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33.65 mg/g; MDSBC(2.5)%F CIP W i AR & th — 0zl 12y, WM IRZAT & Langmuir 58S, W& Ffid 2
JEARRIEL . AbF AR PG AR P CUAN SO; (FREMRIE 100~300 mg/L ) %} MDSBC(2.5)Wfff CIP
S AR, T PO il 3% %€ MDSBC(2.5)& ML MTIE AR pH F50 OH M1 CIP Z [AlZe - Mg b, B A
il T MDSBC(2.5)% CIP pymgf, FLIMHIFLES PO, vk B S IE ARG ; MDSBCQR.S)EAMF 5 Ui, CIP K
ML LEET IR FIET 12.51%; MDSBC(2.5)% CIP AR FfHd AR SE B B | Al MRt . SR m-mr SEIERIFE R A 25 2R
KR FORK) B3R5I UG R XGSIRA s ERERIAIUD R s W AKARFRE AR

FESES: TMI11 XERFRIAEY: A XEHS: 1003-5214 (2025) 05-1127-11

One-pot synthesis of magnetic dual sudge biochar and its adsor ption
for ciprofloxacin hydrochloride in aqueous solution
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Abstract: Magnetic double sludge biochar (MDSBC) was prepared by anaerobic pyrolysis at high
temperature (500 °C) using iron-based waterworks sludge (IBWS) and papermaking sludge (PMS) as raw
materials, and characterized by SEM, N, adsorption-desorption, XRD, FTIR, XPS, and vibrating sample
magnetometer. The effects of initial solution pH and co-existing anions on the adsorption performance of
MDSBC on ciprofloxacin hydrochloride (CIP) in water were analyzed through static adsorption experiments,
with the adsorption process explored and the adsorption mechanism speculated. The results showed that
MDSBC(2.5) prepared with m(IBWS) : m(PMS)=1.0 : 2.5 exhibited good adsorption capacity and magnetic
separation performance. Under the condition of adsorption time 4 h, the adsorption capacity of 0.05 g
MDSBC(2.5) for 20 mL CIP solution with an initial mass concentration of 120 mg/L (initial pH=3) was the
lowest (28.13 mg/g), while that of initial pH=5 reached the highest (33.65 mg/g). The adsorption process of
MDSBC(2.5) to CIP fitted to the pseudo-second-order kinetic model, the adsorption isotherm conformed to
the Langmuir model, and the adsorption process was a spontaneous and exothermic process of physical and
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chemical adsorption. CI” and SO,* (mass concentration 100~300 mg/L) showed little effect on CIP adsorption,
while PO?[, leading to competitive adsorption between OH™ and CIP™ by plugging the pore of MDSBC(2.5)
and increasing the pH of the system, significantly inhibited the adsorption of CIP by MDSBC(2.5), with the
degree of inhibition positively correlated to the mass concentration of PO; . The adsorption capacity of

MDSBC(2.5) decreased by 12.51% after 5 recycles. Electrostatic adsorption, chemical adsorption, hydrogen

bonding, and z-7 interaction were involved in the adsorption of CIP by MDSBC(2.5).

Key words: iron-based waterworks sludge; papermaking sludge; magnetic dual sludge biochar; ciprofloxacin

hydrochloride; adsorption; water treatment technology
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R K, i FRKE B RS2 T cIpll,
CIP A]LITE HARIAEE e AAAAE, X HIOK 3 38 T
FEREE, B —FRg s e ™0 Wik, %
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T AL 3.41% ), I TR ST A OROKT

LRIV B (FREE 99% ), H L se it
FHE (BT ARRAF; S il . oK, AR,
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Sy 8% 6 e R G H
KA (7))~ (9) HHHRRE A FBEZE L (AGY).
PR AL (ASY) FdndERs A8tk (AHY) 3 AT
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Fig. 1
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m(PMS)M 1.0 : 2.5 FEfK = 1.0 : 10.0, MDSBC(2.5).
MDSBC(5.0). MDSBC(7.5). MDSBC(10.0)%} CIP )
W B 43900 31,33 29.49, 32.67. 30.08 mg/g, ¥
T MIBWS 1 PMSBC. %k MDSBC(7.5)%} CIP
(W Bt (32.67 mg/g ) dherm, (H AR RN RE SR N 5 J3E
B, AR 4.33 emu/g (& 1b ), RMEFESMINEE 1)
YEFIF MoK #4385 K . MDSBC(2.5)%F CIP 19 W fff
H (31.33 mg/g ) WEAKT MDSBC(7.5), {HHAfFIRE
JEN 5 JE A 10.88 emu/g( [ 1b), & T HiAth MDSBC.,
B, AW MDSBC(2.5), ¥ T 5 4:
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22 RIEERHH
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Fig. 2 N, adsorption-desorption curve of MDSBC(2.5) and
its pore size distribution curve (insert)

M 2 Bl LI H, MDSBC(2.5) B4 IV BRI [ il
4, SELHEA H3 ALREH, HIJCH WAt AT
BT, AL RN . 4315, H BET
FERm A BALAMTPFLE SN 41.37 mP/g.
0.13 cm’/g 1 12.83 nm, FH] MDSBC(2.5)J& —Fl L
AU REA AL SUA LI R G A R
2.2.2 XRD & #f

& 3 y MDSBC(2.5)1 XRD 3% /4 .

ME 3 [ LIE T, MDSBC(2.5)1 XRD &l 5
% (C) ( PDF#97-002-0351 ) Fll Fe;04 ( PDF#97-004-
3001 ) A9 b ofE A7 4 R PC A R 4. MDSBC(2.5) £
20=29.49° 42.19°, 52.32°F0 61.20°4b 431 Xt 1i; C
f(110), (200), (211)F1(220)fh 1 ; 7E 26=18.29°,
30.08°, 35.43°, 37.06°, 43.06°. 53.42°. 56.94°F/
62.53°4b 543 BIXT I, Fe;O4 HI(111), (220). (311).
(222). (400). (422). (S511)FI(440)5 T, {HI%DH B
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Fig. 3 XRD pattern of MDSBC(2.5)

2.2.3 SEM 4 #F
[ 4 2 MDSBC(2.5) FL W fff CIP J5 #Y SEM K],
M 4 AT LIFE H, MDSBCQ2.5)/MEARN, H.
DARAINA— R R £ (K 4a), RFiRFRHA
T /IR, B2 R RLRE (18] 4b ), MDSBC(2.5)W fff CIP
Ja, HERM PRI WIE I (& 4c), BB CIP #
W i W2 1) MDSBC(2.5)FE 18 .

4 MDSBCQ.5)Wf} CIP i (a. b) J& (c) i SEM &
Fig. 4 SEM images of MDSBC(2.5) before(a, b) and after
(c) CIP adsorption

23 BREARZBERSH
23.1 A4k pH 4% h

K 5 4 pH % MDSBC(2.5)f Zeta Hi{ii Fll CIP
W B P9 5 0

VWY pH BESY B AA e 2, s
W o 700 F) e T R, SRR R B SR
—o MIE S TLIE W, MEA W pH (3~9) 3,
MDSBC(2.5)) Zeta FLAZZWIE /N, 200 71 HL 715
Wiz, XF CIP YW it 52 S K s Ea#

¥ 2 R v Zewif | "
=

34 \ohy P 7 122 15 -
E{ 20+ 7 -%g\ %7\_ % 7 % 3:
2 40} Z Z 'g\-gs _é 1% ”ﬂ‘g““
N z Z N =

~60 Z ? Z BRRU

80 % 0

3 4 5 6 71 8 9

pH

CIP ¥R BT e B2 120 mg/L | ] 25 °C, pH=5, If[a] 4 h,
W B0 $5im 4 0.05 g
K5 W)k pH X MDSBC(2.5)f Zeta HL 7 HI CIP 1
Wi H A4 52 )
Fig. 5 Effect of initial solution pH on Zeta potential of
MDSBC(2.5) and CIP adsorption capacity

24 pH=3 i} ,MDSBC(2.5)%} CIP f M i /N
Jy 28.13 mg/g; 4 pH=5 iy, MDSBC(2.5)%} CIP 1y
W i 2 e K, A 33.65 mg/g. iX &S, MDSBC(2.5)
FI%5HL 25 3.14, 24 pH<3.14 i}, MDSBC(2.5)% Ifi
WIEH; Y4 pH>3.14 J5, MDSBC(2.5)F i i i .
F7E P, CIP (fif 2% 4k ( pK, )k 5.90 Fil 8.89,
HIt, 4 pH<5.90 Bf, CIP LIFHEF (CIPY) MIE
RAEAE; Y4 5.90<pH<8.89 If, CIP LAWitEE TR
178 ; 1 pH>8.89 J&, CIP LIHEEF (CIP ) WyE
RAFTE . 454 MDSBC(2.5) &5 S Al 1, 49 W
WIhG pH=3 B}, F& 17 1E HLfar ) MDSBC(2.5) 1 CIP”
ZIFEEHRAER, T WM ACR; 2 pH=4~8
W, Wi EL A MDSBC(2.5) s e 8tk 5 CIP Y 1F
HL R P R A WL R s Y pH=9 I, Al LY
MDSBC(2.5)5 CIP =4 Fr L HEF, MiBEAL T
MDSBC(2.5)%} CIP (W B . Fifi 52 501 250 R A A T8
TRV 3 00 A P 2 3 A e IR TP o i 15 3 2
(e
232 RAEMEFHHA

& 6 KALAEFE % MDSBC(2.5)W [ CIP %
RE Y5

ME 6a. b ATLIEH, 7ERENFLA CIP ¥)hh
Jo R S R, CU AT SO % MDSBC(2.5) W fff CIP
(R B A S R S HEVE T, B vk E AR AR X CIP
FR TR R TR AS K 5 1 PO DT BA 2 111 55 T MDSBC(2.5)
X CIP MWL F . >4 CIP WA it ik Bl 80 mg/L,
JA 100, 200, 300 mg/L % PO;", MDSBC(2.5)%}
CIP MM Rt 5258 A LA R RS T 3.68. 7.61.
13.64 mg/g; 4 CIP ¥Jhf Bt ik i h 200 mg/L, fin
A 100, 200, 300 mg/L ) PO; , MDSBC(2.5)%} CIP
W RFHE 2 B R R T 11,68, 15.81, 33.64 mg/g.
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st § i PO, W B CIP (MR T T3 55%, HLIEUHA
plbd Lo L N - ETMIAR NaCl il NarSO4 X 255 pH B4IE/N, i
TR BE(mg/L) A NasPO, s 248 pH THZ 11.35 F111.43 (CIP
My =9 =amEmC 2 sor B por VI i B 80 11 200 me/L (B TALAESLH ), A
sor FIFXE CIP HURH ; LU % C9R A FLRHEE XAD-4 Fil
50 FRY 7z NiliZ N . s sl
Eﬂ I \ \ ACHEA A M‘I?1-202 Wz B CI? E{ﬂiﬂvﬁﬂ, Y pa] AR F H
5 40 N\ N\ AT RS2 3%11 NaCl VARG , PIRIRBE X CIP 1Y
£ 0 \ s W B2 S R T 93.5%H1 53.9%, FLEFETE T NaCl
20f Q § HERBT AT T CIP FOVEARIE , {23 T CIP 4TI
10} § § WIS 5B, PR
0 " e ACHA CIRI SO2 S5, CIP WEHEHAIEAR /N,
TRV (mg/L) AT DL Z W ERATTRON X CIP MR A2 (8] 6a. b)), W
14

c [ Z=HRHHT HCIRT D Wb SO 1
I EHRHE B2 WHICHE BRSO JE
E= miipo; i B2 WMPOIJE

100 200 300
R R E /(mg/L)
14 T = mrmw 2 wwCr i T BWSOr i
| R SAENR B2 WHCR B HSOHR
B3 miro; 7 B WIPOF S
10}
x 3
[="
6 -
4 -
2 -
0 =
100 200
R B E /(mg/L)

a. c—CIP (] HA BB e 80 mg/L; b, d—CIP AR vk
JF 200 mg/L
K6 HAFBTES 7% CIP WK A2 (a, b) K& CIP ¥
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Fig. 6 Effect of co-existing ions on CIP adsorption capacity
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Fig. 7 Fitting curves of adsorption kinetics
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ME 7 WUEH, X FRFAFERILG CIP i
WeRE (100, 200 mg/L ) MWt , 75 KW 5 Y
30 min P, MDSBC(2.5)%} CIP 1) W B 1 5 20 E T,
U WG B Ak TP Y BE . X R R, B BN
MDSBC(2.5) R i fF1E K &GS, 55 CIP &
AN 5 BEFE TGRS BB T S 15, CTP A i %
BHTRAR, PIMAR R IITE 720 min 305 21 08 JF P-4

NFE 1 AR, T = Gsh Sy p R A K R
¥ (R) B 05— M Elovich AR ] it 52 56 )
FE Y CIP 14 A B 5 4 34.09 1 56.42 mg/g( &1 7)
SRR B W B 36.36 1 59.13 mg/g W T,
T B Jy AR R TS TR MDSBC(2.5)
Xf CIP (W Rt A%, e B 7R 20 A% v Ak 2 Wi B ke 5=
BAEHIPO,

F 1 MDSBCQ.5)WH CIP 1) 3h )12 A A S8

Table 1 Kinetic model fitting parameters for CIP adsorption by MDSBC(2.5)
I T Ph— R Bl Iy 2E R th R B I E R Elovich 3] Jj 285
(mg/L) qe/(r)ng/g ky/min”! R? q./(mg/g)  k/[g/(mg -min)] R? a/(mg/g) /(g min/mg) R’
100 31.85 1.38x107? 0'598 36.36 4.86x107* 0.999 1.67 0.15 0'798
200 52.81 1.71x1072 0'597 59.13 3.96x107* 0.997 5.13 0.10 0'099
25 WHBHZESH 285 ‘
& 8 & MDSBC(2.5)%} CIP )M Bt 25 i 455 70 451 .
BMBRBS AL, HRBHI T 2, o
MR I 557 i A2 78 = ST 57 W B ) AR R R I A [ - % 20
YO T ) 2 TP 875G 28, DA T S e b A R o sz iz '
BUEL. WP Sa T, Fl—RIE T, g BAT o 0 |
REORmIT s, MHRIEA R T RO A T AR 2 AT LA y=5345.6x-16.048 (R=0.9915)
A, 78 3 HEWE T, Langmuir I R® (0.999) 12 , ,
F¢ Freundlich #7% (0.989~0.991) HHEET 1, £ 0.0032 0.0033 D P 0.0035

B Langmuir 1% 5 5 45 Mo fi i MDSBC(2.5)%) CIP
FRIR B, CIP 7 MDSBC(2.5)2 i A B JZ W

MREE 25 °C. WAl 12 h, pH=5
8 MDSBC(2.5)%f CIP [ fiH &R R A4k (a)

P ARSI EBAL (b)
60 - Fig. 8 Adsorption isothermal model fitting curve (a) and
50 thermodynamic fitting lines (b) for MDSBC(2.5)
o 40+ adsorption CIP
? 30 = 288K
- o 208K .
3 5 N1 AW 8 Rk 2 WUEH, AG" (-6.091~
r —— 288 K Langmuir N N N .
10 298K Langmur ~3.438 kl/mol ) BINSUH, RIIZEON N H A
r — angmuir
ol N AHP<0, HAFHE N 51.28 kI/mol, A, %Wkt
10 L— . , 77 30K Fremdleh FEAHIEL | AL2E W BT G R s ASP<0, R R
0 30 60 90 120 § v
pJ(mg/L) D7 P TR LR BE Ol D
%% 2 Langmuir I Freundlich % (#1528 122 H 8
Table 2  Fitting parameters and thermodynamics constants of Langmuir and Freundlich models
K Langmuir 7! Freundlich 5% FAVIE )
e gn/(mg/g)  ki/(L/mg) R*  ke/[(mg/g)(L/mg)""] n R? AG/(kJ/mol)  AH®/(kJ/mol) AS®/[kJ/(mol-K)]
288 75.80 0.072 0.999 16.971 -0.316 0.989 -6.091 -51.28 -0.16
298 73.83 0.045 0.999 12.158 —0.359 0.990 —4.523
308 71.31 0.032 0.999 9.483 —0.386 0.991 -3.438
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MIE 9 AT LIE Y, Bl E G FH O B 34

MDSBC(2.5)%} CIP [ it 4 B2 ik Ik . MDSBC
(2.5)%F CIP FyHE KW B 24 9.19 mg/g, 5 5 KGR
Iy, H i R E 8.04 mg/g, BWE KT
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Fig. 9 Reusability of MDSBC(2.5)
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Fig. 10 FTIR spectra of MDSBC(2.5) before and after
adsorption for CIP

B 10 AT AT H, 1627.6 e &b i Sy W ik sz 7
GBI, XERE T CIP H C=C Sy 25 il iR 5555
1024.0 cm ' &b SA W BN iT—CH, B iR sh 1,
W B S N R 1Z e RS B 2= 1029.3 em ' kb 568.9 FiI
558.8 em ' AbUEE ST B VAT IE Fe—O HER) 4R
U, LERSE], CIP # MDSBC(2.5)/8.5 et .
2.7.2 XPS 45 #r

[ 11 25 MDSBC(2.5) [ CIP 1 J5 i) XPS 421,

M 11 7TLLEH, MDSBC(2.5)W R CIP & H
BF 1s ¥, H N 1s BRI, £ CIP

( C17H sFN;03°HCI*H,0 ) I [l /£ MDSBC(2.5)

',

12 > MDSBC(2.5)W fff CIP Hif 5 B 5543 3% XPS
W

M 12a.b 1Y C 1s &40 B XPS 1K LA
MDSBC(2.5)W fff CIP Hij, 7E454AfE 284.8. 286.7 Fll
289.7 eV AbIEST NI T C==C. C—N FI C=0**;
WM CIP J5, C=C. C—N Fll C=0 WK 455
fiE 284.6. 286.3 F1290.2 eV £ Hirh c=C iy
%3, FH MDSBC(2.5)5 CIP & R Z ] 7=
T - HESEAE YT,

Ols
Fe2p g5 Cls
~N / Nis /
Ols
Fe2,
% N 1s C/ls
1200 900 600 300 0
g4 fk/eV

& 11 MDSBC(2.5)W [ CIP §iJ5HY XPS 43

Fig. 11 XPS full spectra of MDSBC(2.5) before and after
CIP adsorption
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Fig. 12 High resolution XPS spectra of MDSBC(2.5) before
and after CIP adsorption
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Fig. 13 Possible pathway of MDSBC(2.5) for CIP adsorption
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