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B, 25 AT BT R A& b Ak o 32 BOR) R 3 rp s
R 285 1 i B 3B s Ok, AW 5% HCAE 4 38 v iy e Ak ok
TR O AR W) 1A RCPE o i T D E A v % A
Bk & Wy 85 o B XE, A AT 22 R AT A 5 g A1 i
( Chemical fractionation ) ¥ - 15 Fr 4k 2% 2H B AH I 8% 49
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TCHLBEIE S 43 9 J5 T 1) TAF . Syers 1A b £ K% 1
b AR IR Bk N WERR R, R R B R e, A T
B2 T IR 2 o B 09 A B 8 vp i R 4 3
5390, e /0 Bl 24 Pk B8 E , S5 R b A7 A 1 [R) 1A
2 ST, W A A AR e R
JR A A SE TCAILBA 1) 20 BCRE A, B s A B s e
BB AT 25 43 9% )5 % 4 :0. 25 mol L' NaHCO, 2 Ht
HIBERR — 45 (Ca,-P) 0.5 mol L™'NH, Ac #2& 5 #
2 /\ 5 ( Cag-P) 0.5 mol L™"NH,F 42 B 47 0 iR £h
(Al-P) .0. 1 mol L™'NaOH-0. 05 mol L.”'Na, CO, 42}
Ak HE Rk (Fe-P) (0.3 mol L' FFEEMMN - 1 ¢
Na,S,0, —=0.5 mol L~'NaOH 42 B i 1 & A #5 (0-P)
F1°0.25 mol L™"H,SO, $RBUM#E IR 145 (Ca,y-P) , 1%
STPNR R B A KV R R S R R
Ca,-P %I Ca,-P I Fll Ca,,-P % 3 FhIE 25, 345 + %
Y Fe-P (AL-P Fl1 O-P 841 4 53 25 T K .
1.1.2 AHLBEIE ST % oA SR SRR N
KBTI S 2, B2 = ik LU T4
{8, Bowman Fil Cole """ A 45 thf + 547 WL 43 o«
&G PEAT B Wk (Labile organic P) | w55 1% ¥ A7 AL 8%
( Moderately labile organic P) . H £2 ' A ¥ ( Moder-
ately resistant organic P) Fl1%& %€ M A ML #; ( Resistant
organic P) o B A AR X% O W M T R B
Rk ] DO AR B A [m] 1 JL Rl A HL IR LA
Y00 I, T R AS B6 - A BB ) AR ) AR
A ARAE 224517 N 3% 07 i rh i A LB R f i
i A W Hs ( Microbial biomass P) |, 5E 8 Ji5 B 1Y) 32 B
R 3k e b Ak o H v i A ALBE S O AT AR
PEA HLBE I A2 18 K

T W Wl A S 1 3 A DL ) — > B 24 AR
O3 LI J7 1 A2 BB SE H 19 . Brooks Al
Hedley ™ 43 Bl 57 T -+ 490 p 32 0l 9 100 22 7 2
e A KA X ik TR A A D A TR R, o H R A
TE B [ R T3 TR AR 3R | JF 45 & 8 [ 55 PR il
LA T I A TR A 2 A A W I E T
T VLB o3 P A A5 e 1 R OF 5 b s
W W SRR B, 2 20007 1R R A B 2R % UL M
S+ S LB AF IR DL, A T T — 2B
L13 ZEEMagER WA= E K I A
LB AR U L: AR I T 40 ST, 1 Hedley %"
P& o L HERE A A AR AT AR 9 (H, 0 3 NaHCO,
FEHUAS P) (Ca-P (HCI 2503 R\ A GE T
HL#E (NaOH 4 HUE ) DL EOANER e RS 1A HLIE

L2 BEREFUHBEZIHNLEIR

BB A [ KK W) Th o R WAL o Rk
RALTTH I, — RS MEdt LR
6539 07 15127 Maguire %' 4l 45 () J7 % 2 A
A W 18] 1A ( Biosolids ) H i 8 73 4y - AK ¥ Pl (WSP) |
PRAEAC YR S (FeO-P) Mehlich-1 P Mehlich-3 P
FIREEWE (P, ) o A0 P07 1 AR T LIS & & 3¢
i 28 T R I 50w 1) Ml AR A0 A R Y S TR 2 A L
AN AE AN BE HE 0 b %5 7€ ) H b BAR 1) T AL i
FAGHLBEAL A 95 B A H S P il R B k2%
SRR R BRI F Y, A5 RS R Rl
A—30, 0 He 27 R BAERE SR, Ca A1 P 1Y & L
Py e i iy, E% 26 R HCL 48 BUS # (Ca-P) X
A 1% AT LR A3 PR (14% ), flfi TN 2k
THEMBHERE S F DI RERFAESTTES
FEAE R BRI 25 53 B, A8 L IR R 2 R 3K T A i
Yy BRA 2 1 B Y 22 S o

2 b AR R 5 R B A T K

fif ik o3 My

B SR SE TRl R I 1 T LA 3 4% b A WL 1
SR L, B, AT LA T KA 1 FR R R S R A
SE T AR TR A LB AL 4 0 1 7 76 A, B3k
AR B R K BB S R A I A E R B TR
Tl Tl 3 — a2 I 0, 7K A Y B 6 BLE AT 1R 3 B o
L B HLBE TR 25 K i 70 IR S i (o TR
) FILEE A BERR G C 2 1 F 98 L3 b il
BLBE &4 >, 10 Bishop 451 4 Bl R £k /K At
it 55 80 A il 15 55, SR U5 T NaOH 23 - ' P
NMR 43 7 4 #L % #9748 fk ; He F1 Honeycut™ 3% il
Hedley %5 [ 4k 2% i 2 42 U5 W /K % AH 25 4 10 7
VR BRI F A B 3 P A MLBE I 1E TR . WK
i i TN S T A R A PLE
% TR TG B K 95 O H., A LB AL A 90 B B R
T AL AL I A 7 490t 3 S A% Bl JE WL 25 43
() 5 35 5 G A , K A 02 W00 A LB 75 7 00 5 4%
1 bR ARG — , 0B F% I 16] 9 L wh i 4 AR
175 R R F 5 2 =2 1) 1 5 SR AR LA T e

3 LR S P O SR A
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3.1 X Sf&iTa
X fi1 5} ( X-ray diffraction, XRD) &% & + 3
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S5 RS TR WA RO 5T SR B A A
TR TR Z RIS, a8 — i
KT 1% , H ik, XRD 7% & H 3 iE & 2 5
TRIBR M o A7 2 2 42 0K IR o 25 A S W Wl IR R
) I\ 8P 43 B WA I L T XRD S5 A
H FHAERE B 40 A0 W 5 b B B — IR
UE K B E 2 AR UUVE , BT XRD 23 B UUE Y
LR DL HE T T A 3 R B B A
A R T BHBORL i A - 3, B W — B i 1] )5 B
H 5% B BE R BORE T XRD 40 M7 JL A0 AR
KA B XRD X 4k AR AT 9 ( Xeray powder
diffraction, XRPD) £ A Fl T 7 & &l A is Je b &
TR ST XRD S P A A A
W) — R AR 4F 19 0 2, SR, AR 0 bR UE S W)
(9 XRD & 1% 59}k = S HAE 52 B v v A2 1Y
— AR KBR 1
3.2 ISk

FUAE 1963 4F, Beaton %5 i 41t i 5% F 41 401
Wt i ok 45 58 W AL 7E 1 8 b B e AL W o AR Ok,
i 214 ( Near-infrared , NIR) A1 5 1. #) ( Min-infrared ,
MIR) St 3 78 - S P B o3 A 0 AR 2 17 2 L
{8 I AR SR 2T MG OGS (Fourier transform in-

frared photoacoustic spectroscopy, FTIR-PAS) L) H &
FH T i W SO ity EL TG 5 4 R B I AL BT A
J5i 43 M1 J7 16145 B A £ i AT, B4R Shand
AUV FHLTAMR I (KBr JE ) Wk %7 9% o T 08
i °F- 2 Hh 5 A7 3 55 W A1 ( Brushite ) F1 5 3 £7 (Stru-
vite) , {H 5 %€ 2 BT A1, H AT B R A H B i R
LLAMEIEE % L P 9 BB S 9 4IE , Shand 45
R FZLA1 6385 70 A i s JU2 A O XRPD B 4l B T
B, i 32 B IR N ZL A1 063 A il WOSC R R 1 2R S
B, iz £ ERE il i S 2%, b K g A BILJSE
SR o X LA G TE I R BT, AR METE 2141 6 3
i s Hh T AL A AT BB A9 R E I S B T A
FLUE SR B W I 0 B0 AR 2 IR
3.3 EEHEAR

P LA R e R B AR T, K
[ 4 70 P 9 1 25 RT LSRR i L AR D 0
A (*' P nuclear magnetic resonance spectroscopy,
P NMR) 43 #7 o AR B S R 25 AT 4 Sk WA P
NMR (Solution-state *'P NMR) FI & &' P NMR ( Sol-
id-state *'P NMR) , 3 1 %1 1 T4 % A P NMR %
S R B R TR Th B T S R RGE . AR P
NMR = % F 53 Hr 6] 44 22 57 499 A 4 3 v 10 4 BL

®1 RA"PNMRETEEGEFNRTBEFBESHARTAR

Table 1 Forms of P in biosolids and soils identified with *' P NMR
SEH B R FE I YETEE K U5
Materials Extractant P form Source
WA P NMR Solution-state *' P 4 7}7 5 J Sludge =4 & —KOH/NaOH A Pk Hinedi 414

NMR

NaOH/ZE &5 + H, 0/ 4 7

[& 43" P NMR Solid-state *'

FEHK 13 Forest floor samples
44 Soils

+ HE Soils

+ 3 Soils

% B 3% f# Poultry manure

+ &/ KB 7% 1 Soil and litter

BERY /I

Dairy diets, feces and manures

A HLEE Cade-Menum I Preston!*’

+ NaOH /NaOH + Na, EDTA
NaHCO;—NaOH AL Zhang %:50]
NaOH + D, 0 HHLBE Mahieu %’575[1
NaOH/NaF VERiIR Amelung %[52]
NaOH + Na, EDTA VERIR Crouse %:53]
NaOH/Z& 45 + NaOH/ s

; Cade-M &l
NaOH + Na, EDTA AL ade-Menum %5
NaOH + Na, EDTA H WL Toor (55

P DRGSR R B
NMR Sludge and sludge-amended soils

758 Urban sewage sludges

B Poultry litter

HEHE Composted solid organic wastes

+ 1 Soils

Ca-P/Al-P/fE T BR £ Hinedi %%

Ca-P/Al-P Frossard é’—;LSH

Al-P/Ca-P Hunger % (?)
Ca-P Frossard @}1[46]

Ca-P/Al-P McDowell 2558
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JEAS ik IR 3 JGA] (G R & NaOH + Na, EDTA)
PREIBORE i, $5 IO 1E 5 1R kA vk B AT LA E S
S E TR E A TCHLBEIE A5 (40 AL-P Ca-P  Fe-
P) MR AE %A 5 9 H— SR R 1O AL 7
PESR IR Hw] K A B E B R L S BUIR Al T 3 o
A BLBE S e ah SRR P R 2 0 B TR
BEME A JE ok B F A HLBE B L 2 T LB L
&P NMR iz i 45 22 19 2w 40 9F 8 fa e 57 p
NMR ( Magic angle spinning *'P NMR, MAS °*'P
NMR) , 3 e AR To 75 8 BRI, 45 2 o F 20 i [ 44
S B e ) TC ALY A, SR, 7E X 2B AR
G ML AS B3 e A — eI PE G K, 4 Fe (Al Mn
AT/, TH B, BRE T X R 5 ki N
FH %) Hinedi 2617 2 4 4 FHATEERR 41 + NaHCO, +
B R 4R (CBD) R A B RE & B E AT P
NMR 5, $K T 33K A Ak 325 40 L AR b i 22 100 [T
TEA AN Re PR IR DU 22 45 5 5 4 o b [ A G 25 R —
3, WA 5y SR A I A

3.4 EHES

Bt 53 AT B 8 AN B % e, — 26 5k T ] 25 R Ol
I8 ( Synchrotron-based light source ) 1t 43 #7 F Bt &
TG 7 Bt 5K B WF 584k e B AL JC R B
AR T RIRE. HAl, N RO Tz B 2 AL T )
ARG A XS 2 W WORS 4 45 14 ( X-ray absorption
fine structure, XAFS) , £ 5 X 52 W i T i1 45 4
(X-ray absorption near-edge structure, XANES) F1 X
S5 W W' T SEE i DXOKS 20 45 14 (Extended XAFS,
EXAFS), > XANES Al EXAFS ) T{EJs B | - 4%
RE i F A6 25 0 BCHE A0 B T2 O S A T e
i o 1ESEE T R R SR R B R AR S
J5 1, XANES {9 R FJE )iz (32 2) o XANES A
WCIRAE G DR A T AR B IS R JE SRR AE, [ G 75 3
15 8 IS R 5E , A W] e 3R A AN [ 19 1 i 3 g it
JIT ATCER 8] 19 T e — MR AR /N s H &, iy Tk = b
Yy, B ABHLAT T X R TR A h Z R RAF IR S 1Y
BoE O HAL TR g s B s

F2 RAXANES KEEGREFURLTERIBRESHARER
Table 2 Forms of P in biosolids and soils identified with XANES

S 55 6 BB R P
Materials P form Source
% B 2%{# Chicken and turkey manure Ca,-P/We-P Toor %'251
F & bk Poultry litter Ca,-P/Al-P Peak 3[60]
% & 3¢(#/ 14 Manure and manure-amended soils Ca,-P/ T E I Ca-P/Fe-P/B-Hi IR =45 Sato (61
% B 44 {# Beef cattle manures and poultry litter Ca,-P/Al-P Ajiboye 2[4

4 M+ 3% Agricultural soils
+ 8 Soils
48 Soils

Ca-P/Al-P/Fe-P
Ca-P/Al-P/Fe-P
Ca-P/Fe-P

Beauchemin % [62)
Hesterberg % (63
Sato % 164]

4 H b

A — G 2 B A — 2 ) IR AL 2 AR
G BT T BOR Bl B 45 5 e R R S ) h o R
WA TE T &, W& A 4> #r ( Petrographic analy-
sis) 0P 2 4% ( Petrographic microscope) )
¥ F B W 85 ( Scanning electron microscope,
SEM) (33 HEEE A EL X B4R (Energy dispersive X-ray,
EDX) [33.36] 1135 5 H - $2 78 8% ( Transmission electron
microscopy, TEM) 5 EDXS B¢ 45

5 4iiEMRy

B SCEEEN T LA S [ A B IR M

RILERN L, AR LAY TR b BRME,
— e I 3 AT AL B, 4 NMR  XANES 25, 5y [
RIEFD M LB PBERES M EL TR, X
et T B S mp e HOr ks A, B
RN FE EL AR B UE , D 45 5 [ 1R B 5 K L o b
KA S R4 T Al g A w2 A 2, &
TE [ R 5 374 e 4 3 W 508 28 0 58 7 ik % e T
[ &b, 45 93] o2 AE — 28 55 0F o A B A /9 B O i
WA KA, LR P71 F 58 % 51 R AL 5
— i X [ A B S e b M R B R OB S R 3 35
ML, T e A R T A O T R A -
J FIE 25 (9 e Ak, 3 T Sy B 4 Ak 2R AR T (A 5
ER /IR ORI RSN R N e AN A
PERF AR A 5 58 = AROTT e 0 8 25 0 i 19 8
TR, EHEREE IR, RS
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Table 3 Methods commonly used for identification of forms of P in biosolids and soils
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25, B FOAZ AR 5 OGS B L R
IR AE, WAl MR g LRI

IF 5 =} o

Jr2E ) J7 ik 4 B EBREEBE HIE
Type of method Name of method P form Note
PB4k~ Physicochemical method o5 53 9 A LB TCHLBE FHEEB BEEKR
4% Biological method i /K AR 75 AL & ARG —
%A% 23 H7 Instrument analysis XRD LRI s TR AE ) T
FT-IR A OB TEHLBE i 2R 5
Y p MR WA P NMR A HLBE it S U
[E &> P NMR TCALBE IR 4 ) T
XANES P IR AR

HAth Others

A5 A0 BT (SEM \TEM \EDX 4
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METHODS FOR ANALYSIS OF PHOSPHORUS FORMS IN BIOSOLIDS AND SOILS

Abstract
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Morphological analysis of phosphorus in biosolids and soils is essential to waste management, improve-

ment of phosphorus use efficiency and control of P leaching risk. Since the early 20th century, various methods have been

put forward to analyze forms of phosphorus in biosolids and soils, including chemical fractionation, enzymatic hydrolysis,

Fourier transform infrared ( FT-IR) , X-ray diffraction (XRD) ,”' P nuclear magnetic resonance (*'P NMR) and X-ray ab-

sorption near-edge structure (XANES). In the paper, various methods of characterizing phosphorus forms in biosolids and

soils are systematically summarized and compared. Integrated application of various methods is recommended to better

identify forms of phosphorus in bisolids and soils rather than only using a single method so as to provide useful information

for choosing appropriate methods for the analysis and also to lay down a foundation for further developing novel techniques

for analysis of forms of phosphorus in biosolids and soils.
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