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Factors controlling adsorption of tetracycline antibiotics onto
graphene oxide nanoparticles

LI Yanxiang' CHEN Jiuyan® ZHANG Wenbo' ZHANG Yugiang' MA Long'

LUAN Rijian' QI Zhichong® ™

(1. The Testing Center of Shandong Bureau, China Metallurgical Geology Bureau, Jinan, 250014, China;
2. College of Chemistry and Chemical Engineering, Henan University, Kaifeng, 475004, China)

Abstract In this study, adsorption kinetics and adsorption isotherms were employed to investigate
the adsorption of tetracycline antibiotics (tetracycline (TC), oxytetracycline (OTC), and
chlortetracycline (CTC)) onto graphene oxide (GO) nanoparticles. The results of adsorption kinetics
demonstrated that the data were fitted well by the pseudo-second-order kinetic models, which
indicated that the adsorption rate was probably controlled by chemisorption. Meanwhile, the results
obtained by the adsorption isotherm experiments showed that GO exhibited high adsorption capacity
for all the three tetracycline antibiotics, and the adsorption capacity followed the order of CTC >
OTC > TC. The main mechanisms involved in the adsorption behaviors were m -7 interaction,
cation —t bonding, hydrophobic effect, and electrostatic interaction. Furthermore, the adsorption

characteristics were related to solution chemistry conditions such as pH, ionic strength and divalent
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metal ions. The adsorption capacities of tetracycline on GO decreased with the increasing pH or ionic
strength (i.e., NaCl concentration), which was stemmed from the reduction in electrostatic attraction
and the increased electrostatic repulsion between tetracycline antibiotics and GO. Additionally, the
presence of divalent cations (i.e., Cu®") could significantly promote the adsorption of tetracycline
antibiotics due to the surface-bridging mechanism. Our observations indicate that properties of
tetracycline antibiotics and solution chemistries play important roles in the removal of tetracycline
antibiotics from aqueous solutions by GO nanoparticles.

Keywords graphene oxide, tetracycline antibiotics, solution chemistry, adsorption.
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Ak A 550 (graphene oxide, GO) J&— i HA 1 2 MU B AN AL 2% P 5T 1397 28 — 4E okt 5 Ho Atk
YA B CUNBRGIAKAE FN nCeo) AH L, BA R AYR AR RIRE R 2630 m> g )P~ F1=F & /) & A B g A
SRR, BT AT A NLE R (AR R L Wy A FIZ 051856 ) 19 2 BR12 . Gao S5 R BI, TUIFAER
1E GO L AW Fff 3= B2 A P F - AH BLAE F FIBH 25 -n #4E . Zhang 2561 iF5Y 3R BH, GO WK B DU A 2 19
AR wen PRS2 AR RN 5 SR R A E. B AT PSR RIE TR B K A2 S5 (an pH Al
B OREE) 2 URRZRAE GO b (W FFHARAE 7 £ 520 . — T 7, PUPRRAE GO b By W B ot Fifi 5 25 i
JEE CH Na e B ) i pH A% 384 I i R AR, (W], A S99 A 98 28 W — 0 4 J BH B8 7 (40 Ca*") W 1 35 184 58 DU 3F
FAEPUE R LERME CAnRR GK A FA Y e ) b g B~ ME B B G T 240 4 )@ FHES X GO 1 jf
INBZ N e 1 E b A W i N o L L O 0 Y B = e/ AR e A L N T T 7
(tetracycline, TC) . + % % (oxytetracycline, OTC) . 4 % & ( chlorotetracycline, CTC) . i# J] & &
(doxycycline, DOC) LA J H1 /i + % % (methacycline , METC) SR Rl R fy b Az A6 40 24544 . BiK
PEFNE g S5 5 T HAA AN R R RHE, 26110 AT Be 22 H 5 GO A BL/E WL 4K, B iS¢ T GO XA
R AUHT A 2 W B M RE I BF T IR R B TR A

BT UL BT, AR SCR G TR RIKAL A 54T (pH, B3R B2 Cu?'), 3 iy DU BR 2 28
PR (TC, OTC, CTC)1E GO HARMURL_E By B 47 2. BRA I T GO G K IR IR Fff DU 346 3R e 2k
RONTEDLIELL K 3 FhiA= RS GO M EAE ™A 22 R S5 8, JHER S GO 9KpA by I Tk =26
15 Y16 5 S HEER ARl

1 MRS )7 (Materials and methods)

L1 A5 3]

TS-2012 BUME AR A% CH I FE TSR Hil G A R 7D, 101A-1E B FAGX TR A (1T S AR
ABRAT), TU-1810 240 AT UL 43 SO0 BE T (b s A il A A FR A W] ), L-530 B30 HL (KU
WA, BS124S HF K (8 2 R R 2= A BR A F] ) s pH 3 (i 5 #EAL R A FR A W],
Zeta-Plus Hi {7 K #7493 #r 4% ( 3% [E Malvern Instruments, Zetasizernano ZS90) , & Iff 2 43 #1 AX ( 3€ [
Quantachrome AUTOSORB-1).

SAAAT I (99% LA L AERE, KEEGURM B BHCA R D ; TUFRER (> 98%) . 3R (> 98%) 4
BHE>97%) (FIH T AL A ARG R AR ). 100 mg L™ AUHT A ARSI (4 °C 54 F BOCIRATE).
1.2 GO BT M £ 5 RAE

Z:BSCER 7 k2, A GO BRI AR RGN R o 100 mg GO AA 1L 2 & FoK i, 727K
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VA AL 4 b, SRR GO B TFIR (100 mg L), A AE 4 °C HEbGIRAE. Hil 451 GO B £ W AE—
A H N BB IR R R .GO BRI C-HL FK ) 2% B4R (Dy) F Zeta HLASE BOREE 43 AT AL 22
1.3 GO YK BRI B A= 36 15 YL W W B 3 07 27 52 55

H—E H 1 GO BVR . UL R WBOR NaClIA O A E] 20 mL kR (B 390, 175 GO b A &R
B Gk B 4331 S 20 mg- L™ A1 15 mg-L™', & F 58 4 10 mmol-L™". 2k 0.1 mol-L™' HC1 & 0.1 mol-L™'
NaOH 435 W R 15 1R 22 19 pH. B FE S O IR IR 35 46 PN 3BE 8 58 . R 48 101 56 38 2 194 B[] 1] g (0.1 —
72 h) R4E, LA 15000 r-min™' 5.0 30 min 43 25 WA FTE AR, LW 0.22 pm 8RR, FER40AT IL 43560k
JETTAE 360 nm Abil i DU IR R 2B AR 2R vk =2,

W B 7E GO 9K kL I (4T A= 2 0 i i e B 3R A =R 115

_(C=CYV
m

K, g AW 255, mgg s Co BPUAERMWMRIKE, mg L C bR P E, mg L, VIR
WIARER, L m 2 GO AR BRI BT &, g. R ORIERUE B, A2 5000 84T 3 4K,

AR FE R W0 80y 1 AR — G0 8y S AR (A3 2) A sl g 2 ml (3K 3)) A 3l 12
o fE),

(D

In(g. —q,) = Ing. — k¢ (2)
t 1 t
- 4 3
ql qug Qe

H, g (mg-g ) M g, (mg-g )43 Pl ZAE VA ¢ (h) B 20 B9 W2 BIHAR B, &y (ht) Shy v — S0 08 o 3k
THE, Ky (g-(mg-h) ) P 0 ) o 585 40
1.4 GO YK FURLXT BT A 215 YL it i o 5 R 2

K AT TR B SEIRHR T T GO YK BUR: X Bt Ak 2875 Y 1 W BFF A R 26 AR SCE AT T 4 415
B: (a) AR PUER ZE 2414k Z (TC. OTC Fl CTC)7E GO | AW I 45 iR 285 (b) AR pH(5.0—9.0) 5544 F
PURR K240k BAE GO AW BHERAE; (¢) ATR] NaCl #JEE (5—20 mmol-L™) 458 F DU Z 240k KA
GO I [ BRHRFAE; (d) Cu® X IUBR R 2B B0 4 B AE GO LW B 52 M.

ARSI RN ¥ — 2 51 GO B IF I A S 20 mL 4% (3B, 85 AR & P
BT, T A [ V1% B A Sl 38 38 L, (645 GO MBI LR MR I 20 mg- L, DU FR 2 9k 13 433l
J91.3.5,10, 15,20, 30 mg-g . A 0.1 mol-L" HCI & 0.1 mol-L™' NaOH fJ % & I8 35 14 2 i pH.FH 2 Y
2 B J RN 5 T 2 B B L. T R S YA IR R % A PR R S 3 d LA A W B AT, S Ay
J&i, 4% 1.3 HAR B 5 D R KA R TC R

K FH Freundlich (/A 3K 4) FZk b (220 5) BRI U4 W0 B AR 2R. T REUn T

q=K:C; 4)

q=K,C. (5)

A, g(mg-g™) o PUBR P 3R (41 45 W RV 3 5 Co(mg- L) oA DU A 28 0 A 3R A A A o W0 f )
GO YA URL_E A P Ak Ji2 5 Kp(mg'™L™g ') iy Freundlich 52 FIRE n HIEELREG Ky(Lg) R B A 53
Pic R %L

2 5B 53508 (Results and discussion)

2.1 GO GKIBURLXS AN [F] PO BF 28 2t 2 = W [ 3l 71 2%

GO MPLA E M WILR IR E N 20 mg- L™ 1 15 mg L™, HL AN 10 mmol-L™' NaCl, pH = 7.0 4514
T, 3 B3R 2 254104 Z (TC. OTC 1 CTC) 7E GO 44 K Tk I AW fif 5 124 dh 2 an 1 1 fir s . e 1T
3N, W R AR AR . AR AR v, B4R R B e 4 4l GO R B ALAL, IFAE 72 h Wik
B, 5 SCHR [25] HHaE —EL
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Fig.1 Adsorption kinetics of TC, OTC, and CTC onto GO nanoparticles
WA, SR D — AN — 20 3l Jp 2 BB W R 3 ) 2 Bl AT 1, G S BOLER 1 Hh—HBh
SEROR AR SC R BE (R?, 0.961—0.982) /)N T-0h 44zl J1 AR A AH 5 R 8 1E (0.992—0.993 ), K W] 1
T E I ARG SRR WS B DRI, W B AT BEAZ A A M B R PO TR Ky (BN
Bl CTC > OTC > TC BN, WM B DUBR 2R TR R AE GO LR S HT AR AR AT P,
F 1 AFEUKAFEZMT GO GKITURLNT PU PR 28 A Hi A8 T 0 I B 45 TR 254

Table 1 Comparison of the pseudo-first-order and pseudo-second-order models for adsorption of TC antibiotics onto GO

h— 8l A th =8 )i~ #
ﬁi? R T I (mmo_l'Lil) pH Pseudo first order dynamics model Pseudo second order dynamics model
Antibiotics Electrolyte solution ko /0 R k /g (mgh)” R
TC 10 NaCl 5.0 0.0325 0.982 0.0223 0.993
OTC 10 NaCl 5.0 0.0655 0.961 0.0351 0.993
CTC 10 NaCl 5.0 0.0686 0.966 0.0465 0.992

2.2 GO GKIEURE XA [R] DU 3R 22 2 i A= 22 1 W fff

3FPUARESIEZR (TC, OTC Fil CTC)FE GO ZHKBURL I Ay Wz i 45 i 2k LA 2. GO X 3 At A= R 1
FEPH A v O FERE 3. ph % 2 RN, Freundlich A5 AR ABE Y R L XoF W oFF 452 T £ 1 e B0 A T AR 2 1
PUA H R 5 R H> 0.921).

1000

1
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600 -

g/(mg-g™)
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Bl 2 TC.OTC #l CTC 7£ GO H KUk I 1 W Bk 55 i 2% (Freundlich A7)
Fig.2 Adsorption isotherms of TC, OTC, and CTC onto GO nanoparticles (Freundlich model)

ARG LA AN 25—, GO 15 PUPR 2R A0 Az 3R Z [ B0 e i, W 5 | J— o B 2 ) R ELAE P2, 75
5 2 F T (pH 5.0, 10 mmol-L™' NaCl), VIR 2 AEHTAE Z R M7 7R 1E AL A9 — T B2, 1T GO B 171
PERFIE (CHLAL N -18.5 mV), PRI TC REfE 5 GO BI—COO—FEHI P A i 51 3L 28—, h THUAER
1 GO BILEFReIE, TOPR R P R P DT RS S GO BYZNIIIE FbAs 45 4 22 ] 237 A= m—m HEFR A
AL 56 =, DUBRERPUA R A5 A h & A IE LA i B RE AT LI, 5 I TR B AL RES 5 GO P n il T2
) B8 FH B - B0 25 0, GO &A1 £ i 003 VR eI ORk | 23E | J FRRIBR S8 56 ) 101, ] 55 Py R
FRRPUA FIE A [ 9 S, R m, Se i RIT SR B, K PERERS R T A R (e e 2R F A 5 )
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TE GO FIZ BEGRAUKAE T AW 04, Rtk B /K A I AT B2 52 GO W B USA R 2B AE R ) —
FEHLHI.

WAk, AR 2 BT IAR BH (2 A9 Y, GO 44K Uk X ix 3 R Ak 28 5 B[] B e R RE 019, DU BR 228
oA Z X GO By B RE SR YK Ky CTC > OTC > TC. W Fi45 A 400 25 445 5 IR 58 7%, 356 1 R 40 K 1]
SRS TE R B0 Ky (B2 CTC > OTC > TC (WL# 2), W] CTC b OTC #1 TC 455 GO tHEfEH. LA
FERRIFGE v, S TFRRAIR MRS [R) 2 B AE 22 r S B R TR W B 66 ) 2 FR B AE 210 pK, TER i e,
SR, ARG Y 3 FALS 9000 pK, [EARFAL. UL, pK, B0 PUPR 2R 28404 ZAE GO - (1 W 5% i Jf:
A B K. 45 R AT A8 5 DU R 2B AR K A K M (i TIE 32 B K 20 e B B0 B 1gK,,, 8 ) A K.
3R A Y 1gK,,, EAK K N CTC(-0.62)>0TC(-1.12) >TC(-1.25). CTC E.75 He 5 09 i K P 5 Ik,
CTC fil GO H & A K MEAE FHEE GO XF CTC S HFH KAWL HE 7. 3X 5 Zhaot FIl Li 4689 ffifF 53 45
R

R 2 AFKMEFZRIET GO GYK BRI PR 3R FEPTA: R I 45 & 25
Table 2 Sorption isotherm parameters of tetracycline antibiotics onto GO nanoparticles under different
solution chemistry conditions

A B 7t R 5/ (mmol - L) Freundlich model Linear model
Antibiotics Electrolyte solution pH Ke/(mgL"g") n R K/ (L-g") R
TC 10 NaCl 5.0 17.3 0.596  0.949 5.43 0.921
OTC 10 NaCl 5.0 61.3 0.798  0.978 37.1 0.975
CTC 10 NaCl 5.0 158.9 0.882  0.988 110.9 0.987
TC 10 NaCl 7.0 9.05 0.696  0.966 3.69 0.932
TC 10 NaCl 9.0 4.81 0.738  0.945 245 0.928
OTC 10 NaCl 7.0 443 0.791  0.970 26.6 0.996
OTC 10 NaCl 9.0 19.5 0.975  0.980 18.7 0.969
CTC 10 NaCl 7.0 84.3 0.757  0.975 459 0.917
CTC 10 NaCl 9.0 375 0.906  0.947 31.2 0.988
TC 5NaCl 5.0 18.1 0.695  0.965 7.46 0.924
TC 20 NaCl 5.0 2.40 0.859  0.959 1.64 0.923
OTC 5NaCl 5.0 74.1 0.839  0.973 48.3 0.954
OTC 20 NaCl 5.0 43.7 0.845  0.987 29.9 0.995
CTC 5NaCl 5.0 136.2 0.862  0.962 127.3 0.985
CTC 20 NaCl 5.0 98.3 0.763  0.980 59.2 0.975
TC 0.05 Cu** 5.0 63.6 0.575  0.969 213 0.956
TC 0.1 Cu** 5.0 98.3 0.706  0.968 54.1 0.981
OTC 0.05 Cu** 5.0 89.3 0.850  0.971 60.1 0.945
OTC 0.1 Cu** 5.0 133.7 0.955  0.966 118.3 0.972
CTC 0.05 Cu** 5.0 104.5 0.832  0.982 79.6 0.986
CTC 0.1 Cu* 5.0 137.8 0.901  0.989 111.6 0.985

2.3 pHAEX UM ZR DA RTE GO 9K FURL T W B % 52 i

ANJA] pH 44 F (5.0—9.0), TC. OTC I CTC(30 mg-L™)7E GO | AW I 4 5 7 (& 3), 3 Fhdt
A ZEAE GO L W B S Bl pH Y 34 I v 2D 2 PR B LA 45 SR R GO X 3 B A R B I B S N
J1(Ky) B pH BRI, 7€ pH 5.0 £ 9.0 MR, CTC 1 Kq fEM 1109 L-g ' f£ 312 L-g'(F 2),
FEARZ) 4 4%, X —45 5 GO W5 %8 E e T Y A 25 R Pk DL R DO PR 25t 2 ZR I T4 A 0.
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Fig.3 Effect of pH on adsorption of tetracycline antibiotics onto GO nanoparticles

4 pH M\ 5 HEANE] 9 IF, GO YRl 2 P B2 7 AR 0 35 A8 A (9, B RE AT A% S5 Ak - 25 B 1 AL Al
FRMHLAT ), 3X 1 Zeta HLAZ A28 46 AT DIIESECY. AR 3 AT LR 2, BE pH 7, GO 19 ¢ L AR 75 3
. PURR R EHUAE RAFTE 2 A AT L g A A ] (B 9% — HY Bk | My I i AT A = Y e kA )
5 WM TR S AETE . pH T A2 FE BT A R o0 1P SR A 25 1Ak, T 25 51 A Y B 0 B A S
GO HIFRFEZ B A HF LT J1ekss 1 PUBR R GTAE RS GO Z 18] Y MW B4 T 5 (7] I i P 5 AT ) 2% o1~ e
IR 7 AL T RCRE g, T 1 PUPR R ZEHTAE R S GO ZIAIHY m-m A FH A BH 88 - B 7,

R3 AFKZFET GO BiF iy Fk

Table 3 Selected properties of GO suspensions under different solution chemistry conditions

TR GOYAKES T HIC—HLAL / mV FEPRAE/ nm

Background solution pH {-Potential of GO nanoparticles Average particle size Z,,."

10 mmol-L™" NaCl 5.0 -185+1.3 2679+ 8.5

10 mmol-L™" NaCl 7.0 -21.2+1.1 258.5+23

10 mmol-L™" NaCl 9.0 —24.6+2.5 241.3+3.5

5 mmol-L™' NaCl 5.0 -20.1£1.6 222.8+4.9

20 mmol-L™" NaCl 5.0 -15.7+2.1 3259+ 1.7

0.05 mmol-L™" Cu* 5.0 -16.4+1.8 278.6 9.8

0.1 mmol-L™" Cu** 5.0 -11.3+2.5 356.7+6.2

TE: “FETDLS AT I GOG AR It 148 ) 2% B AR

Note: “ is the hydrodynamic diameter of GO nanoparticles based on DLS analysis.
2.4 BETUREERS GO YRR R U B 2R S0 AR R A5 R

A B F 9 E (B NaCl Yk BE) XY GO WRBAH A= 36 03 245 R 1 4 2%, BI85 58 B 10 9,
GO X} 3 FiiL 4 3% W B AE A

1200 -
--TC
1000 | -e-0TC
-8 CTC
800 |-
TDD
& 600
£
= 400 | G\e\
200 |-
0 ?\%\A )
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Ton concentration/(mmol-L ™)

B4 BRI R R SUA R TE GO B WK AR R

Fig.4 Effect of ionic strength on adsorption of tetracycline antibiotics onto GO nanoparticles
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HL B PR /N (A0 26 2 TP GO 1 CHL T ). BRI, NaClvR B [ 38 in {45 GO 5 U R 28404 R Z [l 1)
i e 5 D R AR, AT T HT2E 3RS GO OS2, (2) 34N B9 Na'BE W% 38 o i FiL 57 i 00 e 1%
GO [T LA, 8 GO 5540 AE 3R 8] 04 BH 51— BT P W Sl . (3) 19 B2 O 19 2 25355 GO Jyr
JRHERR (3R 2 T iR GO RIAR T WG K, S50 GO 3R M (1 W B 67 2 0820, MM il 40 4= ZAE GO 4K
UKL L W, (4)PTA 35 Na B 7% GO 3% M1 W B 57 5 1) 5 4 W B Rl E I 5 — b B ZEA LA .
2.5 T FHES TR GO oK BURLI B U PR 2R AR R A

587K, HY5 Na'Hi i, Cu E .25 48 w5 GO A PUPR R /R R MM RE Ty (M35 2 b Kp 1 Ky 15
AAEAE) . TR, B Cu® e 2 B3 T, GO 4 K JBURE X Bt A2 2% 0 I8 Ao 6 o 25 SRR, Cu™ 5
Na " f7AEA R 15 FR AL R,

1200 - (@) TC 1200~ (1) OTC
1000 F 1000 -
Tbé 800 | T, 800
3 2 s
E 600t £ so0f
= =
400 F L 400+
200 F ¥ 73 200}
% 1l
0 1 1 1 | 0 1 1 1 |
0 5 10 15 20 0 5 10 15 20
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1000 | K
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800 I
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0 5 10 s 2|0
Cmg-L™h
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Fig.5 Effect of Cu®" on Freundlich adsorption of tetracycline antibiotics onto GO nanoparticles

X FERE T Cotil i B 5 R4 5 i DU B 22 2R 504 JR AR . GO FIDUBR 3R e hiAE AR &
A KR REA Y, GO REMS B B AT« BH B - AR EL AT PR i 5 % 4 Jes B 5 (A CdP 1
Cu) & I H 58 iy 114 W82 BT 6B 3 B0 L[] I, Cu™7E pH {E 4 5.0 1% %5 W Hh B 5 U 38 R 28 50 A R IE N
GO—Cu” UK = JeE WM, N RAR MRS AW B, 1458 GO X PUBR 2R 40 A= 2R A I Ff
REJT. LA, H1 T GO HA RAUFAY KM, nl LIAE LK i B oK Ak o2, B #MEA LTS 2t 5
GO 1Y m-m A EAE AN E AR FH ™. Cu A BN K G 2B 42 (4.19A4), X7 GO 7 H AR 58 i) 22 FT i),
Cu i W B 7T BE 23 FEAR GO J& R 7K A 58 1 AR X RO /38 2 451, ) 8555 7K 53 1 A8 5 4 W B 21, PR
Cu Mol 1| UM R IAER S GO WM E Fr % . n-n M EAE A EBEVE A, N2 i O R KR

TE GO I 4 I [

3 %518 (Conclusions)

(1)3 FpPUER K 24142 Z (TC. OTC 1 CTC)7E GO 9K ki [ W BiF 45 I 2 5 & Freundlich FNZk i
R, L B ALER B8 nem AHE AT RS F-m B SURE . BKVERT . B A AR .

(2) GO Xf PUBE HHi 4= Z 1YW I BE 1 UK CTC > OTC > TC, % & T 3 fh U R Z 2K £ A
A AN A BB K PR AE.
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(3) K2 4 4 (I pHL, B T4 — 100 4 J8 TS 7 ) XA 76 GO 4K IURE L O IR 15 b
FHIREA. A5 = 4B BB TR 5 GO RIDUSR K 330k Z B M40 & CBREFEFD) , TR0
Bith ZHE GO IR,
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