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Adsorption properties of modified silica gel on Fe3* in wind turbine gear oil
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Abstract: A comparative test was conducted on operating oil samples from wind turbine gear oil and a fresh oil
sample, revealing that the Fe3* content was the most rapidly deteriorating indicator. The SG-PEI adsorbent was
prepared by loading polyethyleneimine (PEI) onto a silica gel material (SG) through impregnation modification,
and its characteristics were evaluated. The adsorption isotherms and kinetics of Fe** on SG-PEI were thoroughly
investigated. The results indicated that, the adsorption isotherm of Fe** on SG-PEI conforms to Langmuir model.
The saturated adsorption capacity of SG-PEI for Fe3* was 28.71 mg/g, representing a 39.2% improvement compared
to SG (20.63 mg/g). The adsorption process of Fe*>* on SG-PEI adhered to the pseudo-second-order kinetic model,
with adsorption process occurring as a spontaneous exothermic reaction. Under optimal conditions of an adsorption
temperature of 60 °C, an adsorption time of 120 min, and an oil-adsorbent ratio of 100:3, the removal rate of Fe3*
from wind turbine gear oil by SG-PEI reached 96.23%, which is 29.43 times higher than that of the 801 adsorbent
(3.27%) and 185.06 times higher than that of Al,O3 (0.52%). The SG-PEI has a good prospect for applications due
to its high adsorption capacity and selectivity for Fe*.
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Tab.1 Basic properties of gear oil samples and the oil change indicators

PR T o'}"g;ﬁff G it A Eﬂfg:%li‘)ﬂm ! A Eﬂfgiﬂoiifm 2 NB/SH/T 0586—2010L-CKD
40 CizzhFhE/(mm? st) 323.62 229.78 325.16 AR (b #>15%
20 ‘Cili /(g em3) 0.8799 0.8743 0.8738
K4 (mg L) 55.9(0.006%) 182.2(0.02%) 119.5(0.013%) >0.5%
2 {#/(mgKOH g1 0.3849 0.3832 0.666 4 FRE 1 > 1
Fe3*Jii 550 %/ (ug oY) <5.0 93.1 >200.0
Cu* it/ %/ (ug 979 <5 <5

1.2 LIGER S
1.2.1 A M FHEGH] &

IR (SG) RINEME LJ& Wi (PED
B R 7] (SG-PED o FE A FH AT 3EA T BR VG TG 10 B
Ze04, FREL— @G E AL, InN 30 mL 5%
(1) PEI-H AW, =i FIRmHHE 24h, HEET
Ky FEESRE)S, BN 60 CHUE TSR, 53]
SG-PEI Mt 7)o
1.2.2 PP A 69 R AR 1

B A4 XRD il 7E Bruker D8 ADVANCE £
s AT EREAT o No WROBE BRI Micromeritics
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ASAP 2460 4= H Bl LR 1 5 LA A EdkAT, #4
BHIUET 2E7E 150 CHAMA 12 h, KM BET 77
FEFN BIH MRS R EL R TR FLA AT 1440
% . 7€ Thermo Nicolet 1S50 £I4M¢i4% _F#E47 FTIR
ik . SEM/EDS il 7E HITACH SU8600 i = 73 i
YR SR T B s LT, InE R 15 KV,
1.2.3 Fe3*eR i 52 b

RS HIR RE R, T MRS SR IR
SRS T, BEAFH A TR R AT R, AR
T AT VHG-21 BE 5 7 B AU 3351 T W
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Fig.1 FT-IR spectrum of the fresh oil and operating
oil samples
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2.2.1 bk @ A ILB AT

77 K N N2 fE PEI it SG A JE#4 K LRI
JE B 2k an Pl 2 firas . P 2 T L, N2 7F SG 5 SG-
PEI (1 i bt th 235 J8 T AL BHRER ) IV A
SRR, FETE I Hy BRI IR, HALESHT T
#* 2. @K 2 W41, SG 5 SG-PEI 1) BET LLaRTHIFN
N 312.576 m?g Al 262.523 m?/g, it jE ARHEIFL
K LA A NI, X AR TR T
PEI {13 R M H Be I IR0, 4 FLiEH; PEI (54
FTE

0001

STPW Ff &/(em™g ")
2
<
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M2 E Jpip,

2 N2 7E SG 5 SG-PEI ERYMRBEMILZE (77 KO
Fig.2 The adsorption-desorption curves of N2 by SG and
SG-PEl at 77 K

% 2SG 5 SG-PEI M7LIE S
Tab.2 Pore parameters of SG and SG-PEI

BET LLA&THIAY AL A 7
okt (m? ) (cm? g) P2 5LA%Inm

SG 312.576 1.158 11.002
SG-PEI 262.523 1.024 10.318

Kl 3 4 SG 5 SG-PEI HifL42 50 M. K 3 7]
LA, PEI S RTEM B LL 5~20 nm ALK
X, FITF Y E

—=—350G

LA AR AT F B 0r I8 A (em™g )

0 5 10 15 20 25 30 35
FL4F/nm

3SG 5 SG-PEI FLIEH %
Fig.3 Pore size distributions of SG and SG-PEI
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2.2.2 FTIR &4t

SG 5 SG-PEI # EHE FTIR Hi% Wik 4 Fiaw.
Horb, %3454, 1639 emt Ak IR R T RE L R
) O-H #&3h, 1100 cm L Abf) KA IR T Si-O-Si
IR IR0, 804, 484 cmt Ak (WX B Tk
A Si-O-Si HI& hHRaNR2 ., T otk fE AR
3454 cm AL UG TE L W EI A DR, PTRE R RER R
[i-OH L[ 5 [ B3, ok J5 AR L T ¥ 2
PEI F4FEIE: 2 855 cmt AbfIg IR T C-H #Ef
PR30, 1540 e ARG ER T N-H 1125 a4,
1 470 cm L AbFAIE T IR F- C-N S84 iR 3h 1), X
LRI J5 PEI B Ih R 78 TERE A BRI

i 4 A 1%
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& 4 SG 5 SG-PEI B FTIR % &
Fig.4 FTIR spectrum of SG and SG-PEI

2.2.3 XRD % 4t
SG 5 SG-PEI #1#} XRD iKWK 5 frx. ik

JEORTEE TR, RTSTESR BE SRR, HATS A
BRI, OB ALE B .

El U Sy SG-PEI
&
T;‘?\:
=
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Fig.5 XRD patterns of SG and SG-PEI
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Fig.6 SEM images of SG and SG-PEI

EDS mapping JG& & &ML R IR 3. ik
il SG #fih N TTRFTE 3 HCN 0, MM /E SG-PEI #+
a C 5 N TR RE U B, IEW T PEI
A R

Fz3C. N, O. SiTERESE Hhi: %
Tab.3 Mass fractions of element C, N, O and Si

R .
C N 0 Si
SG 7.67 0 50.34 41.99
SG-PEI 16.68 158 47.26 34.48

2.3 A MERERS IR B R FeS BB 0 47

Kl 7 v SG 5 SG-PEI 1) qrt #hZk. HIE 7 T
DUE H: SG Wt Fe3* M s 2218 7+, 5h 5
W B A1l s SG-PEN 1E W14 M B B R A R,
1 h JEWFHEZERSE, [FFEE 5 h b EEAREEF
f7; SG-PEI Xt Fe3* W ff & (17.54 mglg) BE&ET
SG (10.28 mg/g)-
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./‘——r__
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B
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[E 7 SG 5 SG-PEI B qut %k
Fig.7 qe-t curves of SG and SG-PEI
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qt qe szez

K g NPT R, mglg; g TR t IR
M=, molgs t NIRBRESTE, hs ke AA— 20 BRE
REH, bl ko AL R IERE L, g/(mg-h).

P — R B )R B S, WA
ZHAERINK 4. WELRER: SG 5 SG-PEI i)
AN ) R R T A B IR A R B B A S
BOAH, A — S S AR S R B K T
SE: 5356, SG-PEI UL =20 3) 71215 A5 2 (1) AH
KAZFIR? 099997, Rt, L —Zhah72AiREE
U MR LR B ATy, DU T R AR B
P B 32 3P0, AR AEA S g W SRR =4, T R
& N, O FJFET5 Fedifr it 2.

&4 WHFERUESH
Tab.4 Fitting parameters of the kinetics models

A— 23 Fr 27 B = GeEh Iy B

M Qe/ ky/ht R2 0/ ka/ R2
(mgg?) (mgg?) (gmgth?)
SG 7.244 05039 0.996 0 10.480 01778  0.998 99
SG-PEI 3338 0.3346 0.8403 17.593 05885  0.999 97

2.4 THMERERT IR M AR FeS R T 0 4R

8 4 308. 318. 328 K THXFHAFHIHI qet Hh
2k, MK 8 7] W, SG-PEI X} Fe3* KW Ff} &t iR Tt
WS AN, Ul PR AR AT R AR TR N . T
AP AT I FE SR R R, I (3)—3(5)
SRS RIATIE b, A EE R IE 5.

20 -
b e
=1/] -
& f?
£
= 10|
i
51 —— i F308 K
—— R E318K
—— 1 E328K
O 1 1 ] ! ]
0 5 10 15 20 25

8 FEIEET qrt HiZk

Fig.8 gr-t curves at different temperatures
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s Ko AR 122 PR H: ASo NARHENRS
A%, J(mol-K); AHo NFRHEEAE, kd/mol; AGe N
Al H HAEAE, kImol; E. ARMIGILEE, kI/mol;
ko NIHAEFEL gl(mg-h)s ANERL RONBE/RSE
W, 8.314 J/(mol-K).

x5 AWM FSH . RS PGSR
K, BEAER LT R, AR ke (B PN, B
Tk T A ) T3 T IR B 2 . R R A A A AR
AHo=—14.862 ki/mol, Ui W1 H BN, T i B
ANH TR PR HEAT , 00 2T P 8 i 2k i B B A PR
SARERAE ASe>0, IR B iR R G
FEXEIN. EARFRE T AGo HY/NT 0, i BHIRFT
AN E KIS, JEHBEERZ TR, AGo Zi%)
eI RGN, IX AT BE e BT SROSOA TR S R
T JE T E AR R T, 5 — 7 IR T e A
ARG D, R AH AL 7R 0, (B R
EARBE TIRM I HEAT, BRI, 2R R TR AR
Me o R RE SR B AE T B R R

R 5 WM S
Tab.5 Adsorption thermodynamic parameters

TIK kof AGo/ ASo/ AHo/ Ed/
(g:(mg-h)t)  (kJrmol!) (J:(mol'K)?) (kJ'mol?) (kJ-mol?)

308 0.539 -17.049

318 0.749 -16.919 6.896 —14.862 15.884

328 0.784 -17.195

2.5 BUMERERS X H A FedtRYIR M ZE IR 4

SG 5 SG-PEI [WRFH=FRZME 9 Frx. H
Bl 9 mral, fFEMEFEX, SG-PEI X Fe**if
A EZA 28.71 mglg, 1 SG ~F#iW k&L AN
20.63 mg/g. SG-PEI ALt SG Xt Fe* Wi &4t 1
39.2%. X & i T PEI P BAA F & iz AL A (B 10D,
HAR N FEraetieftdr, Bk, 5 Fei
RSB TSGR, NI RO Fes+io25-261,

30F
.
25F
_ 20F
o
s 15|
E
= 10
&l ——SG
ok —=—SG-PEI
1 1 1 1 1 1 |
0 50 100 150 200 250 300

C/(mg-g)

9SG 5 SG-PEI X1 #El Fe®* By i &R &
Fig.9 Adsorption isotherms of Fe** on SG and SG-PEI
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Fig.10 The mechanism for the enhanced adsorption of Fe3*
by SG-PEI

f#F Langmuir F1 Freundlich 557 s i b 4535
LATMA, WESHIE 6, HRERIEAWT.
Langmuir 75 #£:
C._C,K ©
G On On
Freundlich J7F%:

Inqe:%~InCE+InKF )
A Co NPT RS malkgs om AN B
=, mg/g; KL v Langmuir % %(; n 5 Ke 2 Freundlich
(it
* 6 WMZRARESH

Tab.6 Fitting parameters of the adsorption isotherm
equations

Langmuir 75 £ Freundlich J7 &

ke

Qm/(mg-g™) KL R? n o Ke R?
SG 26.49 6177 0.8226 2.08 167 07391
SG-PEI 29.81 890 09970 445 934 0.8290

ML 6 T BHAI %1, Langmuir J7 2R R2 KT
Freundlich 778 R?, #HHAHX T Freundlich A&7,
Langmuir #5584 G608 T8 LF R I B A2, ELR B S AR
HAT B0 B AR AE
2.6 IE1T M R IR B % AL 3 LR IE

TEW B RE 60 °C, WRBfHAFE] 120 min, JH5 Lk
100:3 FI 26 R T SG-PEI 55 Ho Al AR B 75110t
KEHLHIZITH 2 (320 5) FIRELRCR, 455
B 11 Fros. WP ACER S B e i FeX i &4
#0351 ugly, THFEERIE N 0.263 mgKOH/g, 7K4>
N 65 mg/L, Fe3*MifRZ A 96.23%, s& 801 MK

(Fe**il& % 3.27%) 1) 29.43 15, & Al,Os W i)
(Fe3*JlifR % 0.52%) 1 185.06 1.
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Fig.11 Comparison of purification performance between
SG-PEI and conventional adsorbents on operating
oil samples
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