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Abstract: Biological clogging with humic acid (HA) in sloped or tunnel water bodies can degrade water quality,

necessitating an innovative and efficient HA purification technology. The sulfate-radical-based advanced oxidation

process has been regarded as an effective HA-removal strategy. In this study, polyethyleneimine (PEI)-modified

copper sulfide (CuS@PEI) was prepared via a one—step in situ synthesis method and used as a peroxydisulfate (PDS)

activator for HA degradation. Results revealed that PEI introduction did not alter the crystal structure of CuS but

exerted a steric—hindrance effect that suppressed particle agglomeration and promoted the formation of well-

dispersed nanospheres. Moreover, Cu®/Cu’ cycling was promoted by the amine groups in PEI, which decreased the

leaching of copper ions. In the reaction system with HA, CuS@PEI, and PDS concentrations of 20 mg/L, 0.2 g/L.,
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and 3 mmol/L, respectively, and pH values of 3-9, the HA-removal rate far exceeded that of the unmodified CuS
system within 60 minutes (>88% vs.52.68%), and the potential mineralization of HA can be further facilitated.The
system exhibits excellent resistance to interference from common anions such as CI", SO,”, and NO,", while HCO,
shows an inhibitory effect on HA degradation. Among active oxygen species generated in the CuS@PEI/PDS system
(such as SO, -, +OH, 0,-7, and '0,), O,:", and 'O, played the dominant role, and synergistic HA degradation was
promoted by an electron transfer pathway. HA undergoes the formation of aromatic intermediates, ring—opening
reactions, C — C bond cleavage, and ultimately mineralization under the action of reactive oxygen species. After five
cycles, CuS@PEI retained a removal rate of 81.66% and copper—ion leaching was significantly reduced compared to

the CuS system. Therefore, the as—prepared material can realize the efficient removal of HA from sloped water

bodies.
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Fig. 1 XRD patterns and FT-IR spectra of CuS and CuS@PEI before and after the reaction
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Fig. 2 SEM images showing the morphologies of CuS and CuS@PEI before and after the reaction
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the reaction

# 1 CuS.KEMNH] CuS@PEIFNZ L5 CuS@PEI HFLF5 4%
fiE
Table 1 Pore characteristics of CuS and CuS @PEI before

and after the reaction

R (m®/

w1k ) fLA(em’g) L2 (nm)

g
CuS 29.0554 0.1484 11.0397
SRR CuS@PEL 8.5080 0.0736 25.1158
SV CuS@PEIL 18.2767 0.0779 14.3490

22 ARMEEITHABEBRIIRESTLE

Kl 4(a) WA FRZXT HA BB R i £ .
60min N, PDS 1A £ (1) HA 5B R 4 5.31%, % B PDS
TETCAEAL T S5 T 2 AL TG AR AR 5 CuS/PDS R & 11
HA B 3%H 52.68%, it 7 T B— PDS IR &, JIE 5K
CuS X PDS HA — & TE L HE 1 51 CuS@PEL/PDS f4&

Z I HA EBRFR &L 91.20%, B30T CuS/PDS 14
&, 2% PEL stM: ] KAFHE T CuS B PDS IH AL AL RE o
IEAR , B— CuS@PEL A & 1 HA R 2AUH 7.36%,
Ui ] CuS@PEL Xf HA (1) W Fff /F H] %42 55 , CuS@PEY/
PDS & Z X HA 19 2B AMEAL B 32

Kl 4 (b) A A [l & &R B HA & 46 2 X 1L .
CuS@PEI/PDS & & () & HLAK (TOC) 2 B K ik
31.83%, 42 CuS/PDS 1A & (6.34%) 19 5.02 fi5 , £ W%
R RN BERE IR HA B & @A, 38 GE K HH
16 CO, R H,O , HAT AN 1 R F 3R
2.3 RN &3 CuS@PEI/PDS 1k % X[ HA 33

gp- A1

2.3.1 PDS ¥ & & 5 (a) W78 T PDS ¥ & Xf

CuS@PEI/PDS f& 72 HA LFRZFM M, 4 PDS e



6 kT % XX G
e 1.1
1.0 @ (b) 4k
i. & L 4 _!x 10
0.8
0.9
Q._, 0.6 QH 0.8
O O
04F

—a— PDS

—e— CuS/PDS
02F CuS@PEI/PDS
—v— CuS@PEI

10 20 30 40 50 60
B[] (min)

0.7f —a—PDS

—e— CuSIPDS
—A— CUS@PEI/PDS
0.6 F —v—cusarel

10 20 30 40 50 60
i5HE) (min)

Bl 4 AR AR 5T HA B R BR A mg {3

Fig. 4 Removal rates and mineralization rates of HA in various systems
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Fig. 5 Effects of the Reaction conditions on HA-removal efficiency in the CuS@PEI/PDS system
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Table 2 Relative contents of elements and functional

groups on the CuS @PEI surface before and after the

reaction
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Fig. 8 Schematic showing the HA-removal mechanism via CuS@PEl-activated PDS
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