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(2016 4¢3 7 12 HYLEI; 2016 £ 4 A 14 HILBIE R )

Uy A(bisphenol A, BPA) /& —Ft N 43 WA T 44, X HLAR 2 5 = AR A Rgm, BG40 R4, #
Z RS IR R B, NI, KB b WA I AT 25 6 BPA B8 o E B, SLIRBF &0, Atk S
(graphene oxide, GO) X} BPA B A {5 AWK B 22 B ML B, ETE 4 7 2 T AW B AL M ANE 26, > T8 1%
BLALL, Aede it BPA 7E GO 2% [ 1 3 74 W P I 72 DA JG MR B A4 R A5 R 45 B, 7T AIRAN SREG AN 2. AR SCR
GROMACS 7 T2 AT, RGBT BPATE S GO BIZKIER R B i 72, v+ 5 7 WM B e,
g oR: BVA 1 BPA YIgE W B TE GO i, It 54 BPA MR BHA S L K5 GO FIAH BARFH, R BI me-e Bi
AKAE F XU PRS2 SR A, FLE R ARG i e 1, i i B AN SV E F IS I T GO MR PR AE . @i E B RETh
., BPA 1£ GO R 454 Beik 30 kJ/mol, KT 7K FH15 kJ/mol. X #e4h5 k—PHiES GO X BPA &
A AR I B R AT LA K GO AE M B FRUAE KV 8 Hh 25 B BPA [F AT AT 1.

KRR XU A, A S0, T, 20T ah AR

PACS: 31.15.at, 68.43.Mn, 61.48.Gh
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KSR 3 1 5 ) 77, I GRO-
MACS 2 ¢ 41, 2324 Biftl 7 BPA 7E GO K 1 ¥ 9>
A S R B, VESE 23 B 7 BPA 5 GO BIAH HAE
. R, i <A AE B 7, THEAS 3] T BPA
7E GO R IR Bt ge. SAHE S sLig &1l
TR IR — 5, 3t —PESE T GO E NI 7
TEZKIE T 22 5% BPA B ATAT 1.

2 bt E S

BPA 41 ¥ 1) ¥k $b 45 14 #1 37. 3% 2 # L PRO-
DRG PR 45 88 3513, &1 (a) i, H
T PRODRG ;7 2 [#) 6 43 H faf A fE 1R 4F Hb 44 1
BPA /K& %, 5 H % 272 B8 B3LYP J7 VA 1E
6-31G(d) s 21 7K 7 1261 S 3 41 45 W A 3k Tk 4 72
) BPA 73 T 4T 1 JLAT 45 1 B4k, &1k
2207 V5 543 2 1) BPA 1 %% R 7 1 Mulliken H
o, REIR U MO 75 & BPA I HLAL 22 ME . BPA
4 84 1 A8 46 A2 Mulliken Jii - H faf 1) 372 BX 35 5%
Gaussian03 #14F 4 56 B 7. GO(KE 1 (b)) {37
[M43.7nm x 5.4 nm, L Cyo0;(OH); (COOH)g 5
SR 7R Al e S S T R 7 i AN R (R EZ
A BREMUGHRENHE N1 1 -
1 : 0.5, W7z N TR 5 73 71 %
LY B30 GO ) 71 3% 2 U HL A Patra B 78
ANHBUD BRI R BRE R AR S RN
occ = 0.34 nm, ecc = 0.36 kJ/mol, C—C 8K
40.142 nm, C—C—CH#EfHL120°, C—C—C—C
NCFIH A, BERe OB RABIRL S R AKX
N1.5x10% kJ-mol~'nm~2, 223.3 kJ-mol~!.rad 2
F113.2 kJ-mol 1. FHE BRILFIM AL S HNH

GROMOS53a6 /73. 7K45 U1 R FH 17 B A Ho ff A5
7y [32]

Ay
P

(a)

1 (MFI#t) BPA (C1sH1602) (a) #1 GO (b) 5 T-45H#
Fig. 1. (color online) Atomic structures of (a) BPA and
(b) GO. Color scheme: carbon (cyan), oxygen (red),
hydrogen (white).

FIv A 15313 )1 AR AAE IE W 22 25 (canonical
ensemble, NVT) T, iz Hl GROMACS #X 4 5¢ f&.
TR R A, L % 1 7E 300 K, F FH V-rescale
(592 B3 R R P I S A Ak . KRR i A
HAE K H Particle-Mesh Ewald f 77 3% 4391 i
JOAEAEAH BLAE H BT 4259 1.2 nm. GO #1 BPA
B BL K 23 1 R B K 2 SR F LINCS
M SETTLE (215 732 PO X RTS8 K AT U
2 fs, BIFLES A28 50 ns. SCH FT A 10 45 4 & # El
VMD BT 558 i,

BPA £ GO [ F W Bt 52 LA & BPA T i 141 7%
1) 28 & fe 3l i v 5 24 77 %5 (potential of mean
force, PMF) 73 2|, 3K H < £ (umbrella sam-
pling) K177, HARMMHOEZ: B %, e GO B
# BPA [A17%, R )5 hi3) GO B BPA P #% R M ¥ —
A~ BPA 4 ¥ HH R TH W 5 [ N AR bR (2 i) 21 )53 .0 (7]
PE 3 nm 2 45 AL B SRS X HE 4 0.1 nm FIFE
B —ANE N, fERANE L, BPATER — A58t )
(#M: R %0 2000 kJ-mol~t-nm=2) BRI, S P4
5 ns, FEH5 ns I THHEE. &Ja, @l 5% (1) i
HA33 PMF.

AG(z) = —RTIn P(2) + U(2), (1)

Hr AG(z) N BPATE z &b H HHRE, P(2) & BPA
1 2 IR, U (2) Nim#%, RN ESMEEL, T
NRSEEIRE . 4E GROMACS H, 7] AR 78 5
“g_wham” P8 RUIIBCHRAR B 9 #Ti53K 43 PMF.
BPA 5 GO WA EAEH ae vl d@d (2) itk H 5
B, Hor vy ABEFEEE, Vi PR R R 3
AL FE VOB AR F e Vi AIER A BAE R RE Ve, B
TEAESHCR FAFRERA S U, Bl &5 = (e0e5,) /2 A0
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0ij = (0u0j)"%. f = 138.9 kJ-mol~'nm-e "2 K
L A T
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.o\ 12
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ij
3 X5t
3.1 I8 BPA BI7KA M

BPA MV T 7K. BB AE GO R 1H 1 2
T, AR50 1 S0 I, B BPA (7K
Witk BPATEAKINIEL N B2 BI%E. If
I IEBAR: £—15 nm x 5 nm x 5 nm
(7K & FBENLIBON 50 > BPA 231, Wil 2 (a) i,
SRIGHEAT B 15 L. T UL B, BPA fE/K ik
AR (K2 (b)), FIEMEE T KRR
G ATE S T E R 1%, AT LIRS BPA TEK
25 A Re, W 2 (o) fin. BPATEK T RIS &
REZ) N 60 kJ/mol, i KT 7K 7 v S8 ) B R
20 kJ/mol /£ 4. ] W, BPA B F|TF7EKh I, Bl
HAAMRE B, RSk T 11352500
HERPE.

(2]

T’i]’ 7"1']'

3.2 BPAZEGOXREMSH

AR, T BPATE GO R TH MWK 2. GO
BPRHZES nm x 7 nm x 6 nm B 7K & T HH O,
GO Il B AL AN 50 4~ BPA 4r 7. 7K 43 T I 3L
HA57004, w3 (a) fin. FENVT REE T4
T 50 ns, A LA B BPA 5¢ 4 # W B B GO %
(E3(b)). FATH S 5 120 ns A T i &% & 5
Mr, G5B A0K 3 () fizn. BPAZE GO MUl 3EA X}
FRor A, WEAE AR B GO £50.5 nm &b, 1% KT
C—C R ¥ A u 42, Ui EE— /= BPA 2
KNEE GO KM, 142K BPA M5 B F #i KA

R . FECOmim, %A BPA 4 i, AL
HEA T RERE.

TERXT R, AT AT T /K5 7 I i & %% B2 43
i, W 3 () A ZE AR, [FFE, BE GO £ 0.5 nm
b A — AN AR, IX A A GO 3R IR 1 5 AU e
ReHl, 5K FRer= Ak s EH, BFEE K
S
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ES ey 2

Fig. 2. (color online) Self-assembly of BPAs in water
solution: (a) Initial structure; (b) final structure; (c)
PMF profile of BPA cluster.
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B Jo % € 43 A

Fig. 3. (color online) The adsorption of BPAs on GO:
(a) Initial structure; (b) final snapshot; (c) mass den-
sity profile of BPA and water. The center of GO is

fixed at z = 0 nm.
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3.3 BPA5GOWHEER

WATEARHT T BPA 5 GO MIAHEAER. GO
F1%) 5 P T 5 A DR PR A S A DX 3R 2 B P A e
SR, 1 BPAH AR, HAEADNHRR EA —
ANFEEE, Ak, BPA 5 GO Al LUJE & m-m HE AR A
A AT %R HRTE GO R 155 — 2 BPA
TSR, RIAE GO BBK X, 215 60% (1)
BPA 43 FIKE GO K, W& 4 (c) 458 1 fiaw, K
I IE 702 GO REM X . TfiZb &) BPA
AT (2115 30%) 4 A 7 GO AL IX 35k, 4P 4 (f)
git 2 s, RIS U E el s gy R
B A B4 R BB RUNPIRES. 7850 A F H0R
(11 BPA 73 B4 2 o (FE AR [F] R/ & - b,
BPA %2 518 20, 30, 40, 100 4Y), Eik4s R
A w2, HEEA B —30. ATRUHERR LS
GO R (3 BLEE S ARIE 5 GO T 1 I f A
SHCRAT & mem HERRE F IR O FE AR e v,
Toft 5 B A4 B - 2 B 03 ) AN 1 4 () B (d) P,
Al UL B, T AR BB AR B B AR R,
f£0.4 nm 45, BEKTF C—C 7 Z Al ju o
. AR PP R A A R 22 5, fEE 4 (a) T,
K £ AR TLAE cosa 1T T 1, FMESR IH 1 £ 72 16°
A, PRSP S GO SPHIZEA A TFATIR
. MAEE4 ()T, cosa EEATF 0.8 14, Hilk
SRV BE D 34°, B EAL T — MIARIRAS. ot 2

Ut S5H 1 e S EELL A5 R 2 I RE AR E — k.
Bk 2 4k, BPA (#2355 GO FIfk 3 H 2
) B AR, AT DUJE oAl B. DR AT 4 it
THHEZHEABEN . B 4Wimz A
e TE B — A S B, T 45 A 2 U AT BLTE B A
oy 5 B4 (b) M E 4 (e) BT s 1 1 51 45 51 A
— 3. RN IR PR A S B A B R e A0 1 5 B
R, MESE T RREE . B, WEE A, 451
(A ELAE F B2 5 T 4544 2, 43518 —110 kJ /mol Fl
—90 kJ/mol, WLEI5 (c). H i1 riufEierE
REIXF] —90 kJ/mol, JL-F/2 4541 2 M fis. 1M 4t
L AR B0 R 2255 T 45 2, A2 e —
MNEBRIRER, 220 kJ/mol. A ., BPA 7E GO
T PRI BRHAE P S i mem HERRAVE L 5 25, T i e
BB AR R R T IO AR e T X A R
mefArER RS RIEEYE.

3.4 BPA £ GO XKHEAIIXMiRE

WIS TEHFE, 1515 2] BPA FIK 5> 18 GO
T W e, Wil 6 fras. AT RLE 2, BPA £ GO
TS A BE KL N30 kI /mol, MK T HAH
1/6, X A5 kJ/mol. BPA ££ GO I it W b izt 55
T K5, B BPA 0563 GO £, AR
B BPA 78 55 I X 380 A 22 7K 70+ 5 4, &l 3 (b)
Fs.
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Fig. 4. (color online) The interactions between BPA and GO: (a), (d) m-stacking parameters; (b), (e) the

number of hydrogen bond; (c), (f) the adsorption conformations of BPA on GO surface.
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Fig. 5. (color online) The interaction energies between
BPA and GO: (a) van der Waals energies; (b) electro-

static interactions; (c) total energies.
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Fig. 6. (color online) Free energy profile of BPA and

water on GO surface.

4 % @

1E 42 5. BPA F GO ¥ N5 44 12 J13% 2 50 1)
Hefit E, R GROMACS #AF#EA 7 /K& GO
X BPA (W Bt 80 1 255 78, R 1H 5 T Koy M0
BPA 7E GO R [ WKt B B RE. 75 H DA =24
W 1) BT A I BPA 7 F 8 Bt 2 GO R THI, IR
Wi GO [f) BPA M %k E, KZ HBPA LL—4
RN GO B2 P -TAT &AM & 75 GO K1, Ui
B GO 5 BPA [ AH BAF FH PA re-me HERR B /KA T A
F, # L EEUVEAE TAE T DN g 2) 462 BPA U
W EE BPA H & 2 18] #) m-m HERUE F R0 &0 DA e i
KA EAE R —L; 3) @it T hhAE, 1H5E-F
B 4%, 3R157K 4> 7 F1 BPA 5 GO (45 & fig, BPA
£ GO R K454 8N 30 kJ /mol, TiK 3 FAH
5 kJ/mol £ 47, Wi W] BPA BAHIT K37, e
B2 GO R AIRE 1. X E 4518 R SZ U6 BF 70 e &
it EAEF Y&, #—PAiEsE GO X BPA B R
(1) % B & 77 LA B2 GO AR 2R T8 B 770 76 7K s v v 25 B
BPA BRI AT 1.

UM R A BERL 2 SER A B 7 i 2R gt B
G A P A0 T2 BRSO O AT A S5 1.
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Abstract

The elimination of bisphenol A (BPA) from water solution is of great importance, since BPA can cause the functional
abnormalities of human endocrine system. One feasible removal method is the adsorption by graphene oxide (GO).
However, the interactions between BPA and GO at an atomic level are still unclear. In this study, molecular dynamics
simulations are performed to investigate the adsorption of BPA on the GO surface. The results show that all BPA
molecules are attached to both sides of GO. The adsorption conformations of BPA in the closest layer to GO surface
mainly exhibit two patterns. One is that the benzene rings of BPA are parallel to the basal plane of GO to form m-7t
structures, and the other is the two hydroxyl groups of BPAs interacting with the oxygen-contained groups on GO to
form hydrogen bonds. Exploration of the detailed interactions between BPA and GO indicates that the hydrophobic
T-T stacking interaction is the dominant force in the adsorption of BPA on GO, while hydrogen bonding enhances the
binding of BPA on GO surface. Eventually, potential of mean forces (PMF) of BPA and water molecules on GO are
calculated by umbrella sampling. The binding energy of BPA on GO reaches 30 kJ/mol, six times as large as that of
water on GO, which is only about 5 kJ/mol. Our simulations further confirm that GO owns strong adsorption capacity

and GO can be used as sorbent to eliminate BPA in water solution.
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