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Abstract: Advanced oxidation processes (AOPs) hold great promise in the removal of organic
contaminants. Reactive oxygen species (ROS) produced in AOPs react with target pollutants to
initially form several intermediate compounds that finally undergo complete mineralization. Such
observations are reported, especially for laboratory-scale experiments performed in pure water. On
the other hand, while considering real contaminated wastewater matrices, particularly industrial
effluents, there are many co-existing ions. Carbonate ions are one of the major inorganic ions
commonly existing in water resources. Hence, these ions have a significant impact on the respective
water treatment processes. This review focused on the effect of carbonate ions on the degradation
of pollutants in AOPs. In AOPs, carbonate radicals are formed by the scavenging reaction of the
respective ions with ROS. The reactivity of these radicals towards the pollutant varies with respect
to the structure and functionality. Therefore, depending on the functionalities of the contaminants,
these ions show both positive and negative effects. Thus, this review aims to summarize the effects of
carbonate species on the degradation of organic contaminants during AOPs and their environmental
impacts. The carbonates enhanced the degradation of several emerging organic pollutants, including
aniline, bisphenol A, thodamine B, acid orange 7, naphthalene, and phenol derivatives. Carbonate
presence was also revealed to have a positive contribution in cases of drug degradation, including
sulfamethoxazole, propranolol, sulfamethazine, salbutamol, trimethoprim, azithromycin, naproxen,
oxcarbazepine, and oxytetracycline.

Keywords: wastewater treatment; degradation mechanism; matrix effect; organic pollutants;
scavenging; pharmaceuticals degradation

1. Introduction

Pollution of water resources by various organic chemicals has been identified as
a growing crisis all over the world. The chemicals identified in the water sources are
pesticides, pharmaceuticals, personal care products, dyes, volatile organic compounds, and
many others. The importance of these pollutants is resistance towards biological action,
malodor character, as well as persistence in the environment [1-7]. Even if they undergo
different kinds of transformation or degradation, often the final product is likely to be more
stable and toxic than the parent compound [8-10].

The degradation by means of highly reactive and non-selective oxygen species, mainly
hydroxyl radicals (*OH), collectively called advanced oxidation processes (AOPs), is an
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interesting area of research [11]. The degradation of contaminants and their derivatives
by various AOPs, such as UV/H;O; photolysis, photocatalysis, Fenton, electro-Fenton
or cavitation-based methods, etc., resulted in good degradation and mineralization ef-
ficiency [11-16]. Moreover, there are other processes categorized in AOPs, such as the
persulfate-mediated process, in which sulfate radical anions are the major species. Singlet
oxygen also played a significant role in some AOPs [17-19]. When scaling up the process,
researchers mainly addressed the operational parameters and operational pH, for example,
light intensity in the case of light-mediated AOPs, such as photolysis, and photocatalysis,
current density for electrochemical AOPs (EAOPs), and cavitation intensity in the case of
cavitation-based AOPs and the concentration of the required oxidants. Moreover, there are
other water matrices, more importantly, the co-existing ionic species that have a prominent
role in any of the treatment techniques [20]. As a radical species-mediated process, these
ions might have an impact on the removal efficiency [21-23].

When a real water matrix is considered, there are many inorganic ions, such as
halide ions, sulfate ions, and carbonate and bicarbonate ions. All these ions affected the
degradation efficiency aligned with competition kinetics with the reactive species. The
effect can further be influenced by their concentration. In certain cases, the co-existing ions
have a positive effect, if the secondary radical species had a high reactivity towards the
pollutants and vice versa [23,24]. Carbonate species are the ions that contribute nearly 50%
in all the water sources among the total ions. Therefore, this review has been made with the
following objectives: (i) summarize the various sources of carbonate ions in water matrices,
(ii) review the positive and negative impacts of carbonate ions in advanced oxidation
processes and (iii) propose the suitable mechanism for the inhibition and promotion effect.

2. Carbonate Ions in Water Matrices

Carbonate species (CO3%2~, and HCO;3 ™) are the major component in the earth’s crust
and have significant importance in geological processes [25-27]. Carbonate-based rocks,
such as limestone, dolomite, magnesite, chalk, and marble, are some of the natural forms
of this ion and their minerals are present in the soil matrix [28-30]. Hence, soil erosion
results in the generation of carbon dioxide (CO;) and subsequent carbonation reaction with
water releases carbonate or bicarbonate ions [31-33]. In addition, water passage through
these rocks enhanced the dissolution of carbonates into the water [34,35]. Other important
sources are the long-term deposition of the shells of fossilized snails, shellfish, and coral
over millions of years [36]. The dissolution of CO; from the atmosphere also increases the
carbonate concentration in the water matrix [37]. In addition, CO, is used as a feedstock
for organic synthesis [38,39]. The unreactive CO; can be released into the aquatic matrix as
respective ions.

Carbonate salt, especially CaCO3, is widely used in building materials, paints, paper,
and coating, and in the plastic industry as a filler and coating agent [40-42]. It is also
used as an additive in the manufacturing of pesticides and poultry food [43]. As the daily
application is considered, baking powder, toothpaste, detergents, agricultural lime, and
animal feed contain these species [44]. Carbonic acid is the major ingredient in many soft
drinks [45]. Sodium bicarbonate is used in fire extinguishers, in dyeing applications, and
many other areas [46—48]. Hence, it is concluded that the concentration of CO;32~ species in
the water sources is huge. Even though these species are less toxic, their presence changes
the pH of the water, and has an undesirable effect on the ecosystem. In addition, these
species affect the removal efficiency of the water treatment processes. As an example, the
carbonate precipitation results in fouling on the membrane surface, which further affects
the removal efficiency [49]. However, a detailed analysis of their impact on AOP-based
water purification technologies is very scarce. Hence, this review presents a comprehensive
overview of the degradation and the transformation of pollutants in AOPs in the presence
of carbonate species.

Speciation of carbonate species is given in Figure 1. It is clear that the major species
in the acidic conditions are carbonic acid, bicarbonate ion in the neutral condition, and
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carbonate ion in the alkaline condition [50]. Furthermore, in case of pH applicability of
most of the AOPs, two forms always exist in the equilibrium. A specific case relates to
pH 8, where mostly bicarbonate is present.

% Total concentration

Figure 1. pH-dependent speciation of CO3%~ species obtained from visual MINTEQ version 3.1,
KTH, Sweden.

3. Carbonate Ions in AOPs

The major reactive species are OH® in conventional AOPs and SO4*~ in persulfate (PS)-
based AOPs. Hence, the degradation depends on the bimolecular rate constant of reactive
species with the target compound. Competition kinetics is proposed in co-existing matrices
if they have a similar or higher bimolecular rate constant with the reactive species [21-23].
The SO4°~ reacts with carbonate and bicarbonate ions with a bimolecular rate constant
of 6.1 x 10 M1 s~ and 1.6 x 106 M1 571, respectively (Equations (1)-(5)) [51-53].
Even though the reaction kinetics for the reaction of OH® and SO4°*~ towards HCO3 ™ are
similar, that for CO32’ with OH® is 102 times higher than that with SO4*~. Thus, the OH*®
and SO,*~ react with both CO32~ and HCO3~ to form CO5;°*~ as the major species. In
comparison with OH® and SO4°*~, CO3°~ possesses lower redox potential (1.78 V) and
high selectivity towards organic pollutants [54,55]. They have higher reactivity towards
pollutants with electron-rich centers with bimolecular rate constant in the range of 10° to
10° M~1s~1 [56,57]. Hence, carbonate species show a dual effect in AOPs depending on the
nature of the contaminants.

SO,4°~ + CO32~ — SO4% +CO5°7, k=61x10°M1s! (1)
S04~ + HCO3~ — SO4>~ + HCO3®*, k=1.6x10°M 15! 2)
OH® + CO3>~ — OH™ +CO5°*, k=39 x 108 M 1s! (3)
OH* + HCO;~ — OH™ + HCO;*, k=16 x10°M 1 s7! (4)

HCO;3* > H" + CO3°*~ ®)

The highly selective nature of the CO3°*~ makes it more selective towards electron-rich
moieties such as -NHj, -OH (especially phenols), and aromatic rings. CO3*~ accept an
electron from the electron-rich center to form radical cations. The release of the H atom
from this species and a subsequent rearrangement forms a carbon-centered radical [54,58].
The H abstraction can also form a carbon-centered radical. An attack of carbonate radical on
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these transient species and the release of bicarbonate ions forms the hydroxylated product
(Figure 2).

(o}

L G o, - R
R4 . /C\ = Rq Ry - /c\ = R|1 :C'O H,0 |‘I
(a) | 2.9 | | — = = C,O C/OH
CH N CH ~ c N
s N SN SN )
Rz/ NR3R, co Ry NR3R, H* R; NR3R, Rz NR;Ry HCOg3 Rz NR;R4
R4 9 Il o » R
C, - R4 L. - R4 -0 1
(b) (lm o _o | 2o , | ¢ O |_on
N ~ c
# % ¢ 2 F
Rz Rs  Hcoy Rz/ \R3 Rz/ \R3 Hcoy Rz Ry

Figure 2. Hydroxylation by an electron transfer (a) and hydrogen abstraction (b) mechanism initiated
by CO3°~. Reprinted with permission from [58].

4. Enhancement of Degradation Efficiency by Carbonate Radical

As described in the previous sections, there are many reactions or changes taking place
in the carbonate solution containing reactive species. The positive effect of carbonate is
reported if the compound bears some characteristic functional groups, such as substituted
phenols, naphthalene ring derivatives, aniline derivatives, etc. This further depends on the
concentration of the CO3°*~ formed in the medium. Studies reporting the improved degra-
dation of pollutants by carbonate species in AOPs are given in Table 1. The experimental
conditions, including the concentration of pollutants and bicarbonates, are given in this
table. In general, the concentration of the pollutants in water sources are detected in the
range of microgram per liter to milligram per liter [59,60]. However, the concentration of
pollutants in the selected studies are higher than their normal concentration in contami-
nated water sources and most of the studies are conducted in pure water. This selection is
compiled to study the exact degradation behavior in the presence of co-existing matrices
and to identify the intermediate products.

The effect of HCO3 ™~ in UV/H,O; photolysis for a set of pharmaceuticals is presented
in Figure 3. It is obvious that the effect of *OH is completely masked by the HCO3; ™ ions in
some cases and secondary radicals are contributing to the degradation in the latter cases.
The negative effect is mainly attributed by the scavenging effect and the low reactivity of
the resulting secondary species towards the pollutant and vice versa [61]. The bimolecular
rate constant for the reaction of CO3*~ with some micropollutants are given in Table 2.
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Figure 3. The effect of CO32~ on the rate of degradation of various pharmaceutical pollutants using
the UV/H,0, photolysis method. Reprinted with permission from [61].
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Table 1. The list of pollutants showing an improvement in the degradation in AOPs combined with

carbonate species.

AOPs Pollutant Experimental Conditions Positive Effect Ref.
Sonolysis
The degradation of ethyl violet
Sonolvsis Triphenyl methane [Clo = 10 ppm, [CO52~] = 10-100 ppm, and Coomassie brilliant blue [62]
y dyes (TPM) Freq = 350 kHz, applied input power 60 W was decreased and that of
pararosaniline was increased.
[Clo = 0.12 uM; Freq = 300 kHz; Power; 60% degradation in 5 min
Sonolysis Bisphenol A (BPA) 80 W; pH 8.3; [HCO3~] = 500 mgL*1 T=  without HCO3; ™ and increased [63]
21°C to 98% with HCO3™~
[Clo=05mgL~}; [HCO3; ]=3gL™}; Degradation efficiency
Sonolysis Rhodamine B (RhB) temperature: 25 °C; pH: 8.3; frequency: increased from 60% to 99% in [64]
300 kHz; power: 60 W. 20 min with HCO3; ™~ addition.
[Clo = 8.1 uM Frequency: 278 kHz, Power: The degradagon of NBB is not
. Naphthol blue black i . affected even in the presence of
Sonolysis (NBB) 100 W, Volume: 400 mL, Temperature: nonvl phenol by carbonat [65]
20 + 1 °C, NaHCOj: 2.97 mM. onytpheno’ by catbonate
addition
UV/Oxidants
UV/H,0, . .
UV/PS [Clo = 5 uM, [Oxidant]o = 50 M, The production of CO3°*~ was
Naproxen (NPX) — more and hence the [61]
UV/NF,Cl [HCO5™ o = 50 mM. degradation in UV/NH,Cl
uv/Cl, g 2
. [Clo =10 uM, [HO5]y = 500 uM, Three times increase in the
UV/H0; Oxcarbazepine (OXC) [HCO5;Jp =10 mM, pH = 8.0, degradation rate. [66]
UV/H,0, Oxytetracycline [Clop =10 uM, [Hy O3]y =PS =1 mM, Increased the degradation in [67]
UV/PS (OTC) [COs2 ]=2mM both oxidation systems
Activated PS (peroxydisulfate (PDS) and peroxymonosulfate (PMS))
Heat activated SMX [Clp =30 uM, [PDS], =2 mM, [HCO3™ ] Degradation increased from [68]
PS =0-20mM, T =50 °C, 50% to 99% with HCO3;— ions
Heat activated SMZ [Clp =30 uM, [PDS]; = 2.0 mM, Complete degradation within [69]
PS [HCO37 ] =50 mM, T =50 °C, 120 min
_ Positive effect was reported for
Naphthalene [Clo = [Ce(IID)]p = 5.0 mmol L1, [PMS], = .
Ce(ID/PMS derivatives 5.0 mmol L~1; [HCO3~Jp =500 mg L—1, ~ "apthalene, methyland nitro  [70]
derivatives.
[Clp = 50 mg L~1; [PMS], = 0.5 mM; 99% dégradation within
CuFe204/PMS BPA [CuFe,04] = 0.5 g L1, [HCO3~]o = 0.1 M 15 min. [71]
80% of 4-MP was degraded
) [C]o = 0.08 mmol/L, [PMS]y =02 g/L, with CuS/PMS in 5 min.
CuS/PMS 4 met(};ﬁ/ll;l;emls [CuS] =0.15 g/L, Complete degradation within ~ [72]
[CO327]p = 2 mmol/L 2 min in the presence of
carbonate ions.
Photocatalysis
10 times increase in the
CuOy/BiVOy BPA [C]O[;_IZClOO H,g]/L_' (5)07)5n(1:u//LB VO, degradation rate was observed [73]
3 do= & with the bicarbonate addition.

. - [Clo =5 x 1073 mol dm~3, Lower concentration (0.11 M)
UV/TO, Aniline [TiO,] =0.86 g/L, [Na;COs3]p =0.1 M increased the degradation rate. [74]
UV/TiO Cylindrospermopsin [Clp =10 uM, [TiO,] =0.25 g/L, Not agﬁitdej;}elzsizg:;jahon 58]

2 (CYN) [Na,COs]p = 1.5 mM .

by-product formation.
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Table 1. Cont.
AOPs Pollutant Experimental Conditions Positive Effect Ref.
EAOPs
BDD anode/SS naphthenic acids Oil sands process water (OSPW), Current o .
cathode (NAs) density, 30 mA cm 2 100% COD removal in 2 h. [75]
. [Clp =50 mgL_l, Current Degradation rate increased
PbO?;tiS(){iiraphlte Methyl Orange density = 2.87 mA cm 2, [NaCl] =1gL™! from 0.0126 min~! to [76]
[Na,CO3]g = 300 mgL~! 0.0141 min—!
T;{)S/r&(e)?- [Clp =5 mgL~!, Current density = 10 mA Degradation rate increased
Lamivudine cm 2, [NapSO,] = 20 mM from 1.34 min~! to [77]
PbO2/5S [Na,CO3]p = 50 mM 14.53 min—!
cathode a2l =20 m ’
Carbon fiber [Clo = 0.1 mM, Current . -
anode/graphite Phenol density = 0.06 mA cm~2, Complete de%rﬁdatlon within [78]
cathode [NaHO3]y = 50 mM ’
Oxidant activation by carbonate species
Complete degradation was
observed within 40 min. The
o [Clo = 0.05 mM, [CO3%2~ ] =5 mM, and degradation rate increased
PMS/CO5 BPA [PMS]p =1 mM. from 0.02 min~?! t0 0.12 min~! [7]
with increase in pH from
3to11.
— . [Clo =10 uM; [HCO5 ™ ]p = 25 mM,, o .
HCO3;~ /PS Acetaminophen [PS]y = 10 mM, pH 8.3, 75% degradation after 7 h. [80]
. . [Clp = 0.2 mM, [CO32~ ]y = 10 mM, ) e
CO3°~ /Hy0, Acid orange 7 [H,Os]o = 5 mM 90% degradation in 6 h. [81]
o [Clp =10 mg/L, [PMS]y =1 mM, Complete degradation within
CO5“~ /PMS SMX [CO2 ) =5 mM 3h [82]
The rate of degradation
COs2~ /PMS Acid orange 7 [Clo =0.05 mM, [PMS]y =1 mM, increased from 0.0006 to 0.1342 [83]

[CO327]0 =5mM

min~! with an increase in
CO3% to 5 mM.

Table 2. The bimolecular rate constants for the reaction of CO3°*~ with some pharmaceuticals [61].

Pollutant

Bimolecular Rate Constant, k CO3®~

M-1s71)
Salbutamol 151 x 108 M—1s1
Paracetamol 1.70 x 108 M—1g~1

Vanillic acid

50 x 108 M—1s1

p-coumaric acid

460 x 108 M~ 1571

Propranolol

1.92 x 108 M—1s1

Naproxen (NPX)

5.60 x 107 M~ 1g~1

Sulfamethoxazole (SMX)

248 x 108 M~ 1g~1

Sulfamethazine (SMZ) 296 x 108 M~1s71
Clenbuterol 520 x 108 M~ 151
Diclofenac 7.80 x 107 M~ 1s71
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Table 2. Cont.

Bimolecular Rate Constant, k CO3®~

Pollutant (M-1s-1)
Sotalol 220 x 108 M~ 1571
Trimethoprim 491 x 10" M~1s7!
Carbamazepine 1.25 x 107 M~1s71)
Atenolol 9.79 x 106 M~1s~1
Nitroimidazoles 5.09-9.11 x 10° M~1g~1
Atrazine 9.39 x 106 M~ 1571
Nalidixic acid 7.49 x 106 M~ 157!
Caffeine 6.09 x 106 M~1s~1
Azithromycin 9.12 x 10’ M~ 157!
Erythromycin A 8.0 x 10" M~ 171
Bezafibrate 5.33 x 106 M~ 1571
Gemlfibrozil 410 x 10° M~1s71
Clofibric acid 1.0 x 10’ M~ 1571

5. UV Coupled with Oxidants

Activation of external oxidants added into the treated medium by UV light is effective
in the generation of ROS and the rapid degradation of variety of contaminants [84]. In
this process, the photoirradiation can break the peroxobond (-O-O-) in the oxidants, such
as H,O,, persulfates, and ozone (Equation (6)) [84-87]. Other oxidants, such as hydroxyl
amine and chlorine, are also used in UV-based AOPs [24].

-O-O- + hv — Reactive species (6)

The degradation of 20 PPCPs by UV /H,0, photolysis was studied by Zhou et al. The
PPCPs were degraded effectively with a rate constant range of 0.00225-0.00527 s~ 1. The
carbonate ions had a positive effect depending on the structure of the compound. The
addition of 50 mM of HCO; ™ significantly increased the degradation of pollutants such as
sulfamethoxazole, sulfamethazine, and salbutamol [61]. By comparing the specific reaction
rate constants of reactive species, such as *OH and CO3°~, the *OH is completely “masked”
and CO3°~ becomes prominent for those pollutants. In addition, they have compared
the impact of HCO3;™ in other UV-oxidants, such as HyO,, PS, Cl;, and NH,Cl. Among
these oxidants, a significant improvement in the degradation of NPX was observed in
UV/NH,Cl [24]. In this system, reactive nitrogen species (RNS) are involved in addition to
other reactive oxygen and chlorine species. All these species except the ClIO® react with the
CO3%~ (k: 600 M~ 1s~1). The reported concentration of CO3°*~ in the UV/H,0,, UV/Cly,
UV/NH,Cl and UV/PSwere 2.2 x 10°1,9.5 x 10719,52 x 10~ M, and 6.8 x 10711 M,
respectively. Hence, even though CO3°*~ possesses lower reactivity towards NPX, their
high concentration and longer lifetime enable effective degradation [24].

Liu et al. investigated the transformation of oxytetracycline in the UV/H,0O; system
in carbonate solution. The degradation was promoted with the addition of CO3%~. In
UV/H,0, photolysis, the rate constant was 4.8 x 1073 cm? m]~!, which is increased to
6 x 1073 cm? mJ~! with the increase in CO3%~ /HCO3~ concentration. The pH change
increases the electron density around the compound and facilitates the reaction of carbonate
radical. Furthermore, the role of carbonate radicals in UV/NO3;~, UV/H,0,, and UV/PS
oxidation processes was investigated for oxytetracycline degradation. The degradation
efficiency for oxytetracycline in UV/NO3 ™~ was 30%, and that in UV /H,0, was 90% with
UV fluence of 320 mJ/cm?. However, the 90% degradation was observed with a lower UV
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fluence of 80 mJ/cm? in the UV/PS process. The addition of NO;~ had a negligible effect
in both UV /oxidant systems. On the other hand, adding HCO3 ™ had a positive effect in all
the above UV-activated systems. Moreover, the UV /PS was also revealed to be effective in
natural water [67].

6. Activated Persulfate (PS)

Persulfates (PS, both peroxydisulfate (PDS) and peroxymonosulfate (PMS)) are widely
used oxidants in the removal of organic pollutants from both water and soil matrices.
This oxidant itself can oxidize the pollutants directly due to their oxidation potential
of 2.07 V [88,89]. However, the direct oxidation of the pollutants is limited to certain
organics with electron-rich centers, such as -NHj, sulfur containing moieties, etc. However,
the mineralization rate is slow in this process due to the stability of the intermediate
compounds. The rate of reaction and mineralization in the PS process is enhanced by certain
activators [90-92]. Because of the activators, such as light source, heat, and cavitation,
many catalysts can break the O-O bond in PS to produce SO4*~ and *OH. Other reactive
species, such as O,*~ and 'O, are formed based on the interaction between the catalysts
and PS (Equation (7)) [91,92]. Carbon-based materials, Fe-based materials, single-atom
catalysts, etc., are commonly used in the generation of other reactive species than SO;°*~
and *OH [93-95].

PS (PMS or PDS) + activators — SO4*~, *OH, 0,*~, and 'O, 7)

A study conducted by Chen et al. compared the degradation efficiencies of various
naphthalene derivatives (naphthalene, -CHj3 (1-MN), -NO;, (1-NN), -OH (1-NAP), -NH,
(1-NA)) using Ce(IlI)/PMS. The degradation rates of NAP, 1-MN, 1-NN in Ce(III) /PMS,
were 0.0080, 0.0086, 0.0119, and it was increased to 0.0131 min~1 for NAP, 0.0096 min~! for
1-MN, and 0.0133 min~! for 1-NN. The results indicate that the functional groups, such as
-NO; and -CHj attached to NAP, improved the degradation efficiency through their effect
on the charge distribution of NAP derivatives [70]. Another study was conducted with
different phenols with functional groups, such as isopropyl, methyl, methoxy, dimethyl,
amino, chloro, carboxylic acid, and nitro in CuS/PMS/ CO52~ systems. Among these
derivatives, phenol with electron-donating groups, such as isopropyl, methyl, methoxy,
and amino groups, undergo faster degradation compared to phenol in the presence of
CO32~ and vice versa [72].

In some cases, the changes in the pH by the addition of carbonate ions influence the
zero-point charge (pzc) of the catalyst. The PS activation is affected by such changes. A
positive effect was reported in the sludge-activated carbon-based CoFe;O4 activated PMS
system for norfloxacin degradation. This is the fact at lower concentrations of CO32~ [96].

7. Cavitation Process

In cavitation processes, microbubbles are formed in the liquid medium induced by
the vibrational motion. The bubble size gets increased in each cycle and finally undergoes
adiabatic bubble collapse (implosion). Under these conditions hot spot regions are formed,
providing a perfect environment for the formation of the reactive radical species (*H and
*OH) (Equation (8)) [97-102]. In addition, the pollutants undergo thermal degradation
with respect to their physicochemical properties (hydrophilicity or hydrophobicity). The
ionic effect in the cavitation process is affected through the salting out mechanism. If the
ions caused the salting out of the pollutants towards the reactive regime, cavitating bubbles,
it enables thermal and oxidation.

H,0)))) - H* + *"OH (8)

Sonochemical degradation of various dyes in the triphenyl methane (TPM) cate-
gory was already reported [62,103]. More than 98% degradation of ethyl violet (EV) and
pararosaniline (PRA) was achieved under sonochemical conditions of 350 kHz and 60 W
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input power. Among these two dyes, an increased degradation was reported in the case of
PRA. A nearly 3-fold increase in the degradation rate was observed in this case [62]. On
the other hand, the degradation of Coomassie brilliant blue is not affected by the carbonate
or bicarbonate ions [103]. The TPM dyes are degraded via hydroxylation, de-alkylation,
and bond cleavage of the central carbon atom. These ions also affected some of the by-
product formations. The presence of carbonate ions reduced the formation of hydroxylated
products and enhanced the destruction of conjugated structures in the molecule. As can be
seen from Figure 4, carbonate radicals speed up the formation of carbon-centered radical
(II). For RhB, an increase in the bicarbonate concentration from 0.1 to 3 g/L enhanced
the degradation efficiency. Moreover, the effect becomes visible at lower concentrations
of the RhB [64]. Similar results, i.e., an enhancement in the degradation at lower pollu-
tant concentrations, was reported for bisphenol S, N,N-Diethyl-meta-toluamide (DEET),
4-cumylphenol, etc. [104-106].

§ §
QoA “OLLT™
| COS.- c.

N+
R R

N.
R” R

" loz N—r
R T
O = ® ()

Q e :.
() °

R/N SR R—N
\
R

Figure 4. The destruction of TPM dyes induced by CO3°~. Reprinted with permission from [62].

As mentioned in the previous sections, a visible enhancement is attained at a lower
BPA concentration. Sonolysis of 0.12 uM of BPA resulted a 60% degradation in pure
water (0.025 umol min~! L™1). An increase in bicarbonate concentration from 12 to
500 mg/L (0.05 pmol min~! L™1) caused the complete degradation of BPA in 5 min [63].
In the case of sono-Fenton reaction with copper film, the carbonate ions inhibited the
degradation. Further addition of the ions increased the degradation but did not reach the
control reaction [107].

8. Photocatalysis

In photocatalysis, reactive species are formed by photoirradiation on the photocatalytic
surface. Electron-hole pairs are formed initially, and the hole reacts with the water to
generate *OH. The reduction in O, by the electron forms O,°*~ (Equations (9)—(11)) [108,109].
The effect of carbonate ions in photocatalysis is mainly through the scavenging of the
reactive species and the surface properties of the material.

TiO; + hv — hVB+ +e B (9)

hyg™ + (H20),4s — *OH (10)

e cp+0y — 0 (11)
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The degradation of aniline in TiO, photocatalysis was increased with the addition of
CO3%~ species. The rate of degradation in photocatalysis was 2.7 x 107 and is increased
t0 6.5 x 107° mol dm 3 s~! with the addition of 0.1 M Na,COj5. The carbonate ions also
affected the product formation. Azobenzene and nitrobenzene are the major intermediates
formed in the photocatalytic oxidation of aniline in the presence of carbonate ions. On the
other hand, nitrobenzene was not detected in pure photocatalytic system [74]. A similar
tendency was reported for CYN and hexylpyridinium bromide (HPyBr). The number
of intermediates detected in the presence of carbonate ions was less than that detected
in the pure photocatalytic process, especially sulfate group elimination byproducts [58].
An enhancement effect was reported for anthraquinone (AQ) during the photocatalytic
degradation with faceted TiO,. In this case, the rate of degradation was increased from
0.0089 min~! to 0.0109 min~! in the presence of 100 mgL ! bicarbonate ion. The intensity
of EPR signals for *OH is decreased with the increase in HCO3 ™~ concentration. It indicates
the strong scavenging of *OH by HCO3;~ [110].

Another possibility in photocatalysis is the interaction of the photocatalytic surface
with carbonate ions. In the TiO,—~CO32~ system, the CO32~ ion bonds with TiO, through
the oxygen atom at alkaline pH and supplements a site for the adsorption of contaminants
(Figure 5). This interaction may stabilize the suspension. The oxidation of carbonate ions
by the hole acts as an additional source for carbonate radicals in the medium [110].

N W e O CeHsNH ” H
g>c -0 e 0—0] srsNH2 CoH— N Herreen o et
CHe—N— Herne 25C—0H  H  Ho.o-C% Cts
? — | S & & '~0------H-—-T—CSHS
-O-T-O-'I[’I-O-Ti-O- H 1 | H

Figure 5. Adsorption of aniline on the surface of carbonate-modified TiO,.

9. Electrochemical Advanced Oxidation Processes (EAOPs)

EAQPs are another important technique in AOPs, which have been widely used in the
rapid mineralisation of organic compounds from various water matrices [111,112]. Anodic
(direct) oxidation and the indirect oxidation by the in situ generated oxidants are the two
major pathways involved in this process (Equations (12) and (13)). In the first pathway,
the pollutants are degraded either by the direct electron transfer or the by the *OH on the
anodic surface. In indirect process, the reactive species are formed in the solution by the
reaction of in situ generated oxidants, especially H,O, by the electrochemical reactions
depending on the anode materials or electrolyte [113].

M+ H,O — M(*OH) + "OH + e~ (12)

M(*OH) - MO + H" + e~ (13)

As the major species in EAOPs are *OH, the scavenging reactions and the subse-
quent formation of CO3°~ are possible, such as other AOPs. Compared to other AOPs,
there are extra sources of CO3°*”~ during the electrochemical oxidation of solution con-
taining carbonate species. It has been reported that the carbonate species undergo direct
reaction at the anode, especially on the ‘nonactive’ boron doped diamond (BDD) anode
(Equations (14)—(20)) [75]. The carbon fibre electrode produced more hydrogen peroxide
compared to graphite electrode and led to the rapid transformation of carbonate ions to
respective reactive species, peroxy-monocarbonate ions [78]. Min et al. compared the degra-
dation of phenol by graphite anode carbon fibre anode in a carbonate electrolyte solution.
It has been found that the complete degradation of phenol occurs in 2 h with a carbon fibre
anode, whereas complete degradation was not achieved even after 4 h with a graphite
anode [78]. This difference is mainly attributed to the larger surface area of the material.
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Ganiu et al. studied the degradation of naphthenic acids (NAs) and their derivatives, in oil
sands process water (OSPW) [75]. Complete degradation of these contaminants has been
observed in 2 h with a current density of 30 mA cm 2. The process generated CO3®*~ when
the electrolyte is carbonate medium as clear from the electron paramagnetic resonance
(EPR) data. Non radical species, C,042~ were also formed at a concentration of 2 mM
during the reaction.

Pillai et al. compared the effect of carbonate and bicarbonate ions on the degradation
of methyl orange, malachite green and 2,4-dinitrophenol by EAOPs. Among the three
pollutants, only methyl orange showed the positive effect in carbonate ion medium [76].

Brito et al. studied the degradation of rifampicin under various electrolyte mediums
with BDD/carbon felt electrochemical systems. The COD is enhanced in the presence
of carbonate ions, nearly reaching 95% reduction owing to the formation of both radical
and non-radical species [114]. Wang et al. found a positive effect of bicarbonate ions
during the degradation of a drug, lamivudine using Ti/SnO;-Sb/Ce-PbO,. The rate of
degradation was increased from 1.3 x 107! to 14.5 x 10! min~!, with an increase in
HCO3™ concentration from 0 to 50 mM [77].

CO3>~ - CO3* +e” (14)

M(OH?®) + CO3>~ — M + CO;3*~ + OH ™, (15)

2 M(OH®) + 2HCO5;~ — 2M + C,04%~ + H,0, (16)
2C05% = G042~ +2e7, (17)

2CO3°" — G042~ (18)

Cy04%2~ + H,O — 2 CO5%~ + H,O, + 2H* (19)
HCO;™+ HyO, — HCO, ™ (20)

10. Activation of Oxidants by Carbonate Species

An important aspect of carbonate species in oxidant-mediated AOPs (H,O,, and
PDS) is their influence on oxidant stability. Carbonate ions are normally inert towards
these oxidants, but the bicarbonate reacts with the oxidants to form strong percarbonates.
On the other hand, PMS is reactive toward both the carbonate species to form ROS and
percarbonates (Equations (21)—(25)). The decomposition of oxidants is further influenced
by the change in the pH (to alkaline), which can activate the oxidants to form ROS, such as
OH* and SO,4*~, 0,*~, and 'O, (Figure 6) [24].

HCO;~ + H,O, — HCO, ™ + Hy,O (21)

HCO;™ +$,0¢%>~ + 20H™ — HCO, ™ + 25042~ + H,O (22)
CO3%~ + HSO5~ + H — SO,*~ +20H™ + CO, (23)
HCO;~ + HSO5~ — SO4*~ +20H™ + CO, (24)

HCO;~ + HSO5~ — SO,2~ + HCO,~ + H* (25)
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Figure 6. The dissociation of oxidants by the addition of carbonate species and the subsequent
generation of ROS. Reprinted with permission from [24].

Sun et al. reported an enhancement in the degradation of SMX by PMS in the presence
of carbonate ions. Complete degradation of SMX was reported in this study, and 20%
of TOC removal was achieved compared to the process with PMS alone. Nearly 30%
of the PMS was decomposed in the system with CO3%~, PMS, and SMX [82]. Nie et al.,
also utilized the same process for the degradation of acid orange 7 (AO7). A complete
degradation of AO7 within 40 min was achieved by this process. A pH range of 3-9 was
effective for this process, and inhibition was observed beyond this range. An appreciable
removal was observed for other pollutants, such as methylene blue, acetaminophen, phenol,
methyl orange, and para-aminobenzoic acid. The scavenging experiment in the presence
of alcohols (*OH and SO,°*~), L-histidine, and sodium azide (1O,) shows that the major
reactive species are 10,, which enhanced the degradation [83]. PS activated by HCO3™~
was reported to be effective in the degradation of acetaminophen, but the process takes
place relatively slowly. Nearly 7 h was required to achieve 60% removal [80].

Li et al. used CO32~ as an activator of HyO, in the degradation of an azo dye, acid
orange 7 (AO7). Nearly 83% degradation was reported after 8 h at an initial pH of 12. The
degradation was increased from 0 to more than 90% by increasing the concentration of
H,0; from 0 to 50 mM at a fixed CO32~ concentration of 10 mM. A scavenging experiment
with methanol and tert-butanol shows an insignificant effect on the degradation, indicating
a negligible effect of *OH. However, the para-benzoquinone and ascorbic acid had a
prominent effect on the degradation. It indicates that the superoxide radical is strongly
involved in the process. The super oxide radical can be converted into 10, [81].

11. Inhibitory Effect of Carbonate Ions

There are many studies reporting the inhibitory effect of carbonate species in AOPs
due to the scavenging of reactive species (*OH or SO4*~). Hence, some selected studies are
presented in this section.

The inhibitory effect is reported when the CO3°*~ shows lower reactivity towards the
contaminants. Wang et al. reported the negative effect of HCO3;~ during the degradation
of bisphenol S (BPS) by heat-activated PS. BPS undergoes nearly 76% degradation in 3 h
by this process in pure water. The addition of 50 mM HCO3™ reduced the degradation
efficiency to 53%. Compared to other inorganic species, the effect is more prominent [115].
A similar effect is reported for other pharmaceuticals, such as simazine, losartan, carba-
mazepine, thiamethoxam, etc., [116-120]. Liu et al. reported the negative effect of HCO3™
in the soil remediation of BPA by PS activated with biochar [121]. The efficiency of PS
activation by zerovalent iron (ZVI)-based materials are strongly retarded by the presence
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of carbonate species. A complete degradation of 50 uM benzoic acid within 60 min without
any interfering species has been found. However, the addition of 50 mM of CO32~ ions
completely masked the degradation. The similar effect is reported for both ZVI and sulfide-
modified ZVI [122]. The addition of carbonate ions reduced the sonochemical degradation
of many pollutants. The degradation of methyl paraben reduced to 80% from 100% in 90
min with the addition of 100 ppm of carbonate ions [123]. A similar effect is reported for
pollutants such as coomassie brilliant blue, crystal violet, penicillinic antibiotics, propyl
paraben, ethyl paraben, neonicotinoid, etc. [103,124-127].

Tan et al. compared the effect of carbonate species in various UV-based AOPs for
the degradation of antipyrine. The rate constant for the degradation in the UV system
without HCO3 ™~ addition was 1.455 4 0.005 h~!. A slight decrease in the rate to 1.4 h™!
was observed with the addition of 200 mM HCOs3;~. In the UV/H;0; system, the rate
constant was 1.99 h~!, and it was decreased to 1.27 h~! in the presence of this ion. On
the other hand, rate constants of 1.65 and 1.54 h—! were observed with and without the
addition of HCO;3 ™ in the UV /PS system [128]. A similar effect is reported for parathion,
florfenicol, thiamphenicol, losartan potassium, furosemide, caffeine, carbendazim, anatoxin,
propranolol, acetaminophen in UV-based oxidation treatments [129-131].

In photocatalysis, these inorganic species sometimes adsorb on the catalytic surface
and block the active site. Moreover, it can affect the photocatalytic efficiency by the
scavenging effect. The degradation of phenol by ZnO photocatalysis showed a strong
inhibition effect in the presence of carbonate ions. Phenol underwent 78% during the 4-h
photo irradiation of ZnO catalyst. In this case, CO32~ scavenges both hole and *OH and
hence reduces the formation of reactive species in the medium. Another chance is the effect
of these species on the pzc of the photocatalyst by changing the solution pH. The pzc of
Zn0O is 8.7-9.2. The carbonate ions at a higher concentration increased the pH to 10. Hence,
the charge of ZnO becomes negative. It repelled the negatively charged pollutant from the
catalyst surface and decreased the removal efficiency [132]. The reduction in the efficiency
of this kind of AOP is reported for pollutants, such as phenanthrene, naphthalene, BTEX,
phenolic compounds, dichloroethane, parabens, etc. [133-136].

As in the case of other AOPs, the scavenging happens in the liquid medium in EAOPs
with the addition of carbonate species. Additionally, electrochemical reactions of these
species can also affect the removal efficiency. The rate constant for the COD removal
from malachite green solution by EO using BDD anode was 0.0086 min~!, and it was
decreased to 0.0042 min~—! with the addition of 500 ppm carbonate species [76]. In the
case of an antibiotic, norfloxacin using IrO, anodes in various matrices, such as municipal
wastewater, urine, and seawater, showed that the carbonate species is the major species in
retarding the degradation efficiency [137]. In this case, 70% of the degradation in 20 min
was attained in NaCl, which is reduced to 3% with the addition of HCO3 ™ ions. A similar
inhibitory effect is reported with Ti-IrO, mixed-metal oxide anode during the degradation
of atrazine isoproturon, carbamazepine, metoprolol, and atenolol [138]. Another effect of
carbonate species in EAOP is the scaling of CaCOj3 on the cathodic surface, which reduced
the oxidation effect. This is reported in the case of ciprofloxacin and sulfamethoxazole in
the real wastewater samples [139].

12. Conclusions and Future Recommendations

AQPs are effective in the removal of various organic contaminants with a high miner-
alization rate. However, the efficiency of the processes is highly dependent on the nature
of the contaminant sources. The co-existing water matrix, especially the inorganic anions,
is one of the critical factors that affect the efficiency of AOPs. Carbonate ions are one of
the major inorganic species present in the water matrix, which strongly scavenges the
reactive species involved in AOPs. Their presence often reduces degradation efficiency.
Even though the secondary radical, CO3°~, did not generate toxic intermediates, such
as halide ions, it had a significant effect on the concentration of the intermediates and
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subsequently the removal of toxicity. Hence detailed product monitoring is an important
step in the carbonate abundant water sources.

This review shows that carbonate species affected the degradation of organic con-
taminants in AOPs. The contaminants with electron-donating moieties, such as isopropyl,
methyl, methoxy, and amino, exhibit improved degradation in the presence of carbonates.
Detailed profiling of the water samples for the presence of carbonate species or the respec-
tive contaminants before implementing a treatment method is obviously needed to fully
understand the degradation mechanism and the influence of matrix effects.

Activation of oxidants, especially PMS, can be adapted in the carbonate abundant
matrix. The carbonate/PMS process generates many reactive oxygen species, including
102, which allows for contaminant degradation in real case scenario. However, a high
concentration of the carbonate ions retarded the process as well. Hence, an optimization of
carbonate concentration is required. By continuing this research, another oxidant formed
from sodium carbonate and H,O,, sodium percarbonate, is currently widely explored.

In carbonate-mediated AOPs, selective reactive species, such as CO3°~ and 10,, are
generated. Hence, it has shown a positive effect on various compounds in the category
of drugs, dyes, and many other emerging contaminants. The degradation in each case
further depends on the structural properties, especially the functional groups present in it.
In several cases, it is clear that increased degradation can be obtained using carbonates that
are naturally present in the real aqueous matrix. Focus on this aspect providing lowered
costs of treatment and lowered consumption of oxidants falls into the idea of sustainable
development and should be further explored.

13. Methodology

A thorough literature search has been done on various sources, such as Scopus, web
of science, and google scholar. The keywords selected in searching the literature were

”ou

“advanced oxidation, pollutants, degradation, carbonate ions”, “advanced oxidation, pollutants,
degradation, inorganic ions”, “sonolysis, pollutants, carbonate ions”, “carbonate radicals, pollutants,
degradation”, and “electrochemical oxidation, pollutants, degradation, carbonate ions”. To cover
most of the topics on the promotion effect, we have collected literature throughout the year.
However, for the inhibitory effect, a paper published in the last 10-15 years was selected,

and only important data are provided.
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