Chapter 2
Literature review

2. Literature review

2.1 Literature related to electrochemical oxidation of PhCs

The electrochemical oxidation (EO) is a proficient and flexible process applied for the
water and wastewater treatment. There are two ways of oxidation in EO, direct oxidation and
indirect oxidation. In direct oxidation, the hydroxyl radicals are electrochemically generated on
the electrode surface; while in indirect oxidation, reactive chemical species are electrochemically
generated depending upon the electrolyte and type of electrode (Ahmad et al., 2021). In the last
fifteen years, there are plentiful studies carried out on the EO of PhCs with novel electrodes in the
synthetic aqueous matrix. EO has predominantly appeared and has gained much attention from
researchers for last decades due to the key advantages it offers: rapidity, better control, capability
of complete mineralization, operation at ambient temperature and pressure, and no chemical
requirement (da Silva et al., 2021; Y. Feng et al., 2016). However, the PhC removal efficiency of
EO is affected by various operating parameters, such as type of electrode, electrolyte, applied
current density, pH, and the initial concentration of the PhCs (J. Wang & Wang, 2020). Therefore,
it is necessary to optimize these parameters to obtain required removal efficiency at a minimum
operating cost. Besides, there is a possibility of formation of toxic by-products from EO of PhCs,
especially in chloride rich medium where high chances are there for chlorinated by-products
formation. Hence, focus of the research should also be directed to toxicity test and the
identification of intermediates (Haidar et al., 2013; Xia et al., 2020). Although, EO has several
benefits, such as flexibility to adjust to the fluctuating volumetric and organic load, no secondary
waste generation that need further management, and significantly less power consumption for
streams having high electrical conductivity, thus making the EO process suitable for the aqueous

PhCs removal at the field-scale.
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Among the advanced oxidation processes, EO is expedient because it is environmentally
friendly, highly efficient, and easily automated, and there is no requirement for chemical addition
(Martinez-Sanchez et al., 2022; Y. Yang, 2020). At a given current density, EO is simply a function
of the types of electrodes involved and the composition of the electrolyte matrix. Reactive species
responsible for oxidation attack are in situ generated, depending on the presence of salts in the
matrix and electrodes involved. In the last 15 years, many studies have been carried out on the EO
of PhCs using novel electrodes in a synthetic aqueous matrix. There are few studies available that
focused on real matrices such as groundwater, reverse osmosis concentrate (ROC), tertiary effluent
from wastewater treatment facilities, etc. (Ganiyu & Gamal EI-Din, 2020; F. Li et al., 2020; Oriol
etal., 2019). ROC is generated from two ways, one from the RO unit for water use and the second
from the polishing unit at the end of the effluent treatment chain. ROC has limited reuse potential
because of high salinity and ROC disposal or treatment is a challenge. However, if ROC is utilized
as an electrolyte medium to destruct recalcitrant organics such as PPCPs, the high salt
concentration reduces energy consumption for EO considerably (Wei et al., 2021; Q. Xiang et al.,
2019). Besides sulfate and hydroxide, an enormous amount of chlorides in ROC attracts the
application of ROC for indirect electro-oxidation which involves the in-situ generation of Cla,
HOCI, and OCI™ also known as reactive chlorine species (Y. Feng et al., 2016; J. Wang et al.,
2018). Mixed metal oxides coated anodes, which are called active anodes are verified to be
exceptionally good because of their electro-catalytic properties for the evolution of Cl, along with
their prolonged chemical and mechanical stability (Palma-Goyes et al., 2018; Pointer Malpass &
de Jesus Motheo, 2021). Electrochemically generated in-situ reactive chlorine species are shown
to be robust and resilient for oxidation of PPCPs in synthetic as well as real aqueous matrices (K.
Guoetal.,2017; Y. J. Liuet al., 2019).

Keeping these facts in mind, the initial part of the present study was carried out using
ROC as an electrolyte for electrochemical oxidation of model PPCP compound diclofenac sodium.
Mixed metal oxides coated anode- Ti/Ru-Sn-Sb-Ox was prepared and used for all the
electrochemical experiments. Quantitative analysis of DCF and its intermediates were performed
on HPLC. A small comparative study on commonly used quenching agents for EO samples was
carried out to find the suitable quenching agent for present study. The effect of current density and

reaction kinetics for EO of DCF was thoroughly studied. Effect of electrolyte composition in form
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of sulfate to chloride ratio on DCF degradation rate and extent of degradation was studied in
synthetic electrolyte and the best performing ratio was applied to actual ROC. A phyto-toxicity

study was also carried out using mung beans to check the EO effluent suitability for irrigation.

2.2 Literature related to peroxymonosulfate based processes for removal of

PhCs

Of late, there has been growing curiosity in using new oxidants mainly peroxymonosulfate
(PMS) and persulfate (PS) for removal of emerging contaminants. Hydroxyl radical (*OH) and
sulfate radical (SO4°) generated through PS or PMS activation, attack the organic compounds. PS
and PMS can be activated by various activation methods such as d-electron-transitional metal (e.g.
Fe?*, Co?",and Mn?"), photolysis (UV radiation, solar radiation), alkaline condition, ozonation,
thermal activation, and radiolysis (Kiejza et al., 2021; Zheng et al., 2022). The sulfate radical can
rapidly oxidize the emerging organic pollutants. In sulfate radical based process, organic
compounds are degraded to mineralization due to its high oxidizability - 2.5 to 3 V potential,
extended life (around 30 to 40 ps), and flexible pH range — 2 to 11 (Song et al., 2020). An Oxone
is used as a source of PMS, which is a triple salt, consisting potassium peroxymonosulfate
(KHSO:s), potassium hydrogen sulfate (KHSO4), and potassium sulfate (K2SOs) at the 2:1:1 molar
ratio. On the contrary, PS which is also called PDS (peroxy di-sulfate) consists of sulfate ions and
positive ions. PMS is promptly activated in comparison with PS because of its asymmetric
structure and lesser energy requirement for the bond dissociation (Ji et al., 2017; Kumar et al.,
2021; C. Wang et al., 2021). There are three possible mechanisms for PMS activation: (i) O-O
bond fission (in case of UV, thermal, and ultrasound activation), (ii) single ¢ transfer (in case of
activation through transition metal and carbon based materials), and (iii) hydrolysis of PMS to

H>0: (in case of alkaline activation) (Xia et al., 2020).

Selective research summary related to PMS based processes for aqueous PhC removal is

given in Table 2.
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A wide range of studies have been carried out by researchers using PMS activation for
emerging contaminants such as PhCs. Amongst many activation methods, it has been found that
ferrous activation is most suitable for large scale application because of its environment friendly,
low cost, easily available, and most importantly, effective in activating PMS at neutral pH (Ji et
al., 2017; Xiao et al., 2020). Nevertheless, high amounts of ferrous salt is required for constant
activation of PMS and reverse reaction for Fe** to Fe** transformation is too frail which lower
down the PMS activation efficiency (Du, Yang, et al., 2019; Govindan et al., 2015; Khan et al.,
2013). Besides, iron sludge generation in bulk is also a problem with Fe**/PMS process. This
shortcoming can be overcome by continuous supply of Fe** for PMS activation (EC/PMS) using
iron as sacrificial anode and it also solved the recycling of Fe** from Fe** that may occur at cathode
(Govindan et al.,2014; N. Yang et al., 2015). This combination EC/PMS consists of two processes:
electrocoagulation (EC) and Fe?"/PMS. The EC/PMS provides better control over Fe*" dosing
which can be adjusted with applied current density and this effectively reduces generation of iron
sludge, besides PMS can also directly be activated by electricity (Govindan et al., 2014; Sun et
al., 2020).

The aim of the later part of the present study is to investigate the EC/PMS process for
spiked IBU removal in chloride rich reverse osmosis concentrate (ROC) matrix. Since chloride is
widely present in natural water matrices, it is important to explore and understand the EC/PMS
process in chloride containing matrix such as ROC. However, the treated water further require a
treatment for TDS removal and it also alleviate the cost of the over-all treatment. Comparison of
EC, PMS, Fe**/PMS, stepwise added Fe**/PMS, and EC/PMS were studied and chemistry of
EC/PMS process was proposed. Contribution of sulfate and hydroxyl radical were evaluated by
quenching experiments with tert-butyl alcohol and ethanol. To examine the effects of initial pH,
initial PMS conc., and current density, for batch EC/PMS process, response surface methodology
was carried out. Also, EC/PMS process was carried out in continuous flow mode and its
performance was evaluated for varied flow rate (residence time). To the best of our knowledge,

this study is one of its kind and of great value for researchers working with PMS based processes.
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