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FePO,. Z5RFH, MAEHUKMIGHEINFHE IR, 15U PR RCRIL T e G 5 UK b B, i 7644
IKFRERIE T=170 C. FFERREINE m=0.2 g-g”' DS i, LI&WH STP A1 PO, M B IR R Al ik 1 479.2 F1 1 307.2 mg'L™,
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i, HABILMBZENTIE R R 20 TR ), R G S S BE 7, Wi s
LR PO, 1,

H i s O B RS A (HAP) FISZe (MAP) ¥, {EFEHRA R, [
W= S EAR, [FIBCREAR (70% LIF ) Mmisk= BB A0, IT4Esk, #5868 (Fe,(PO,), 8H,0 ) FH.
AR ERA 2 B R SZ BT B0 12 5, SRR B AR BN SR T IR A b R ot
Fe' iR )5, iR523 pH (A . A SR E PTG SISm0, HA: s T E SR 2 PR A R
BORHiZ . MERGR M —IFE , HU 5520 3@ 0 U OIE R S Gk Bk M T i5 e e i thil i)
FePO,, [l FePO, #3uiE 1 RETVENBEILAEEREE RAE K RBVE I HTDRAA A A (58 g 14 B 1 L Yt
IEWA KL LiFePO, . PRI, TEHEIEAZSIOILA T, [ FePO, JESCBTS e M b Sl Fi2E i — - HA RS
PP

FEX5 IR S PSR 752K, ANIFSE B 7EIT & — S FAT BRIV R OB T2, BRITHRE
BEOLRIANINGE ). @RI noE, B eI IR - B R N R PR R s, IR ESL,
HIRWF SRR HRL & 50 THHE S AL, a2 M58 L iE W Rl FePO, HT]
itk

1 MR5REE
L1 SERi#ts

TR A ALt R 5 KA H Bk 508 (& R 1 RS RAEARMEFRIFE
IKF 80.6% ) , HBAKMGRIGIRESKEN Table 1 Basic properties and characteristics of residual sludge
92%%0.5%, {EHNEHT SIS EHRAERFE 8%+0.5% . . 15 SIRICE I (mgg)
ASIINAASHE D |57, M mge) FURAREARE e Al e O
12 ggﬁ%ﬁ%nﬁtﬁu 6.79 2541 58.9% 92% 83.45 28.76 14.09 26.57

POK i %6 B KA R 48 ( SL-KH-
100 Y, g =S E A BRAR, )4 ) FEHERE TN ( DHG-9030A #Y, {ERHEABRA
A, b)) . ROV EREACRFAGENGI, PR AR OETEMRE, AT 100 mL, ek <
3 Mpa, fEIRE<180 °C; iR (CH,O,-H,0) K5, iz (H,S0,) MitHal,

1.3 SWHE

1) BEBEHCEEE . Seme SR 5 BUK AR R Fe e B UK iR AR b BRE > (R SCRTRRSEmR
JEHCRISERERR” ) |, RTINS 0.05. 0.1 F10.2 g-g' DS, FrEERRIRIZIAI N 2 h, ARHEHUK
ASEMFFEY B B UK RN IR EE A RIR 90 °C. iR 130 °C FIEGR 170 °C X 3 AKF, RWEHEA 1 h,
“HETR G AN FE A TRy KN [ BN AT A R AR SORL S T 60 g 15 (K% 92% ) , SR AT
200 r-min”" #ESIBEFE, BEEE 2 h R E TSN, KRN EHEFEAMEE T, e e iR R A2
BHRER, Ei B0 LIERATTEY), HITEYR TR R I 100 B, %530k
17, WHIRER AR ET 4 °C UKEAIRAT s eV R . o5 e T KRN, FERN S8
BN FEEIN R PR AR T UK EYE, LA 200 rmin”' #0804 2 h, HEARECRE
PeRbEE, Hoep ) CBHUKIRHERE T=90 °C, FrEMREIINE m=0.05 g-g ™' DS ZbFRS H758 b3 ik [EAHEE S Ay
#°0 90-0.05, HEkes a4 S IHR] . AERLAFSE Al L, 2P EORRIFUK RS (30, 60, 90,
120, 180 min ) FIA[EIENETE] (20, 40, 60, 90. 120 min ) XTREBHLIEA .,

2) BERMCSEE . SRAPGA FUIEE NG RIER L FePO,™, BURAMHEREI A T 100 mL £t
PEIS R FICT 250 mL 4RI, @ gEE A 4.5 mol- L™ H,SO, $riEWi i) pH [EFF & 1.5, Bn, ¥
HEIEE T 85 °C 1HIR/KISHRPINEY 30 min, 7EHGERE, BER R4 (1) s,

Fe*" + 3H,PO; +2H,0 = FePO, - 2H,0 + 2H,PO, (1)

i 0.45 pwm KRBT EUTEY) . FFUTTED 28 KU 3 MEEF, SR)5 B T2 TR e 85 «C
T 12 h, BTG RDEYAE 700 °C F LA 10 °Comin™' AFHEE RIBLE 4 he HHA Q) 115
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PO, BRI .
CO - Ct % 0
== x100% Q)

0

K G, MR PO MREE, mg L' C WBERIS PO, WA, mg L'
1.4 SWEE

S (STP) FIE#ERER (PO, ) By R HEHRR L 43T (GB/T 11893-1989 ) 5 ffiH] pH 237
1 (FE28, Metter Toledo, German ) JZEANFIFALEEEYE pH 18; KA HBHRIA S AR 6% (1CP-
OES, 5110, Agilent, America) Z3#7i5 e LI P& 88 T ; FIRP'P &ZRE IR (°'P NMR,
Avance-600 MHz, Bruker, America) FE1F T &b Hi 5 8 vp i i 44 %4 3138 F MestReNova 241 04 aq
FRE2 R A3 o T s -X SR BERS (SEM-EDS, S-3000, Hitachi, Japan) . X H14Ai75 (XRD, S-
3000, Hitachi, Japan) FIHHEMHLIAMERSY (FTIR, Nicolet6700, Thermo Fisher, America ) X [FISITHE
YIRS S o TR T

FET G SEDEX 323 FUCH B PARBUT 7Y, 256 Fe(Il)-P AUDEALERER T2, i T—FlvEr
AR5 U PSR AL 2507, X TR G- E AL PRI AT LA —R0) H Fe(1T)-P, $EERT)
BT MECSHE (Loosely-P) FELEWITEIRIREL . ALY S B ALY LB, WSS &80
(Fe (IN)-P) NAEIAH Fe-P; 4 A (ALP) FE BB AUK GBS, =MEks &8
(Fe(I)-P ) M5 =M A HIBHLAY; WEHEHGESEE (Reductant-P ) FZ A4 @SSP STTTED
AR P, E5455 W (Ca-P) Wdf AATE U ESHEFIIE G 58, A HLBE (Organic-P ) FERT5IR4IEH
MIRTR . REEIREL . WIUBBERRER AR SR, AR AP0 A A 1 PR,

.
Ny tr oy N
WA (s |EE o
| Loosely-P
ﬁi%?i% LY}
20 mL 0.2% 2,2°- XN E JA I IR W kst A
’ 50 °C IR 24h |—~ HE
(CAS.366-18-7) ?%fﬁmﬁx Fe(11)-P
9)%5-%’ L]
20 mL 0.5 mol'L™' NH,F JA N R G
25 °C ¥R 1h |—~ A
(CAS.12125-01-8) ?y&l’%%m Al-P
Y
L3
20 mL 0.1 mol-L™' NaOH JA R LW | =ihikst ok
(CAS.1310.73-2) 4'| 25 ‘Lﬁ?&/l%mﬁxn h Fe(m)_;
Gl
(20 mL 0.3 mol-L' Na.C.H O ) i

373677 pEr | A

(CAS.6132-04-3) MIA [ s R e i s min || i EAHERE
+1mol-L™" Na,S,0, Reductant-P
(CAS.7775-14-6)

+1 mol-L™ NaHCO,

\_ (CAS144558) p

I

FREY

20 mL 1 mol-L™' HCI A
(CAS.7647-01-0)

LW | ot ok
Organic-P

;

25 CHRZHEH6 h

20 mL 1 mol-L™" HCI A e SRR A BT
(CAS.7647-01-0) 25 R ARG Organic-P

BEl1 SR EREE
Fig. 1 Flow chart of phosphorus form extraction method
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2 GRS
2.1 FRIKRRST ISR IR

e 2 PR, MHBETHEZR (25C) F, 75 300

JeLE AR AL - R STP Al PO, VRFE 2ol EBros .
RN KIRE R, HRCRA A T 5 AR K. 2 s M \77 0%
STP ¥RFEHEZ IR BT IR TR, 75 170 C ik 2200 7Rl lsor 3%
) 269.7 mg-L!, FRHRN 12.2%. i PO, e B 150} &
I 25 6L 1 T S SRR B R B, £ % &
90~170 °C i} STP HeEH) 87.19% . 84.0%. 80.8% . g1 {4
89.2% 1 93.8%. H#EMITE 110, 130 C FAKfE Y 50 {29
B, 15T PO, Sl A A AN P ok i ok, Wiz 0
HE TR, 1M A il DA R0k =i 9% 110 130 150 170

IR HELEE/ °C
El2 PKREREXSEBRREISN
Fig. 2 Effect of thermal hydrolysis temperature on
phosphorus release from sludge to supernatant

HIFRA R o AR . B2, BBk b
TSIRRIBRICR AR, KB R A5
A
2.2 ATAREREEENFAK BT S R B R A RN

O3 HHEROK IR RN RS I —E B AR R, 158 EIEW R STP A PO HREEINA 3 i, FOlbriiig
J&, STP Al PO, MV EEASRIRIREE S . WRIWIKIF LE, FEAFRANERAAT, <SEUai Ab B Emt STP A
PO, VR EE A>9I TSem G PO RE PRI 1.19~1.29 £5F0 1.19~1.32 1%, 454638 2 KL, S s 075
I pH (EYE TAAFME S P A SCHVE IR AN PRI, Fecsola b i, SOk i m] e 1
FrETR RS2 ME T, MR ESE LR, MEEFPERRBOINERE R, STP Al PO, MRS AR 2

1500 1500
%90 O(;C((STP)) %90 %;F((STP))
130 STP i ) 130 °C (STP — 160%
1200_-1700(:(STP) 60% 1200_-1700C(STP) 60%
~ PO ~ PO 7
7 1 450% 7 ; 450%
g 900 - % {a0 % g 900 - B {40 %
el fims = il % for
b= 130% g‘% ® i % % 130% &%
Z 600 ) = 600 / % &
i 120% # il % / 120%
= 300 = 300 g g g g
1 10% 110%
il
0 0% 0 0%
0.10 0.20 0.05 0.10 0.20
FHERR I /(g g ' DS) Frig /(g2 DS)
(a) “SERRJ5 # b B (b) “SeRJE IR A
3 TR BN KRR S R A RS
Fig. 3  Effect of citric acid assisted thermal hydrolysis on phosphorus release from sludge to supernatant
2 TEWTHFE-HAAIER MG T pH &
Table 2 pH under different citric acid-heat treatment reaction conditions
PRI Sem A FeRYR R
(gg") pHIH- CGRJE) pH{E- (I )
0.05 5.28- (130 °C) 5.21- (170 °C) 4.95- (90 C) 4.89- (130 °C) 4.83- (170 °C)
0.1 459- (130°C)  4.55- (170 C) 426- (90°C)  4.24-(130C)  4.16-(170C)
0.2 3.80- (130°C)  3.74- (170 C) 3.49-(90°C)  3.44-(130°C)  3.40- (170 °C)
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T, 7 170-0.2 (BUKSRIREE R 170 °C, FrERRBONE N 0.2 g-g™ DS) B, STP HREESMHIAE] 1 145.0 F1
14388 mg-L™, BEBHURMDMH 51.8% Fl 65.1%, PO WL HIAF] 945.2 1 1 234.6 mg- L', Bk
RN 42.8% F1 55.9% . FUAWIWFFTHGERR, T5Ie 2 UK AL BS il LIA REE R EPS (s tAHL
HoreK g, MM FBO5TRENBERR TR GYh, gty S &R s 45 am
IEBERRERT, TSRS R R, BOKIE N AU D8R o i ERE e 5 Ve B A S B A, K Y IE
TR BRTETG IR . ORI, —Jr T LA PR S AR &R pH (EBR 4 8 S0 se A i AL
B, S L S 2N R B R RS IRTEIR G, RS SR B A A BRI
BN AR
2.3 KRB FIRL R )X S R R AU A S

AR RS, FETHOUKMHREE N 170 °C. FrERREIE N 0.2 g-g™' DS ACHIEA:, HITM
IK AR B[] R V52 B () X B R JRC A s M) o 45 W R V2 T[] R 120 miim, BRI 5 17 B[] %o B8 R JIC 194 552 il 4
Bl 4(a) Bz, SeiEm2 A3 STP A1 PO, Wk EEREAE PO M SN IS TR G inSe/ MR BERS K, AR5 7E 90 min
BFREIRE, 20000 1479.2 F11307.2 mg-L™", BEHCENES] 66.9% 1 59.1%; i “Seli 5 #44b BT
STP 1 PO, W& R HiRRA A, X AT RESE i T HUK M N S8R & A K IR S S i 20 I
AT REH SR M B A2 R T, T INERE TR) A SO e S 0 BRI ™8 5 45K RN ] R 90 min, iR
IR BRI AN 4(b) FT7R, BRIZAB]-5 AR s ] SRR A et/ i [RTRE A A3, et
R Ab 3R STP A1 PO, WREEAERRIZ 20 min B E /R BB KE, 76 120 min BHARIEK; Mel2)fm #4074
Firh STP Al PO, M JEAERRIR 20 min BHe K, 1 240 min BHERERVN, R SERRIG A BRI A 5K (1)
FR s RRIRHE] (FRRRRHS . BUKIEROVIHE AR HIRHS ), FEIbid R rh i A T BE 2 M Bk A L 55
AR e TE L, SRR B FH S Bl = e (] A8 I aze st . BeAh, WO it n] B2 5 A
R AR OV, TSGR B UTVER) , TR vk BECY . PRI, BERRSetiVm R Ab BN FAOK i ] ¢, =
90 min. FRIEMIE] t,=120 min NHRERERGR S,

1800 — — . 1800 _ — .
CISTP, %eMi#h pgpo,, semns |30% CISTP, Jlnik PO, , Femnik 1°0%
1600 —a—STP, JEHURMR —e-PO; . JHVER |00, 1600 | —=—STP. Jitfe —e— PO JEtbmME | 100,
~ 1400 ¢ _/{r/'—_j’/i Lo _ 1400 | i/;/*/’———i 6o
=2 1200 F —— 2 1200 F 2 -
= = 2 150% e ] + == 1{50%
£ 1000 ¥ E 1000 Jn
TN i = N BIZZ 7 =y
=2 140% m = % ) {409 3
& 800 § B s0f / / £
= 430% = / / 130%
Dﬁé 600 | &é 600 / /
400 120% 400 | / / 120%
200 F {10% 200 % % 110%
0 0% 0 0%
30 60 120 180 20 40 60 90 120
K fi#eHst (] /min FR ¥ HS ] /min
(a) FAOK figpof 1] (b) FRIZI[H]

El4 HokREEREL 2 X BRI

Fig. 4 Effect of thermal hydrolysis time and acid leaching time on phosphorus release

2.4 FTIEERAEBNIRIK RS R A R

1) ICP-OES 43#1. Fe''. A", Mg™'. Ca’'iX 4 Fi& @ Fheg %5 PO, 456D, B 5 450K,
ANFETAEEE T FIER X 4 FhE IR FHE S PO, 3R], HIREE HOUKMEEEE TR A ER B Y
BT R, FEEIERR”. 170-0.2 £, Fe. Al. Mg Ml Ca B F WK E AT 3 254.3, 2684,
718.7 A1 17053 mg-L™", BEHCRIIHIN 44.8% ., 10.7% . 58.7% 1 73.8%; [RIN;, “JolRjoHvabBirb i A kL
A DU D 4 i B IR EE IS AR 260 T A SRR b FE (I LRI T 170 °C AbBRAGRES,, DAETXE
) o —J7TH, POUKMTFEQS IR, AN ISR B TR SRE B WA, B SN A
YIRS, F—I7if, FPERR TSR Ao SepiiRsh, IR S AE EPS FIY& IR E T
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RASE Y RO ER G S, 5 [CFe WAl ERMg PZ4Ca
PO, IR A=A i
2) BAARIBIE T, T IRTEMPEE A
A B TR, XS 5T 1 1%
SLRBEE SR, W 6(a) B, BRI IBEIE
AFEH Fe(lD-P Fl AL-P, 435915 B#EY 42.63%
M 26.23%, i&Jei TAEA A BRpnd fE rh
BREME BN, P T S OK BT E AT A
PUE ”*ﬁ4@ﬁTﬁﬁﬁWﬁ§%&?ﬁ%EEﬁﬂ%%ﬂ
2, MR e AP SRS R ALET
WER TG E, MBI, T5idiy Al-
PEEREHMAELTSIEEE Y Loy P, MWIE 5 TREHTHFR-FAEEH TSR EERTPEREFKE
A1P04[35] , I, FPERR- P BT PO437$ﬂ APy Fig. 5 Concentration of metal ions in sludge supernatant under
TR MR . I R P 043_ 5T different citric acid-heat treatment conditions
FEL, T Al(OH), T EsmIRh A RER I (pH<3) PO, [Rliy, FRIMBEC AT Al B 7] RE Sl R B4
FL PRI P S K PP A B PR AN A UK i A A N T BRI 5 e [T AR P )83, DT80 T IR
1 AL BT S BT 6(b)~(e) /R T RHEBHE AR S AR DL, JCHLBE T Fe(TIN-P Al AL-P XL
M TTkEC B3, TERAERM T IR E 11.71% . 9.56%, HALRIIIN 72.5% . 63.6%, — KT, Wbtk
PN T BERRER TUENOVA AR . BRIRERTTIE AR A Wi T 1R 3l o5 — i, MRfE I ZTTR
M2 BATIR S RE I RIS RESIE™Y, BERHS I Fe(IlD)-P 15 G iR B =111 Fe( 11)-P, %"ﬁ%ﬁ"’i\}%%ﬁ?
TR PR IR S &Y s SR Fe( 1)-P 1915 LLIF A BEATIERR BEAN i RO B IR, Xl RE &

C_JISTP EZLoosely-P [ JFe(1l)-P

30 @=@Al-P -Fe(]]I) P [MDReductant-P 50%
I [CJCa-P EEOrganic-P
40% |-
x
i1
iy 30%
41
oy
E 20% |
&
10% |
0 0o 0% STl 0% @e%gs O3 0% 0B 8 8 (3 oY o7
R R SN \““ e\ \““ N 0 o0 A VIO o
(a) F LA L% (b) Fe(1l)-P
30% 14% - —I—
25% {‘ 12%
10% ]
A 0
2o M L 2 1
Ega ﬂé\ﬁ 8% =
15% |- ¢z
% Ry
g,u L 6%
< 10% 5
= 4%+
5% - 20 |
0% 0% |
T oV 03, 0% (B a3 0% (P o 0P T (03 0% (B o 0% (O 0 o
@ qQ S\g ,\QQ WY, ,\QQ\V\Q Y %QQ»Q N gQ\,\Q«Q VO \,\QrQ AR

(c) Al-P (d) Fe(1)-P
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6%

5%

4% |

3%

2% |

Organic-P# = b

1%

0%

o

/‘QQ

RN

NI
S\B qQ gQ\,\

(e) Organic-P
Ee6 SRAAIERIRBISS T
Fig. 6 Phosphorus distribution before and after sludge pretreatment
Fe( I )-P 72 pH A T ROAAFEAE T Fe(ID)-P BUL)5l Fe( I)-P M54, Ei AR HOEdE 1w o3
Sy, BORE PG SBER 4.59%, {B7E 170 °C I Organic-P &8 & HLERARIUA 0.75%, FEALREIA
M 83.7%, TIFFEBRRXS Organic-P MRS IC B EEHEVER]; Yol fm#A0 kb B rp [EAHBEA X< Se iR fm $4 4k 2
W, AR, RARE AT RE IS Ve E A T R ER W RE I ER UK i R rh 2 B 55, X252
Wk —PI0E T HTSCHSEAE
3) 'P NMR 5i#r. 7 BAREGE BARREE A& BCA MIBERITCHLEE, (BRI T RBHERIFER T RELATR

S, FIHP'P NMR #E— PRI IR - PR B B S ARSI . AR o< e i I b 2R Je
f9°'P NMR PB4 R 7 frs . e 22l 2] 3 Fheia By, S5l e b a0 7E 2~3 i IEREIRER

(Ortho-P) | —6~—7 HIFERRREL (Pyro-P) F-21~—22 AUEMRE: (Poly-P) P, W5E 3 iR, Ortho-P #l
Poly-P 735 i MBI 67.40% F1 30.23%, SRITARBERIN 15 Organic-P AHOCHYAFIENE, X TRERH T
Organic-P ( BERRIAREABER —HE ) S EICTRIR, X5 7 P4B0EF5H Organic-P & fIlRAVES R —3L,
T H AW A 58 L WL 8¢ B 2R AU L1, 7R 90-
0.05 i, Poly-P {555 EE I 55, Ortho-P {55 i
o IEALRIEAAS 1M Pyro-P ({5 S & T o
R A8 Jo-5.51 AbREIE] T B b 50005 Poly-P-end
Uikl (Poly-P-end ) FUfE5515 5, PolyP-end 15 El
SHIH BT Pyro-P {55 AO3G5E UL B 2 19 Poly-
P K il 45 55 R BERR £ ( Short-chain poly-P ) &%
Pyro-P™); (REFATIEMRAME AL, HIRE T 170-0.2 I
2 170 °C I}, Poly-P {5 51H%, )il Poly-P 5% 50 20 10 o o 0 o
AL, Pyro-P Fl Ortho-P 75t/ [N i B [ L2k
% Akl rBmR g iz 0.2 g-g ™' DS i, B7 SRMAIZAIERTP NMR Bl
Ortho-P Fll Pyro-P {555 & K IR LS5, FRKFr Fig. 7 *'P NMR profiles of sludge before and after
BRI 2P EdE T Pyro-P K f#IFRE pretreatment
JCY RAY Ortho-P o,

BTV RS, ARG A5 IR 1 = ZA71E Ortho-P Al Poly-P iX 2 A4, H. Ortho-P FELL

Fe(IlD)-P #l AI-P I SAETE. WK 8 s, (EFPEERR-ALE RS R rh, Poly-P i 4 PO, 10 Wi I 1T 5
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Table 3 ontent of different phosphorus configurations and their mass fractions before and after
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Fig. 8 Morphological transformations and release pathways of phosphorus under citric acid-heat treatment
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hydrolysis and its recovery

YAO Jialin'?, LIU Jibao?, LIU Xiaoyan'?, SUN Guangyin', MAO Yu?, QIAN Wei’, YU Dawei*’,
WEI Yuansong'?

1. School of Energy and Environmental Engineering, Hebei University of Engineering, Handan 056038, China; 2. Laboratory of
Water Pollution Control, Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing 100085,
China; 3. Shandong Qinghui Environmental Consulting Co., Ltd., Qingdao 266100, China; 4. State Power Investment Group
Capital Holding Co., Ltd., Beijing 100033, China

*Corresponding author, E-mail: dwyu@rcees.ac.cn

Abstract In order to improve the efficiency of phosphorus release from sludge, citric acid-assisted thermal
hydrolysis co-treatment was used to achieve efficient phosphorus release from sludge and recovery by
crystallisation. The optimal phosphorus release conditions and the transformation and release mechanism of
phosphorus forms in sludge treated by citric acid-assisted thermal hydrolysis were investigated, and then FePO,
was recovered from the supernatant by thermally induced precipitation. The results showed that the phosphorus
release from sludge was better than that from citric acid-assisted thermal hydrolysis when thermal hydrolysis
was followed by citric acid treatment, and that STP and PO,’” in the supernatant were more efficiently released
and crystallised than when citric acid was added first and then thermal hydrolysed, which was achieved at the
thermal hydrolysing temperature of T=170 °C and the dosage of citric acid m=0.2 g-g ' DS, the concentration of
STP and PO,” in the supernatant was up to 1 479.2 and 1 307.2 mg-L™', with the release rates of 66.9% and
59.1%, respectively. Different forms of phosphorus in the sludge were first converted to morphologically stable
orthophosphates during citric acid-heat treatment, and then the orthophosphates, mainly Fe-P and Al-P, were
released in large quantities under the action of citric acid. Higher purity FePO, was recovered from the
supernatant by thermally induced precipitation with an overall phosphorus recovery of 37.5%. This study
provides a new direction for the recycling of phosphorus from sludge.

Keywords thermal hydrolysis of sludge; citric acid; phosphorus release; phosphorus morphology;
phosphorus recovery
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