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Application of Jet Loop Reactor
to Struvite Crystallization
and COy Absorption

Go-Eun 'Cha

Department of Environmental Engineering Graduate Schoal,
Pukyong National University

Abstract

Part 1
To investigate the performance of a jet loop reactor with the two-fluid swirl
nozzle (TSN), CO. absorption experiments in an alkaline solution were
performed. The experimental results obtained in the reactor were compared
with those in a jet loop reactor with the two-fluid conventional nozzle (TCN).
In the study, the neutralization time of alkaline solution and the COsutilization
were used as the indice for a comparison of the reactor performance. Due to
the swirling flow, the neutralization times of alkaline solutions by
COqsinthereactorwiththe TSN were shortened compared with those in the reactor
with the TCN. Also, the instantaneous and / or overall COxremoval efficiencies
in the reactor with the TSN were higher than those in the reactor with the

TCN at the same liquid circulation flow rate.



part 2
The characteristics of phosphorus removal from the wastewater containing
high concentrations of PO, and NH,* by struvite formation in a jet loop
reactor was investigated. By adding air into the jet loop reactor, the initial pH
of the wastewater(pH=7.2) was gradually increased to 8.0 due to the CO
stripping. As a result, the amount of caustic chemicals added to maintain a
desired level of operational pH of 8.5 could be reduced. The molar ratio of
Mg:P in the wastewater used was always below 1. Therefore, the magnesium
concentration was the limiting factor for struvite formation. To find the
effective magnesium source, MgCl,, MgSO,, MgO, MgO+MgCl,, and MgO+MgSO,
were used as a magnesium source. Among these chemicals, MgO+MgSO, was
the most effective in saving the operational. cost. Throughout the experiments,
a high percentage (89%) of phosphorus removal was achieved when MgCl, was
used as an Mg source. The removal efficiencies-of phosphorus in the jet loop

reactor with aeration were higher than those in the reactor without aeration.
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1L A&

71-4 FFubgolA 7AY FFEES FTHE WA =Y AF/AIH
F&55o 274 71Jd¥ i Cao et al, 2007). olo] met APAFLAEL 7]-Y
SoA 1Al FEe SAANII LA FFAAMNT S Foisith
S7HA MEE F4AX 2= packed tower(Luo et al., 2004), spray tower(Li
et at., 2010), bubble column(Darmana et al., 2007; Fleischer et al., 1996; Shah
et al., 1982), agitated vessel(Pakr et al, 2003) % & FH2o F54s7]71
dom, kgt Fokd HEHUTh Gaddis(Gaddis, 1990)8] Ry w=rH,
bubble column X7} 3rekstal W2l Azl g A= Lolsiy, B A
o v EEFAEEEC] *2 @ o] ) Agitated vessel> L& ] wuk

o g sl-9te] B FRAE, W YEAHS HPOoEA BIALEO]
[} [e)

A 5L 7-4H4SE5 198s A
AL 3FA T

ol|# 3 EA|Z d|43t7] 93te] jet loop reactor’} 7§¥HBohner and Blenke;
1972)5] 1 2, jet loop reactore= AXHAE Fojdo = Hi #3HS 53t
o A} AV dAS ARE £FsHAA L& 7]-Y EFH AL HGE
=3 5o aFrt AT K sk

o] & o] gsley dEYole strippingS F3F & (Petruccioli /et al., 2007),
d=H 5 H71E AAKang et al, 1990), ¥=xA HFY IINA AY
(Maurizio et ali, 2002);. CO.ol 2|3t 1+Ze] #H<4=2 F3HSon et al., 2013) 5
A7 FYE vkAk B oE nlo] w2 jet loop reactor: draft tube W4
of AxE o]fAl EolA ZA AA7F BAE uw AAEE AAAE <
af wAIZE 7127} A H] 7]-AXte HEF WA o] YWolA L dRAET S
Hth E3, draft tube WEE 3FHFE 529 §A47} annular spaceE E3)
AERE St T, 7]-Y &59] dHEU) draft tube YR Z Ae3E o] 7]
o] AFAIZEe] FrFeta olZQUE =2 EAFGES 7FAA "Hh(Pohorecki
and Moniuk, 1998). o]&|gt EA ol we} 7]-9 FHw3S X3 ete 315H4, A
=324 Ao AL&AT7E 39 v Joy, o g okl S&AFH
F a3k Aol

weba] B Ao A Ejet loop reactore] HEATFTEA CO.9 F5o 93
2 g F3steE A9 struvite 2AHI} AFE FESS HE s
ot 12t ST

AA part ldAE 7]-9 HESVIEA we EAAGES ZE jet loop
reactorg ©]-&st &z &Y AL wrt2Fo COE FTAA Tt
A=A, Lee and Sono] 7W&gtk o] fA 3] x=Z(Two-fluid swirl nozzle, TSN)

to 12



< jet loop reactoro] 83t 7]EQ o]fA =&(Two-fluid conventional
nozzle, TCN)# CO, &5 A%< Rlustdth TSN AAF=dvl A3 FE
FANTI= A7 IA7IE FUIste] AV ' Hoem EAkE W A3F
E =S AA - AFRHAG. olo mEt EAE A3 Fol ofste] B 7
Ak 71278 AEH, 7] el dRAE =3 Ho A Z1Ae AR
Azl Eolus &5 7hA 9 TCNS P%ﬂ% Aol wistel B 2 =dA
GEE B AoR oddn. w2 A79 part 1914= TSNe] 72+
jet loop reactore} 7]&<2] TCNe] HzHd jet 1oop reactoroll A CO. & &A17
st= #AA oA F nozzleztd] Adss HlagristaAt st ARt €A

Azl EZe 8N pH7E 10.1014 7.07HA] F3hE]= A3 CO, o] &
&5 A8 vustA

Sk, kA AF3 2 jet loop reactors= o)A EolA EALE = A 9
ZIAIZ Q& ¥Eg7]e) A aerationZ7}A] & Atk Aol ATt ol wet jet
loop reactorg o]-&3slo] struvite ZA3} WSS AZ AS, HE Fo &F

7(:)]
CO7} &71=¢] #49 pHE 4 FAZF Jdoh &=, T struvite 2
A3 A|2Hlo M= aerationS 93 WEo R Ml XE. FIIE X5}
aeration2 dF3 o, jet loop.reactors wAL-&3st= 749 aerationd 2 A3} Wk
S Sty HkS7loA Fallsk4 Qo). wEhkA part 29 A= jet loop reactorE
struvite AA&HF3-71 2 & &3k jet loop crystallizrolA pH A<sH, Mg 33¢
°] F#, aeration®] EI 123 FFHIES AEste HEIMeH S AESIL
, ol HA 2HxAS =50 A ST



2. o] &3 w7

2.1. Jet Loop Reactor

211 =

Jet Loop reactor= Loop reactore] dFo.2 ol 279l H|7} 5~7:1

Aol BrSr] YiE sedds okz o] /WE dratf tuber}
2 ¥l glom, Wyl 4R FYE F718 At FFHE o
(two-fluid nozzle)o] &< Jth.

=
=
AES ste olfA =5 dFYPoE

o

Fo 4
»
{o

A

=

o

47 FAo 3} fuEE
Fhefgigel Qln T HgoRE Bol Edsh: oAl giwel Utk w
$7) AnoE AARgRT}t B, oHle B MEAINL BE I
F8 71EE Bess FUoIth o fA =F0] W3] siel A 2m
gro Qi ol g WA w3 hafUT BREANA e v HY
& JHA 2 RY B AddoE FYH] WE) £ ol &
7 fobs ®7] WEel =S HE7] Wl F1EE H 7 ARALE
7AW dratf tubed ek HAs WL SBely] wlEel e (Vogelpohl,
1988)

T =22 FUHE 23S ABVHEY =22 FYHE Foi
SRR Fol7) we T draf ubee] Z7olH FrEe Anjsh Bk
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Fig. 1. Principle of jet loop reactor with

internal circulation.
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Jet Loop reactoroll A 7t2=HdgEL o] FA =& oJste] o] Fozxitt
(Wachmann et. al, 1984).

FTA e wEd EL £R(VPE Eo] FUHHE =& EFEA
HANAEQ}F v 7]E7} wrEo] Xt} o] w] AAAES Impulses=
A QS shed AANE £ 7|2 AV dratf tubes wWeEt 8=
T UAEF FE3H EAE2E AV dado g FGAHHA st TR
¢ EFE F4S FAMA F71E FAstL TtaFA s F7
T (air skull-cap)S WHEA ghrh.

A QA A Elfree liquid jet)e] FAF-ANAE w2 AH(shearing
force)ell  olste] wAZIZEERE  fFAdEE  F7I(Ve)S  1xHE4Hprimary

dispersion)o] dojdtt}. o)Al wEolA FAE wAr|x} AAETS
dratf tube o}#)E W7} vido] RUX dratf tube ¥ S o} 453
o 1 dF+= dratf tube WHE2 AefEHIL YA w37 G
degassing chamber& 1}ttt AedEE 7fEE =& ofy 2o A
AE A vPgel| A 22 iksecondary dispersion)e] .

Ol F Al & AV FUFH =2 £Eo HAAAEE FAH3] A
st AP e Eo] A&H R FgEojof s, HEY] AR J|AE

o]
gz ES #3PZE A& o7 FQlaith
2.1.3. fAYsts EA

B Ao A AF_-EE jet loop reactors= COy9o FEAFoAE 714)-
A7}, struviteo] AA S} AFAM = Z1A-HA-A7F St E o] wEE-S)
= O A% 7)ol

i As w7 A ZIA - A Aol 4] EF HIEELS FAH ol
o5t AA AT, Fa| sk v A H(specific phase interface), z+ 4
o AFAZ, ALY, TEEE T 9FE vHTh

Jet loop reactore WFSZ UWolA fFAIfEo] wl$ At A
AW F55 ZIANEHY F717F A £o2 §F AYe d ad A
ol AA=H, ol AA 9 AEdo] viEx W ZIAE ©S o #Ys
Al F4EA717] v o)t

A &5 v 5T wg & FES YERAT Jet Loop
reactoroll A= Aol o)fA o o3ty FAVE EAEO EF

YEE3 By 71 e f&o] F7hgel kgl Swirling flow patterna
7&%“* S 2 straight flowe} wavy flow=Z A2 Aot} st&Fel 7] A<}

Al &0l 44<s3tel= bubbled| #%&& %34E # Straight bubble flow
HthSigel et al., 1986).



VA el g s A ZA-dAH B xRoA Y ETFEZHH
7] W&o oju 3t air bubblex HA Q] &3

Z1A el Ao ‘s of A%
a7 oketh 2EY JA frFol ©S F715tel wme} air bubbled &3
F 585 AFSHA =Ha ZAFEe] o' Ao Yo R FEsiAl HH
Z1A1 2] A=gho] WHAYsIH o] w HA =& bubble] FH F4o
Fol Eojof g}

A =8-S jet loop reactor AL FR3 lxto|t} st WS-
A w1 oA =Eo AAFEd wEl FUEHE TV kA

=45 HAo] Y=t o] heterogeneous bubble?] ¥-3j
= W37l EFd=9] A= AAA HE
7] o] vhE Aol AXA Ho| A AL FaAIA W
t}. T heterogenous-bubblee] W3l 7} #HAHA-dratf tubeoll 4] gas hold-up
& o] F do] A £BS 9T FYA FAHe FaAAT W
<7] 7}2H dratf tube2 7}A|+= Jet Loop reactore] 7% 2709 4~8&E
I = shb= dratf tube HEZ f]ol, & Shub= sk SW 7
A ol Al Ay H th(Weiland, 1984).

olf A xEoAE AAE Aot EAALEA I EFE
F AL o EgEE €3 S5S FHAZT oA FYEH
EEIYE e EEA EES U aRHoE N A S EFE
=%t} w2k Jet Loop reactore= Ol A &S FIA wmEA AG
He WE F&5 FASEE HE Aol SHiskdth.(Son, 2009)
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2.2 Struvite

2.21. & - 3544 44

Struvite ofgf w32

A (D3 2ol AAEM, Mg : NH/-N : PO/ -P2
0711 12 FA45 3

= AR Aot
Mg¢** + NH,+ PO}~ + 6H,0 — MgNH,PO, « 6H,0 (1)

Guanite ¥+ magnesium ammonium phosphateMAP)gt 1% E&lo] %
H, &4 FHE= MgNHPO, » HO, MgNH,PO, * 6H,08 F71A HE &2
WAe =y 9ty HFE 170 48 7S uw EEHa, Eo g
S =7F von, 2 Ao A SI=Es wle Erh =T dviE &

Mo A= Sl A Evtal &e#lA JthBorgerding, 1972).
2.2.2. pHe) 3

struvite®= ol® Ao A Mg®, NH,-N, PO/ -P o] &E2] % %7} struvite
solubilityE 33 w AAH=H=d ojm I Al(system)d] 8] pHS} o] &
o F&o] oEstA "ok o] Al €= EF pHol o|&Eshr] wZol
pHe} 34| struvite solubilitys= RskAl ¥ thOhlinger et al., 1998). =3,
thermodynamic. solubility product= pHel we} Aol m3skx] A v
struvite®] &3)&E= pHOl ¢ ZA oJ=stkal H ikl JQtHBurns
and Finlayson, ‘1982). ‘Struvite?] pHoll wE& &sj%o] #A3 o] Ao
A struviteo] H4 "gsl=E pHel - wl® =A =3I AT
Struvite®] pHell @& &= #T o2 AFolA struvited] Ha4 &
=+ pH 85 - 9.54ke]ol A Yem(Corre et al, 2007), Burns and
Finlayson(1982)+= 4~ (urine)oll A struvite Ao Q3+ pHe 70|40l
w, pH 74914 pH 6.82 ©=| pH7} 0.67 "WolH %= La=7t 75% 27}
Al =# pHE 4002 Hojmald &=} 708 A= F7tskAl |ok
AT A=E Bx3h. Borgerding(1972)- struvitee] &3] =7} pH
Z7vekd A =M struvited] A &S Eol7] 9siHd= pH
.0 °o]’Fo] FHojof sty B v sl th.(Kim, 2006)
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223. 259 ¢

a
O

250 & struvited] &MEE W AHEECl st AFEHH T
Borgerding(1972) <F 257 ol MgNH,PO, * 6H,02] &3l =7} 500mg/L
2 JehEs ¥ Chirmuley(1995)¢] ATl A= 25€C o] A} MgNH,PO, *
6H,02] &3] =7} 160mg/Letx X 13l Burns and Finlayson(1982)-&
L7} Z71sto] whgt struviteo] fEx E7130hal B A T &
ARE ol# 3 AFS of 25ColA &7t Hujolal 2571 Folxel
w2t & =rt FHAdte o] yEuth I, 250 W& solubility
product constant(Ksp)&= %2 AFAEC ot AFEHAoH, o] Fe
ATFAE wet Ao xol7k AT

25C oA AF7HA dHZ pKepe  12.6~13.15¢]1H  12.6(25C, at
negligible ionic strength)o] 7} dz] A-&% = Fko]tHOhlinger et al,
1998). Taylor et .al, (1963)%= ionic activity®} magnesium phosphate
complex?] o8 £F%5 sluke]l magnesium phosphate complex WS 1l
Hale] e 2%oA 13.15(25C, negligible ionic strength)e] pKep#k<
Aok o] g2 1982'd.-Abbona¢k 19 FHE0] AT #H IAFS
H, 19943 7FA] 71 A&k ko2 Q2] FitHBuchanan et al, 1994).
AT 919 pKyy #HES AA HFolA HPEA 3ol & o]2A %
(Ionic strength) ¥ ojg] o|E3e| AAE FAIT A4t ghsclH, o]
g A& <1243 Ohlinger et al.(1998)2 3%F°] magnesium phosphate
complexes®} ©|2FEE I#H3t pKy kel 13.26 olgks AT AHE
WS TE o] Talyor et al(l1963)o] 43S pKopatdt A w3t
}.(Kim, 2006)

2.24. Mg, N, P 35 do=EA ¢ struvite

Bridger et al.(1962)°] struviteg %td], FIUF, B&, £5 7% A&
of &3l HIEEAS HEA
struvite7} RIS EA BYdd &35 LITS
oz A3 A3} struviteE &3 o
Aozt FEFHAA 2v] o]} AAHAECl FUo
spurce®] 79 4o} HAE Aol HATH

White pine, Douglas fir, American holly, Multi-flora rose, Norway
spruce, slashpine ¥ TE o2 A& struvitegs A& 23 A4
HEE ARES ZET o Mzo] © sta AAFEC] F3o] HEH
At £ dFo® 3 HAIoA struviteE BIFEE o] 83 Ay HEE

o] 83lA] e Ao Hl3] Loblolly pine, White pine, Tulip poplar,
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Norway spruce, Black locusel] s << FE3|7} Z+2 75, 24, 57, 27,
69%7t 7Vt AHE LAt o] olfox o2 A& s struvite
E HEE AHESlY 5T we AAE dgloen 99 oAy oA=&
struviteol] 5o dE A, < vfavs JEFT a9l &
9% Aoz AZHATa Bridger et al.(1962)-& w@3ta ok =3
magnesium source®A] ] struvitee] o #AI AFAF vl Fol
B3 EokolA A= Aol 1-4-49] H]E&E A XH struvite?} MgS
o3k AHE MR, MgE XA e AHERIRE H&std A
Re W Mgs 2T FYE& vz HEH & AT Mgol

Hl 5o &= & AxHET 20% U GEAFo] Adev AAE F8
o, struviteo] H-gH A= Mge EEsHA &S YL vz
Hlgl 42% O FFAdol A= ZAAE stk Basta Qo o=
7129 @R} struvitert MgEF ZWolA o @gHolg: 3
Bl = A o] t.(Kim,2006)
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oA AIxE&& A3l jet loop reactord]

7= Fgubg-of A 7] A 2 %—’FE%% ST WelA 7t2=9 AFAH
T 2 , 2007). oo me} HIAFAEL 7]-H
IFgo A 71Ae] FE&s S ]71JJP AR N 23S wrogith
S74A e F4732 2% packed tower(Luo et al.; 2004), spray tower(Li
et at., 2010), bubble column(Darmana et'al., 2007; Fleischer et al,, 1996; Shah
et al., 1982), agitated vessel(Pakr et al., 2003) 5 & =7/ FF4<7]7}
o, tekdl Eopd A8&=EIth. Gaddis(Gaddis, 1990)e] R w=,
bubble column2 %] 7}k Z}%o}"r A4 A2 olsk AZ= fo]sfu), EF &
Aol Hlell =AML ESo] B> TAo] AT Agitated vessel2 @z wyk
‘&TET%E We ASHAs 7o E2H SdAG S0l
o 3]

¢
#
'®
&
(@)

FTES 47 fsted HAZIZE FAAT
p reactor’} Bohner et al.(Bohner and
Blenke, 1972; Rehm and Reed, 1985)°l <J3] 71= At} Jet loop reactore=
draft tube Wi 2XE o] FA =EolA 7|Ae}t AA7L EA4HE of AAEH=
AQAAE oal wAgE 7127} A 7]-43te] HF WF o] YolAL P
FAE7F SH]EY. T3, draft tube WH-E StFFE =W FA7F annular
spaces Fa HFFE St ¥, 7]-9 55 dF7} draft tube HFEZ A
=8 Eo] 7| A F ATt —2—7}’5‘}71] H th(Pohorecki and Moniuk, 1998). ©] &
g EAol o3t 7]-Aq3re] EAADGE0] FolAH o] HE o] &3t dEY
o}o] strippinge T %Zél(Petrucaoh et al, 2007, FEHF] F71E AA
(Kang et al, 1990), ¥=% #H<o 714 A gMaurizio et al., 2002), COqol

—_
o
o
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o maAE H4Y £3(Son et al, 2013) 5 7]-Y FFEkeS xdstE 3
st AETH Ao HEstr] A AF7F AYH ok HZ Lee and
Son(Son et al., 2013)2 jet loop reactor WjF-o AX= two-fluid nozzle®] F+=
£ JfAEe] 7t HA7F nozzle tipoll A EAFE W draft tube UlF-oF 9JF
of| A swirling flow7} @A == two-fluid swirling nozzle(TSN)S 73} o
Two-fluid swirling nozzleo] F2+= jet loop reactor= 7]&9] two-fluid nozzle
o] Bz2+e jet loop reactore] HEte] Z|E A7} wlAEIAH, 7)1ES} A7}
draft tube®} annular spaces T34 W GFAE7F F7IstA, 7]-9xr 4
GEE7 O FUE AR o

wetd B AFo|ME two-fluid swirling nozzle(TSN)e] #-2+# jet loop
reactor®} 71& 9] two-fluid conventional nozzle(TCN)e] 2% jet loop reactor
oA COE FFAAS = HAAGoNA F nozzlezte] H5S v¥luH7staAl a9
o AsE7te 98 2HxdolA dZe&Ae pH7E 101904 7.070A F3}
He A CO; ol 888 =435t vlmstst.

rr

U

Toll A A3 lab-scale jet loop reactor Al2~®lS Fig. 29} #th A2~
A& =7 jet loop reactoret A=, AHFHZ $3HZ CO, bombz
t}. Aol AR&= jet loop reactor= down flow el 958 +
z + Rh&¥, draft tube, 71-9 &£8Zx, o|fFA === FA4H 3
o} kg3, draft tube, 7]-4 B2 A8F Fx9 FHT ohmdS AHEE)
St} Jet loop.reactore] ZHAlzEo]l 1 m, &84 285 L, w8372 =] 0.75
m, YF2A7 0.10.m, draft tubee] =o] 0.60 m, F 27 0.049 m, 7]- &g
z9] %] 0.35 m, WFA74-030 mE 3k

w29 QA FEHS PR 16 mmel PVC A #S A& A,
StRE ESREHEE JHE 40 mm AHAA EESHE ZA5E YREA Ao
o g Zpotx EZHoAY YHAA o] 5 mmrt HES F(corn) FEHE
=g

a8l 71A S

T
o
A

2 b
DN

bt
22l
rlo
=
ol
[\]
8
8
1o
W
)
e

92 FHE AESEON, GAf

B Ay AMESE 7 7HA =59 FH+= Fig. 33 2t TCN(Fig.2 ()<=
AR A AAFERSY WHG JAFERS qHAIE E2E AV =
Hot. a28l3 TSN(Fig.2 (b)e AHEE 7% A4
H A3R/ FA7e el =& "ol A3 [t
- AAFEFH YR AXHA JdEe VAFES
Hol HA AEC H&w WA 7E27F FA4H



F2 524 dd. olu TCNE AH83 7o vl3] TSNS AF&3)
-, draft tube W<} annular spaceol A FAle] 50| =AY ¢
Aupeko]l 225 A3, B v)A3 727t A=Y, draft tubest
FHE w FAHE M3 [ st dFRAEI FXA

it

annular space

Xm

Gas outlet 15 [V]

il
65 10\\JJ‘ L
—— Liquid ficw t 4 — + Uiquid overflow

T
———» Gas flow e
—— Two—tluld flow :

Saee Flg. 2

. 42 S

13

14
12. Jet loop reactor with
1, Storage tank 6. Check valve P
. W TSN
2. Sampling valve 7. Liquid flow meter
13. Draft tube
3. Valve 8. \Valve .
L . . . 14. Treatment solution
4. Liquid induction 9. Circulation pump .
. discharge valve
volumetric valve 10. Nozzle 15 Gas flow meter
5. Valve 11. Gas discharge valve

16. C0, bomb.

Fig. 2. Schematic diagram of experimental apparatus used in this study.
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Gas Gas
Liquid | Liquid

g

AR RN

&

Two—fluid Two—Tfluid

(a) (b)

Fig. 3. The cross—section of the nozzles and routes of liquid, gas,
and two—fluid flows : (a) TSN and (b) TCN.
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BAAGZE =o] 1.15 m, A& 0.92 molH, F &7 600 L) HDPE =4 <]
B2 A Y. AAAF=Z Yoll= tap watero] NaOH®} NH,CIE F<) 3o
pH 10.1, NH3-N 60 ppme] HE=5 A=x3 <z o] FANGY. BFP=
(WT600-2J, Longer Co. China)= 3]d47F 60-600 rpm(f%F 180-6,000 mL)<!
HEE, +£3F=(PSS 80-066, Hanil Co. Korea)= Hul EEF©] 80 L/mindd
FAFZE AL R e, CO, bombol+= air 85 %, CO; 15 %2 ZAHZ &
gE 24 =@e 53 fY= %2%1“4 |4 o] Zfo] o] FojA L w7 ET}
FAEH EESFE ARG =E27YH BAME A= draft tubed] WHE

72 =

=3 st 23, annular space% AEFFE TS o] HAA A draft
tube 9|8 Zo ZFH3 stream lineS Bl 53 71A9} dA9] dFHE= =&
ANA EAE = &l oall thAl draft tube WH-2 Aedd. T8y 4FR
o FA F Wz g J7tL FA(F, draft tube ¥ OEZRE W &2 §F
A A=A g 7= Bexg &8 ozt 7]-9 EgxE &Y

-

EN

v 2] AR 7tafEBEE T wiEH, A
ZE TS ] YRR w3E g o f AL =EE FEAETH
gty Ao FYL A, 7hAE AEFH o2 FREE semi-batch modeol] A
TCNs} TSNe| AsS H|wstzl $3ked TCNZ TSNoJ 7]'7] A2 jet loop
reactorell 28.5 Lo &zg &9S % N T, JZE &Y =3 FFS 12 -
32 Limine 2 WH3A7|HA LA} FA7F2= f30 LiminolA <zz &4
pHH3E =435ttt olu] &ze] &< pHZE 101914 7.00) 2 wWi7t=A =
stEl= d Zge AHEe F3HAIZHneutralization time)olgt A o)dTh E=3
FE7hs $9 CO B £&2 CO, FUARCZRE IARARL HAQCR)S=Z
CO, =#47](Optima 7, MRU Instruments, Inc. Germany)Z o]-&sle] & =
393, SAHARZRE 1 CO0l 887 FE CO0l 888 AAtstath

L

o
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33. 2% 2 nF
2.3.1. AA &3] Wl mE FIAITE

Semi-batch mode | A4 TCNJJr TSNe| A5<S vluslr] Yete] 4 =&
jet loop reactorellA A%k F3(1 Limin)el 7127 A&EH o= F42 o, G
Y WsH12 - 32 Uminell @& <] 8949 pH W354-e Fg 4o o
BRI it

11
Qa (L/min) | TCN TSN
12 ® (@]
16 * ¢
L i A Fa
2 = 1
P * <>
9 v ivy

pH

6 T T 1 T
0 10 20 30 40 50

CO, injection time [min]

Fig. 4. pH changes with respect to the liquid circulation flow rates
in the reactor-with TCN. and TSN.

Fig. 48 H® CO,9 E#&0°] 0.15¢ 7t=% 2)
o] F3}s|o] pHr}t ZasE AFS B 5 Stk ol& b F9 coﬂ} %a
Mol F4rjo] OH ¢ HR23le] & Dot} o] AWE Ehz
b ol tis HA =3k W] wE YA S Z7] pH7E 101004 7.07h

FagEd 29 A7, & FA0S ZA8 e 2 23S Fg 59 e

oo ofo

N

o %
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[} TCHN
O TSN
40 .
E
E 5
@
E
5 36 -
5 #
©
5 341 B
4]
=
32
30 ] 1 T T 1 1
8 12 16 20 24 28 32 36

Liquid circulation flow rate, Qr [L/Imin]

Fig. 5. Effect of the liquid circulation flow rate on the neutralization
time.

Fol =2 AESIAS w F3AE gEXA
32 Limino.2 Z7}3tol| uwhetr] F3hA

o] Z+A3% & tA Fusle AFEFE HAY o]+ Son 5(Son et al., 2013)
33k Ao Aot Az tEAu AEFS FAEHA e o)
A7 e = ol f= A

oboﬁnikrlﬁ:{\rltlrﬂ&r:ir&
O

=7F $7kH 0] Z)-4te] SEAR 0] SXHA, o= Jlste gy &
o] ZFFAFL L asA v WA EFFFolpol oS 28t GRA
= Z712 A8 % 7129 rising velocity7F 78kl 71-9 o] A FA|Tto]
&3] W] FaAgte]l AR ew AXguR stk £33 B A3
7} Son &(Son et al, 2013)¢] Ao} AuigtelA ztel7F U olfFE2E A
§l_

i

Ze] 849 &FF HolE ATHTH

Fig. 59 AzollA L3 AA &=8-FFollr TSNe| F3 A7) TCN9| Z
ShAIZEO] Hlsl] HAH R FA UEET oleld HAI}e= draft tubect
annular spacecl| A 7]H| ¢} AA S s Fo] FAWEF Tho] EAsk= TCNo| H
3l TSNS AF&3AS 25 TSNS EERoA FAHE A3 Fol| 93t 7]
7} 8% A, dFFEE A, gas film?} liquid filmell A2 v%
Tl 7 S7 =0 7]-Azke] EAAGEC] Fesy] WE AoE AsHG
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3.3.2. CO, utilization
3.3.2.1. Instantaneous CO. Utilization

B oAY 2AFYtE F CO, B g 015 <ze g9 %7 pH
1 1 L/min, Qzx = 20 L/min)ollA CO; FY AlHo2RE AAHAZE
HARIE)CZE CO, FUAZ e e dZe] &4 pH Wi} FE7t2 F
WIS =45ty 1 A3E Fig. 69 JeERAT

11 8
® TCN
O TSN
10 1 3
pH - 6 "g'
kS
9 =
0
S L4 ‘5
c
‘4 8
o
m
| e
=5
T L2 2
=
T T 0
0 10 20 30 40 50

CO, injection time [min]

Fig. 6 Effects of the CO;-injection time on alkalin-solution pH and mole
fraction of CO, at.the outlet (Qg=1IL/min,Qr=20L/min).

Fig. 6= 2@ CO, FYAZe] &
Z7l2 79 CO, B B8

NEds %"—ﬂol & ol

e g9 Zﬁ}b 1:&8*4 @ - We= 89 & 4 Ut
(Astarita and Glovanru, 1967; Danckwerts, 1970). H A, ¥F-3-2] (2] olslo] &
o o7 Fd COxlaq)s OH 9 wHgate] w32 (3 (4)o] HPAT)
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CO,(g) + H,0 & CO,(aq) (2)
co, (aq) + OH < HCO, (3)
HCO;y + OH & CO}~ + H,0 (4)

ol <4z & pHIF ¥ &N OH =7l =71 WZoll &l
F9 COAaq)7t vE-&Q)oll ojste] w27 &xHw, ol mah w34 (4)
o] A& or PAn. weks g e OH s =7 hadtel webA &
Ze 899 pH/F F&5E 2712 F9 CO, & &0 AAe Fo=
TET

ojuf, ol AZF tollA WEIIZ FUAHE 7t F CO, = E&F F
=7t 9 CO; & B&S 348 AAFEHZHFE P AIRE toll 49

=3 COz o] &85 4 BOF ol&st 7 &+ Ao

e Pcd, i SR PEE O, 0
T]CO (%): mn 2,171 , 01 2( ><100 (
2 QG’,M . y002,71n

ot
~—

¢

A A A= € COPIEE, Geu /I, Yoo €08 & T8,

24 ind out2 RESZIZ e Fd frES LEHAH.
=3 Qoo A 0F #o] 2L 4 AT

o

|

O

yair,in
QG,out i 7 QG.in x (

Yair ,out

(=)
~—

2 Gl 4 ©)F oy w1088 A D7 ol Yerd 4
9le.

QG,in X yCO.ZA,in - QG,in X yCOZ,out X

neo.) (%) =
CO(0) QG,i71y002,in

metA] B AFdAE CO, FUAHZRE I Al 142
7ot F&7129 CO, & &S 354 3]
=3 CO0l&&& Axtste] CO; +=Y Alztel ot
AE Fig. 79 JerAT
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100

S

c

9

g 90 -

N

5

ON

&)

w

3

S 80

c

(]

B

=
& TCN
O TSN

?0 1 T 1 T
0 10 20 30 40 50

CO, injection time [min]

Fig. 7. Effect of the CO, injection time on the instantaneous CO,
utilization (Qr=20L/min).

Fig. 7& RH COy 7t2 FYUAR, & COz 7t F#Fo] S71EFE &
t CO;p o) 882 Zaste 4 = 9A ARd

Hhsh ol CO, 7hs Fel@ol 271858 dual gool

7d-5-ol Hlste] =ZE-COx0l8E&0°] 5o &5 AU ol TSNe| «10}04 K
AE A3 F 93 72 T2k O gAEIAE G545 o Eolx] 7]
o) &
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100

<
= f
=
o
® 901
M
=
oN
O
w
o |
S &0+
=
(]
©
=
& TCN
TSN
?D T 1 OI
7 8 9 10 11

pH

Fig. 8. Effect of the the solution pH on the-instantaneous CO, utilization
(Qr=20L/min).

=7 ‘/}F/P/}I’— pH7} Bropxl o we} ZhAsks E‘?_“?} oj¢} 22 A=
%A A niol o] dzbe] &AoA COo & 2
AA Wg= AustA Y, ¥4 Q)= BI7IH A
21 @) Ze 2xHrg o 2 dEhdtial B g v} 9lthH(Astarita and
Giovanni, 1967; Danckwerts, 1970).

Paco, = W{CO,)OHT] (8)

webA ddEl 8949 pHrbw= A e 39 W& =7 Wk Al
o, =3 CO0l8&o] =4 YehdTh

Fig. 89 wt=™ TCN3 TSN¥e] pH W&o 2 =3t CO0l&&2 =
o pH7} Sope wel HAdte AFES Holu, B ]
TCNell Hlste =4 Uetds & 5 Aok o8 %
Hl¢} zko] TCNoll B]&}e] TSNo] FAst= & dHA
FHkgo] dojd u gas film¥} liquid filmoll A 714
7} S7tEO] -3t EEAEE] FAEHT] W oE AEHETKSon et al,
2013).
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3.3.2.2. Overall CO, utilization
AHZAGYE7IE T CO, & B8 015, €28 £9¢ =7] pH 10.1,
Qs = 1 Limin)ol A 4 (Dl &3l A4S =31 CO0l 888 At tigh
HEZOZ FH3, 4 (DE o83t F CO;, FUHF T €2 899 =

e
O

L
fo
i
ofe
0150 i Oﬁ

7] pH10.D7} 7.07}A] Fs}st=d A A g CO0l 888 At
T oH, Fig. 9o dA &=3FHFH F&Z CO; ol &&74 JAE YEH
At

2 (?7002(2‘,) X At)

Neo, %) =

tprr=7""To

AZVNA 1, (H)E 3 COp 0188, AtE A ARE HACR), t,,- 2

FHAR, 1, e 27] AZOEA] 0ol

100
99
=
=
=]
Bl 88
M
=
o 1
S a7
=
]
==
© 96
® TCN
TSN
95 T T 1 T C)I T
8 12 16 20 24 28 32 36

Liquid circulation flow rate, Qr [L/min]

Fig. 9. Effect of the liquid circulation flow rate on the overall CO,
utilization.

Fig. 95 H9 YA «ffFo] S7tgel et 2 COp ol&&°] @t

& UehE 897 2A%T olsh 2 AR Fig 59 ARmRE 4
D5 gl AREA £FFo] 16-24 Lmintls] WolA £ CO, o] &2
ol AYzte HAT

FEE BT FZ CO0lEE0] 97 % o]l th ©]= jet loop reactor
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3.4.

ol

7 mAIRE 7132 Ao ofs) 7]-f ko] HEw Aol FuHa, F ¢F

Zo 71lste] EFAAGES A& IRl AsET
=S, TSNS A8t S 297 TONS AHE3IA S 49 Hste Y

g EEFFONA O =& FZ CO0lEES BYoy o8d A= A3

F BA7IE AA FAEE A Fol ot 7Y A7 O AA FA

Ho] 7]-93te] HEFHZ o] YolAH, & dRAEI FHEHY] WEoE

s

a &

2 A= =7] pH7F 10190 €28 89 285 L ZX19 jet loop reactorol A
Y7t Fo CO, & 80 0152 7I2~E A1 Lmind A&EFHOZ F+9
StHA AA =3hfaFe] WsK12 -32 Limin)oll wE AlZtel| gk IZde] &9
pHt F=712 F9 CO8 & &&= 2750}%1‘3} Ola ANE Olﬁfﬂoﬁ AA =
B sl 2 ST =7 CO0l8-E, T8 CO0E-ES A% 292
HH oo 22 A8 4t

1. TCN3 TSNS Z+7] A=2H3k jet loop reactorE o]gshe] 292 f?} 7é
3} F 2E 25 3 A7k H AL 94 ’“ﬂ% o] HAQr = -
24| Limin)7F A8t 93 Y3 A =35 ZdoA TCNS # 711 3l

R ZA

o\l V5] TN ARSI DAL o= THALO o Fo
ASE et

Z

2. Jet loop reactorx CO.= —T—"‘ﬂoﬂl dZe) g S F3AT o,
9] 9] A|ZF tollAl9] E&ZF COy ol 8&L TSNS Azet 4971 TCNS 7&
2kt 9o wlste] E=A e o gl 899 pHF EE5E
=7t CO0l 885 Zol A= AEFS BATH

3. Jet loop reactoroll Al Z7] pH 10.1¢1 ¢Zg &48 pH 72 F3}5t=H
o] &8 FT& COl&&L HAgS Kol Fxho] A8t on, TSN
TCNS ARESlS ol BF 97 % oldolen, 43 HA =il
/\1 TSNS A&stas 297 TCNS A&etds A fol vt =2 F

Z COol8E&S BATh
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part 2

Jet Loop reactoroll A} Struvite A& 3}o] <)%t

3l B F A4 ¢ AA

o] B A3ste] struvite(MgNHPO, - 6H,0)
| &= Jetdth struvites F 3z o4 o
T SHAMg A F2R S fEsta, ol <l
sted 213, €A ol Hge F7h fARTHE STt
59 EAE oFr|gtth.(Borgerding, 1972). 1z} dFEE ¢ N 2 PAERS
A FUT W NI P 555 A9 AAAA AE
= 3= F S BY oolYe, o2 Q& A sk
2= H sty . (Doyle and Parsons, 2002) =3
AAstE struvites ARZAH HIEEA fdek AL PY BE&F o2 AAE]
7bssltkE Bax 9o, struvitee] AgZ o]& sbsAo] 7@t (Munch and
Barr, 2001)

ol2]gt WA dFE. ATAESC Yl AFHTEFREH NH; AAE 9%
struvite A4 A+ (Diwania et ak,.2007), struvite' Aol pH 2 Mg : P E4]7}
2= g3k &3 AT (Nelson et al,.2003), ¥ = Foll 53 MgE 3H35H7]
e FFYo=Z MgCO;, MgCl,, Mg(OH),, MgO 52 ©] &3 struvite Z243}A
(Gunay et al., 2008; Wu and Bishop, 2004)5°] <3j¥ u} At} 13y struvite
AR #AHE gREEe] APATEL struvite 2AS ] w2 #HE5 F N L P
AR AALETS vHIN T, struvite 2AE 7w HEIFE QA E 9]
= A8 AAE Y= AAH], FFH T BALES A 1HE da8vt A
tH(Neethling and Benisch, 2004).

=GR T M E HITE AASE FFHI= A struvite A3} RET
Mg AES 2337 Y3l FYsts 2FZu|9} struvite 2R3kl o] HH < pH
(8.5 ~ 9.5)Corre et al, 200NE Z=4dsl7] /g FFHIE FEL 5 Ut L¥ky
o7 H<9 %7] pHZF struvite A HZ pHREG E& 49 NaOHeF #&
dZg] FES FUSte] pHE Z43ta JQut. Battistoni et al.(Battistoni et al.,
1997) Pitman et al.(Pitman et al, 1991), Fattah et al.(Fattah et al., 2008)2
struvite 243} WAl pH 2ol A8 ¥ & oFFH] HHE 98] whg7] 9o

oy

Y

v
Y
o2
o
Y
Y
wo
N
N
of
o)
—
o
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aerations g MEO REEERE HA St #HF F &F CO7] 93t
pHE AsAl7ls d75 FdsAnh ol59 A2 ostH aerations A
ded BRk ofyg} struvited] 2AE O A AFHETGI B
16‘}1 Atk 238y pH 22 S 43 FF anFe EoER oy, 2437 ¢
Fof Ao wrgxE FHg el wEt Axnj&o] solve EAlF el UTh
ol#H 3 EAHE 23] Y3 Weto gz B AFo M= struvited] A7
2 jet loop reactorZ o]&3le] struvite AR o B3I AFE FPstaA A
E‘r. Jet loop reactore= #HF F YEYoLE strippingAl 71+ A 7(Degermenci et
, 2012), COs F=roll o3 ndze] A F3A7Son et al, 20135l &
%51 v dom, vh3-7] Yol w2 dRAE7 FdEd wet B 7- w87
of Hlgte] EdHAEEo] Erha B ot EZE jet loop reactore o F wE
SZx7F flol= Whg7] WiolA ZAAsIe} FAlo| aerationo] 7hsdhr] Wil
H9 pH AsA FHEHE oFF vl& ¥ Hx9 93z *ilﬂl%% A
RS B ofyet, NH; 2719 9|3 Neo| F7FAI AAE 7|thd & Aok
weba B Ao A= lab-scale?] jet loop reactorE og3te] & - H4 W P
o] AAE A% struvite 2R3 ATFE TS, struvite 2R3 FAEA] jet
loop reactore} &8 7}sAde AEstazk st ol& fls] Mg/P =4], pH %
T, Mg 3599 T7F 58 =S HSA7]1H A jet loop reactorol A 2
N 2 Po] AAL, FFH 5 AR om, jet loop reactorol| Aol HA =
z4e =E3uAt 39k

4.

no

ek

o

F 2]

N2

Y

B dFdA e st -HE W P A2 AAE f3b-struvite 243 AFE
3}e] lab-scale®] jet-loop reactorAl=ES 0] RstH o, AlxEHlel FTAHEE
Fig. 100 Yef AT Al =82 3 A A&=, jet-loop reactor, A FHZ, =%
I, FZF7NE FAEHA U

u‘ﬂ mruje

Ao AHgH jet loop reactors= 3FF & el %%Z‘é TZE B3, draft
tube, 71 B =, o|FA EZ FAHEHA goH, oop reactor®] A|st

T29 X4+ Son et al.Son et al., 2013)9) “ﬁ_—% %}oq A =o] 1 m,
FTEEH 14 L7t HEF ofad = Azt
Aol AEde= WA, HHFHZ(WT600-2], Longer Co.)Z jet loop reactor
o #H 14 LE A2 FH <=3FZ(PM-300PM, WILO)Z HFE oA =9
AAG=Ho R FUsta, $F7(DOA-p704-AA, GASTIE F7]1E o4 =&
o] ZIAFEHoE Fdst ojw] A =TFF2 Son et al (Son et al., 2013)

= T
=2 AAsA lt%Ql Foll A= 71*4]%
= 5

ol EA]'-‘E“‘T‘“] Egto] o] F
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o}AaL wA7]E7} =

draft tube®] WHE Sl a3/

AtoDE FEFRE T

lines Bt 53 71A9 AA|o] dFE =FolA %}A}H

draft tube WHZ A=A 18y 4FFY 44 T 9
[e)

(S, draft tube SJHOoZRE W & FAhe AcdHA & 7]-9 v‘i“ﬂi

2 &Y ot 71-9 EHx2 &Y =0t fA F VAl ZEEo AR
23U EE T wEHAL, AR c¥g=ZE T W] oFE %
Hol tA o)Al =E2 AT

******* Air

—— Wastewater

e

Fig. 10. Schematic of “the experiment apparatus used in this study.

1 : Storage tank 2 Valve 3 : Metering pump
4 . Flow meter 5 : Circulation pump 6 : Check valve
7 . Jet loop reactor 8 1 Two—fluid nozzle 9 : Draft tube

10 : Gas exhaust valve 11 : Air blower
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Kim et al.(Kim et al., 2006)c] AA|g =z~ pH7} 7.20 F7|A
o] @75 AHA UL filtrate/ centrateS EAFSE H4E ZA|

gstRon, Ao AHERE oFFH FYI F& Table 1o Yl
& zA #H<4 14 LE jet loop reactorel i T2, NaOHYHS FJskAU

< 3 % NaOHE Fste] 2 pHSl 852 =43 & Mg 35 F
F 2 Mg/P SHIE WA= WHoE Mgt on, xgxdE Table 29
ettt a8ln #H¢ 9 T-PeXE+ Standard methods(Clesceri et al.,
2005)8] o~z EZRHI4F EHH NH;-Neo| F%+= Nessler WH(Meseguer et al,
2002)& o]&3to] EA st
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Table 1. Characteristics of synthetic wastewater

Component Concentration [mg/L] Component Concentration [mg/L]
Glucose 1,000 sl * >%6
MgSOq4 329
NH,CI 1,600
MgO 109.6
CaClz'ZHzO 140 Mg
Source
FeCl3-6H,0 8 MgO 80 (MgO)
+ MgCl, -6H,0 + 150 (MgCl,6H,0)
NaHCO3 1,500
MgQ 80 (MgO)
KH,PO4 360 + MgSOs + 65(MgSQ.)
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Table 2. Operating conditions

Operating parameters Conditions
Method of pH increment NaOH injetction, NaOH injection after aeration
Mg/P molar ratio 105 - 16
Mg 'source MgS0s, MgCl,, MgO, MgO+MgCl,, MgO+MgSO,
Aeration With or without aeration after adding Mg source
Gas flow rate(Qg) 3 L/min
Liquid circulationflow rate (Qy) 20 L/min
pH 8.5
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43. A3 2 3%
4.3.1. Aerationo] 2]% pH¥H3} E4

B Ao A jet loop reactorE struvite A3} w30 2 &3 At =
o]+ jet loop reactor?] o]fFA =EHANA FHFE ol FUIE A
W37l WHEE EAET] wZo] 3 FIrelA struvite AASE ¥R
aeratione] EAldl 7}%53l7] W&otk = aerationel 9]3]1 #H49 pHE 4
A 4 %0o] NaOH Ar&#S HAd + dom, §kg7] Wi &
GRAEE FAHAA struvite 2A3 £=5 31T —’F A= B ofyet
NH;¢] &7]o] ¢J3] N &S FrlA o2 AAT + de 5o st axn
E 7l =+ A7) W&ol

mEka] B Ao A= jet loop reactoro| Al Z7] pH 7.2¢ REAIHSE F
A%k oh5 aerations AAISte] AlZte] whE pH ®SE SAH3 oM, ol
Fig. 11l JepH AT

9.0

8.6 1

82 -

pH

7.8 1

7.4 1

7.0

0 30 60 90 120 150 180 210
Aeration time [min]

Fig. 11. pH change with respect to the aeration time (Q. = 20 L/min, Qg =
3 L/min).

Fig. 11& X W, aeration A17te] Ao wet #H5< pHE 8.071A Hxb
FeT ¥ A FAES & F vk AerationTre 2% pH7} 8.071A
Feste olfr& HCOs 7 & ol #H <ol aerations 3H ®¥--3-2] (10)



I 2 wHgo] dojutr] u & o]tk(Battistoni et al., 1997).
HCO; + H'— CO," + H,0 (10)

Jejv AZte] AR pH eSS Es AR A4Sk pH 8.0 B ol
Al FAE e, o+ *«41? Tl EAstE B TFY ol&d 93 &=
a3 WjEoE AT

adyeg 2 Ay g pHE struvite 2A3pRbEo] 32 pH
85010z zH3slr] YA = HSol aerationg I F NaOH <F&Fo
7 o] Bagk ASE ATGHA

4.3.2. Mg/P &¥] Wsto] @& T-P AAE

Struvite A8 s& 98l E B34 QDA EE uikel Zo] Mg, N, P 4
Hol dA n&= EA s oF cHDiwania et al., 2007). I¥+H o2 &H7]|A
&3tz 45, F2bHS 59 2L #Heode Ng P AR gEFes &
At A T MgA B H=5)7] wfiol struvite 243} WSS F 53517 93|
Al MgAd 9] &7 F%io] F st

Mg*" 4+ NH,+ PO}~ + 6H,0 — MgNH,PO, « 6H,0 (11)

webd MghEe 24 gFue Doty st H$E aerationd F
NaOHE FYste] Z7] pH 7.2014 852 =43 vhs Mg/P EHIE WA
718A T-P AASS AoE st 27 Mg/P-=ul= w4 (D& 23 s
o] 1.052 HAn& = AHerg o, Mg/P EH 7k 160 2 w7tz Mg #4
F= A F7HAA FESEEATH
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Fig. 12. Effect of the Mg/P molar ratio change on the. T-P utilization.

Fig. 12& Mg/P EnlE HSAIZ S o "-3A|Zte] gk T-PY AAEE
Uetd Aoz O A B vRel o], Mg/Pe EH|7F 1.05-1.6 He el A
T-Po] A A& w-gAIZto] 1077 #Al 63 ~ 66 %, 3024 HAA 75 ~ 78 %,
602 A T4 85 ~ 88%= LpEbstTh

2 Ao T-P AAEL Mg/P EHE JVIANASE IA WA &
AoR JEbFon, oS HMErO 2 struvite AA3L HAA] Mg/P EH
Mg fFHI & aste] 1.05= A48k th

St S A 10R A2 S T-P AAEL 602439 F2 T-P A A&
75%Z RESAIZE 108 ol struvite A4 2] OiF-Eo] AAHHS A=
g, oleglg A= APHFE ol &3k struvite 2AH3t AFE g Diwani
59 ®Bie} dxst= Aolth

e orir

433. Mg 59 F7°l W& T-P 3 NH;-N A|AE

Struvite Al Mg &gl vA& IS Fotstr] 9Jste] aeration
= #Ho pHE 72004 8.02.2 F5A £ #H5 F Mg/P =H7F 1.057F
T =2 MgCl,, MgSO,;, MgO, MgO+MgCl,, MgO+MgSO,& Z+Z+ #H 4o FY 3}

JJZ pH7} 857} H|=5 NaOHE F<st AdPstAth Mg 3599 <
FE 28 A% ukgAIZel g T-P AlAE&3 NH;-N2| A ALE Fig.
139} Fig. 140 Z+2} e AT
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Fig. 13. Effect of the Mg source on.the T-P-utilization.

Fig. 138 R®, 12k ®8A #F &3¢ T-P A7A&2 MgCl MgSO,
MgO+MgCl,, MgO+MgSO, & A& 4% 85 % ol o= fAlSHAl Yelte
o, MgOE AH&3 A% 60 %= Zoido= A etk o2 A=
MgOe] | e &3= WjEo® dAusE=d, ZAFH S o MgOE Mg/P &
H 7} 1.057F HEE FYsteads 24| %61157} @S] & FdE AF
o] gafEA &1 YR Sy 2 FEsy] wjiol, 1 Ay
Soll agt Mg Aic] B FaHS AMES PME oo} Hlwal G o R
Zstod struvitegFol” 2ol A

4t %
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Symbol Mg® source
(o] MgClz
v MgSO.
= 40 = MgO
- o MgO + MgCl;
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Fig. 14. Effect of the Mg source on the NH3—N utilization.

e

I8 Mg 339 $7E 28
8= Jehd Fig 14914 2= wie} 2
~ 20 % Aol = thggk Mg 35 el o

NH;-N AAE&< T-P Xﬂ &3 HlastH
olffe= B AddA A3 He Wl N& =
°F 108) o] =] wjEolgt. Iy H &
B AR PR kol Hlate] 2.5u) o4 WS Aog Ehyton, o
= JAF e N/‘él"%O] struvite A& stoll ofsl A AR FAol jet loop
reactor®] olfA=EoA F = H5ot A FUEE T B
of oste FIt= Z_"7']‘E]}\}\ | Moz dddn. Jdvbd o= pH7F 8.5
o] #H<¢ 59 NH;-N& 9F 80 %9 NH,/ 9 ¢F 20%2] NH;o. 2 Z&A3cHLin
and Wu, 199611 <4&#A Atk 28522 & A7 ¢ aerationol] 235}
NH;2Z &A3t= NH;-N7F F712 AAEHJS Aoz #dEy, o= Gustin
and Marinsek-Logar(Gustin and Marinesek, 20117} €714 &3 =% H45d=
27| A NH-NE AAS AF23H#e} Ak

ol
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4.3.4. Aeration®] struvite A3} ¥k-2-o) njx= Gk

Jet loop reactor= 71¥&9] struvite 2743} Hk-g-7] 9= EE] aerationeS
Fabgz glo] TY7 W7l aeration A3} REGo] o] FolF
Zo]l EAolty, B AFAE jet loop reactorol Al aerationo] 273}
ol HAe FFs et e, olE #s Hae pHE
aeration® NaOH F& Wasle] 852 FHsta Mg I3 4oz MgChet
MgSO,& Mg/P &1]7} 1.057} ITE A7 F£YS v aerationS = 7
o} A ¥e AR TRt A4¥s FPAT 2 s A F
aeration®] 7o @& T-P, NH;-No| AA&S wAZT Aol wz} =
Asta], 71 AFE Fig. 153 Fig. 169 YeEb Aok

eorroeo

100

— 80

=

=

Qo

o

@

=

o 40 A

£

2

a-

= 201
with aeration L ] A
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Fig. 15. Effect of the aeration on the T-P utilization.

Fig. 152 2W, Mg ¥d9°o2A4 MgCLE FY3 3 aerationS A
A5, WRgAIZre]l 108, 30%, 60&c] HAS A #HF Fo T-P AAE
74%, 85%, 89%= UrE}‘/LOU% aerationS AASHA] &= A T-P AAE
70%, 82%, 87%= eIt =3 Mg g do=24 MgSOE FY3 &
S AIZke] 10+, 30, 60°] HAe Al HeFe T-P A A& aeration<
AANT A 65%, 79%, 86%RC ™, aerationS AASHA LS AL 56%,
76%, 82%= VFEFSETE

o9} ol Mg EFUSE MgCLSh MgSO,E oled F A% =T
aeration & AAF Aol Akt L T-P AALES EAEH, ol jet

r.i": rlo o
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loop reactorel A aeratione & ¢ dRA=7F AstAl FAFHIL ol <
3 & A& FXE Bop @2 9 struviteZt AR E AV WEOE
T

50
MgClz MgSO.
with aeration L] A

= 40 wlo aeration Q &
= i
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Fig. 16. Effect of the aeration on the NHs;-N utilization.

gk aeration o F-of w2 NH3;-Neo| A A &S Jeld Fig 168 X, Mg
a9l FAFl =5 aerations HAIF Ao NHi-N A AL =4
et olgq A A& Atolel 371 Tl omer w8 wiel oS
A E G7F Aol ok struvite, 288 £ 27 XYL Byl oy
2} NH3-N¢J &7] &£57b ZX Q7] WEo= dahdnh. =3 NH-N A7
o] th3l aeration®] FFL WFZAIZF 108 AFAA A RE FH3HA e,
struvite A4l &g N A& AAAANE Mg 359 T7o oS JFEg
aeration®] F&o] ¥ & Aoz ATFHAL
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435 2HxA WE oFFH| H

otx AF3 upel o] struvite AAHEFNES A=

[

PH 24 9%

NaOH¢t Mg &+58&°o= MgCl,, MgSO,, MgO =9 ¢fFeo] dastH, o] ¢

FH7F 29 diREs

1ﬂ1n:

AC)
ok
8
i)
o

A7l W 27] pH 72790 H<
_‘6]‘_
) o

N7l= 3 Mg Ede

AABEAL e AAoln TR E B At A
jet loop reactorZ o]&3le] struvite 2A3} WSS &3 H<F F P A
AASE A 2Pzl WE oFEn| S H w1

2 4 st
2Q2AE AA pHE B5A

THE WA

e 7] pH 7.29014 8.57kA NaOHE

H 857k NaOHE Fste] A7l ol Ao
2= MgSOs MgCl, MgOE 47 ©xo2 AREsA U,
&3ate] MgO+MgCly,, MgO+MgSO,E AMgsH= o' FR/E
: g FYUTFS Mg/P EH7} 1.057F H=
g Mg F599 4% MgO= %3} &35 a#std

1l

5 FQstgon,

£ aerationdls pHE 8.0%

z2 rlot rU,VL -{ﬂ l-ﬂ

0.086 g/LE F

RE5 2BS MgClhy MgSO2 RE3=2 85t
A FFE&EeE AvjEHIZ e FES ‘47}9} £E& 13t 1 mole
o I gsts FHoZ FikslH, MgCl7l 3659, MgSOs= 1109, MgO+= 78
£ Motk B dAFoA = olF FEF/E S ol &8st 74 2=
Ao g F 2877 H &S Al4lsion, o]& Table 3o YERHS
}.
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Table 3. Amount of chemicals added and the cost of chemicals with respect to operating parameters

Amount of chemicals added

Method of pH increment 3 Cost of T-P removal
Run Mo S [kg/m’] hemicals  effici
No. g ource NaOH Aeration Aeration chemicals — ethaency
MgO  MgCl, MgSO; NaOH  [#/m?] (%]
only only + NaOH
1 MgCl, O 3 % 3 0.260 - 0.228 1331 88
2 MgSOq & = - - e 0.329 =, 0.228 529 86
3 MgSO, 5 O = = = 0.329 - 307 77
4 MgCl, 2 = O T 0.260 N 0.114 1220 89
5 MgSO, = - O = = 0.329  0.114 418 87
6 MgO ' = O 0.110 - - 0.084 300 60
7  MgO + MgCl - = O 0.086- 0.057 - 0.084 495 85
8  MgO + MgS0, - - O 0.086 - 0.065 0.084 247 86




Table 3914 M®, Run 1, 2= #%59 pHE 7.2014 857hA NaOH b
FUste] ez e, Run 3¢ A9 aerationt& 3 #H<¢] pHE
AN#A HZF pHE 8.0 oAtk Run 4 - 82 aerationg F3te] #4=2] pH
20014 8.074A A2l & NaOH °FFS& F<lste] pH 852 =d3H

— oy o

8ot o 2

Alg oA B wpe} o], aerationS ¥ & FES FUSIE A¢ 2F
+ NaOH &2 oFFTE T Aol vlste 2wi7ts AA =+
FAFANCH, ol A A3 npel o] aeration RFO
CO, &710l 2l&] #H<=2 pH7F 8.07bA <o) 7}s3te] NaOHe 4H]
Q7] W&otk T3 Run 6 - 8914 MgO7F =34 Mg 39S
£ ¢ NaOHO Alg#e O Zamded, olgd dae= MgOrt &
of &alEo] A== OH Ol 2t #H<49] pH7} I+
20073k NaOH +¢ ool AAHI7] WEo = At
a3 zdxdo] WE T-P AIALL Run 3,6 AL3td =5 85 %°)
Aoz A vERgth Run 39 A% %7] pH 7.2 1 #H 4= aerationd}od
pH 8.0°2.2 AsA171aL NaOH®| F7F U glo} MgSOE FU37 3-+24,
HESA1Zko]l AAIZE A BA T-Po) A AELS 7%= YEFSS Run 304 T-P
AAE&o] 2 A9 H i %2 o]f= pHYE 8.02 HulFoz Yo}
struvite®] & =7 STHEA7] wWZolH, o] = T3l struvite 243t pH
= ASnTE 850l Bos 2AF Ao B AU A
< AAE + Y T run 69 Bre A AFT dHE MgOo &3
=

o

}<(Corre et al,

o},

Y 8}

it

Table 3o ‘Wepl 2 =gz o2 <FFu| 85 vws] B, aeration
< B3 dAFE7A pHE ASA L T MgOZF 234 Mg & T
Ysted pHE B & FSAF vbA9 dACA] NaOHE T3t HF v
< pHE 852 zdE3tE Zo] FE 7l 714 A £285HE Aog 39y
Atk =3I FYI Mg FFLF NaOHe °FEnH|= MgCl, > MgO+MgCl, >
MgSO; > MgO+MgSO, +o & o] =& 7 o8 Jebyth webs aeration
7 NaOH Y& 53 pHE =H3tx Mg 339z MgOgt MgSO.E &
date] FdsteE Aol M AAAR struvite BRI 2z A=
erE
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B Ao A= jet loop reactor?] struvite ZA 3712 o] 28754 =
3} A} lab-scale?] jet loop reactorE ©|&3ste] sl - #H4 Y N 2 P A&
SAAAE $18 struvite AA 3} AFE FAsH2H, pH FsHH, MgP &
H], aeration %, Mg 3I39 FTF T =H=1E& WA 7IEA T-P,
NH;-N&] AAE 2 oFEHE HES A3 o3 2 228 duth

1) Lab-scale jet loop reactoroll 4] %7] pH 7.2¢91 ™4 #H4E aerations}s
H45o) pHE o 80714 44" H AAHE AC® Yehdt,

2) Mg/P &HlE 1.05-1.62 WA ZF¢ A T-P AAEL th=F 8 ~
KeN

88% A= FASA eI gea A4S mHste] Mg/Pel B
2 10527 fAMIE FHY AAET AL 5 UL Ao woH
o},

3) #H<ol pH7E 859 ZAolA Mg <—>'1:11°§/H MgCly;, MgSOs, MgO,
MgO+MgCl,, MgO+MgS0,2 ZzHzt F943s 5 T-P, NH;-No] AALS =
At o MgOE THOE FYste 455 AYTF =mEeE AFoA
A T-P A ALL 85 % ©14, NHs-N&| AALL 17%0)4 o2 eyt

o}.
4) Jet loop reactorell A Mg a39<S FUgt & aerations AAIG A7}
AN TR & 7 F-o BBt =& T-P, NHe=Ng| AA &S Yerth

—

U_?‘_',

5 #H<9o pH A4S 9l acrationd FEZEFYUS HAFoZH NaOH £

NFE APY + AYor, MgOrt £FE Mg FFUL AT B
PH 4% &37} Cal A NaOH 2v12e os d7d 4 lsick

ol AB}ZHE B-HZE Y P AE AoS 9% struvite 2R 77 E 1
S71 A AA39} aerations FAlo] 3 4= A= jet loop reactor
s Aol AAF Aoz AndAth EF T-Pe NHi-Ne| AA&E 2
oFEH]-S 1HE ] jet loop reactoroll A aerationg AAst #H 4ol p
Aoz A 12_1 % MgO9F MgSO& €&H Mg 3v9S 74
NaOH= pHE 850 o® Zdsto struvite ZA3IHHES P A7)
744 ZAEQ W AoE wETh

=
=

o
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o
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