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Abstract: With the acceleration of industrialization and increasing water scarcity, phosphorus removal from
wastewater has become a critical issue in environmental protection. To address this challenge, this study
utilized rice husk to prepare biochar (RCA) and modified it by loading lanthanum via an impregnation
method to yield modified biochar (La-RCA). The adsorption performance and mechanisms of lanthanum
chloride-modified biochar for phosphorus in wastewater were systematically investigated. Static adsorption
experiments were conducted to examine the effects of key parameters (e. g. , initial solution pH, adsorbent
dosage) on phosphorus adsorption by La-RCA, and the underlying mechanisms were explored. The results
demonstrated that: phosphorus adsorption onto La-RCA followed the pseudo-second-order kinetic model,
indicating a chemisorption-dominated process. Fitting with the intra-particle diffusion model revealed that
the adsorption process was jointly controlled by surface adsorption and intra-particle diffusion. The Lang-
muir equation provided an excellent fit for the adsorption behavior, suggesting that monolayer adsorption
was the primary mechanism. The optimal initial pH range for phosphorus adsorption was 3. 0—8. 0, dem-
onstrating strong acid-base tolerance of La-RCA. The optimum adsorbent dosage was 0.4 g/L, achieving
near-complete removal of phosphate from solution. Characterization analyses (FT-IR, XRD, XPS) con-
firmed that electrostatic attraction and ligand exchange were the dominant adsorption mechanisms. These
findings indicate that the development of lanthanum-loaded rice husk biochar not only provides a novel
approach for the resource utilization of agricultural waste but also offers an efficient and cost-effective solu-
tion for phosphorus removal from wastewater.
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La-RCA By SZFr T 2 5] SEEH .

1 #MRERE
1.1 R B 570 B9 o 25
L1.1 #Brhkahsl i

W A5 H 258 TKIE U 3 Wk, 78 100 CHEAE T HET 2 b, BB 100 HFR . BB RS TSR AR A B SR
P, #8500 C &M N VIR 2 h, SR8 B TUVIR RS T A . BRIC— 7 B BV RESC A 5 1 mol/L 9 KOH
BRGSO KB RGP h a4 1 h, IR 80 °C, HIRAE 11 h, K 258 A A LB I2 5
11 h TR 52 e 8 T 105 CHEAE PR T, IR TR R s A B A T isfe 2 h, A H
TR EZUWHE B, FRRCA 105 CHEFT T8 12 h, 52 RIS 2 AL A2 ) (RCA) ,
1.1.2 A & He Bk

FREUS g WEALAE e s, JFIGEHNA 100 mL ) La(CD, W HEFE 18 hy A NH; « H,O 5 HCl & )
P45 pH . HEHEHE 6 hy SEFESE UG EE 24 h, B 0. 45 pm JEBOE A WG UE . R 228 Tk RCA ¥R
ZEik, BJEABARTE 105 CA&/F FHET 12 h, RIAS S5 SRS 72 ik (La-RCA)
1.2 REHE
1.2.1 &&w4s pH AT LA-RCA B R By 2L R 69 % h

1 150 mL FEIRH A 0.01 g La-RCA, HHA 25 mL ¥EH 20 me/L M, WEWIH pH (A
FEE N 2~11, 7E 25 ‘C&AMFF 200 r/min [EIRIRS 24 h G BUR AR, £ 0. 45 pm 38 B 185 BURE . 2
VW TR VR BE R La® T YR
1.2.2 B F A F 2 La-RCA R M 20 R 49 % vk

M 150 mL A=A 25 mL ¥ E R 20 mg/L WBEE W, INAKRF BTG (5, 7.5, 10, 15, 20, 25,
50, 100 mg)#Y La-RCA, #7 pHEZEHH#:, 78 25 °C. 200 r/min FHEEIRT 24 h, £ 0. 45 pm JEME T IE
Je BRI 00 5 0
1.2.3 La-RCA * 8 a9 B M 3h /) 5 X 5

S HIFREL 0. 1g La-RCA F— %1 500 mL &b, A A 250 mL ¥ 4394 10, 20, 30 mg/L 1
BRI, P87 pH B 2=, £ 25 °C 200 r/min S50 FEIRIR . 735 T — & B (10~1 440 min) I B 25
S, 280,45 pem SRR I8 S HURE I 2 VR B
1.2.4 La-RCA 8% 89 5 08 R H X 3

I3 FREC0. 1 g La-RCA T— &5 150 mL &I, FMAAFMEE (5, 10, 20, 30, 40, 50, 80,
100, 200 mg/L) BB 25 mL, ££ 25 °C, 35 °C, 45 CE&MHFLL 200 r/min fHIRIRY 24 h, £ 0.45 pm
U R 3k i F BBORE D0 v
1.3 SW5HERZE
1.3.1 By AR F &

La-RCA Xl 1 18 B 2 0 2% Bk 38 43 il 4% T =X (D =K (2) 1153

(c, —cy) Xwv

m

q. @)

%I@%%(%):l—i—*me% (2)
Horb, g, AT AGHEW I (mg/g) s o MW BB U B (mg/ 1) 5 ¢ ARIIRE R HIRIE (mg/ L) s v NIEHT
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Y 1 A Cmin s K, K E = 8 % I R B/ me/min) s K o Sk UK BB
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b, Q. IRFE T HMMHE (mg/e): Q, IRFMFLM R (me/g): C. (LR RCOTHIE (mg/L)s K, 0%
U BT 659 40 K IR BRE W8 0 AR Freundlich UM% 41,

2 H#RE54HMH

2.1 AW pH EXT La-RCA 5 T Bt 57 58 89 %2 i

M1 AT, Y pH A 2 I, La-RCA X85 9 M B 04K, 33 R RE 2 DA DAy 0H Ik 00 #) OR d Ar H 5 Bl
() W B 7 s /0, N B st K R e R EE £ B L HL PO, IERAFEAE, Ik La-RCA X Wi A9 W B 5 45 5 24
pH {Eh 3 W, La-RCA X 8 it e B & b s 38 fmn . 4 pH {EA/E 3~8 YW, W B & v H TF 48, wl fig
(B R La B 7M1 b, HBEE pH AN, KPR H, PO, fl HPO! JE&#EMAN, [
BF La-RCA 21 (95 BE A& W 25 5T 4k 77 A # s s {2 #F H,PO, Al HPOT HH KA SN, ¥im T
W B, JF HBS AR 5 La-RCA 22 (8]t 77 78 e fA 5 8, ifF — A0 42 a0 FE X Wl i W Bt . Y4 pHL (> 8 B
W B O R BE % pH A b TR BRI, X PO La-RCA 75 W 6 8 9 5 72 v ] B 7 76 5 B W 51 LUAT B 1
BEEAL . JUIL pH E>10 B, B W B S DU R R HEDN R RR R B TRE A A R PE G 5, OH 9y ity
o, WEPEAL A OH (S8, Ho AW 5 3R L T 3 5R, 5 SO I R D
2.2 WRBRFIFZANE T La-RCA i TR Bt 37 R 89 22 i

RIRZE AT LAE L, BEE La-RCA B M35 i, X Bl 0 W B et 28 /D o i 1) 25 PR R i 3 . 24
BN AE 5~10 mg BF, B BB IHIG I, I 5900 S FFH] 9506, 3K 156 W 14 AR B 50 4 43 o A 5 T LK
WERR L B2 ML TE 2 A TR PR AL 40, AT R L BR; (H Y BB N F) 15 mg 5, W B LR R IHTLE 99 %
A Bl TR, BEUTI I i B O e 2 2B . D il 25 B A8 T0 W 28 Al i e 5 T I T 7 B A 4
Tk £ B0 2 80 S R R B La-RCA B 3. La-RCA 8 43 W B 07 45 4b F At A RS, ff
FHEANL T La-RCA R BRI M R RRAR . 255 0 RBRR MR B RCR KB . B2 La-RCA WA (4 S5 AR5 fin 4
10 mg, Bl 0.4 g/L(A 2),
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- . %%E E 20} 70
1ok \ 125 &
i 10}
oF = \. & a 2 A A i 2 460
1 1 1 1 1 15 0 1 1 i ] 1 1 1 L 1
2 4 6 8 10 12 5 75 10 15 20 25 50 100
pHIE R Bf 5545 N 2 /mg
1 B ANME pH EX} La-RCA 2 WREEFMEI La-RCA
R Bt B3 B EL X S 47 tH = B0 22 T Wz Bt 3k A 52

2.3 WEMzhHE

ISR A, R, oV S Ak R T R R B 2R AR, MR A IR, i La-RCA Al
RCA X A 08 B 24P st b b, RIS 78 B e B2 A (10 mg/ L) B 00 T, oA I 5 A 1 K a3 s T i 26
BiF ok R A AT AR R R T R S W RS o Al AR Bl Ty BEAR . PRLILAE 180 min J& . BT A A REXT 8 Y
W o 447 3k 3] o A M L 38 B W B P-4 . IR, X La-RCA FiI RCA 8 i W2 B 250 . La-RCA Fil RCA 7E%)
AR EE R 30 mg/L W4T, La-RCA (1% - i W Bff 42 35 3] 47. 958 mg/L. #y4 RCA V- fiif W Fff &
(13.030 mg/L) ¥ 3. 7 f%, M) La-RCA W fPEBEZ L T RCACE 3a. 3b),

Gy R FHWE— RO B L G0 R DL ORI B OB A X La-RCA H RCA 1 ol W i ith 28 (&1 3) ik
TG MESEILER 1, 507 B Y 30 B 32 5 00 s R ok B L o = 0 R s e Ak 2% W B Y
B o UKL A HEORSE 28 48 718 W B i A2 e T T B P AL B U R A . LG SRR T M TS
T R RE S T AP M LA La-RCA X8 9 W BfF ok 7, ARG M R AL R® femi s X BEW] La-RCA W B 85 9 o 72
TELAAR2E W B o 32 . RCA X e — G gl ) 2 5 B2 i 04 AR B0 4, U B RCA X B 1) 18 B ok 2 v 49y 28 g i
TS ORI PO B L4 181 AT 0 La-RCA L RCA X8 09 W% B 35 3240 S WA Iy BEEAT T . 48 — B B
VR A, A R R S o R R AR B S T DA YRR R 3 R R AR A1 2 T T 4 R A,
AR, W B R A B T 0RO RS B BRI AR B B T8 R R A A, R
La-RCA 19 La®" 5 @5 W2 AR B3 & 2E Be M 5 4, B i 2 T8I W BFF 3k 30 00 R0 o 3 AN B B RE SR 35/ o TR A o 32 450
@o@%lﬁﬁﬂﬂ,MR&HWMA%Kﬁ>KﬂJZ<Q,%%WWW%WWU%ﬁﬁfﬁﬁﬁw
B0 W BRSPS 3R T R gk 0 A R R A R A L O R R R
%%%ﬁﬂﬁﬁ%ﬁoﬁﬁ,m%c“cﬁﬂjm PG LR S T K 23 R g R, % A ol T R

PR, ORI B S — B TR, La-RCA R RCA X Bl 19 W% i o A2 AT A 52 5 2% 16 W% B 0 50
HL P A [ A

WE G By g A A5 TR (1 7 40 B UE Sk W B T A 58 4 ) Ay s o A ol 20 R L i R P 4 OB TR 14 43 B
IE S B 7 W B ek R b R PR R L A R TR VE P L [ ] La-RCA Xl Ay W B2 bR DR 32 3% 1) 191
BESGHEFES PRIRSNE e FE . SILFIE, WE—Zsh J1 2 0T B (R =>0. 94) 3% W I B 4 1A R &2
PGV 325, 100 ORE P T BB 14 43 B F — 2B Ak izl B, B SRR R RCA X il 11 I B 2
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F 0 B P 9K B0 09 5 B A 2 LA . L 0 P RS B IR e R R P

141 _——- —A ——————————— & 50F A A A
R
121 45+
o : _____ AR [
~ o 5 - ~ 40F [ _2-"
e ° 'y ) ¢ 10 mg?L
B AT e s e e s 35F e 20mg/L
%n e ———— . g 4 30mg/L .
= 6f W 30t  ECRENF
- o 10mgL £ .
4t e 20mg/L B 25 *= 3= > =
=3
A 30mg/LL
2t — B—EEH 20f
- - BZRENE
or 151
0 200 400 600 800 100012001 4001600 0 200 400 600 800 10001 2001 4001 600
A [8] /min Ff i8] /min
a. RCA b. La-RCA
141 50 ‘/A/A/ﬂ
121 45 F
__‘__.’/'
101 40 +
T 8F 235t
on
£
£ o < s0f
S Q
4r 25| w
= 10 mg/L = 10 mg/L
2r * 20 mg/L 20F o * 20 mg/L
oF A 30 mg/LL A 30 mg/LL
1 1 1 1 1 1 1 1 15 C 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
tl/Z/(minl/Z) tl/Z/(minl/Z)
c. RCA d. La-RCA
B 3 La-RCA 1 RCA Xt BRI WM 3h 30 & B & A B N 80 R
% 1 La-RCA 1 RCA MBIz hFH RS H
e/ E— s % . I JHURL PR 4 B Y
K,/ Q./ K,/ Q./ i
(mg+L™H 2 R, K, C, Ry, K,, C, R,
min _ (mg+g ) (gemg '*mn") (mgegH
La-RCA 10 0.112 24. 837 0. 801 0.008 2 26.018 0.953 1.209 14.342 0.829 0.020 25.029 0.439
20 0.072 39. 483 0.736 0.002 7 42.129 0.936 1.771 19.624 0.915 0.089 40.282 0.672
30 0.072 44. 945 0.756 0.002 4 47.958 0.944 1.737 23.891 0.883 0.115 45.512 0.685
RCA 10 0.033 7.100 0. 944 0. 005 7.838 0.931 1.309 —2.455 0.904 0.057 5.751 0.539
20 0.028 8.905 0.977 0. 004 9. 854 0.947 0.947 —0.661 0.877 0.033 8.053 0.563
30 0.027 13. 030 0.970 0.002 14. 449 0.925 2.131 —4.522 0.978 0.037 11.959 0.967
2.4 HMiEiRSL

La-RCA F1 RCA W FF B (% W2 Bt 25 a4 & i 2k UL IR 4, F IR 4 AT, B 5 00 W W vk BE 19388 fim ., La-RCA
X W (4 W B A e R S TR E . fE 25 CHE, La-RCA Fl RCA X8 4 5 K W [ 4 43 514 65. 90 mg/g il
6.99 mg/g, FfE N IR ETH R F] 45 °C, La-RCA Fl RCA XJ B 19 e K W B & 42 % & 74. 43 mg/g Al

kA

o WA REFEVEAL . hIEHE 25 ‘CHH.. K 2 4 Lang-

12.01 mg/g, X ] g o1 T 5 EEA R T 8RR £ 19 9™ R
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muir Ml Freundlich 5% 15 W% FfH5 80 A9 4H o€ 280, 3R 2 W1, Langmuir BE 8 X} La-RCA #l RCA WY Fff i3 72
AT B S B . R W] La-RCA A1 RCA X0 A4 W B 32 280 8000 1 J2 W RS A4S MR B 2 A 5 — A
A DR F 5 A LR R O AR 408 8 D =2 TR EL R S 3k R 2 R R R S R R 0 B g A e M A
Ah, Freundlich BRI B L th 20 n=>1, R I RE S KA, 5 L@ 50—,

90 r 141
- - A ==
80 ,_’-"____ 12+
= T A
70 = = Ld 10
L]
~ 60 ~ 8r
o0 o0
g 50 %1) 6k
= 8 =
> 401 m 25 aC o a 25°C
e 35T ar e 35°C
30+ A 4T A 45T
S Langmu_lrM\éA 2 — Langmuirfl] &
20k - — Freundlich#)l & - - Freundlich#l &
0 =
10
1 1 1 1 1 1 1 1 1 1 J 72 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100
C/(mg-L*) C/(mg L")
a. La-RCA b. RCA

4 La-RCA fl RCA WM Z R A ML

i # 2 Langmuir BEAILE S 8T H LaRCA 1Y Q,, (HE S A K, X KW La-RCA F 10 I M A7 A G &
R DR BE T v A AR W B, W R A el R R Y L e, AL R E . B
K, E7E R E T & 5 2 e R TR IR s A2tk a4, X BB La-RCA X 8 19 W B 3 #2 78 25~35 CHr
ST N T 24 U B AR SE T s 2 A5 CC I, W B AR S W B S 5 X A I 0 3 WA RTRE A AE T Ab AN [ 79 ¢
BAFAIL o DA ARG U T ol T 3 3 o e P W | B 5 S B S G, HIR S BOAS o B B R, Rt K, A A
T i 2 L B s R PR Kl T e ok A7 B BT U S I IR Al A B O I U R S S W R B
K, (A%} . # 3 RCA B Langmuir 77 B LGS 8T A, BEERE 7, RCA M Q,, AR W 1 K
B, X UL EE T TR RCA M FLBRaE— 20 IR ik, 5% 88 Hh T8 22 KGRI PR A sl AT $2 T+ RCA g g B 2%
i, BEAh, K, fEBE L E T 2 R E T B, X R RCA X8 1 W B Ao B2 o R s I Il B T 2 3 A1
A 70 X6F B R R 14 R AL g

% 2 La-RCA fl RCA MBI EREEESH

Langmuir %1 Freundlich #& %1
TR/ =
- B ) K,/(mg>g ) - ,
°C Q,/(mgeg ') K,/(L mg ") R* n R*
(L emg "'

La-RCA 25 63. 649 2. 507 0.962 37.587 7.639 0. 780
35 66. 740 1. 915 0.981 37.874 7.190 0. 789
45 70.074 10. 110 0.953 44. 335 8. 320 0. 840
RCA 25 8. 813 0.037 0.991 0.984 2. 290 0.969
35 12. 557 0.028 0.978 0.973 2.001 0.948
45 19. 581 0.020 0.976 1.037 1. 790 0.962

2.5 La-RCA B BHALHIR =
Kl 5 2 La-RCA 76 W B 8% 175 19 FTIR &3 . i 81 AT HI7E La-RCA W85 f5 , 580~780 cm 4k La-O ih
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PR, TAE 1170 em Ab La-OH BEPATFRFAEIEN 2% 7E 538. 96 cm, 613. 57 cm A1 668. 53 cm AL 1 BB
SRR, HALERAEIE K P-O-P 25 fi4R3h . 7E 1 053. 81 cm Ab4HAE W B 458, X AT RE S P-O (HD W 46 ¥k
ShA KL DL AR R W R B B P La-RCA R R e S oM h & 4L T4 AR, R T Bk E &
P, gt — UL 4% AR R La-RCA B YW FHHLET 2 — .

ERE/%

P-La-RCA

12341.82

'1055.81 | i5d8. 94

3434.17 * i ! .
1 L 1 N 1 2 | L 1 L 1 " |

4 000 3 500 3 000 2 500 2 000 1500 1 000 500
L/ em™

B 5 FTIR Bt 5 #r
i XRD &3 AT H(E 6), La-RCA WHH B » LaCOH), BU4FEIEH 25, ML T LaPO, MRS, %
W] La-RCA 58  LaCOHD, S8ERRER ™ A AL O, AR R LaPO, . 33X 36 W] 75 W Bt o 72 v & A 7 e A4
L. PO, 5 La-RCA R La’ AL 8. % OH Bl ok . i3 PO, 7 La-RCA R K TN
R4 4 LaPO, ,

32 /(au.)
i

P-La-RCA

10.15 .20.25 30 35 40 45 50 55 60 65 70 75 80.85' 90
20/C)
B 6 XRD Eif 447

K 7 A La-RCA WK BERT IS B9 XPS i8] . 76 La-RCA 4Gl 76 C, O, La fl P 7a), W
WG AE 134.3 eV AR B T30 P 2P W, W] La-RCA FIBERREL 2 0 &M T RS0 (B 7e) . T
X5 XRD B35 B i 4518 — 3. B La-RCA W #5519 C 1s B3GR (B 7b) . La-RCA JFA 4 40,
284.9 eV ALY C=C, 286.6 eV 4Ly C-OH, 289. 1 eV 4bH) O-C=0 LI I 290. 0 eV &b ICHLER R E: . {H7E
La-RCA W Bt 85 . JCHLBR BRI 25, £ COT Bk PO BUR™ , C-OH Ml O-C=0 [l 51 5 19 45 4 g
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ool IR /D 3k U Y 55 R R AR kG Aok GG o R T RT B B R R AR, R R R A b R
La-RCA ) O 1s KIFEH, C=0 £ (535.5 e VO RIELL K O-C= O HEH 1 FRAEIEAE La-RCA 2 B 8% 117 )5 O/
B, RUSEREAREES S5hEHE R (E 70, O 1s X F La-O 1 La-PO, WFE RN AU K 15
W A7 25 8 B s R R 1) La® PR ST . La 3d B9 XPS J6iE (K 7d) B . WM. La 3ds, WM 835.3 eV
& 839.0 ¢V, La 3d,, WM 851.9 eV B3 E 855.8 ¢V, LA HEM IE M IMAE KW La’" By HL T3 55 & 4=
R4, X ATRER R La 3d MM B PR LR IR S 5 La-O-P INERIE & & W0 M08 B s i i . iAok
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1) La-RCA 7€ pH {8 3~8 i [F P Xof il 114 W B ot 38 e KAB . e A (0. 4 g/ TR RBRFE=>99%,
Fe WL HL A SRR BRI M 5 s R R ) .
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BRI B 45 R U] La-RCA AT RCA Xl A W8 B a7 A2 52 1) 35 T 182 o6 A0 0RE 9 97 HICAY 2 [m] 5 )
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IR La-RCA XF BERRER A WL BIL ] T 24046 . Mo mes], BY La® R1E IF A 7L 58 pH {EE [ Y I
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