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[ Abstract] The transformation of sludge into biochar adsorbents for the removal of tetracycline contaminants in water bodies repre-
sents one of the effective approaches for the resource utilization of sludge and enables the realization of the circular economy concept of
“treating waste with waste”. Municipal sludge was employed as the raw material, and sludge biochar was fabricated through pyrolysis
for the adsorption and removal of tetracycline. The adsorption and removal efficacy of tetracycline was investigated, and the preparation
conditions of sludge biochar and adsorption environmental conditions were optimized. Additionally, by combining methods such as
scanning electron microscopy, infrared spectroscopy, and BET( Brunauer, Emmett, Teller) specific surface area testing, the structural
characteristics of sludge biochar and the underlying mechanism of its adsorption behavior towards tetracycline were explored. The re-
sults indicate that the sludge biochar prepared under a pyrolysis temperature of 800 °C and a pyrolysis duration of 4 hours exhibits the
optimal adsorption performance for tetracycline. The pH value exerts a significant influence on the adsorption effect. In a weakly acidic
environment, the adsorption effect of sludge biochar on tetracycline is the most favorable, with a maximum adsorption capacity reaching
45.33 mg/g. Thermodynamic and kinetic analyses demonstrate that the pseudo-second-order kinetic model and the Langmuir adsorption
isotherm model can appropriately fit the adsorption process of tetracycline by sludge biochar. The adsorption process is primarily mono-
layer adsorption, dominated by surface chemical adsorption. In conjunction with the analysis of characterization test results, the chemi-
cal adsorption mainly involves processes such as electrostatic attraction, cation exchange, complex precipitation, -7 conjugation, and
hydrogen bonding. Simultaneously, the pore structure characteristics of sludge biochar result in the adsorption process of tetracycline
also encompassing pore filling and Van der Waals force.
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FEA R 2 600 IG5 KANE T $ A BT, ILTA
PHTH 10 ARV 7K 5 R 7= A B KRR 80% HI15 e
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Table 1 Preparation conditions for SBCs

N PR

WRAEE/C Bk MR/ C Hif ]/ h
1 500 2 7 700 2
2 500 3 700 3
3 500 4 9 700 4
4 600 2 10 800 2
5 600 3 11 800 3
6 600 4 12 800 4

PR g, L 150 r/min BYPRBNHE RN 24 h I
BFFP-AT W BFHS P 0. 45 um 7K ZR IR 38, A 48 4h
AL UL 60 BE TR K RE R 4x TC TR BE IF
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scope , SEM , 15 [£] % 7] /A 7] Sigma 500 ) 373 H1 SBC
(WIS 5 SR FHAE L AR S 2T SRR SOG4 ( Fou-
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7.K.C,

4 qu

(4)

Freundlich W Bff25 15 2R p Al .
Ing, = InK; + LlnCe (5)
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Fig. 1  Adsorption removal rate of TC by 12 kinds of SBC
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JEEXT TC W2 anE 2 fras, K2 £, S
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WEHEOE T, TC M LBk 53% 8 95% . W
TI5 Y B S B [ A 100 e 1 18 o2 AR AR T
oSS BR Bl 7, DA T fif 45 1 B 22 R B #, TC
(AW B DA 28 me/g FREE] 10 me/g, I, 255
JE B 6 T3 28 F AR AR A 2 A, BEE 0. 06 ¢ 7
i,

100 30

[
_&—8
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| —=—R
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SBCH /g

2 SBC XS TC W K BRECR 1520
Fig. 2 Influence of SBC dosage on adsorption removal of TC
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TE TC W B 20 mg/L AT 40 mlL, 2 b i BE
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ZEWIUG pH X S5 Y 52 5 PR IC S TC MR BE 100
mg/L, HABSS AR IR W) IR pH 5 TC W25 BR

FINFFR WM h a3 s, R 3 il il A
¥t pH R 5 I, SBCyg o 4, XF TC 1 W B 25 BR84SR
oAk, BTN 64. 14% |3 i T4 F 19 SBC
T/ DR IER ST, TC MR HEFA TC* | = A (W #
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KT TC I EBRFR, TEMRIEFMT , SBCyy 4, M
W BfE i A A 1 L ar, TC A S LA PH B8 7 2K
FELE B Z AL LR 0 (HAE LR 5 v | TR
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Fig. 3 Effect of pH on adsorption removal of TC

2.2.3  RHEETIE 6 %R

TEVRE pH =5, )N IR E 25 C IS, FREL
0.3 g SBCyp o, JMAF] 200 mL ¥ 82 100 mg/L 1y
TC W, 25 X0 RS [ % TC 1 i 2 BRI 1Y 52
Wi, S5 NE 4 s, I 4 AT 0L, 24 R B[R] /N T
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Fig. 4 Influence of adsorption time on the

adsorption removal rate of TC
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W2 oI5 R R 2 5 M W S SR 1) i R R 2 —
FE SBCyy ¢ 4 XMIEH 0. 06 ¢, W pH =5, N ik
JE 25 °C W BHESTE] 24 h 50T BRI B B ) 1 vk
FEXT Bk TC sZma/E A E 5 s, HIES 7]
U, B DU R R JE (W TR, SBC X TC (1) 22 Bk R %
W RE, LBRRI 94, 6% FF5E] 64. 14% ; W {2
W LT, N 15 me/g FTFE] 45.33 me/g, A EIRE
E 2 TC IR REE A 100 mg/L i, SBC Xt TC
R R B R, HLH B TC R K M BE e, AT &
SEBRIE Ol 5 IR MR BE A5 A T AT SE gt AT X DS
SRR A $ A — e 0 1 Bl PR e B TC VR R
100 mg/LAE Ry 5256 h TC AURIEAHRIE |
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e
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Fig. 5 Influence of solution concentration on

adsorption removal of TC
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Fig. 6  Adsorption isothermal model fitting curves
S5 L B TR 1 405 B N B M 3R SBCgg ¢ 4, XK
HTC AR SLA TRR ) R =0. 997 0( Freun-
dlich #iRId R* =0.881 6) , #HCPE# . M Lang-
muir 55 I FFHASTHY (1 SEAR IR TN, SBCyg 4, IR
(RGeS w 1on B il I A S s e 1 R <
MEAER T, BAE R F 20 AT 18 274,
Bk A 35 50 1 B2 R BREOT O FE Y T SE 86 AR F,
Langmuir A7 F SBCy. X TC 14 FIE fie K
B o 48. 01 me/g, 5 52 5 A5 A 55 R W B =
(45.33 mg/g) MHEIT , #E—2BAIEW] SBCyy . 4y X TC
H I BT FEAF A Langmuir #5370
2.3.2 BWHAF

HARSGE SBC Xt TC 114 25 [ 25 Fifi 08 6 B[] A2 £k 1
A R ) — G R ) B g 2 A R X
RSB T 7 52 M 580 R AT 406 o B, UL 25 R A 7
FR. HE 7 ATEL FE L ST SBC XT TC 41 ff
T AR LAIE 2o v 0 3l SRR Rk (M )
R*=0.992 9 > #fi—%% R* =0.983 9) , H#fE sy
SERERIAS ) SBC XF TC R BRI S % B 2 g M
53.62 mg/g, 5 i R BT £ (45. 33 mg/g) B 4%
U, FAEZRS 12T A, TC 7E SBC L A
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Fig. 7 Adsorption kinetic model fitting curves
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Fig. 8 Infrared spectra of raw sludge and SBCyy « 4,
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Fig. 9 SEM images of raw sludge and SBCyy « 4,

2.4.3 ILEEMHHT

SBC HIFLER 454 A SBC It s iy Wiz B 1 fiE 412 £t
FUFR MR, >R FH BET HARX) SBCyy < 4, LGS 1Y
Fi bk E AT R AE, 15 5] SBCyy 4, MY L 300 AL
107.70 m*/g, L% 0.1 845 cm’/g, H:FLA% 2 45
F 107~ HIE 9 AT UL, 1% SBC LR o fii 24
HIfE 2 ~8 nm, - FL4%E 6. 065 nm, J& T FLE5H,
— AL T2 55 3 7+, WAL TR 55,
AL AL e LU R T R R T B - S e L

0.020

0.015+
_ 0010
~
=2
]

0.005

~g—0
oL = L) ~~n.
1
0 4 8 12 16 20
FLi%&/mm

B 10 SBCyy . 4 MFLAR ST B
Fig. 10 Pore size distribution of SBCyy « 4,

BT TC 43 F IR SFZ1R 1. 27 nm, TEIE /N T [ 51
SBCyyg ¢ o FIFIFLAR | BESE IR 50 B B BN ALBR BT T B
B T A2 [B) Hp ) DRI 4 000 FL B 3 7S T RE S TC Bk
W BFFEI] SBCygg ¢ oy L HIBLT Z—1T
2.4.4  EHHLI AT

M\ SBC W BLEE# PERE R AE 43 HT, 5 e B Y
BRI R AR A E A fLgs b, Hok
TP 55 22 B W BRE 2 s RN TE PR S A & &
BB B AT, LA B 4y B 2 v R A SR B DU 2R 2
PRAE TSR SRR . SBC 19 F B LIRSS K vl S
LB Ve, R 5 TC 20 7 I fEAE T f A )
ER ., HaK,SBC R A 5 0% U E rell , feff
TC 433 i A4k W B 5 7 XPE R B 4B b, B
SBC T &R 05 B IS LIS TC 5 F 05 &
INGER R A S N, JE T i F o AR 5 ], (45
TC 43 FRENSTaE MU B £ SBC H)T5 F L5 L ; ]
it ,SBC I AL LIS TC /- Fhigie st &4
TGS, SCBIGT TC MR 25k, il SCBR g R nl A,
TESIRRMESAE T SBC XF TC NI fiE J1 fok |, I
SBC 5 TC 43 7= A= AN [a] v M ph it 7= Az 5 L AH B
51, TESSMRIEEH ,SBC W &8 FH I U TR AE v
W, TC A TR S5 & B HE T KA HE 738
SN AN 28 A BT TEAE R, DT 9 T B 21 SBC I,
I, SBC XF TC AW AT R BE AT & FLBRIE 78 Y sk /y
VP4 df & S o SRR F g1 4y,
B AR R A UEVE S M .
BRI T 2 Bl 125 00 B B AR A 45 SR T T, SBC X}
TC AR R 32 A2 B R 32

3 it

(1) RIS R 15 KA R I5 P4 4k R il
W B 70— Ve AR W e, FHF 2Bk iR TC 15444,
A 3 At S A0 H X TC LA B RE F1 ) SBC
il £ 21 N PRI ES00 °C , #A#ATIR] 4 h,

(2) TEFFFRYE AR A ST, SBC X TC 1 2%
IR FINWEAR | F KW B 25 5 1T 35 45. 33 me/g, HK
BRI ARAT A Langmuir W B 45 TR A R FTE — 9 8 )
SERA R SBC XF TC 11 W i 2 A 3450 B B4y
TIZW I, TC 43 F ¥ #5 SBC FLER 114 32 2 45 2%
P2 T B — 2 I B ] 5 e 2R o

(3) H1 SBC X} TC Y Wz fif SE 55 45 ) 5 SBC &
TEZ5 B2 /A5 . SBC X TC. 1 W B 4ok #5322
DAL A R 3 A B P T RS 4
BULTEE R SBC WEFfF TC $244% 3= 2 W 1 ; Rl it iy
T SBC F 5 A FL B 45 44 LA K 5 KA bb 2% T AL, Xt
TC (W Bt i A% b & A FLBR B e A A e T/

¥ FE Mk . www. stae. com. cn



4808

B

A 5 T OB

Science Technology and Engineering

2025,25(11)

Z % X #

Xiao B Y, Dai Q, Yu X, et al. Effects of sludge thermal-alkaline
pretreatment on cationic red X-GRL adsorption onto pyrolysis bio-
char of sewage sludge[ J]. Journal of Hazardous Materials, 2018,
343(10) ; 347-355.

XUmE, JEt S, kB, AF. WS RUKRER A A R £
W7k s RN (1], ARSI, 2020, 29(9) :
1874-1882.

Liu Li, Fan Shisuo, Zhang Xitao, et al. Content and toxicity evalu-
ation of polycyclic aromatic hydrocarbons in biochar from municipal
sludge and rice straw [ J]. Ecology and Environmental Sciences,
2020, 29(9) : 1874-1882.

H. FHEREYE A BE Znln, S, AT WG AR AL R BT A4 R
PEREDFSE[ D). W% PR @EHIRHERY, 2018,

Dong Shaonan. Study on the performance of visible light catalytic
degradation of antibiotics by conductive polymer composite modified
Znln, S, [ D].
Technology, 2018.
Yu J F, Tang L, Pang Y, et al. Magnetic nitrogen-doped sludge-

Xi’an; Xi’an University of Architecture and

derived biochar catalysts for persulfate activation: internal electron
transfer mechanism[J]. Chemical Engineering Journal, 2019, 364
(1): 146-159.

He LW Z, Chen Y, Li Y J, et al. Adsorption of congo red and tet-
racycline onto water treatment sludge biochar; characterization, ki-
netic, equilibrium and thermodynamic study [ J]. Water Science
and Technology, 2022, 85(6) ; 1936-1951.

Zhao L, He P, Li Q, et al. Efficiently removal of tetracycline from
water by Fe;0,-sludge biochar[ J]. Water, Air, & Soil Pollution,
2024, 235(1) . 38.

G, WA, A, S SRR IRLEE 4 A AR AR Bk
CA>* BUMEMILT]. AR FREERIA2EA, 2003, 42(7) ; 1632-1644.

(9]

[10]

[11]

[12]

[13]

Huang Tao, Hu Linchao, Wu Jianan, et al. Characterization and
adsorption of Cd?* on bovine bone biochar with different pyrolysis
temperatures[ J |. Journal of Agricultural and Environmental Sci-
ences, 2023, 42(7) ; 1632-1644.
JUNE e, X0, ST, S LU EUBURLTS YA IEURH ZnCl, BIC
PEA Y HRAE IR R A AL BRI SR BRI (D). A B8
HAR, 2020, 297 122381.
Yan Lilong, Liu Yue, Zhang Yudan, et al. ZnCl, modified biochar
derived from aerobic granular sludge for developed microporosity and
enhanced adsorption to tetracycline [ J ].
2020, 297, 122381.
QuZ,WuYQ, ZhuSY, etal. Green synthesis of magnetic adsor-
bent using groundwater treatment sludge for tetracycline adsorption
[J]. Engineering, 2019, 5(5) . 880-887.

Wang Y T, Dai X, Zhan Y X, et al. In situ growth of ZIF-8 nano-

particles on chitosan to form the hybrid nanocomposites for high-ef-

Bioresource Technology,

ficiency removal of congo red [ J]. International Journal of
Biological Macromolecules, 2019, 137(6) : 77-86.

Simonin J P. On the comparison of pseudo-first order and pseudo-
second order rate laws in the modeling of adsorption kinetics[ J].
Chemical Engineering Journal, 2016, 300(4) : 254-263.

Zhang D, He Q, Hu X, et al. Enhanced adsorption for the removal
of tetracycline hydrochloride (TC) using ball-milled biochar derived
from crayfish shell[ J]. Colloids and Surfaces: Physicochemical and
Engineering Aspects, 2021, 615 126254.

Ma Y, Li M, Li P, et al. Hydrothermal synthesis of magnetic
sludge biochar for tetracycline and ciprofloxacin adsorptive removal
[J]. Bioresource Technology, 2021, 319 124199.

Manuel C C, Gustavo F C, Manuel A E, et al. Adsorption/de-
sorption of three tetracycline antibiotics on different soils in binary
competitive systems[ J]. Journal of Environmental Management,

2020, 262 110337.

ML . www. stae. com. cn





