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Abstract

The phosphorus content of incinerated sewage sludge ash is relatively high, but it exists in complex
forms and has low bioavailability. The development of incinerated sewage sludge ash phosphorus
recovery technology has become an important way to alleviate the phosphorus crisis. High-temper-
ature calcination method is used to explore the effects of Na:S04+ and K2S04 on the transformation
of phosphorus forms and bioavailability in incinerated sewage sludge ash. The results showed that
the addition of sulfate significantly promoted the conversion of NAIP to AP, with the optimal ratios
of NazS04 and K2504 both being 10%. At this point, the proportion of AP to IP reached its maximum,
at 76.59% and 55.41%, respectively. When the addition ratio is 20%, the bioavailability of phos-
phorus reaches its peak at 41.8% and 48.8%, respectively. However, the AP content showed an op-
posite trend to the bioavailability of phosphorus. XRD analysis shows that sulfate additives can pro-
mote the formation of various AP minerals in fly ash, but some APs (such as CaP20¢) have low bioa-
vailability due to poor citric acid solubility. In summary, sulfate additives can simultaneously im-
prove AP conversion efficiency and bioavailability, with K2S04 having a greater advantage in en-
hancing phosphorus bioavailability. The research results can provide theoretical reference for the
recovery of phosphorus resources from incinerated sewage sludge ash.
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1. 5|

BE(P) 2 ER EATT HAM RSB = SR [1]. BEAE N FHK LR NGRS AN W g iy, BETHFE =
TSt A K o T 4530 3 ¥ 7K R 2 B RS JE 40%~5006 F AR Y B A 75 SR [2], A1 4595 /K B9 “ 5 — B 7 [3]
15U IR A BRI K15 7K 1 £ 90% ¥ & 48 T-V5 e B ke WA [4], AHERT B4 N5 K [m s, M5
BB KRR U A T2 . SR ESMA.

Tt loe €K H s O 2 DU K A5 70 (Ca-P) « EE L& 0 (AI-P) RIEL B AL & 1 (Fe-P) 5 T A7 7E . K
TR SO () S B AE T SE LB R S A AL N B & B I A 2 LBy, B EE = P 1) @i
W BB TTVE RN 5 A B R b D 454 2) MBE e R S EGRER0 B 3) MR bR Kok il
NRTFIRTERS o BRI F 2 R IR W L B R 2 [5] [6]. AR S M T e
AR A I TEH LR B AR S BB R s o e b 2 vk T8 I e v YR A8 e ORI IO R 358, LA K 1o
WAARIE, 2 Ja¥ih 5 E AR B IR Ui B 20 = f . 1% pH AR, 5iestke R i LT re s
R, HESREWAEEL 2 BET]. AMEPREREAME MBS &S, S RE LG
SESBLARTE BUET O VA SR B e ) A W00 FH B2 [8]-[10] » RIS £E il PR 45+ (1500°C~2000°C ) AL 2
FFEMEY), BEIHEEES AWM EESE, ORI S aifk[11]. 5@, #uvbazisn]
FE il T RS, kb s AR R R AE ], HogE B AR IR .

AN PRV R £5 (Naz2SO4 Fl- K2SOa) W5 Ve 4 e YK iyl M o it P2 B IR 35 7 A FH Bl P AR 0 2K
PRSI . MR T &S, BREREIIE Z I TR, UKl . BERRI S, NILX e
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(R VEAL AR RO — Fh B i Tk 3%, BESLBUR IR AL R o Herzel S5 NIRH, fEIE R
AR R XTGIRAE RS KK NagSOs TEAS R N AT # LS 03, W LI AL By Ve ke K ) 5 4
J&, FEAE R T Y R 47/ CaNaPO,4 [12], X i g £h 7 8 [l p ) S AR T F J1 30k . AR E
FERRITE i 55 T FIH NazSOs Fl KoSO4 M A5 IS8 58 AKBEAT e AL BE , 43 B AN [R1 S 0 bL 451 xsf
TR S Al S A A PRI 52, VP A JCAE R TRl Wi g 2 FH T 7

2. EWMHSFE
2.1. SEER/EH

A0 BT IS VR B K8 ORI LSS IR AR, JUREIR 40 T BRI . TSR3 R 1 2
SMA5F 1~100 pm SR, SPULEBUEBRAR, 806, M X &SR B KRS T 518380
CEE TN TS

Table 1. Main chemical composition of incinerated sewage sludge ash

=1L ERERXREENFER

e 21 (B 2 H0/%
SiO2 Al20s CaO Fe203 P20s MgO
29.83 35.22 5.08 14.41 8.41 3.39

2.2. YBiesoig

FERPE 2 AT TS TR AE B K IR ER 25 (NaxSOs 1 KoSOu) B SESG: o 43 Al RIS PR e &
K] 5% 10%F1 20%78 HI1 NazSO4 1 K2SOy, - [R] B 15 B AR TR I B £5 1 25 I X REZH (0%) . LA AE
WR: FREL 5 g iR AR KK SRR EL IR I T /MR A5, WA BRE A S I, I A B e
JUOE R DT B AT g AR IO THIRE R E N 30°C/min, MR THEE BE RN, BARE
4 1.5 mL/min &< 10 min,  DAGRIERE S N BRI A 78 2 AU, A S84 2058 =0 el B A
#8630 min; FHENIEFE A SR BRI 10°C, U EBHE SRR S AT IR . 30 min JE, B UAE
BERE, DA TSIFRE. Herzel MUK, KIKTE 950°C~1000°C ¥i [ P9 4b FE e A 5 (2 it 2 45 )8 25
B, [FIS AR T TR B RO B R 2R [12], %4% 1000°CAE MR be 5 «

B
- iR - 20mI35MHCI  ————
0.2g FE 450 °C 3h R 75°C % 16h | LiER I BB (TP

il

20 ml 1.0 M HCI 25°C /&% 16 h
| 0.2g } o L] e FHLBE (1P
N
—1 R 450 °C 3h -
@I 20 ml 1.0 M HCI 25°C /&% 16 h L FHL& (OP)
H10ml 75 +
20 ml 1.0 M NaOH . 4 ml 3.5 mol HC1 e REZ: Y25k

25°C % 16h ki (NAIP)

—  20ml .OMHCI | —— BTG TR
o 25°C &% 16h (S (AP)
BHRE

Figure 1. Process diagram of P fractions
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23. ZthAE®E

2.3.1. BESH

AHFFER SMT FiE AT 8 3 9, %073 Z N Ty 5. 56T ARSI &
TSUR AR K IKEE[13]-[16]. BEEH #E2r N TP. OP. IP. AP (Ca Fl Mg 454 45 15)F1 NAIP (Fe Al Al Z54 74
W) [17]. — i, 1 SMT L4310 5 A2 [MHEe FAEEWMERERLR, NTP=0P+IP f1IP
= AP + NAIP. 5 i BARRMERAR K 1 FoR, W Bra 310 RIS TR 1 0.45 pm JERE,
TR B RN e B & SR PRI SRR - OB AR MERI 2R ] 2 o, HEIETRER: y=
1.9943x — 0.0148, AHX A R?=0.999, ViAW AL ERAF, AIAE G SR seit rp Al .
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Figure 2. Standard curve for P concentration determination
B 2. B SN EERZ

2.3.2. MEMERENE

K FA TG B AE B EVPAS JB 8 I s vh B P A 0 Rk« FH RSP RRE 0.100 g A i F 50 ml B0,
130 ml 2% AR R (pH = 2.11), I S 43 B0 2 R B A5 43 25 min,  ZE %R T 230 rpm 4
TR 1 h, PR¥idJE LA 10000 rpm #£3E B0 25 min J&, FIF Whatman JE4%IE 3 B, Xt EIEWGEAT
Pk, I FAH I e b PO A B AT I B o A ARAIE S0 Bodls A AERA M, (70 A o P L S SR A i 3
TR T, AEAERE SR

2.3.3. XRD r#f

KH Bruker D8 advance X [E4&FE AT XRD 23#7, RIS A 2°/min, FARVEEA
5°~90°, YK 0.15206 nm, HLE A 40 KV, HLJiN 40 mA. FIH MDI Jade FA45% i H EHs 1647 40 47
TR I A REOG R i AR HEAT B PR AT

3. R5118
3.1. NaxSO4 ¥ i53e ik C AR B 7S LBy el

KH SMT V£ 8T T NaoSO4 TR I EE AT Eee IS A2 i Ve A8 B2 WK IS AL . SRS 201G
S 3 FiuR, BEE NaxSOs Mntbighn, Mbedd TP &8 2 M, BRI MoREm
Na,SOq i} ] 62.04 mg/g M ZIRINEL 20%H () 57.14 mglg, iX7&H T30 NaxSO4 ¥ Il b 2> 5 8507E [ R i
BTG IR S be R ELIN, TR T RRRERORE, AR TP S EA T T . (ERERNE, IP A

DOI: 10.12677/japc.2025.142021 223 Ly PR R=Svi


https://doi.org/10.12677/japc.2025.142021

s &%

W5 TP L, IP &8 HAREI NaxSO, I 1) 60.24 mglg B 2 Na SO, 7R AN HL A/ 20%f1) 55.33 mg/g. OP
SRR, YERELE 1.46 % 3.65 mglg LTS FE W/B‘Zzﬂ SR, 0 NapSO4 X TEH U 5% 4k 1 52
BONE . 24 NapSOq (IR AN L% 5] 10%0, NAIP & & iR %n Na SO, ) 30.69 mg/g 4% % 14.7 mglg,
07 IP LLfil B 50.72%F% & 24.91%; SULFEIRS, AP & & MIARHKME, b 43.76 mglg, 5 IP Ebf LTt
% 76.59%, X —4HEK T NAIP [1] AP %4k, T 4us b it 10%0, AP & &R ifi TR, NAIP
SREERF, WHREHIT AP [ NAIP M4k, X — IR ] RE5 NP1 A7 8 DL &
Na SOs LR RES TR K, NG L2 T K. 4R EKH, 10%[1 NaSO4 i L f&
L B AP AU
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%

L L L 1 L
TP P OP NAIP AP 0 20 80 100
%ﬁ; S tt (%)

Figure 3. The effect of adding Na2SO4 on the concentration (A) and proportion (B) of various forms of P during the calcination
process of incinerated sewage sludge ash
B 3. 70 Na2SOs 35 R BB ¢ IR e id 1 h B S S 2 (A)F G EE(B) RS2

] 4 TN NazSOq 358 f5 K X FHEATH . LUK I, SiO2. AlOs Fl FeOs fA7E T RN K,
HARE BT VM. KET A AIPOs. CaP20g. CaP207. CaNaPOs. Alsy(PO4)3(OH)s A1 CagFe(POq);
TS, BRI NaAlSizOs. CaAl,0s. CaFe;0s. Al03-SiO; Al Fe,SiOs 25wk Sifb &%, 7
Na SO, AL A 5%H1 10%H, AIPO4 Fl Aly(PO4)3(OH)s T 4T 16 58 B B #T 1 2%, CaP,0e F1 CaoP,07 fiT 5
W B B ST I e, S RE R (1) (2)F(3) [15] [18] [19]. FEIRIN; HiFH CagFe(PO4), Fil CaNaPO,4 %Uﬁ,
CagFe(POu)7 [ HIIW /2 H T Cas(POa), TEH L5 1 5 Ma @A E (M1~M5)Fl 3 /M & (P1~P3), H
JEALE M4 Al M5 &G 1 Fe 1 Al 0 &K HH5[20]. AT e & 01 CaNaPOs B = AV R4 r&,
X 5 Herzel 2 A\ [ 75 —5, BI7E 950°C~1000°C yis [l 58 77 A= 58 4 A0 ml R FH (1) CaNaPOs If & ik i 4[12]
RSB SRR IUIGTIE T SMT V55 45 B R 2K H NAIP [7] AP (136 46[21]. 4 NaoSO4 s i Hhik
FI| 200, A B ) NaPOs F1 NasPsOuso, [R5 4) )5 CazP2O7 F CaNaPO4 fiT 5 I i 5 A1,
CaP,0g fil CagFe(PO4)7 it . B SMT JAZ A &1(1¥ 1), 7EH NaOH #2HL NAIP B, BATZREAE N TE
WA IR B R B ISR, X EME T 24 NapSOq i1 EEE L 10%0, £ S8 AP [ NAIP 3% 4% 4k

2A1, (PO, ), (OH), - 6AIPO, + Al,O, +3H,0 1)
2AIPO, +Ca0 — CaP,0, +Al,0, @)
2AIPO, +2Ca0 — Ca,P,0, +Al,O, ®)
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Figure 4. X-ray diffraction pattern of ash residue after calcination with Na2SO4 added
4. IR NazSOs IR FEIE X SHLTTHE

3.2. KoSO, 3153 R 3R C AR B 7S5 1L BU S M

TEMRIS AR, KoSO4 W INFAXT 5 e A e WK H B TE A Ak 52 R AR 2 . &l 5(A) s, TP &
TN 62.04 mglg [£% 56.49 mg/g. BFEKE S IP SRR MEA S TP BA—, MR
T K2SO4 I 1 60.49 mg/g M ZE 7Nt 20%0 () 55.47 mglg. OP & EmgF%, {#4F7F 1.53 £ 1.38 mg/g Ju [
W), IR /INT 10%, KW KoSOs T E M TEHLUBE S 40 . 24 KoSOa ¥R I EL BN 063 22 10%
i, NAIP & & 8% RR(F 2 21.79 mglg), A AP & & B4EFF(E 30.53~31.92 mg/g /KT, (HIHAE IP
H L H 51.78% 3 5 & 55.41%, B HAECA R 1) NAIP 1] AP #Ab & . BiAE KoSO4 ¥ in bt it
10%J5, HIL T BRI R iR, I InESR E] 20%0, NAIP & &F F 4 32.11mg/g, KW 10%
(1) K2SO4 ¥ 0 LU FE I H 5 1K) AP B AR . X — RIS NaoSO4 s M7 I FEAH A0, HIESE T B ER £k
I INFALEAR 15 e KK B TR A5 5 A 07 T AR AE S AR TR I EE

B 0% k,50, I 5% K,50, M 10% K,S0, 20% K,S0,

B)
AP/IP
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Figure 5. The effect of adding K2SO4 on the concentration (A) and proportion (B) of various forms of P during the
calcination process of incinerated sewage sludge ash
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Figure 6. X-ray diffraction pattern of ash residue after calcination with K2SO4 added
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Figure 7. Effect of adding Na.SO4 (A) and K2SO4 (B) on P bioavailability during the calcination process of incinerated

sewage sludge ash
[E 7. 71 Na2SO4 (A)FA K2SO04 (B)fE X115 e AR K IR S T 72 h i &= B I RS2

KRR ZEBUE IS T NapSOs Al KoSO4 s Eb BB K s i A= W A RebE i . 18 7(A)FI R
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7(B)E7R T NazSOs Fll KoSO4 s IN LU KT IV AR FE 521 o BEAE NaoSO4 s INELIG I, B IA AR 5 2k F%
Ja Th A, TR AR i RSN NaaSO4 1) 35.37% T B4 % NapSO4 s i H A 5%0 1) 30.52%. )5 , % NapSOs
IR SR, BEREARIZE 9 BT, FRERINEL 20% A Bl smil, o~ 41.8%, WiHBEHIEME
RetEdEm . K 7T(B)WEIR T I, KoSO, T8I EL 3G N [ 5 S0 ¥ 7 A BE 7E 5% IR I EL IS B¢ /)N, Bl
JE b KoSOs IRINECIE R, W BV MR FEZWT BT, FEAE 20%iR I I8 B @i, A 48.8%. 1X K B NapSO4
Fl KoSO, IREHE m ol (L0 Rk, B ERURIITE 0% L R SE8E

EARERERE, K 3ME 5 h 8BRS IR, AP & & S0 BRI i I AH I )
. 1F NapSO4 Fll KoSO4 MLl 10%0, R AP & R, (BILAEYA ROk (b5 IR v i 155 ) A 5 e
Ko XFILG UL AP FEA A2 LA RPERE, AFZRELE AP AW ml R FH BEAEAE 22 7 [22] . M X S ERAT
SR HI(E 4 1 6), NapSOs Al KoSO4 Fs N EL A 5%F1 10%05, SMT iEHEHH 1Y AP FE ARG CaP,0s
H1 CazP207, fH CaP,0s MNE TATIFIR, Meng S5t RkiE T RIS [23]. WINLLTE 20%, CaP.Oe fi7if i
RIS, RN SRS WU B8 0 ATV S BE YA NaPOs Ml KHP,O,, e Y B 15hT B R VA AR I 1B 5 4 70,
BT A8 7500 (0 25 0 R 20 IR TH 2 41.8% A1 48.8%, X — 45 KW, JUEF R AR R £ 15 At ol 3 KK
A B, (B B IAE 20%E 241 T, B KoSOs FIECR LT NazSO04.

4. #5ig

ARV T BRER SRR 077 (NazSO4 Fl KoSO4) %5 e 4 e & Ak Hh 18 T2 25 B A0 S Bl A= A 280k (52
LIRS

1) Na S04 RERZ 2 HE NAIP [7] AP {554k, fEANINEL 10%F AP 5 IP LBl ft:, 1A 76.59%, {HILBEN
WA B AR T A

2) 1 KoSO4 TRINEL A 10%KET, AP AW BUIR EAl, AP & IP LLHily 55.41%, 5 Na,SO4 F At MHEAH
L, R I AR R A= A AU

3) NazSO4 Fl KoSO4 TR NN EL Ay 20060, MHIe Ak v i 1 AL 0 vk B e, 43 ik 41.8% 1 48.8%.
FHAERT A LK AP EONEYIA LR, 4 CaP0s, LA AP JERAEAE, (HIEFEIR ISR IR IEIR 2 .
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