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1.4 &

1.1. 479 w73

YR Yol= AFE Aol ARl wlmel o2 HAA okE9
2 A AFAEs A B4 gHgE o]t (Erisman et. al., 2008;
MacFarlane et.al., 2020). @A oiF#9 4EYol A WS
YA 7} 2B EE 8 -1 (Haber—Bosch) #7870 7Idiar 9lef,
AEAQD QT Tkl wet solus FoE Ayl Ss A4
ozl 2nH9 1% o2 AHLT we U7t 2FFm Yt
(Pattabathula and Richardson, 2016; McEnaney et. al., 2017).
PO R, tEYole FE&ARAYI FAlel AH 54, FESE
ToR FAR FH7bA =S Ayt de3% E4doltt (Randall and
Tsui, 2002). 30%9 AiA HIg7F uF&E sFEAgder &9
ol dEYol A& % 3Hs =kl vk (Verstraete et.

al., 2009). sFA 9k, w9 1A

o

grUel B  A%KHS  Fualr] 98] AEFolE

79 (struvite precipitation), ©°] 1% (on exchange), &7]

2719 (air stripping) 59 ¢EUYo}l 34 7]&o] I teto® Woe =
Atk AEFHOIE FAME sk ule] HA9 Qe EEd Hl R
AdFQ  AEFHO]E (MgNH,PO,6H00E Atk &7A<Ql
Wrjol AR, ek W AA/Ql sEE 4§40l "ojxites W&
7}A) 2 2ltH(Siciliano  and  Rosa, 2014). o] w3k

A& 2Fo] E (zeolite), 72 A ¥ (modified activated carbon)

1 i : 1]|

ITL



Zd ™ (polymer) S= ol&3 AHHom JEYots: FAS=
71%9o]tt (Cruz et. al., 2018; Lee et. al.,, 2018). sFA]w < F
P Al AYFFo] F7t=2 FRst, 1 HAoA dRYole &+
stolAl= $HAlE 7HA 3 dth(Tarpeh et. al, 2017). 371 27]
SEYol 34 E&2 HAAUAR @ ¥s AAse AdulE B8R

s, AAIYY 5o ZA7E WHAE] A4 o] HoXtk(Santos et. al.,

M =g|at sliz| o] tH &l

NH3(g)

% NH4

a9 1. 299 A57] 49

g7 H=7] (membrane contactor) &= 7] A2 EAW F3A)Z
¢ 9+ 4244 "(hydrophobic membrane)S ©]&3) sl £
URUols Adegow Feoto] AR w, AAEE T4 A
s FEE 35shs 71Eolth(Hou et al, 2019) (Z¥® 1. &%
Zled w2 dyA a8, &4 §olA, AL 3 ARE olfHE THA
sk, AlEl, A 5 uYked g EUel Flge] AEHa
AEAQL FEYol AlAlel 71o4d & e &84 dEYol VeR

H zbgar 3 9tk (Pandey and Chen, 2021).
sHAIRE, R Yol 34 Y AFV|dE 1Y AMEAES

dolmmgl= AAHs 40 EA%Te dAE AL v AAR,
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=
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1.3. 9479 #H¢4

(1) BAS WG AlEdeld 2d i

—- §%(1.07, 2.14, 4.28, 6.42, 8.56 cm - s~ o] W HH7)

Yo} &4 A< A< (apparent ammonia mass transfer
coefficient) W3} ¥

- A3 dolHE ol&d F&el e AAT FAE AHdsta,

o] o] &a EYole A W A7) HEE 1H3

1D =4 7jat

(2) BAIT WellAd dEYel & ®Wste] ds 4F B2t
— W2 % F71(8.56cm - sTHelA pH(8, 9, 10, 11) ¢l u}

AR7] dRYol &4 A Al¢ gl A¥Es ¥, A
ool A3 v AF

— AAIZANA pH FA == &% (buffered) =72 pH
A ¥ A k= B)2E (unbuffered) F7AS Fd&] A A Sl
Mol EH o]=f R Yol wAEe wige] Ed Hde
Aol 71098k vhE &<l

— BHAF 9bF Al

rlu

Bl (carbonate buffer system) |4 FE Yo}
37 Ae WSS glsta, AAl oA AAS W g

ob ¥ Wbt 9% 713 beH AF

(3) w29 H571-vgwWdgst AA 7l W

— W gvGe., olee) At 71& JFAA b
5 a-;';-.! _uI:I_ 1_]|



(4)

/el Eelu A =7](Liquid—gas membrane contactor)

o] &gt HlE el ot A5 WA AAl AlAE ] 5

i

JE

HE71-v 8w a8t AA 71« A B

PRy 29 5 7S S8 BT -4 92

2]

M

-

5
Rl

>
By

X

(Powder X-ray Diffraction), FT—IR (Fourier

B
Transform Infrared Spectroscopy), Q4A&A (EA;
Elemental Analysis), SEM (Scanning Electron
Microscope) 4] A A]

Hlgrl AR sF7F



2. AAZAA FEY} F FHo| FELo} 5%

“
e A57] 45l 71NE 9% B

=
(Qu et.al,, 2013). =2 pHE FA 3t 2 T3l 7|0z olFd
Sl dEE o] (NH el vldl, 7[Fo s olF 7tes fa dRyot
(free ammonia; NHj) 2] o] F71sAl &

AT E=8, 3T 899 5T Eold

1= 3z

o}-_}
OFO q
g
o,
)
ofj
o
%o,
o
ed
2
I
9,

2Yol =& ddo] FolsA st (Agrahari  et.al, 2012;
Ashrafizadeh and Khorasani, 2010). 2] X Uols &5 @ AHZE
s Fll T & AASE Tt 7IA AH FAks Fall 7
NEe T HEHOR FAgAoR FEH

A7 tiFEe EYol 4 Eeu AHF7] A= da
529 (feed bulk solution) 149 2 dRYol/AdEF o] 4H
o & W 1estal, AATAAMY dEYol F 749 FFS 1Y
kAl otk 3 2AFE RS W, BAFAAY dRYel F A

o el dal A A7E oF st AAY. AT U EF

¢

1
-]

O:

(vacuum membrane distillation) 2 %3+ ¢tE o} 3¢ Ao FF
g AATAA L] o]Ats A (COy) 7} FR Yol &Fof 71X = FeS
golst A At (Yang et.al, 2017). A3 o] g3 drYol= 343}

i, &= 8 o)At aTt WA aFE A FEHA HaL, AASd
A olakgte R TE AlAEAN o pHZF STk AASelM Y

=

-
Ty
K
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2.2. A48 As 9 "y

2.2.1. A EHolH B

1D A&l 2 A 3589 (feed bulk solution), &+
{8 AAZ(feed boundary layer), Y(membrane), 3I5E&NH
(permeate solution) 2] & 4719 < (layer)® T %o At} &
BATANAE E4 olE (&L e dEYeh E oA &4 o]E (7]

Abokryop) & "ol Al #1292 (Fick’s second law of diffusion) ¢l
w2t o 2 (1), (2) 2 YERd)

act a%ck .

?:D{“ﬁ (0<XS6f, l=NH3,NHI) (1)
acf  _efr 9%cE .

?_Di Iz (5fSX<5f+5m, i =NH;j) (2)

S A%, D e BA 09 welA e
g AAET v Aol o AN BHE Welo] P

(Henry’s law) < =3 th&31 o] A g},

ol
d

>
2
r
o)
o

ClL = HiCiG (-x = 5f’ l = NH3)NH:) (3)

Hi+ &4 09 @ Adgolty. bEH o]0l ofd {2 FEYoprto]
ZNAPE e s vt F9E = Q710 Hyyrio 0°13L, Hyy,io 0°] obd
d #e VIEe® 3t HAa yadd-audd AASe dAEY 7

—SFgA] AHAAWLE AlEHoIH PO AA (system boundary) =



i _ADi oG (x =0, i = NH;, NH}) )

CiG = Cl.L =0 (x = 6f + Sm, [ = NH3) (5)

ol
ol
N
1o
o)

o
°
=2

1>
@

|
@
=)

14
r o
ot
o
ok
o,
1>
o
o
ofo
3%

Cll§+ + CLH+ - COH— = z CLL z ClL (6)

i€EAA i€EBC
CL+ " CNH
CL—3 = KNH3 (7)
NHF
Cha * Chu- = Ky (8)

o] W, AA(acid anion) &= ClI" ¢} #2 S59]2, BC(base cation) < Na'$}
= GolRE YTt Kyp, > FEUetY] o3 A, K, =9 ©l
3} Aol

)

rfo

2.2.2. 42 Yo} 3¢ AY

AA AES (29 218k 2ol AA/A4A = H=7] (LLMC;
liquid—liquid membrane contactor) & ©]&3] 2=}t 2E o) o] &
¥ 7 R (membrane module) 7 ofA™H ¥ Apolof AgA] whe] AF
Ql PVDFE Fi AYgPHSH. e 542 PVDF 9H(GVHP-14250,

Millipore, USA)S E&f 7]Ao 2wt o]Ed = 9= AFstS XA



o] x5k Al (cel) S 77mm X 26mm X 3mm Alo]=ZE A ZE]
, PVDF 29 3 W34S 20.0 cm?e]t}. PVDF 2& 0.22 #m2)
71% A7, 75%° ¥ =% (porosity) & 7™ F7= 125 xgmolth. &
s

O

sha, pHE 1914 AASE2 4gsgn. ¥

2 N

(circulating tank) & ©]&3] 20CE FA T, o] wjeo] o+x

pKat+ 9.409]t}(Olofsson, 1975).

Gear Pump Gear Pump

Permeate

Tank

Feed
Tank v

Membrane
module

Circulation Tank

3% 2. ¢EYel 85 ¥Y 2%

TEEd F R Yol FX(TAN; total ammoniacal nitrogen)
= 939 R H (ammonium chloride) 2 ©]€3] 100 mg'L 'S A&+
At 2EPe] ded =4 AY wpiHsE Tshr] s A pH
11elA 35 &% 27108 (1.07, 2.14, 4.28, 6.42, 856 cm - s ) 2=
HEFA 7]H 8AI T QE H = et 2A1 ket 58 oA ImLE AE

ot
v
o



2ol

(M) ¢+= %7; unbuffered condition)

=
=

vl pH

pH 10, 1194+ AU EH (NaHCOs),

AIE >
pH 8, 9o+ Eg Xopn-w g el (C,H; 1NO3y) S ZH2} 0.1IMZE

Mo

P
m

I=2lch pH 24 APelA s e 33 $2(8.56cm s ), =9

] 3

24

ofiy
100

T S AdFor A

ol

R

1AIZbbE ImLA S

1:0, 1:0.5, 1:1, 1:2, 1:39] &= H]

1
.

]

WA

o}9}

R

70

e

S J|Hte® UV-—

?] (Nessler) H

=

=
1
- B

bl wE

0

il

b}

AT

—_
fi%e)

=74

i

g ol g

Spectroscopy

Jo

2(9) 9 &o] %

L
TAN

=-(ky) €

L
ACran _
dt

12



2.24. 23 AL vWAEs

age rasty) 8 21), oA ekt b, 9 58 A
2e Ea polol s B A wEsolth F oaENsE e

i3 pH 119 oAl & 23004 ddS AP pH 11 3 20°C =

At dEYotrt fEl dEYe(C97.5%) & EASH] o
wol, F Yol $EE #8 dRUe vEE M 5 Svk el

v - + eff (10)

a9a o) Ao olF b 2de Agstd 40DE 2 @ 5 o

(Crittenden et.al., 2012; Welty et.al., 2020).

1 L Om (11)
Ka U HNH3D;\3]{1f3

wiE T 8§ otk AAD M e a9 el dideks gk

= Kgt gk w0 Ay B9 w7 5 otk 400, ADE §

dl frdel e FFEN BAZT FAG) FEU NNA fFa akAF
f

(D Tl AlEEeld Rde] A8 5 Qlth

13 ___:rx | _k:i_ -I_-]i



2.3.1. ¢E Yo} EF AL wj/ASF

r|

B4 Ad WibsE S5 A AFelA Ktk wt s

> A% #AI(R? =0.9504)F YEFITHIH 3). F5E&Y FFHol

1.07 cm - s oA 8.56cm - sTIo® F71E u FEFEN A

261.6 gmelA 925 xmO 2 FAdheE A& AFFTHGEE 1), o] e

sagd AT =4 AdY A (resistance)) = 79.2%°+ 55.2%

2 Aade AL A (1E 4). 71+ S A8 AAF FA
&

Al 27 260 pmeF 90 pmE A A] ALE

of
—n
)
rir

Ay, ek, oknyol 714 S& A ﬁl*(Deff)t 4.489%x107% cm?

THEN =
1 1.07 2.14 4.28 6.42 8.56
(cm-s™)
FEE AAT 7
261.6 185.0 130.8 106.8 92.5
(um)
(a) o.0016 (b) 2500
K, = 1650.2(u;)"*°+407.06, R? = 0.9504
0.0012 . o i
A * Eoso0| e
£ o0.0008 N }: "_: ----
& . [ E 1000 | 2%
0.0004 =
500
0.0000 0
0 2 4 6 8 10 03 04 05 06 07 08 09 1
up (em-s) (up)~05(s5-cm0%)

29 3. BFEY $5 @) PR 2 AT A% K, B

14 M =2-TH ol



B S=28Y ZAE HE 0o 2%~

100
80 44.9
ol 60
i 40
0
il
oju 20
5
o

4.28 8.56
u; (cm-s™)

o] 7|0 &= (%)

M

1% 4. 3989 AAS/HY =2 Ag A

2.3.2. ¥Rl B3 AL dAYS

A, AlEHOIA HFTE A8 2 oA AFgoe=w ek A
A A AT (K)o AEdelA s vlas) Btk 21E v
SFxANA pHE 8ollA 117b4 W3kA7]aL, 1.07cm - 57, 8.56cm -

N {5 22107 2k AlEdolAA A PE A 2
o] pH7} =&5%, fr&o] MESFTS 2RV dEYol &%

v AL FA E=e, A3 Ae}l nags u, wE
FEolE AAASF(R?) 09832, =¥ FHoME ARASF
0.9688% ¥ A== Ad Ao vld 2u7] dEYol =4 A
g AT (K)E HEhlE Aoz FEigvk(ad 5). wE F&53 =4

kT
N
it

15 2 X 2t gk



(a) 0 Fast flow velocity (8.56 cm s1)
A Experiment —— Simulation ----- NH; fraction
10 -
= 84
4
£
O §
¥
o
=
e
2
0 T T T T
8 9 10 11 12
pH
(b) Slow flow velocity (1.07 cm s)
12
A Experiment ——Simulation ----- NH; fraction
10 1
= 81
[
§ s,
¥
=
R
X
2 4
0
8 9 10 11 12
pH

I% 5. AEY|A/AE A vl
s, (b) =¥
Yol Hl& ¥z

(8.56cm

A& =

BE7]
Al i pHel 2 SEYol &S

513%_011 O A

=4 AdG AFE verdok pH 11949 &

ayy,(given pH)

o nin X Ka(@H 1))

5 (@ ME FEEY 75
2 (1.07cm - s™ Y. o] o, Fd
(NH; fraction (ayy,); 3+ A) &= sid pHellA]

T8l A7 3t (e,



grucl Bd AY
Rt A FRE
deixl fEl gmiep)

gradient) ol 23l

H=711A
AAE, AuHow

7] (concentration

AeE nes, Selt gmio} ¥

=

74 # (direct pathway)©°]t} (HZ 1; Route 1). 8 EYolo] A A
X
[e)

o wte]l A4 FElEe FHE 5 SVlel Y ARE oA gt
7 F7tE MEE AL, el dRYelh AT AAA
1A R AgtetAl =W A fE dRUoks: dEF o]
BEaFA =, ol 7l199sk= RHA

#o gEUyel Ax o
A<

7d 2 (indirect pathway) 7} 1< & U= Aot (H=Z 2; Route

stAIRE (29 5]8] A¥dE B H2RV] 4 A Age 9
YEYol H &Y & AHAAE dEdi, ol ¢EFE ool ¢
AdRYets: nFdTty A Aw 27F #EHA site S
UERATE o] Huk wAAR]L Abstel A ghlslr] 98] S ZxdelA
AlEl AdE AAE] iRkt [O2" 619 AlE#elA
A ¥ (simulated results) ol 3] G olA 2] 9] W& fa] R0},
UEFE ol vL 9 pHZF YEY Y EE ol @A)
(deprotonation) 2 2] Y EYol7} HFEHAR, FAld Eokxs @
Fa o]kl AAZFTAM pHE #HAEAZI= Fo] 1T =,
YEYol 3¢ FAHoME dEYol Fo]l HAA pHE A= T8
Zol7lel, 8 gRYolst dE\ ol ke F oWzt A
=24l pH £=3} (polarization)7} #ZEQITh wehd, 2 ¥
M= FASHAL Fe7t A EE AE 200 93 fF8 dEYot
ol s T Iyt HEHA 2, 7 Rl AR olEdl AR
ek g kel gl AR 225 ] flEiA e 719
ARl A3 xHo] ofd, 4EF olko] HFH F e AF=

T
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Feed bulk

©

(%)

< Conceptual diagram >

Feed BL

Membrane

®

< Simulated results >
1-0 — Nl-l3 - NH4+ — pH 10
0.8 =
e e e ] 9

S 06
©
= oH
8 0.4 =
(@] -8
O —

0.2 =

0.0 1,

Feed bulk Feed BL Membrane

% 6.pH 99 v|gE

ZAH FEUocl o]F FE U FE

2y,

‘4= 1(Route 1)’ 2] FEYoY o]l o3t A4 A=, A=

2Route 2)’= YEF ol HFTaHzE <l

18
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< Conceptual diagram >

Feed bulk

&

(v)

Feed BL

©

@

()
©

< Simulated results >

Membrane

Strip

1-0 — NH3 -—— NH4+ — pH 10
0.8 =
 — s =9
5 0'6 - “.‘“h
g RN
= Sea pH
g 0.4 = S~
o 1 -8
O
0.2 =
0.0 7
Feed bulk Feed BL Membrane

1Y 7.pH 98 &F AN dEYo} o]lF HE W & ¥ ¥,

‘A2 1Route 1)’
‘AE 2(Route 2) =
ol

& #7 grEyole o

O L
HE T

ol 7]

_&

she a4

19
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AR Ar 27 &

Akgtel 2]

B
Np

o

o
Nd
ol
T
o)
)
%

=0

o

[e]

9

ot} [11 713 ol AASe] pHH g

s

oA Y

olty. 1#A HH [1¥" 7]1°] A&
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welz Zlolt),
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(a) Fast flow velocity (8.56 cm-s™)
12
—— Sim (buffered)
10 - -----Sim (unbuffered)
B Exp (buffered) ’
P A Exp (unbuffered)
o °]
£ 74
(3] 6 -
#
o
NEEE
X
2 A
0 * ———— T T T
7 8 9 10 11 12
pH
(b) Fast flow velocity (8.56 cm-s)
6
E ————— Sim ® Exp
g °]
=
4
2
< °
g | T
L2 ~8.
2 1 T -e
X
0 .
7 8 9 10 11 12
pH

I9 8. WME fF&5x794 pH ©WE &5 21 H ¢EYol 4 A<
AT (@ A8 A3 ()9 AlEdeld 43 ()<
&4F (buffered) 7oA R Yol &4 A Al
H] ¢k5 (unbuffered) ZoA 8 dhEUoel &4 Ad A9 v =

Ueld Zlolt} [ie., K, (buffered)/K,(unbuffered)].
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(@) Slow flow velocity (1.07 cm-s*')
12
—— Sim (buffered)
10 47 Sim (unbuffered)
B Exp (buffered)

= A Exp (unbuffered)
T 8 -
»
5
s 67
o
A
¥ 4

2 4

0

7 12
(b)

6
%‘ . Sim e Exp
= 5
2 .
c 47 ™
3
X 3 5,
5 AN
£
Q 1 O °
xlﬂ

0 .

7 8 9 10 11 12
pH

I 9. =9 f&5x794 pH & ¢35 21 ¥H ¢EYol 4 A<
A (= A 43D e Algdeld 43 ()< vlust 43, (b)+=
& (buffered) Zx1olM 2 Yol &4 Ad A2}

H] &% (unbuffered) ZolA 8] Ryl &4 A A9 HE
el Zlolt} [ie., K, (buffered)/K,(unbuffered)].

r
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Aledloldyt dd Ay BEF oveks xR
o ¢yl =4 dE Aes dEiu 1
&g M drkhg Ao} 3

—W

71 918, 7 7oA A A AF vE =438 (19 8ble [19

WA, AlEEold Ayts AE Aol {5 BAKO]
A7A (WE Lo R2= 0.9241, =8 &Fo)A R2= 0.9757)& Y

Bl A% AaE @ A Ao vehgrh BE §5%
H =3
=

7F 11, 10, 9, 8% yYobd uwf, & =4

1.21, 2.05, 2.69M= T7lste Aoz YerWth (17 8
M= STl ¥ AA YERECH, pHYF 1194 82 & ),
A AGAS vHE= 1.03, 1.25, 2.65, 4.75% Z7}st= RO

[1% 9al.

vl g e Ag S sbAor Fk = 9=

Fo) ke AR 209 so® Aol st} e, o] Al

Y5 pH7F G25E A3Ee 2 AT ol AR 2
7

‘AZ Don] dryol Aeke] Ao 3.758] ¢ 7]oEt=

o ol AR 2% S5AT M dEYol o]l 7o
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2 I3l
H=71 pH 8—-11 AEY M *FH 7| it &5 Al AH ol
TES| AL T 9L, ol ATl A 4T 219 FARE
gl Al & @AM dEhd ¢ Sas yEkdt AAlR, AAl

Sl & 7] ¥ (TIC; Total Organic Carbon) 3 & ¢FE U o}
(TAN) 9] BI7F +91<=(influent) ZZ] wa} FAujell s =aluj7hA]
2ol u= Ao ® YEbgth(Charnier et.al, 2016). ¥ d5-9 A2 o}
2w, TIC/TAN H]7} A9 gkl &% o2 W pHolM T Fi
3 Ase drRYel g Eyut HFV] 2Hdo] e o vk olE
et A ¢ B BAF AY

pH 99 ZAdA < £ #]E 1:0, 1:0.5, 1:1,
1:2, 1:30% Gt Ads APt & 87 1:0004 1:3= W3}t
A, R Yol B Ag A4E 1.945 x 1074 2,412 x 107, 2.764
x 1074 3.321 x 1074, 3.202 x 107" cm - s™'& Z7FcH[2¥ 10].
=, 0.1IM9] ¥ 58 FL7 obd, A & A FAAALE F
B3] e 9 galow QE Hw 29 gRF o] wekAslel| o3

HEUol 34 A Tl vEbd ¢ ae ST

Y

7
N T e
2

, 1o
i
2
1o
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N buffered condition |_
3 _
Saol|
< unbuffered conditibn
v
1
0
1:0 1:0.5 1:1 1:2 1:3
NH,/CO4% Ratio
29 10, B §3 AN dEU 85 S
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2.4. A&

R

27} us

HH AR,

Eix

29 2) YR ol FdAtElel ¢

T 73

]

o

o= vEhgt o]

A

3hE =

]

o] mU5E

(O
T

)

o

j=d
-

AlEdlold A dkel A

ot aE

[e)

=
=]

AT

o

el

ﬁo
e

100

2y
o
o
il

Q17 o) ol Aok & o]t
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S 7ML 3k mEbA,

IRTE7EA] €

1T
o7 thure] WrEA Al TSMCE

2o}

1

T

A] el A

L=

AT w7

Al A

=

3. T HF7|e v SN2

3.1.
A

)
~
10

B
)

*]',]—l

[€)

A £]

=

A MHGOZ

j =
3|5 1A Feje) vEE v, A7k 480%Hde] g

1B

7HAAL Sl o]

AA FIMAE =

= 2~
oF 49

H

=
=

Al

AL At

T—

ola] TSMCe} 22 & o 3)A}

SR

=
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=

=

A #8740l
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=
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b B EUE W O oY BE BAE £ 25 # ol

So] A48 Wy @itk J1E FAARE Wl s 5% o9
WE SER YIS BHT £ gon, 2o dn U srsd
1€ W e U AR Pelshs 4R AT Atk B4

Fol wrlel W2 nlgo] AnH 1, Y HgvlE AAHEE7] Sl

=) =)
252 B9 venE FpHow Ress 340l Bas) A

O Water Water Soluble Ammonium Sulfate | Organic solvent snatch water and ammonia,
) (Hydration of ions) | not sulfate
O Organic Solvent O O

@)
O Ammonia O Q I O
O sutee OO O O o OO O
O Adding miscible O OO
O~0

O | Crystallization of
O O I i ammonium sulfate

polar solvent

ol Faly] s R X9k vgWAYHE AAN )
£ WA BAA-GRYe} 35, 2-AAh & SA BAHGRE 23
2 FE5T 5 Qv B T AUSLA doh BakEy S v

w7b F7hEE 7129 v g AR Asgns gel, guel 3%

&

oF Ao A3 o] FoA 7] Sl BlEm el a9t
Eyol 5= Ags ndsobdtt. o Ad= Fall stz
o}, ek, vl gAY stel o] & E IS HEE V]S AR EE
N/ M 22 H57] (LLMC; liquid—liquid membrane contactor)
AG3HA Hd, W mHAUAR Q] 2w HF7]e] ol &HE &AF

A FElute] AS A4 (wetting) & A o7 dEYol 3|45 B3
¥ b

ofo
12
2
o2

(o

28 _-.H.--i -..:_":_ .I-.!; _.-.:i



sttt ueba], wheEr] 3 (SGMD; sweep gas membrane distillation)
HE Adgst AA/71A4 89 A=57](LGMC; liquid—gas membrane
contactor) & ©o|&3d] H|E&u] AH HF glo] &£F dEYolE 7|A=E

sl vg/F EFEe] Yol A AYeA s BIL

=4
EUE V& A" v B4 e Fell ald AlAEe ofe HSshal

Ap G

29 A -2 &



3.2. 4% Ar 2L UH

3.2.1. v

E3 7 Aol= /7] €9 (water—miscible organic solvent) @l
© B FR7F v (29 1218 Faskd, =3 2 Aole /7] &l
o= oFAlE Ak(acetic acid), oMM E(acetone), OMHEYCIEH
(acetonitrile), to]wEE Folvto] = (dimethylformamide), TholWE
A Zx}o] E (Dimethyl sulfoxide), tho]2Ak(Dioxane), €2 (ethanol),
W EFS (methanol), 1-ZZ%& (n—propanol), ofolAXzE2Yd AdFE
(iso—propanol), HEGzsto]| =2 Fg(tetrahydrofuran) S©] SQlt}. ©]

%, Ak (sulfate; SO447) &8 R ¥EF o]& (ammonium ion; NH,') o]

A e 7] &S Folol G ES AAsteke vdME S
- o [©) =2 RN o Tl = [€) = N=
A= ]]:]_
( SOLVENT MISCIBILITY TABLE )
Solvent Polarity  Refractive  UV(nm)  Boiling  Viscosity  Solubility
Index  Index Cutoff  Paint('C) (cPoise) in water
@n'c @1 (owfw)
[ Acetic Acid 62 1372 230 118
Acetone 5.1 1,359 330 56
[~ Acetonitrile 58 1.344 190 82
Benzene 27 1,501 280 80
n-Butanol 40 1.394 254 125
[~ Butyl Acetate 33 1.399 215 118
Carbon Tetrachloride 1.6 1,466 263 77
| [~ Chloroform Ix] 1.446 215 61
| Cyclohexane 02 1.426 200 £l
[ 1,2-Dichloroethane’ 3.5 1.444 225 8
I Dichloromethane’ 3.1 1.424 235 4
|| i 6.4 1,481 268 155
| W Dimethyl Sulfoxide’ 7.2 1.478 268 189
Dioxane 48 1,422 215 101
Ethanol 5.2 1.360 210 78
Elhyl Acetate 44 1.372 260 77
Di-Ethyl Ether 28 1,353 220 35
| Ai_l |HN % Heptane 0.0 1.387 200 98
I Heane 0.0 1375 00 6
[ N JHE W |1 [ wathanol 5.1 1,329 205 65
Methyl--Butyl Ether' 2.5 1.369 210 55
NN EEE ] | Methyl Ethyl Ketone® 4.7 1.379 329 E)
| ENEEE  EEEN T Pentane 0.0 1.358 200 36
n-Propanol 4.0 1,384 210 a7
| || tso-PropanaP® 39 1.377 210 8
W Di-lso-Propyl Ether 2.2 1.368. 220 68
| Tetrahydrofuran 1.0 1.407 215 65
Toluene 24 1,495 285 111
10 1477 273 1l
_’ | T __J 1T | | water 2.0 1,333 200 100
[ Yylene 25 1.500 290 139
Immiscible
[7] miscible
Immiscible means that in some proportions tuo phasss will be produced

Y
Q,
-
o
>
ok
ofo
%
Al
e
~N
w®
;‘?
fio
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2
au)
fio
i
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100
B’g 80
=
2
O
= MeOH
- 40
0 —=—-EtOH
©
S 20
8
2 T
6 0 /1:—.__ L 1 L 1 L 1 L 1
0 1 2 3 4 5

Organic solvent/Water ratio (ml/ml)

I¥ 13, o] AFolA AFE vgrlo] mE 2R3} 5&

3.2.2. AR EAH

(1) X—A 3&d FA (XRD; X—ray Diffraction)

AA7E XS REARSH= delE o83k Zor, 54 =49 44 +x
£ wolsly] 913 717lo|th [1™ 1404 Kol R o] g7 A
3 dg A5 7HAE XAol 3 (diffraction) Hi dHES B B
o] W= (Bragg’s Law; 2 (12))< ol&3l A4 Alo]e] AgE d}otst
= Zlolth [29 15]e v Al o], 3 FRoM R o AP
7H 4 glom 7 AgAES] (100), (110)3 22 27|HS 4944

7 + Rl
31 A = TH



—

o] Wy Weks vEeR 7] $e W X4 (Miller indices) 2kal $tt}. 7
Aol A= 242 (0) 8 WAbE = 9] Al7] (intensity) 7F =& vt
o o=27] e, XRD ¥ A 545 2% F JE Aw
(fingerprint) ¥ & &S st}
2d’ sinf = nl (12)
] % Plane normal v la'2a’
la I
”
Iag A g . " g ’
P T
i
¥ Bw . . *—
8 L d
c Y

i

\

X=x 34 40 dd e B2 d4de Hob & W

B2 (Powder XRD)o] Qla, shye] A4S

||V
o,
ol
o
rlr
M
ue
0
.
ot
X
r_{

=
AN Z ZFsteE ddA X—A 34 4 (Single Crystal XRD) ©]

Ao Mqedsty 7| ZHsF 577192 SmartLab (Rigakuy, Japan)‘v‘i‘”al_
32 S B8 i)

& -



X=A 3d 2471 ol &3

(2) F el W3 A)AH 2347 (FT-IR; Fourier Transform Infrared

Spectrometer)

Felo] Mg Aol 37|l FT-IR)= AL o]de] o
UAE 7= AAZI97E £442 Ak BEE HEtA 7] ddE ol
3l Ao FERE doh] Sd welth Aejde 2k A 3/

od g gloH, A A2 159 179 FaF
2]

Agsts Ade Fath (19 1619 o] 4949 w3

=

=2
=

Optical path

198 16. FT-IR 93

33 % ;ﬂ kL 12 t‘_” 'ﬁ'}-



(3) Y2EA (EA; Elemental Analysis)

AxEHS v AzelA] of@ Axvt oW HEE 9A
Ae7) d# WMow, Be wEE CHNS HAGNE A4 BAS %

& CHNSO] #A&n| &5 ylelst 4= it} =5 = 07 ity 242
Ak 5 (NHy) »S0y) 0.2 C/H/N/S/OFE o] Fojzl E#o|t}h, CHNS #
Ao g3l oxy BA7MA HA&AE, C/H/N/S/0 AZHu| S BA3) &)y

2749 £EE FAE Zojth. ¥ AFelA ARES 717l AEdidta

(4) AAWA FAFAAE R A (FE-SEM; Field Emission Scanning

Electron Microscope)

FAPAAA N A S A dAvA Y] & FRE, A s B2d %
el FAFste] 7 A; Atole A HAsE AE S Bl B
2W T2E Fotske Aotk A s AN 53 A4S v
A7) 98l SEME ol &g o, # dAFeiaes Aeudtn 7] x=7%8}
35717199 JSM—-7800F Prime (JEOL Ltd, Japan) = A& th

3.23. €2 &4

 AFelA SAdoF st &5 AR gEYotgl dgksoltt
dRYol= 279 Wy VAR dlEe (Nessler) W& 238
UV-—Spectroscopy® 43t} o|&h&o] A9 43 &0 67} A7S
b AFer WEATE whee ol&sl, 37F AFolAw dEE=

o
=
580nm¢e| ¥ BlE S8 ¥ 245 AP vRVHAR, UV-

3%
kv

Spectroscopy & ©]£3

34 f-! -ff,- L ]I



3.2.4. 438

Q) gAY )

ko3
T

(1) fEvYot

A, 71E

sk,

o} o}

A
(e}

e

=
=

oM BQIE A FE HGrE 5]

°of EYof

oo

ol

ol

)‘\l_

ol

] gl /3

she
Lo} 7}

skt

oz B Aol -3

Joll M=

=°| 44

29lE L A A
o}, A,

<
T

AES E =SS

T
RN

R

Eis

L3 A

7F5

©
=

R
=0

el

;OU

ol
oF
fife)
o7
o
b

5mLol

ol
ofp
e

o 5mLol]

A

o}

A 45mL7FA] 5mL

1:1,

0.5:1,

#HE vEr/El HEo

TUolEE Sml F9l8|Fo]

R

, 4.5:10]

1.5:1, ==

beieh A4 3

Vs

KN
=

1, A3 &8 (crystallization efficiency)

Q15

(13)

A3} 45 (%)

oA A g

v g a3t ol

I 278 3hs =

9]

ofg=ol ¢

il
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Re ik o] 2(S0, ) 0] elghgel] gk gl =rt ml vty] wiEolt).
b o] Sk A o] & (HSO, ) lfbxell 837} ZH o], sAksi o
o2y HAY £ Sl 7IE AR (Letovicite; (NHy)sH(SOL) 5,
Ammonium bisulfate; NH;HSO,) = A8 = Q= 7Fs/do] Tt 7+
55, letoviciteWh ammonium bisulfate$} £ & FAbE

A

KX
=
T e IS TRdgs Uy v e Mo R, A4 3 a

2Me] eFEYelel 1Mo At g5 o] 8s && Ik 8l
Tyolo] & Hlgo] z+7k 1:8, 1:4, 1:2, 1.5:2, 1:10] I %= A}
FYZA Frel ZF vgo EF4Y 10mLE ¥, 40mLY oE&E ¥
ol A& fdrh w3, e & 10mLel FREHSE A &3
A2 A3 v

(3) w2 A57] - nEaAst A AlAH

e AE71E A A% AARE A A FRE s
Ttk A/ A B A&7 e, AR AH 2 SRS direct

contact membrane distillation), 4A|/71A4 &9 H57]Ge., 29 7}

-

A BEu Z=5H59; sweep gas membrane distillation), HA/AF v

1 ol olgH I, BE Fe AAS AA/AA BT GHol
HguAYSE AASHE B AN, ule A84 el Ae @y
2 Qo 5 gk webd, ¥ AAReAE QA A B §57)

Aladls 8 Ala'E TESIT 2™ 17]. o W, @2 7]=9 9

o)

H=7] (e, Y &2 579 vacuum membrane distillation) ©] ¢l T}
.
A

AZNA 2o A57] AL" sdsid, @ vlgviel Fakg-ohol

MY ET §9% ol GuUob} ol FHE A AYE I+ Uk

36 &
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N
1 1
iS z 1 1
1 . 1
: Strip |1
I
Gear Pump ] : Tank :
1 1
L
Feed
A J
Tank

2l Beuke 222, oA AAE
A 2 olg¥ BE, PVDF 92 o] &3t} ¥ 3 ® A (Feed tank) &
A EH (NH,CD o2 whE bR yol 1M 500mL &9, 3|4 "=
(Strip tank) = 0.5M 34 € 50mL e}t o€h2 200mLE A4S 3HALE
o/ etS 1:4 (viv) &

mL - min~". 35 HAE F9H= 3719 FFS 2L - minT o2 A

i A57] - vgmEaARs AA A A" AFEEE o'
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3.3. 94+ 43
3.3.1. ¢EYo} & T4 n| LA 3}

o[ Aol HaAF v & £ U GE, FAY/elRRE

Aol FRYolrt F F4ly =

AR stet= Aow Yt

ASC crystal)©] &% (reference) Hlo|E] 9} A =24 & XRD

et 218 gl goh =9k, (29 19]91A4 ofghee] u
Kl

(ot
L2
o

it o
o

=
aH)
tlo

woldss A9 maol wobd: AL FAgor, o)x o]
A w2 Aol AR webd, v R H A RlEs olds /At
g9l 4:1 Rul2 APa ol F APL AP}
—ASC crystal ——Reference
5
8
2 li .I| II- l...l 1 Ll
3
£
o
2
5
)
14
A A : A ss proe Ao s e !
10 30 50 70
Wavenumber(cm-)

29 18. ¢EYel ¥ 59 W gAF3 25 FUXRD

39 M =TH &



—0—Hybrid system

o
o
—

o [=] o o o
[°e] © < o

(%) Aousioyg uonezi|eyshio

(Ethanol/Ageuous solution) ratio (mL-mL-")

[e]

iy

o W& ER s

S E
T T

—
fie)

Yol & v]&(1:8, 1:4, 1:2, 1.5:2, 1:1)& &4

o)
=0

<
T

4743

1513
=

s

A7 XRD ¥4 Ay (2" 20-21]1° YEr

o
pu

o=

off, B gvid7

B

e

H

oH1¥ 20].

o2d 21].
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Abstract

Development of Sustainable
Ammonia Recovery System

Using Membrane Contactor:

pH optimization and Advanced Post—treatment

Jaebeom Park
Civil and Environmental Engineering

The Graduate School

Seoul National University

Ammonia is an indispensable source material for agricultural
fertilizer and manifold nitrogen—containing chemicals. The current
nitrogen management scheme consumes a large amount of energy
both in producing ammonia and treating ammonia nitrogen in
wastewater, which hinders the sustainable N—cycle. A membrane
contactor for ammonia recovery has recently been highlighted to
sustainably manage ammoniacal wastewater. Ammonia membrane
contactor has been shown to outperform other alternatives of
ammonia recovery in terms of cost—effectiveness, operational
simplicity, and compactness in size. Despite its proven potential,
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ammonia membrane contactor has certain limitations. First, as the
technology requires a high amount of chemical use to raise pH, it
disturbs the sustainable nature of ammonia recovery. Next, as the
process ends up with mostly ammonium sulfate solutions which
require crystallizing post—treatment and spending high energy, it is
essential to arrive at a better and more sustainable alternative post—
treatment system. In this regard, the study to overcome these
obstacles was examined to enhance the sustainability of the ammonia
membrane contactor.

Ammoniacal species have consisted of free ammonia and
ammonium ion. As the concentration gradient of the volatile free
ammonia is a driving force of the ammonia membrane contactor, the
ammonia speciation in feed liquid is crucial for better performance.
However, previous studies only addressed chemical speciation in
bulk liquid, not the boundary layer, known to be substantially involved
in the ammonia recovery process. We developed a novel simulation
model that could track and reflect chemical speciation in the boundary
layer (BL) of a membrane contactor. Simulation and experimental
results, which agreed well with each other, indicated that ammonia
mass transfer in a membrane contactor could occur via two significant
pathways: 1) direct transfer of free ammonia from feed bulk to strip
side and ii) ammonium—ion supply from feed bulk to feed BL followed
by deprotonating at the feed BL and passing through the membrane
to the strip side. The contribution of the latter relative to the overall
mass transfer rate increased when the feed was strongly buffered in
pH, less basic, and flowing slower, reaching up to 78.9% for
conditions tested in this study. These results demonstrate for the
first time that chemical speciation in the BL plays a significant role in

the performance of a membrane contactor for ammonia recovery
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under typical operating conditions.

We have proposed a novel hybrid system of membrane
contactor and antisolvent crystallization that can reduce conventional
two—stage processes into a single stage. The liquid—gas membrane
contactor that prevents direct contact with wetting —inducing organic
solvent (i.e., ethyl alcohol) transfers gaseous ammonia to the binary
mixture of organic solvent and aqueous sulfuric acid solution. The
transferred ammonia combines with sulfate, simultaneously
converting into pristine solid N—fertilizer ((NH4)2SO,, ammonium
sulfate). 93.37% of ammonia from wastewater was recovered and
converted into ammonium sulfate crystal simultaneously. The
recovered crystal represented the homoepitaxy crystalline structure,
not the wusual orthorhombic structure. The hybrid system also
selectively crystallized SO,?", not HSO,~ the potential component of
valueless byproducts such as letovicite ((NH,)sH(SO4)s) and
ammonium bisulfate (NH,HSO,), producing only valuable ammonium
sulfate. Likewise, since the organic solvent in the system does not
participate in the crystallizing reaction, it can be recycled numerous
times with the supply of concentrated sulfuric acid. The novel hybrid
system that simultaneously recovers ammonia and crystallizes N—
fertilizer may minimize the size and improve the sustainability of the
ammonia recovery system, enhancing its feasibility of the ammonia
recovery system.

To obtain a sustainable ammonia membrane contactor, this
study explores the effect of chemical speciation in the boundary layer
on recovery performance and developed a novel hybrid system of
membrane contactor and antisolvent crystallization. This provides a
scientific rationale that can aid ammonia recovery in moderate pH

conditions and curtails the two—stage ammonia system into a single—
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stage system, respectively. This approach might enhance the
sustainability of the ammonia recovery system, thereby taking a step

further toward a sustainable nitrogen management system.
Keywords : Antisolvent Crystallization, Ammonia recovery, Modeling,

Membrane Contactor, Sustainable Water Treatment

Student Number : 2021-23426
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