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1 Introduction

Degradation of humic acid by UV/PMS: process
comparison, influencing factors, and degradation
mechanism

Qingchao Shen,** Xiaosan Song, & *2® Jishuo Fan,?® Cheng Chen®® and Zili Guo®

In natural water bodies, humic acid (HA), generated during the chlorination disinfection process at water
treatment plants, can produce halogenated disinfection by-products, increasing the risk to drinking
water safety and posing a threat to human health. Effectively removing HA from natural waters is
a critical focus of environmental research. This study established a synergistic ultraviolet/
peroxymonosulfate (UV/PMS) system to remove HA from water. It compared the efficacy of various UV/
advanced oxidation processes (AOPs) on HA degradation, and assessed the influence of different water
sources, initial pH, oxidant concentration, and anions (HCOs~, Cl”, NOs™) on HA degradation. The
degradation mechanism of HA by the UV/PMS process was also investigated. Results showed that under
the conditions of 3 mmol L™ PMS concentration, 10 mg L™ HA concentration, initial solution pH of 7,
and a reaction time of 240 minutes, the mineralization rate of HA by UV/PMS reached 94.15%. The
pseudo-first-order kinetic constant (kops) was 0.01034 and the single-electric energy (EE/O) was 0.0157
kW h m~3, indicating superior HA removal efficiency compared to other systems. Common anions
(HCOs™, Cl, NO3") in water were found to inhibit the degradation of HA, and acidic conditions were
more conducive to HA removal, with the optimal pH being 3. Free radical quenching experiments
showed that both sulfate radical (SO, ) and hydroxyl radical ("OH) radicals were involved in HA
degradation, with SO, " being the primary oxidant and "OH as the auxiliary species. Analyses using 3D-
excitation-emission matrix (EEM), parallel factor analysis (PARAFAC), specific fluorescence index, and
absorbance demonstrated that UV/PMS technology could effectively degrade HA in water. This study
provides theoretical references for further research on the removal of HA and other organic substances
using UV/PMS technology.

The primary methods for controlling HA in water include
physical and chemical approaches. Physical removal techniques

Humic acid (HA), a key component of natural organic matter
(NOM), primarily originates from the decomposition of plant
and animal metabolic products. It is widely found in surface
water and groundwater."> HA's molecular structure is complex
and variable, containing various active functional groups such
as phenolic hydroxyl, carboxyl, and alcohol hydroxyl.* These
properties endow HA with unique acidity, hydrophilicity, and
ion exchange capacity, enabling it to adsorb organic and inor-
ganic pollutants, undergo ion exchange and chelation reac-
tions, deteriorate water quality, and pose threats to human
health and the ecological environment.* Currently, developing
efficient methods to remove HA has become a prominent issue
in environmental research.
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for HA, such as adsorption® and filtration,® merely transfer HA
to a solid phase, necessitating subsequent solid waste
management. Chemical oxidation methods, including electro-
chemical oxidation,” Fenton oxidation,® and photocatalysis,®™*
have attracted researchers' attention due to their ability to
rapidly decompose and mineralize HA.” Among these,
advanced oxidation processes (AOPs) are particularly noted for
their operational simplicity, high efficiency, and absence of
secondary pollution,” and have been employed to remove
various micropollutants. AOPs generate highly oxidative radi-
cals such as "OH and SO, °,** which degrade and mineralize
organic pollutants in surface water sources. The sulfate radical
(SO, ") has a higher oxidation potential (E® = 2.5-3.1 V) and
a longer lifespan (¢t = 30-40 ps) than "OH (E° = 2.8 V, ¢ = 0.02
us), enhancing its capacity to oxidize organic substances.'
Moreover, SO, ° exhibits greater selectivity and efficiency
towards pollutants containing unsaturated bonds or aromatic
rings, making it more effective in removing micropollutants
from water.'*"”

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Currently, SO, is primarily generated by activating perox-
ydisulfate (PS) through thermal energy, light energy, alkaline
conditions, ultrasound, and transition metals. Among various
activation methods, photocatalysis has become a focus of
interest due to its environmentally friendly characteristics."® In
particular, the ultraviolet (UV) activation of peroxydisulfate is
a low-cost, energy-saving method that avoids heavy metal
pollution.” It has shown significant effectiveness in treating
pharmaceuticals, personal care products, pesticides, and
industrial chemicals.?*?® In advanced oxidation processes using
persulfate, the commonly used oxidants are peroxymonosulfate
(PMS) or peroxodisulfate (PDS). Tang et al>** compared the
effectiveness of UV/PMS and UV/PDS in removing HA and found
that UV/PMS was superior in terms of degradation efficiency,
rate, and cost-effectiveness. Fang® demonstrated that UV/PMS
was more effective in treating HA compared to H,O, and
direct UV irradiation. PMS, with its shorter O-O bond and
unique asymmetric structure, is more easily activated to
produce oxidative radicals. Using UV to activate PMS to produce
SO, " is a straightforward and environmentally friendly
method. Compared to other activation techniques (such as heat
or metal cations), it is simpler and does not introduce other
substances, making UV/PMS a practical water and wastewater
treatment technology for removing HA.>®

This study compared the effectiveness of different UV/AOPs
in treating HA, evaluating the impact of varying water sources,
initial pH, oxidant concentration, and water anions (HCO;
Cl7, NO3; ) on HA degradation. Through radical quenching
experiments, the main active substances in the synergistic
system were identified, and the mechanism of HA degradation
by the UV/PMS process was systematically explored using 3D-
EEM, parallel factor analysis, specific fluorescence index anal-
ysis, and absorbance analysis. The results of this study provide
a theoretical reference for the subsequent application of UV/
PMS in treating HA and other organic substances.
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Fig. 1 Advanced oxidation reaction apparatus structure.
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2 Methods

2.1 Experimental reagents and equipment

2.1.1 Experimental reagents. HA (fulvic acid content
=90%) was sourced from Shanghai Macklin Biochemical
Technology Co., Ltd. Sodium persulfate (NaPS), tert-butyl
alcohol (+BuOH), isopropanol (IPA), and sodium sulfite
(Na,SO3) were also procured from Shanghai Macklin Biochem-
ical Technology Co., Ltd; potassium persulfate (KPS) and
sodium percarbonate (SPC) were purchased from Shanghai
Titan Technology Co., Ltd. Methanol (MeOH) was obtained
from Shanghai Dibai Biotechnology Co., Ltd; sulfuric acid
(H,S0,), hydrochloric acid (HCI), and ethanol (EtOH) were
supplied by Shanghai National Pharmaceutical Reagent Co.,
Ltd; sodium hydroxide (NaOH) was provided by Sigma-Aldrich.
Salicylic acid (SA) was acquired from Tianjin Kemiou Chemical
Reagent Co., Ltd. All chemicals were of analytical grade and
required no further purification.

2.1.2 Experimental equipment. To ensure a seamless
experimental process, a UV-oxidation-based apparatus was
specially designed, and its structural diagram is shown in Fig. 1.
The device consists of an upper sealed flange, inner and outer
double-layered organic glass tubes, and an innermost glass
sleeve. The flange features a water inlet for reagent addition.
The inner and outer glass tubes create a condensing water
circulation system, with water inlet and outlet ports located at
the bottom and top of the outer glass tube, respectively. The
inner glass tube is detachable, equipped with a drain port at the
bottom and two sampling ports at the middle and upper
sections. This setup allows processing of up to 4 L of water
sample per session.

The device is designed for ease of use, with a detachable UV
lamp glass tube that facilitates the replacement of UV lamps of
various specifications and types. Sampling ports are strategi-
cally positioned at different heights for convenient sampling,
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and a reagent addition port at the top simplifies the introduc-
tion of reagents. The outer glass condensing water system
mitigates the issue of temperature increase during UV lamp
irradiation. The full immersion UV lamp used in the study is
from the Osram brand, model HNS 4P SE.

2.2 Experimental investigation indicators and testing
methods

2.2.1 Routine index determination

2.2.1.1 Physical indicators. Temperature and pH changes in
water samples were monitored using a thermometer and pH
meter. The pH was adjusted using 0.05 mol L' NaOH and
0.05 mol L ! H,S0, buffer solutions. Prior to testing, calibration
solutions with pH values of 4.0, 6.86, and 9.18 were employed to
calibrate the pH meter.

2.2.1.2 Chemical oxygen demand (COD). COD was measured
using the acidified potassium permanganate method, in
accordance with standard GB 11892-89. This method is appli-
cable to water samples containing chlorine ions up to
30 mg L' If the potassium permanganate index exceeds
10 mg L™, the sample should be diluted before measurement.

2.2.2 Total organic carbon (TOC) and dossolved organic
carbon (DOC) determination. TOC and DOC levels were
measured using a TOC analyzer (MULTIN/C2100, Jena, Ger-
many). For DOC measurements, water samples were filtered
through a 0.45 pm filter membrane prior to analysis.

2.2.3 Absorbance measurement

2.2.3.1 UV,s, The UV,5, absorbance was determined using
a UV spectrophotometric method. The UV2600A UV spectro-
photometer, which requires a 0.5 hours preheating period, was
used for this purpose. Samples were filtered through a 0.45 pm
filter membrane and measured at a wavelength of 254 nm.

2.2.3.2 Specific ultraviolet absorbance (SUVA,). The SUVA,
value indicates the aromaticity of organic matter in water. A
higher SUVA, value suggests a greater presence of unsaturated
double bonds or aromatic ring structures in the organic matter.

SUVA, = DA—OXC x 100 )]
where SUVA, denotes the specific ultraviolet absorbance
(au.-mg L™Y); A, represents the absorbance of UV light at
a specific wavelength (a.u.); and DOC indicates the content of
dissolved organic carbon in water (mg L™7).

2.2.4 3D fluorescence analysis. 3D fluorescence of water
samples was detected using an F-7100 fluorescence spectro-
photometer. MATLAB 2022b software and the DOMFluor
toolbox were utilized to preprocess EEM fluorescence data using
the PARAFAC method.

2.2.5 Other relevant indicators

2.2.5.1 Organic matter degradation rate.

n=""% " 100% )

G
where 7 denotes the organic matter degradation rate; C,
represents the initial concentration of organic matter (mg L™");
and C, expresses the concentration of organic matter at time ¢

(mgL™).
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2.2.5.2 Single electrical energy consumption (EE/O).

PxT
60 x V' x log(Cy/C) x 1000

EE/O = (3)
where EE/O denotes the single electrical energy consumption
(kW h L™); P represents the light power (W); ¢ is the reaction
time (min); V indicates the volume of water treated (m?); and C,
and C are the initial and final concentrations of HA, respectively

(mg L.

2.3 Experimental operations and procedures

Before the beginning of the experiment, the UV lamp should be
preheated for 20 min to ensure the stability of UV radiation
intensity. Before running the experimental device, the whole
device should be placed in a magnetic stirrer, with the help of
rotor stirring, to realize the uniformity of the reaction and
constant temperature operation. After the UV lamp is pre-
heated, it is installed in the casing of the device, and at the same
time, the reaction solution and the required reagents are
introduced into the glass tube. Finally, the device was wrapped
tightly with light-impermeable tinfoil to avoid the interference
of the external light source and to prevent the UV radiation from
causing damage to the eyes of the experimenters. At the
beginning of the experiment, the UV lamp was activated, and
the condensation circulator and magnetic stirring device were
operated, during which the UV radiation intensity of 3.28 mW
cm?, the reaction temperature of 25 + 3 °C, and the rotational
speed of 630 rpm were maintained, in which the experimental
groups of this study were required to carry out three parallel
experiments, and the results of the experimental results were
taken as the average value. At the end of the experiment,
a certain amount of reaction solution was taken out for deter-
mination and analysis.

3 Results and discussion

3.1 Removal of natural water HA by different UV/AOPs
synergistic systems

Under an initial solution pH of 7, an initial HA concentration of
10 mg L', and the addition of 3 mmol L™ of AOPs (PMS, PDS,
SPC (sodium percarbonate), S(iv) (sodium sulfurous acid)), and
the reaction proceeded for 240 minutes. This study employed
various methods such as direct UV photolysis, AOPs oxidation,
and UV/AOPs synergistic treatment to analyze the degradation
effects of different systems on HA (Fig. 2). In the UV/oxidant
process, the removal of HA by different concentrations of
oxidants followed pseudo-first-order kinetics. The first-order
rate constant (kops) was determined by eqn (4) and is listed in
Table 1.

Ln <%) = kopst (4)

where Cy and C represent the initial and time ¢ concentrations
of the organic matter in the advanced oxidation reaction
system, respectively (mg L™"); and ks is the rate constant for
HA degradation (min ).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Mineralization effects of HA under different process conditions.

In Fig. 2, under conditions of direct UV photolysis and single
AOPs oxidation, the mineralization rate of HA was less than
15%, indicating minimal mineralization. In UV/AOPs syner-
gistic systems, UV/PMS, UV/PDS, and UV/SPC exhibited signif-
icant mineralization effects, with C/C, values of 5.85%, 10.47%,
and 44.00%, corresponding to mineralization rates of 94.15%,
89.53%, and 56%, respectively. The UV/S(v) system had a C/C,
of 80.20%, with a mineralization rate of only 20%, indicating
the poorest performance. Comparative analysis revealed that
direct UV photolysis and single oxidant treatments were inef-
fective at generating sufficient radicals to oxidize and degrade
HA efficiently, requiring external energy to activate the oxidants
and produce potent oxidative radicals. This demonstrates that
the UV/AOPs system process can more effectively promote the
decomposition of organic matter.

Analysis of Fig. 3 shows that after a 240 minutes reaction in
the oxidation system, the highest UV,5, and COD removal rates
were observed in the UV/PMS synergistic process, achieving
95.07% and 96.26%, respectively. This was followed by the UV/
PDS and UV/SPC processes, while the UV/S(v) process demon-
strated the poorest performance, with UV,5, and COD removal
rates of only 32.14% and 35.06%, respectively. Analysis of the
fitted first-order kinetic equations (Table 1) showed that the ks
ranked from highest to lowest as UV/PMS > UV/PDS > UV/SPC >
UV/S(wv), with kops values of 0.01034 and 0.00940 for UV/PMS
and UV/PDS, respectively, which are significantly higher than
0.00342 and 0.00051 for UV/SPC and UV/S(wv), respectively. The
comparison indicates that the UV/PMS process had the best
mineralization rate and removal effect for HA. PMS, being an

View Article Online
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Fig. 3 Removal effects of organic compounds by different synergetic
processes.

efficient oxidant with an asymmetric dipole structure and high
oxidation potential, also has low molecular orbital energy which
facilitates easier electron acceptance compared to the other
three oxidants.”” This allows PMS to be activated and release
oxidative radicals more quickly, thereby enhancing the effi-
ciency of organic matter removal from water. Although PDS is
also an effective oxidant, its symmetrical molecular structure
requires more energy to be activated and to produce oxidative
radicals. This explains why the single use electrical energy for
PMS (0.0157 kW h m~?) is lower than that for PDS (0.0204 kW h
m ), as outlined in Table 1, where Table 2 shows the results of
the remaining researchers compared to this paper.

Considering the mineralization rate of HA, removal effect,
and single electrical energy consumption, the UV/PMS syner-
gistic system emerges as the best choice for removing HA from
water, followed by UV/PDS, UV/SPC, and UV/S(wv) synergistic
systems.

3.2 Effect of different water sources on HA removal

In contrast to laboratory-prepared water, real water sources
contain various suspended particles, impurity ions, and other
factors that can interfere with HA removal. To investigate the
impact of different water sources on HA removal, natural water,
tap water, and ultrapure water were selected for a comparative
study. Natural water was sourced from the Yellow River in
Lanzhou, Gansu Province, with a pH of 8.46 £ 0.5, and was

Table 1 Comparison of rate constants and economic efficiency of various processes

System First-order kinetic equation kops (min™) R’ EE/O (kW h m™®)
UV/PMS Ln(C,/C) = 0.01034¢ + 0.1516 0.01034 0.928 0.0157
UV/PDS Ln(C,y/C) = 0.0094¢ + 0.1355 0.00940 0.919 0.0204
UV/SPC Ln(C,/C) = 0.00342¢ + 0.0147 0.00342 0.975 0.0561
UV/S(w) Ln(Cy/C) = 0.00051¢ + 0.0077 0.00051 0.978 0.3750

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Degradation performance of HA by different UV/AOPs processes

Processing Concentration pH AOPs Time Degradation rate Reference
UV/H,0, 15mgL™" 4 H,0,: 3 mmol L™* 180 min 21.9% 24
UV/PDS (H,S,05) 6 PDS: 3 mmol L™ * 120 min 92.9% 24
UV/SPC (Na,CO;) 5mgL™! 9.9 SPC: 0.5 mmol L™* 90 min 92.1% 28
UV/PMS (H,SOs) 2mgL! 7 PDS: 0.5 mmol L ™" 180 min 100% 29
UV/SPB (NaBO;) 10 mg L™ 3 SPB: 1 mmol L™* 60 min 88.8% 30
UV/PMS (H,SOs) 10mgL™* 3 PMS: 3 mmol L* 180 min 92.09% This work
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Fig. 4 Removal of HA in different water sources.

filtered before use. Under an initial solution pH of 5, a PMS
concentration of 3 mmol L™}, and an HA concentration of
10 mg L', the reaction proceeded for 150 minutes. The results
are illustrated in Fig. 4.

After 150 minutes of reaction, the C/C, values for ultrapure
water, tap water, and natural water were 10.39%, 46.62%, and
65.45%, respectively, with corresponding mineralization rates
of 89.61%, 53.58%, and 34.55%. This demonstrates that both
natural water and tap water inhibit HA removal. The reasons for
this are twofold: (1) natural water contains complex compo-
nents, and other NOM present will compete with HA for SO, "
generated by PMS; (2) various anions present in natural water
and tap water inhibit the activity of oxidative radicals, thereby
reducing the efficiency of HA removal.** Among them, tap water,
having undergone precipitation, filtration, and other treatment
processes, significantly reduced the content of anions, resulting
in a weaker inhibition of HA degradation compared to surface
water.

3.3 Effect of initial pH on HA removal

The molecular form, solubility, and reactivity of HA with free
radicals are all influenced by the initial pH value of the water.**
This experiment was designed to explore the degradation of HA
under various initial pH values (3, 5, 7, 9, 11) in natural and
laboratory-prepared waters. The experiment was conducted

22992 | RSC Adv, 2024, 14, 22988-23003

under an initial HA concentration of 10 mg L', 3 mmol L™ " of
PMS added and a stirring speed of 630 rpm. By controlling
different initial reaction pH values, the reaction lasted for 150
minutes. The sampling and detection results are depicted in
Fig. 5 and 6.

Fig. 5 and 6 demonstrate that pH significantly influences HA
removal in both water types. At a pH of 5, the UV,5, and COD
removal rates in the experimental water reached as high as
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Fig. 5 Effect of initial pH on HA removal in UV/PMS (experimental
water).
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Fig. 6 Effect of initial pH on HA removal in UV/PMS (natural water).
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96.15% and 98.92%, respectively, with HA being almost
completely mineralized. At a pH of 3, the UV,s, and COD
removal rates were 95.58% and 95.88%, respectively. When the
pH ranged from 7 to 11, the UV,5, and COD removal rates were
slightly lower than those in acidic initial solutions. Although the
removal rates of UV,5, and COD in natural water were lower
than those in laboratory-prepared water, the basic trends
remained consistent. At a pH of 5, the removal rate of HA was
the highest, followed by pH 3, 11, 9, and 7, indicating that the
UV/PMS process is most effective for the mineralization of HA
under acidic conditions.

HA molecules are neutral in strongly acidic environments,
which enhances their photochemical activity compared to
neutral and alkaline conditions.*” Acidic initial conditions
facilitate the photochemical reaction of HA, increasing its
removal rate under UV irradiation. In an alkaline environment,
the main products of activated PMS are OH', '0,, and O, ",
which have a weaker oxidation ability than SO, . In alkaline
solutions, quenching (eqn (5)) and radical transfer (eqn (6))
between SO, " and OH' may occur, reducing the number and
oxidation capacity of oxidative radicals.** Therefore, slightly
acidic conditions are more conducive to the degradation of HA
in the UV/PMS reaction system.

SO, ~ +'OH — HSOs k=11x10°M"!s! (5)

SO, +OH™ — SO4” + 'OHk=6.5x 10'°M™' S7!  (6)

3.4 Effect of oxidant concentration on HA removal

PMS serves as a source of oxidative radicals and plays a crucial
role in the removal of HA from water. Under experimental
conditions a an initial solution pH of 5, a PMS concentration of
3 mmol L™ ', and an HA concentration of 10 mg L™ ", the reaction
proceeded for 150 minutes. The effect of PMS concentration on
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Fig. 7 Effect of oxidant concentration on removal rate of organic
compounds (purified water).
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Fig. 8 Effect of oxidant concentration on removal rate of organic
compounds (natural water).

the degradation rate of HA was investigated, and the results are
presented in Fig. 7 and 8.

Fig. 7 reveals that with increasing oxidant concentration, the
removal rates of UV,5,, COD, and TOC continuously increase at
low concentrations (PMS = 1, 2, 3, 4 mM L"), reaching
a maximum of 96.47%, 96.29%, and 94.16%, respectively.
However, when the PMS concentration exceeds 5 mM L7,
a shielding effect occurs,** and the removal efficiencies of UV,5,,
COD, and TOC decrease to 88.58%, 89.52%, and 86.31%. This
analysis indicates that at excessively high PMS concentrations,
the likelihood of radical-radical interactions (eqn (7) and (8))*®
and excess PS-SO, " and ‘OH reactions (eqn (9) and (10))*
increases, reducing the rate of free radical oxidation of HA.

SO47' + HzO i HSO57 + ‘OH [7)
HSOs™ + "OH — SOs™* + HO, (8)
SO, " + H,0 — HSOs™ + 'OH (9)

'OH + 'OH — H,0, (10)

Fig. 8 reflects that in natural water, UV,s4, COD, and TOC
removal increased by 25.48%, 25.81%, and 28.43%, respec-
tively, as the oxidant concentration was increased from 1 mM
L' to 6 mM L. Although the oxidation efficiency was not as
good as the water distribution experiment, there was no
threshold. The reason for this was analyzed as too high
a concentration of PMS would inhibit the removal rate of HA
due to its own scavenging effect in an ideal condition without
the influence of impurities. In natural water, the number of
oxidizing radicals in the water gradually increased with the
increase of PMS concentration, but the degradation rate of HA
by the UV/PMS system continued to increase due to the pres-
ence of other organic impurities in itself, which resulted in the
oxidant always being in short supply.
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The reasons why the degradation rate of HA in natural water
is lower than the ideal state include: @ the turbidity of natural
water is greater than that of pure water, and despite filtration,
many soluble substances remain, leading to incomplete acti-
vation of PMS and low efficiency of free radical generation; @
organic impurities present in the water compete for free radi-
cals, so even with an elelvation of oxidant concentration, the
removal effect of HA in natural water is still not as effective as in
the prepared water experiment.

3.5 Effect of anions in solution on HA removal

Inorganic anions present in water can alter the types of oxida-
tive radicals produced by PMS, reduce oxidation efficiency, and
adversely affect the effectiveness of PMS in removing HA. This
study examined the impacts of common anions including
NO; 7, CI7, and HCO;™ in natural water on the removal of HA
using the UV/PMS process.

Under experimental conditions with an initial solution pH of
7, a PMS concentration of 3 mmol L™, and varying concentra-
tions of HCO3;~ (0-4.0 mM), Cl~ (0-25 mM), and NO;~ (0-20
mM), with an HA concentration of 10 mg L', the reaction
proceeded for 150 minutes. We explored the effects of HCO; ™,
Cl7, and NO; ™ in the solution on the HA removal efficiency of
the UV/PMS process, and the results are displayed in Fig. 9-11.

In Fig. 9, as the concentration of HCO; in the solution
increases, the efficiency of HA degradation is significantly
inhibited. At HCO;~ concentrations of 0 mM and 4 mM, the
degradation rates of HA were 34.55% and 14.4%, respectively,
marking a decrease of 58.32%. HCO;  undergoes hydrolysis
(eqn (11) and (12)),”” forming an HCO; -CO,;>~ system. The
reasons for the inhibition of HA degradation include: @ HCO;™
itself acts as a free radical scavenger, reacting with SO, " and
OH" (eqn (13) and (14)), reducing the number of oxidative
radicals available in the solution; @ the ‘OH generated is
consumed by CO;>” to produce CO; " (eqn (15)), which has
a weaker oxidation ability, thus reducing HA oxidation and
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Fig. 9 Effect of HCO3™ concentration on HA removal.
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Fig. 11 Effect of NO3z~ concentration on HA removal.

removal.’*® Additionally, the addition of HCO;  increases the
solution pH, and the oxidation-reduction potential E° of CO;™"
decreases,* further diminishing the oxidation capacity of
CO;~

H,COs(aq) —» H' + HCO;™ pK, = 6.37 (11)
HCO;~ — H™ + CO3*~ pK, = 10.33 (12)
SO, + HCO;~ —S0,* + HCO; (13)

"OH + HCO;~ — 2CO; " + H,0 (14)
"OH + CO;*~ — CO; " + OH~ (15)

As shown in Fig. 10, HA removal decreased by 14.11% when
the Cl™ concentration was increased from 0 mM to 25 mM. HA

© 2024 The Author(s). Published by the Royal Society of Chemistry
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removal changed only by 5.7% when the Cl™ concentration
ranged from 0 to 15 mM, indicating that the low concentration
of C1™ has less effect on HA removal. It was analyzed that excess
Cl™ not only consumes ‘OH in water to generate CIOH ", but
also quenches SO, in water to generate Cl° and Cl,” * (eqn
(16)-(18)).* When "OH and SO, " with strong oxidizing effects
in water are replaced by weaker radicals, the degradation of HA
by the UV/PMS system will be seriously affected. At the same
time, the newly generated chloride in the water will seriously
damage human health and also cause corrosion of the subse-
quent water treatment equipment, so attention needs to be paid
to the fact that when the concentration of Cl™ in the solution
exceeds the standard, the ion exchange method can be used to
reduce the concentration of Cl™ in the water.

"OH + CI~ - CIOH ™ (16)
Cl'+Cl” - Cl,™ (17)
SO, + ClI” — CI' + SO,*~ (18)

Moreover, Cl™ can also compete with HA for free radicals and
react with the oxidant to produce hypochlorous acid (eqn (19)),
with high concentrations of Cl™ accelerating the reaction with
PMS.** Under acidic conditions, hypochlorous acid can further
transform into chlorine gas (eqn (20)). Hence, excessive chloride
ions negatively impact the stability of PMS.

HSOs™ + CI- — SO4*~ + HOCI (19)

HOCl + H" + CI” — ClL,1 + H,O (20)

NO;  does not react with PMS and does not affect the solu-
tion pH, so it does not impact the stability of the oxidant.** In
the UV/PMS system, NO; ™~ plays two roles:** D NO;~ absorbs UV
light to generate O™ " and NO;, which in turn produce 'OH to
degrade HA (eqn (21) and (22)); @ NO;™ reacts with the SO, *
generated by PMS to produce NOj;, which has a lower oxidation
capacity than SO, (eqn (23)). In Fig. 11, as the NO;~ concen-
tration increases, the mineralization rate of HA decreases from
34.55% to 18.31%, a reduction of 47%, indicating that NO; ™ has
an inhibitory effect on HA degradation. Overall, the inhibitory
effect of NO;~ on HA degradation is more pronounced than its
promoting effect.

NO;™ + hv—>NO; + 0~ 1)

O +H,O+hv - 'OH + OH™ (22)

© 2024 The Author(s). Published by the Royal Society of Chemistry

NO; ™ 480, —>NO; + SO,* (23)

3.6 Mechanism of HA removal by UV/PMS

3.6.1 Free radical quenching experiment. During the UV
activation of the PMS process, SO, " and "OH are the primary
oxidizing species. We employed tert-butyl alcohol (TBA) as
a quencher for ‘OH, and we used anthracene-9,10-dipropionic
acid (AA) as a quencher for SO, . These quenchers were used
to conduct free radical quenching experiments to validate the
contributions of SO, " and "OH in the degradation of HA.

As shown in Fig. 12, the energy input of UV light causes the
0O-0 bonds of PMS to split, and during this activation process,
the application of external energy in excess of the bond energy
causes the peroxygen bonds of PMS to break, resulting in the
production of SO, " and ‘OH. which act as strong oxidizing
agents and are capable of degrading a wide range of pollutants
more rapidly.

In Fig. 13, the addition of TBA significantly decreased the
mineralization rate of HA. As the concentration of TBA
increased, the mineralization rate dropped from the original
91.41% to 32.22%. However, the mineralization effect on HA
was not completely suppressed because the remaining SO, " in
the solution could still continue to mineralize HA. Although
TBA also quenches SO, °, its rate of removing "OH is approxi-
mately three orders of magnitude higher than that of SO, "

TBA
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—A—0.5mg/L
—&— lmg/L

1.0

< 06 |
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<
O
04 |
02|
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Fig. 13 Effect of TBA on HA removal by UV/PMS.
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(krea, so, = 4.0-9.1 x 10° M ' s, krpa, -on = 1.8-2.8 x 10’
M~ s7').** Therefore, within a limited concentration range,
TBA will preferentially capture and quench "OH.

In Fig. 14, the addition of AA resulted in a decrease in the
overall mineralization rate of HA by 76.41%, which is signifi-
cantly greater than the 59.19% reduction observed with TBA.
This demonstrates that SO, contributes more to the removal
of HA than 'OH, making it the primary oxidative radical.
Additionally, other reactive species such as singlet oxygen (*0,)
and superoxide anions (O, ") generated in the UV/PMS system*®
cannot be quenched by TBA and AA. Thus, even at high
concentrations of TBA and AA, the removal of HA is not
completely inhibited. Further studies indicate that SO, " and
'OH are the primary radicals under acidic and alkaline condi-
tions, respectively.*® After introducing different concentrations
of PMS to the solution, the pH drops sharply, becoming strongly
acidic. Consequently, it is inferred that SO, ° is the main
oxidizing species and plays a major role in the UV/PMS co-
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100
Peak  Type En/nm E/nm
80 A UV region FA 370-460 230-260
B Protein-like (tryptophan-like) 305-310  225-230
— C Visible light region humic substance 370-480 310-360
4 .
< 60 D Soil HA 430-510 350-440
go E Soil HA 420-450 280-288
g T Protein-like (tryptophan-like) 320-350 275
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20+ . . .
fluorescence responses related to aromatic proteins, which are
typically associated with microbial activity. However, since the
0 - . : . reaction solution is not derived from natural water, the initial
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Time (min)

Fig. 16 Proportion of various components at different time points.

treatment of HA, while "OH is an auxiliary agent in the oxidation
of HA.

3.6.2 3D-EEM analysis. In this study, 3D-EEM analysis was
utilized to investigate and analyze the overall organic matter
and intermediate product generation and changes during the
degradation of HA in the UV/PMS system. The reaction condi-
tions included a UV radiation intensity of I, = 3.28 mW cm ™2,
an initial solution pH of 7, a PMS concentration of 3 mmol L™,
a temperature of 25 & 3 °C, and a stirring speed of 630 rpm. An
initial HA concentration of 20 mg L' was used to make the
changes in fluorescent substances during the mineralization
process more observable. The impact of UV/PMS advanced
oxidation on the degradation of organic matter was explored
under these experimental conditions, with results displayed in
Fig. 15.

In Fig. 15a, prior to the initiation of the reaction, both region
III (FA) and region V (HA-like substances) display significant
fluorescence responses, with the strongest fluorescence peak
observed. This suggests the presence of a substantial amount of
both large and small organic molecules in the initial solution,
with the fluorescence response predominantly originating from
fluorescent groups such as hydroxyl and carboxyl functional
groups. In Fig. 16, at ¢ = 0 min, regions II and IV exhibit weak

Samplet

3000

2500

2000

Ex/nm

Sample14

fluorescence response is subdued. As the reaction progresses
(Fig. 15c), the fluorescence response in region V decreases,
indicating a trend toward the generation of new fluorescence
peaks. In Fig. 15e and 16, at ¢t = 40 min, there is a noticeable
reduction in the fluorescence material in regions III and V,
accompanied by the emergence of new peaks. This suggests
ongoing mineralization of HA in the solution and the genera-
tion of new substances. At 60 min into the reaction (Fig. 15g), no
strong fluorescence peak is detected in region V, and the fluo-
rescence intensity in region III also decreases significantly,
while the fluorescence intensity in other regions increases
slightly. This suggests that HA-like substances and FA-like
substances have been mineralized and removed, with some
being degraded into intermediate products such as tyrosine-like
substances, tryptophan-like substances, and soluble microbial
by-products, as well as other small molecular organic
compounds. When the reaction reaches 80 min (Fig. 15i), the
fluorescence responses in regions I-III essentially disappear,
indicating that HA and its intermediate products are almost
completely mineralized.

Based on the positions of the fluorescence peaks, the spec-
tral range was divided into seven different regions (Table 3).*7*°
In Fig. 17, during the degradation of HA, fluorescent peaks
appear successively in four regions of the water sample.
Initially, the solution displays three fluorescent peaks (Fig. 17a):
peak A (E/E,, = 230 nm/450 nm), peak C1 (Ex/E, = 310 nm/460
nm), and peak C2 (E,/E;, = 360 nm/460 nm). Peaks C1 and C2

Sample16
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Fig. 17 Changes in fluorescent substance peaks. (a) t = 0 min. (b) t = 50 min. (c) t = 70 min.
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in the light zone. Peak A is found in region III, representing UV
zone FA. These three peaks are characteristic of HA-like fluo-
rescent substances, with peak C1 exhibiting the strongest
fluorescence response and being the predominant substance in
the solution. As the reaction progresses (Fig. 17b), the intensity
of the fluorescence response at peaks C decreases significantly,
and new peak shapes appear, namely peak B (Ex/E,, = 225 nm/
305 nm) and peak T (E4/Ey,, = 265 nm/310 nm). Peak B is located
in region I, and peak T in region IV, representing protein-like
fluorescent  substances, specifically tyrosine-like and
tryptophan-like substances, respectively. Most researchers
believe that peak T is related to macromolecular organic matter
or colloidal substances, while peak B represents small molec-
ular organic matter.>® The weakening of old peak shapes and
the emergence of new ones indicate that large molecular
substances in the solution are degraded into smaller molecular
substances, and the original functional group structures are
disrupted. As the reaction nears completion (Fig. 17c), only peak
T remains, indicating that in the UV/PMS synergistic system,
highly oxidative radicals can efficiently achieve mineralization
of HA.

22998 | RSC Adv, 2024, 14, 22988-23003

3.6.3 PARAFAC. The results obtained from the area inte-
gration method analysis may exhibit biases due to overlapping
fluorescent peaks. To address this issue, the PARAFAC method
was employed to deconvolute the overlapping fluorescent
spectral data, yielding a set of independent fluorescence signals
for qualitative and quantitative analysis. Through PARAFAC
modeling, three distinct fluorescent components (C1, C2, and
C3, as shown in Fig. 18) were identified and validated. Fig. 19
displays the fluorescence spectra of these three effective parallel
factor models alongside the excitation (E,) and emission (E,,)
loading values.

The maximum wavelengths for each component, based on
the E, and E,,, loading plots in Fig. 19, are as follows: C1: Ey/E,,, =
230 nm/424 nm; C2: E,/E,, = 270 nm/438 nm; C3: E,/E,, = 275
nm/500 nm. These component models were uploaded to the
Openfluor database and matched within it, with E;, and Ey
wavelength confidence intervals set at 0.96. The matching
results are summarized in Table 4.

According to the matching results in Table 4, in conjunction
with the area integration analysis and the peak positions of the
three fluorescent factors, component C1 is identified as UV-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Component E, max (nm) Ep, max (nm) Composition Matching literature

C1 230 424 Terrestrial HA C1-Walker et al.”*
UV region FA C1-Ryan et al.”®
Terrestrial humic substance Cl-Panettieri et al.”®
Humic substance Cl-Amaral et al.”*

Cc2 270 438 Humic substance C1-Smith et al.>®
Terrestrial HA C1-Wauthy et al.>®
Humic substance C2-Eder et al.>”

C3 275 500 Humic substance Cl-Lambert et al.”®

Table 5 Various fluorescence index values

Soil yellow HA
Terrestrial HA

C4-Huguet et al.*®
C3-Murphy et al.®°

Fmax
BIX HIX Flul Cc1 C2 C3
Max 0.49468109 1.000091258 1.859563882 2406.156 2700.972 1534.438
Min 0.20712789 0.737115578 1.063203214 1.116588 0.2347 0.298081
Mean 0.38059421 0.978994115 1.677082145 759.962 596.809 472.726
zone HA-like, containing two peaks with peak A having the BIX = Tem(380 nmy/Zem(430 nm)(1, (310 nm)) (24)

strongest fluorescence response and peak C as a secondary
peak. These findings align with Panettieri et al.,* where peak A
represents terrestrial humic substances negatively correlated
with dissolved organic matter (DOM) biodegradability, and
peak C is similar to fluorescent groups associated with biolog-
ical activity in freshwater DOM, indicating its widespread
presence in the environment. The fluorescence intensity of peak
A surpasses that of peak C, indicating that peak A possesses
a higher molecular weight and greater aromaticity. Component
C2 is identified as terrestrial humic substances with only one
characteristic fluorescence peak, peak A, representing refractory
terrestrial humic substance fluorescent groups,”” associated
with waters with high organic matter load. Component C3 is
interpreted as soil-like HA, containing a mixture of two peaks,
with peak D being the prominent peak. Lambert et al.*® suggest
that C3 typically occurs in freshwater and is associated with
high molecular weight and aromatic molecules from terrestrial
sources, which are prone to photodegradation.

3.6.4 Special fluorescence index analysis. The analysis of
fluorescence indices such as the biological index (BIX), humi-
fication index (HIX), and fluorescence index (Flul) provides
insights into the sources of humic substances. The BIX char-
acterizes the autochthonous properties and biodegradability of
DOM components (eqn (24)); the HIX indicates the degree of
humification of humic substances, reflecting changes in
aromaticity and polymerization of organic matter (eqn (25)).
The Flul quantifies the aromaticity of humic substances, with
lower values indicating a higher concentration of benzene ring
structures and stronger aromatic properties, as well as sug-
gesting the source of the humic substances. The values of these
fluorescence indices are provided in Table 5.

© 2024 The Author(s). Published by the Royal Society of Chemistry

HIX = Zlem@3s nm—480 nm)/ 2Lem(300 nm—345 nm)(3_ 254 nm))  (25)

In Table 5, the maximum value of Flul is 1.859563882, the
mean value is 1.677082145, and the lowest is 1.063203214, with
all values ranging between 1.4 and 1.9. This range indicates that
humic substances are derived from both internal and external
sources, predominantly from algal or microbial degradation of
endogenous metabolites and terrestrial exogenous input of
organic matter.® The overall Flul value is low, indicating that
humic substances contain a significant number of benzene ring
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Fig. 21 Changes in specific absorbance ratio during removal process
of HA.

structures and are highly aromatic. The HIX values range from
0 to 1, with an average of 0.978994115, signifying a high degree
of humification and the presence of significant aromatic
content and high molecular weights in the organic matter.*> BIX
values are all below 0.8, indicating that some organic matter in
the humic substances is of exogenous origin and has low
biodegradability.

The fluorescence characteristics of each component can be
quantified by the F,,, value, which represents the maximum
fluorescence intensity.

In Fig. 20, components C2 and C3 are progressively decom-
posed as the reaction advances, whereas the Fy,,, of component
C1 initially rises before declining, suggesting an initial increase
followed by a decrease in its concentration in the water. This
analysis indicates that components C2 and C3 are transformed
into component C1. Moreover, C1 corresponds to the fluores-
cence peak A in region III, reflecting an initial increase and
subsequent decrease in UV-zone HA within this region, which
aligns with the findings from the area integration analysis
depicted in Fig. 15.

3.6.5 Specific absorbance ratio (Ax/Ay). While 3D fluores-
cence region analysis can track changes in macromolecular
organic matter during the UV/PMS degradation of HA, further
exploration into the structural transformations is essential.
Specific absorbance analysis helps in identifying the alteration
of functional groups within HA. Research has demonstrated
that the ratio A,53/A4,03 is indicative of the presence of functional
groups such as carbonyl, hydroxyl, and carboxyl in aromatic
rings;*® A,s0/Azes is associated with organic molecules’ molec-
ular weight, and A,s4/A436 pertains to chromophore condi-
tions;** Aues/Ages correlates with the aromaticity of organic
matter.*

As can be seen from Fig. 21, after the reaction was carried out
for 70 min, A,53/A,0; decreased from the initial 0.66 to 0.32,
indicating that the stability of the functional groups such as

23000 | RSC Adv, 2024, 14, 22988-23003
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carboxyl and carbonyl groups within the aromatic structure of
HA decreased, resulting in a decreasing trend in the content of
the substituted aromatic ring structure within the HA molecule;
Aues/4665s decreased from 5.73 to 3.33, which is a further
evidence of the disruption of the aromaticity in HA. The
increase of A,54/A436 from 5.28 to 7.05 indicates that the chro-
mophore group of HA was gradually broken, which led to the
increase of its removal rate; and the increase of A,50/A365 from
2.79 to 3.97 indicates that the molecular weight of HA
decreased. The comprehensive changes of A,s53/4203, A65/4665,
ApsalAsze, and Apse/Azes show that the UV/PMS synergistic
system is very ideal for the degradation of HA in water, which is
of value for the subsequent large-scale application. In addition
to the above four indicators, researchers can use Color,es/
Colorggs (specific absorbance ratio) and SR = (S575_295/S350—400)
(SR is defined as the ratio of the slope in the 275-295 nm region
to the slope in the 350-400 nm region) to determine the
degradation effect of HA in water region to the slope in the 350-
400 nm region,* which reflect the changes in aggregation and
molecular weight of organic molecules, respectively, to further
verify the effectiveness of UV/PMS in degrading HA.

3.6.6 Specific absorbance analysis (SUVA,). To delve deeper
into the mechanisms of the UV/PMS process in treating HA, we
used four specific UV absorbance values (SUVA,3s, SUVAzes,
SUVA,g, and SUVA,s,) for characterizing HA mineralization.
SUVA,s, and SUVA,g, indicate UV absorption by aromatic
configurations and double bonds. A higher SUVA,s5, value
implies that the organic material is predominantly composed of
hydrophobic compounds that have larger apparent molecular
weights; a high SUVA;¢s value indicates a large molecular
volume of organic matter,’® and SUVA,;¢ corresponds to the
chromophoric groups of HA.*”

As shown in Fig. 22, the decrease in the values of SUVA,5,
and SUVA,, indicates that during the degradation of HA by UV/
PMS, the oxidizing free radicals break the quinone chemical
bond on the benzene ring, leading to the destruction of the
original aromatic structure, the decrease in hydrophobicity and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the decrease in the molecular weight of the organic compounds;
the decrease in the value of SUVA;¢; indicates that the volume of
organic molecules decreases as the reaction proceeds, and
analyzed in conjunction with Fig. 15g, it is found that the
decrease in the molecular volume of organic compounds may
be caused by the degradation of large molecules of humic acid-
like substances and fulvic acid-like substances in the solution
into other small organic molecules such as tyrosine and tryp-
tophan; the decrease of SUVA,;¢ proves that functional groups
and chromophores are destroyed by various oxidizing free
radicals. Hence, specific absorbance analysis confirms that the
UV/PMS combined system efficiently breaks down the complex
molecular structure of HA, achieving the goal of water
purification.

4 Conclusion

(1) A comparative analysis revealed that among various UV/
AOPs (PMS, PDS, SPC, S(1v)) processes, the UV/PMS synergistic
system exhibited the best performance in treating HA. In
experiments conducted with a HA concentration of 10 mg L™"
and a starting pH of 7, with the addition of 3 mmol L ™" PMS,
after 240 minutes of reaction, the mineralization rate of HA
reached 94.15%, with a kyps of 0.01034 and an EE/O of 0.0157
kW h m™.

(2) Experimental comparisons assessing the effects of
different water sources on HA removal indicated that both
natural water and tap water inhibit HA mineralization, with
mineralization rates of 53.58% and 34.55%, respectively,
compared to 89.61% for pure water. Anion effect experiments
demonstrated that CI-, HCO; , and NO;  all exhibit varying
degrees of inhibition on HA mineralization.

(3) Free radical quenching experiments showed that in the
UV/PMS synergistic system for treating HA, SO, ' generated by
PMS plays the primary role as the oxidizing agent, while ‘OH
acts as an auxiliary agent for HA oxidation. Results from 3D-
EEM, PARAFAC, specific fluorescence index analysis, and
absorbance analysis collectively demonstrate that the UV/PMS
synergistic system is capable of degrading HA in water.
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