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Abstract : Phosphorus (P) is an essential and irreplaceable element for all living organisms, and it is widely used as a fertilizer.
Unfortunately, it is estimated that phosphate reservoir is depleted within about 100 years. Sewage sludge ash (SSA) is an
alternative resource for P recovery because of its high P content. However, SSA cannot be directly used as a fertilizer due to
heavy metals in it and low P bioavailability. Thermochemical treatment with Cl donor is known to reduce heavy metal contents
and increase P bioavailability of SSA. Literature review on thermochemical technologies of SSA for the reduction of heavy
metals and bioavailability enhancement has been carried out to estimate the status of current P recovery technology and to
develop strategic future research plan for P recovery. The review showed that CaCl, and MgCl, were the most effective Cl donors
and reaction temperature (<1000 C) was the critical operation condition for the reduction. The removal efficiency depends on the
species of heavy metals. Thermochemical technology of SSA for P recovery showed the possibility of commercial application in
the near future to overcome the coming crisis of human sustainability by P depletion, but it needs cost effectiveness and more
ecofriendly process to reduce energy consumption.
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Figure 2. Peak of global phosphate rock production in 2033 based

on peak phosphorus curve calculated in 2009 (adopted
from [8]).
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Figure 3. Sewage sludge occurrence and disposal in Korea based
on year 2014.
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Figure 1. Global phosphate production in 2010 (Unit: million tons) (Adopted from [5]).
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Table 1. Chemical composition of SSA (by XRF)
Element Na | Mg Al Ca P K Fe
gkg'SSA | 04 | 152 | 862 | 91.5 | 86.2 | 21.3 | 587
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Figure 4. Conceptual process of thermochemical sewage sludge ash treatment for the recovery of phosphorus as a P-fertilizer.
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tH38].
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(2) Cu, Zn

Cu, ZnE 57t A9 S 2= S35 E Pb, Cd
Hop vad e AAES Yebdth Cudl AAE d43tE
© ol mhet AAZ AEet ZolE Hojw (CuCl)s %
CuClZ 3rE]o] AAHTH3T]. 0|5 w9 ute} 2425}

Fo| getA]7] ol Cud] AA olA == T8
Folth AAZ Cud] A|AE-L 900 T, 1000 ToAf z}
b 54%, 80%= 2ol o3t J3FS As] wol v AS
Shelek 4= otk 3t Cus F3HES] Fabg ol o3 AA
AgtEct. gitol o FE&EE Bk whEAte] T
FE IA ol Hr U] A= 1 BESAIREe]
QFETH11-12,39]. Nowak et al. [39]2 850 T4 105, 30
B AsetA g & Cud) AALE ulﬂivwﬁ, a
2 28% 4 69% = A AL FF3] F7heh=
skt

Ine 27 A o)A F& ZnOZ2 EA5t=T], ©

rE‘nH

09. nqo dob N ok e
o]

=hs

ﬂJ

i

ZHjol|l 2] ol Bl 71 5 93
L 51} 5E8-3}19 silicate, aluminate
°“‘EH—4 gt EHZ <= ¥/4stH 1 W52 Equation (9) -
(10)3} 2t

2Zn0O + SiO; — Zn,SiO4 ©)]
ZHO + A1203 i ZnAle4 (10)
ol shtE& v AR FEE Horql7] wizoll Zn

& &< oF7IRITH36]. T1En
Zn & Clgl o]-§ 7Fs/del met FFE Wol 7] wiel A

1o
ot
i3
o
ol
ol
ol
ol
=
AT
lo
Y
L
btl

= 5 ™ silicate 2 aluminate 3 Ef
9 Q"i}ﬁoﬂk] ZnC12 AgtdE 4 ol];]_ [37].

(3) Ni, Cr

Ni, Cr2 3ol uf¢ @2 Fa&o &3ttt o]52 1L
29| d3etA AeolA thE FaHol Hls) A AAE
o] @2 Zlog ehdtt Ni 2 1100 T o]slofA] A& A A
A oFal, 53] MgCholl o7t FaFs @ol Het SSA
MgCLE Z7Fsto] dateha] Ae|e wf, 22] A SSAc] 23
E AIPO,7} =3l o] Al AbSlEo] A% AL o= Mgt A%
sto] - Fef 2l spinel (MgALOy)S /gt ojaf MgCl
S ol H7d5 spinelo] thgFo = P4 a1[22], Nix
spinel?t ¢4 2st7] wizol MgCLE AHERS o AlA R
o] 23| WolA= A Ho]u}[l 11,12].

Cre P72 da FojAof we 3 won, g4
5014 Foll NaCl& H| a2 whe %EOHHE Cro] s 5
21|71t} BhE MgCLo} CaCLE o]8-3)

ChOS 58 Q4 Toldlo] B4 Aaste] g de=

EA517] w2l Cre AAEo] oA "HrH1l1,12]. £3

CaClLE H7}92 u Equation (11)-(12)2} Zo] CaO7} §4
Eo] Cr0s9f W& o= QUTH40,44].

2CaCl, + 0, — 2Ca0 + 2Cl, (11)

Cr,05 + 2Ca0 + O, — 2CaCrOy (12)

gt AL Eak Cre] A& 900 C, 1000 Cof| A
w70 A7 EA oHe ACE tehe] A Asloq L
247k 13%, 5% AAE ] Hat AE ® T35,

2.4. SSAQ| ZatstH Xz2|of mE Qe M= 0|8 7t
g 8o

olr

SSA ¥3}sta] A2 M5o A& o]§ 7hs/d Directive
77/535/EEC method 3.1.39] w2} 2% citric acidE& ©]-&%F &
o reof whet F7hskich WA L/S (liquid (mL)/solid (g)) H]
2 10002 3}0] 3540 pmO.E 3057+ WHFSE B ZA] o1}
sfo] AF5ole] ol gHe ZAsto] waER £w ol o
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Table 4. Bioavailability of P compounds by 2% citric acid

Peit (%)
AIPO4 0
Cas(PO4);Cl 55
Mg3(PO4)2 96

g5l Q1o) fomie] AR olf 715AS Tt Table 4
o= SSA Az A% citric acido] gt T3 HE FFY <
shre Sol=E Uehydich 2 skt golwE vl
EHH AIPOs= Wl$ Fe &3] =& Ho|= HbH chlorapatite
(Cas(PO4);Cl), farringtonite (Mgz(POs)o)= =2 S =E 2=
t}. £3] farringtonite®] 7-$ ¢ =2 S5 HoH, o
£ 59 MgCI Fdste] datshd] Aestels o A& ol
& 7hs Aol Al wobE AE gl 4 sAth4)

=3 %Eq zl H]'Oﬂ 2J5}H 2% citric acido] Tt A2 A
bie] elm A2 25400145k He] Fof 42tA) <
L= ATl FUMle AR EEiri24,38]. 3
e o8 7hsd Hake AREE Har FolAof wet & Zfol
& BQInkn sholth ol AReA A2 B A2 o 5
=0 AEA, o] 3FehE9] 2% citric acido] et &-3=
7} th27] wlol] tefhs Aotk <l SfgEe] AT
3l= XRD % Raman spectroscopy S ©]-&35}o] 245
T}H3,4,22]. Jeon and Kim [43]2] A+ ZAief w2 &
Ae)5t7] ol 4] SSAL 46% Hwe] HE ol 7}
o3 P4 FolAl glol A FF A= 23]Y
CObAA 4% 7120 A o8 154 Helbsic
o A& o8 7HedE FaketA Aol AHEE Ha
o we} Ul Sskci(Figure 7). MgChe) %9 70% 7)<
= o8 7FeAeR Hol 7MY & A BAAL O HEeR
CaCl, 64% A= A& o8 7HsdS Ut o2 94
5o Al= ¥ SSAS} H=EH AU @8] Hobxl gk Hlch

Alums o]-g35to] SR S Ao A A2 SSAA <l
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Figure 7. Bioavailability of P in the SSA before and after the ther-
mochemical treatment. (Adopted from [41]).

&1 A S i AIPO4Y] intensity 7} AyF 3] 7HAste] A

AZHA RotHa) theos ga TS Artsked
Aslsid A & < shghel 72 WalE mw, nixivix)
2 AIPO,Z ZA)3HE A o] A9l /\]—a]—Z]J_ A4 TAHZ A}
5 F&3 A3t el o] ¢l dgtEo] HEE ) Peplinski
et al. [23]2 CaCLE #H7}5Fo] 350-1050 CollA &3}t
A& At =0 mE AAx0] MakE skl
th 21 Ay} Caot ASE FE ] Skeh= °l F2 =L A
2] 4 SSAof| & EA5IE AIPOs9] 7-9- 800 T o]4Fe] 2=
oA Hx} FHasle= AL &1k th Whitlockite (Caz(PO4)2)
= 600 T7HA] EAstehrh 2 o] 4o o= glojA]aL
Chlorspodiosite (Ca;PO4Cl)+= 500 C oA A E 7] A& st
Aoz eyt o] CaCL$} whitlockite7} WH3-5Fo] A4
T Ao F FAE]w, whitlockite, chlorspodiosite = 750 T 9]
ol oA HEEHA L EH*‘ chlorapatite7} % d ¥ ]
1050 C717) ZAets AL shelst 4 QTH[23].

Adam et al. [22]2 94 FoIx ]E MgCLE &7}5ke] 450 -
1050 CT71x] H3}shA A3t Flo] A8E 24 5=29] ¥}
2Apshele £mo) e AHTae) WEkE RH Mgo)
bk gele) sagol A2E AL stk AP0,
© o] Azpol IR 1eoA Alhd & AEE A
JSITF g SSAC] Algere] Carl AT A 2 Ane 2
o CaP #elo] shibEol o sl AZH 4 Uk MeP Fejo)
Q]—?J’%% 750 Col|A] farringtonite2 ZH&%]7] AlZFs}taL, 1000

Baol A Al S opae Uehiich, Ea ofu) Cas)
Mg agjar Qlo] B Agkst FefQl stanfieldite (CasMgs(POs)s)
7} 850 T o]A+e] a1o A FEH7] Al&gtt) o] &0l it
A= Figure 8of] HQl vEe} Zho] A7 SSAE o= A3t
o A7 AEe 3 US e XRD Aol Ao dA|sh=
Ao Uepttiall olsh 2o XRDE Eof UEH o Bt
E-E-2 Raman spectroscopy = Ea| 4 %= AZE =™, chlopodiosite
= 958 cm'l, chlorapatite:= 960 cm'l, farringtonites= 966, 970,
982 em™ o] mAFOA YERGTH34].
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2 9Jo|t}. Jeon and Kim [41]9] A7+ AT}o]| b= CaClL y
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AYE & OHH A& olg 7l5Ao] 2 ALPYL AE o]&
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Figure 8. Crystalline structure of the raw SSA (A) and the crystalline structures of the SSA after the thermochemical treatment with CaCl, (B)
and MgCl, (C). (Adopted from [41]).
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Figure 9. Chemical fractionation of P from SSA before and after the
thermochemical treatment with Cl-donors. (l: WSP,
Fe-P, m: Al-P, :Ca/Mg-P, m: Residual) (Adopted from
[41]).
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Nomenclature

X-Cl, : Chlorine donor

X-0 : Metal oxide from chlorine donor
MCl, : Chlorinated heavy metal
MO : Heavy metal oxides
Y : Heavy metal removal [%]
ci : Content of heavy metal before treatment [mg/kg]
m; : SSA mass before treatment [kg]
) : Content of heavy metal after treatment [mg/kg]
m : SSA mass after treatment [kg]
logioP : Vapor pressure in logjo scale [mmHg]
A, B, C : Antoine coefficients
T : Temperature [C]
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