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In advanced oxidation systems, the promoting effect of bicarbonate is relatively overlooked. Bicarbonate,
as an inorganic anion widely present in natural waters, is extremely important for water treatment.
Therefore, bicarbonate was added to a PDS/Cu®* system to investigate the degradation mechanisms of
organic contaminants. The generation of alkyl radicals in the PDS/Cu?*/HCOs  system was first
demonstrated through Electron Paramagnetic Resonance (EPR) testing. This study reveals that the
introduced bicarbonate ions undergo transformation into alkyl radicals. The presence of alkyl radicals
promotes the cycling of monovalent, divalent, and trivalent copper ions, facilitating the degradation of
Received 1st March 2024, contaminants. The production of monovalent and trivalent copper ions in the reaction system was
Accepted 26th May 2024 confirmed through UV-vis absorption spectroscopy and quenching experiments. Furthermore, the change
DOI: 10.1039/d4ew00172a in the oxidation state of copper ions was further confirmed through EPR testing. These findings not only
shed new light on the degradation mechanism of the PDS/Cu®* system in the presence of bicarbonate but

rsc.li/es-water also open up new avenues for the further application of bicarbonate in advanced oxidation processes.

Water impact

Persulfate-based AOPs for the treatment of pollutants have attracted considerable attention, but the reaction mechanisms involved are complex and
controversial. In this study, the bicarbonate ion, an inorganic anion prevalent in natural waters, is introduced to the PDS/Cu”* system to degrade refractory
azo compounds. It is found that the PDS/HCO; /Cu®* system produces monovalent copper ions and trivalent copper ions. Moreover, alkyl radicals are
captured in this system. Therefore, we deduce that bicarbonate is converted to alkyl radicals, which facilitate the cycling of copper ions in different valence
states, thus promoting target degradation. The results could provide new designs and insights into persulfate-based AOPs.

1. Introduction catalysts.’*"* Compared with energy-based methods, the
introduction of transition metal ions not only reduces energy
consumption but also minimizes potential side reactions and
unwanted by-products, making it a more energy-efficient and
economical method. Iron ions (Fe*'/Fe*"), cobalt ions (Co*"),
copper ions (Cu®*") and manganese ions (Mn>") are typically
used for the activation of persulfate,”*™”

Recently, copper ions have attracted more attention in
AOPs. Copper ions exhibit a desirable level of reactivity with
persulfate, generating reactive sulfate radicals. The selection
of copper ions as an activator for PDS offers a balance
between reactivity, stability, compatibility, and environmental
considerations. However, in homogeneous systems, most
applications of Cu®" are under acidic or neutral conditions,
even under heating conditions and requiring longer reaction
times.’®'® In addition, adding other metal ions or chemical
reduction reagents is also a common method to facilitate the

) i o i i cycling of copper ions to activate persulfate.”® Common
School of Chemical Sciences, University of Chinese Academy of Sciences, Beijing . . . . . 121
100049, P. R. China. E-mail: majia@ucas.ac.cn reduction reagents include hydroxylamine, r-ascorbic acid
t Electronic supplementary information (ESI) available. See DOI: https://doi.org/ and cy steine.”” However, the external addition of energy, heat
10.1039/d4ew00172a and reducing agents will increase costs and even cause

The current water pollution problem is a serious global
challenge. And the wastewater from industrial production
contains large amounts of organic pollutants that have
significant impacts on human health, ecosystems, and
sustainable development.® Therefore, it is essential to
develop highly efficient technologies to address water
pollution issues. Currently, advanced oxidation processes
(AOPs) are considered one of the most efficient techniques
for eliminating organic contaminants.® Persulfate-based AOPs
have gained significant attention due to the production of
sulfate radicals (SO,) and their robust oxidizing capability
(E = 2.5-3.1 V) over a wide pH range.* ® Common methods of
activating persulfate include the use of heat, UV irradiation,
visible light, ultrasound, transition metal ions’® and other
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Fig. 1 The degradation of the different compounds in (a) PDS/Cu?®*/

HCO3 and (b) PDS/Mn?*/HCO3" systems. [PDS] = 16 mM, [NaHCOs] =
20 mM, [Cu?*] = 0.1 mM, [Mn?*] = 0.1 mM, and [CR] = [RhB] = [RR] =
[RB] = [MO] = [Orange 2] = 0.02 mM.

secondary pollution. As a widely existing inorganic anion
present in natural waters, most studies point out that
bicarbonate plays a negative role, and it is typically believed
to quench free radicals in AOPs.*®> However, recently, some
studies have found that the addition of bicarbonate can drive
Fenton-like reactions. For example, Yang et al.** found that
after adding HCO; ™ into a H,0,/Cu** system, Congo red could
be effectively degraded. Jiang et al.>® found that HCO;~ could
activate PDS and generate HCO, to degrade acetaminophen.
There will be the formation of carbonate radical anions in the
oxidation of iron by oxygen in the presence of HCO; . In
addition, it has been found that HCO;™ can also promote the
activation of peroxides with a heterogeneous catalyst by
inhibiting the leaching of metal ions in the heterogeneous
catalyst, thus enhancing the degradation of pollutants.>®*’
Interestingly, in our study, HCO; can promote the
degradation of Congo red (CR), a recalcitrant contaminant
containing azo bonds, in the PDS/Cu** system. The
catalysis of Cu®" under alkaline conditions is rarely
mentioned. In this study, a weak alkaline condition is
created by introducing bicarbonate into the PDS/Cu’*
system. After adding HCO; , CR can be almost completely
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degraded in 40 minutes. In order to clarify the reaction
mechanisms, we carried out a series of experiments. CR is
selected as the target pollutant to evaluate the performance
of the PDS/Cu®’/HCO;~ system. Firstly, when adding HCO;~
into PDS/Cu®" and PDS/Mn*" systems, respectively, CR can
be completely degraded in the PDS/Cu”*/HCO;  system,
while CR cannot be degraded at all in the PDS/Mn*'/HCO;~
system, demonstrating that HCO;  can selectively improve
the reaction activity of Cu®>". Through chromogenic
reactions and electron paramagnetic resonance, the
production of Cu(m) and Cu() in the PDS/Cu®'/HCO;" system
is demonstrated. In addition to the production of Cu(m) and
Cu(1), alkyl radicals are captured after adding HCO; .
Therefore, we propose that in the PDS/Cu®’/HCO;  system,
alkyl radicals will form, accelerating the cycling of copper
ions and completely degrading contaminants. This finding
overturned previous studies that HCO;~ can inhibit AOPs.*®
Our study provides new insights into persulfate-based
Fenton-like reactions.

2. Materials and methods
2.1. Materials and reagents

Potassium persulfate (PDS) is purchased from Meryer.
Potassium monopersulfate triple salt (PMS) and sodium
bicarbonate (NaHCO;) are purchased from Aladdin.
Anhydrous sodium carbonate (Na,COs;) is purchased from
Sinopharm Chemical Reagent. Copper chloride dihydrate
(CuCl,) is purchased from Alfa Aesar; manganese chloride
tetrahydrate (MnCl,), methylene blue hydrate (MB), furfuryl
alcohol (FFA), hydroxylammonium chloride (NH,OH-HCI),
iron chloride hexahydrate (FeCl;), sodium chloride (NacCl),
sodium dihydrogen phosphate (NaH,PO,), reactive red 195
(RR), methanol (MeOH), sodium periodate (NalO,) and
tert-butanol (TBA) are purchased from Macklin. Congo red
(CR) is purchased from TCIL Deuterium oxide (D,O) is
purchased from Damas-Beta. Rhodamine B (RhB) is
purchased from Amresco. Trichloromethane (CHCl;) is
purchased from Beijing Chemical Works. All chemicals are of
analytical grade.

2.2. Reaction procedures

The degradation experiments are conducted in a 50 mL
beaker, stirring at 700 rpm, at room temperature and
pressure. The pH is not adjusted in this experiment, except
for discussing the influence of pH on the degradation of
CR. First, the CR solution is added into the beaker, and
then NaHCO;, CuCl,, and other solutions are added.
Finally, PDS is added to trigger the reaction. At specific
time intervals, a 3 mL sample solution is collected and
injected into a quartz cuvette to measure the degradation
of the contaminants. NaOH and HCI are used to adjust the
pH when evaluating the effect of pH values. To investigate
the effect of reactive oxygen species (ROS), methanol
(MeOH) and tert-butanol (TBA) are used to scavenge HO’
and SO,", furfuryl alcohol (FFA) as an 'O, scavenger, and

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) EPR spectra for the degradation of CR in different systems. (b) The changes of EPR signals at different times in the PDS/Cu?*/HCO5 /CR
system. Degradation efficiency for CR after adding (c) MeOH and (d) TBA. Experimental conditions: [PDS] = 16 mM, [NaHCO;] = 20 mM, [Cu?*] =

0.1 mM, and [CR] = 0.02 mM.

chloroform (CHCl;) as an O, scavenger. The selectivity of
the PDS/Cu®*/HCO;  system is demonstrated by comparing
the degradation of different contaminants. Neocuproine
(NCP) is used to demonstrate the presence of Cu(i), and
periodate (PI) is used to demonstrate the presence of
Cu(m).

2.3. Analysis

The degradation of CR, RhB, MO, RB, RR, and Orange 2 is
analyzed with an ultraviolet-visible (UV) spectrophotometer
(TU-1900). Different active species were tested by electron
paramagnetic resonance (EPR) (EMXplus, Bruker, Germany).
Relevant parameters are as follows: a center field of 3517.3
G, a sweep time of 30 s, and a microwave power of 20 dB.
The presence of Cu(i) is measured spectrophotometrically
using NCP; the UV absorbance of the complex formed by
Cu(m) and NalO, can be detected at 450 nm. The 3D
fluorescence spectra were collected with a fluorescence
spectrophotometer (HORIBA. EDISON, NJ, USA). The change
of the functional groups of CR before and after degradation
was analyzed by Fourier-transform infrared spectroscopy
(Bruker, Germany).

This journal is © The Royal Society of Chemistry 2024

3. Results and discussion
3.1. Degradation activity

Previous research®® has demonstrated that the H,0,/Cu®'/
HCO;” system exhibits higher excellent degradation
performance than the H,0,/Mn?'/HCO;~ system in the
degradation of CR. Recently, persulfate-based AOPs have
attracted more attention in treating  organic
contaminants.”*®' Therefore, persulfate (PDS) is chosen as
the oxidant in this research. Firstly, in order to evaluate the
degradation performance of the PDS/Cu**/HCO;” and PDS/
Mn**/HCO;” systems, six dyes are chosen as target
contaminants. These six dyes are stable and can hardly be
degraded in the natural environment. The structures of the
six dyes are shown in Scheme S1.f The two systems exhibited
different degradation efficiencies for the dyes as illustrated
in Fig. 1. Compared with the PDS/Mn/HCO;  system, the
PDS/Cu®*/HCO;” system exhibits a better degradation
efficiency. The difference in the degradation of CR between
these two systems is the most pronounced. In the PDS/Mn>*/
HCO;™ system, the degradation of CR is almost negligible,
while in the PDS/Cu*/HCO;” system, CR is almost
completely degraded. Therefore, CR, a representative azo dye,

Environ. Sci.: Water Res. Technol., 2024, 10, 1785-1794 | 1787
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Fig. 3 (a) Effects of FFA on CR degradation in the PDS/HCOs/Cu®* system; (b) the EPR spectra of CR degradation in different systems (PDS +
H,O; PDS + NaHCOsz + CuCl, + H;O). (c) The EPR spectra of CR degradation in different systems (PDS + DMSO; PDS + NaHCOs; + CuCl, +
DMSO). (d) Effects of different concentrations of CHClz on CR degradation by the PDS/HCO3/Cu®* system. Experimental conditions: [PDS] = 16

mM, [NaHCO3] = 20 M, [Cu?*] = 0.1 M, and [CR] = 0.02 M.

is selected as the model compound to assess the degradation
activity of the PDS/HCO; /Cu”" system. Further experiments
are conducted to explore the mechanisms involved in the
PDS/Cu”**/HCO; /CR system. Fig. S1t shows the degradation
of CR under different conditions. It is obvious that CR cannot
be degraded in PDS, PDS/HCO;", and PDS/Cu** systems, and
the degradation efficiency can be up to 99.3% in the PDS/
HCO; /Cu**system, indicating that the addition of HCO;~
significantly promotes the reaction.

3.2. Identification of ROS

3.2.1. Identification of HO’, SO, and alkyl radicals. SO,
and HO' are two common free radicals in persulfate-based
AOPs (eqn (1)-(3)).**” In order to identify whether SO, and
HO' exist in the PDS/Cu**/HCO; /CR system, EPR tests are
conducted using DMPO as the trapping agent.

As shown in Fig. 2a, a quartet signal with an intensity ratio
of 1:2:2:1 can be observed in both the sole PDS system and
the PDS/HCO;~ system. This signal, with Ay = 15.0 (G) and Ay =
14.7 (G), is assigned to DMPO-HO'. After adding Cu®" to the

1788 | Environ. Sci.: Water Res. Technol., 2024, 10, 1785-1794

PDS/HCO; system, the EPR signals change significantly. In
addition to the marked enhancement of HO", SO, is obviously
produced. In addition, another new radical signal with Ay =
15.7 G and Ay = 22.5 G is generated in the PDS/Cu®'/HCO; /CR
system. Based on the hyperfine coupling constants, the new
signal can be considered as alkyl radicals. Being the only
carbon-containing species in the system, the alkyl radicals
should be derived from bicarbonate. In the presence of sulfate
radicals, bicarbonate can be firstly converted to carbonate
radicals (eqns (4) and (5)),> and further converted to alkyl
radicals. We proposed several pathways for generating alkyl
radicals: (1) PDS, as an oxidant, can react with bicarbonate,
initiating a single-electron transformation process, leading to
the formation of carbonate radicals, and then generating alkyl
radicals under the catalysis of copper ions; (2) the monovalent
or divalent copper ions generated in this system can form a
complex with carbonate radicals. Subsequently, the complex
undergoes an electron transfer process to form alkyl radicals;
(3) the trivalent copper ions produced in this system exhibit
strong oxidizing properties in aqueous solution and may
undergo an oxidation reaction with carbonate radicals, leading

This journal is © The Royal Society of Chemistry 2024
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(a) The degradation of CR after the addition of NalOy; (b) EPR signals of the new copper species at different systems; temperature is 90 K;

(c) the absorbance of the complex of copper and NCP after adding PDS and HCOs™ at different times; (d) the reusability of Cu?* on CR
degradation in the PDS/HCO3 /Cu?®* system. Experimental conditions: [PDS] = 16 mM, [NaHCO3] = 20 mM, [Cu?*] = 0.1 mM, [NalO,4] = 10 mM, and

[CR] = 0.02 mM.

to the loss of one electron from an oxygen atom on the
carbonate radical and the formation of the alkyl radicals.
Hence, we can deduce that the signal of the newly generated
carbon-centered radical is an alkyl radical in Fig. 2a. In order to
further evaluate the role of radicals, MeOH is chosen as the
scavenger of both SO, and HO" (K-opmeon = 1.2 X 10° M §7*
and Kso - meon = 1.6 X 10" M S7'), and TBA is chosen as the
scavenger of HO' (K'oprea = 6 X 10° M S™" and Kgo,-pa = 4 %
10° M~ §71).**%% As shown in Fig. 2¢, 99.3% of CR is degraded
when no scavenger is added, while 98.2% of CR is degraded
when 200 mM MeOH is added. As shown in Fig. 2d, 78.4% of
CR is degraded when 200 mM TBA is added. Hence, SO, and
HO' play a relatively minor role in the degradation of CR, and
they are not the ROS.

S,04>” + 2H,0 — HO, +2S0,> + 3H" (1)
S,04%” + HO, — SO, +2S0,> + H' + 0, (2)
SO,” + OH — S0, + HO' (3)

SO, + HCO; — HCO;" + SO,* (4)

This journal is © The Royal Society of Chemistry 2024

SO, + CO5*™ — CO;™ + 80,2 (5)
20, + 2H,0 — H,0, + 20H™ + 'O, (6)

3.2.2. Identification of '0, and O, . Previous studies have
reported that singlet oxygen (‘O,) and superoxide radicals
(0,7) can be produced in persulfate-based AOPs, and they are
considered reactive oxygen species.***® In order to evaluate the
impact of 'O, and 0O, in the PDS/HCO; /Cu>" system, EPR
tests and quenching experiments are conducted. FFA is used as
the scavenger of 'O, and HO'.***° From Fig. 3a, the CR
degradation decreased by 5% after adding 100 mM FFA. From
the previous experimental results, we can find that the system
is capable of producing HO', so the FFA quenching experiment
alone is inefficient to explain the role of 'O, in the system.

In order to further evaluate the role of 'O, in the PDS/HCO; /
Cu®" system, EPR tests were conducted. From Fig. 3b, a triplet
peak appeared, which can be assigned to a 2,2,6,6-tetramethyl-4-
piperidinol-N-oxyl radical (1:1:1) triplet, confirming the
presence of 'O, in a separate PDS system. The EPR signal
intensity did not improve after the addition of Cu** and HCO;,"
to the PDS system. It can be seen from Fig. S17 that the PDS

Environ. Sci.: Water Res. Technol., 2024, 10, 1785-1794 | 1789
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system alone was not able to effectively degrade CR. Therefore,
we conclude that 'O, is not the ROS degrading CR in the PDS/
HCO; /Cu®" system. Accordingly, the lifetime of 'O, in D,O (20-
32 us) is more than 10-fold longer than that in H,O (2 us).*' As
shown in Fig. S2, the efficiency of the degradation of CR did
not increase in D,0. The generation of 'O, during the PDS
activation process might be attributed to the presence of the
superoxide anion O, (eqn (6))."> From Fig. 4c, six-fold peaks of
O, are generated when using DMSO as the solvent. After
adding HCO,™ and Cu®', the signal of DMPO-O,"~ significantly
enhances. In order to further explore the role of O, in this
system, CHCl, is utilized as the scavenger of O,™ (Ko, cucy, = 1 %
10° M'S™").*”* However, after adding different concentrations of
CHCL, into the PDS/HCO; /Cu** system as shown in Fig. 3d, the
degradation of CR has not been affected at all, indicating that
0O," is not the ROS in the degradation of CR.

3.2.3. The cycling of Cu(1) and Cu(m). Through the above
experiments, we deduce that free radicals and singlet oxygen
are not the ROS on CR degradation in the PDS/HCO; /Cu*"
system. Previous studies have mentioned that high-valent

1790 | Environ. Sci.. Water Res. Technol., 2024, 10, 1785-1794
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metal species may play an important role in AOPs.**™*°
Recent studies have indicated that Cu(m) could exist under
neutral and alkaline conditions and is considered the
dominant oxidant in contaminant degradation.*”*® Reports
demonstrate that Cu(m) can be formed through several
pathways (eqns (7)-(9)).**>° While Cu(m) has a high oxidation
capacity and may potentially act as an oxidant for
contaminant oxidation, there is currently a lack of direct
evidence to conclusively demonstrate its specific contribution
in this regard. In addition, Cu(m) cannot exist stably in
aqueous solution. NalO, is generally used to detect the
presence of Cu(m) because it is usually used as a scavenger to
assess the contribution of Cu(m). Additionally, it can react
with Cu(m) to form a complex that can be detected at 417 nm
in the UV-visible spectrum.’®” As seen in Fig. 4a, in the
presence of NalO,, the degradation of CR was significantly
inhibited, and only 14% of CR can be degraded. Hence, it
can be demonstrated that Cu(m) is the dominant active
species. Interestingly, obvious absorbance at 417 nm was
observed in the PDS/HCO; /Cu®" system as shown in Fig. S3.}
In addition, EPR tests were performed at a low temperature
to investigate the changes in the valence of copper ions.
From Fig. 4b, after adding PDS into the copper ion solutions,
a new weak signal appears in the EPR spectra. Furthermore,
with the continuous addition of HCO;", the intensity of the
new signal increases dramatically. Combining Fig. 4a and b,
we further demonstrate that Cu(m) was produced, and the
addition of HCO;™ could promote the production of Cu(m).
The above experiments indicate that HOO™ formation occurs
in this system. When HOO™ is present, it can complex with
Cu(u), forming Cu(u)-OOH. The next step involves the
electron transfer from the ligand to copper ions, as shown
below (eqns (10)-(12)).>*> In addition, HCO;  will be
transformed into alkyl radicals, and these radicals typically
exhibit strong reducing properties, capable of providing
electrons to the copper ions, transitioning them from the
divalent state to the monovalent state.

Cu(n) + ‘'OH — Cu(m) + OH~ 7)
Cu(n) + SO4~ — Cu(m) + SO, (8)
Cu(n) + $,04*” — Cu(m) + SO, + SO, (9)
Cu(n) + HO,” — [Cu(n) - OOH]" (10)
[Cu(u) - OOH] — Cu(1) + HO,’ (11)
Cu(r) + 0, — Cu(m) + 0, (12)

It is reported that Cu(r) can react with neocuproine (NCP)
through complexation, exhibiting a characteristic absorption
peak at 454 nm in the PMS/Cu®" system.”” In the PDS/HCO; ™/
Cu** system, the same method was used to detect the
presence of Cu(i). Interestingly, as the reaction progresses,
the absorbance at 454 nm generally increases as shown in

This journal is © The Royal Society of Chemistry 2024
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Table 1 The proposed degradation products of Congo red
Molecular formula Name m/z Proposed structure
C1oHoN,O5S™ 4-Amino-5-nitro-2,3-divinylbenzenesulfonate 269 NH 2
NO
/ 2
™
SO,
C1oHoNO;S 4-Aminonaphthalene-1-sulfonic acid 223 NH,
SO;H
C,HiN [1,1-Biphenyl]-4-amine 169 ‘/‘/ NH,
CioHig (4-Methylpentan-2-yl) benzene 162 E /
CoH15N (2Z,5E,7E)-Nona-2,5,7-trien-1-amine 137 NH,
/
e

Fig. 4c, indicating that Cu(i) is continuously produced during
the reaction. From Fig. 4d, the copper ions still maintain a
high catalytic activity after six cycles. Copper ions participate
in a catalytic cycle, where they are successively oxidized and
reduced, allowing them to continuously activate persulfate
and generate sulfate radicals. This cycle enhances the
efficiency of persulfate-based advanced oxidation processes
and promotes the degradation of organic contaminants.

3.3. Optimal conditions and the effect of pH and water
matrix constituents for the CR degradation

Optimal reaction conditions are determined by adjusting the
concentrations of PDS and HCO;™ as shown in Fig. S4.f From
Fig. S4a,f as the concentration of PDS increased, the removal
of CR increased. Combining economy and efficiency, a PDS
concentration of 16 mM is considered the optimal
concentration to remove CR. As shown in Fig. S4b,t without
the addition of HCO;, the degradation of CR can be
negligible. When the amount of HCO;  added reaches 20

This journal is © The Royal Society of Chemistry 2024

mM, CR can be degraded completely. Therefore, our next
experimental conditions are: [PDS] = 16 mM, [NaHCOj3] = 20
mM, [CR] = 0.02 mM, and [CuCl,] = 0.1 mM.

The degradation of CR is conducted under different initial
pH conditions. From Fig. 5a, the sequence of CR degradation
in the PDS/HCO; /Cu®" system is as follows: pH 8 > pH 6 >
pH 10 > pH 12 > pH 2 > pH 4. It is evident that CR can be
completely degraded at pH 6 and pH 8. Under strong acid
conditions, the degradation of CR can be ignored. Under
strong alkaline conditions, the degradation of CR can be
partially inhibited. Due to the pH of the solution being
around 8.2, HCO;™ can be stable.>® This also highlights the
important role of HCO; in the system. Therefore, we can
conclude that the PDS/HCO; /Cu®" system can exhibit
extremely high degradation activity under neutral, weak acid,
and weak base conditions. The effects of nitrate ions (NO;z"),
sulfate ions (SO,*7), carbonate (CO5>), dihydrogen phosphate
(H,PO, "), chloride (ClI'), and humic acid (HA) on CR
degradation by PDS/Cu*/HCO,  are investigated. From
Fig. 5b, the presence of NO,”, sulfate ions (SO,*7) and
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carbonate (CO;*") has little impact on CR degradation. The
addition of H,PO, and HA significantly inhibits the
degradation of CR, and the main reason may be that they
scavenge the ROS or form complexes with copper ions.

3.4. Product analysis

First, from Fig. S5a,' the UV-vis spectrum shows a strong
absorption peak at 500 nm, which decreases as the reaction
progresses until it disappears. This indicates that the
conjugated structures of CR are destroyed, leading to the
cleavage of the benzene rings. Moreover, the conjugated
structure of CR was further demonstrated to be destroyed by
the changes in the 3D fluorescence spectra as shown in Fig.
S6.f Next, Fig. S5b1 exhibits the IR changes of CR after the
reaction. The weak peak at 3465 cm™, corresponding to the
stretching vibration of amide (NH), disappeared after the
reaction. For the CR, the peak at 1583 cm™ was assigned to
the azo bond (N=N) and it appeared after the reaction,
indicating that the azo bond could be degraded in the PDS/
HCO;7/Cu®" system.

After the reaction, the two absorption peaks observed at
1622 and 1674 cm™' are likely attributed to the stretching
vibrations of the carbon-carbon double bonds in the alkene
molecule. In addition, the absorption peak around 1276 cm™
corresponds to the bending vibration of the carbon-hydrogen
(C-H) bonds. Based on the analysis above, we believe that the
conjugated structure of CR has been disrupted and has
undergone a ring-opening reaction. Based on the above
analysis, along with the mass spectrometry results (Fig. S77),
the degradation products of CR in the PDS/HCO; /Cu**
system are shown in Table 1.

4. Conclusion

Our results demonstrate that the addition of bicarbonate to
the persulfate-based advanced oxidation system, mediated by
divalent copper ions, can strongly promote the degradation
of pollutants. The introduced bicarbonate will be
transformed into alkyl radicals, and these radicals typically
exhibit strong reducing properties, capable of providing
electrons to copper ions. This process converted the copper
ions from the divalent state to the monovalent state,
promoting the cycling of the different oxidation states of
copper ions. The promotion of copper ion cycling by
bicarbonate results in a sustained catalytic effect, enabling
the continuous activation of persulfate, leading to the
generation of sulfate radicals and hydroxyl radicals. This
sustained catalytic activity contributes to prolonged oxidative
degradation, thereby enhancing the overall efficiency of
advanced oxidation processes in treating organic
contaminants in natural water and wastewater. Overall, the
synergistic effect between divalent copper ions, persulfate,
and bicarbonate in advanced oxidation systems offers a
promising approach for enhancing the degradation of
organic pollutants.
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