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Mechanism of Enhancing Ciprofloxacin Degradation via Waste
Molasses-modified Red Mud Zero-valent Iron Catalysts
in Heterogeneous Electro-Fenton Systems
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Abstract The extensive use of antibiotics has led to their persistent accumulation in aquatic environments,
triggering ecological risks such as antibiotic resistance gene dissemination. Heterogeneous electro-Fenton (HEF )
technology shows great potential for water pollution treatment as it circumvents iron sludge generation and features
simple operation. However, its practical application remains limited by sluggish Fe**/Fe’* cycling kinetics and high
costs. This study developed a zero-valent iron-based catalyst (RMM-1: 1) through co-pyrolysis of red mud (RM, an
industrial waste) with waste molasses (another industrial byproduct). Characterization revealed that reductive gases

from molasses pyrolysis effectively converted iron oxides in RM to Fe’, endowing RMM-1: 1 with high specific
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surface area and rapid electron transfer capability. The optimized system achieved 93.6% removal of 30 mg/L

ciprofloxacin within 60 min (apparent rate constant: 0.1081 L-mg ™' *min™") through enhanced Fe*' regeneration and
multi-path reactive oxygen species ('OH, '0,, "0; ) synergy. Mechanistic studies demonstrated that Fe’-mediated
electron transfer coupled with non-radical pathways ('0,-dominated) synergistically droves pollutant removal. The
sustained electron supply from Fe’ was identified as the core mechanism overcoming Fe®'/Fe* cycling bottlenecks,
while spatiotemporal reactive oxygen species (ROS) synergy ensured degradation efficiency. This work establishes a
cost-effective HEF catalytic system that integrates pollutant degradation with solid waste valorization, providing an
innovative solution for practical antibiotic pollution control.

Keywords Red mud; Heterogeneous electro-Fenton technology; Zero-valent iron; Resource utilization;

Wastewater purification
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Fig.2 TEM image(A), EDS mapping images of Si(B), O(C), C(D), Fe(E) and Al(F) of RMM-1:1
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Table 1 Specific surface areas and pore parameters of materials determined by BET measurements

Catalyst Specific surface area/(m?-g™") Pore volume/(cm®-g™") Average pore size/nm
Molasses 4.37 0.01 24.43
RM 9.59 0.06 2291
RMM-1:1 141.56 0.09 20.35
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Fig. 4 XRD patterns(A), FTIR spectra(B) and magnetic hysteresis curves(C) of RM and RMM materials
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Fig.5 Survey(A), C,(B) and Fe, (C) XPS spectra of RM and RMM-1:1
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Fig.7 CIP removal performance(A) and their corresponding values of &, (B), fitting curves of pseudo-first
order(C) and the pseudo-second order(D) model on CIP degradation kinetics by several catalysts
, applied potential=4 V, ¢ (catalyst)=0. 20 g/L.

Reaction conditions: ¢,(CIP)=30 mg/L, pH=3

Lo}® 700 °C
Ik, —o- 800 °C
08F \ 900 °C
\
- 06F \
L \
QS
\
04 *
02} u
S G =
0 m . . . . .
=30 0 10 20 30 45 60
Time/min
10 1(C) 9 mg
“\ 12 mg
08k 3\ —o—- 15 mg
\\ 18 mg
S 06f ¢
Q \
04 2
02F \;\ \
35— 2
0 yd . A . . .
=300 10 20 30 45 60
Time/min

Fig. 8 Effect of calcination temperature(A), catalyst dosage(C)

simulated kinetics(B, D) during catalyst preparation
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Fig.9 Applied voltage(A) and initial CIP concentration(C) on CIP removal performance and their

simulated kinetics(B, D) during catalyst preparation
2.3 RMM-1:1 HEF {& % [&f# CIP HH I
T BT RN B ROS IR, SR TS [ IR0 22 5 B 10 9 WL HE X CIP 25 BR A48 1) 52 1 .
RMM-1: 1 HEF /& 2 B9 K SEER A5 R NP 10(A) 7R, B30, 3 mol/L 5N (IPA ) | L-2H %2 (L-His ) &
A HBE(TCH)AE W FEIGRIN, $94H] 7 OH, 'O, 1O iIVEH], RHIIX 3 Fh A th AL4H CIP Ffig i 242
WEYE RN . T AR TP 0. 3 mol/L i 48 AL ZU8E (CAT) K H,0, 16, k,, JRF% 2 0. 0119 Lemg™ *min™

Chem. J. Chinese Universities, 2025, 46(11), 20250178 20250178(130/133)



Jd B3 s Ky ¥R
Eu CHEMICAL JOURNAL OF CHINESE UNIVERSITIES

100

(B)
@A) 0.1081
90 i =
S 17.62% g 009
s 80 25.92% 26.66% s
g e
RN 37.37% £ oo
o Y L
g 2
60 bd o = 0.03f
03 0.0159 0.0180
50k H.0, 0.0119 0.0110
0= 0
Control CAT IPA L-His TCH Control CAT IPA [-His TCH
Quenching agents
oy 51 N
(L DMPO- O DMPO) G TEMP e DMPO
RM 5 min , S
RM 5 min " “RM 5 min
RM 15 min [ ~ RMM-L1 5 min v\ AP Sy RM 13 min
! . i
RMM-1:1 5 min| , J|J| RMM-L:115min RMM-1:1 5 min
j' I et A\ ARMM-L1 15 min
; . RMM-T:1 15 min A ! ‘ P b
03460 03480 03300 03520 0.3340 03460 03480 03500 03520 0.3540 03460 03480 03500 03520 03540
Field/T Field/T Field/T

Fig. 10 Effect of different quench agents on CIP degradation in RMM-1:1 HEF system(A) and the
corresponding k. data(B), EPR spectra of DMPO-OH(C), TEMP-'0,(D) and DMPO- O; (E)
in RM/RMM-1:1 HEF system

[ 10(B) 1, 60 min P CIP KBRFE{LUN 54. 2%, GIESE HL0, 94 S ANE L 7E RMM-1: 1 HEF /& & [F%f# CIP
R JCEMIER . 2% RM R RMM-1: 1R AR R R EAT T EPR 438 LK 10(C) ], AT 0L,
PIFPA R EPR OGS B8 T U4k (1:2:2: 1)F %, RUIFLEOH. BlFE N HE T, RM RS H
DMPO-"OH {5538 B & 2 T B, (H RMM AR R ORFEAAS , UESE T OH 7E CIP [ h B EAE . &
F| TEMP %§'0, (9 55 5k i 35 /6 1, W3] T TEMP-'0, B A3 &8 9 & (1: 1: 1) i 8L %1 = 2k EPR %
[E10(D) ], REALEFIREIRR PAER T 10, Hp, RMM-1: LA RME 5508 B & T RMIAR, I
LB R0 A T IR, R H AT AR 0 ROS AR BLAE F1 . IbAb, 78 BSR40 %] DMPO- OOH
) A BEMAPES . AR R 1 DMPO- O, 45 1E A5 5555 B B 2 17 1 954 535 TG B 88 1) 22 52 AR 4k
[E10(E) |. #4E SClkiRGE , 0, 1F M 2¢” ORR 2L F2 (1 8] 724 (0, 0, —H,0,) ™, KA KRR e
H,O, A BGRAR A ™ i B/ F NS A R 22, R RICR I 25 53 5/ R IR T HL0, B — 2161k
Rt , tE— 2 i ROS W FE AR AL A0 # TR ZRE A HLEE (B 1D, i 11 (A) AT I, RM AT RMM-1:1
HEAETR 53 S T 0. 44 F10. 12 mmol/L 1) H,0, W8 {8 %, RMM-1: 1 {& R+ H,0, ¥ IR F RM, X 7]

~ 05 ~ 30 —
25 (A) 7 (B) RM
3 =" RM = 28r RMM-1:1
g 045 wwRMM-1:1 l S 26l
g
=z I < 24
% 03F ‘ § b
= I

k] ! ° . .
=z 02r g 20r |
8 - 2 Ll
g - £ 18f
5 "''m m R 8 16}
] | g —
S o )

10 20 30 45 60 10 20 30 45 60

Time/min Time/min
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