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Abstract: The modified biochar (MBC) was prepared via one-step method of carbonization-activation pyrolysis, using chestnut shell
as raw material and potassium acetate as the activator. The surface morphology, pore size distribution, functional groups and other
surface properties of MBC were characterized, and its adsorption behavior on oxytetracycline hydrochloride (OTC) in water was also
studied. Compared to the pyrolysis biochar (BC), MBC possessed a higher specific surface area of 1147.80m/g, a richer pore
structure, more oxygen-containing functional groups and stronger hydrophilicity. The MBC exhibited a high adsorption capacity of
165mg/g in solution pH ranging 3.0~8.0. The pseudo-second-order kinetic model and the Langmuir model can well describe the
adsorption behavior of MBC on OTC. Thermodynamic analysis showed that the adsorption of OTC by MBC was a spontaneous
endothermic process. In addition to hydrogen bonding, n-m bond accumulation and cation-t bonding, pore-filling was a dominant
mechanism for OTC adsorption. The saturated MBC could be effectively regenerated by 0.5mol/L. sodium hydroxide solution.
Therefore, MBC has a good potential as an efficient adsorbent to remove OTC from water and wastewater.
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Table 1  Structural parameters of biochar
e SEiET SMzicro VTt;tal VMicro Dy(nm)
(m’/g) (m/g) (em’/g)  (cm'/g)
BC 291.25 244.08 0.168 0.131 2.31
MBC 1147.80 932.18 0.651 0.500 2.26
MBC+OTC 372.48 286.46 0.199 0.212 6.84
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Table 2 Element contents of raw material, BC and MBC

(Wt%)
FE C 0 N K 0/C  (N+0)/C
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ARG H R RIS R 5 R® h 0.939~0.962),3% it
WIAE — 28 3)) )77 m] IR GF ()44 MBC % OTC
B — Rk U, E — 2 sh 7 2T LR FLIE 7
LM E T ORI FE A8 3 A4 LT BART LA MBC X
OTC 1AW B It 75 15 1y BV B AR A, 2% WO i %25 1)
P,

H TS OTC £ MBC Lo BUhLEE,
AT RO N g BB, FER A S (6) X s

gkiat*+C; (6)
2 i g VR PR R P9 B0 2 5 me/g min 7
C; B 7N 10 J 2 0 W B 3k 2 5 (1 5 . L0655
FU1PE 6e FTn, 1T LA H MBC Xt OTC frW fi i 72
FEARTT LA A 3 B B (R I A P AN B, i)
AE LR T AR, I MBC R B 1A K 22 AR DB
WRLI) OTC 431 W B AR D). 28— Br B E 2o Ah
H B R LB B OTC 2 P /K I 238 MBC 3£
T 56 B B N B BL,OTC 7 MBC LR 45
oy P9 AL, S e T R P 7 PR T B — B B IR
BT B BE SR MBC X OTC HIWR B A B ALk
AR 3 A BILE S AE R R AL H G
TBAN A 0,5 LURIDRE A 47 1V E FH AN 2 i — (18 FR )AL
st A g o U,

%3 MBC %R OTC BIRFiZN 71 %5 H
Table 3 The adsorption kinetic parameters of OTC by MBC

OTC Wik i P gz % Elovich Fi7
(mg/L) Ki(min ') R Kolg/(mg-min)] R almg/(g-min)] Blg/mg) R
30 0.179 0.921 0.0056 0.962 126269 0.264 0.667
50 0.074 0.816 0.0013 0.948 229.38 0.0858 0.907
100 0.075 0.793 0.0007 0.939 374.531 0.0521 0.919
180 - — 65
a /N[ LR bt b OTC 30mg/L e
e x x & -~ & T
160 — sk 60 L _
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140 @ OTC 50mg/L 55 |
-~ A OTC 100mg/L
~ 120 |- = 50
ég 2 —— W R
S0 - & OO0 ® 00 00 st - W
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Wi 7 P, B R 0 T e, P A A Bt
i, X R BT R A R T OTC 2Bk 2K H Langmuir
A Freundlich IX YRR SIAU & AP R AE OTC
HP P 5L B SF-46 . Langmuir A1 Freundlich #5744 f)
AR I (T)~(8) TR :

quiLCe
= —_— 7
2. 1+K,C, ™
q.=K.c.” (®)

A qe I8 BB I I B e mg/g; g AR
A 7 R 18 B R B ot mig/ g5 Ce A W BRS8N P 3
W ,mg/L;K; +& Langmuir ¥ %{,L/g;KF /& Freundlich
WHL mg' LY g 1 n 2 S T R
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Fig.7 Fitting curves of OTC adsorption equilibrium by MBC

BEALRL A ZH L3R 4,405 2k WL 7.45 3 oR,
55 Freundlich(#1 5% 23t R* 4 0.75~0.85) K 11U 4H
EE, Langmuir(FH 5% 250 R® A 0.94~0.99) A LU -4

Fitting curves of OTC adsorption kinetics by MBC

1A MBC X OTC [RIWR >~y KA 3X 3 B MBC %}
OTC Wt 3= A FL o)1 2 W B, MBC & — AN it
(i 2% T, HL G T IR 05 A 2 4 50 40 A (1 PR 9
Langmuir A[73%] MBC X} OTC 18 KW &4
353mg/L; [, v LG 2445 [ Freundlich B H 3
A VUn P{ESE/NT 0.5,3X UL MBC % OTC [t
SRS R A P,

%4 OTC 7 MBC LHIRMIFREERMESE
Table 4 Isotherm model parameters for OTC adsorption on

MBC

Langmuir 5% Freundlich ##Y
Ki  gqu(mglg) R K, 1/n R
288 0.489 161 0.9675 71.03 0.1552 0.8456
298 0.450 205 0.9889 85.65 0.1695 0.8572
308 0.613 262 0.9428 104.04 0.1609 0.7752
318 0.537 353 0.9672 130.42 0.1730 0.7575

e WEK)

MBC

2.6 BRI o b

FH T3 25 2 50 e B St 2 1) R AR A i o
(9)~(10) =X T o1 5 A DG4 T 2% S 408 A8 AHT (KDY
mol) . 4 A% AS°[J/(mol-K)]+ 75 A i I 1 fit A AG®
(kJ/mol).

AS° AH®
InkK, =22 82 9
b= T RT ©)
AG'=-RTInK, (10)

AR AR $0,8.314)/(mol-K), T A S (4 /g
FWE KD T ERIR SRR R TR LS H
THE 2 BN 5,70 3 Bl BE N AG I /N T2, 30
MBC X} OTC [P B2 B [ ik e ) e i
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IR 3 v I 060 B 1) i A0 i B R BE S AG® (i B H K AR
NI UL T LA AT MBC X OTC (W B0
AR AHC AR K T3, 150 W R sk 5 A W A 2 8, i il 5
T fri W o 498 K 3 % R, 2 8 AR R ELAE. 0~20KT/
mol I WIFRIL B 4 4 3= AR O, 26 5 ) AnAl®
MI{E A 3.002kI/mol, BEH] MBC *F OTC (W il 72
i BB ASC IR 58.345)/(mol-K)(>0),
A [0 2R T 7 HE AR P 498 R, 33K R kg R Bt
R ) OTC 2 F WA 2] MBC
RIMAE AT NS, B JG A B RS KAE MBC 3£
THT PR g R o 2 AT B0 7 B R i T OTC 43
TR KT /K AR AE OTC 43 1 W B £ MBC
R WL IE MBC LRI Z AN K v, A
W B 3t A R AS >0,

#£ 5 MBC M OTC BRI HFSE

Table 5 Thermodynamics parameters for OTC adsorption on

MBC
B TK)  AG (klmol)  AH° (kl/mol)  AS’[J(mol-K)]
288 -13.780
298 -14.402
MBC 3.002 58.345
308 -15.006
318 -15.519

2.7 WEFHHLER

LA v b TR R g L R A AR 1) i JBOM e eh
T EL A L B A T, 2 A LI MR
B MBC HLAT a2k 1) FL S & A R A s 11 Bl T
FBLOTC 2 7ol LU Ly BO/E e 2.0 T
PRI ARAE AR BE RN B OTC 17 i 1) MBC i 1
LA LS R I AR A, AR B E IR 1.
UL B, S R (0 LE R AR 1147.80m™/g,
MW Ff OTC J& i) MBC [ EL 2 [ Bk 372.48m’/g,
W B i PRI FLAR R 0.651em’ /g, 1T W B i () AL AR AR
A 0.199em’/g, At AH BRI BE A OTC IRt
7 A St ik 2D, 30 W L3 7 A D O ek R e o i
T BB, XS5 AH pH EXF MBC Wt OTC
S W0 43 B RO B FA D) 27 40 B 10 45 SRR FE — B0 7R
ANTF] pHAE XS OTC 1 W Bt S 56 43 A7 o i B 5 | 4
FHAR/IN, AT LA 2B ANV, DR L i L 5 1 AN & MBC W
Mt OTC BIMLEE; SV AE 2 2R Wk J: B DY 3R 32 2K
AN AR 2 — A 2Rk 3R T E R
RGBSR AES OTC ik, &

| R RE I I A P T A ol 22 RO
W% i OTC J5 1) MBC 2K 11 2140 6 i & (1] 3) 55 W ff
B MBC 6% B A& B T 2 Bk, AT
3436cm ' ALK O—H WA U Fr DA o J3E 1A Ik 386 K, 1
B MBC B RERI O-H 5 OTC 4 F k4B T i 4!
(AR LR 3E T OTC 431 W 2 [ B 7 LA
FHHALT 1114 5 1053em ™ &K C-O & 675cm’™
AR C-H RSB R A T — R AR AL, Ut
B 5 OTC 43 1 IR FR 3L © i 8 RIS i 38 o0t
AT SEAE L R AU R T 2 MBC MR 2 B
OTC HIMEH Z— e/ LA pH {EXT OTC W
B 5 g S 56 A0 AT T RH S T on BEAER R non ME
TR FH AR AE Bt MBC W BfE OTC 5% Wi, Wi B
OTC J5 ] MBC L4633 B s T 1628em !
Ahf C=C IO & A T A7 D % 0 UG 538 % 1)
H9OR, U MBC S84t 7 o 1, NI 5 OTC
I3 F RO A A RV S A R TT B S
VAT - HERUE I 238 T MBC X OTC fIM
Bt R B B 7 BEAE A o HERER RS S
7 MBC W 2:Br OTC My 7.

1 DL b2 B nl g0, fLIR A /E &2 MBC 5B
OTC (1) 3= WL B HLEE, EU 8 1 o SR ME R4
PH B - BAE T O IR L PR LB, FHALEE B A
K 8.

Ep R W— 5
- (’a\
A \\{\ 2 WA )

K8 MBC W OTC HLEE
Fig.8 Mechanism of OTC adsorption on MBC
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{E T, MBC X} OTC WS B FEAR, PR bk ik
JE 2k 0.5mol/L [¥] NaOH & AE A i 7ok JHEAT
MBC B FAE,5 IR ARSI R 25 S an ¥ 9 Pros.nf LA
F 3,250 4 5, MBC R R — e R L 1)
FRARAEZed 5 P AR SES0 fa W it B 166.24mg/g
F% 4 108.55mg/g, LI MBC %t OTC M2 A5 fe
LB R UH L BRE 1) 65.3%.

200

100 - 7 &
80 7 - 150
e 7 % 7 — &b
T 2 | i
% 4 100 =
S f =
B " - 50
0 _./ 7 A 7 0
0 1 2 3 4 5
TRA R

K9 Ml MBC ) F2E S0 50

Fig.9 The regeneration experiment of saturated MBC

AR AR KR OF i 15 W it 771 2% 1
pH B A AR AT Ay 1 AL BRI T OTC 5 MBC
2 ) F) 3 7 4 g R0 AR 2 e 8 8 I S AR W ) 2
BB [ I FE W) pH>7.32 BF,O0TC DL 51
(T A7 AE, T MBC 193 10 1 I 7 B0 H i, i PR
DI VP38 T A T R R 5 W B 1 2 i) e i T 1)
fiis A 4 OTC £ MBC _Eilft.OTC 145 # X i il
10 FioR e 44 F,0TC 2 1) C e R AETT
U7 93, L 5 MBC 2 1818 o SERRAE R )
SR 2 M A MBC 020 4RG3 B (18 3) mT 40,
ML T MBC & fIO63E LA F 1631em ! 4b
C=C Fl C=0 Wum & k5T B W FRAR, [R) B A7 5
BT —ERERN WP,V OTC 5 MBC Z (A1)
n-m HERRUAE I D el 30 3 s OTC 7E MBC L1 i
By 53 48 m] LU B A2 MBC 5 R 4G 1) MBC
BEL7E 163 Tem ' AR UG (1 56 B th A7 4 Bl ARG, 1t W 7
B4 PF T MBC 47 S5 4k 25 Mt AT B A R,
TX 2 P AR AR B A R AR K 38 N T B SR
Z ;A MBC P A i e A L LA g5 2 e e —
S8 RIS IR b (S 197 B0 100375 o e L i v 0L 1] o
7E 5 FHE G MBC XF OTC W I 2R R T

JRUGR 22 B %11 65.3%.

N oH
Kl 10 OTC )7 745k ]
Fig.10 The molecular structure of OTC

g5 L ARSI M AE R MBC BLAT RUF 2R
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2.9 HHAbAEYRI

AR 1 JEURE R YR AN ), AN ) P v A 7 At A
22 531, DR LG AR A AN ) S A 0 e 1D P g (L
I AT DL 3 5 R R B R R L 2 T AR R KB AN
AR A= (e B e g 6 B T [ Al R
B35 AT RS 0 5 75 0] DA 42 52 e 21 AR 40 g (1
B B, T L R R AR ok 2B OTC 134
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(35.34mg/g), i A S PR (AN I KOH AE R i& A1 S,
WS o AT ) 3 A% AN [ JsURA et 2 5 i o) 4
AW PERE, FIAE T HaPOy 18 A AL AR AR 37
P O 6 A SO B TR o K P
AT 22 01, T AU AT ] ) 280 6 AR 5 AR SR 2% 1¥) MBC
I 2K T MBCAEH KOH 1E Aihitb il E
U (R B i Ak S R0 6 R A A TSR 4 10 A=
IR B g5 KW B &40 A 31 T 407.5 1 813.80mg/g,
PLFABEFHI 1 MBC, 2R 1 H;PO, il KOH X} %
B R R A LT CH3COOK 2™ 1 2.

MUY IR MBC 177308 36.7%, LA™ 1t
MBC M, Eh R T 1mol/L, M 50%, 351k 71
FH B 122, 75 %, 0 2B roRk A L /U
KRN TR EERAT R SR GR 7))
R MBC [P ALl 5700 Jom, T3 L AT 1)
AR RN G BN B S A #R A2 10000 T/t L EPY,
Be A, B s R R TG 3R T AL YE L AE 1000~
1500m?/g, Ifj A< SC |45 1) MBC EL 2 AR A 1147m/g,
RIS M AR 1 IR, LSS AR Rz b Bl il 4 2R
YR AR T BB 5 G i ol LGS — i 20 9F
B BT LLERIR R H 1.
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Table 6 Comparison with other adsorbents

W 7 5kt S Sper(m?/g) T(K) Onan(Mg/g) 2% 3k

ARMBA R N4/ &:27) H;PO, 354.02 313 263.8 [48]

VAZNERY/pd Aok 5 H;PO, 323.82 313 254.1
*%éi%m s - 75.30 298 3.33 47

AR A A KOH 128.42 298 10
Setert AP AL - 53.31 298 35.34 2]

B YR Pl HsPO, 824 313 374.07 [49]

Tl Bz A= e Bz KOH 245737 313 407.5 [8]
SR W& - 643 298 103.31 [52]
TR %R KOH 2413 303 813.80 [53]

e FeiE R e 5e HsPO, 481.45 318 139.526 [50]
PSS A BB R i) CH;COOK 1147.80 318 353 AT
27T MHEEMRBEBAS analysis, multimedia modeling, and linkage to bacterial resistance [J].
Table 7 The cost analysis of MBC Environmental Science & Technology, 2015,49(11):6772-6782.
— - - — [2] Wang Z W, Yang X, Qin T T, et al. Efficient removal of
zﬁ\ ka2 et BHOD) oxytetracycline from aqueous solution by a novel magnetic clay—-

Bfh5T 272t 0 0 biochar composite using natural attapulgite and cauliflower leaves [J].

LIRE 1.36t 2100 Jo/t 2856

. . Environmental Science and Pollution Research, 2019,26(8):7463~

R 400L 400 JU/t 160

A 25 il 50 Jo/l 1250 7475,

e 20t 4 6/ 30 [3] Ahmed M B, Zhou J L, Ngo H H, et al. Adsorptive removal of
H 1500kW-h 0.5 7/(kW-h) 750 antibiotics from water and wastewater: Progress and challenges [J].
AT R Hoihy 600 Science of the Total Environment, 2015,532:112-126.

&t 5696 [4] Yang X, Xu G R, Yu H R, et al. Preparation of ferric-activated
sludge—based adsorbent from biological sludge for tetracycline
removal [J]. Bioresource Technology, 2016,211:566-573.

3 z:élri/t\' [5] Yadav N, Maddheshiaya D N, Rawat S, et al. Adsorption and

3.1 CH;COOK Jf A AW e i) i 25 3 v H 3 i 1
RE LB A, A AP R4 OTC 1) 22 BRAKHE.

3.2 OTC 7& MBC 12 B30 RE Rl IR B 771 HH 2 A
W e s ) ) 38 o ot 8 m - wrl BE AT R T OTC (1) 2%
K4:spH {E7E 3~8 YuH P, MBC Xf OTC FIWR Ff} 2 Bk
RE mn HAS B (165mg/g ZeA47);0TC A< 18 ik 20
RS- 18 T 5 e 1) S8 184 .

3.3 MBC X} OTC W & Br o2& — AN B9k 8) A
RIS TR PN By g AR ] AR b ok B g 2
Iob e L AR W BTl R 5 A Langmuir AR, 1 K
W B 5 ATk 353mg/g.

3.4 MBC X OTC W FALEE A FLAE 7841 FH S5
YER S o SRR EL AR I DLRBH 25— AR L L P AL
A S 3 1R AL,
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