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Enhanced sewage effluent treatment with oxidation and adsorption
technologies for micropollutant control: current status and implications
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ABSTRACT

Conventional wastewater treatment plants (WWTPs) do not fully remove micropollutants. Enhanced treatment of sewage
effluents is being considered or implemented in some countries to minimize the discharge of problematic micropollutants
from WWTPs. Representative enhanced sewage treatment technologies for micropollutant removal were reviewed, including
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their current status of research and development. Advanced oxidation processes (AOPs) such as ozonation and UV/H,0;
and adsorption processes using powdered (PAC) and granular activated carbon (GAC) were mainly discussed with focusing
on process principles for the micropollutant removal, effect of process operation and water matrix factors, and technical
and economic feasibility. Pilot- and full-scale studies have shown that ozonation, PAC, and GAC can achieve significant
elimination of various micropollutants at economically feasible costs(0.16-0.29 €/m?). Considering the current status of
domestic WWTPs, ozonation and PAC were found to be the most feasible options for the enhanced sewage effluent treatment.
Although ozonation and PAC are all mature technologies, a range of technical aspects should be considered for their successful
application, such as energy consumption, CO; emission, byproduct or waste generation, and ease of system
construction/operation/maintenance. More feasibility studies considering domestic wastewater characteristics and WWTP
conditions are required to apply ozonation or PAC/GAC adsorption process to enhance sewage effluent treatment in Korea.

Key words: Micropollutants, Sewage effluent, Ozone, Advanced oxidation process, Activated carbon
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HEZ @¥o] HE| 1 Qi) (Park et al, 2021). Y=}
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Enhanced sewage effluent treatment technologies

s N N ™
Membrane separation Oxidation Adsorption
* Revers osmosis (RO) *  Ogzonation *  Granular activated
+ Nanofiltration (NF) + UVH,0, carbon (GAC)
* Powdered activated
carbon (PAC)

Fig. 1. Enhanced sewage effluent treatment technologies for micropollutants removal.

Oxidation-based

* Fragmentation

* Intramolecular Direct

photolysis

rearrangement
* Isomerization
* H-atomabstraction
* Dimerization

UV—based

H-atom

abstraction radical

Ozone-based
» Electrophilicaddition AOPs
= O-atom transfer
= Electron transfer
= Oxyl radical Direct
formation =
ozonation

* Ozoneinsertion
* Ringformation

* Electrontransfer
g * Dipole
interaction
Addition Micropollutants : :'E‘tE;?“iO”
* H-bonding
Indirect ' ‘} . i

Adsorption-based

Non
specific Hydrophobic
nteractlon interaction

Phy5|-

Coulombic
Inter- attraction

molecular

pathwa a .
orces
Electron transfer
* Covalent
bond

Chemi-
rpti

Fig. 2. Classification of removal mechanisms of enhanced sewage effluent treatment technologies.

olHd
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=¥} u)2n ArtE=9l e Ao M=
= HAom AE 343 UVH0, 43}

Ao —";L*é%l Z 3= 22| (full advanced treatment,
o|§H3 gL}, FAT $4& o4
Srst 8 988 TAT o
Aol 79 Beolsol obd Hal e A
Aol 7IHhE & A3tA e FAo] Hete= J’—’E%QI’—
?lt} (Chuang and Mitch, 2017). 223} UV/H,0, £
Qs B AR BARE ol 8T )

=

(Kosek et al., 2020; Rahman et al., 2018). w}efA], &
FAoIAL A8t W FHY D= BHE FH O
2 vgeded A7 712 Fg 2)& AEEL Ve

A—]/\E u] t_ﬁLLH XJ_Q_/Hoﬂ I;HOH /\P_;%EOH;]-

2.1 M7 £=X2| Tl

nEAEA ) Aol e o2 suks
gotol £3 TR B GEUS HapH o
dfst= e Zlgolth. T4 wep Aksket
(hydroxyl radical, *OH), 34+ z}ht]Z(sulfate radical,
SO47), ¢4~ 2ht]Z(chlorine radical, «Cl) 52| ©o]-g-o]
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nHEY I FoANE AEE o] & AT o]
713 del o] g oy axAEAEE YT
YA 7= ol Ml @&, eE/IASkRA, 92/
SujREE gz TN VN Vs,
Hy0,, O;, Cl,, IHAIS}Io]Z3HAFE (peroxydisulfate, PDS,
$:0¢)& Bz ALY EHAR AREsHE UV7)HE
7]%, SnO,, PbO,, TiO, & H=S o|&sto =4tslat
gz WA7= A73EH 74, dE, FO0UE,
UV/iEd 5 (%) SWE ol&st= Sui7]ut 7],
AR, 259, Sep2nt 55 o]gste] EollA AH
AL S WA B axAREA Y]
<2 BE=Er}h (Miklos et al., 2018b). o] & =74t
3t UV7Iet nEARSEA 2] 7h FeAelof|A =5 =k
LAEL HYE Yol I HgH L qirh n=Akst
A= 3R HgAo] =2 dzE, 1L Fol
ME g4kttt ol ot kst wEg-o] =9 A A 7]
Zro|t). It &0y UVE n|Fe &z Eajo
71698k 4= Q17| wiol, nEAMSEAE] 7]&d u|gke
5 AA 7ol tE = Uth & oAM= 1=
Ast A glof A FEHoR YEE A
ot A "I ThEIL, o]F 9F 9 UV 7R 1
TAEEA R ZF 7)ol disiA nlEFeAEd AA &
4, AT 71 A A A, A8 AbEol tisiAl
Ab K okt

211 fi=lEic S £8 2 e 2ixt

=4S A o) Age nEFedEdyt ARHA9
Hhe&k 9 ARSHA o] it =5 Axo &= 7HA] ¢
Az AREct vFedEdy ASHA 9 v
2%, pH, 4F3HA 9@ [718E9 S wet 274
w3, A eSS o ARHAY FAE T A
ol ofa) 27wk

kst 2 HES-e Hlnie) §7] SheET S
A vl 2F-&(diffusion-controlled reaction, ©|A}HF-S-&% A}
T ko ~ 1 % 10" M S_l)oﬂ IWhE AR MEA A
ofrh. SAIBEITIZE | AL kgl os) pH
7oA 2.3 Ve =2 ARIRHAAQE 7HA= Ak
AR, olfet =& Astg o oot f7|8ketE
Zof vidg A o2 w2 vhgshy] wjitof tfFEEe
nFededs ades AAL 4 ok vFe
e patstedd 7HY] vheEE A b
5] Y= o] A= I 59 vFed=Eo

gt oSS E A4l SRE T Ea 7 G4
710 Whg AR} A 28710 are wefsha
Faleto] alslettize] oA SE A%g o)
= Z+g8-7] 7)oH(Group contribution methods, GCM)©¢]
e o], patsteteZd RS REs e YA
SFE GCME ol 4 = 28712 TA ] Yo
W oAg) 2 o ol AMGHES ST 4
Qlt} (Minakata et al., 2009).

ALY e ST Akt ] Aol
dAgsictar 7P uf P4 o] AR e Axne o))
AAET) ol 9] &2 F7]=(Dissolved organic matter,
DOM), oF&4Fo]-&(NOy), BHAO]&(HCO;/CO5")2 |t
At Y absEtyds gt o] § &&
fr71E0] 7H B& ] ARl S Anshy, A
o A=A AegA oA dEIA o] AR o] Fof
A|A] g0l NOy =7} 0.1 mgN/L ol o= &2 2§
o= NO, 7} 83t &1 QIAV} H7| & 3t} i1%4hs}
Ao &2 AR ZE ARskE a9l 2of
ekt s A7 = Wl webs A4 E =,
2 9 UVH0,9 Aease] 9= vA= A=
2129} 2.1.39)| 4 Z+z} Z&gtc)

AEARSA PO A= mlFedEde] Atk
Hhg-oll o8] F7|87HA] =t A= E57] e
of, vk & XA E HIEAME(Transformation products)
3 m(E)etatEe] By B wWete v msto]
AAR vigedEdel ol ARHAEA Bt
S vl AWEG sy B i
vitro =47 23} YA (Dodd et al., 2009; Keen
and Linden, 2013), 3}}o]z] A A|(Mestankova et al.,
2012), Yol EZAMIF 3FolE(Mestankova et al., 2014),
o AEZAR 3}5HE(Lee et al., 2008; Rosenfeldt et al.,
2007)9] A=A A (52 54 A A
on, uwetr HFRAEL wIgHEo] vlg)] Y=t
A ggol e e Aoz HrAET Lot o

o] ofo] AgHAo|n thorat welel ke
gae] DA A 4B 24 sl o
27k @77t Basi

(ol gR ol

2.1.2 2&(0;) 7|t T= S|

Q2 AR WA e B Z1AleI, 1 4Rk
Areteh A 91 7F 1.03 Vel 1 AHA|l = ZFEet Akt
Aot} (Koppenol et al., 2010). ©F2 £Z u|A&o]
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Fet frled=dol gt
of ArAgoA F2 AREE0]
2t} (Rice et al., 1981). T3, &8 4=413510] 2(0OH)
4 §71=3 vhgste] patstetd s A
of =AM A P AtE ZEA Qirh @E FAH A 4
crehetd o] A datstean 54 o) 24
2 53} =3 4~ 9t} (Beltran, 2004; Merenyi et
al., 2010; Pines and Reckhow, 2002). £3| @ &/1Aks}H
T4 T2 peroxone Fgolet HElm @& o] &3t
HEARA YR A Yed " sk HeE AolE
2] FA A GAE T (Reverse osmosis, RO) Tt
of Agx1 tt (Miklos et al., 2018b). H-F 73+
A 2ol A peroxone ¥4 dhp-f-Eol gt 4bs)
gz £ aks o] @& thEggol Hs|
APeh Ak 2 Apol7h gled, @& ElE THEAIA
eE HEx Eo] HadE & lon EI =4
AbstRARE )l HEAMR Y A FonlsHA €Y
Qlth= Ado] Qlth (Bourgin et al, 2018; Hubner et
al., 2015; Lee et al., 2016).

220 ofgt u|gFe P4 A A= 3]5-4](batch reactor)
9 H53(plug-flow reactor) BF-S-7]oA Eq. (1)o2
A= 4= Qlth (Lee et al., 2013; Lee and von Gunten
2016).

—Iin

[MPL)
[MP],

t t
k03></0[03]dt + k;.OfoO['OH]dt (1)

Eq. (DolAl [MPl= =% HFd=49 55, kos
= oEN vFAEHY oIS EE A, ko
SAbslet g vFe GE Ao ok n Al |
[0s]dt ¢} [[OH)dt= 217} ©& 9 Atslete)zd %
Zoltt. Eq. (Dol wW=w ngedEde AAE
(1-[MP}J/[MP]y x 100)-> @& Whg-&e, ARtz
HRe&e, o 25, SARYd wE5dor 4
Atk o % pAEEgd dheESes vEed
shet4 B4 #EE FU pH I =04
otk A&k 4 =& A9
|ER7IEY = " A4, Tl
=T 5o wel 7pAHSH= Zholth (Elovitz and von
Gunten 1999; Elovitz et al., 2000; von Gunten, 2003).
weba, e ot & nFeHEd HYass

O
A

ol N

4 no o
iy
p L
R
)
=

susly] SleAE A vk R e S ukg
43 Aol 5 242 g Lelajor B,
o2 nFedEd AA Bl ArstA| oot
0ze 1 AAE AUEs
3}t o}dl(amine), -3-7]3K(sulfide), ¥|&(phenol) 2 o}d
P(aniline) A ¥ /3t ks 3gEy w0l
=7] fZol, olggt 25 xSt Q= vFed
AL oE WEEE Ap(kes)7F =t (von Gunten,
2003). yhlol, RAWES} W ofubo] =(amide), 1
o] E 2 Hll #ll(nitrobenzene) -2 B|EJ3tE WS o
e 2 RESSHA] ook, oldRt AT A
H g d=do AA e A-871ef vhgAd
o] o Zatgtebtizie] ©|£5HA H} (von Gunten,

A

=Y A&VE v oR AAkSH=
4A(Quantitative - Structure-Activity
Relationship, QSAR, Lee and von Gunten, 2012)2} S}
=9 AU A S o]8-sto] ALbst= FAR st
Z AAF 71¥H(Quantum chemical calculations)2 ©]-8&F
4= 9t} (Lee et al., 2015; Lee et al., 2017). u|F2HE
Ao Akt MRS E ek 211004 Ts
g 2 FRAA QlEsAY A87] 7S Sl
o] &8 4= 9Jt} (Minakata et al., 2009).

L& ASto A AR =& 0FE kST 5
At kE5dor FREAT oFE 5T &
715 & 44 NOy 5%, pH ez o&
== Srof P W=t 229 27] vk
Ae &E 1718 Well AR d=rt =of &&
S40] =& 9 d(phenyl), &HAl(alkene), ©}7l(amine)
O] Z-8717F WobA S W] AnTssE 0F

| gty 7] B @A o] %] & W

8 & W && #8lE 7H5ske 02-&
ol WYAIZI= 28711, 22k 432 2 oFH(aryl)
7] St BEhE o wE5Fo] ghaglit) (Buffle et
al., 2006; Stachelin and Hoigne, 1985). E3t, 8F57]
A (dissolved organic carbon, DOC)7} =245 &
W WSSk F F71EC] ol F =&l
A3t (Buffle et al., 2006). NOy = & whE &%
(kosnoz. = 3.7 x 10° M' sHE o2& 4Aws] AAiky

o
T
1=}
pun
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(NOy)o| 7] wjiofl NOy #&7F 45 && =
ZTFo] 43It} (Lee and von Gunten, 2016; Naumov
et al., 2010).

L ARSE AEoA AN HAE 20 b
ol AHEER AT wE5EE 0FE ke
of ¥&F= wew, pH, DOC, &4e|= T &2
Zol}of ufgbaA = ZetAct (Elovitz and von Gunten,
1999). fAtslett) ) © 20| k& u]&S Ru(=
[OH]dt /J[Os]dt)e} 3L 3F=t]l, Ry FH-2 A5l A] 10°
~10®* Ax 2 ==} (Elovitz and von Gunten, 1999;
Elovitz et al., 2000). =AM} Ze] o]z} WHG&k
A o) whet vlw ] Al (koy ~ 10° - 10"
M' s, eEAE Aol 2% eEHAL 4
gt ek 1010 F= W] mjio] o whe-
T ATt nEedEEY LEAY Al R B
23tk 02 WHEEETL Bk > 10° M
e o] 2 REZE) wEA A2 =i, @& vt
HE7F W2(kos < 10 M! ) BAL pAkslEtT]Zo|
sl Blad] =gjA AAEHM, S #9lY) e vk
&2 7HH A0 M' 5! < kgs < 10° M' s 2
1 patslet o] oA 2Hgsto] AAET (Lee et
al., 2014, Mathon et al., 2021).

7189 el wet 9] Apol7h AN <
2t A AFSHA| l=E S DOC te] 5U3t =2

> oL oo

to i

(a) Ozone exposures

O Ozone exposure o

| — Regression:

y=(1.04 x 10%) exp(25x) for 0 <x <0.3 @
O

w
o

= 10.4 (x-0.3)* + 3.04 (x-0.3) +0.24
forx>0.3 1o,

N
o
1

Ozone expsoure (mg/Lxmin)
o

o
1

Specific ozone dose (gO5/gDOC)

& FYsHAE 9 A= FABHA UEbd o]ef
wel £ 02 S 914 DOCo] wet vjgke @Rl
AAEo] Th2A Yett= E£A4=, DOC thH] 0& -5
= (specific ozone dose, g0y/gDOC)Z A 3HA] 7| += HH
o= A A2 si2E 4 AUk (Lee et al, 2013). NOyO|
ot eF RT3 HEAH E =
(205/gDOC* = g03/gDOC - (48/14)(gNO-N/gDOC) S At
851 DOCe}F NOYo| thsl| Aqtald @& 55 A
3 4= Ik Fig. 3 g0/gDOC*e] The 02 9 4k}
o) =S YERH Aolt} (Lee and von Gunten,
2016). 1 SA AN 2 oA =BG
ST g0/gDOCH A AR H25 Wele] glom
2, 3l Y njFed=d Alojo Al gOygDOCHe]| 7|4k
3 W o2 =9lek AAo] 7Hsaith (Lee et al., 2013;
Lee and von Gunten, 2016).

L2 75 AFA 247 §ESSte] HEulLbY
(BrOy), Lol EZ A 3FgHE(N-Nitrosamine, ©|3} L}o]
EZ ) 53 22 AR ANE(oxidation byproducts)
o WASHE AR AA otk BEAGL HLg
"71200A 10 gL, Yol ERZAS Big 43
A2 7HX]7]2 NDMA 70 ng/L, NDEA 20 ng/L&
Aejojgls S4EMolt HRydde neug
o] 2(Br)o] 3 EolA LEAYE & A9 st
(von Gunten, 2003; von Sonntag and von Gunten, 2012),

e o ol

(b) *OH exposures

124 © °OH exposure
Predicted *OH exposure: ©
10 - y=(3.1 x10"%x ¢}

oo
1
@)

*OH exposure (x 10° M s)

Specific ozone dose (gO,/gDOC)

Fig. 3. (@) Ozone exposures and (b) hydroxyl radicals determined for various specific ozone doses (gO5/gDOC*) in municipal
wastewater effluent (3 Source: Lee and von Gunten, 2016). The red line in (a) indicates the fitting of data with
empirical equations and the one in (b) represents the model prediction on hydroxyl radicals exposures calculated
using the ozone exposures in (a). The detailed description on the regression and prediction model is provided in

Lee and von Gunten (2012).
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Lol EZARELE

FER7 RO} nFe PRy St
e ouly] % 3

A7A] =49 L&A =R WAt
(Kosaka et al., 2014; Zimmermann et al., 2011). 3},

L& Aee nFededo] At &4 AAM=
aHoRNE BE 7= ARSRARE(, TS|
5) Yo Qs A% SRS 288 F7HA7)
71% 3}t (Magdeburg et al., 2014; Stalter et al.,
2010a; Stalter et al., 2010b). &8 & 23l = &=
g ABRES malolI, BRY 5 34 AT
oditZAHe =3 AE 4 9ot (Chuang and Mtich,
2017; Magdeburg et al., 2014). E3t, @ Z/TALSIpA
(peroxone) HAC R & WEFAHET Bauikg

A F3= viote QI (Lee et al, 2016; von
Gunten, 2003).
eE2 anyor g dEdE AASHANL A

e L9 A0y, Br, DOC F)oll whzt g
a&o|] JFE WL =4 asFikEe] AAE o 3l
7] Wzol && APE A5t sk 22 AP
igapol 22 Aol AeA Brkshe HAo] Wa
stk Aglaol e 02AE Hgetns) she o)
ol thato] 1) AkebA) Qb 2) vlke AR A A7)
£, 3) S4 AERARHEL, GolERAT) 4
A, 4) AREA s ) s HAE SR 74
H A HrAS AQEeFS aL(Wildhaber et al.,
2015), AEA B AN vigoz 02 148 B
A2l A e AAstaL ik 1 A3} 04-0.6 gOy/gDOCE)]
oz wEo} Bl Fo| 4RIy Ao 23t
o Mo AR Aol ABRAE, AYEA Zu
ol4 g4 H71E ETsho] Neugut, Oberwynental,
Bassersdorf, Werdholzli 3}5=2 2|3 SoA] 228 o]
8% ZoiE seAANe A4 W e ot
(McArdell and Meier, 2019).

2.1.3 XtIM(UV)7|Eh nEAMSExE

Aelue gegel gt 45 wns} Holl &
K RAEE AR e AR fale] Hof
A g AREEo] Jth A oA ARREE A4
A F2 280 nm 0|5} T O] UV-C G oA 24
ofm 2 AL EL FoRE 2537 ime] b A
Qt 42 I (Low-pressure mercury UV lamp, LPUV),
200 nm ol4pe] ATl e WEIE FI
3 (Medium-pressure mercury UV lamp, MPUV), H| 1l %]

Az o] grh. B mofoA
A% *J%i}ﬂﬂ Ao AgHe AY W

] ety i A ot S i(Hzoz), nJ—(HOCl) S208 59
&= (promoter)S H7Fetal L] Alof =ZAA wE
=2 FOZde A7 |= Hrlog oA
o} o] F IS E X SHE Ae oA/
ARt A(UVH0)7F @A 71 Ho] A=A Qi
UVH,0, 57804 vlgedEd AlA= 1) AA
of &gt AALL 2) Atttz o7t A ALY F 7
A 71202 F&2 o]FojXitt. Aol o3t A A=
n&Fe d=4o] 253.7 nmof| A AFejAS SFstaL, 3t
gt or ZE A nEgedEdo] A(E)olHA
=HollA ostd WHItE Axw ZdEet 4kt
gzo] o3t AlA= ALAE Sttt BiksgaTt
FAbsEttd R fafjEo] dojdtt UVH0004 A
Qe o3t AlA= e S w7 Uv-C

ool A Gt AR WP HFReIA & Aot
W, 0 FohA) B B AAL A
o E5p "k 2537 nm sl A Bt

= 186 M' em! Ax=E 7] =
A ¢7] wfzoll, St #’\@—}E}“%" e 98l 5-
20 mg/L Hr=o] Bl A iF=o] BASkeLTE 24
Hal, UV AL ok 80% o] BAtStpa7E 2
ot AAZF asiths M aLdsfoF gtk (Miklos
et al, 2018a). 3t WASH:A FU= HERE Q)
TEL UV RARFO] BE 500 mi/em’ O|A}OE o]
UV AZEZAA Q735 ZARF 40 ml/em’ Ko}
108 o) =th= Zlo] S0l webA] UV/H202 S
B= 2Fsk7] fIgt olv A aF B Ts
ZHr BRE =2 Holr} (Miklos et al., 2018a). U]%k
eFdEd AA THolA UVH0,9 A& A 242
UV-C (253.7 nm) oo F3 =9} pASHH A S
4mE= E2(DOC, HCOy, NO,, Br 5)o 229}
Foll FFE =
UV/H0, &7 9] % FAksket 3d 54
Al ogA] &Rgo] ouf HEAYY =l A
FAbES A AASHA %= o] Utk (Shah et al,
2011; von Gunte and Oliveras, 1998). 3t UV/H,0r=
Lol ERAR St 5 tHaEZ]ql =3¢ NDMAE
woflets o avtdor dA ok NDMAE &
(ko = 0.052 M s, Lee et al.,, 2007) & =At3}atr]zt

o
N

rL
02

1—9,] A A]

1

© <

]

Journal of Korean Society of Water and Wastewater Vol. 36, No. 2, April 2022

65

pp. 059-079



E‘p

[

Dj2eses |

i
El

oIt At3H U 3 |t

= = [

il

&

K WEA 2okl 7120 97 S8 U AN

[SR=I—2

(kon = 3.8 x 10° M s, Wols and Hofman-Caris, 2012)
HhgAdo] woba 4kst= QI A AZF ofHAWE UV
FES =2 2 AAEC Mitch et al,, 2003; Sharpless
and Linden, 2003; Stefan and Bolton, 2002). A=XAb
29 719 AASA P A4S 55 2537 tm g
= o]-&sh= AU Z(Low pressure UV, LPUV)of A
T FEgXI) ghE, 2ol FAFEINO)o| FHg
oA A 544 asFAHEY gl FlES]
t} £¢ W3 (Medium pressure UV, MPUV)E ©]-8&-3t
MPUV/H,0, FA4olA= A4 W NOs7F 55T ¢
NOy 9| FiEs A=l ¥4
nitrogen species) IFAFSHA AL (peroxynitrite, ONOO)©]
EEF71=T wgste] AaA ARbRrAES F4d5t
<t ol5& EAWo] 8/d(mutagenic) % F-H573
(genotoxic)S W= Ao R LKt (Hofman-Caris et
al.,, 2015; Kolkman et al., 2015; Martjin et al., 2014;
Martjin et al., 2015).

UVH,0,5 ©]&ste] steAee W ngFeds=d
o Aelsts Al AR Al TR (Kim et al, 2009; Lee
et al., 2016; Rosario-Ortiz et al., 2010; Yu et al., 2015),
A 2 AT (Audenaert et al., 2011; Cédat et al.,
2016; Kohler et al., 2012; Miklos et al., 2018a)o]| 4] =
&2 ZgEo] gt dutAo g stpA 4o nge
e AAFHLE UVHOE AHESHA sh9] =
UV S 52 pAREHE 25E 2
Agameo] HlwA Wt gy He=E AfolgoA
= oFE T UE ARAEA Y 7)o Bl amFA
= A4 27 22 A gzl UVH0, A 2|7} o]-&
B glen, I A8 A= giFE AYE AX F
71E F%=7F 1 mg/L o]5kel =of tisf AR vge
FEE AA HHoz HEEH Ut

2 A~ (reactive

flo

=2 O L oo
QAo FHFHS OhFY FAA BT
olgatel £F 0PBASES EHlo] FHAY|E 29
ekt 47 7148 dRech 450 SaE 09
e AT BUOER 42 o sk, oju) Aol

adsorption) 1} 3}5HA
(Worch, 2012). o] =

E4& AAstE 7 derERl AA 717 o', 1) &
& A}% ZF2(coulombic interaction); 2) =4 A3t 3) @
n A%k 4) o]F FX7F AZAE(dipole interactions);
5) 2 A T oA EFE (Tong et al,
2019). Fig. 20| el sjot4 F3 25 9 ek

HAUSS 298t Ueh ik

S A=A T2 Yubd o R gk 5-24](adsorption
isotherm)e &3l A EHTE 2 242 YA 2=
27004 Fzlo] Bol =dFlS wf E/dthol] 2
LAEAY] He= &rol &S LHA=EY Ko
afe] A Upehvfol A m, oli= SARre] A4kt B3t
BAE ook Fad 78 Arol AuHoR A
£5= & 5242 Langmuir, Freundlich, Toth,
Temkin 5°] 9o, =*]8] Holoj| A= Freundlich &

2k G40 AHEE]GL Qlth (Worch, 2012).
(%} Zol w3 =H, S
}= K [(nmol/mg)(L/nmol)""™]
Uetl= 32 A4
. H|& Freundlich % 5
A9k, Langmuir 522} o] A
3 oA 9] A
= & RAfste] A
=t} (Worch, 2012).
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4 6 &2 o & 2] (bituminous), ZHEF
(lignite), EEH(peat), 7 Z(coconut shell), L}
(wood) 52 YA = E €FSH(carbonization) 3}¢] graphite
Yz wWyAz ¥ Q4 Eb aey B4s
(activation) TA| S Fall A7 ¥/dstaLl HIEHH
= EAIZIT (Knappe, 2006). o] FA A2 t34
S AWH o2 | B EHF(800-1500 mY/g), =
& 715 AA 5 A A-ER 7S F2E 7HRIH
= A+ 5828} ¢ P(international
union of pure and applied chemistry, TUPAC)S] 7]&=9]|
w2l 27 2 nm ©]55 1A 7] F(micropore), 2 nmo]| 4]
50 nm7HA] S FZbAlE(mesopore), 50 nm ©]/d2 # 7]
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2147|0124 AP BMR-£5IZ- 08

6

F(macropore) 0.2 EZ3}H, UHbA o7 FAEO] u]
A7159 AA o] 545 et nFedEd AA

eIt} (Crittenden et al., 2012). o] 7]3o] &t
el Ty e JEZ 7ol HERH o] =7}
teo] F71skaL, mA|7]5-9] 7= HIEHA S
A nFedEdo] FAT & e 92 S
Fo|t} (Knappe, 2006).

ol ST El4 EA Qo A= 5’! ke
ol whet 3 sk YA HE si‘jq 28
et 3kekA 5o ARtk g"
(surface charge)= 25 1ol 2J3f gz}ﬂt o]
Ao e F8gh Y-S v|Hh g, HIC ®+= 0/C

= o
JHU

N
N
S~

> ofN @ mX mo
if o]
D

X
N

oF e A} vlES 2AJERe] HIEFA] (aromaticity) Tk
—;L*é(polarity)£ Uetf= A2 AMgEL B3], =
L 0/C H] &S Hol: X

Ao gl 2 IS BRI A B o
3 Fo AALLS et} (Kang and Xing, 2005).
2| 7] Al 3H5(machine learning)S E8f n]ek o 52

Bl 9P n]AL BHEY Fo SHS BN
Av), v EAAY )T ARG 2 Beln SHo]

83 e vt BiaEdet (Sigmund et al,
2020; Zhang et al., 2020).
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2= 93l °]
opet 2
5‘?’“Xﬁﬂ*]“°ﬂ A &
2 ool §1x|sh=dl, oluj
Z(effluent organic matter, EfOM)-2 T A}
A3} A5 22 st v 87|82 )
242 2/ et 2ol v AR AU

4] uvﬂm H 2 kol )

] HH

N
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W3l (Rizzo et al, 2019). H|FeHE=HE AAS FIt &
ek 729) A] Bk ) f71E e HES nefshe] ol
20 & 24 mgPAC/MEDOCE 291515 o 60~80%2]
nFeHdE4 AAES BTt (Zietzschmann et al.,
2016). ThFEF §71% A4kl THE spol 4 vlake
QAEAT AAEHE v ATo] W, Y &
7% % oo dBAn ke 27]0) ARA $718
(low molecular weight organic compounds, LMW)o]| u|g¥
eqRAl AgHos APsts Aow ey
(Zietzschmann et al., 2014).
golo] pH w3k o] LalEl 2o F2E Alofsi
ZQ93F 942 A Q) WA, EAdElo] oF 1Y
o 44 W @714 28717 EAfslel mwl AekE w
=, ofuf & pHF FA 5 (point of zero
charge, pHy) S 71702 SHAleke] vl A3k A4
4 otk Qurdom, 2A) AQe] FHTE pHyot
35-54 W2 AbYo] S4E Holn], HEk BTk
pHpe7} 9.0~9.5 W2 471449 54& Rt (Karanfil
and Kilduff, 1999). Wt 8N O] pH= mFe =2
o] o] 23}of = FaFS mZIch A pH 2719] F7F
o= o|23lH e ST 1Y st HX7A
QiAo wef 2o gepkich gt dAqtollA= 548
pH(pH=7.8)°l x| 54 == oFbdat oFd714d o=
21 5-fluorouracil¥} cytarabine2 thAF O =2 pH ZAof u}
2 A eko) T2tEl = A S ZARSHITH (Kovalova et
al,, 2013). 3l AlF o A= pH 6.2, 7.8, 9.62] 27 0| A]
Astgon, AgE SHHES HOK super?] AEHA)
85 ARS8 pHy7t 1082 R AP 27oA &
A ‘?:P% ¥ B A3HE H It} Cytarabine &A] &
Aol 54 Feiz EAskH pH 20 25
o] zfol& Ho|A| grotrh WhH, S-fluorouracil €] 73-- pH
9.691 4] pH 6.2¢} 7.8t} F& ZAA5S H Yk pH
9.69| 4] 5-fluorouracilS 20 2 BE3lE £9] H|&o] =
olfon, SJE THL ool HElE o g 7|o]
7} ZrAshT) S A9, o A FAEre] 1 A=
ol 205 el B4 20l ook 2k 7
.0 7)2fo] ohjglon], pH Z7}o] wet 484 Sol&
He| 2 EA5l= 5-fluorouracil @] =2 Zr—%oﬁioﬂ 7]¢l
slo] E2F gaFo] A3 =7 = 5} T} (Kovalova et al.,
2013)

—_

%

ook
o 12

o]-& 7} % (ionic strength) T3+ SHAJE 5 2}o]|
I,

o yj
AP Fr Ao LA Yee
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DRRUBH RS B L5 U B Tt i B4 2

&

43x2| 71=9

mM} 100 mM2] QA 2+3=-8-M(phosphate buffer) U] o]
A AR ol 8 T3 8RS wmalict Kovalova
et al., 2013). 5-fluorouracili= pH 7.8 Z7o|A] o] & 7=

7} S7¥shel whel S2F 85Fo] HAE= A ERIEH
om, o]= 58l W RO AR = ST
5-fluorouracil Afo|9] A 7% A5 2-8-& 2jdsto =
W BRALS 7Tk RaE el

7NBA o7 LA oA Fa 52 712k E2F
gzk% 3o] 52} 7174 (exothermic process) . &, -B-oHO

nFed=de] Fako 9FSE o
(Worch, 2012). 3t ATl A= 4°Ce} 20°CY] 2= A 9
A UIE&%‘%%%E‘J AAES Bt 43}, 9 229
A AAEC] w2 Aoz FAHERIt} (Kovalova et al.,

2013). HHH, thE Aol = A 24 SE
L Ao R 5°Ce} 20°Ce] &% ZZ oA m|Eke dEZ]
o] AAES vlwe Ay, W iE A He =
AP Bl HEA 2%t (Nam et al.,
2014). 53], 244 st 24 ks o] &=
o] kS A M=t W 22 a4 IREY
e 7Foemo] ks Eolal HE NEE Hel

al

X
19
o =
Ny
3
F

© pH 271014 o}yl(amine)zH
Eiiil{mtrosatlon) He s =
3| T?jj FEA 0] L}O]EE/\]-U (N-nitrosamine)2 AJAJ St
t} (Padhye et al., 2011). 1L} LF E3oA sl
2]2= Y] o}RAMY do] 8-l Akt o] 32]—/\-1Fd- T2
Aol Lol =mAvle] MAIsHE AL
(Padhye et al., 2010). o|+= EAJEto| Zuj 2 2F-8-5}o Ak
o} Ao BA] BA4EE B WY el =at
Zl(unsymmetrical dimethylhydrazine, UDMH)¥} 22 2}
ol N-Y E Z AT g o} 9] (N-nitrosodimethylamine,
NDMA)O. 2 AtSA|# 7] WjE o 2 X 1%t} (Padhye
et al, 2010). SPA|RF AWH=| 0 & 22} A4 Yofl= W
2] ofylo] EAjalo] BT FHEFH] Y27
of tha BHE AL TS ] £H ) BT &
284 F st UolE RISl 44 Hws
A3 IS 2oz BRIt} (Padhye et al., 2010).

2.2.4 2L (PAC) 8 7I&
P Aol 02 mm ofsho) AR
O 72 5~50 pm =7]9] E/deto] of
L 2020). 4%} Z7]7} e Hurs
EE} | EHAo] Aoz 7
of AEd AAN H agdol, 374
Hol A= oheFet Aol " Foirt 7
ol | it} (Altmann et al., 2014). &
o] Fof §xJof] wE nFedE Zﬂﬂgg
St Streicher®] dtof =2, 3l AAYH &2
=9 B+ sEe Y9 VR, HAkax, 7%,
skg=A 2220 A 22 76.2 mg/L, 254 mg/L, 12.5 mg/L,
122 mg/L, 108 mgL& 7} §& $7|8 =5 17
3+ Z5t e Q)27 (gPAC/EDOC)| A ]S,
d=d AAE] FAFSHA UERTE (Streicher et al.,
2016). ok, A9 W && f71=9 iEﬂ =ol &
stz BT 7t woAle EAIRE AlAlS
om, 22 A FE XAl A]—‘?—%%P/\Q%E 34
S 5 U dHr o AAZRI Attt EA|7F 919
oh Wb, BT BRI MR ABISE ) B4
az7h M HAsicia Aksigich Teiv AR
Sz Yol BHTE Rolsi AL LA 43
(sludge digestion)o] £A1E 4o 4= glod, #H&y
A5 EH|So]| AR 4= §loke @A
omL BARE 24 AAA IR
(Rizzo et al., 2019). A& A9l %ngg}xg% ez =
P8 82 wsxel Huuy 3

filo

ik Kl
N NCE[ o & o B oox e

n rﬂ

-

mﬂ 9 o

_]—_‘_
(¢

Huok
RUSE

o

4

I+ S| O]Q—Ell:} (R1220 et al.,, 2019).
WEE U v Rd BE AL
W A F71E sl wet geiAd, dsl ®
o oA 23 A MRS dakeR o 5
30 mgPAC/LS] =2 EoJstgr}t (Krahnstover and
Wintgens, 2018). ?fjé"?—_%oﬂ‘— Baksl g ety &b 23
AE Fololzn, iee] A SUA Foje i
DA ES] 8 1135lo] 0.1~0.4 mgMetal/mgPAC
o] He2 F<J3}ct (Margot et al.,, 2013). 3+H, 3
A= STy FAlo] Folstole e dE
A Ao FFs FA derhal HiEgden JF
o] G Rolahi o] 7 AHANE wATel &
229l ZoF HuFc} (Altmann et al., 2015). E3F,
ARl vFeHdEd AAE feiAe SES F=

r o
~ T FIE

68
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ARto]l @tE AR FH A= 5~152] HFZARL
02 £ HYags HAka BISHATE (Hu et
al., 2016; Mailer et al., 2018), THEQ] A FTAH A=

05 oA HEA|7HS 7HA ) (Metzger et al., 2015).
ohxiaﬂ*éow HFe AEA AAE g gkl
SaE et S AA 9 29 27E Table 10

= . 2020). 12t
SUEAAES Y = ﬂ’\ R
TAE Ho LB ZEHY AMgo] T8}
o A Aol AR AHE B AR
SRR Aol aEs S, Aed

o] Z7}3}th (Boehler et al.,
2012). o2 AtollA = EEEdes o HEs
zof AHHOR ANGIPORM FofShs LuRY
g g2ko Hrl 8208 T8dlo] =2 u|gko ¢
=4 AAES G5 (Zletzschmann et al., 2015).
OB mlolgy] Fro] Alof A BulglAeto] HEF

& 4 I4=& SHE a8l SAURALY] CarboPlus /A}&F
% HE WSEE olgsle] HFxe YAEE U9
s}t (Mailer et al., 2015). AFE-E AFSEE H= Ht
&% 10 mgPAC/LY] s 2HE/des Fds3
< uj, n|ge GEAo] Bt 72-80%7F A=t X
Dol mahAe) EUEAE £ BHoR B
27 ol ghefofii(ultrafiltration) 457
(flotation) 5 T}ekst 7|<eSo] e Eal 9ot ofA

t} (Krahnstover et al., 2018).
22,5 YULEIIEL (GAC) &8 7I=
ey 2780 1.2~1.6 mm H$12] S/
Lo} (Kosek et al, 2020). YAZAELS o]
FHL 4gAol 7 LT} SR} Fola}
EL 4l A gelA bl ol
Krahnstover et al., 2018). YAIEAJELS
H-8-7|(fixed-bed reactor) FEjZE AL
| wel o]l A o] ¥H(dual-media filtration) =
S e FAAR oAt LAEsE )
JSRAJERS 0] 83 1A= Hke 7= H = Zg A I
K& Z(gravity feed contactor); (2) 4= HE=x
(pressure contactor); (3) ASFR HZE HFS-Z(upflow

o F
ox L2
Ol}ll /\ E,
op
= o o o

Ul
K32 4

e
2
o

>

o 2 o E dr H 2 o pe

fludized-bed contactor)= U-Y=o] 2t} (Crittenden et al.,

2012> AEom NAF WeRE FU4 3F WE
o

EFE shrF AR
EU% o] /R EStE o] mpate] wH w7k
A FAE hREY] A 3N 1S veEe
ofg] ¥hgx7F HERE A=Y dF whgT|oA =t
3 % oo uast 5eNoR Aad Wae
3ol Sk FAH o2 o] EHT) (Krahnstover et al
2018). oAM= 1S HREERE AHHCRE HA

[e]
sto] e fEdy AN HEs SR
(Krahnstover et al., 2018).

GATAT FHTAIA P 2T o AR
wg719) A4 peloty muneled BeE 38
A5 A1 ZHempty bed contact time, EBCT)o|t}. 35 A|
FAIRS EAdEto] ZR|ek= HulE fFHoE U
#Her, nFeAEd AAS sl drbEez 540
2 A= gEo], -G (superficial flow)S
Seae) Moz TR i o, o
2 5~15 mhe &£=2 A=t} (Crittenden et

L 2012), ARBARY 27) B4 EF 0dEd A
ﬂiﬂ%oﬂ &S u|Hch ykeF ¢ArErAgEre] 377}
i zeshe ojsreqaae] shebde 9EH,
P2 | mAsh R EAS doA Z2 oA

Z|(backwashing)©] 8 @ 3}t} (Krahnstover et al., 2018).

3

B % Jod
2ol o
lo e

e, AR SHEA GTAS vehd o,
s eH Ak AMESH: Aol ofuet bed

volume (BV)& 0]45F0] JEPATE BV (nyue/m’ac)
o oA X7HESF HE 9ukS oJAlElAdEr Hulz
= Zro g Alex QAMSlAEle] Hul Wl ALEv)
FHoltlele YHHoB BVE ol gate] njat
= " o Utk A920 & Ho ol wet
=R a2 oat BVE 20% (C/C=0.2)E
M9l SO AGET Qlom, fr1E e
1%k BV 80% (C/C=0.8)= 7|2 b3
A3l Tt (Benstoem et al., 2017). thoFst sk =]
el A Bl AR SAEAS vaT o
T A= DOC, carbamazepine(CBZ), diclofenac(DCF),
sulfamethoxazole(SMX) 2] S-ztxg]|A] Ttito] =ds}
+= BV H|5}9t} (Benstoem et al., 2017). DOC-BV
80%+= 2,000~28,000 BVS] H{ES H¥ o, CBZ-BV
20%, DCF-BV 20%%= ZZ} 2900~24,000 BV}
1,600~20,000 BVZ UEl} DOCe} SAFsH HYE =

mZ:mlmluQE_IH_u_\;
(ol rx r1m 4
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b AR deixie] 7isel o S 2 AIAKY

gltt. o] UulAE 0 F DOCY} 20% A& A2 =Ls 7t
x| Mo A CBZL} DCFe} 7o &ZxAJo| 743t u|ek
AL oAA3] 80% AALEL HYrt uhH,
SMX-BV 20%% 600~9,100 BVe] H|E Ho|m o
e Btk sheA A oA nFedE=d Al
It URbAQl T S AA 4
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o 2ol o
fto o > N o
boflo do & R ot
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M pE o 1o oo

(suspended solids, SS)9] =7} 10 mg/L ©]A} 9]
H, ihEE2E fYEA Grs -3 (bypass)AlAH A
3lojof gttt (Mulder et al., 2015). X EZ QIst 7|+
9}l (pore blocking)< A|5}7] f|sko] Rl o] (sand
filtration)@} > AA g F41} AEsto] =
£ glck Eah, wgxe] $71% AlASt UarBATe)

o

7% e
AHH S F7120m At wof BL ol g3 o
Aze ARt eolE B5a BAy B SR
Ao] WAYSHY k2 BB olgatel ANHS WY
a}7]% et

QU o= sk o] Eeat AR A 3
SEv] ST utE AR B AMEoR n3w
oF (Kosek et al, 2020). YAFEAERS BT 3]
S golstul AN B3 Aol Fhsdtet

]
oAl EEEAdTET =2 HAYEE 2=} (Kosek et

al. 2020). AYIHE ol AT FHD 3714
QLGB
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et al, 2009). o] FESH TS o] &3 LHEZE A
2= AYETAIEL 4 (biological activated carbon, BAC)
o7 PHEY f7)E, A5FAE AA 8 582
2 AgAy TN ARl Tk (Son et al,
2009). 2T Aol A= kA A4 BERS
g TS TAYRE o] 8T A fUl= A SH
A G2 TY S 25-42%7HA] A 4= Sl
1% O 1}, primidone(PMD)2} CBZ Z-& Aj
otA dEe A B gt gakA -2 2k 5,500
BV 17,000 BVe wo A& Rtk
(Fundneider et al., 2020). wheha], @ ALENA &
= A3 A= $H(0s/BAC)E Agst

AHgHE WS Aot B4e] xelwm gk

(Bourgin et al., 2018; Chuang and Mitch, 2017). 3}
AeEd W 22 Ag+F Y22 0/BAC &4

o] HgH AP 2AE 15 FY nFedEd F
13F] sl 80% ole Adass HJyow,
32%9 F7l= AYas&S Rtk (Chen et al,
2017). =3, Os/BAC 32 & A A oA g
ASH=  trihalomethanes(THM), haloacetic acids(HAAs),
bromate(BrOy) 2} 7 AERAE X2 o &} o] 9]
o YolERAIF APoe AVE HYou A7
NDMAo|| tiafjA= HF7]% (< 10 ng/L, California
Notification Level)& T+=35}7] 98] A e]a&L =o]
£ 27189 A57h A= L 9} (Chuang and Mitch,
2017).

Table 1. General design criteria for removal of micropollutants
by activated carbon units (3¢ Source: Mulder et al.,

2015)
Subject Value Unit
PAC
Dosage 0.7-1.4 gPAC/gDOC
10-20 mgPAC/L
Coagulant dosage 4-6 mg/L
Hydraulic retention time 30-40 Minutes
Surface load settler 2 m/h
Power consumption 45 W/m®
GAC
Empty bed contact time 20-40 Minutes
Upflow velocity 6-10 m/h
Backwash water 5-15 % of incoming
Power consumption 40 W/m®
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3. YR Zetx2lSE Hlu A =l A

Q_kl g7|.

Table 2= v|FeA=EZ A|A EFHo=g u}
4 pA AGE 0F UVH0, 2 B4e
T AeHAE 3AAREIE APstel dEy
(Bourgin et al., 2018; Miklos et al., 2018a; Schwaller
al, 2021). 2AHE v]FodEAL % 530] ojobEa

= WAL R vusitt 7 dA gAY vl

DUt
o Lok y2

mor 1o

32

Fodud AL AN LAZAL el
2US vigoR SYE gHon, 9F2 067
(o]

g0y/gDOCe] Hra = Hl—a}oa ) uq, UV/H,0,= 800
ml/em’2] 214 ZARFO] H0,5 10 mg/Le] FE2
295} 3, Eurggere 3.8 gPAC/gDOCQ Erg
FA= S AA H8-& gt ASkA 2 2
dxAoNA AgasS Hlwstd, o1 BUadde
T 24 BE S0 His] Ao E =2
A&S BT (> 60 %). ¥, UV/H0, 574> CBZ
I+ PMDO]| tsl] ZF2F 56%, 2%= ofE E2H] W
< Agaes Btk 57K oJofEAe Aksety
Zo] s A oE fARE BHEEEE HElo
(6.3 ~ 82 x 10° M'S"), CBZS} PMDE= 24 453
(direct phoyolysis) <%=A=7} Z+FzF 0.178-10° m%/I<}
0.882:10° m*¥J2 T2 ZAgH] dA3] ¥ 7S =
Fom Aeagoe ZpolE YEth AvtA o R, 3
7HA A5 2AME mEedEdS gt e
2 s AAeS Hloy, fibks A4, AH=A
T TheFet Fkol wigk BrkE e el Bl
7F F7HH 082 FQ sttt

Table 30]%= @2 UV/H,0, PAC, Y GAC2| 4717

2

(¢}

W A esdel das AA4, 71ed AxE
7|&o 2 "|lnl H7}ste] AAISHATE (Bui et al., 2016;
Kosek et al., 2020; Miklos et al., 2018a; Pesqueira et al.,
2020). A R A3HA Y 4 T UVHO0, &
e 2o Bagt oyx]7t 0559 kWhm’ o2 t}
SAE tH] 10208 o]/49] o x| amgko] g
Hoh &4 A4S 34 Ao Fagt oy
AnEFo] 0.09~0.37 kWh/m’' o2 Eal/¢ ke et
Z}%Xg 0.05~0.08 kWh/m?’) tjH] =& ofu]z] AmaF
Ak wHAE, 7 3o Fagt AbshA| e et
*J/ ol Bagt YA Anekd /ST
o] 036~0.72 kWh/m'ez 9 =7 Z%(0.03~0.09
KWhm))tH] =2 ouyx] Axeke Bk Az o
=, 2+7<M9‘r FUEdT SHE AR Y &9
H-§-& Helom, Q2 712Q] e A
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Table 2. The removal efficiencies of micropollutants by advanced treatment processes in pilot- and full-scale wastewater treatment

plants.
Removal efficiencies of MPs by enhanced sewage effluent treatment technologies (%)
Compounds Ozonation UV/H,0, PAC
0.67 gO4/gDOC (43 min) 800 mJ/cm® + H,0, 10 mg/L 3.8 gPAC/gDOC
Benzotriazole 80 70 84
Carbamazepine > 98 56 88
Diclofenac > 99 > 99 74
Primidone 70 42 67
Sulfamethoxazole > 97 86 60
Ref Bourgin et al., 2018 Miklos et al., 2018a Schwaller et al., 2021
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Table 3. Overview of system costs and technical considerations of advanced treatment processes (3% Source: Miklos et al.,

2018a; Kosek et al., 2020; Bui et al., 2016; Pesqueira et al., 2020)
Criteria Ozonation UV/H,0, PAC GAC
Primary energy demand
(KWh/m?) 0.09-0.37 0.55-9 0.05-0.08 0.04
Eneiﬁ ?ﬁiﬁigﬁ%ﬁ%ﬁm 0.03-0.09 Not available 0.36-0.72 0.36-0.72
CO2 emission (gCO/m®) 60-130 Not available 150-240 250
Cost (€/m?) 0.16-0.22 Not available 0.18-0.26 0.26-0.29
By-products NDMA, bromates None None None
Waste None None Disposal of used PAC Spent GAC
Ease of construction Complicate system Complicate system Easy Easy
Flexibility Affected by matrix Not valid for turbid High Moderate
Ease of operation Professional Professional Simple Simple
Maintenance requirements Mit;ﬁgiicf)?m UV lamp Separation of PAC ' Replacement of GAC

Table 4. Advantages and drawbacks for each advanced treatment processes (3% Source: Rizzo et al., 2019)
Advanced Advantages Drawbacks Recommendations
treatment
* High OMPs removal * Formation of by-products (NDMA, * Toxicity test
* Full scale evidence on practicability = bromate) * NDMA and bromate
Ozonation |« Partial disinfection *Need for a subsequent biological should be monitored
* Lower energy demand compared to treatment to remove organic
UV/H,O, and membranes by-products
* Moderate-good OMPs removal  Formation of oxidation transformation e« Toxicity test
« Effective as disinfection process products
UV/H,0, *No full-scale evidences on OMPs
removal
« Higher energy consumption
 High OMPs removal * PAC must be disposed * Test with different
PAC  Full scale evidence on practicability e Post-treatment required to prevent products/process
* Additional DOC removal discharge of PAC configurations
* No formation of by-products * Production of PAC needs high energy
* High OMPs removal * Production of GAC needs high energy - Test with different
+ Full scale evidence on practicability e Still under investigation if more GAC products
GAC * Additional DOC removal is needed compared to PAC
*No formation of by-products * Less flexible than PAC and O3
* GAC can be regenerated
Hegol RFEC WHlE RuUwAE THS RUE Aol fa 2A-Hst AU A28 S0E o
of AHHA & A o] FHREANE 2 A SteAYAE F 671 F LAY IS
e e P S O P T et
Hel7h ek gom, o5 Fu A%, HE, 4712 A7 @ Aol
vupo R, S SHedelAN WS wigor  § BHoR exAe FHL B Utk (MOE
AdE AT Y BT ST A8 2019). 9N 9 iEes dubEoR fU)E Fs)
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73w ARsh o BeEel nhEe o
F9)%(18-24 mgOyLyo] £.7E 3 Qe Tt g
SH7E 3 el He] BEeke Aelade 24}
AAZ L5755 715 DOC7) 4~10 mg/LE A A3 9 &
Folgto] apdrh Az Agixe] AT At
Sl A YA AL GaroR oF 0.5 gOYeDOCE 228
FRIT A 2902 BHHOIA AgT AE 2%
of thall 94% ol/4e] AAES ESAth (Borugin et al.,
2018). o] HHE220] DOC = 7]% °F 25 mgOy/L o]
AdRt o FYFo] aFEHon, 2 nFey
=4 AA AeS Fdskdith £ eEqA T FAol
A B EE FabE F SR 2RI (Bros)= 0.5
g0:/gDOC 27104 &0l 1% olstzm AME It
(Borugin et al., 2018). ¢]+&= 3l F-YU4 Ul B2 03} o]
Z(Br)9] F&=7} 60~100 pg/Lel e et o 0.6~1
nyl A= AHd Aor ASHY i $A7E
(10 pgL)H ot B2 w5 Hth & o & 54t
E9] Uo]|EZAMILS 0.5 g0s/gDOC Z 704 NDMA
7F i 30 ng/L F= WAL O, o] EIJF OF 20
of 8)4ul47t RE 47 FES ebshE WHOS)
59) 284 7% olshz AAFo] 05 g0veDOC 4
Eo 0F FFL AWHoR RiEe] dg &3
7} =] 28kt (Bourgin et al., 2018). Tj&Eo] @&
s WRS 4 E AR g
(Escherichia coliform, E. coli), g4 & at+(fecal
coliform, FC), &t} &}+Fw(total coliform, TC) 5ol tjj 3}
2 a5gE Hol @A) skeA A oA &gkl
= UV 25345 dAE & s ez Alnd

S 2AY 2ELZ 1) UVEA tiH|
cryptosporidiumo]] 3] ¥ A5G35 Ho|il, 2) &
& f71Ee] Yol WEA snEo] &R Amdt
Ao mate] tigt SHAIE Hof F7HAQl Aot JiA
HpQto] @ otFt)

A U sk Al E F 97.3%7F FQl A A
= 9 Folth o= 7I& SH/AAT A £EE
gho] | Fojxlo] &4 ThHed A& Hol 7t
AR RG-S g o e AR AlmrEHY (MOE,

AREE D

o

Jelg Brow 94 Fold $WAARA
ek Gl Folstel mledEA A
7F5232 ISR (Margot et al, 2013). 35 91
[e]
o

WEABAL GAeR 10220

mgPAC/LO] EAEt} 415 mg/Lo] FeCl; SXAS =
ot A1}, F 58F9 a4 nFdEdS L
2t 80% o] AAEE Ed5k3ltt (Margot et
al,, 2013). o3t S o83 WR st
A5dE Y nFedEd AA axpa o]
o A E = FabE Al et $87F w2 &k
Aol oleh v F4 TN ATl o
451 5)57h o) ol A vy, SAE A &
u] 2 FHsAo] Qleh AAIEA 2AbE Aol o
2 fom A nEedse] &
wEstel B4 o A 212
o= B3 FF SR
(Woermann and Sures, 2020). Z2{1}
9 AAEe] F2E B
diek Bk B 271 2448 Badel 9o

o

®

M
o

2w

o] N. i

50 s
A, duk
o flo

1o
L oN G
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o2 M T

o =2 ox i ox it rH flo g
H“
N
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Ty

S oox o > o2 O i O P ok ox X or

iAol mAl= Gl diRt B7= FF F7F AL
ool o, ol AYsly| sl Aol #H&
& o5 97t F% 30 87"tk (Krahnstover
al, 2018). @A} =i F A=A A= T &

A3 Al Tk F7HA Q) Z e
A @7d Waiel gt
4, Q9F 3 A

WS BB NFL AT 3t 53
0@ aTAoR AT 4 Uk 71eRA, FU- 9
Hom N&Hom ALE o] Yk 55 LEL ol
s aellur BT EUHASS o83 F3u
TAL oA aupdo Qs 34 &
o W AHGES] Wag oux] smeo] g g4
] A 2AbE o] A ASH 7k s
Mol =91 1 T8 7HsAol AUk Y sk
A Ad AL niEoR 0EAe FAT HUHA
o FAHEAe) A84e DAY 2w 0EX T
© 29 go] W H/|E WAlo] g Aol 9
O 9] 0] AAte] aFS wow NAE A
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