5544 B 5 WCEEE 203 HD WE 4 Vol. 44 No. 5(Sum. 203)
2025 4 10 A Hydrometallurgy of China Oct. 2025

5

%
=
=

PR 38045 A% M W ne B i 28R e pLI A 52

AEEAR, BDUAR, AR AL XM AR LB R A
CRIAE R 15 Yol 5 VE R AR W A 2 P A A S 30 T PR 421001

FEE AT T LIARSESE h JEURE, e JH B 6 161 45 J5L 2 A 0 2k (BC) , 15 U 15 2 0 Wl 1R 6 o P 12+ 4 B R 6 e

PEREIB ALY R (NP-BC) . % T BC Hl NP-BC Xt & /K H &l (9 W Bt 1 &8 , i 32 SEM.EDS.BET.FT-IR

XPS A5 F B4 #F T BC Al NP-BC [ £ ¥ S M0 L4815 T BC Al NP-BC %4l 1) % B AL . 25 52 2 B 5 %

) i R RE 10 mg/L Wi pH=4 B /K . 76 NP-BC £ 0. 2 /LR B BE 30 “C4&¢FF . UCVD W i

FBRFIL 99. 32 % ; HAFBH L FHE T4 NP-BC B UCVL) B9 52 i Bifi 55 1 ¥4 J3E 4% 7 184 5 5 8% o 2 e o 5 ‘B0 ofe
TRHN SRR Langmuir 25 35 W RS R0 A 5l 53 FT-IR R XPS 3 B 45 . NP-BC X8 4l 9 % B 4L 30 Sy &

FUR R L AUE BE B AR R 3k 1A W T A 1R BGR RAE

KRR IR Kl s A W s BB 2 et 5 WG ML

HES S TL212; TQ424; X703 XHFRIAA A XEHS:1009-2617(2025)05-0635-10

DOI:10. 13355/j. enki. sfyj. 2025. 05. 008

hEA AL B VE RSO M TEAZRE T Xk CrCVDD 8 W B4 i . 35 498 5 , e R W B 78 ki
U KA T 5 7 A S K, IR AL FE 142,86 mg/g " A B AR R B G MRS AT AR ) ok
HERCFT RE 2= 25 2R S R BT A N R4 BRI DR IR FE X R A B8 N By & & T X Co®" 1 Cd™ (IR
. HRT A O R AL B A 2 M5k W‘@ﬁ%tt)ﬁﬁﬁﬁz%iﬁ%ﬁ 4 %, HAER%E pH L
v W B o 8 5 DU ERARE BT A L AR BRAIOCR 47, BXF B2~ 6) I RE DR R A 5 M W B 500 5 7 240 °C 4%
PR T T2 R ez — e R R A I AUB 2 L 2R AR R CuCTD (PhaD
JE W o> B R OCHE . AR BT RURRIEE 0 Cr (VDD B W% BE 25 &t 43 03] 36 43. 98,83, 91 Al
W AL T TS KT 94,69 me/g" . ABREYRMESLEBRA —
MR S 2% Bl ELEC IR B RE AT AT R 4R T E L BRABOR B A7 AE— S SR R ﬂﬂ%ﬁﬁﬁ%ﬂl”ﬁﬁﬁ

RS ORI AR S s R R AR SRS A R LB
KEEFRAT . H AT AR TR R AR AL I YW o AE A W e Y I B IR N AR jﬂﬁ?d&
T e KRR, WOAERIE & A sl A WS DU TR R E o HL A T ki
LY e 22 AL R E REMI W LY b, BORMIRRAE TRy iE . — 25 ABERR L AR

B AR HLak A R R i‘ﬁﬂét%b“zﬂ Fe AR, 9 R ALIE S5 H 5 — R R
RAB A I 2 1o A 1) 9 W T P8 R AR 328 % 1V 119 e P i 5 T 4 Ja A A E 4 sl L o L LX) B 4

ARSI TFBZ —. VR FEKER . M5l A EB‘J%K’?% HeoR . 02 IR WM JS Y K R AR
A5 BE WYt S R T Ak 2 vk BT 4 W B A7 Wy, FL L FRTHFR B IEXT CrO VDD 9 2 B 28 R B 25
RGNS TR B . R T A B 2= A W ¢ i B TR AR AR e s T R T B RS AT A
XF 4 JE W B SE & A — 48, AnAE NH A B R Py %ok i ) e R M B 25 B (149. 24 mg/ @) It 1 T
AL BN AT AR AR W e, AR5 RUE REMTE £ U A W) e (54,41 mg/g) . ib fig B PR 3K B % [P

Y fm H#A:2025-03-25

ELTB E KA KRR E I H (52170164) ; ) 2 BF 58 A BHIFQ1H 00 H %% B (CX20240823) ,

FE—IEEF N REEHI(1999—) Lo WL AF 9T A, R BRI 1 S R K AL B,

BEEEE N WS WHW 1985, 5 W+ #UR, TEWFIETT I N B AW H AR . E-mail: biowater@126. com,




© 636 o ke 4

2025 4F 10 A

ML A Sl 8 1) Wl T 5 v A 0 o, T o K
b 25 11 A 2 0 0% 7 A5, A S AT e 8 % i )2
IK ER R R R L R AR 3K 157, 79 mg/ gt kol A
W) o % B 4 T A F 5T B L R AR T — SRR,
B X6 A2 7K v il i R 20 2% B e | 3K R P A A
R 500 40T 2 AT A2 Y ij B BB 5 5 1]

R SR JH B v ) A5 AR S S AR W e, B
T 2 6 0 50 SR O L AT b SR A T B
FE A WL R R R A B
AP (NP-BO) , 3 I F KB K sl %
ZE T VW pH L W R R B S | W B IR RE B B ]
) b o 2 v BE A B 6 NP-BC Wz B U VD
PERERYSZ 0, JF 118 1 MRl ) 2 AR A
T2, BN B Al K B A — RIS R A B
o A8 A R T R

1 MRS

L1 REER GRF 5 NEE

B s VR = BBl 1 g/L
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Fig.1 SEM images of NP-BC

@3t EDS % BC Fil NP-BC 17T Z #4743 #7
gEER LR 1, A LIE H . BC FHl NP-BC # C.N.O.P
TCEREH S8R 62.91%.0.91%,20.32% .

0% 1 50. 04 % .16. 69% .20. 88% .0. 4% ,NP-BC
N 1 P & i {4 e BC WA g 88 0, v B ele
X 2 oo R A A T,

X1 BCHINP-BCHERETEZNWMER

Table 1 Surface elementals analysis results

of BC and NP-BC %

% B 55 C N 0 P oAy
BC 62.91 0.91 20. 32 0. 00 15. 86
NP-BC 50. 04 16. 69 20. 88 0.40 11.99

2.1.2 BET LbRERHH

R BC.NP-BC 1y 2% 18 X . L B AR, F1)
N P52 o 3 o 4 6 30 5 et A FLBR AR Ak, 8
T AT AR BC AT NP-BC #4743 4, 45 5 L4 2,
5 BC A, Btk JG NP-BC 114 H 3 T8 FH B 510, 1
IR R AT I 2 X A e ) 05 AL SR I

X2 BCFNP-BCHLERERAMILELEN

Table 2 Specific surface area and pore structure

of BC and NP-BC

WA R/ (m? « g7 FLIEF/(em® » g71)  fL#E/nm

BC 2.369 0. 004 6.949
NP-BC 246,153 0.113 1. 843
2.2 ZEZE3 NP-BC B U(V)HISIH
2.2.1 1% pH 3t NP-BC WMt U( VI ) B9 8201

VT pH A Ry i 42 I B TR MR e ) S
B — AT S e W R 2 T R A R B R 4G o
SR FE NP-BC i h 0.2 g/ LW B[]
120 min R EE 30°C 40F T . HEE I LG pH Xt
NP-BC W fff UCVD g, 25 R il 2 fios .

100

oo
(=

W B 25 R 2/ %

B2 B pH X NP-BC R M U( V) RIS
Fig. 2 Effects of initial solution pH on adsorption of

U(V[) by NP-BC
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B 75, 50 % FF & 99, 32 % ; B i 4k 4 i &
0.4 g/L.UCVD) WL B 2 B Fe SEAR MR AAS 4
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Fig.3 Effects of NP-BC addition amount on
adsorption of U( V[ ) by NP-BC
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Fig. 4 Effect of adsorption time on U( V[ ) removal by NP-BC and three kinetic fitting curves



55 44 B 5 AR 25 < A TR SO A2 A A ) AR Al A0 R BB A T 5 639 -

F3 NP-BCxt UV )W Rz hEMESH
Table 3 Adsorption kinetic fitting parameters of NP-BC on U( V)

HE— R E ) R e B I AR TURL N R R
ik / kar/ (mg ka2 /(mg * kaz/(mg +
et Ge.mit / k1/ Gemit/ ky/ )
(mg+g™b R? R? g 1. C R? g . C, R? g . C; R?

(mg+g ') min ! (mg+g ') min !

49. 660 3. 320 0.007 0.701 49.950  0.019 0.999 1.641 39.5600.958 0.165 47.8500.894 0.023 49.310 0.981

M 3 AT ME— RS I FH LR R = 53 AN By Be ¥ oK 23t N, 26 B W B S 2 B
0. 701, B -1 W B i g 5 38 56 1 AH 22 80K — RN YR ) G A2 A B R R
M Rl J M RE R =0.999, & T fE TE AW B 5 A e, U VD W B 25 2 B ) ] iE K
— Y, 2 WA 6 Mk AR B HL H: B8 S % B T8 R W BRF AT 10 i PR 186 K o e i T o
e 5B EB T, & LU, fE g % ) 80 % K A AE X — B B L U B EE 1 B BB A Wi o s
BT — 2 3 ) & 1 3E H B NP-BC Xt BE AR H P PR OR W B B B NP-BC 26 1 9 25 & 7
UV Ay W B ok B o 2 B 322 Wi B oo 78 3 28 2 b ML Z WY A R

2210 Fi S 2.4 NP-BCRM U(VM)BI# =0
M ACd) R 3 P IBURL NP BORE 54814 il 2k Langmuir %5 i I BFHASE 7R A5 145 W B 551 % 1 o7 550

KA BGZSBOE AW R 5 3 A figm 3 — H R R J1AH A, 38 H T 32 02 ff . Fre-
BB 55 1 B B Rl AR, /W] UCVD P & T undlich 45 Ik W% B 45070 8 34 2 1 i 22 2 W BT
NP-BC T , 2 %) fh R 8 2 T8 Wz B B B2 s 55 2 By it — 25 4 R NP-BC 4 W B 4 P, 3 560 ok H
Bl A AR /N, AT RE R W B A W e D, S 3L Langmuir M Freundlich% ik W Fif A5 50 Xb A 5] 15 2
UV ] NP-BC § B R 0 28 W B3R B 28 0F B NP-BCXE U VD) 4 9 B X 46 %5 4 2 47 400
S LSRN BB B B B 5 3 B B Rk IR AL EE R ANE 5 MR 4 Pron., 12 XS EOL
T U0 BT W R AL AR 0 I P B A B P #5.

350 0.14
0.12
= =~ 0.10
1250 | '
b = 0.08
g 5o 2 0.06
= B <[ 0.04
0.02
50 0.00
p/(mg L7 p/(mg L7

58 rc 494
2 54
leg 4.7
L 0 . o~ R=0.983
g ] &
< 4.6 —a—25°C 45k
= —4&—30C ’
E 42} —e—35C

3.8 1 1 1 1 1 ] 4'3 1 1 ]

-2 -1 0 1 2 3 4 3.30 3.34 3.38 3.42
In(p /(mg * L)) T-Y/107*K™!

B 5 EEX NP-BC XK U(V)KIR2M (a) Langmuir B% M %8 2% (b) \Freundlich B fif FiR £k (c) .
Ink 5T '/107° & L& 2k (d)
Fig.5 Effect of temperature on adsorption of U( V[ ) by NP-BC (a),Langmuir adsorption isotherm (b),

Freundlich adsorption isotherm (c),linear fitting curve of In k, to T~'/107* (d)
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Table 4 Adsorption isotherm fitting parameters of NP-BC to U( V)
L/ C _ Langmuir # iﬂ{ ‘ _ ’ I*:rcundlich 1 7 ‘
qum/(mg g 1) krL/(L g b R? kr/(mg! V7 e Ve g1y n R?
25 261.10 0. 383 0.993 101. 49 2.780 0. 980
30 274.73 0.455 0. 994 92.76 2. 980 0.987
35 300. 30 0.498 0.993 86.49 3.070 0.992
R5 AAZHEESH FET Ca" \Mg*" .COY Al PO; X} NP-BC W fff

Table 5 Relevant parameters of thermodynamics

T/K AG/(k] » mol™") AH/(kJ * mol™') AS/(J + mol™! « K1)

298 —11.48
303 —12.33 39.067 169. 615
308 —13.17

H12 4 W] A1 Langmuir 55 i W HI ALY 1Y R* &
T Freundlich 5 i W FHA Y ; 7€ 35 °C B, NP-BC X
UCVD fg W B 25 4t 38 e K 4 300. 30 mg/g, 5k
bR e 321, 00 mg/g (5 (a)) B 33T, Ui 1
NP-BC XU VD 1y W% B i 2 55 75 & Langmuir 5§
ek R B ASE A, = B Sy 2y 5 Y B R O Ao AR

M3 5 0l 1. AG b il . AH 4 IEff . & 9
NP-BC Xf UCVD) (4 W B J& A & 0 W 4 S 5 AS
SRy EAFL - 158 B A W SR Ao R 0 T T v

W AT 5 0 i 198 6 w0 vk 98 2 A ok 5 HoA
PR A NP-BC X80 U CVDD 8 % B g
PEATXT FLAIF Y G5 B WL 6. AT LLAE - 18 AR

T NP-BC % i) UCVD B W FE 75 2 T HioAth

WOPE A W e U I B TR R I 5 R B R T LA R
B 15 A 5 Xl ) R P RE

R6 REMMEEM R UV ) KR8 X LE
Table 6 Comparison of adsorption performance for

U( VL) of different modified biochar

% Bt 551 gm/(mg+ g 1) 3CHk

MnFez O, #1572 28 Wl e M 5 7T 26 ) ¢ 19.57 [24]
8 R i P K A A 157.79 [13]

il A 7K R A W 270. 95 [25]

AR LB AL A W e 150. 38 [26]

HINO; 14 78 A4 ) % 242. 65 [27]
R O EUAB 2R 2B W Ik 321. 00 BN

2.5 HEBEF3 NP-BC M UV ) KIS0

A8 Pl i U NP-BC 15 UVD 2 18]
%) B FELAH B A R 52 el W BEE . FE D B UCVD) JT
He ¥ 10 mg/L.pH=4 NP-BC £ 0. 2 g/L. Mk

BFFAF[E] 120 min ., W% BfF 8 30 C 254, % 28 3t

IS4
2

UVD B2, g5 B 6 B, nl LA 240
ASETE B BB i, NP-BC % UV W% B 2= B
BT B FLBH AR B v B RGO, TR R R S
B . MR R AR B B R UOS fRTE s 5
W BRI A B AF B T Ca™' (Mg" " 5 NP-
BC 21 (316 M7 5 A0 B 58 4 L i 15 NP-BC | Al
W B U VD B85 G s A8 0 il T UCVD BB, &
U VD W2 B R B L2 BT B+ COS A
PO 55 UV I8 B ml % B G 9. T 5 30
U VD) R B 23 B T R

100 ¢

X
> 80
B
% 60
= w0
Z 20
=)

0 2 4

ca®  Mg¥  COX PO}
HEET
%0 mg/L. NN 20 mg/L P4 40 mg/L

BY60mg/L [ ]80 mg/L == 100 mg/L

B6 HEEFX NP-BC RH U(V)EIS2Mm
Fig. 6 Effect of coexisting ions on adsorption of U( V)
by NP-BC

2.6 NP-BC B U(VI)EIHLH 5 87
2.6.1 FT-IR 947

NP-BC WA 5 9 FT-IR S ani&l 7 fis.,
Al LA H L AE 3 4101 410,1 170,880 1570 cm ' it HY
BT —SEE B Y U, 4 SRR T O—H/N—H. ki
2 POI™ \P—O—P FIP=0™ ;NP-BC W fff4ihJ5 (NP-
BC+U),3 410 em "Ab % O—H/N-—H W I8 i s
55, ULBH NP-BC R WAL SAFRAS UG &
A TAGSEEE 31 450 em ' AL A e B IR AL A VS 2 L 4
WP JE NP-BC ka4 5 U0 &4 T =
HEAHEAE L 830 em ™ AL AYP—O—PAI570 em™' ALY
P—OEFRFIE I 55 , UL B R SL A 2 5 T W .
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Fig. 7

NP-BC IR pft U( V)BT, /58 FT-IR &
FTIR spectra of NP-BC before and after
adsorption of U( V)

a Cls 4
O ls
% b N 1s
P2p
il CIs il
e B
O 1ls
B U 4f

2.6.2 XPS H#

FIH XPS S 3% 43 #f T NP-BC W Bff U VD)
FIE T RA R 45 R E 8 pron. MK 8
EMNP-BCH I T PIUuRL Ghglg, if —2
IESE T BC Bt sh s NP-BCHU Wi LT U 4f
AU, U UCVD B D b . 1l 8(b) & il
382. 81, 381. 84 eV Ab i Bl 1 B W 43 il Ky
U 4f5 F U 4fr,, UCVE) HRY KR AE 06 [ H 8E E
—HAUE ST UV (9 6% I W K 45 A& B R
394.12.383.92 eVAL W HFAE WE I J& T UCIV),
UNDOWMAETTRZRT o X UV
W

U 4f

38281 ev 381.84 ¢V

394.12 eV
383.92eV

1200 1000 800 600 400 200 0
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W H R 289.14 eV

R

284.80 eV
286.31 eV

289.15 eV

T B JE

354

396 393 390 387 384 381 378 375
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d 532.28 eV Ols
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R Pt 6
532.10 eV

533.53 eV 531.30 eV
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ZahE/ev

R
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SafeleV
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R B J
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1 1 1 | 1 1 |

400 398
giERe/evV

396
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a—2i;b~1—U 4f.C 15,0 15N 1s.P 2p K 43,

8 NP-BC g Ht U(V)®T./FH) XPS E &
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Removal Effect and Mechanism of Phosphate-modified Nitrogen-doped Biochar for Uranium
XIONG Zhiyu, MAO Yuemei, LI Shiyou,LIU Jiayao, DENG Qiqi,ZENG Taotao

(Hunan Province Key Laboratory of Pollution Control and Resource Reuse Technology ,
University of South China s Hengyang 421001,China)

Abstract: The original biochar (BC) was prepared by pyrolysis using chestnut shells as raw materials,
and then the phosphate-modified nitrogen-doped biochar (NP-BC) was prepared by nitrogen doping
and phosphate modification methods. The adsorption performance of BC and NP-BC for uranium in
wastewater was investigated. The surface morphology and elements of BC and NP-BC were analyzed
by means of SEM, EDS,BET, FT-IR and XPS, and the adsorption mechanism of BC and NP-BC for
uranium was discussed. The results show that for the wastewater with an initial mass concentration of
uranium of 10 mg/L and initial pH of 4,under the conditions of NP-BC dosage of 0. 2 g/1. and reaction
temperature of 30 °C, the adsorption removal rate of U( V) can reach 99. 32%. The influence of
coexisting anions and cations on the division of U(V]) in NP-BC increases with the increase of ion
concentration. The adsorption process is more suitable to be described by the pseudo-second-order
kinetic model and the Langmuir isothermal adsorption model. It is concluded through FT-IR and XPS
analysis that the adsorption mechanism of uranium by NP-BC is the coordination effect and reduction
effect of oxygen-containing functional groups, nitrogen-containing functional groups and phosphate
groups.

Key words: wastewater; uranium; biochar;nitrogen doping; modification;adsorption; mechanism



