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JE AR R FR MBI A il

b, A3 F H, PO, M H,P,O; My 2 # 5 8 Ff
KW B, il SEM-EDS, Raman, FTIR fl XPS 4 4 55 P
B E5 Ak . R P OBUT AR BOA X A i) PIB S
BT 8. 88 Hy PO, # Ho P, Oy Bt A4 1
R P &G R GAKERII SR . LU RR PELE W 5 /4
FAAR AL I il 2504

1 SEEeE o

1.1 £¥RHE

R 2 AT AR ) (WBC) 5 ki AT 28 W) S (CBC) i Fil
YA AE IR R R AR S 400 C R PRAEREE T #4
i 2 ol g, SBRRORE BT SRR R A B AR . PRI i
B la A e (WBC, CBO Pkdr . #ET . B )Eid 10 B G ff
JH. BN 70 W% iy H, PO, TAZEHING, 16205 CL
IRy R Bk A8 1.5 h ZWAE A . B4 HLP. O o R 2R
Wim LA 20 = 1(mL « g "W B4 5] F H, PO, Fi1 H, P, O; H
B, R ERE ARG, WEE 25 CHEZEGEN.
120 r» min ' E Y 24 ho {28 T K of YEAE S I W
pH T . ¥ oh BE 52 A AR S CA 65 CHLt T TR R IEHE .
il #5 H Hy PO, gk Pk 24 ¥y 4% (P-WBC, P-CBO) #il H, P, O; gk
H Wy 5 (PA-WBC, PA-CBO),
1.2 WEAHE

ZAubE C, H, N % O 0 % % M ot £ 2 #r X
(PerkinElmer240011, 35 ED I % . i J 45 o 5% B 1 (SEM-
EDS, FEI F50-Burker 6-10 XFlash, 3% [E) W 224 ) 7% 32 1%
BURFAE S P R 53 o RIHL 2 563 (Raman, DXR2XT, £ E)D
G3 AT AR BB IS i T B R AR B, MR AR e K 488
nm, EOEIEHE 1 mm. I ETE FE 200~1 700 em ™', 4y HE
R 1em™', il E B LD AN EE (FT/IR-4100, H A 72 B
4 000~400 em ' SRR BEAT AR W R SR TR Be LI E . AR
Wy WAL 2 B 4 K il ThermoFicher ESCALAB 250Xi A X
BEOGH T RE IS (XPSYAX HEAT 43 . A3 W A5 48 i e
160 eV, 15 kV, 5 mA; KK 1 eV, M@K 700 pmX
300 pm, A HEMNE A HF: SEAE 20 eV, 15 kV, 10 mA, K H
0.05 eV, j@it XPSPEAK 4. 1 X 61 #4750 ¥ . 2 ¥ o% P IE
AK A Hedley B RAA R, REGESRE WIS, P&
A5 B4 ATl R AT I 43 6 0% B 11 (Spectrumlab 22pe, H
[EED)S

2 #ZRH1HE

2.1 H£YRERMER
2.1.1 &M

A IEAA =N 1 R . Ha PO, i H P, O; 24
PEX WBC Al CBC A& 3 g ik (O J0 2 & i i i b (p<<
0.05), X A8 TR F /e 0 B 45 W Z B 3R . 5 WBC A
CBC # [t . P-WBC 5 PA-WBC &k ¥ 4, (H) & & 43 3 B 35 1
T 0.27%F00.71%, P-CBC 5 PA-CBC kb ¥ H & & 43 5
BT 0.99% 1 1. 09% (p<C0.05), H# F P-WBC #I P-
CBC, PA-CBC 5 PA-WBC AbHlJK 43 4 B 8 & I, % m
TR Ay Al g Al Ho P O; Btk Lo s C 5 i B 35 PR AT
MR SRR SOt S 2 R S AR AT AR P P R
AR E T 10.90~17.24 F1 15.99~32.51 g » kg™ ', 3¢ H
H,P,O; Bt ab ™ B 25 T H PO, B P (p<<0.05), X
VLA P g sk A kR . AR TR AR,

F1 EYRERER

Table 1 Basic properties of biochar
JOBL]
WBC P-WBC PA-WBC CBC P-CBC PA-CBC
C/% 54.1340.15 aA  53.78+0.08 bA  45.21£0.12 cA  53.624+0.01 aA  40.1740.7 bA  33.35%0.17 cA
N/ % 0.59740.03 cA 0.9040.04 aA 0.62740.07 bA 1.2540. 06 bA 1.87+0.03 aA 0.88740.04 cA
H/% 2.337£0.04 cA 2.640.04 bA 3.047£0.02 aA 2.05+0.05 cA 3.04740.04 bA 3.14740. 06 aA
0" /% 17.16+0.57 bB  29.23+1.03 aA 17.86+1.39 bB  38.04%1.06 aA 20.9441.47 ¢cB 33.39740.81 bA
K45y /% 24.98+1.25 bA  13.48+1.23 ¢cB  33.90+1.35 aA  18.45+0.99 ¢cB  20.54+1.38 bA  29.25+2.01 aA

M P/(gekg D)

2.9140.05 cB

13.81£0. 32 bA

20.1540. 62 aB

4.6240.08 cA

20.6140. 14 bA

37.1340. 48 aA

E: v 0% =100%—(C%+NY%+H%+IK5 %) RIFEV/NG FH:FRAE R B YR AR L LT 0. 05 KV E2R8E, ARKSFEFRRAE
[ Fp el P AL FRIA] 0. 05 K R R B3, FHET fffEXEG=20, TH
Note: * O%=100%—(C% +N%-+H%+ Ash%). Different lowercase letters indicate significant differences among different treatments on the

same biochar at the 0. 05 level. Differentuppercase letters meant significant difference among treatments of same modification at 0. 05 level.

Average values standard deviation (n=4), Same below
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0.37 #10. 40, fE[F — M MEALBR , AT S L6/ 5T
AT A 5% W HL PO, 1 H P, O; ik 8 4 9 % 19 A
BEXE N, v A AR 3 s A ) — R AR BT, MR RT A )
A7 B 22 e B A0 2 Ll

Intensity/a.u
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B 1 Z#(a) 5HF(b) EMRMIEREHH S X E
P-5 PA-4p iR R &5 Ha PO, Btk HaP2 O7 Btk H A
Fig. 1 Raman spectra of the wheat straw (a) and cotton stalk (b) biochars before and after modification

P- and PA- represent modified by H; PO, and H,;P,07, respectively, Same below

2.2 AWk PERRE

2.2.1 ¥ 4akiE (SEM-EDS) 4 #7
il SEM-EDS A A ¥k o1 A1 )5 2% Y 45 S AH . P

Eo AL, B EAE 2Ca, b PR, ATLLE . WBC A%k

T HLRE S AR . X T RE R B A R P AR

VI S AREE SRR FENIEES . 5 WBC Ml CBC 47

ezt

B2 Z£FF(a) 5WRF (D) EMREERE

ML A AR ETE PR EZEH . S5 EYREE
BT P s 19 BORCR 5 4. H PA-WBC 1 PA-CBC
Ak BB ST {4 OB AR 2540 £ F P-WBC #0 P-CBC 4h 2. I 7] fig
VR D T IR A A R R A A W R T RS LR ik
PEAEM A0 PRI T A ik

SEM Bl 5 P ZmE B %

Fig. 2 SEM image and the corresponding P elemental mapping images of the wheat straw (a)

and cotton stalk (b) biochars before and after modification

2.2.2 B Zetirsh kg (FTIR) 5 4F

Pl 3Ca,b) 43 3 2 22 4 55 A FF 45 Ak B0 A= W ¢ 35 TN B e
AL 25 R BIR . 7E 490~2 420 em ' Z [A] W] LIS B £ 4
{545, 5 WBC #1 CBC 4t AH Lt . B S5 1 A4 9 ok £E 490,
799, 1 085, 1 420 12 416 cm ™' 4b Ay 45 AF I % AL B A5, o
490 em™ ' Xt P—(OHD s BRI IR3I™T . 799 em ™' X C—P

ARG R 3. 1085 em™ ' IFE F P —O 1 8 B 0 3 0 iR 6
Ty P—O—P X B ik 3797, 1 420 em ' XE R AR
(—COOM) B P WTE A« 2 416 em ' IHE F PH, 5 P—H %
H R B . M4 WBC il CBC 4B, H, PO, 1 H, P, O,
BMEA R T P—(OH); BB L. B3R T WBC Fil CBC
W3 C—P &, JEAIB R T B & P AEAL, 2R S5 AT A
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Fig. 3 FTIR spectra of the wheat straw (a) and cotton stalk (b) biochars before and after modification

2.2.3 X &k T4k (XPS) 947

Bl 4 Ry 2 47 5 0 A 4 AL 3R AR B s 1) XPS B3, o LLE
. XPS M E R ATE 132, 286 F1 534 eV AL B R T =4 F
AR, 4RI P(2p) . Cls) fl Ol e, 5 WBC flI
CBC MLt » MetkJa A= m iy Cls WA Xt & | TR T 42.22%

T O 8 PR, Bk C 5 A i CO 8 CO,
Bt B ol e M5 OCLs) W AH X 3R BE 8 m 7 13.15% ~
32.14 %, X AT g /A ok e i COOH FIBE AR 1h 3% H 19 2

TS E, I H P(2p) BRAE 04 AH X 3R EE RN T 2. 02% ~
8.48% ., #E—# Ui H,PO, 1 H, P, O, dttkfl P ZAEEW

~59.46%, X~ RATREH N T AW R DG LW ATRE, WM IR GG AT Py O F C Al fh 24 1 T8 B .
EI] H, PO, #1 H,P,O; VF?‘]**‘?‘?L%%‘J» @ﬁi%ﬁﬁi%ﬁﬁc
Ols
M ' i
WBC CBC
S s
-3 g
2 &
& P-WBC R P-CBC
PAWEC PA-CBC
0 4(I)0 860 1200 0 4(I)0 8(I)O 1200
Binding energy/eV Binding energy/eV

4 EF () EWMF(D)EMRYEREH XPS X ERFEERNSE

Fig. 4 XPS spectra and the relative content of characteristic peaks of wheat straw (a) and

cotton stalk (b) biochars before and after modification
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(O=P—0) H 3 b FWE, O s) BAF 13 27 B4 K
3N, AR F 2 531,00 eV [ C=0 5 (&) P=0
W, 29 532.20 eV i) C—O0—C 5 (&) P—O0—C I§, DI KL

F#)533.5 eV Iy P—O—P g, SiggE R B R, # WBC
A CBC b, RBEME R P(2p) FfE g, Bk )5, PA-
WBC 5 PA-CBC 4b#i it C—O—P M % & e i . 43 35 5
55.81% M1 50.19%, & T P-WBC 5 P-CBC £ ¥ 17. 58 % Fil
10.73% . 5 H; PO, Bttkab#AH L, PA-WBC 5 PA-CBC 4k
Hirp C—P—O W&o BT 22.87% F1 25.06% , P JC

EMTE=ZW, HEME2Q07E3 pm) B EFH T C(73
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5 ENES/MALEYRBERNBHNTSAE P(2p)(a, b)F O(1s) (¢, d) B
Fig. 5 High-resolution P(2p) (a, b) and O(1s) (¢, d) spectra of the wheat

straw and cotton stalk biochars before and after modification

O FRAEVE R AR A R BoR, 5 WBC fil CBC A 1t .
P-WBC., PA-WBC, P-CBC 1 PA-CBC 4t # th P—O—P i %t
AR E T 15.98% ~25.29%, PA-WBC Fl PA-CBC A 3
P—O—P M X & & 4 5 & F P-WBC F1 P-CBC 4t #
3.64%F3.66%, C—=0 H@H) P=0 WM WML T
9.86%~32.86%, H,PO, il H,P,O, gt fli (=0 5

P=—0 f1C-O-CHE)OP O C kAT IEMA¥MNE. 4
AREHIN, XEWRERMN CRFIm PRFHE, BRTH
% P fbap gt @it Ho PO, R H PO BT, AW
TR K& P, 2 THATN CIEFm PIERTFHE. &
SERTHED, Mt AR PR O R T EZ M TS PR T K
s, BEMREM,. 5 C-PEME, O—PIKRMEEER
=, RN RS, O—P Y KD, WBR S P
FH ., PA-WBC 5 PA-CBC &b #irh O—P (W45 & XA X &
R . X RERE R RE S B ACE £ & P SEH L ST m
P piE k. XPS A #r45 -E 0, H, PO, F1 H PO b3 5
THYmFEm PGS, HiP,O; Bk B P g3
AR R .

2.2.4 EHRPHELIK

B 6 e T AR 4T A P R WA & i, Hedley
HRYBHL Y X2 TE A P R R R e 5 R R, o H 4 i ok
P (H,O-P;, NaHCO;-P, #l NaHCO;-P,). H % & ¥ P
(NaOH-P; il NaOH-P,), 2 & & P(HCL-P) MR B & P
(Rs-P)'") | 5 WBC #Ht, P-WBC 5 PA-WBC HiiE % P 5%
PR T 2.36~5.91 g+ kg ', PGP BERE T 0. 47~

H
(=]
1

Bl H.0-P
B NaHCO;-P;
B NaHCO;-Py
I NaOH-P;
24 4 [[] NaOH-P,
I HCL-P
Bl RSP

W
[
L

P concentration/(g-kg™")

WBC

CBC P-WBC P-CBC PA-WBCPA-CBC

El6 EFERAEMRUENEHNENTEEL
Fig. 6 Changes of phosphorus relative content of the wheat
straw (a) and cotton stalk (b) biochars before and

after modification

0.85g+ kg ', AEDN PN T 0.14~0.17 g« kg ' (p<
0.05), 5 CBC#iIt, P—CBC 5 PA-CBC i 1 P i % 2
BT 4.27~14.78 g+ kg ', PEEVEME P WERE T 0. 49~
0.90 g kg ', FAEASPBERILT 0.89~1.03 g+ kg ' (p
<<0.05), Hrr, FaEd P b n] 0K TRER P ik
& PIEEART, BRSOk . WBC I CBC o P 245 % M 4 Xt
AR, WEMEP AP SEMN41.21% 5 41.13% ., SMJE . P-
WBC fil PA-WBC b3 b, 35 M P A X & & 2 3038 n 1
42.05% 5 42.33% ; P-CBC 1 PA-CBC Ab3vh, 1% 4 P A X}
SEAIRE T 44.05% 5 47.81% . ML L. BetE)E AR
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(Ll Hy PO, 1 H P, O; stk )5 . 251 58 FF 4 9 ok
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T P2p)Ug. 5 Hy PO, et #AH . H P, O; Bk R
Yo C—P—O fl C—=0 5 (&) P—0 WM& FE L,
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P—O— P S =380, stk YR e s T 38 M w9
P #ig I,

(3t H, PO, Fl H P, O 2S5 . ZFT 5 M FF £ 9 ¢
PG P SRS AEEE P SRS EEY . H PO B
AP sTIENE PSSR P SR B E ST HPO, BtkA
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Abstract  They can be applied to agriculture by changing the properties of biochar by phosphoric acid ( H;PO,) and
pyrophosphoric acid (H,P, ;) . It is helpful to revealing the bio-availability of P on its surface for identifying P occurrence form
and binding mode of changed biochar for H; PO, and H,P, ;. This paper adopts wheat stalk biochar (WBC) and cotton stalk
biochar (CBC) as raw materials. Meanwhile, this paper prepares changed H; PO, (P-WBC and P-CBC) and changed biochar of
H,P,0O; (PA-WBC and PA-CBC) by H;PO, and H,P,0; respectively. This paper adopts Raman spectroscopy (Raman) and
scanning electron microscopy (SEM) to characterize the structure and P distribution of the changed biochar. In addition, this
paper adopts Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS) to investigate the
P-binding mode of changed biochar surface. Meanwhile, this paper quantitatively analyzes the changes of P form and content in
biochar before and after changing by combining the Hedley phosphorus classification method with visible spectro-photometry.
The result shows that the I;/Ip value of biochar increases and the graphitization structure enhances to form the P-containing
granular structure after changing the properties of H; PO, and H, P, ;. It has promoted the formation of carboxyl (—COOH),
P—O—P and P—H acid functional groups on the surface of biochar for changes of H;PO, and H,P,0;. They are similar to
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functional groups on the surface of changed biochar of H;PO, and changed biochar of H,P,0O,. XPS result shows that it
increases by 13.15% ~32. 44 % significantly by compared with WBC and CBC for the relative content of Ols peak in the changed
treatment, Meanwhile, it also shows that it increases by 18.54% ~27.02% significantly for the relative content of the P(2s)
peak (p<C0.05). They have divided P(2s) and O(ls) into C—P—0O, C—0O—P, O=—P—0O, C=0O and (or) P=0,
C—0O—C and (or) P—0O—C and P—0O—P for the deconvolution integral peaks. It can promote the formation of C—0O—P,

O=P—0, C—0O—C and/or P—O—C and P—O—P bonds for the changed properties of H,P;O; by comparing with the
changed properties of H;PO,. It also significantly increases the total P content in biochar for the changed properties.
Meanwhile, it is significantly higher than that in P——WBC and P—CBC for the P content in PA-WBC and PA-CBC. The active P
content in the changed treatment significantly increases by 2. 36 ~14. 77 g « kg ' compared with WBC and CBC. In addition, the
stable P content significantly decreases by 0. 06~0.17g « kg™ ' (p<C0.05). The active P and moderate active P of PA-WBC and
PA-CBC significantly increase by 5. 27~15. 66 and 0. 53~0. 64 g * kg ' respectively. The stable P content decreases by 0. 03~
0.34 g+ kg '(p<C0.05). In conclusion, it has changed the binding mode of P on biochar surface and increased the activity of P
for the changed properties of H;PO, and H,P,0;. The difference in the content and binding mode of P in different forms
between H; PO, and H,P,; modified biochar are of great significance for further exploring the bioarailability of P.
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