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Adsorption characteristics of LDH—based magnetic biochar
for phosphate and its application in the remediation
of real contaminated water bodies

YAN Ao, LI Lianfang”, ZHOU Xue, KANG Mengqi, YE Jing
(Institute of Environment and Sustainable Development in Agriculture/Key Laboratory of Agricultural and Rural Eco-

Environment of Ministry of Agriculture and Rural Affairs, Chinese Academy of Agricultural Sciences, Beijing 100081, China)

Abstract To address the challenge of excessive phosphorus (P) contamination in China’s surface water bodies
and the associated difficulties in its remediation, a novel LDH-based magnetic biochar composite FLBC was
synthesized via a hydrothermal method. The composite was prepared using bamboo sawdust, a typical
agricultural and forestry waste, as the carbon precursor, ferric oxide as the magnetic core, and LDH as the co-
loaded functional phase. Batch equilibrium adsorption experiments, along with SEM-EDS and XPS
characterizations, were conducted to investigate the phosphate removal performance and underlying
mechanisms. The results demonstrated that FLBC reached adsorption equilibrium within 240 minutes and

exhibited a maximum adsorption capacity of 93. 92 mg/g, which was 3. 7 times higher than that of unmodified
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biochar. The adsorption process conformed to the Langmuir isotherm and pseudo-second-order kinetic models,

indicating a monolayer chemisorption mechanism. After three consecutive adsorption-desorption cycles, FLBC

retained 56. 8% of its original capacity, confirming its structural stability and regeneration potential. XPS analysis

further revealed that phosphate removal involved multiple mechanisms, including metal-ligand coordination,

surface complexation-precipitation, electrostatic interaction, and ion exchange. Moreover, when applied to

actual phosphorus-contaminated water samples from the Guanting Reservoir, a representative surface water

body in Beijing, FLBC achieved a removal efficiency of up to 85. 7%, significantly improving water quality and

demonstrating promising application potential in practical phosphorus pollution control.

Keywords LDH; biochar; phosphate; adsorption; water pollution; mechanism
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Fig.1 SEM images of BC (a) and FLBC (b)
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Table 1 Element component EDS spectra of biochar before and after modification %
W B 551 28 2
Adsorbent type we “o @ “r s @ @re
T i A ) ¢
5. .95 .87 1. 1.5 .31 0.35 0.25

Raw biochar., BC 85.38 9.9 0.8 30 9 0.3 3
LDH % il 1 4= 9y I &
A Mo
A 38.50 25.26 3.69 4.71 3.07 5.26 0.70 18.82

Ferrite-LDH modified
biochar composite , LDH
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KA LI 3. L. FLBC AHE T BC L H B e A i
R 3 R, FE 240 min Py BP AT 35 21 0% B F 45 s BC W F
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Fig. 2 XRD diffraction patterns of BC and FLBC
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Table 2 BET analysis of BC and FLBC

W B 551 28 20
Adsorbent type

R m A/ (m*/g)

Specific surface area

LB AR/ (em’/g) L AR /nm
Pore volume Average pore diameter
0. 000 365 25.28
0.003 591 12.52

BC 3.65
FLBC 70. 33
60
50 f
> BC
205 40 FLBC
£ & —— R S
=2 30k Pseudo-first-order
Sl § - - - WE B T F AR
I ) Pseudo-second-order
§ g 20f
D o oo e w o
10 -/F T
0 1 1 1 1 1 1 1
0 20 400 600 800 1000 1200 1440

A} 1] /min Time
B 3 FLBC.BCXf PO B MR Mz F1 #EH
Fig. 3 Adsorption kinetics of PO,*~ onto FLBC and BC
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FLBC 4 fix K W Bff i 4 55. 34 mg/g, i & F BC 1Y

11.76 mg/g, WMl 7 w42 F+ 1729 3. 7 4%, it — 2 L W]
LDH KA ALY 151 A S50 T A 0 75 119 W B
Ao WLBR Bl )R RIS A4S S L3 3. AT FLBC
WRFGUE 8 ) 2B A R =3k 0. 994, 3R W
FLBC i 1) Wi B 2 A 12 252 fh 2 W 42 o, B il 1k
HR AT BEE I 2% A DT /L D0TE B 52 e ol e 7 1
ek A AL B LDH 454 1 9k i 5 12
2.3 FLBCHIW MRS

R BC M H FLBC X8R R (PO, ) Al W i 45
AR AR LI 4o ] UL« A W e AP T O B R R 1
W R RE S R KRR TE . Hoh  FLBC & %5 T Rtk
Yk Rl AW e AE 205 LDH MRk s,
JH X B8 1 ) 2 RN B 3 0 o S [R)ARE R X 0
PERLA 45 B R 4, FLBC X IR £h 19 W 4% &

&3 BCHFLBCX PO, WRMZI W FEBMEGER
Table 3 Kinetic model fitting results for PO,*~ adsorption onto BC and FLBC

E— 2 3l A T

Pseudo-first-order

e 2 5 A T

Pseudo-second-order

W B 550 6 7
Adsorbent type po e =
B /( ) . g /( ) .
Ve Q(/ mg/g R’ K,/min UMl Q(/ mg/g R’ K,/(g/(mgemin))
Adsorption capacity Adsorption capacity
BC 11.76 0.899 0.041 12.10 0.936 0.006
FLBC 55. 34 0.976 0.314 56.74 0.994 0.006
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-+ + Freumdlich 455 W 557
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Adsorption capacity

40 Freundlich isotherm model
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Equilibrium concentration
E 4 FLBC.BC3Xf PO, KR M & B H1E
Fig. 4 Adsorption isotherms of PO,*~ on FLBC and BC

Langmuir 578, FCmg fHE e #E BC, S KK i Q.4
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B X Al fE 5 R ME 41+ F LDH 5 PO,” BIfEEE
SHR ) T L R B R S T B AR A G T B v SRR
BAE RS, B SRR TR E pH 444 F 1Y
W bR R M &K pH AR ML . 45 R R W, FLBC 1 Bk
RAE pH=3 W F & , b 79.5% , Bl J5 52 T M # .
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Table 4 Fitting results of two different adsorption models for PO,* removal by FLBC and BC

IAHEE Fitting model
W B 3] 25 750 Langmuir Freundlich
Adsorbenttype g it @/ (mg/g) HI R IS
. : K, /(L/mg) ) N K:/(mg/g) s
Adsorption capacity R R
BC 43.37 0. 004 0.995 1.672 0.751 0.992
FLBC 93.92 0.049 0. 985 3.268 16.76 0. 940
1000 @ 100. ®) 10
> 80\\{\1—% .. 80k 8
= &
2 g
E § 60 £ 2 6o T
S 5 —FLBC % Iz <
£ a0 __BC N g dof 14 & E
_§ z = —— ZBE* Removal eficiency =
=2 00 & a0f — WRKfH)S pH Final pH {2
__/’1—1_\\]
0 1 1 1 1 0 " " B 0
3 5 7 9 11 3 5 7 9 11
pH ¥t pH Initial pH

5 pHX BCHFIFLBCRMERZIN(a)MFLBC B EBREREZL pHAZME (b)

Fig. 5 Effect of pH on the adsorption capacity of BC (a) and FLBC and phosphate removal efficiency and final pH (b)

AR TR L FLBC XF PO, Y 0 B it 1 1 25 18

I, 2 WY R Ao e B AT W BRI . AR EEZ R, BC Bl
B2 T i B W R B L 7E A AL R L FLBC

B FE 3t FLBC W Bt 5% B 82 M
S Rl BE (293,303,313 KO Xt FLBC W B 5 i
HR 8 AN [R) A2 BE B 52 i, 25 SR LI 6., 45 SRR, Bl

2.5
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E L. L SHCE G A AL (AGT) A (ASD) K

S 2 o WS CAHD ) R H— 5 WA, 25 %5, A

S e VL B 2 R O T L AGT AR S B, 98 W % B

=2 | SN E KR . AHAH K IE , 35— 45 UF 52 0%
il W ‘T *} o R L B T R R AT T AR 52
0 m= Bt 5 FLBC (1 J2 1] 45 1) 76 85 i F 3 g i

20 30 40 50
5 /°C Temperature
B 6 iEEX FLBC 1 BC W% B 14 BE B9 2 0
Fig. 6 Effect of temperature on the adsorption performance

of FLBC and BC

) 42 08 2 0 5 P 7 AT L SR, AST
{0 I, 0 W W et A T R 00 O R L T
B4 AL T 9 ) 2 T O 38 2 160
1 3 AT e

&5 BCHMFLBCHRMBBRIEBPHNHANESH

Table 5 Thermodynamic parameters for the phosphate adsorption process
by BC and FLBC kJ/mol
5 i 35 24 70 WA A R BEAG
e RiZE AS° ks AHT
Adsorbent type 293 K 303K 313K
BC 4.067 4.306 4.943 —8.704 —43.353
FLBC 0.598 —0.027 —0.338 14.372 47.153

2.6 R B & BRI

FLBC W B 8 115 J5 10 T2 241 B A8 A 1 WL IR 7
454 SEM B (EDS $di # BET 43 #7 19 45 R v] 40
UM JE I FLBC #4 8} HE 2 18 AU 3. 65 m?/g i % 42
FHZ70.33 m?/g, LR E I I T 18. 27 4% ; FL PR 2%
P B Ry e 3, K Aol 4% g 38 5 O 5 AR A T 1N 4
B R T T 2 W B AT RN A% O G, A B TR
RE Y IR B 25 S R B 7 () S FLBC W BB A
J5 X ot BT RE I (XPSO B RS k. w1l

(2)
ey _0ls |~Cls
w)
=]
= FLBC-P
=
= Ca2p
Mgl
L:H{( b Al2p
FLBC
1 1 1 1 1 1 il

1400 1200 1000 800 600 400 200 0

254 fE/eV Binding energy

FLBC Wg Bt 8 J5 , A kL 2 1m0 0 B8 19 P2p g
(9134 eV) VWi R BT R Ih &5 & B R &
15 B Ak, Ols WA & A= B B 4 #% , Cls 1 Ols W5
5B I A R K S AR Ak U I i R AR T A G o 4%
A E SR m T vE g2, 5 MR R R e A & R
TRMP 7 Ch) i B AR 4 21 AR % (FTIRD
P 3 O W B BL 42 B T 4 F KO B AR T8 UE 4 .
AIUL L W B RS, 3 432 cm M Ab B9 O - H i 4 IR 3
Ve E SRR S S T H5HBMMR MY G

(b) BC

4000 3500 3000 2500 2000 1500 1000 500

i %U/em™ Wavenumber

B 7 FLBC WHBEET /5 /I XPS(a)F#1 FTIR(b) B i

Fig. 7

XPS spectrum (a) and FTIR spectrum (b) of FLBC before and after phosphate adsorption
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951631 em A A C=H ¥R sh 1§ & 1 425 cm !
b1 COS? W WS 0 5 38 AR, R A RL 2 5 T 88
T W T A 2 R N 5 R L 1081 em
Ab 1 P=0O FEAE W 3G 38, 3F — 25 0 0E T kR AR 1
R T BT TE B4 A Ak, 876 em b
B M-O-H (M X % Mg 5 AD 25 il 9% 3h 0% 9 55 , %
B ¥R 3 07 055 B R AR B B T Mg-O-P 1k
AIFO-P i Fa e g 4 0

LRk E L FLBC X5 W B 75 45 T LDH Je 8k
ALY 0 By A AR L TR i K L BR 45 A 1Y
[ NS N 7 s e VI W1 B SN A N vl e LV VAR 4
B UTTE B T30 H0 55 2 Fh S R

2.7 FLBCXZEFRAEKBERBNEBRIRSH

R VEAS FLBC A4 RN 52 B 5 G K A (14 25 Bk B
J1 5 IRBEIE B 0 T R 2 K AR Qi ]
FVE T KD B LBRECR , iR 6 iR . Al WLZ& FLBC
Qb B IS 2 b B 7R b 3 K R A At S At A5 B I 8 B
o b KA R T B RT A9 0. 353 mg /L B
Z0.125 mg/L; i i B2 40 35 B0k JFOK 6. 16 mg /1 &
R Z= 1. 48 mg/L, B IR K 76. 0% . M 19 15 Bl ok
ALK VAR I s WE T /KR I L& |, KA
S R E 0. 14 mg/LFEZ 0. 02 mg/L, KRR A
85. 7 Y KA Sl 2 Ht ARG, K i o R A T AR
DRI XK AR 25 B AR B

% 6 FLBC W MAT/E 8 SERRK IR 4R

Table 6 Water quality parameters of actual samples before and after FLBC adsorption

RS b B IS Y K B , . S "
92 B e K i 40 K T BB/ (/L) B/ (mg/L) 5 RS H C(mg/L)
Water quality before pH . .
Water body Total phosphorus  Total nitrogen Permanganate index
and after treatment
Ff7kﬁi‘ . 7.144-0.01 0.353=0.02 13.22+0.04 6.164-0.01
K Original water quality
Liangshui river & [
G . 7.7540.02 0.125+0.01 10.62+0. 04 1.48+0.01
After adsorption
);?—ﬂ(ﬁ . 8.7640.01 0.1440.01 5.6240.03 5.4040.04
BT K% Original water quality
Guanting reservoir g
ke . 8.8740.01 0.02+0.01 2.3840.03 3.8840.03
After adsorption
2.8 FLBCHEIRBERENiIT TEATS PR 35 50 v B9 T R B 50 ] G L 2 R 9 P2
T Bk FLBC B 08 28 FH 68 71, #6471 W Bt FI AW 734 C,=100 mg/L &, FLBC £ 3 I %

fifp W, 45 R UL IR 8 mT UL AR 285 3 UK R R e T
TEIR e, FLBC X Wl B e B 2 B A7 — 8 R B R

100 - — W FftAE S Adsorption efficiency | 80
0r I Bt Adsorption capacity 70
80
460
& 70 - * -
5 150 o 8
s o0r )
s =9
g ° 50 +40 %) g
=l i
= E 40 IEVEE
2 30k =X 3
z l2o <
20
110
10 -
0
0
0 1 2 3
[ &L Number of cycles

8 [EMk #xt FLBC W BT B8 71 92
Fig. 8 Variation in phosphate adsorption capacity of FLBC

over multiple regeneration cycles

Ja o, HXE POS 0 W BE B B 69.72 mg/g T B &
39. 57 mg/g AR IR HF T H X PO 29 56. 86 1YL
B I P AE , 6 W1 FLBC 25 4 76 22 Wk 0l o 7 b ok
R IR TR A S A RO e . IR 5
—E FLBC M ORHE 2 240 FH 2 F vp B B2 T
ARG PP R A 08 P RE A4S FLBC 758
B ¥5 K Ak B R 5L B N AN E L R AR T Y
A

3.1 WRBEEE A

AT 5 A 09 LDH % w4 v A4 9 ok 25 b R
(FLBC) 3% 30 H %5 e 170 B8 182 BT 28 8, o5 R % B 25 o
ik 93.92 mg/g, L T 2 8 C 8 1Y ook 2k W ok
(KD ZEREHA T % (86.4 mg/g)
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2025 4F 45 30 %

Ko A% FF ol Pk A= W e (84. 72 mg/g) M T, 36 W 5 I
fi X e WP R 1A = i T W B BE Y A AL
FB.

M HZ T ,FLBC &L T Fe-Mn fuil Bt A= 4
e (23. 23 mg/ @) K i P FEwb VA= Wy e (47. 9 mg/ @),

HAR AT REUR T Uk 5 # 22 5 2 LDH 24143 42 44k 1)
JEE RS S 2 a m I FER B s A
UUVE " SEALH S 2 . A, FLBC W B4 RE AR T
545 20,4 T ACPE (A NFe) |, 18 B L 78 B 18 AR 30k 36 1 3R
5 4 A R i O T 2 A

R7T AR ARMEEY X (FLBC) 5 H i B IR i 2014 & 90 7% 1 BE X LE
Table 7 Comparative phosphate adsorption performance of the FLBC developed in this study and

other reported modified biochars

A= Wy o 2k 1B i il B /°C tEE 7] R R A Qu/ (mg/g) B K
Type of biochar Pyrolysis temperature Pollutant Maximum adsorption capacity Reference

NF e B o4 A= 1y ¢ ;

500 PO,” 52.90 40
NFe-modified biochar ! v [40]
16 A 58 UV AR W i ,

PO, et 41

Peanut shell modified biochar 600 - 8640 L41]
15 8 FE W M M AR ) ok
Sludge-based magnetic modified 500 PO,* 47.90 [42]
biochar
o e e A A ) e

600 PO,” 70. 26 43
Coffee grounds modified biochar ! [43]
MgFe-LDH T K 2 4= 9 7
MgFe-LLDH corn-based 500 PO,* 81.80 [44]
modified biochar
i FF P A= W ok ;

550 PO,” 4.72 45
Straw modified biochar ° ! sa.7 [45]
PR Rl Ot 2 ) e
Fe-Mn microalgae modified 650 PO,* 23.23 [46]
biochar
FLBC 800 PO,* 93.92 A 5T

3.2 MRRARERBELESN

h VAR B 2R W R (FLBC) 7 52 B K R 8 15 Yy
TG H R TR AT M 5 2 B S AR SO H £
ARG LR RAIET T RES IS 2
3B BT P 5 Phoslock® A 512 56 25 4% 26 T 44 R
IDL-Zr“BFF #4177 X M. FLBC By il & A £
BEALAR 3L LAATJE S A3 A A AR 57 0 TR
BLAS 292 305 JT/t, Bk 4 BT 4 8 R 25 (A Fe,
Ca Mg ADYTE 2 1 023 Jo/t, H it 5 11 4 5 72
I REFE LA 2928 1 300 J6/t(#% 1.1 J6/kWhit %),
=& A1, FLBC 1Y Sl & Al 2 628 Jo/t, #r &
252,628 Jt/kg.

TE % 2L 35 PR IR 5, FLBC 19 PO, 1 Fff 4t
H 69. 72 mg/g % T FEH] 39. 57 mg/g, -3 W Bt 75
i 52. 44 mg/g, Zoad e LABE T, 4 YR T 24 0 B 4% i

9 20.17 mg/g. BT ULAE A5 7 B0 B v fe , B %
B 1 g WEFTas AR 208 49. 58 g, Bl L BR 1 kg P75
#In 49. 58 kg FLBC, #H I 07 8 25 Bk A S 24
130. 3 Jo/kg(LA#E T, TR A K B KT
Phoslock®(#y 5 025 JG/kg) , 8L F 1DL-Zr“BFF /Y
B (O N N T = R S AR 7 1 I S ST N
(£52 920 JC/kg) , 75 4E R W B AR B2 A M 1Y [] B 5
BT BRI 22 55 P

4 & it

AT FE AATJE 0 R SR K ik il % T LDH
SR A Wy ok 4 R FLBC, #8351 Hx K M i 1) 55
i e BT TR T pH G JEE A R2 0 B T AR
1 53 5 A == AL B bR 18 2 92 BTG Bk I
IR . FEEEEBWTR
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DFLBC % 1 L Br ke 2 00 T R etk £ )
%, B K W B2 &Ik 93,92 mg/g, HW M A A
Langmuir £ 89, W (i 3l 7722 0 5 iy 45 2L R B, FLBC
Xof B 1 K2 B 7 240 min P 3K B, H R BOrE AR Y
7 I B RS AR, LA A i g3l g AR
W B 3o A DA Ak =7 W B R 3

2) i@ it SEM-EDS . XRD,FTIR,BET Fl XPS
S H ARG o BT 2 WY, A BT R SO ) A W ok, FLBC
FA) Eb 2 TR i T 18, 27 4% FLBR B T &k, R4l
B 4 JE A AR S B RUR G N s FLBC X 8 (9 10 B
FEW AR E T (Mg AP Ca*' \Fe' ) 5#i ik
MR 26 G BE A7 L 15 52 ¥ M i vE /L U0 IE 45 2 H A
FHAIL

30K FLBC I I b 5t vl e AL 14 3] o2 7K AR B A
B4R EW , FLBC MG , S 80sK T
JK PR ) B R A I 100 P 0 s, R v K T JROR 1
VAR R IIZE K, BT 7K P R 2K AR S 2K,
B 119 25 B 2R 3K 85. 700 , AN I UL, K 4R 155 i 1R 6 4
B SRR B T FLBC B & # 15 4L K
N ST

4038 3 76 B 5 2R e R W], FLBC 76 3 IR B
JE AR 56 %6 LL X8R Y K BRAE T AR T MR R
LF I 25 A0 R M S O RS M, R FLBC Bk %
BT PGS RT AR S AW L o e
T5 YL I B B 28 55 1k 5 AT Rk A .
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