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DO WE STILL NEED A LABORATORY TO STUDY ADVANCED
OXIDATION PROCESSES? A REVIEW OF THE MODELLING
OF RADICAL REACTIONS USED FOR WATER TREATMENT

Abstract: Environmental pollution due to humankind’s ofteresponsible actions has become a serious concern
in the last few decades. Numerous contaminantsaatteropogenically produced and are being transfdrine
ecological systems, which creates pollutants wittknewn chemical properties and toxicity. Such cloani
pathways are usually examined in the laboratoryerehhours are often needed to perform proper kineti
experiments and analytical procedures. Due to @&sa@ computing power, it becomes easier to usetwuan
chemistry computation approaches (QCC) for preadlictieaction pathways, kinetics, and regioselegtivit
This review paper presents QCC for describing thidative degradation of contaminants by advancedation
processes (AOP, i.e., techniques utilizing s*OHdegradation of pollutants). Regioselectivity wascdssed based
on the Acid Blue 129 compound. Moreover, the fostiog of the mechanism of hydroxyl radical reactwith
organic pollutants and the techniques of predictibdegradation kinetics was discussed. The reasid *OH in
various aqueous systems (explicit and implicit abbn) with water matrix constituents were review&er
example, possible singlet oxygen formation routeshe AOP systems were proposed. Furthermore, aemant
chemical computation was shown to be an excelleoit for solving the controversies present in thadfiof
environmental chemistry, such as the Fenton reactiebate [main species were determined to be:
*OH < pH = 2.2 < oxoiron(IV)]. An ongoing discussioon such processes concerning similar reactions,
e.g., associated with sulphate radical-based a@daogidation processes (SR-AOP), could, in ther&tbe
enriched by similar means. It can be concluded, thih the rapid growth of computational power, Q€én
replace most of the experimental investigationateel to the pollutant’s remediation in the futuaeithe same
time, experiments could be pushed aside for quasisessment only.

Keywords: advanced oxidation processes, water treatmentfewater treatment, Fenton process, radical
chemistry, singlet oxygen, Density Functional Tlyg@FT), quantum chemical computations

Introduction

The fast development of the industrial sector dneditresponsibility of human actions
have caused ubiquitous pollution in the world [Mhe increasing amount of contamination,
especially contaminants of emerging concern (CE@J persistent organic pollutants
(POPs), are urging scientists to discover new nusthaf their elimination as well as the
determination of their fate [2]. For the eliminatiof persistent compound often the sole
biological processes (e.g., bioremediation, actidatiudge treatment) are insufficient [3-8]
and more invasive treatments are recommended tmatbe divided universally into
physical and chemical remediations [3]. Advanceilation processes/techniques (AOP)
depend on *OH (hydroxyl radical) reactions thatgeaerated from various precursors that
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can be appliedn situ for chemical oxidation (ISCO) of contaminants. Bety, sulphate
radical-based advanced oxidation processes (SR-A@P9 gained popularity where the
SO, (sulphate radical) is a primary oxidant instead aofthydroxyl radical [9, 10].
These methods are extensively used to remove nhted aliphatic and aromatic
compounds, CEC and POPs [11].

Transformation of the pollutants either by anthmggmic (e.gin situ remediation) or
natural ways, is controlled by reaction kineticshisth can normally be determined
experimentally by measurements of the concentraifoan compound over time. However,
to perform experiments to assess a single valueénetic rate constants, a lot of labour is
required (and lots of additional waste is genefatddoreover, the contaminants of
emerging concern are already present in such numberwater treatment systems
(particularly water reuse and wastewater) that gxpmts to assess their reaction sites,
kinetics and products are almost impossible toquarf12].

Fortunately, it was found that experiments are thet only way of predicting the
reaction mechanism and kinetics [12]. A quantumnabel calculation (QCC) offers
a strategic basis for achieving these targets with bonus of not needing a massive
database (and not generating considerable amounteiaste when performing the
experiments). Besides, the energies computed by Q@€ have an accuracy of
< 2 kcal/mol, which is similar to that of many dfose determined experimentally [12].
QCC can also be used for many other tasks otharttteadegradation of pollutants, such as
studying the modification of nanomaterials [13]tedenining the reaction mechanism with
DNA components [14-17] and other biomolecules presea mammal’s body [18-20].
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Fig. 1. a) Model potential energy surface showingegample of a reaction path, minima, and transitio
state, b) the same but in one dimension. The tiansstate structure is only an example;
however, the product of the reaction of hydroxyical and toluene was indeed determined by
QCC to beo-cresol [21]. Molecules were visualized with theofyadro program (H, C, O atoms
represented by white, black and red colours, resmby)

QCC for estimating a molecule’s chemical propertieeds a molecule structure as
an input to various software programs. The chenpoaperties of the molecule are given as
an output, such as the highest occupied moleculsitab (HOMO) energy, the lowest
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unoccupied molecular orbital (LUMO) energy, a dgahoment, and total electronic
energy, just to name a few [22]. In more detail, @Q€elies on the isolation of single
molecules or compounds [more atoms (electrons tommge precise) during the
computation translates to a longer computation]time

As an input for QCC, several pieces of informatme required:

1. The type (H, C, O, ...) and coordinate¥ ¢f atoms (for a required compound, a guess

structure can be generated by software [23]).

2. Information on the total charge of a compound (eégfor neutral substances, —1 for
anions, —2 for dianions, +1 for cations etc.)
3. Information on the total multiplicity (e.g., 1 fotosed-shell, 2 for radicals).

The approximate solution of the time-independerttebnic Schrédinger equation,
which can give us potential energy for such a systdepends upon the(lengths, angles,
torsion angles of the bonds) from the input fil&C@is ideal for determining the potential
energies of substrates and products as well asiticanstates (TS) [12] (Fig. 1).

This information can be obtained to predict theatlet mechanism of the reactions
discussed in the next sections (Fig. 2).

Solvation

b S
Contaminants

Fig. 2. Scheme presenting possible uses of QCQOR Aeactions (the molecules in the figure represent
hydroxyl radicals)

There are many freeware and commercial computegranas [24, 25] for converting
the input files into the outputs possessing usifigrmation on the compound of interest.
Such software uses modern electronic structure adsttoffering approximate solutions to
the Schrddinger equation, which can be divided tato groups: methods based on wave
function and methods based on density functionebyr (DFT). However, in this review
paper, we will not focus on describing the theoghind QCC and the proper levels of
theory for the desired reaction types since exaebeticles have already been published on
such topics [12, 26]. The purpose of this revieywgras to show some of the capabilities
(useful for environmental scientists) of QCC thah mot only supplement experimental
studies but, in some cases, reliably replace them.

Regioselectivity and products’ formation

By QCC it is possible to some extent to determingrious reactive sites
(regioselectivity). The Schrodinger equation’s wédaection has descriptors to predict the
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locations most prone to oxidation reactions (aéstuction) in target compounds. Xiao et al.
often only uses (and with success) HOMO and LUM®d#etermining the reactive centers
of organic molecules [27]; (the HOMO is naturallftem recognized as a site for
electrophilic attack, whereas the LUMO - for nughilic attack). Notably, many more

specific reactivity descriptors can often be reabbyn approximated by HOMO

distribution.

An extended investigation of our previous work [28] the Acid Blue 129 (AB129)
compound was presented herein. In this specifie,dhe HOMO and HOMO-1 of AB129
seem to be largely delocalized, making it more lehging to determine the reactive site
available for free radicals (Fig. 3).

HOMO HOMO-1

Fig. 3. HOMO and HOMO-1 of the AB129. These werarained (with Gaussian 16 software) by DFT
calculations at the B3LYP/6-31+G* level. Solvatiorodel: SMD. The data were elaborated by
Multiwfn software [29], whereas the cube files weendered by VMD software [30, 31].
The green and blue colours represent positive @gdtive phases. Isovalue: 0.05. Atoms H, C,
N, O, S are shown as white, gold, blue, red, atidwerespectively

Although when based only on HOMO distributions st difficult to determine the
reactive sites, it can be assumed that an eledlimpttack will probably occur somewhere
within the vertical axis (Fig. 3) of the AB129 [28]

In such problematic cases, several other descsiptan be used to help with the
assessment of the reactive site. In Figure 4, #teral bond orbital (NBO), average local
ionization energy (ALIE), and Fukui function, aslwas dual descriptor are presented.
An NBO can be assigned to one atom (lone pair) vas titoms (bonds), and the
(above-mentioned) delocalization problem can beramrae. The ALIE is the average
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energy necessary to remove a single electron frpwoirat in space. The Fukui function can
reveal the reactive sites for electrophilic attdck nucleophilic attack® and radical attack
(f%. Whereas the dual descriptokf is closely related to the Fukui function:
Af(r) =£7(r) = ().

Fig. 4. a) Natural bond orbital (NBO) of a -NH- nogen lone pair (isovalue: 0.05), b) average local
ionization energy (ALIE) analysis [inset shows 22 model of AB129], white spots (and cyan
spheres) showing the regions with a low ALIE vafissvalue: 0.0005), c) Fukui functidn
(isovalue: 0.008), d) the dual descriptsfr (isovalue: 0.008) of the Acid Blue 129 compound.
Examined (with Gaussian 16 software) by densitycfional theory (DFT) calculations at the
B3LYP/6-31+G* level (ALIE was examined at M11/6-3&% level); solvation model: SMD.
Data were elaborated by Multiwfn software [29], wéeas the cube files were rendered by VMD
software [30, 31]. Green and blue colours repregeogitive and negative phases/values
respectively. Atoms H, C, N, O, S are shown aseylgbld, blue, red, and yellow, respectively

The most significant contribution to the HOMO wasdted on the nitrogen of the
-NH- group. The NBO of this nitrogen’s lone-paieetrons can be seen in Figure 4a. It is
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also qualitatively visible that this NBO dominatd®e f = (Fig. 4c). Thus, it can be
concluded that thé ~ is mainly composed of lone pair electrons of tNgd- group of
AB129 (calculated contribution of HOMO fo" was estimated to be 71%). On the other
hand, ALIE analysis (Fig. 4b) was determined as@dgdescriptor for the prediction of the
reactive sites [12]. The area with the lowest AldiEthe surface is generally known as the
most vulnerable site to electrophilic or free radliattacks. The low value of ALIE means
that the electron is not strongly bound at thisitpms In our case, however, this analysis
indicated the -NHK functional group as the most favourable for etattioss. Nonetheless,
a low ALIE value could also be found near the -Mjtbup and the aromatic rings. A Fukui
function and the dual descriptor were thus useghto further insight into the most reactive
site for the electrophilic attack. The dual degotican also be approximated based on the
spin density of N(total number of electrons)-1, ethiwas presented as a reactivity
descriptor in a recent paper [12]. The most pasifiart off ~is located on the -NH- group,
indicating the most probable site for the electiliprattack on the AB129 compound.
Unlike the Fukui function, both types of reactivtes can be revealed simultaneously via
the dual descriptor. It is claimed thatAf > 0 (in Fig. 4 green surface), then the site is
favourable to a nucleophilic attack, whereasfik 0 (in Fig. 4 blue surface), then the site is
favourable to an electrophilic attack. Similarfiq the -NH- group was also depicted by the
dual descriptor as the most reactive site with iakid agents. In conclusion, the two most
probable areas susceptible to the oxidative raditialck can be chosen from the above
analysis, i.e., -NH- and -NHgroups.

In order to obtain more of the quantitative resutisgain further insight into the
AB129 reactivity in AOP systems, Table 1 presehesd¢ondensed functions, includih@
(indicating the most probable radical attack), carmmg the two most probable nucleophilic
sites (-NH- and -NB).

Table 1
Values of various descriptors indicating the mastgible radical/electrophilic attack sites
Engo [€V] ALIE [eV] f-[e] 0le’] Af [e]
-NH, —7.52 11.4 0.0592 0.0464 —0.0256
-NH- —6.86 12.8 0.0824 0.0539 —0.0571

" elementary charge

Almost all descriptors indeed indicate that the -Mjfbup could be the most reactive
with oxidants. However, it should be noted thateptcfor Eygo, f 7, f 9 and Af, which
indicate -NH- as the most reactive site for oxidatieactions, the average local ionization
energy descriptor indicates that the -Nioup has the weakest electron-binding ability.
ALIE is often used to complement electrostatic ptgd (EP) analysis to unravel the
possible radical susceptible sites, where EP shbesegions to which an approaching
electrophile will initially be attracted, and ALliBdicates how available the electrons are at
these and other areas [32]. AB129 possess EP mgxitnd7 eV, calculated at the same
level of theory as ALIE) near the -NH- functionalogp, indicating a higher affinity of
negatively charged oxidants towards this area, siscbulphate radical (9. Our group
has already experimentally determined that thigrégisely what happens, i.e., the sulphate
radical reacts selectively with the -NH- group [ZBhe reason why the AB129 -Nlgroup
is not the most reactive with the radicals, asdatlid by ALIE analysis, could be trivially
explained by the protonation of this group, whishpiossible in acidic and neutral pH
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values [33]. When performing ALIE analysis of th8 29 with a protonated amino group
(-NH3", the surface minima disappears from that region.

Although, as shown, QCC can successfully be usetktermine the reactive sites, its
use for predicting transformation products generdtem contaminants during oxidative
water treatment is still challenging [12]. Howevas, presented in many studies, qualitative
conclusions can be drawn. One of the simplest wéygetting information on what types
of intermediates can be formed is the so-called rtahd method [34].
The thermodynamically favourable process can berneghed by the fact that it leads to the
creation of a lower energy product than the initi@ctant. This information could be
utilized to calculate the probability of the fornaat/type of by-products. For example, in
the work presented by Zhang et al. [35], iansilico model for revealing oxidation
mechanisms of contaminants (by ozone) was preseBSig@ghamethoxazole (SMX) was
selected as a model compound. SMX oxidation praduatre predicted on the basis of
their Gibbs free energiesAG). Moreover, experiments conducted have confirntesl t
formation of these products. A similar case wagasshed in ref. [36], where QCC was
used to support the determination of the produttsimethoprim oxidation. Both sets of
data obtained in the experiments and the supporti@®QC showed that
methylene-hydroxylated and methoxy-containing plheimg hydroxylated transformation
products were produced [36, 37].

As a side note, a helpful tool (especially for daling the reactions of dyes) is the
ability of computational approaches to determinecitation energies and oscillator
strengths of the molecules. This utility allows ttreation of theoretical UV-Vis / infrared
(etc.) spectra, facilitating the determination @dction products without more sophisticated
instruments such as mass spectrometry [28]. Fanpba the theoretical spectra of AB129
(studied here) was determined to be 594 nm, whiakches the experimentally-obtained
value (595 nm) almost exactly [28]. Similarly, thgectra of by-products/final products can
be calculated. It is worth mentioning that recendgveloped Similarity Transformed
Equation of Motion CCSD (STEOM-CCSD) was shown asgraat alternative to
a conventionally used time-dependent density foneti theory (the accuracy of the
theoretical UV-Vis spectra prediction can be suliia#ly improved with only a slight
computational cost increase) [38].

Determining the transition states and kinetics

More detailed studies can be done when informatonpotential reactive sites,
approximate transition states, and products ardlaie For example, the radical
mechanism can be explained. These reactions amapsd that it is often exceedingly
difficult to follow them by experimental methods.orF instance, in the AOP,
complex-peroxyl radical reactions can create sintilansition products, making it almost
impossible to research the elementary reaction emeésims and kinetics experimentally
[39]. When the information about reactants and pectsl are available, there are several
algorithms that allow for finding the transitionatd (e.g. QST2 in Gaussian). Intrinsic
reaction coordinate (IRC) analysis is the usuahtéque used to verify that each found
transition state uniquely links the reactants wéither the intermediate and/or the
corresponding product species (geometry optiminatiould converge to the wrong TS if
the given initial structure is not sufficiently sk to the desired TS [40]). To examine the
existence of the stationary points calculated amd dbtain the corresponding
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thermodynamic properties, frequency calculations loa carried out at the same stage as
the optimization; reactant, intermediate and prodypecies correspond to zero imaginary
frequencies, while transition state structuresespond to one imaginary frequency.

Radical reactions can generally proceed in thregswiirough an addition reaction,
H-abstraction and electron transfer [9]. QCC careaé these mechanisms. For example,
the *OH reactions with thiourea derivatives werédrined to proceedia H-abstraction
[41]. Moc and Simmie [42] determined the preferalnsite of the n-butanol H-abstraction
by hydroxyl radical. On the other hand, in a diéiet study, the authors found the OH
addition to the benzene ring of diclofenac as therrhodynamically more favourable
reaction mechanism than H-abstraction [43]. Howgeiteshould also be mentioned that the
electron transfer mechanism might not be feasibde potential energy surface
computations for TS identifications [12].

When the TS are available and checked by IRC, #ite constants for the reaction
pathways can be determined using transition-staery (TST) and its modified versions
(excellent programs for predicting kinetic propestifrom quantum results are available
[44]). One example was provided by the above-maetigpaper by Serobatse and Kabanda
[41], who determined the kinetic rate constantsveen thiourea derivatives and hydroxyl
radical by the TST method. Many authors have maadas approaches. For example,
TST was used for the determination lofin the reaction of «OH with naproxen [27],
phosphoramidate [45], bisphenol A [46], and manyect [2]. Notably, the TST
determinations of the kinetic rate constants agvite the experimental values to within
a factor of 3-750AG accuracy of 0.4 kcal/mol is required to prediet k within a factor
difference of 2 from the experimental value usingoaventional TST [39]), whereas the
guantitative structure-activity relationship (QSARwmethods (discussed below), agreed
with the experimental values to within a factoed [12].

QSARs approaches use various quantum chemicalipiessrdiscussed in previous
sections to calculate the kinetic rate constantsutgih correlation models. The most
important descriptors for calculating kinetic ratenstants were found to be the orbital
eigenvalue of the highest occupied molecular orbEzaonvo; -EHomo = iOnization potential)
[12]. Other molecular descriptors relevant for A@dactions with CEC could include
electron-affinity (E_umo), the number of halogen atoms (usually, e.g., ni@legenated
molecules are less reactive towards oxidants [18¢),number of ring atoms, double bond
equivalence [47] and many others [48]. Good QSARetations could often be found
between the rate constants for the reactions ekblaelated substances (i.e., that possess
the same functional group) [49, 50]. The rate camtstwere predicted by QSAR models for
many AOP reactions and other types; e.g. betweatagonants and hydroxyl radicals
[51-53], chlorine, chlorine dioxide, ferrate [49)zone [48, 49], Fenton process [54],
tetra-amido macrocyclic ligandfB, [55], peroxone [56] or electro-peroxone [47].
Modelling the kinetic rate constants for the reasi of *OH with contaminants was also
presented on pH- and temperature-dependent moaetsllon the decision tree boost [57].

Moreover, QCC could be employed even for purposeh as evaluation of the effects
of bromide [58] or dissolved oxygen (DO) on theicatloxidation of contaminants. Work
determining the DO’s impact has confirmed its impoce on the oxidation of pollutants,
as was observed experimentally [59]. Further a rédteal approach was provided for
studying the effects of wastewater components @endidcontamination of pollutants in
SR-AOPs [60]. This topic is discussed in detaitha next section ("Solvation and matrix
effects").
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Solvation and matrix effects

As was mentioned, QCC are often used for separsystems, consisting only of
several molecules. However, this is not what ispeajng in real AOP systems, where the
enormous effect of the water, dissolved oxygencymsors of hydroxyl radicals and other
water matrix constituents are present. In thisisedhe influence of these effects will be
elaborated.

Solvation

The reactions between «OH and water have beentigaésd theoretically for almost
30 years [61-64]. These reactions happen in theshere, and because of this, QCC has
been used to gain more information on these reatj65-69]. Water is known to form
complexes with hydroxyl radicals (with stabilitylbond dissociation energy ~5 kcal/mol
[70]) by delocalizing the lone pair on O in the ramolecule towards «OH [71]. The «OH
and water react together by exchanging an atonydfolgen and re-forming the reactants
[72]. A water molecule was reported to be a cata#yso for hydroxyl radical reactions
[73], due to the enhanced stability of the pre-tigaccomplex formed. However, some «OH
reactions (e.g. under atmospheric conditions) canslowed down by the presence of
water [74].

In QCC the effect of water solvent on OH reactiaas be studied both explicitly
(i.e., the water molecules are added directly t® $tudied system [75]; Fig. 5a) and
implicitly. The solvent is implicitly expressed asontinuum solvent (Fig. 5b).
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Fig. 5. a) Example of the explicit solvation mod®f water molecules, which includes specific
interactions (H-bonds shown as dashed lines) arah lexample implicit solvation by a dielectric
medium with surface tension at the solute-solvemindary (requires only simple addition of
a keyword to the software’s input, instead of tRplieit addition of water molecules). The most
popular and universal solvation model for AOP is[3F6] (computationally less demanding

than the other continuum models [77]). The continisu polarized “"counter-" charges are
displayed in red and blue. The molecules were limthwith the Avogadro program [23]

4y

The implicit solvation model has been utilized iramg AOP and SR-AOP studies
[28, 78]. However, it should be mentioned thatithplicit model does not include specific
interactions, for example, hydrogen bonding betwienreactants and solvent. A hybrid
approach can also be employed, i.e., the additicmfew water molecules to the implicit
system, which can improve the precision of caléoet primarily for ions [12].
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As for the explicit models, the precision of suchmadel depends upon its size,
i.e., smaller systems are contaminated by systeeneffects [79]. However, many authors
have decided to study the reactions in the preseficenly one water molecule [80].
The reactions in such environments between «OHcamionyl oxide [81] and HOCI [82]
have been studied. Such interactions can lead dii@ual elementary reactions [81] and
could be much more complex [82]. The van der Whllhds between the water and
reactant can greatly influence the reaction patharago not directly affect the reaction but
produce stabilization of the transition states mgattive complexes [81].

Much more complicated systems containing many watetecules and studies of
hydroxyl radical reactions were presented [17, B3). The presence of solvent
significantly affects the structures of stationpoints in an aqueous solution. Many authors
report that the solvent could substantially redtloe height of the free-energy barrier,
indicating that an aqueous solution has a catabffiect on the reaction mechanism and
could increase the reactivity of proton transfeatinaqueous solution [17, 79].

Influence of molecular oxygen on the AOP and the terconversion to singlet oxygen
mechanism

The effect of dissolved oxygen on AOP is often metgld in experimental studies.
However, based on some theoretical investigatitiiis, could impact the system under
examination [39]. In point of fact, a reaction gfdnoxyl radical with organic contaminants
often generates C-centered radicals, which furtkact with molecular oxygen to form
peroxyl radicals and then decompose to form lowemalar species. The exact mechanism
has been studied theoretically [39].

Furthermore, the interactions of a hydroxyl radicgith O, has been studied
theoretically by Suma et al. [84]. The bond linkittge *OH and oxygen moieties was
determined to be ca. 1.688 A long with dissociaterergy of 3.90 kcal/mol, and the
recombination reaction has almost no activatiomidarwhich could suggest the presence
of a certain number of «OH-{Zomplexes during AOP.

Another topic is the formation of singlet oxygerhieh, according to many authors, is
responsible for many reactions in AOP and SR-AOB-88]. This phenomenon was
determined theoretically possible, among other phema, during the reaction of two
hydroxyl radical molecules, which could result hetgeneration of a triplet oxygen atom,
OCP) [89], whose recombination (or the reaction wifiH) can result in singlet oxygen
formation [90-92]. In addition, hydroperoxyl radi¢hat are present in many AOP systems
can recombine with subsequent singlet oxygen faamatvhich was found by the DFT
technique [93]. However, one should remember thase¢ studies did not account for
various substances present in standard water mstnchich could significantly influence
singlet oxygen vyield.

Reactions of «OH with other water matrix constitueris

The hydroxyl radical reaction with hydrogen peraxiaholecule (often a precursor of
hydroxyl radicals) by theoreticainethods was reported [94]. The hydrogen bonding
between the OH radical and the®4 molecule forms a five-membered ring complex, and
its vibrational spectrum was reported. This reactdfers in the presence of water and the
calculated rate constant of,®, was in agreement with the experimental values.ds w
determined that a single water molecule could slown the reaction substantially [74].
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On the other hand, halides, such as chloride amchidie, were determined to influence
the AOP due to their fast reaction rate with thdrbyyl radicals [9]. These reactions were
also investigated by DFT calculations [95, 96].the formation between the <«OH and
halide anions (C] Br, I") hemibonding was observed. By including four hygne-bonded
water molecules, equilibrium geometries with hemiting between the hydroxyl radical
and halide anions were found. The free energy imaealues measured for the formation
of hydroxyl halide radical anion from the «OH araliie anion is endothermic for chloride
but exothermic for bromide and iodide, which is sistent with the equilibrium constant
experimental values. Another work presented hoviosatand anions (€5 Mg?*, and
Zn*": Br", CI', and NQ") can influence oxidative reactions. Surprisinglyyas determined
that all the selected anions promoted the degmadadif sulphamethoxypyridazine by
reducing the activation energy of the rate-limitstgp [97]. This result accords with some
experimental works where the anions positively ueficed the oxidation of some
substances [9].

Another often-investigated ion influencing AOP aB&R-AOP reactions is nitrate.
The reaction with a hydroxyl radical of its conjteyacid (nitric acid) was investigated
theoretically, and a hydrogen-bonded OH-HQNf®termediate was confirmed with an
estimated lifetime of~40 ps [98]. A similar investigation was the subjet&nother work
[73]. The authors determined that the «OH is poséd in such a way that the unpaired
electron interacts with the lone pair of the NO etgis oxygen atom and allows one
electron to migrate from the lone pair of the NOup's oxygen atom to the «OH’s oxygen.

It can be concluded that the reactions of «OH wititer matrix constituents can be
successfully theoretically researched. However,hydroxyl radical reactions with many
anions (sulphates, carbonates) that are normatededuring experimental investigations
of AOP were probably not investigated yet theoedtycin much detail and could create an
interesting scope of study in the future.

The Fenton reaction mechanism controversy

As determined theoretically [99], hydrogen peroxideould not spontaneously
decompose into non-activated radicals; insteadoutd donate a proton. This fact could
explain how the @H,0, [2, 97, 100] and persulphates(d} [9] systems work, involving
the deprotonation of #D, to HO, that further reacts with the oxidants and preceales
formation of the radical.

The Fenton reaction is a reaction between hydrquoxide and ferrous iron that
yields one hydroxyl ion, oxidized iron, and a hyxifboradical [101]. The mechanism of this
reaction might depend upon the formation®bimetal ions, i.e., simple aqua complexes
[M(H,0)nJ** decompose hydrogen peroxide with further radicatipction by a homolytic
O-0 bond cleavage in the key complex [Wn_z)(HZOZ)(OOH)]2+ [102, 103]. At least,
this is the classical and best-known interpretatioh the mechanism. However,
experimental evidence has emerged that iron in bigtation states [ferryl ion, Fe(IV)]
can be formed as reactive oxygen species (ROSgadsof a hydroxyl radical [104]
(similarly to the reaction of peroxydisulphate/pgramonosulphate with ferrous iron in the
SR-AOP systems [105]). It should be noted that plssibility was proposed a long time
ago (1932, reported by Bray and Gorin). This phegroon has also been observed for other
metal-activated systems, and day by day, new repoet being written on this topic.
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QCC has addressed this issue, intending to praigereliable evidence. Buda et al.
[106] employed DFT for the investigation of the i mechanisms in the Fenton reaction.
They determined that the departing hydroxyl radieatracts hydrogen from adjacent
coordinated water that leads to the formation sé@ond Fe-OH bond and a water molecule
instead of the development of a free hydroxyl radjz04, 105]. The primary intermediate
transforms into the [F&H,0),(OH),]** complex along this reaction path and into a more
stable high valent ferryl-oxo complex [F€H,0)s0]°" in the second step, which can
oxidize further, e.g., organic molecules. Solvemtter molecules play a key role in the
process [107-109]. A decade later, these conclasizare confirmed [110]. Representative
free-energy profiles elucidated the Fenton reactibhe reaction producing ferryl-oxo
species from Fenton’s reagent was found to be meoeegetically favourable than the one
creating a free hydroxyl radical by 24.4 kcal/mbhis confirmed the previous hypotheses
that the primary oxidizing agent in Fenton’s reas is the ferryl-oxo species.

On the other hand, these reactions at a low pHevadere determined theoretically to
be dominated by the formation of Fe(lll) and hydidaadicals [111].

Finally, the authors decided to cross the t's,ttletl’s on this matter and studied the
reaction at a broader pH spectrum using DFT metlip@ig]. The findings indicated that
high-valent oxoiron(IV) complexes are the primagnkn oxidants at pH > 2.2, while, as
reported earlier, at a pH of less than 2.2, thetrimrion of hydroxyl radicals could
compete with the species of oxoiron(lV). It wasoafeund that the phosphate buffer
(sometimes used to maintain the pH reaction dufi@g) can switch ferryl ion reactions
into hydroxyl radicals [104]. Experimentally it wast revealed until very recently; Chen
[104] described this mechaniswa DFT calculations. He claimed that phosphoric acid
anions highly coordinate the iron ion in phosphhbtdfer solutions. The previously-
discussed formation of Fe(IV)=0 species is prewrig proton-transfer reactions that
become energetically favourable when the phospiwdedination number goes up to three.
Moreover, while phosphate buffers promote the gatiwr of «OH in the Fenton reaction,
phosphoric acid anions can act as *OH scavengarfydrogen atom transfer reactions
[113].

These investigations show the excellent capabditycomputational techniques for
deciphering large controversies in the environniectt@mistry field, caused by reactions
which, due to the very fast kinetics, are a chajéeto resolved by experimental methods.

Conclusion

We already know that the suggestion published BB1f The Economist [114]: "Turn
off that Bunsen burner; it will not be wanted thése years” was overstated, but what is
the situation 23 years later? The answer is, ofssguthat we need, and will always need,
experimental techniques. As Richard Feynman saidf it disagrees with experiment it is
wrong. That is all there is to it”.

However, due to the enormous increase in compui@tiepeed, (Moore's law;
multiple CPU cores in every new PC, GPU accelengtld 5]), QCC is more accurate and
accessible to everyone. Comparing experimental dneoretical approaches for
determining the reaction energies of complex reastiby DFT can be as close as
~0.4 kcal/mol [116], which translates to a reasémalror in the determination of kinetic
rate constants by TST, i.e., a factor difference2ofrom the experimental value [39].
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The errors of determining the rate constants by @@Cclosing in on those that could be
determined experimentally, e.g., by competitiorekics.

Regioselectivity can be determined by many desmdptsuch as NBO, ALIE, Fukui
functions and dual descriptor. In this paper, aerésting example of the Acid Blue 129
compound was shown. Moreover, QCC can assess grddunation by generating
UV-Vis, infrared spectra, which can be further camgua with experimental results. Many
authors already perform QCC solely to evaluate A@&tems. The determined toxicity of
the by-product is also assessed by, e.g., Ecolo8toacture-Activity Relationships models
[117], making all the reports “laboratory-free” acdmparing the results with ones that can
be found in literature.

There are many controversies present in the expetah part of the field of
environmental chemistry, which can often be assebgeQCC. In this article, the Fenton
mechanism controversy was presented as one exampkxent theoretical study named
the most abundant species in the Fenton reactidieteOH < pH = 2.2 < oxoiron(lV).
However, many unanswered questions remain, suchvize, is the exact mechanism of
singlet oxygen formation in AOP and SR-AOP? Whahisrole of superoxide radicals in
the degradation of chlorinated contaminants dufiodg?

These and many other utilities of QCC can help serpmtal scientists with the
laborious preliminary screening of the desired rdiat@on system for a given case. By this,
the work time, the reagents used and waste gedecate be substantially reduced, which
perfectly fits the principles of green chemistry.
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