aging period of 7 days by
adding a hydroxylamine hydroxide and a 1,10-phenanthroline
monohydrate reagent, whereas the preparing method of reagent B was
used as a coloring agent immediately without aging time. The

regression analysis between UV absorbance and Al concentrations of

_Vi_



conventional method and newly developed method of ferron reagents in
low-concentration aluminum solutions and high-concentration
aluminum solutions, showed the correlation coefficients of 0.999 or
higher, as showing high correlations of conventional method and newly
developed method. Applying Ferron assay test, Al species in the PACIs
and alum were classified as Ali(monomeric Al), Aly(polymeric Al), and
Al (colloidal and precipitated Al). Distribution of AI(IIIl) hydrolyzed
species according to the preparation of ferron colorimetric reagents

was similar.
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Al(H,0)¢ Al(OH)(H 0) 2+

Fig. 2.1 Deprotonation of the aquo aluminum ion—initial step in

aluminum hydrolysis (Letterman, 1991).

APT o] &2 FRH AeA TRzt & o] FojXm OH o] gl
3% 749 pH x| wet OH  o]&3 Adste] ol
ez A o] okdo] Al o 7hrEalel HAE Pl didt WA
T eHET A T Fiolt. 53] Al & ZhwalE Sl
polymeric speciesit= =< AstE Wil or =z S E W= YA
=472 depHolo] g4 o]tk (Pouillot and Suty, 1992).
ol9lof &dFrEI OH & st U= Sl T2 Fe U gl
theh A7k wel HejSlvk(Hem and Roberson, 1967). Table 2.1.1
25ColA e ¢Frg 7Hewel T4 BEYTFKE Y on &4

AR AshgEe] AAHWA HYolRo] frElEE 2s 4 F Utk

—



Table 2.1 Al(I)

O

+
&
il
o
ofo
ol
£
ofo
%
oX,
LI
I
jul®
1o
ofo
%
kit
-3
=
ot
I
£
o

Hydroxocomplex formation constants

(Beas and Mesmer, 1976;Nordstrom et al., 1990).
Reaction log K (257C)
(LAP* + H,O0 = AIOH*" + H* —4.97
(2)AI’* + H,0 = AI(OH),* + HY —4.30
(HAP" + H,0 = AI(OH)° + HY —5.70
(4)AI’* + H,0 = AI(OH), + H' —8.00
(5) 2AI”" +2H:0 = Al(OH),'" + 2H' —7.70
(6)3AI°" +4H,0 = Alz(OH),°" + 4H" —13.94
(T 13AIPY +28H20 = Ali304(OH) oy + 32H —98.73
(8)Al(OH) 5 () = AI’" + 30H —31.50
(9)AIOH)5(.) = AI’* + 30H —33.50




log [Al] in moles/L

0 1 2 3 4 5 6 7 8 9 10 11 12

Fig. 2.2 Solubility diagram for Al(OH)s. monomeric and polymeric

Al species in equilibrium with A1(OH)3; (Dempsey, 1989).
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AL(OH)?" + H,O = AI(OH)?" + H' (2—-3)
Al(OH)»,* + H,O = AI(OH); + HY (2—4)
AlI(OH); + H,O = AI(OH),~ + H (2-5)
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Aqua Al ion Al(H;0) ¢**

Tl —> Hydrogen ion
Mononuclear species Al(OH) (H,0)5%*

Tl —> Hydrogen ion
Polynuclear species Al150,(OH) 4,

Tl —> Hydrogen ion
Precipitate AlL(OH) ()

Tl —> Hydrogen ion
Aluminate ion Al(OH) 4~

Fig. 2.3. Aluminum hydrolysis products (Crittenden et al., 2012).

Charge
Neutralization ﬁ Sweep Flocculation q Enhanced Sweep Flocculation

Monomeric Al (AL)  Polymeric Al (Al})  Colloidal Al (AL) Al nucleus (Al) Al precipitates (AL)

B e =) '..:.:: = .'.

4]
reversible reversible irreversible irreversible . .

Fig. 2.4 Diagram of Al transformation pathway
(Jr Lin Lin et al., 2020).
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Table 2.2 Formation time of aluminum hydrolysis species

(Amirtharajah, 1987).

Hydrolysis species Time scale (sec)
Al(II) monomers < 0.1
Al(II) polymers 0.1 to 1
Aluminum hydroxide precipitates 1 to 7

Table 2.3 Hydroxyl AI(III) species (Tang et al., 2015).

Degree of Ferron
Possible chemical formula
polymerization assay

Al’* AI(OH)?*, AI(OH).",

Monomer Al,
Al(OH) 4+~

Oligomer Al;(OH)»**, Al (OH) 5", Al;(OH),°*
Alg(OH) 12°%, Alg(OH) 15°*,

Low—mer Al
Alg(OH) 50**

Mid—mer A113 (OH)327+, A11304 (OH)247+(A113) Albg

High—mer Aly5(OH) 367", Al30s (OH) 56 (Alsp)
Sol, gel (Ali3)n , AlI(OH)3® Al

Precipitates [AI(OH) 3] ,*
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2)2 =4 T 304 w9 &3 %5 monomeric species@t A|A]EFA T
st Smith®t Hem(1972), Tasi®t Hsu(1984), Bertsch et al., (1986)
2 polymeric species Al ferron¥} 1z} WH-g438H(pseudo first—order
kinetic) o]t & &1ttt
Jardine#} Zelazny (1986)°¢] &Fv]553} ferron®] WH§
eric Al ¥+, polymeric Al°] =% =
2A Al 7EA dARRES-(Fig. 2.5) &% YER T Ferron AJ¢Fe] F914
W FAsA FFE A SR I AZEE 302 R Stk o] ¥ FE

A5 YeER L ferron XA kL] REZo] R EHE AlFHQ]

A\
N
e,
)
)
1K
Sy

Large polynuclear species or

b}
o i :
= incipient solid phase, Al;
£ -
= £
Z : ; 5
< Intermediate polynuclear Al species, Aly +
<
Fast reacting monomer Al species, Al, E‘ [
\\_

Time

Fig. 2.5 Schematic diagram of Al(III) hydrolyzed species with
ferron assay (Trinh, 2012).
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RS ¥Ety FF=—A7F 3R monomeric speciesS 435S
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&
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ATA 345 e AT
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m

it
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onomeric species® polymeric species@®
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3 4 H#H = Al NMR (nuclear magnetic resonance) < Al
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MHolt}, 21 2]o] % organic ligand, inorganic ligand® A%
gl w2 A 7hEelE 2Helo]l 7hssltt (Akitt et al., 1972a, 19
72b; Karlik et al.,, 1982; Greenaway, 1986; Mhatreetal., 1993;Masio
netal., 1994).

Fig. 2.6°142} Z¢] polymeric speciesx F+ 74 ®HE= o bE
< F57F wE SEA ALY & HeEE7 =1 SEA (AL 2 TR
T At Al 29 ferrond Az AEo] duE FTEACIH, Ale=
7 o]%Fe] ferron =glAl WHEsh= Folth Al Albel mWE FFE
ANA Al 8] 7ol eE A vkg-oltt,
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Absorbance

1A

Hp

\

- e
o
o —
o

&  absorbance of Al-ferron
—- = absorbance of Al_-ferron
absorbance of Al -ferron

Al

Al

a

Fig.

2.6 Schematic

Time

diagram of the reaction Kkinetics

of

hydroxyl—Al species with Ferron colorimetric reagent (Feng et al.,

2007).
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2.2.1 Ferron 44

712l Parker®t Bertsch® Ferron®A% (Parker and Bertsch,
1992b) S Zhou £ ATA= (Zhou et al., 2006)° 2ol&] HA=EAq7 tf
=3 2t

—gd A : 105 g ferron + 0.051 g 1,10—-phenanthroline

2~

monohydrate + < = 500 mL

— g9 B : 70 g sodium acetate + <= = 200 mL

— g4 C : 20 g hydroxylamine hydrochloride + 10 mL

hydrochloric acid

—Ferron £3A1¢k @ &4 Bt &8 CE £33 o3 &4 AE F718
O 2T E Vkete] 1 L AlZESY. 283 0.45 pm membrane filter =
o} 5~7d A% HA st AREST

Thrinh (2012) 2 Ferron €9 A% A] #7}¥+ hydroxylamine hydr
ochloride, 1,10—phenanthroline monohydrate A|2Fo] #5 5U7+S &

FEe B s AT AT ek F3E A¥AdE Fig.

I E E93F1 hydroxylamine hydrochloride, 1,10—phenanthroline

monohydrate A]¢ko] H7lE &= o]f= FE o], E3] Fe?t o] &3} Fed*



drate AleFel &) EAE FAsHA €t 1 A3} Fe—Ferron & %A

g Y4 Hxasn SFvE AR E IY PHLAS 9T 5

(1) day 1
(2) day 2
(3) day 3
(4) day 4
(5) day 5

Absorbance

0.0

350 400 450 500 250

Wavelength (nm)

Fig. 2.7 Effects fo aging time on the absorbance spectra of

ferron colorimetric sloutions (Trinh, 2012).
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2.2.2 ”A1l NMR &34

TAI NMR #37E &7nly 7hriali$e] A4 ofE Felsts By

F ShE U ws % 54 An 93A A9 ATehe o]

v}

dFulE o] Fg AolA AA3] JhEaEe] AL (OH) ', Al
(OH) +°*, & —AlO4Al 5 (OH) 24 (H20) 12" " (Keggin—type aluminum dodec
amer, K—Al3), AlyoOz(OH) 5" 5 718 EB345 FA s dut
Z 0 ppmollA = dFAol L 62.5 ppme K—Alyy 2831 80 ppmeolA =
AL(OH) 48 22 Al 7kA F2 A&7 9low, Fig. 2.8 Web kM
aki et al., 2021).

TAl NMR #3492 AP* o]29 7| 33t
(o, =, £dA) el FE&7Fsstth. vi¢ F T HeelA et
Fo JFsprt 7heske (Maki et al., 2021) Fig. 2.8°1A¢F o] r=2.0
o]t (pH < 4)Ql A% monomeric species’7} FE& o]F1 9lon, 47
ST7F 71 AlsEo R A AdET r=0.50004 2.2 Atold u, Aljs
o] s&7F F7bekal 1 o] felli= A%t r=2.7 o], pH 4.75 o H
olFe] Alse= HEHA 91 AVIE HAUMEFE AIOH) 37 F49
r=3 oldelA= AIOH), ¢ F%7F S7Fstal r=3.7 o]’ (pH > 100 ¥
], AI(OH), 7} %= °l&t(Han, 2007).

APPTo] 9] 7L
theFst Tt dde sl st &Y 1 EES HUlkste A

o] Al’"e]&2] 7}

_IZi
o

ofN
o
ro
i
ol
ol
a
L
2
|
5
2

e
o,
o
off

o
M
ol
2
olo
o
o
ol
Ol
o
i
E

ofo
o

o
)
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27AI NMR

100 75 50 25 0 -25 -850
5, (ppm)

Fig. 2.8 Distribution of aluminium hydrolyzed species by
aluminium solution and OH/Al (Maki et al., 2021).
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2.2.3 ESI-MSH

ESI-MSH2 Al 7FeialEe] A4, 4% 4o =%
H o]t} (Changing et al.,, 2009). ESI-MSHS FHZo] d4d 2 &
Al HPH O 7 Ferron®y 2 ““Al NMR ®33H0 vlel o8] FHS Ay
Atk WA, ESI-MSE| 45504 &FulEe] 7tradss 2s 52404
o7 EAsr] wiEe Ferron RHth FUTrF btk msk, 27A]
NMR #3354 Aly, Alz9t 2 oligomer®] WHg& A¥EY 935 5
&l 7Est7] o HA ESI-MS+ 4AEA 0] 7Fsstth= Aolth(Feng et
al., 2015).

ESI-MS+ ojg] A5 (Sarpola et al.,, 2004a)°l 23] -5 E=9]9]
RaL, o]F Fig. 2.98 Fo| &dFrw T A4 4] gyHIoH,
FiA2 Feng et al, (2012)°) &3 A5 AT=HAt. FAZ W&
28o] FRAYUS YT L (Sarpola et al.,, 2004b; Stewart, 199

i)

o

ofN

9)dimer, trimer, oligomer and polymer species® 21HH-S 7§43}

stA|RE ESI-MS+ 7= 413 22 o500 gg dAZF A9EY
Al S o i3] Eedeta A AFERS] AR sy F4 Wy o]
e ElA] ool AFulg F WAl tidt Vs el HEEALe] HIUAv

(Feng et al., 2015).

&

| E

M

1%
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100 Polymeric
3+
Al
Monomeric Al
i Polymeric
8 Aly,2t
. 13
79 1 Quantitative
%5 | &
1 |]et 5Ar}?arysts S
0 miz

€0 &80 100 120 140 160 180 200 220 240 260 280 300
Quantitative

Analysis

20 30 360 380
Quantitative
Mass Spectrum Analysis

Fig. 2.9 Sample of Al species qualitative analysis (Tian et al.,

20208
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2.3 PACI €A4A

2.3.1 PACI S3A A=
599 TtrEEE> 4719 H7bel webA FAdE o Bertsch 2
T-A= (Bertsch, 1987; Bertsh et al., 1986; Parker and Bertsch, 199

20 & W, EFE, 9719 BE, G295 U A4ER

2 PACL 3 A A% Al monomeric species (Al,) #} poly

M
e
=,
a
iak

meric species(Aly) 1831 AlI(OH) 3 (Al) 8] wX & v 22 =1

o oa 28 €t

1) 97 % (r=0H.qgea/Alr)

2) H7b ¥ 4719 TR/ 9 w&

3 d719 Fd H=

4) Rk %74
53

5) Al &9 9] &%
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2.3.1.1. 97|

@71 H7F Al Wske rogkel W AIAD 7heiel] S vhdt JEE
FAET UA 0 = r = 0.3 MMM rite F7FE pH7L
ko] ZbeRE 7 A& E = o R AP, AIOH?Y 59 monomeric spec
ies(Al)7F @€k 28]lx 0.4 = r = 2.3 WA OH o]o] 4]
goll meh AL % #3keh=& P45kl polymeric species (Aly) 7k 2473
H.

r=2.35 o]’ WA= OH o]&o] F7tetel wet polymeric speci
es(Aly)7F Al o]23 ¢ o] A3 ¥R a1, precipitate species (Al
7 Aoj¥tt(Fig. 2.8). oA H 7|9 H7ke] weh AL 7HEEallE2
st el e A S, PACE AlE Al AID 7Hr2alEo] Efrkel u
g $d ;&0 detd £ dut. I8 2 E polymeric species(Aly) S &

o] g3k PACI SHAE Axs 2 3 &2 & F Ut Lee, 1

_23_



pH

2 T T T T T T
0.0 5 1.0 1.5 2.0 2.5

r {OH““d!AI)

Fig. 2.10 Change of pH as Base added to AICl; solution with

vigorous mixing; r(OH.qqea/Al) versus pH (Lee., 1998).
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2.3.1.2. A718 = 9719 7 4 5%

PACl Az Al 7F4 Zo] AME-E = AlekS NaOH(sodium hydroxide)

t}, dH AFAE(Tang and Luan, 1996; Tang et al., 2004)<2 NaOH

b 89 &elx OH™ o] &9 o] UT Wel ehg Aol PACIE Alzshs
d olegol Yoks ATE Ass Witk 18T NaOH thal pH 28L

93t 9712 Na,COs(sodium carbonate) S A A 8% T

A7 97z AR Aoke] 2L §&I 2 AP 2EAE ¥
A3t7) 1% AICL; &eflA] OH o] o] WEwojo} 3w OH 9 A4 %

__’

Eo vy mEAY 2yAMe ol Ay £ AIMD A F7137 A4 S A
o 54l 9FE& wAA ook - (Hua et al, 2009).

2.3.1.3. 8719 4

oy

|
a

AL Al F71223 4 - A Azl AAX =2 r3k# polymeric spec

ies(Aly) & 71 ®ol girshs 9719 4 S vay 2o

— -1

Polymeric species(Aly) & 7H8 @o] &f3t r=2.29] PACIZ 21.5

mL/hr ~ 80.0 mL/hr8 Z7oZ A7 FYF
species (Aly) 2] W37F A St

S
=

o polymeric

= 7] 9 £57F 21.5 mL/hr
~ 80.0 mL/hre] ZZIA AIIDF xol A9 TS vAA dvh
(Han, 2000).

o
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2.3.1.4. w¥r 74

PACI &3 A A Al magnetic stirrergs ARESH 7FsE wrl 7eofA]
precipitate species(Al)°] 7} Eo] dgFEH = AF4A3AE JeERASIT
(Clack et al., 1987). HE3F Shen¥} Dempsey(Shen and Dempsey,
1998)2 FAdg wwk =33 5% wat Al FAE polymeric

=%
species(Aly) &+ ¥y w, HA=H ¢ 2 Hg FL AFE=E

polymeric species(Aly) 7} 845+ AT+43E el

2.3.1.5. F AI(I) £ F&

T AN &99 s5e 7 A 29 Aol a3 ARoIn. H=&
59 PACI A= A% L Fof dist v &= wo] "okd &

Xuot o8] A7AXu et al, 2003)52 F Al &4 %7} 0.5
mol/L "% w polymeric species(Al)7}F 70 % o] et Aolgt= A

A% AN
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A3 FAEAE 2 T

3.1 AR 9 APFA
3.1.1 PACI $&A A=

AI(ID Al 71382 &34 (PACDE 2 24 vhe 712 = Alx3s7]
918l AICl; - 6HoO (Sigma, USA)E AREStlom Ao AHgd 7]
NaOH (Yakuri, Japan)& A8ttt &¢Fug %7 5%+ 0.2 M
AICl; - 6H,05 A|zste] AMgsilor d7]2% 0.5 M NaOHE o] &
o] 7t 7 & 97|59 PACIE AZa Aol #Axd A7|=d
PACIZ Hlag 3l FHza FHoNA dwrzyoz AMgHI Q&
alum (Alx(SO») 5 - 16H20) & AF&-3F3A Tt

ol
il

3.1.2 PACI &3 A AZFA

PACI A125 98] olad= A=3 2 L batch B8 w3715 AL
om, Az §7] Yol 4709 baffles F&slo] 3 a3s F7HAZAT.
T3 7] FYPOoE QI A N 7MEdE HHE JHS HAs)
AZ171 S8 971 FYF B A5 0.15 mm olatE T3
FE 0.5 M NaOHE N Az Z Wh-g7)o)] Aoz Fla%o
HEE 7o £3A17]7] fgk A= RHE AFE g9 F UEF wE
BHE AFEEte] AHEQJIE A A propeller stirrer® £S5 &3t}

Fig. 3.1¢] PACI A%E 93t #x9 FAHAEE et
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Motor
Stirrer

—

™ | pH Meter

Thermo merter

Base

Fig. 3.1 Schematic diagram of PACI] preparation.
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3.2 AdY
3.2.1 PACl $HA9 A=

PACIE Alxs7] 98 A4S o = AlCl - 6H.09 NaOHe| ¢
2 Fo% A vER FYsto] AxsAt

2 A Azt 7 A7E (r=0Haed/Alr) PACIS] AZ =
Table 3.1° WebGith ol d7|%& 7FpeRalZ Al 7 Faks)
o] & (OH") % Al o]2¢] & F&=HE Yetd oz 2 (3-1)& FHFh

7]

100 [OH]added
X
3 [M]

Basicity (%) =
(3-1)

olw], [OH] . qgea= THE NaOHE| o],

a

ojglA vkt AV1ES PACIE Alxste] Al 7HrwsllEs vl

49t
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Table 3.1. Conditions for the preparation PACIs

. AIC, NaOH : Baiie | Mixing
(OHI/LADD 0.2 M 05 M nJreacteo intensity
OH]/[Al
(mL) (mL) (ml/min) (rpm)
0 100 0
1.5 300 180
1 600
2.0 200 160
2.5 175 =5

3.2.2 PACI - A A4

B Ao A AR PACIS) AE1AC A3l FulE (ALLOs) (%), 4
1% (%) ¥ pHE ‘SHF 1A A2017-190% F=AHHA 7|+
72 9 BATE & AR TSR Alxd PACIY SA4 AEE 2

Y}= Table 3.2 Yefith

3.2.2.1 Ars}d-F1]F (Al,03)

_30_



g9 FAF 2

P &

9 §9S 2 mL 3t 100 mL 3 ZepATe] &7
I mLE 7Feto] FAlrz 24ds A2tk

H 3T == 0ol

T T =
SJEF(V)o® AA7 H AEZ ICP(Inductively c

mL % U
ol O
I
oupled plasma—atomic emission spectrometry, perkinelmer, Optima

K
N

ofuf j

—8000) = AF3t-7v]H (%)

3.2.2.2 Y=
Algel dabs Thel #9 ¥ EFES =ETFrEoR PAARI
o2 ez gds 7tet] FASGEFSAoR sk Wy
o® A9dAe dea 2
A= 2 g& vlA FAske] AAF 20 mL ~ 30 mLE 7Fgith 0.5 N
A4 25 mLE Yol AARAIE Hal F8elA 1083 7tdate] 97
F 50 % =32 E S 25 mLE ¥eh
Ao Az ALY 4~5 HEE ¥l 0.5 N FIHEFEAL
2 @ FAol E uzbx A% wdd YHoE AT 25 mLE
e AAstal fV1ES ST

w3 5ol g
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Table 3.2 Characteristics of PACIs prepared and alum

Allp

AlO3

Basicity

(om/an D (%) (%) -
0 0.2 1.0 0.0 3.1

1.5 0.1 0.7 44.0 3.7

2.0 0.1 0.5 64.8 3.9
2.5 0.1 0.5 87.8 4.6
Alum 0.1 1.2 0.0 1.1
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3.2.3 AI(I) I8 F9 54 44

AzFE Al Al F7130324F SJ AL 7hratall A 54e dotry]
e 2stdAlete] WwEEs VIZE § Ferron®A ¥ e A3AATH
Parker?} Bertsch® Ferron®*¥ (Parker and Bertsch, 1992b)-
Zhou 8] AFA= (Zhou et al., 2006) ] &3] A=A NAE AR
otz e} Zth.

—gd A 1.05 g ferron (CoHgINO4S, Sigma Chemicals, USA)
0.051 g 1,10—phenanthroline monohydrate (C,2HgNy - H,O, Acros
Organic Chemicals, USA) 9| =5 7189 500 mL= gt}

— g4 B : 70 g sodium acetate (CyH3;0sNa, Junsei Chemiclas,
Japan) ol 2<% 7}ste] 200 mL= sttt

— g8 C : 20 g hydroxylamine hydrochloride (NH,OH - HCI, Sigma
Chemicals, USA)e] 10 mL hydrochloric acid(HCl 37%, Junsei

Chemiclas, Japan) & T3t}

—Ferron &gA|eF @ WA &4 B} &4 CE =& v &9 AE F
7}ek B 244 E UbEte] 1 LE S 83 0.45 pm membrane
filter® ol ¥}sle], ZAst WaA|eke] kS Qe 5~7Y &3 =4
stod AFEEFA T}, o] &M st E3F AMR 7hs sk

Ferron £4% 2 E53E & dvAsel & A& Aysa 9low
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o] Ao A Ferron #4¥W (Jing Zhang et al, 2015)<
hydroxylamine hydrochloride, 1,10—phenanthroline monohydrate A

ofo] A7kEA Sk vhgst Lk,

— g4 A : 39 g sodium acetate (CyH30:Na, Junsei Chemiclas,
Japan) ¢F 400 mL %o %< % 16 mL hydrochloric acid (HCI
37%, Junsei Chemiclas, Japan) (1+1) €d3 Z5+E 715t 1 L

2 3t}

— g9 Ao 1 g ferron (CoHgINO,S, Sigma Chemicals, USA) S =

A wRkshA A F£]] 5 ] Holar 1043 Fqt wRkEe g u

0.45 m membrane filter= ©¥}3}o] AFE-5} ).

Azd A Azt oA GS o]dste] S UV/VIS(UV/Visib
le spectrometry, Shimadzu, UV—1800)<= A}g3Fe] 370 nme 3%
oA 10z HAo = 2413 Tk FA ettt 9 Azl Fig. 3.29 AA}
of met FA4e Wdsitt

Al(ID) 7Frwsl 9 2 442 PACIO ferron WA ekS H7FskA)
upz}l w2 A 933k Al,(monomeric Al), ©]% A|Zte] WM& FFE W
sh7F ehubsAl = Aly(polymeric Al, PRAEFC 2 ferron WA AJeRd} ¢
o] WEgo] dojubA] ¢ki= Al.(precipitated ADZE T3, 5T HEA]
H2 ALl ferron Abole] whg-o] ¢k Eofof stv FH %
oAl k& wolth. oA 7FA REg FEAITRe] e F S Y]] gl
2o AFAs0] FRAIE 222 AQs3l . (Bertsch et al.,
1986) E tE AFAES 308 T 1AI7e] TR IS AAElTH
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(Tsai and Hsu, 1984). Al, ALE dZs7] Y&l ¥§ F5 AlFF> A
A FLstA om ALSF ALS = Alreke] Aol AbEShe] AL
7 Fa skl

F dFuFe w5 =542 ICP(Inductively coupled plasma—atomic
emission spectrometry, perkinelmer, Optima—8000)& A}&3t1 o]«
A S5 A FFE S SIGMAL0.0 T2 1S o] g-3te] 3774

& AWkl A 7HEEe £ 248 dasg),

Procedure of Al hydrolytic

Preparation ferron reagents species analysis

Add 25 mL mixed Ferron into

Add 25 mL mixed Ferron into glass tube
each of 6 glass tube l
l
Remove 0, 10, 20, 40. 60, 80 Remove 15 pf mixed ferron
1¢ mixed Ferron from each of 6 {
glasg flbe, ‘respecthgly Add 15 4 0.1 M Al solution,
! count time
Add 0, 10, 20, 40, 60, 80 ul of [

1000 mg/L Al standard solution

into each of 6 glass tube, Mixing, adding into cuvette

) inless than 40s
respectively

l l

Measure absorbance at 370 Measure absorbance at 370

nm nm

Fig. 3.2 Experimental procedure of speciation of Al solution

using ferron.

3.24 s3AH
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¢

AT AR AgE A A4 NetrA e HE 44 F=

ARgstalom =2 542 Table 3.3% .

A3l S Jar tester (Phipps & BirdAhH) & ©]8€3 2™, paddle (two—

blade)©] A7+ 2.5 W X 7.5 L cm® 2 L £%9] Jarg AHE-3sklth,
wHE Sx= F2£531 250 rpm(G = 550 sec™t), ¥%E3F 30 rpm (G

= 22 sec’ DO®E 7} Z} 14, 30% Tk mubsklvh AR 302 &

i ot 10 cmAH 9] sampling tape &38t] AFd U FHARH =

A28

o]

ol
-_-— -

&y
i

©
o

)

Jb

o

FARA S Standard methods (APHA, 2017) ¢l wet F3stg 1 AFE
H FA BA g2y 7)7]= Table 3.49) YeER)ITH

Table 3.3 Characteristics of raw water

Parameter Unit Range
pH (-) 6.7~7.1
Turbidity (NTU) 5.0~5.5
TP (mg/L) 2.0~3.5
PO,—P (mg/L) 1.7~3.1
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Table 3.4 Analytical method and instruments

Parameter Unit Analytical method and instruments
pH (=) pH meter (ORION, 420A)
Turbidity (NTU) Tubidity meter (HACH, 2100P)
UV/Visible spectrometry
UVasy (cm™
(Shimadzu, UV—-1800)
Inductively coupled plasma—atomic emission
ICP (mg/L)

spectrometry (Perkinelmer, Optima—8000)
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(Turbidity)
A&t 0~4000 NTU FE9 g
dlom g Wl ¥ St B cell <F
5 S48k

3.2.4.1
HACH, 2100P %A=

3.2.4.2 Q1 (Phosphorus)
F2A(TP) & #3H4ked 434 (Standard Method 4500-PB 5)& ©] 4
3fo] Abstald om, AbstE o] WEE orthophosphate ion(PO,*7) & oA
F 2R (Standard Method 4500—PE) ol we} 5433t} ortho—P
£+ 880 nm F@FENA P ZFLN HAFHS 7I£ 2= UV/VIS(Shim
adzu, UV-1800) 2 4 3}3ith
TDP (Total Dissolved Phosphorus) = 0.45¢m membrane filter®
Fslo] =433 DRP (Dissolved Reactive Phosphorus, dissolved orth
3] == A3 A3} (oxidation digestion) §lo] ofAF = HI

0—P) & 7}5E
el o8 A4 St
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A 43 A9 9D aF

4.1 Al 7t+&28 £ A%

2

24

2 AFoA Zhou € ATAHE (Zhou et al., 2006)°] AFs HE A
oF A% HMH S reagent A, Jing Zhang 2 A7 A= Jing Zhang et al.,
2015)°] A etk hydroxylamine hydrochloride, 1,10—phenanthroline
monohydrate A]¢Fo] H7}H A = HE AleF #A|Z WHS reagent BE
E7)8A

Fig. 4.1¢14 AI(ID 7leE8l & A% 487 28 &Fvlgw 3+
LM (Aluminum standard solution, 1000 mg/L) ¥} ferron 2HAIA| kw9
Hhg-ol e UV 4 3s 37 43k 2#d2olr. (a)+ hydroxylamin
e hydrochloride, 1,10—phenanthroline monohydrate A|2ko] ZH7}% A
Z WHiol™, (b) & hydroxylamine hydrochloride, 1,10—phenanthrolin

Hielt, &+ Az WY B Aw

(@)
B
(@)
jm)
(@)
oy
<
(@
[
[ab]
)
D
3
2
0,
et
N
"
A,
Y
5§
flo
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UV adsorbance (cmi')

UV adsorbance (cmi’)

1.4

1.2

1.0

0.8

0.6

0.4 +

0.2

0.0

(a)

y = 2.5731 x - 0.0553

(R?*=0.9992)

0.0 0.5 1.0 1.5 2.0 25 3.0

Al concentration (ug/L)

3.5

1.2

1.0 +

0.8 1

0.6 1

0.4 +

0.2 +

0.0 1

(b)

y = 2.9468 x - 0.0598

(R?*=0.9991)

Fig. 4.1. Correlation of absorbance and standard Al solutions.

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Al concentration (ug/L)

(a) using reagent A (b) using reagent B
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4.2 Ferron Ak A F W] EF % AAFAS /A

Feng et al.,(2006)2 A+ZAH}o|A hydroxylamine hydrochloride,
1,10—phenanthroline monohydrate A]2ko] F7}= ™ A A 7o whet
FF=7F AA  Weke  dAFEAYE AAERY. 58], dlEy

BN
>,
—
o
>,
N
K
=
o
2
i=)
2T
oft
1S
o
—
s
it
ol
o
2
ﬂ
1
s
w
ﬂ
o
=]
=
10
=)
o,

oA EFEE =45ttt A= Fig. 4.20] YeEFth. Reagent A2
5717 (~7Y)S 1HPE W, reagent BE AT SAARE 7Y &

¢le] &% A7 0.002, dUE7}F 0.13 %= 3% W7}t oty &

reagent B2 A sk WA AJoke A F F SA] AlGo] Thastal FYAJ o]

| A

2L

BN

>,
>
ofo
o
s

ui
in}
ofo
o
ok
pa)
o
i
!
i
i,
v

o} PACI $4
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1.4

Absorbance at 370nm (cm™)

13 -
(1), (2), (3), (4), (5), (6), (7)
1.2~ N
1.0 -
(1) day 1
(2) day 2
(3) day 3
(4) day 4
(5) day 5
(6) day 6
(7) day 7
09 T T T
250 300 350 400 450

Aging Time (day)
Fig. 4.2. Change in absorbance according to the aging time of

the ferron colormetric solution reagent B.
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NG
w
by
D
=
o
=)
(3
=
>,
2
2,
BN
2
R:)
gl
=
g8
N
Y
S
)
of\
M
H

A(4-1)2 xdH}

A=A+ A,(1—¢ ")+ 4,0—e ™) (4-1)

4714,

—A=absorbance at time t
—Ag=absorbance of Al,—ferron
—Al,=Alp; +Alpg
—Api1=absorbance of Aly—ferron
—Apzs=absorbance of Aly,y—ferron

—k1=1/t1; ke=1/ts ; t1, to are the reaction time of Aly1 and Alpe
g AU-DEFH AITD 7Frwal$e A=4 A5 =5kt

Reagent A9} reagent Bell W& A7|=¥ Al 7MrEsis = 4]

1 A= Table 4.19] YeRg T
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Table 4.1. Characteristics of AI(III) hydrolyzed species of PACls

and alum according to other reagents

Reagent ([OHI/ %](;])E (A%ls @1)13) (A%ic)
(Al

Alum 0 86.3 13.7 0.0

0 0 94.3 5.7 0.0

A 1.5 44.0 31.7 62.8 5.5

2.0 64.8 4.6 87.7 7.7

2.5 87.8 96.6 3:4 0.0

Alum 0 89.4 10.6 0.0

0 0 93.8 6.2 0.0

B 1.5 44.0 25.4 62.8 11.8

2.0 64.8 9.4 85.0 5.6

2.5 87.8 0.0 92.0 8.0
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Fig. 4.32 r=2.5 PACIZ reagent A%} reagent B2 Al—-Ferron ¥t
e Yotry] fsto] AlRte] whE FHE WEE yEhd Zlojt 7] &
4%+ monomeric species (Aly) &} ferron®] WHE3slo] AxA o2 F713l
3L ©]3% polymeric species(Aly) 9} ferron®] WFg3ste] =713k Zow #
gtk £ oWy 2% r=25 PACIS J4% pHE TR A
monomeric species’} AY EA3FA] &%}k O ™, polymeric species”’}f
reagent A, reagent B 7} 7} 96.6 %, 92.0 %= vt -3 o] Aot (Fig.
4.4). o]gst ZAyE=  polymeric species(Aly) 7} HREES ol F=
Trinh(2012) A543 9} B2 ghaa= 2ld = AT o= 3+
ol AY o]FA AHelM FdH= @7IE A polymeric
species (Aly) 7} precipitate species(Al.) 2 Ao]Hof wel Yehd AF}o]
o} (Han, 2000).

1.0

0.8

Absorbance at 370 nm

® ReagentA
v ReagentB

r=2.5 PACI

0.0 T T T T
(o] 2000 4000 6000 8000

Time(sec)

Fig. 4.3 Absorbance versus the reaction time of ferron for

r=2.5 PACL
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I Monomeric Al EZ2 Polymeric Al Il Precipitate Al

Reagent A

Reagent B

r=2.5 PACI

0 20 40 60 80 100

Al Species Contents (%)
Fig. 4.4 Distribution of AI(III) species for hydrolysis products of
r=2.5 PACL

S92 Fig. 4.5+ r=2.0 PACIE reagent A%} reagent BS Al-F
erron W35 olR7] fsto] Altte] WE F3FE W= Yepd A
ojltt. F WY BT Hld Y Hkeg HolH, SHAEA FAT A
() 7FreE38 %< polymeric species(Aly) 7} reagent A, reagent B
7F 2 2y 87.7 %, 85.0 %= “FEFTH(Fig. 4.6).

Monomeric species(Al,) < reagent A, reagent B7} 2 2} 4.6 %,
9.4 %=E thh o] E Holi=dl o] Zhang et al,(2015)°1A] o} &7}
monomeric species= Aot Algkel sk Ag7F FH A v
AASFR o 7o whEl B Aol A4 monomeric species(Al,) 2] SHF
2 7HAd 4 Qua Ao XY 8P R HIHESAI Q] precipitat

e species(Al) < FF % W37} o] FojX| = W34 monomeric speci
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=

es (Al 9} polymeric species(Aly) 7} W&o wpg} d[-80] WHEC}

0.7

Absorbance at 370 nm

@® ReagentA
0.1 v ReagentB
r=2.0 PACI
0.0 - T T T
0 2000 4000 6000 8000

Time(sec)
Fig. 4.5 Absorbance versus the reaction time of ferron for

r=2-0. Pkl
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HE Monomeric Al EZZ2 Polymeric Al Il Precipitate Al

Reagent A J:N5]

Reagent B

r=2.0 PACI

20

40

60
Al Species Contents (%)

Fig. 4.6 Distribution of AI(III) species for hydrolysis products
r=2.0 PACI.

Fig. 4.791+= r=1.5 PACI®] reagent A%} reagent BE H|HE 9
3 AlZbel wE 3% WIS UERUSIYE. Reagent A9} reagent B &

+ polymeric species® 62.8 % $rrstal 2™, monomeric specie
s+ 31.7 %, 25.4 % vFA"O 2 precipitate speciest= 5.5 %, 11.8
%% monomeric species®} precipitate speciest reagent A, reagen
t B AZ & Zol7F Hth(Fig. 4.8). o]# st A3 T3 monomeri
¢ speciesE AAst= Algte] wE Ay}t dekEh
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Absorbance at 370 nm

0.2 ® ReagentA
v ReagentB

r=1.5 PACI

0.0 T T T T
(0] 2000 4000 6000

Time(sec)

Fig. 4.7. Absorbance versus the reaction time of ferron for

r SEEEE AC].

8000

HE Monomeric Al B2 Polymeric Al I Precipitate Al

Reagent A

Reagent B

r=1.5 PACI

0 20 40 60 80
Al Species Contents (%)

100

Fig. 4.8. Distribution of Al(Il) species for hydrolysis products

of r=1.5 PACL
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r=0 PACI®] A% v E $18Fo] alum (Al (SO 5 - 16H20) 8] AlF &+
Lo tia] Blw 43S WaAsA I Fig. 4.99 Fig. 4.10°1 eIt
Ferron Al¢k& T8kl vkg A5 FdHo| F3=7F 443 Js &
Q15+ 31 Fig. 4.119 Fig. 4.129]42+39] monomeric species’} t)4-#
S AA st Utk r=0 PACI Trinh(2012) 2] A4 Ao % ferron
Aleko] 30% WS & E33 % W37l YUERR] kol monomeric species
= o]FolA S5S gttt B alum® 7% Han(2000) 9] A4
o]l 913 monomeric species”t 90 %~97 %E FA|F= FHOoE

1}
AN .

H

Monomeric species’} %5 ©|F1i alum¥} r=0 PACI> % A
o] Astgst s9ol Aol W gE AAES YEbdY (Bertsch, 198
7). WFH o] monomeric species’t oA 7
ecies® @At olw Qo] HAES A +F < AA &3
Aolgtar ¢ A vt (Parker and Bertsch, 1992a). o] & Al 7
¥ A9 AAL dAAel B F8tE W= polymeric spec
ies7} AtA o7 ¢kt 7pRe] WA ERE AI(OH)3Q precipitate spec
iesE Alst=d $47F 9 21 monomeric species®] 7FEEE| R YA
1 AIOH) 3= 759 13 F&E] Holdt <l AA &&= Yepdu(Tr
inh and Kang, 2013). ©]°f W&} monomeric species® &3t =3 A

bl AR B AE ¢ 5 Ak

3= ™ precipitate sp
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Fig. 4.9 Absorbance versus the reaction time of ferron for

i (51

® ReagentA
v ReagentB

0. 5 T T T T
(] 2000 4000 6000 8000

Time(sec)
Fig. 4.10 Absorbance versus the reaction time of ferron for

alum.
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I Monomeric Al B2 Polymeric Al Il Precipitate Al

Reagent A

Reagent B

r=0 PACI

0 20 40 60 80 100

Al Species Contents (%)
Fig. 4.11 Distribution of AI(IIl) species for hydrolysis products
of r=0 PACL

HE Monomeric Al B Polymeric Al Il Precipitate Al

Reagent A

Reagent B

0 20 40 60 80 100

Al Species Contents (%)
Fig. 4.12 Distribution of AI(IIl) species for hydrolysis products

of alum.
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4.4 AID 7}rE3 € ¥ BE 3 54

a5 Al 7bedl & Sxske] A=

AalAtt HAZE polymeric species®

~

Ho

%

olo

EE‘ U
>

fuieu)

o

r>4 2
0::,‘

oeF 33 r=2.5 PACI¥ thH-2°] monomeric species® ©]Fo%l r
=0 PACI# alum$ AH&-3F3ITE.
Fig. 4.13% 34 Fd&Fel wE SHAE 8 AAZES Hehd A
olth. XA FdFel T T=
eric species’} Wo] 5% r=2.5 PACIS 90 % o9 =2 8% AA
S Btk wkdel, r=0 PACI¥ alumE 80 % ol&t2] AAEES &
M ol VIE 2 SHALTS HUtHE 4712 & vy vk
€ PACIO] AL;04(0H) 5™ 9] 842 F57HA1717] W& elth(Han, 201
2). L3t oju] 7kl 7k o] Fo] & zeta potential Fho] O HF A2k
o XA FUHerL F& 9 HztFste] 3t 3F o] FAlo] dojt
t}.

O A% A 4 pH WA 52 g% AAES Webdtk(Han, 200
0). kAN B E flocl] Z717F A4 ka1 #HEst F]o 2 Hds) vhdo]
A7 WEol AYE 4 SFol Felet™ 8%l = precipitate
species (Al) 7} JAHeF F71E5 Fote] & floce FA4sto] a4 o=

B 55 A A (Trinh, 2012).
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........................................... <
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o
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Coagulant dose (mM Al)

Fig. 4.13. Turbidity removal using different various coagulants.
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sholl A ek Q19 FEle thii 8314 1oE DRPO FH=Z &A
3Fth(Duan and Gregory, 2003).

Fig. 4.14= 534 %ol W A8 DRPY] AARES UEk
ow SRAA FUHEFL Al mol/P mol B]E YEFY AT Monomeric spec
ies7b o 5% r=0 PACIZ alum® DRP A4 &&& 65 %~90
% o1’ o % 7 EA YEbR O, r=2.5 PACI 50 % ©l3te] w2 A
A ZES e

Trinh and Kang(2013)2] AF-elA SHA Fd=e] F7Hed4= PO,
oF Alo]= 8] HEA = T7HA Q) AARE] AFHor Frhen

H 13}3 T} Polymeric speciest -3 o aaAd Al 7+
TealFoz deA AARE Q1 AA M= obFd maE YUEA X
o 93]# monomeric species(Al) 7} =2 2l AAES B}
(Trinh and Kang, 2013).

olAqd AW 2 4 vEA At AlID 7HrEalEe SA =
ot A2 vl Fostt 22 % F71% S AR} Adolst Al

R

7VrdlEs wEE YEdYE A543 (Youn, 2009)E H o™ Al
7FrEallE e 5SS wEA Felsto] Al A SAAE AYE
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Fig. 4.14. DRP removal efficiency using various coagulants.
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1

AS5FZEE

Ferron &2AA] A|eEA| %o 9Jo]4 Hydroxylamine hydrochloride,

,10—phenanthroline monohydrate A]¢Fe] A7} 5o w& AI()

Aera Fo FFS v ¥4 Sk A2 PACIS Aol 2t
71%e] WE AID 7HeRe) £ RIS Feldto] e ARE
ik,

1) Ferron WA AJek A% HMHCQl reagent A, reagent B 2% &Fu|g

2)

3)

FEEE AT ferron Aleke] wkgoll W UV S4%k0] Ase <470
FEAA B E FREGAAA ARSI 0.999 oo
‘8730l YERAH

Hydroxylamine hydrochloride, 1,10—phenanthroline monohydrat
e Aokl H7bEl reagent A B§ 5727k ferron Aok %

g71zkel Aot vkd

-
rlo

- 23EE 104 & 5%
U] FFE Zol7t fiSlth wEbA reagent B
Q2 gle Ao % YERY ferron A|FS
2 ARgo] G A4de Zow UERTh
Ferron WAAISF A Zof wh& AL 728l & 325 &t 43
r=2.5 PACI2 polymeric species”} reagent A, reagent B7} Zt
7} 96.6 %, 92.0 %= YEF o™ r=2.0 PACI2 polymeric specie
s’} reagent A, reagent B7} ZF Z} 87.7 %, 85.0 %= YEFWT} r
=1.5 PACI2 polymeric species”} 62.8 %= X om r=0 PA
Cl ¥ alum® 7-% monomeric species’} reagent A, reagent B

zt 7} 94.3 %, 93.8 %, 86.3 %, 89.4 %= TAFSHA LFERSE
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4) Polymeric speciesE WH# 373k r=2.5 PACIZ} monomeric sp
eciesE OlF @73 r=0 PACI ¥ alum® g%, 1 AAZES

29 A3 polymeric species’t W2 SHALFE 5L AAES

o] A et S, monomeric species’} W& SH A= Q1 A A<

319 A& AT,

ot
o

i)

A0 7 reagent B AlF WO Al 7FFEs] £ E37F 7]1&9
& A eF Az W AR AoE YEREE PACLE Az A d%F
ARg-ell A& Thssi, sA47]%ke] HQ glo HF &olT AoE e
=3
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