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ABSTRACT

The anaerobic digestion process produces methane while stabilizing sludge. As of 2020, 62 anaerobic digesters in public
wastewater treatment plants are operational in Korea. Many researchers have studied to improve digester performance.
Thermal hydrolysis technology is one of the pre-treatment methods for treating sludge. Reduced retention time and
enhanced biogas production are the main advantages of sludge disintegration at relatively high temperatures and pressures.
But nutrients like nitrogen and phosphorus are released from the pre-treated sludge.

Phosphorus is a non-renewable resource that is essential to food production. Wastewater receives 20% of the total
phosphate discharge, while 90% of the influent phosphorus load is in sludge. For efficient phosphorus recovery, it is
essential to comprehend the phosphorus release characteristics during wastewater treatment, including anaerobic digestion.
Biological or chemical processes can achieve phosphorus removal to comply with the effluent discharge limits regulations.
The three primary sources of phosphorus in sludge are aluminum-bound phosphorus (Al-P), polyphosphate in
phosphorus-accumulating organisms (PAOs), and iron-bound phosphorus (Fe-P). Anaerobic digestion is the typical method
for recovering carbon and phosphorus. However, previous research has demonstrated that most phosphorus in anaerobic
digestion occurs as a solid phase coupled with heavy metals. Therefore, the poor mass transfer rate results in a slow
phosphorus release. Due to the recent growth in interest and significance of phosphorus recovery, many researchers
have studied to improve the quantity of phosphorus released into the liquid phase through chelation addition, process
operation optimization, and disintegration using sludge pre-treatment. The study aims to investigate characteristics of
the phosphorus release associated with the thermal hydrolysis breakdown of sludge and propose a method for recovering
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phosphorus in a wastewater treatment plant. When solubilizing sludge using thermal hydrolysis pre-treatment, organic
phosphates, inorganic phosphates, and polyphosphates are converted into ortho-phosphate. Therefore, applying thermal
hydrolysis, anaerobic digestion, and phosphorus recovery processes (struvite formation or microbial electrolysis cells) can

recover carbon and phosphorus.
Key words: Anaerobic digestion, disintegration,
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AFFS XSG THMOE, 2010). 20209 7]+ 4,281
o] F&otrA Al el ATt st A WA
209,999 2E(F42715) 0.2 2018 4,094,907 4%
7120l 1l 115,091.8% Z7}512ch (MOE, 2019;
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A A5FIL Qle} (Cordell et al., 2009). 3}4=2 2] Al A

al

o] &9 A9 A FYEHE A Foke] 90%E ot
a1 Qlo] (Schiitte et al., 2015) stREHA2HE QS
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el de S
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Stsea] 7Hest 7lee 12, 1gte] ArbeR
3fl(Yan et al., 2022), AF-&Z2](Hu et al.,, 2022; Zhang
et al., 2011), 223K Wang et al., 1999) 52| ZH*]g] 7]
S5 "= AEsto] AEHE wsto] AEA
NYEER Zol, Agste] AE=E S7HAYL
Aol gedS A SUAE IS A=
7%l tt. %HH 735 okt 7He3 71 ol @
7ol 7ol gk ¥Ao] sobAaL Qlvk d7b

S 2700 AEHA Be 23sA o o
T e Al ME FHe= o] &H e (Haug
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EP%'EUJ AtEo] YL Gt} (Morgan-Sagastume et
al., 2011; Oosterhuis et al., 2014; Park et al., 2022; Pilli
et al., 2015; Wilson et al., 2011; Xue, 2015; Zhen et al.,
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AE 5 20166 @A 7571 AAo] AE, 45
t} (Barber, 2016). 7188 71€9 AL 1 E
714 23t Al &40 (rate-limiting step)¢l 7H>
(hydrolysis) @A S F3}stA o g pafsto] O A2
= @ @71 23z aRst A 7hs, @ HE
ol7tA A SHf, @ W AME, ® BT &F
4 © H4 Har AT olds Y, @ oFF At
Qg Al ), ® 23 2 AFE A
a5 S AYaL Qle} (Barber, 2016). B o
o2E O YHEYM da v= S7E @ 9
gt AFA SHA AR F7E @ AU A AREE
7t QA FEsid =8 A Fol Stk
(Barber, 2016). E3F @714 F7gol4 &S AL
ol e QY =7t drlrRsE Sl
S7hE o= Qlth Table 12> E7lpEs) 71&9 sk¢d
YA 7Hg3te] A-83k AHE AASRL Itk (Morgan-
Sagastume et al., 2011; Oosterhuis et al., 2014; Park et
al., 2022; Pilli et al.,, 2015; Wilson et al., 2011; Xue,
2015; Zhen et al., 2017; Zhou et al., 2021).
7Rl 1eS shrs RS AL2(140-170T) 2
AQH(6-9bar) A-gslo] AR WfEd=m 7HE3)
Sk 7]wolm A2kt HhgAITke| FFE W
(Haug et al., 1978; Ngo et al., 2021; Zhen et al., 2017).
Li and Noike (1992)= Q7}5238 7|&9 441}
(2% 62-175C, WFSAI7E 15-605) & 2742 170C
o} G0Folm Bttt AW 207 7hgato]
autAel Aoz AAEL Qth. ¥FH Carrére et al.
(2008)]| oJstH HEAH £AE WFo= A8t 4
FH60-210C) 190C7HA] = =5 7Tl wet 7He-3t &
Fo] wobA AR W ek AyEFe] FtEL o]
2ot roAs 2358 AEsido] Wolkl=
Ao g yehylth oleh T2 A= drieEE
ZQA| wlolok= HE-3(Maillard reaction)o]] 2]3l] AJA
AR A ] Wt o] H(melanoidins)ofl 7] Q1
ueba stegeA o] drieEd Ve A8 Al A
gt 2= oF HhgAIZHY] A2 ¥4 s, H-&ET
ofyel &4 2 FAo= JFS v o Utk Zhou
et al.(2021)e] oJst¥ w5 HEAAESHAE F7t
Bst= A 1407C, 30E HF$o SCOD(Soluble
Chemical Oxygen Demand) 2.7vl] =7} W wgt 2rAISF
5% Z71ee AR AN ook 1y mEa
240 o M Zvtet /L8R A3 §7Wne

S

1o
o %0

¢}

il

gl

Frysto] o3t EA4o] S7Hd o Urkar AAlskaL
@it} (Zhou et al., 2021). HLol= G7I5-E5)7|<= &
| ofet o] & F&oto] ArtEel e I E
g AAYE Wste A47F Al=Ear it (Park et
al.,, 2022). Park et al. (2022)°f 2J3lH Er7lEafet
Haels 49 255 0CE =&
AARE FEAE 5 e AAEE A
<of vlsf o HWEet4go] 215.6 mL/gCODE
2 295 ElaL 7)sskal Qlek olef 7
TAY & HEo R T -9 B2 7Y
7| HES Gt 38E 2 E7144
of AA|ste] Hfo] 7t FAko| thel a
oz sl qlok ey &2A] AEEt
oA GrFEY F7IY aske S dA
Ao tF= a7 9J 2 Fernandez-Polanco et al.
AtAto] ot S A st SHolA
= g7k o A7 7P Sy of R
(o]

=
Aot 1L W Qo DEASHA A S 5
o}

flo

ot rlo & 852 > nQ
[®))

2 r_ﬁ-Ll

Ange BE WY 22A Qg wES Azt
FRAE B /gt BRHOR o)L A

Qo] w5 7} ofEel s B EE A
5 ZwolAl olg Tefe Ak Aasic

2A7ld =ZolMe] 2l

skl elof] AME= B S8 Aok A
&34 9l Al A (enhanced biological phosphorus removal,
EBPR) 7oA TAEE Ax &A= 2% B
4~10%2] ¢1& F-F-3kaL Ut (He et al., 2016). wh2hx
olg F4oMM TAHE gAE d714E 2% =
AR B A8 49 Lol e 2

A=t} He et al. (2017)2 3l4=&2] 2o

=

O'o,>V

W=

8 =2 9 Fe= Qs <l Jgrof gk Al
- E P S ET P S R P S i
3 93] (European Commission) o]l 4]+ SMT(Standards,
Measurement and Testing) 32 13 o] ]3f] ¢]-& Fig. 1
1} Zro] Z<l(Total Phosphorus, TP), -8-7]<2l(Organic

N o (o
o Hr 2
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Phosphorus, OP), F-7]¢l(Inorganic Phosphorus, IP), ¢l
34 Ql(Apatite Inorganic Phosphorus, AIP), H|Q13]4]
¢](Non-Apatite Inorganic Phosphorus, NAIP)©. 2 L&
SFaL QITHXie et al, 2011). H]S13]4] Q(NAIP):= Al
Fe, Mn 44512 W 5415123} 228 o] 23 Qi ¥
glojw, Q13|14 QI(AIP)S] 79 Cax} AT FHefd
oloz AHolitd |2 EA 3t} (Kim et al, 2015a;
Pardo et al., 2003; Ruban et al., 2001).

Xie et al. (2011)2 &2 49| ¢l FES} 28 99
% =a0) what Abolsiu] Brlelp)at w14 <l
(NAPD)o] Z2]7]e] 8 ol Hroletn AAlstn 9)
th FFotrA AN strseAle 2 J7A
234 HgstE & HeE AA FT ARHL
UTE Yu et al. (2021)& @714 2ollA S A o T
5 Q12 Fig. 20 AAE A} Zo] nY=9] 7l
waflell ofs 7121, 719 ®= thEQlitd Y] FH
2 HEHEo AAShL oy Zheas] B oA =
A|zzake] Q1] A (phospholipids) ot Al =9 o] g o] LA
(teichoic acid)?} 2 Q5 QAT AH = A|229] o]
Fo] o]Foj7 & Az FH &&o] 244 R
o]|Z o]t} (Li et al, 2019). DNA (deoxyribonucleic
acid)@} 2] M AK(ribonucleic acid)@} -2 A3z U] <14k
Hol2e| 29 A9 u| e thatap oA o]-& &

HFHOE {F7]RUOP) 7hislf Hof &l <Ak
doz HIETH (Ahlgren et al, 2011; Xie et al,
2011). ¥HH setF o g HAHE AR SHA =
A W AR B Fol EAJSA skob 47

a5 At o] 852 teditd 54 n]AE(poly-
phosphate accumulating organisms, PAQs)o] 9J3f] o]%
o Xtk A7 2HolA PAOs= WHRAIEZY tha<l
A Ase BowA olUAE BSetn eIk
(Ortho-P) FEi= Q& &&AIXIth o] o E53t oYy
A= FIAARHRAE A F 9} TCA 3] 2 (tricarboxylic acid
cycle)2 Z3l PHAs (polyhydroxyalkanoates)S 3+H4d s}
<l AHS-ETh (Feng et al., 2020). BHd 7]/ /el
Al tHIARE 4 mAES 545 PHAsE 23listo]
S o YA US F5E5ke] WEE QA ol&
slo] b5 QAAFE-S STl (Grady Jr et al., 1999).
PAOs7} vj&35l= th1AkY & A (polyphosphatase)+=
tEdAitd o] ElE F=5ke] PAOsO| A @il E A=
oA 1IrkE thEdlatdel 42 ARs thEelata e
2 E3|7} o]F o]z} (Weissbrodt et al., 2014; Zhang et
al,, 2013) ThEQl4tH 9] BE4 == A A &
Lo AsjE oy WEEHE vsditdY v e
VFAs 4% sxof wet 715k} (Salehi et al., 2018).

Sample 450°C,3h i HCl 3.5M —lm,:: Total
\m‘ Phosphorus
(0.2g9) (TP)
Sample HCI 1M norganic
—@':: Phosphorus
(0-29) IP)
450°C,3h
== Ham Phasphorus
NaOH TM ——— HCl 3.5M
Sample Extract : —‘lm,:: annc;gp;itiige
(0.29) Phosphorus
(NAIP)
— HCI 1M -
Residue @':C Apatite
Phosphorus
(AP)

Fig. 1. The schematic diagram of the smt protocol (Xie et al., 2011).
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f
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HydrolysisT
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Released [ Fer
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Cellular
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Sludge 7 hecentor S poly-P
disintegration {==z--~ coeptor "~ Celllysis
"¢ organic |, Dead
\ L ;-
~_! substances - (long time) /
(—
\PAOs . N Y -

Poly-P

Alive
(short time)

Anaerobic
condition

TDissqution

o Fe*/Ca*+P
| | (H) Need further study

|
[N Acidogenic
! bacteria
pd Iron reduction
O bacteria T
Sulfate

rggggi]%n <+—Fe-P Ca/Mg -P Al-P

.® |

j19

B2 PAOs & §714d 24 k&5 vt
X O 8 VFAsE FUshs 4 t5dirdy W
o] Rl F4 ¢ =9 A 81%7A] AA L
20| 715351t} (Acevedo et al., 2015).

stpael E4sks £de] S sakgel ol
AASE Aol R F4olLo] 711%kh 2 Fig. 2
o AAT AT} o] Feps} ALPY F¢ 3hahA <l
A7 71916k CaMgP B 7]Ek R7)ele] e ¢
Soll gHgElo] Qs Boleo] Z191ET (Yu et al,
2021). @714 a3k WHo F71d 24 77191
o W& AR A Al AR FEF ¢ UrhFig
2). A AR A T oA W& pHE QIZE F7
Q19 g=o|t} (Ma et al, 2019). T+ HRY=Z =AZXA
oA FshEo] 2t Fe-P 3}3HE2] §-Fof 7]Aset
A7 2ollA AL A 2R mjAEe 9
of FolE= gAY o] o Fe-Po] &5 FLgttt
(Hu et al., 2019) = 35S, HS @ H,S 5)2 (1)
I A2)0l AAE AAE Fe()E Fe(1)= HsHA

O
g

-

Al FeS, @& Sl FePREE AiHdS &&30th
(Rickard, 2006).
2Fe’" + HS = 2Fe’+ S| + H' (1)
Fes(POy), + 38*= 3FeS | + 2PO*, Q)
Al AR = deeddS AP ollA QAHE(T) S

Phosphorus in sewage sludge

2 §=3tt) (Yu et al., 2021). & B0

o A Belge] BHES XA @7
6] A}(Anaerobic Filter, AF)T} ZH-S HE-S-Z ol A 214
= AN AAAEHZE FHAA Q9 HES
2712715} (He et al., 2021).

AT el o] 2 JAME(IDE 2Hle Faf 771
|
7

4. skrEgiX|el Vg ¢l Y 52 ST

4714 8L 71l B4 tel We4Es} 7}
A =g dAQl &4 oA (rate-limiting step)7} Abo] 3}
W 7)do] Bt nR| B4 AHRel ol &
SotAolth ¥ x=ghut o] g8 {71 A
T &5 A= vEHkS-olth (Tomei et al., 2009). w
ghA] S ALt 22 Y= AT 43 Al Erh
Bo|ZAT} g WA BHS EUSHH MeLES
Eo] HHEAIRES @A 4 A (Xue et al, 2015).
EIF AlZW Y Ql WES STHIA )Y deaes =
o 5 9lk whebd AskeRsle 4 AA Fee
FH BE AR ofz} 2lo) Hg Lejeli
A% WA F <ol ABE sofeli o] Bl
Table 2= AA F 7143 BR LA ol 27
219 As& AAISEAL Slek (Yu et al, 2021). ¢19] v
£& FAEHD) EE 4A7H-1)E AT 4
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EPS SCOD
Disintegration Removal

SCOD Biogas (CH, & CO) Mg?* addition
Release Production pH increase
w op Anaerobic 1

: P Release

L) Struvite

sludge

NH,MgPO,-6H,0

‘ TH

}—>{ AD

| —>{ P Recovery ‘

TH: Thermal Hydrolysis; AD: Anaerobic Digester
IP: Inarganic Phosphorus, OP: Organic Phosphorus
SCOD: Soluble Chemical Oxygen Demand

(a)

SCOD

EPS Removal

Disintegration
1 ]
sSCOD Biogas (CH, &CO;)
Release Production

Mg?*addition
pH increase

J— A B
= | 1 products
=%, BHH

o« gl
SC00 4Tt @ 00 bl s

Anaerobic
i P Release

S @ MEC
| TH }—.{ AD |—>| P Recovery

TH: Thermal Hydrolysis; AD: Anaerobic Digester

IP: Inorganic Phosphorus, OP: Organic Phosphorus
SCOD: Secluble Chemical Oxygen Demand
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Fig. 3. Enhancing P release and recovery from sludge by thermal hydrolysis. (a) P recovery by TH, AD and chemical processes,

(b) P recovery by TH, AD and MEC processes
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