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Mechanism of enhanced lead(II) adsorption by silane coupling agent-modified ferrihydrite. CAI Lin', JIANG Cheng-feng?,
YAN Xin-yu!, XIONG Shuang-lian', TU Shu-xin'* (1.College of Resources and Environment, Huazhong Agricultural University,
Wuhan 430070, China; 2.Hubei Geoscience Research Institute(Hubei Selenium-rich Industry Research Institute), Wuhan 430034,
China). China Environmental Science, 2025,45(11): 6101~6111

Abstract: 3-aminopropyltriethoxysilane (KH550) was used to modify Fh, yielding organosilane-modified ferrihydrite (KH-Fh). The
Pb(Il) adsorption performance and underlying mechanisms of KH-Fh were systematically explored.Results demonstrate that the
modification successfully introduced Si-OH and -NH, functional groups onto the Fh surface, enhancing the maximum adsorption
capacity from 50.51mg/g of the unmodified Fh to 102.85mg/g of KH-Fh, representing a 103.6% increase. Adsorption kinetics and
isotherm studies indicate that the adsorption processes of both Fh and KH-Fh for Pb(Il) conform to the pseudo-second-order kinetic
model and the Langmuir isotherm model, suggesting that chemisorption is the dominant mechanism. The positive value of the
thermodynamic parameter AH indicates that elevated temperatures promote the adsorption reaction. Compared with unmodified Fh,
KH-Fh maintains higher and more stable adsorption efficiency across a wide pH range (3.0~7.0) and is less affected by ionic strength
and common coexisting ions (Na', K, Ca®"). X-ray photoelectron spectroscopy (XPS) analysis confirms that Pb(Il) is immobilized
through coordination with Si-OH, Fe-OH, and -NH, functional groups on the surface of KH-Fh, significantly enhancing the
adsorption stability. These results offer novel theoretical insights and practical guidance for the functional modification of iron oxides
and the remediation of Pb(II)-contaminated environments.

Key words: ferrihydrite; silane coupling agent; Pb(II); adsorption mechanism; heavy metal pollution remediation
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S 1 BFL &5 R R s RIS T L BT 008, e A Ky o —
A LI FH 7 (000 B A R 1O KRBT (Fh)
ST R LY ) A S A GUKR A, R m R T
TR P 2 5 (Fe—OH), &t — Ff L 467 1 W i 5 1710,
SR, 46 Fhott Po( T W B g A R, LA 52 4%
KA R kg B X 2 B T SE A B T A pH(E
Zhgg e Fho RO BRAR L b i B T sl 2D it
Po(I1) 1 25 B3 2 B A 0P 98 & B Fh 2 358 i
Fe-OH JL[5 Po( 114542 (43 PR IR R 2 A
BA— (P4 5 5K BRI T LR B A R, dan e T 5
R ESE = Fhoxt Po( I W PR RS e 1k,
S UETIFSC I 2L T ).

U Ak, A WURE O R AR )2 B H T4 8 4
A0 10 T AR V1, G e e A BB 01 5 v ) o A R
R 5| NFEE B RE (W18 25 —NH,, 57 - —SH), 3
SIS TR B T A T A P PR S R L
S BT RS [ W B R Po(ID) B A o Ay B
KHS550 “5fEde ok AN B s AR K 23 BT,

T f 30 3 P50 AT A FH BG B6E P 1T ) PRI B e 27281,

SR, H HT G T A WURE M AR T35 e 52
IR FE D U SR AE Po( 1) IR ) 2, 5 ) 2
AR 7 HLAI 7 AT Bk = R GE A b

BT AW R KHS550 ek /K 2k (KH-
Fh), 2807 o Po( 1) W B 1 e S A WL i ot
XRD. FTIR. XPS %52 ol f R AET- B, 7
PEXE A RL R TR 22 T A Po(TT )W (AT A 1 35 i
G55 WM Bl g A D) 2 R H B TR R S e 1) B
Pb(I1)7E KH-Fh 1 R B ik 75 A 5% DR 35 ARt
PG AR KA 1 Dh Rt e v A BTG gL v B
LR SO 4.

1 MR575E

1.1 KKK

T Po(TT)fifh 2% ¥ H A R B (PN O )o) IE il 1717
B SEZI FTH 3—%30 4 3 = AR R RE LR (KH550) 14 [
By T 7 2 W) Al Ak A3 B 4l e A, S a6 R i) S
fl Ak 2357, £ 55 NaOH. Fe(NOs);9H,O. HCI.
NaNO; . Ca(NO;), . KNO;. Na,SO;. NaCl K&
CH;CH,OH 34124 43 Hir 48, ph [5 24 4k 243871 PR A ]
AL T A R H B 18.25MQ-cm [ 41
IKHEAT B .

1.2 MRk

KB 1 H & | % BBl 0.1mol/L
Fe(NOs);-9H,0 ¥ 500mL, {5 4t F 4148, A
Imol/L. NaOH ¥ 22 13 N 4k R, B 2 % pH
HAREAE T~8. 50 N ST 2h, AR HE AT IR 14
(58 A YTTE Bt i, BT A R 28 LS R 8 40 B0, UL
P B Al K 2 Rk, B FIE W S AR PR
2 20puS/em LUF, LA BR A I B B . B 24 P A ] 44
ZR R THRA AE 4°CHAE TR JEK bR
i 4 Fh.

A HUE R AR AT (1) R FH KHS50 14
PEF. T 56,0 90mL LHEE) 10mL 8 217K 5 A e il ik
KA I NN SmL3—%0 N i = LA Bk EBE(KH550).
A 75 2 N UG EE 2h, DLERE KHS50 113
A EUS Ay KRB 1(a)). B % 5.0g TR0
Fh o AR IR AW FF L 15min, A IE AN,
CABH 148040 s Y. 1Tt Bl I PR R AE &3 R EAT 6h
(VAT IR, AR £ KHS50 RERS 767 55 Fh T 25
S, S (B 1(b)). O 45 o BT A 44
28BS L8, H R Al K AT B P Bk, LA &
R A SN (A HURE 73 e 2%, 7= W AE L8 g v
MR T, SB35 Ja BB R AE T 4C 5N
KH-Fh.
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OH
NH,
(b) /KR J5 UK HS50 5Fh % fi HO_ /
Si
NH,C,H 7N
/OH 23446 /0 /O
FD—OH + HO—Si—OH ———— [FB)=0—si ~~NH,
Non I Biikeh A 3
OH g P2
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/
HO
NH,

K1 KH-Fh %R
Fig.1 Schematic diagram of KH-Fh preparation
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(200r/min)#fz 7 12h, LA BRIk 2111 S W 25 3R ),
FEREZE 0.45um JE MDA 38, IR H KOG I
FWMOETEL(AAS) I E Pb [ FE AR AN 5256
PR 3 APATAE ARG 1, Po(TH ok 5 7
WIEE N 5~120mg/L, 1 50 3 7o R A 0.1mol/L
1) NaNO; ¥l ¥4 pH A 6. IRARIT Ph(11)
1t Fh M1 KH-Fh 2 [ W AR P, TR 48 1 AN [R]E
JESAF (5,25 F145C) I AT by, FETE AR I

TR RN ML AR BT R B AT R, S5 SR
Langmuir® (=X (1)) F1 Freundlich®"(zX,(2)) 2% 5 W Fff
B0 B s AT H0 & He ik L

qe =Kfce; (1)
bC.q

— c1Im 2

9. 1+bC, @

Hige A Co NP B 25 5 me/gsqm BRI
e KW B 75 5, mg/g;b A Langmuir % %, L/mg;K;
Freundlich #85 #0 mg/g;n Jy A8 i R %L

W B EEh e AR A0 (AGo), W B 4% A8 (AHp) 2 Ji A%
(ASo) 52 HM A N L

AG, =-RTInK, 3)
AS, AH,

K, =—2-—2 4

T 4)

AR Il A A $1,8.314)/(mol-K); T 4 48X}
JEE KK . A W BT 487 6. 308 3 0 AN ] S R B
LA VHE AH A AS, BB, IE43 8T P(IT )
B R PR B 2R
1.4 Wktah )%

KB 1249256 5 4 Pb(11)4E Fh Al KH-Fh %
THT P17V 23 R L4 R A L AR S 3620 3R n 1
HY 1.0000g 455 ) Fh 8¢ KH-Fh By KN 2L ¥)4H
WBE A 20mg/L 1] Po( 11 TR A A 1 )
FEAE EAERFI S FE, IR AEAS [R]I) [A] 25(10~1440min)
HURE, BT BUORECA TR T 0.45um JE e ki g e =K
AAS W58 Po(11)H S5 SER b Rt 1 55 251 5 J £
£F 0.1mol/L NaNOs; % ¥, #145 pH 1E A 6, AL UEIR fff
IRBE I — 2.

kR Po(IT) R B ok e, i 3 SR 74
— 7)) )RR () D — 2 3h g e A (:(6))
X AT G AR

In(g, —¢g,)=Ing, - K¢ (5)

t 1 t
0 Ka© 4 ©

g, AIETE] ¢ PP Po(TT) W B 5, me/g;

Ky HE— 2050 7 2 3R B, minT K, Dy — 2k 7

7R AL g/(mg min);ge AW NPT A B mg/g.

1.5 WHILG pH {EXT Ph(IT)R Bt (1) 5% i

N T RIS 46 pH BT Po( T )W B 5% i,
SIS IAEAN ] pH AR 45 A1 N EAT IR B 52 565, A% 5%
Fh F1 KH-Fh X} Pb( 1T ) (W B e AR A4 AR SEI6 20
R FREX 0.0100g T4 i5 (1) Fh 8¢ KH-Fh 5 1
A 20mL ¥R J% 4 20mg/L 1) Pb( 11 ). Bk #4 HCI
8¢ NaOH 1 15¥% ¥ pH {8, {41 4h pH 573 5
2y 3y 4y 5. 6 F7,LAFE R P11 )EI BT K fcr
(1 L pH R3S L

SEH R R R B G BT E R R T (25°C,
200r/min) ¥R 12h, LLAA LR B s 21 -1 S Y 45 0
o A AR 2R 0.45um JE R I I g, 3 v A
AAS JE Po(I1) 5k A iR B, AT V1B B 7% o3k
IR BT R R BR A 0.1mol/L NaNO; 1F 4
St FLAAR T, DAV I63% 120 1 5 S 0 R s 2 1) 4 A
SEIGAAERINEE 3 APAT I, LA CR A 1R AT 5
PERIE S L.

1.6 BT IREINT Ph(ID)WR BT 1) 5% 0

PRI TR B P3RBT )W B 1) 5 i, 43
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BN 20mL ¥ EE N 20mg/L 1) Po(I1)¥ . B i i i
VS INAN[RIAR B2 ) NaNOs % (0~0.2mol/L ) i 35
(1) 5 5 P, LAASLAUL SI2 B BT o (1) 25 25

IAF B 1 5 W) 3 — 2 2 SR R I A7 135 1 X
P(IT) W B PR 500 S5 7 ¥ 5 3 i 3 S 6 A ) 5L
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NaNO;. KNO;. Ca(NOs),. NaCl. Nay(SOy), LLHF
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WIkE pH AE N 6. MbAM A S S A 3 B8 3 4PAT
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1.7 WIAHZRAE

RN T Fh Fl KH-Fh 1) 45 Rk &% 2 11 3
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FH XRD AR R A LR 5 45 8 BE, 43 W e v i
Je IKBRAT (1) 5 K A8 Ak R FTIR Je i AR BRTURF: i
F M E Re AR RE N DG KHS50 Stk Ja Akl
T (KRR E 55 [, 2 Si—OH FI—NH, (195 | A7 10038 i
JE Zeta HUAL PPN BHE AN [R] pH AR 454 1 (R 3R 1 4y
HL R, DA BE A SLAE AU (088 08 Pk AR B AL B,
K BB — M B 5250, 55 F BET 7R 50k
LR AR A5 SEM M %¢ Fh Al KH-Fh IR0 E
I, 75 SR RTORE 1) TV 2, 2 T REURE 8 A S0k i R 1) 141
FRE AE) XPS M4 BLR T 70 22 4L S b 27
IR, L% Fey O. Si M N 25080 £ M A
AR Ak, LAY N ARATT A WLAE 20 P o A4 Rk 3 T Ak 27 1
FRIR A .

2 HR5WE

2.1 MREELE

XRD iR 45E B (& 2(a)) %7, Fh fl KH-Fh $4¢
3591 620 3T H B T ok e B2 4 A bR A K Bk
(PDF#29-0712) IR 45 s B2 4 AiE, 2 W] 5 P A BEOK:
R IKERA K AT 45 R AN KH-Fh (AT S 06 1
S5 Fh AU AR HIUH IATHHE 5, B KH550
M INA T 5 W2 1) SR 45 M8 . N FTIR 6%
(& 2(b))n] W,KH-Fh 7F 2926cm ™" Fl 1213cm™ Ak H
TR 52 PR T W e, 2 50 VA i T —C H R AR A 447 B
ZA Si-O-C HEMFFIEAE 5 IX KW KHS50 1&h
B T K Bk 1. 7 I, A 938em ™ 4b W %% 3]
Si-OH FE [ ({14 54 358, 10 3400em™ 4b-OHPYfY)
W 5 B2 IR A P 3G I iX — B b — 2P EpUE T KHS50
KRG TE R Si—-OH Sk B R F2 3L Kk A2 T 48
HAEFL AR T A RL R ) RE 1S 1

SEM % 45 R (Kl 3)#7~ 1 Fh Al KH-Fh #)4%
MEEFYRFAE.Fh(& 3(a)) 220 H ANFI I 1 9 K Foks T
AR TR RRE, BAF A2 B B RIS, X
HAG &5 5 R PEAH — B 25 KH550 gl f5 KH-
Fh( &l 3(b) B0k S k 2E BA AR f, JL e T #a 1
WL IX T BB & KHS50 28 858 %) Fh & gk 7 & m

TG PSR AR e 1 245 T 2450 1, 1 e 50 T i [ 2R 2
JEEAT P BeATG 2 WA AT A T o KL 2 WA 7 26 T
—ERHGEE.

(a) XRD

R (a.u.)

10 20 30 40 50 60 70 80
FISHA)

(b) FTIR
/\M\/A\
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WH(em™)

K2 Fh 1 KH-Fh (] XRD Eli¥(a) & FTIR(b)
Fig.2 XRD pattern (a) and FTIR (b) of Fh and KH-Fh

LA (%)

K 3 Fh(a)F1 KH-Fh(b)[¥) SEM i (x50000)
Fig.3 SEM patterns of Fh (a) and KH-Fh (b)(x50000)

KH550 Btk J& Fh (0 EE R A 275.43m%/g %
A 249.76m*/g(F 1), & WATHUEAS e — & f

BR(EE 1),KH-Fh ] pHpze M 5.60 #2152 6.20,1
W C5 M I A R T T AT R 0, 5 i T A K
103 PR R ELR PR e D)
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%=1 Fh#KH-Fh BFLES AR EEA

Table 1 Pore distribution analysis and surface potential of Fh

and KH-Fh
FF i LER i (nYg)  FL&(cm’/g) fL4%(nm) pHpzc
Fh 275.43 0.09 2.47 5.60
KH-Fh 249.76 0.08 2.48 6.20

2.2 SRR BRI SR

W5E T AR (5,25 FH 45°C) T F Wi o 26 2%
(B 4) BRI 45 FR W (36 2),KH-Fh 55 Fh (10 F
AT 54 Langmuir A£(R*>0.99), 4% B Ho fff 3=
T A AR ) — T, R A 2 W R A (BT
Langmuir A8 P AN [ E T KH-Fh 15K
W 25 2 (72.99,102.04,116.28mg/g) #) K T Fh(38.61,
50.25,55.56mg/g), 73 nllFE i 1 89%,103% A1 109% (]
4). X — 25 FR WL KHS50 MB35 T Pb(11) 544
L T AR ELAE P, AT 3 W8 B 2 0% KH-Fh 7
25°C F R I AL 5 19 1 i, L g5 KRB 25 etk )
102.04mg/g, #8 i T 2 Bl O 4 18 19 W B A4 KL 4l
1, Eren 251005 s A AL AR i PE A HxF PO
KW B 25 5 Ay 58.88myg/g, Vo 25 i1 £ 1) Fe; O/ %8 A,
A BRI S BRGNS RPRL T PO A S K 2%
ol 63.45mg/g,Wang 2514 AR 5 AL T 0
X PO I I Al 97.01~99.10mg/g. £ L T ik,
KH-Fh £ 44 RxF P> B B e f 1Bk
PR, S 71 H A 7K Ak B AR P S FH s .

10 b Fh-Pb-S(E
Fh-Pb-25°C
120 -7 Fh-Pb-45°C

| |

[ )

A

v KH-Fh-Pb-5C
¢ KH-Fh-Pb-25C
|

¥

@100 o

éﬁ 80 | KH-Fh-Pb-45°C
?Jﬂi‘ — Langmuir
= 60 _ _ a— Freundlich|
X kP9

1 1
0 20 40 60 80 100 120
ST (mg/L)
K4 Fh Fl KH-Fh ARG W Po( IR 205
Fig.4 Isothermal fitting of Pb(Il) adsorption on Fh and
KH-Fh at different temperatures

B ISR 3)7%& W, Fh Al KH-Fh
i AG ¥J l % {H (Fh:~7.33~-5.36KJ/mol;KH-Fh:
~15.36~—8.80KJ/mol), & HH 34 %] Ph(IT) (W it 32

H kit #2 .AH ¥ Jy 1F {f (Fh:8.10KJ/mol;KH-Fh:
36.66KJ/mol),Z& B Pb(IT) 1T B kg W 0 sz I8, 0 Bf 3k
FEAE B i B A A A 15 & & KH-Fh 1)
AS(163.16J/(mol-K) B {2 /= T Fh(47.89]/(mol'K), }X
M R o e R e AR A 5 T8 ) G e B2 38, ]
ity Po(ID/EFK I Ae A Iy o 2
Be Az 255 7 R AR A K.

%<2 Fh#0 KH-Fh BB} Pb( 1 )& Langmuir A Freundlich
s
Table 2 Langmuir and Freundlich fitting parameters for Pb(Il)
adsorption on Fh and KH-Fh

FE Langmuir /5 % Freundlich /7 %
T(K) gum(mg/g) bllg) R K; /n R
278 38.61 0.26 1.00 12.31 0.27 098
Fh 298 50.25 0.21 099 1558 027 099
318 55.56 029 1.00 18.02 0.27 0.99
278 72.99 0.62 1.00 2828 025 093
KH-Fh 298 102.04 1.11 1.00 41.62 0.26 0.87

318 116.28 2.87 1.00 6030 020 0.90

F 3 Fh#1 KH-Fh IRHF Po(I)EIA N ZRESH
Table 3 Thermodynamic fitting parameters for Pb(1I)
adsorption on Fh and KH-Fh

FEf T(K)  AG(KJ/mol) AS(J/(mol-K) AH(KJ/mol)
278 -5.36
Fh 298 -5.82 47.89 8.10
318 -7.33
278 -8.80
KH-Fh 298 -11.73 163.16 36.66
318 -15.36

2.3 BN

K UHE— 4 5 0 — 294 5)) ) LR R B 3l )
SERIEHEAT T RA T 5).45 BB oR D — s )
SERERY(RP>0. 99 T-1HE— 250 )1 24 AL (R*>0.94)
e T 7 A b A R P AR R AT (R 4), 3R B
Pb( 1) F W Bt sk 2 = 252 4 27 W B AL A1 =2 e, 1
AT B A P B B F KH-Fh (R0 — A0l &
W B 2% F:(40.32mg/g) i 3% 75 T Fh(28.09mg/g), i3k
—L KW KHS550 Motk B8 1 T AR Ph(IT)#Y
gi5red).

G3 AT B SR B P FR R R R B I R I 4 0 T A
HDIHI B B (0~6h)55 J5 B2 18 11 i Bt (6~24h).
FEHT 6h N, Fh Al KH-Fh [¥] Pb 2:B#45) 512k 52.50%
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B R %

45 %%

T 98.74%. [t A5 I 1] f) LK, 5 AR R I8 B 3k 4 %%
W%, E 24h JE TR e DI B B T 22
A AR T 775 2 A7 5 PR 92 o1 1T s WO P 3 23 o, )
A g 52 2 Po(I1) 75 LB A 38 7 H5 f BR o1 1k 4%,
KH-Fh [P)°F-45 5 [8] (~3h) i T Fh(~5h), 2 B oot J5
FESS Po(IL) W B 3 28 B8P3 m] g 5 3% i 40
AR Si-OH FI-NH, 3 147 56,1 L6 7 i 38 ik
FC A A AL T S0 1) & i 28 1 45 A e, N T 4
R &S

- m————————— %
2 x
g R mm—————
i
g ®  Fh-Pb
B A KH-Fh-Pb

pseudo-first-order
- = = pseudo-second-order

0 200 400 600 800 100012001 400
i [ (min)
5 Fh Al KH-Fh W Po(IDIHE— 2RO — sl =i
Fig.5 Pseudo—first-order and pseudo—second—order kinetic
fitting of Pb(II) adsorption by Fh and KH-Fh

% 4 Fh#0 KH-Fh B Po( 1) AE—R AN K5 1240
asH
Table 4 Pseudo—first-order and pseudo—second—order kinetic
fitting parameters for adsorption of Pb(II) by Fh and KH-Fh

- IS 2R3 12
qe K R ge K R
Fh 17.12 0.30 0.97 28.09 0.03 0.99
KH-Fh 18.99 1.28 0.94 40.32 0.10 1.00

2.4  HREENE N Fh A1 KH-Fh W Po( 1) 520

241 pH{EMEM  BFEEW pH (A7 5, Fh Fl
KH-Fh X Pb( 11 )W b 25 5320 5 305 39 0 i sk /N 1)
¥l 6).17E pH 2~3 il A,Fh Al KH-Fh [£] Pb
B 25 = 3 A (23 Al o 0.88~5.93mg/g A1 1.41~
10.47mg/g), 3 AWK B 52 H 5 4 Pk 44, BE I F KH-
Fh H1-NH, 5T A0 RS B A oRHR T 5 Pb(1T)2 18]
AR T H WL pH (HT7F & & 4~6,Fh Al
KH-Fh ¥ Pb W bt 7% & 0 34039 0 (43 il e i i
28.85mg/g 1 42.97mg/g), H: " KH-Fh Wt & ) 230
SfasE H5 X % W) KH-Fh " —NH, 8% 22 50 74k i
SRATEE 22 (R B A, S A A A P 58, 52 ] T

Pt N LE pELAE Ay 7 I A PR B 450 W 2
N B(Fh 445 12.88mg/g KH-Fh 4% 15.91mg/g),iX
T T Po(IDZERIERRSE F 5B Pb(OH), I
D TR D AT R B 7 Ph( 1B T,

%} (mg/g)

Bl 6 pH{HX Fh 1 KH-Fh W Pb( 11 )i 50
Fig.6 Influence of pH on the adsorption of Pb( 1l ) by Fh and
KH-Fh

242 BSUREEAOMIEIIE W 7(a) R, bE
H B R (B 5, PR LR P 8 B (2 2 4
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