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Adsorption behaviour and mechanism of tetracycline by sorghum straw-loaded HKUST-1

TAN Hao"**, ZHANG Wenbin"**, LU Wenyu"**, QI Zhiqiang"**, CAI Hongzhen"**, YANG Keyan"**

(1. School of Agricultural Engineering and Food Science, Shandong University of Technology, Zibo 255000, China;
2. Shandong Research Center of Engineering and Technology for Clean Energy, Zibo 255000, China; 3. Institute of

Bio-based New Materials, Shandong University of Technology, Zibo 255000, China)

Abstract: Tetracycline (TC) is a refractory broad-spectrum antibiotic, that is widely present in the waste

discharged from animal husbandry, which will cause serious pollution to the ecological environment of water

bodies after discharge, and it can be effectively removed by adsorption. In this work, sorghum straw (SS) was used

as the substrate to prepare SS@HKUST-1 composites by in-situ growth of MOFs (HKUST-1) on the surface of SS for

the

adsorption and removal of TC, investigating the adsorption behaviour and adsorption mechanism of

composites on TC. The results show that the adsorption capacity reaches 95 mg/g when pH=7, temperature T=25C

and the load capacity of HKUST-1 is 31wt%. The adsorption process conforms to the pseudo-second-order kinetic

model, and the adsorption isotherm conforms to the Freundlich model, which suggests the existence of

multimolecular layer chemisorption between TC and adsorbent. Therefore, SS@HKUST-1 has a good application

prospect for tetracycline removal in water.

Keywords: sorghum straw; HKUST-1; in-situ growth; tetracycline; adsorption
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50mL oK CBERCHI W Bo Z G A 5%
WBEER NIRAH R 12he N 45 5 1t 5
> (8000r/min, 20min) 73 & W G PCE, FHIGK

SRS B K PR 3 IR LB R e g iy ik 7], Of:
BT 60°C HEAE LT, 15 %] HKUST-1 ffA
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KRG YR E T 60°C T B2 MRS T8 12h, ¥ 7
A B JE SS 7E [k A VAW T EL %5 (~0.08 MPa) ¥ it
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Fig.1 Schematic for the preparation process of sorghum straw

(SS)@HKUST-1 composite
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DU IR R ) 46 Wk B R A vk (mgg ) VIR
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2 SEM [#f%: (a)SS; (b) HKUST-1; (c) SS@HKUST-1;
((d)~(D)) SS@HKUST-1 [ EDS K%

Fig.2 SEM images: (a) SS; (b) HKUST-1; (c) SS@HKUST-1;
((d)-(H) EDS images of SS@HKUST-1
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Fig.3 FTIR spectra (a) and XRD patterns (b) of SS, HKUST-1 and SS@HKUST-1;
XPS spectra of SS@HKUST-1 composite: (c) Cu2p; (d) Cls; (e) Ols
— - sS Bt 7£100°C LLF H B 5wt% 1B i gk, X2
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Temperature/C
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Fig.4 Thermogravimetric spectra of SS, HKUST-1 and SS@HKUST-1
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Fig.5 N, adsorption-desorption isotherm (a) and pore size distribution (b) of SS, HKUST-1 and SS@HKUST-1

fLi&, 23t SS@HKUST-1 5 TC 4 FII4E A -
2.5 HKUST-1fa#=. SS@HKUST-1 i in= %1 pH
3 IR Bt TC B9 2% i

SCIS R 9% T HKUST-1 1 3 B . SS@HKUST-1
IR0 R pH B XF TC W BFF 250 58 18 5% g B A

L IR Cu(NO,), Y it K #4898 HKUST-1 7
X TC W B s SR & . & 6(a) A A ]
Cu(NOy), Jit 7 X TC W Bt sz m il 2, &5 0K,
B & Cu(NOs), 5t & 1 3 it , SS@HKUST-1 %} TC
A W B 25 B S 4 RS DB/ o Y R A T A R Aot
0.3g )5, T HKUST-1 i 22 & Ji i 14 1] 1% 1A 5%
S30SS WY G A TE, VU ERZE VA TR AR B I B 5
FU I AL B, TCE K HE P S R BRI A
AE R . Y Cu(NO,), il HiBTC 1 i &
0.3 g #10.15g, HI HKUST-1 /) {1 %% & 31wt% i ,
W Bk 35 e A . 18] 6(b) oA SS Il HKUST-1 X} TC )
W R R SR, 45 R W SS Al HKUST-1 XF TC Ay W
Fff 75 54351 4 40 mg-g™' . 183 mg-g ',

6(c) & SS@HKUST-1 f4 &% fill 1 %+ TC W it 4
T4 . BE%E SS@HKUST-1 N ayhn, TC
F14) TR It 398 A, (LB VAL IS 90 14D R - D
/b, SS@HKUST-1 9 F| W BEAL, X2 T 1
HEWinE T, SS@HKUST-1 5 & A= 4159, W& Fft
FIAT Rt 1 W SR 1 7 AR B i, AR R
Bt 25 o ST U 2 B 25 A 5 B SS@HKUST-1 11 i
FHSRFSAS W2 B350 04 e AR AN I &4 1 mg.

Bl 6(d) b U ¥R K % W 40 4s pHE X SS@
HKUST-1 W [t TC 9 5% i, ¥l 6(e) b A [A] pH {H

T SS@HKUST-1 1) Zeta HLfvi . Al LLEIL, )
7 pH B X TC B M52 i K, Bl % pH {1 3
Jin, SS@HKUST-1 Xt TC A4 W 4 5 388 K Ji5 v /)N
4 pH=7 B} WE fff it 36 B | K. X J& B T 7E pH<
3.3 0, MBI IE AT, TC LABHE T TCH™E X
fEAE, TCH5 WL BM 50 = 4= L HF s 5 4 pHTE
3.3~7.7 JEIE Y, W BRI S L far, TC DL TCH*JE
NAFFED, DL BEAFZE Rl HE R, AR g
515 4 pH>7.7 B, TC LA E 7 TCH =k TC*JE U
FETE, TC 5 WM = A HE % o Y4 pH=7 i,
SS@HKUST-1 X} TC (1) W Ff} 5 35 ] 5 K~ 95 mg/g,
AV I S 365 1) e AE pH (B 7,
2.6 SS@HKUST-1 % fff TC B9 W% Bt 3h /15

P& 7 S W% B i R X SS@HKUST-1 25 TC H 5%
Wil Je 2 )1 2F R AU A i 2 o f 1B 7(a) PN, WA
b v B PR W B T R RS i R B 3
AN B, 7 DR B o R W B A O R R IR R
V) 178 3 v B T D™ A R A% 9k 8h g, i g 3R
FU T B R 3R IR RS, 2R AR
B BB B, 20 h 22 JE W R R T AR A
KB FE

by it — A A W A R, R ME—Rsh 12
PRI RN v — G 3l 1 AR A SS@HKUST-1 X} TC
B B RERY, LA i an & 7(b) . & 7(c) iR,
PLA BB E 1. HEMS, R %77
PRV 2R AH O B4 (2 PR AR OC AR 4 RP=0.994),
4 25 K ] SS@HKUST-1 & 4 #1 K X TC 1y %
B ax A DA Ak 2 W B A 32
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Fig. 7 (a) Influence of adsorption time on the removal efficiency of TC

by SS@HKUST-1; (b) Pseudo first-order; (c) Pseudo second-order

ULFE 2, Freundlich B 7Y Y 284 AH ¢ R L R* (0.989 .
0.991. 0.997) KT Langmuir # %I i 28 15 #H 5 R %
R?(0.901, 0.987, 0.926)*, i} ¥ SS@HKUST-1 &
AR REXT TC W B i 72 B 4F & Freundlich W B 45

£ 1 SS@HKUST-1 Mt TC BIEh I F BB &S
Table 1 Kinetic model fitting parameters for SS@ HKUST-1

adsorbed TC
Pseudo-first-order Pseudo-second-order
Goexp! kinetic kinetic
-1
(mgg )kl/ qe,cal/ RZ kZ/ qe,cal/ RZ
min™' (mgg™) (gmg’min™) (mgg™)
95.44  0.002 65.06 0.947 0.010 1.87 0.994

Notes: g exp—Actual adsorption capacity at adsorption
equilibrium; ¢, .,—Calculated adsorption capacity at adsorption
equilibrium; k;,—Pseudo-first-order adsorption rate constant;
k,—Pseudo-second-order adsorption rate constant; R*—
Correlation coefficient of Langmuir and Freundlich models.

BELRA, BTLZ2HT2WH, XIS
SS@HKUST-1 Z Z 45 A s X & . &l 8(d) IHE
A TA] i (20, 40, 60, 80°C) F 4k B 12h )5
SS@HKUST-1 X} W fff TC A2, Z5 R B, HE
IR B FFF, SS@HKUST-1 % TC (1) W% i 75 5 32 Wi
/N, 33X AT RE S T EB 4> HKUST-1 it 7% 5 3500 B
A s D o FE 80°C B, Wt 4 35 3] 70 mg-g ™,
I AT WL SS@HKUST-1 & & M BB AG 85 4 1 F2
o A B2 A A RS Sk b Al A RE X EE An
FK 3w, KM, SS@HKUST-1 1y &=L
22 48 T Ry G0 BE 2 MOF/JR W L 2F 4 & (ZIF-
8/CMC)P! | T KRk FF /N A5 FF A 4y o 20 RS
MOF/% & 1k Z ¥ (MIL-100(Fe)/PEO)*" | Fe;0,@
B (RGO)@C,™ . Fe ik MOF/iff # R &
(AG(Mn)-88B-C)™ % &, [H It , SS@HKUST-1 %
GMRHE— B R B 7
2.8 SS@HKUST-1 M Mf TC i W% 5t Bt 1 IR

& 9 J&/R T SS@HKUST-1 Y1 H U B4 TC W
BB RE I . AR 5 RGN A TC R B8 433l A 95
92, 73, 72, 67mg/g, Zit 5 W W i FFAE BRI
W 56 7500 Fr TR o T T %, A R O A TR R DI S B
T4 TC 5 Hh W B 305 1 7 0 38 3 43 W B A7 o552 7
ol 08 B 0% TC A4 0 B s/ . 280 5 IRTE AR
SS@HKUST-1 X} TC YW Fif 475 4K v] LLik 5] 67 mg/g,
Wi SS@HKUST-1 H A3 RA4F W it ek, £
WHEEFH, #ELBREH AR R AR .
2.9 H7FEFIF SS@HKUST-1 KBt TC B850

SRR MG KPR 2 5T,
PAL LGB 5 A7 5 0 R Dl B 2% %) 5 i Ry 2
B 10 s T M B b 50 mgeg™t 1 3 AF B 7 (Ca*t,
Na*, Zn*, Mg*. Pb*") X} SS@HKUST-1 W [f} PU 2
EIsem . 258K, 7 Ca*, Na', Zn*, Mg,
P> FEAE AU L T, SS@HKUST-1 Xif U ¥ & 1 %
B 723 IS AR . R EE R K], SS@HKUST-1
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Fig.8 (a) Adsorption isotherms of TC onto the surfaces of SS@HKUST-1; (b) Langmuir adsorption isotherm; (c) Freundlich adsorption isotherm;
(d) Effect of different temperatures treatment SS@HKUST-1 on adsorbed TC

R 2 SS@HKUST-1 BTR M &B 4 HilE S

Table 2 Fitting parameters of adsorption isotherms to

SS@HKUST-1
Langmuir model Freundlich model
Temperature/C 4,/ b/ , ke / n R
(mg-g™) (L-mg") (mg-g")
25 119.10 0.686  0.901 3.88  0.7291 0.989
35 120.00 0.335 0.987 4.69  0.7302 0.991
45 194.97 0.220 0.926 10.03  0.6453 0.997

Notes: ¢,—Maximum adsorption capacity; b—1/gmkr, kg—
Adsorption coefficient of Langmuir; k—Adsorption coefficient of
Freundlich; 1/n—Empirical parameter varied with the degree of
heterogeneity of adsorbing sites.

AR U R BA R PatE .
2.10 SS@HKUST-1 W% Bt TC B IR Bt 41 %1
SS@HKUST-1 7& TC | 1 W Bt 55 45 & Uk — 9 5h

F3 TEIMFIXT TC WK BT ERBR RS L
Table 3 Comparison of adsorption and removal effects of
different adsorbents for TC

Sample q./(mg-g™) Ref.
SS@HKUST-1 95 This work
ZIF-8/CMC 78.75 (36]
CS biochar 53.191 [20]
WS biochar 66.67 [20]
MIL-100(Fe)/PEO 85.02 [37]
Fe;0,@RGO@C,4 77.56 [38]
AG(Mn)-88B-C 53.07 [39]

Notes: ZIF-8/CMC—Metal-organic skeleton hybrid foam ZIF-8
(zeolitic imidazolate framework-8)/CMC (carboxymethyl
cellulose) with cellulose; CS biochar—Corn straw biochar; WS
biochar—Wheat straw biochar; MIL-100(Fe)/PEO—Polyethyl-
ene oxide modified MIL-100(Fe); Fe;0,@RGO@C,3—Fe;0,
magnetic particles were coated with a layer of RGO (reduced
graphene oxide), and C,g was further modified on the surface of
Fe;0,@RGO material; AG(Mn)-88B-C—MIL-88B(Fe)/sodium
alginate composite aerogel.



B
'ﬁﬁ’;
gt

5 URFEFF £ 2 HKUST-1 X% DU B 2 8 W2 B AT S 5 B

- 521 -

100 r

q/(mg-g™)

1 2 3 4 5

Cycle
%19 SS@HKUST-1 FEFUHEXS BT TC (50
Fig.9 Effect of SS@HKUST-1 recycling times on TC adsorption

J12# AT Freundlich 57 &2 & A4 RE6E TC W
J&F 2 20 E W o AR A R R W] pH Y TR
WS I Al Y pH=7 BF, W B A e i e 1
FH 5 00 BiE 30 45 4 58 B TC 19 22 % o R 98 W B T S
[ FTIR 22 1% 43 B W B AL 4n &1 11(a) Bros, AT LA
F i 3355 cm™ 5 O—H 3 A i i 45 Ik sl 43 O
i 2 3340 cm™, X & R T W B R 3R T AR Bk
TC 43 F i ¥, 22 BH VS 1 FH A 0 B oot 8 o e o 2
YE 1 . 7E 2996 cm™ (O—H) Hl 2902 cm™ (N—H)
LS TC A KR, IAME 1375 cm™ H IR
W I (C—C) Hl 3 fy i *, 3% B] SS@HKUST-1 5
TCZ [ f£ 7 n-n A B AEH o JF H & WM 5
746 cm™ (Cu—O) Ab Fy % Wi #8 2 761 cm™ &b,
B Cu—O ¥t 5 TC 47 T Z [0 JE L & AR ™, TC
S FEE TS —OH, —NH, S5 PR A, Wt
F S A A 4 @A s, R TC it B 752
e 5 0 B FR0AR AR ek, it SS@HKUST-1

! (@)
761,

Transmittance/%

4000 3000 2 000 1 000
Wavenumber/cm™!

100 r

80 r

60

q/(mg-g™)

40

20

0

Caz\ Nal anl Mgz\ pbz\
F 10 HEA7RTX) SS@HKUST-1 MR YR (5%
Fig. 10 Effect of coexisting ions on the adsorption of TC by SS@HKUST-1

W B TC B J7 XPS (18 11(b)) 1 Cls &3 734 & B,
R TR ER Y s I\ 285.05 eV fiii 7 5] 286.09 eV, 3
B TC 43 F i 2 55 78 35 W] 5 SS@HKUST-1 H i1y
RIS KA nen A H AR S TC Y 2B, SS@
HKUST-1 X} TC i M B AL an & 11(c) o, 25 1
Frik, wee AR SR IR e A AR P
B 7510 25 B K s W b TC st 2 P A = AR PIL A o

3 REERE

(1) DA SRS FF (SS) Sy B AA, ) FH 7 B i) iAo
A=Ky 20 H 3R 1 7 2k MOFs (HKUST-1), il % 75
B HLAT = W B % BRI T [l ) SS@HKUST-1 & &
RE, 45 F A HKUST-1 344) /3 #i 76 5 R T L
BT BRE R R MR A, R EAE A R T
PUFRE (TC) MK .

(2) SS@HKUST-1 & 4 b4 ¥} X TC e {3 W Fff 5%
K. pH=7. T3kl 31wt% F1I B 5] A0 8 i 4
9 1mg; LI A 0 B Bl g 2 R0 6 A5 I e A 40

Cls (b)
After

(Phenyl)

Intensity

Before

(Phenyl)

292 290 288 286 284 282
Binding energy/eV



$ 522

EaMB=ER

K11 SS@HKUST-1 MMt TC )5 FTIR 2% (a) 1 XPS [l (b);  (c) TC AIMMHHLA R Rl
Fig. 11 Infrared difference spectra (a) and XPS spectra (b) of SS@HKUST-1 before and after adsorption of TC;

(c) Schematic diagram of adsorption mechanism of TC
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