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Adsorption performance and mechanism of biochar modified by humic acid and thiol for Cd** removal in
water
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Engineering, Nanchang University, Nanchang 330038, China)

Abstract: This study presents the preparation of biochar (BC300) using rice straw as raw material, and the modification of its surface with
humic acid and 3-mercaptopropyltrimethoxysilane, providing two modified biochars: HBC300 and SBC300, respectively. Herein, the
ability of the modified biochars to adsorb Cd* was analyzed, and the physicochemical properties of the modified biochars and the effects of
functional groups on the adsorption of Cd** were explored using Fourier—transform infrared spectroscopy, X-ray photoelectron
spectroscopy, Boehm titration, and density functional theory (DFT) calculations. The results showed that the modification process changed
the physicochemical properties of biochar. The HBC300 surface presented an increased number of —COOH and —OH functional groups,
while in the SBC300 surface, the number of —COC, —CO, and —SH functional groups increased. By enriching the surface functional
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groups of biochar, the adsorption reaction rate and adsorption performance of biochar for Cd** were improved, showing the potential of

modified biochar to remove Cd** from water. Among them, SBC300 showed the best adsorption performance on Cd**, with a maximum

equilibrium adsorption capacity of 49.5 mg + ¢!, but an adsorption reaction rate lower than that of HBC300. SBC300 conformed to the

Pseudo—second—order kinetic equation and Langmuir isothermal adsorption model. The adsorption process consisted of a monolayer

adsorption controlled by chemical adsorption. The characterization and DFT calculation fitting data results showed that the functional

groups of surface—modified biochar accelerated the adsorption reaction rate of Cd*'; however, —COC and —CO functional groups limited

the adsorption reaction rate of SBC300 to Cd*".

Keywords : modified biochar; Cd*; adsorption mechanism; DFT calculation

A= W) i S — A i AR A5 T Sl o e TR A A A
P HLE B 5T, e HA T (AT B ARG e A R0
B 4 A SRR BLE T IZ T XK R CdP B R B
SRIM, i T R BV SRS A E BE RS AR,
X 4 J - I R N RCRNER Rt 7 SR UM
o7 5 it o A= 0 Jpe T HEA T RO L B O SR T A,
& AR E RE B R RN i, B FOX) Cd™ e Bk
W Kt g 7 -

HET, CA V2880 T AR A9 e vk
T L R BE 1 R M, G R A Ak B | SR AR AA Ak B
SECT o B R TR A I e 2 PR R Y e
PR 2 AR A Y i R TS | A BIEE RE T, 3 5 x)
C™ 11 e F, WG FRFAE I ARHR 1% S S0 2 i L /8 D
PRI RIS, ik o S b 4 )8 B+ (4 Hg . Cd™
P45 ) 4551, AR R P i & Fhos vE M T AU R
AR 28 B AC A E TS G S BB A6 AL
W B A5 P A EE A SR ST SR B JEE AR R T A K
W A Hr Cd> ™, b TS AR R A T et M B A Rk £ 2
AP 5T, I HE T XT 4 T i I B . DTSR R B R
PFRIEF AT S 5 PR AT A R T Ui 2 A5 [ B A
O 5 E TR S AR YR B BRI A S ]
P RIEAE ARBTG5 YR B N, ool bRk
EEMEESARTB . (B WA AP AT Cd* I
B RE AL S5 7 TR 2R A R GE A SR -

A et Cd™ 1R W BB A — 52 % i W AL 2 0ok
T, V5 K i e W AR T 28 VR B - S A AN
TEAE I SE Y 3AL 2 A T (R AR B SR 0 A W TR
XF Cd* W B 2k 2 rp i) SO AL B . B R v pR RIS
(DFT) 2 —F - FZH KRR FEMET 1220
TR 7%, AL B A ) 0 S G 4 2 ] ) A HAE
FH 8 7 W B 3 2 v (%) R T AR A | A A B R oy 14
o728 Ak, A I R BT SR B S AR S I AR
K, BTz F TR W B AR R Bt et R v A O
WAL . A SCEkE T B R s TR TRl ek

P 1%) WHARTY

PE MOFs BRE XS 42 3~ Be s R W P L 221,

AL VLKA FF Ry b k] 2 A2 40 e (BC300)
AL R AR R A 3 - & N S AR A e (3
MPTS) = & H 3% i 5 68 41 , 43 %115 £ HBC300 Al
SBC300 P el A= My i, R G AR T = AP ASTA]
AW > TR B 8l 0 2 AR A 0 e R A, Sy el
A= W) B AE I B8 1 Gyt B P i g B R B AR B
ARZFf o [FIEE, R — RV RIE 2, 45512 R
S (DFT $1550) , 2543 b7 17 W B 3 A v 0 o2 iz
BRRRE AL, s T A W B Cd> SOWE iz AL
I, R I S A ) e i i 28 RNV SR AR AR AL T K s
FdG T, it — PR R A W e A U 1) 1 it
IE =0k

1 MEITTE

1.1 ## 55

ARSI T KRS RS AT B VPSR B T RB X, i
R HSPR AN ER &AL O VUK 3-FiN St
= R IR s (3-MPTS ) FE A R 2 0 1 P4 Bl 2 1%
AT IRAF] B R 53 b4t
1.2 MR &

A= R 28 T s PR EBGES S K R RS AT T oy 1
J& BTN . SR Z RS, 48 300 CHY Bk
W 3 h, REERA A B B 2lK 2 sk =
UEWR pHAEE , F 60 CHEAR N T-H 2 i fe e , AP B
100 Hffi ,id b BC300, fififr AT ade e il

i M AR W e L A T K 6.0 ¢ BC300.
228.0 mL Z A1 7.2 mL R4l /K & F = BN - i)
PN AR B 4.8 mL 3-MPTS 35 JILA S0 25
AN BE TR 6 hS , FH NH; - Ho O BB P2 1) pH
#%519.5,24 hJ5, HHOFER B PR3, R G T R 2
o 2 AR AR S e AR W kL 32 oA SBC300, fif
TR ETIRISNE .

A T A 2 0 o ) T 45 - FRE 3.0 g IR TR



SRR, %6 < JB R ST AL A ) K T CP M B RE DL BF 5 2051

FIRUEFEHN , FH0.1 mol- L™ NaOH ¥ 750 mL
FREM N, 0.1 mol - L™ HNO: ¥ 15 ¥ ¥ pH £ 7.0+
0.1, #ERAIFRIL30.0 g BC300 I AR N, LL 170 ¢
min” % 25 CHM TR 24 h, # & 48 h, A4
IK B SR 3 R Z UE R pH T 5E W R T 2 T i
SE A5 B 8 R R ot 2R RS, e Sl HBC300, fif /7 T
PO TR AR 5 .
1.3 BUMEEYIR BRI

K FH L2 17 R LB I (JW-BK132F A9, 4t
TR T TR B A BRZA w5 BC300 . HBC300
FISBC300 4 L ZR A 5 FLK 43 (il 2 22 (R e FAR
BRI I 75 ) (GBIT 17664—1999) 5 K FH JT 2 41X
(EL 1Y SRR BB A wl ) P H C CH N FIS
MJCE &, 0 0 R & it fh B i A T 5 T 15 0%=
1-C%—N%—S%—Ash% ; (i F % & 7L i HL A8 21 S
B (Nicolet5700 B, 38 FEIFHL JE 15 124 W] ) Fl X 5
286 T REE (YL (ESCALAB250Xi &, ZE 2R KAl /R A
BN W] ) 0 2 JH 2 10 1 8 AT 4L AY , I Boehm {22
0 R Re A i
1.4 BB H KL

i RS FRERIC ] 1 000 mg- L FOFRIEVA R . BRI
20 mg A=W R FE ST 50 mL 2.0 A N, LA 20 mL 50
mg -+ L™ CA™ I, 5 55t HL AR Bt NaNOs i & B2 2 0.01
mol - L', F§ 0.1 mol - L™ HNO 2 NaOH % ¥ 5 17 2 7%
WY pH 2 5.5+0.1, 43 314£0.5.1.1.5.2.4.6.12.24 h
F148 h HURE , Pr A5 202 WA 0.22 pwm JE AR L 8, 15 2]
BRI

Sk b A AN [) A 0 i W R Cd® R e 1P o —
e ME s F12E T FE RN EUR 9 RO AR 7 AR 4 B
wr .

g =q.(1-e™)

t_ 1
¢ kg q.
g =kt + C

U g R o B 2 B mg - g7 5 g SR o S 220 Y- A I
i, mgeg sk AUE— BN AR R ke
R 127 T RE AR R, g mg ™ sk, N ORI 9 HE
D R R E € Ry B 0 W TSI b
1.5 SRR M RIS

IR AW A pH A 5.5 B, T Cd> ) o R vk
J391295.20.50,100,200 mg- L', LA 180 r-min™ %%
25 CHM TR 24 WG, W AE Pt Cd> i 45T
W jf

353K A Langmuir F1 Freundlich AU 4 3 A
WIIRAE 25 CTF A Cd™ IR TR 2k B A A3 I AN
C. 1 C.

qge  bgn  Gu

Ing.=Ink + LlnC,
n

K g HEIR I R B 1, mg - g5 C A WP 5
WA, mg - L7564 Langmuir FFESE, L-mg ™5k,
A Freundlich &8, mg' ™" L" o',

R SR E A 3K AR A RO A GE
THIRAR RS, AR pHAE/N T 2. TR Cd™ AR B2
o P R SRR 5 45 B 1M R SR O3 (ICAP7400 B, ZEBR
TR A R HD I E
1.6 DFTHE

AR FH AL T 05 P A SR G A S A R A
1C0 BC, MR SRAE B 25 1 R IR AL Ik S Jk %
FERPRILERAE | Re BB A Yy e 3R 1T . [ FH Mate-
rial Studio #/FH () DMol3 BEH Rk AT, H T DFT 2
e H R F I RE B 38 e AH 272 pR (XC Functional ) , 370
7% BRI VE T, iAS SC LA 55 TRl 4 AH BLAE FH A e
FENES  AREE JT B9 AN AT 22088 | [ AR SCHE 5 A
Yy p s e 5 Cd™ 1y W B, 3372k T Grimme J5
AT DFT @ HUE IE™,

FIT A% B 4 45 SR Ak IR Excel 2021, SPSS 27 K
1, 2z B Ay FRULG 2R FH Origin 2022 804

2 GRS

2.1 EWRHERER

A% (BC300) 1) e B B FLARFURIF- 441
20594 3.02 m* g .0.002 6 cm’- g H122.85 nm, £
F2EROPE S 85 A R AP 2B 0 e (HBC300) Y L & T
TR FLAARALAS HE BC300 & i TR Z , 433138 % 6.95
m’* g F10.011 2 em®- g™, Hi HE UM AE ) ik (SBC300)
Fe 2% AR AL A LAAR T2 5128 6.96 m*+ ¢ 10.010 8 em’-
g'c SBC300 I HBC300 —#FAH It , H Fb R A L 2 fL
(LN ARTIR B E{IEY 1Pt N s St/ e L e P e
PO S i P B T 5 ZEAE BC300 LI H 4 2 Ik R
IR G QA RAR Y Y 4= e T TR AV SE RN 28l NV
Brae] (1), SBC300, HBC300 5 BC300 A1 1, Hi C
TGN, K A b vl REZ BC300 AT A I
B3 AT A B R A A Pk e R R T
U, SBC300 1S & 3 hm, H O/C LA (N+0)/C Ll
TEHG R, R B A LN B T SBC300 K MM, AH LY.

www.daes.org.an




m@g 2052

VRETRR Rt Y F 425 % o
®1 EMROELMER
Table 1 Basic properties of biochars
B AR B PR RS
" BETarea/ Total pore Pore Ash C/% H/% 0/% N/% S/% H/C  0/C (N+0)/C
Adsorbent , , | A
(m’*+g") volume/(cm’+g™) volume/nm content/%
BC300 3.02 0.002 6 22.850 18.78+0.19a 52.23+0.08¢ 4.09+0.04c 22.41+0.09b 1.84+0.03a 0.65+0.02b 0.078 0.429 0.464

HBC300 6.95
SBC300 6.96

0.0112 6.473
0.010 8 6.209

16.20+0.42b 55.14+0.01a 4.24+0.03b 22.80+0.45a 1.62+0.01b =
16.53+0.04b 53.29+0.05b 4.60+0.00a 23.13+0.03a 1.65+0.01b 0.80+0.0l1a 0.086 0.434 0.465

0.077 0.413 0.443

T [ B [ /NS B B R R 28 0 A EAT 1 VR 22 A e, B 5 1 /KF oy P<0.05

Note: defferent lowercase letters within a column are investigated for signifcant differences using one—way ANOVA at a P<0.05 level of significance.
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Figure 1 Infrared spectrum of biochars
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Figure 2 XPS spectra of biochars

oy SOp Bt HE Akaline functional group R B 52 33 Rk T SBC300), AT i S 1 1y 3¢ 3% T
“§ E ::(5) ] %{Jﬁgﬁ Phenolic grygsgxyl group HL AR T L 1 58 4 A R I T A D i B
@E  ash HBC300 1§ K T BC300 X Cd™ Ay Mz B, Hfe K
= E o kL BC300 9 1.5 4% , FL S, 0 Bk 2 A T
! SBC300 % Gl (I B .
EE st 7 R — G s J1%5 D R — S8 F1 % 05 e L
e Z VR ASIE 3 B W e C W B R L 0L R
wE [ e S AR Z RN 4a P8 4b FI 2 BTk . 2 A H]
W] Adsorbent SE R BRI, E 2 8l g2 R R 4% R AL (0.993~

0.999) ¥ K T W — 9 5 J1 2% Iy # b 1) R* . (0.898~
0.964) , RIIUE K3 J1°7 )y FERE B A7 W ADL & 3 i 2k
Wy B b CA> W B e R 0k — 2 2 B 3 il A= A e X
BC300 Y 2.6 /% . 5 SBC300 F1 BC300 #H [ , HBC300 CA™ [P B 2Z B F A= o 5 Cd> 45 6 Ja T8 i ) AL 41 e
FE 4 h B G Ao IRz R 8 428 3ok 380 W o g o~ 17 o B FNES 28 3 A T, 3 B e T A= 4 ek ™ 4 W o

B3 £MRHREBRASE

Figure 3 Contents of the surface functional groups of biochars
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Figure 4 Kinetics of Cd* adsorption by biochars
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Table 2 Kinetic fitting parameters for Cd** adsorption by biochars

I Model FEIZH Model parameter BC300 HBC300 SBC300
WL B 12 gm/(mg-g™) 9.477+0.334 15.700+0.463 26.300+1.070
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R 0.964 0.936 0.898
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Figure 5 Adsorption isotherms of Cd** by biochars
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Figure 6 DFT-computed binding energy profiles of Cd* with different oxygen—containing functional groups
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