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Microstructure of calcium-iron modified biochar and its effect on
phosphate adsorption from aqueous solution
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Abstract: [Objective] This study investigates the influence of pyrolysis temperature and calcium-iron (Ca/Fe)
modification on the pore structure of biochar and its phosphate adsorption performance, aiming to provide
reference for the application of modified biochar in the field of water treatment. [Method] Biochars and
Ca/Fe-modified biochars were synthesised at 300 , 500 , and 700 °C, and characterised using scanning electron

microscopy (SEM), X-ray diffraction (XRD), and Fourier transform infrared spectroscopy (FTIR) to investigate
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their microstructure and surface chemistry. Batch adsorption experiments were conducted to evaluate the effects
of pyrolysis temperature, dosage, solution pH, and co-existing ions on phosphate removal. Furthermore,
adsorption mechanisms were elucidated using isotherm and kinetic models. [Result] With increasing pyrolysis
temperature, the pore structure of biochar developed progressively. Notably, Ca/Fe-modified biochar produced
at 700 °C exhibited a highly ordered porous architecture and enlarged specific surface area, achieving a maximum
phosphate adsorption capacity of 890.836 mg-g ' and a removal efficiency of 90.32%. Adsorption isotherms
fitted the Sips model, while kinetic data followed the pseudo-second-order model, indicating chemisorption as
the dominant mechanism. XRD analysis confirmed the formation of Ca(OH), at high temperature, which
contributed to enhanced phosphate fixation. Adsorption performance was influenced by pH, dosage, and co-
existing ions; alkaline conditions and optimised dosage improved phosphate removal, whereas competing
anions such as NO; and SOZ‘ inhibited the adsorption process. [Conclusion] Tuning pyrolysis temperature
and Ca/Fe modification significantly enhances the pore architecture and adsorption performance of biochar,
offering an efficient material for phosphate removal from aqueous environments. [Ch, 5 fig. 4 tab. 32 ref.]

Key words: biochar; phosphate adsorption; pyrolysis temperature; Ca/Fe modification; adsorption mechanism;

water pollution treatment

NEWEN G R (P) A C A ESRENMEE TR, J0HAE Tl K FAE 55K HE
BT AR R R T AR E SRR Y IR 2R S ERBOR T, AR . Rz s
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FasE B FLBRGE# . 5 CSB-700 AL, Ca/Fe-CSB-700 I i B A R LIRS, TR T % %M
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Table 1 Elemental composition, specific surface area, and pore size analysis of biochar before and after modification

TCR BT 2 /%
C27)) v R/ (- g™) FH44L42/mm
C (6] Ca Fe

CSB-300 68.33+1.12 ¢ 23.55+1.60 b 0 0 2.87+0.06 e 5.49+0.07 b
Ca/Fe-CSB-300 60.89+1.56 d 30.63+£0.60 a 2.59+0.21 ¢ 1.20£0.05 ¢ 5.54+0.25 ¢ 8.22+0.87 a
CSB-500 80.44+2.50 b 12.75¢1.54 ¢ 0 0 31.27£3.85d 2.5540.77d
Ca/Fe-CSB-500 61.41+1.40d 13.29+2.66 ¢ 6.40+0.21 b 5.57£0.39 a 81.80+2.13 ¢ 3.61+0.10 ¢
CSB-700 85.02+2.64 a 8.66+1.39 d 0 0 192.58+4.34 b 2.2740.13 d
Ca/Fe-CSB-700 55.15+2.06 ¢ 32.80+2.90 a 6.67+0.18 a 4.98+0.44 b 218.94+3.04 a 2.95+0.24 cd

B A E/NE FREFORF SR AR A R B 25 5 B 35 (P<<0.05).
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SEM images (A), XRD patterns (B), and FTIR spectra (C) of raw and modified biochar at different pyrolysis temperatures
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22 REMBEEMRMENHE

SRUEAEY AR, Ca/Fe MU 185 T AW B MBRBEERE (P<<0.05), FFHAF 500 #1700 C
ZeE T FE I LAY I FRERE T (18] 2A). 7E 300 °C B}, Ca/Fe-CSB-300 f2=BR %N 61.77%, W% iEE T}
2 700 °C I, Ca/Fe-CSB-700 122535k 90.32%, ILAh, [ HE AR 10 i 35 50 TR SCR , BEE %
TR, BERRER ERRBWT FTF, JFAE 3.75 g LT kIR E (8 2B), FHHI A SE B T
R A B e AR R . ] 700 °C 2544 F, 1.00 gL' 1Y Ca/Fe it A9 i 7% (Ca/Fe-CSB-700) X i FRER 1)
EERRELME (B 2A), BARBFFEEE: 700 C #FIEREE . 1.00 g- L™ &7 X B win 5 A 9 50 s 1 W% B
PEREFALHIUES T — 25 49%

A 100 r B 100.0 //A—A
-Ca/Fe CSB /A
80
99.5 A
& 60 IS /
3 3 i A
% % 99.0
& 40 by
85 t
20 ?
0 980 1 1 1 1 Il
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%/JIEE/OC ?ﬁbﬂi/(g L)

NN FBER IR A — FR bR AN [ AL # H) 22 57 {23 (P<<0.05).
B2 REAMBIEL (A) FBn® (B) T LM R RSB 269 IR A
Figure 2 Phosphate removal efficiency at different pyrolysis temperatures (A) and dosage (B)
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231 BRMHAFAEAF WL AR IR TS, RN TR AR (e
FEZRLR2>0.93) B EE T T — 2 sh Jy oA AR (/] 3 4 2), FW] Ca/Fe-CSB-700 F1 CSB-700 (W% fff
iof TR B A2 A2 B L AR ] o AR E s 1B LG 245 2R, Ca/Fe-CSB-700 1Y 5 K W i 1
(qm) M\ 102.43 mg- g 5 & 917.39 mg- g '(K 2), HElEIE 8.96 fif. ILAh, Ca/Fe-CSB-700 48l £ e
WA By Bt 1 58 W B 55 T CSB-700, FBABPEA RN 3 T Ak~ i 7

18 o S5 R G AR R Langmuir . Freundlich A1 Sips X A= 9 5t s W B 54 R4 74005 & B . Sips AL
BBl (18] 3 F136 3), Langmuir %) i 75 . Ca/Fe-CSB-700 78 298 K F ()5 KW fiH= (g,,,) J& CSB-700 f)
3.52 4% (38 3), FR IO B N T A RO A A 8RS 1 o Freundlich #2781 1 7R : Ca/Fe-CSB-
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Figure 3 Adsorption kinetics and isotherm model fitting of CSB-700 (A —D) and Ca/Fe-CSB-700 (E—H)
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& 2 CSB-700 # Ca/Fe-CSB-700 F i Zh I F A S
Table 2  Adsorption kinetic fitting parameters of CSB-700 and Ca/Fe-CSB-700

HE—2 B )27 e HEZ B )1 F e
E7/l5iv/3
dm kl Rz dm kZ Rz
CSB-700 95.44 0.01 0.90 102.43 0.00 0.93
Ca/Fe-CSB-700 871.87 0.02 0.91 917.39 0.05 0.96
%3 CSB-700 0 Ca/Fe-CSB-700 BY%5B IR MRl & S 31
Table 3  Adsorption kinetic fitting parameters of CSB-700 and Ca/Fe-CSB-700
Langmuirfi 7 Freundlich#& 7 Sipst& Al
RS TRy K/ , K/ . dnd K/ ,
1 1 R -1, 1,7 Un ln R 1 1 R
(mg-g) (L-g) (mg"™-g-L™) (mg-g) (L-mg)
288 152.91 0.08 0.92 19.15 0.50 0.96 143.41 0.01 0.55  0.95
CSB-700 298 166.39 0.02 0.93 1.88 1.15 0.93 189.81 0.02 141 092
308 298.51 0.02 0.97 6.60 0.82 0.97 199.14 0.01 1.01  0.96
288 324.13 0.07 0.90 38.16 0.75 0.96 828.39 0.07 2.65 0.98
Ca/Fe-CSB-700 298 585.82 0.04 0.92 34.99 0.79 0.98 890.84 0.06 221 0.99
308 232.78 0.11 0.91 46.76 0.72 0.96 900.71 0.07 2.38  0.98

W% 4 s . 5 CSB-700 #H L, Ca/Fe-CSB-700 7£ 298 K i i - 5 %% (K.) M 3.23 L-mol ' $2 5 &
15.58 L-mol™", FHACCM: B 35 TR AE JT . 5 1T A HH BB (AG®) MIBEAR (—6.35 £-6.98 kJ-mol ™) /R
HE R BRI B A . BINE A (AH'=1.59 kI - mol ") & B Fff ik A5 il B2 A8 Ak i BBURR R B 55, B BKGF
AOPREEE W . 7S (ASY) 3 (28.14 J-mol '+ K™') S B HY RGEIRALIE R I, nl G5 W B w14 22 Kk
R 55 6P A 2 (R B R A 45 SR FH A G

% 4 Ca/Fe-CSB-700 KRB #h 1 E S %
Table 4 Thermodynamic parameters for Ca/Fe-CSB-700

H W T(K) K/(L-mol™) AGY/(kJ-mol ™) AH/(kJ~mol ") ASY/(J-mol - K
288 3.09 -2.70
CSB-700 298 3.23 -2.90 2.95 19.64
308 335 -3.09
288 14.17 -6.35
Ca/Fe-CSB-700 298 15.58 ~6.80 1.59 28.14
308 15.25 ~6.98

232 AMRFBRWE A EERET  HIE 474 5 CSB-700 #HLt, Ca/Fe-CSB-700 7E M [ f5 Y
1060 cm™' 4 B T P—O F¢fiF g, RUIBFIRR LI 45 & Z M B £ . [FI} Ca/Fe-CSB-700 K 1 & &%
—OH (3 444 cm™) FIl C=0 (1 606 cm "), FH] Ca/Fe Hrit: W B 158 T K 1f B fE 41 SRR AR 91k A 1E T,
AR R RE

233 RFl pH A= M & F 2 Ca/Fe B A i R B MM e Foe K SA AT L. WILRTEIR pH X W BFF:
REELA 50 (P<0.05). SVASKRDL, BERRELWM SFEE pH M Emisgn, HAE pH=8 i i 1,
£ pH 2 11 B A B K{H ., Zeta FLAZ 53 HT 7R . Ca/Fe-CSB-700 /) 0 £ HL{ pH (pH,,,.) 4 2.83 (1] 5B).
MW pH AT pH,, I, MBI IEF, pH & T pHy,e I, WRESRI SR i . B pH THea,
Ca/Fe-CSB-700 £ [fii Zeta HLAZ MK, L Ar s, MIRiHEEE 1 X HPOZ ™ Ay il M BHE FHUS . A7
SRS B R R WL B 2 AL AN R R BE (A i 4 (181 5C), o CIsgmmdie/)y, HCOj JEirh, NO; IS0 (1
TRV 5k 8
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