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A B S T R A C T

Bisphenol A (BPA) is a widespread industrial contaminant and endocrine disruptor whose efficient removal 
remains challenging because multiple, competing radical channels operate under Fenton-type advanced oxida
tion conditions. Here, we present a semi-automated first-principles approach to elucidate this process, 
comprising: (i) exhaustive discovery of unimolecular radical transformations with AutoMeKin; (ii) targeted 
manual construction of initial •OH addition and hydrogen-abstraction transition states; (iii) DFT refinement at 
ωB97XD/def2-TZVPP with SMD solvation model; (iv) selective microsolvation (up to two water molecules) for 
high potential energy barriers; (v) transition state theory rate constants evaluation for all elementary steps, and 
unified statistical treatment of dual bottlenecks for bimolecular •OH reactions; and (vi) Kinetic Monte Carlo 
(KMC) simulations with Pilgrim to obtain product distributions.

The reaction network maps all feasible early •OH additions (ipso/ortho/meta/para), phenolic O–H abstraction, 
multistep hydroxylations, attempted dehydration steps, epoxidation, ring opening, and C–C scission leading to 
hydroxylated, quinonoid, lactone, and cleavage products. Selective microsolvation lowers critical rearrangement 
barriers, converting otherwise rate-determining steps into kinetically viable channels. KMC analysis identifies a 
characteristic ≈2:1 [•OH]:[BPA] threshold. Below it, early hydroxylated and ketone intermediates persist (e.g., 
catecholic and cyclohexadienone forms), whereas above it they are rapidly converted into trihydroxylated de
rivatives, ring-cleavage fragments, and quinone products.

A reduced mechanism derived from sensitivity analysis reproduces the kinetics of the full network while 
retaining only essential OH-addition and phenolic H-abstraction steps. This integrated workflow thus provides 
mechanistic insight and a predictive, computationally efficient kinetic model readily transferable to other 
organic contaminants in advanced oxidation processes.

1. Introduction

Among the wide variety of environmental pollutants, bisphenol A 
(BPA) and its derivatives have garnered considerable attention due to 
their widespread presence in wastewater from various industrial pro
cesses [1,2]. Their high water solubility and persistence against degra
dation lead to the accumulation of BPA derivatives in aquatic 
environments, posing serious concerns due to their detrimental effects 
on aquatic ecosystems [1–4] and their known carcinogenic and geno
toxic properties [5,6]. These concerns have motivated extensive 

experimental and theoretical efforts to better understand the degrada
tion mechanisms of these compounds.

On the experimental side, numerous studies have explored the effi
cient removal of BPA using a variety of techniques, including advanced 
oxidation processes (AOPs), electrochemical degradation, biological 
treatments, membrane filtration, UV irradiation, and more [7–13]. 
Among AOPs, the Fenton reaction [14] is one of the most widely studied 
and applied methods for the degradation of organic contaminants in 
water. It involves the catalytic decomposition of hydrogen peroxide by 
ferrous ions (Fe2+ + H2O2 → Fe3+ + •OH + OH− ; Fe3+ + H2O2 → Fe2+ +
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•OOH + H+), leading to the in situ generation of hydroxyl radicals 
(•OH). These species are highly reactive and non-selective, capable of 
initiating multiple degradation pathways of aromatic pollutants such as 
BPA. The Fenton system thus provides a well-established reference 
framework for investigating radical-driven degradation mechanisms 
under aqueous conditions.

On the computational side, there has been a notable rise in the use of 
modeling approaches to study chemical reactions involved in pollutant 
transformation [1,15,16]. Central to these computational methods are 
density functional theory (DFT) calculations, which can be employed to 
determine the binding energies of chemical species, assess the feasibility 
of reaction pathways, and evaluate the physicochemical properties of 
molecules within the context of environmental chemistry [17–19]. The 
application of DFT simulations deepens our understanding of reaction 
systems, optimizing their efficiency while reducing the consumption of 
chemical reagents, waste generation, and the substantial workload 
typically associated with experimental work [20]. In fact, most previous 
computational studies on BPA degradation predominantly rely on DFT 
calculations and/or Fukui function analyses to predict the early stages of 
the degradation process [21–29]. While these previous efforts are 
commendable, the complexity of the system necessitates a bias-free 
approach to ensure that no potential reaction pathways are overlooked.

As part of our research efforts to deepen the understanding of reac
tion mechanisms and kinetics, we have developed two open-source 
programs in recent years: AutoMeKin [30], designed for the autono
mous discovery of reaction mechanisms, and Pilgrim [31], which cal
culates thermal rate constants for chemical reactions and simulates 
complex reaction networks by Kinetic Monte Carlo [32]. AutoMeKin has 
been successfully applied to study a wide range of problems in astro
chemistry [33–36], carbon-based materials [37], homogeneous catalysis 
[38], radiation damage of biological systems [39], simulation of mass 
spectrometry experiments [40,41], combustion chemistry [42,43], and 
atmospheric chemistry [44]. A complete list of recent works utilizing 
AutoMeKin can be found in [45].

Pilgrim, on the other hand, has been effectively used in systems 
spanning from low-temperature processes, such as the formation of 
methanol dimers [46] and the tautomerization of urea derivatives at 10 
K [47], to high-temperature combustion reactions involving biofuels 
[42,48]. Additionally, Pilgrim has proven valuable in calculating kinetic 
isotopic effects in aqueous solution [49], in studies of biological rele
vance, such as the isomerization of vitamin D [50], as well as in the 
investigation of metal-organic framework-catalyzed reactions [51]. 
These diverse applications highlight Pilgrim's versatility and reliability in 
determining thermal rate constants across different chemical 
environments.

AutoMeKin and Pilgrim have been also previously used in combina
tion [33,42]. The primary advantage of our computational methods over 
more conventional approaches is their ability to eliminate human bias in 
predicting reaction mechanisms, while also providing a reliable protocol 
for simulating chemical kinetics under a wide range of conditions. In this 
study, we will explore the initial steps of BPA degradation in a Fenton- 
type environment, integrating our computational methods with DFT 
calculations. Furthermore, the results from our kinetic modeling will 
provide detailed insights into the degradation mechanisms and corre
sponding timescales.

2. Materials and methods

The experimental and computational protocols employed in this 
work are detailed in the following three sections. The first section pre
sents the experimental determination of the rate of formation of the OH 
radical in the Fenton reaction. The second one describes the generation 
of the reaction mechanism, while the third outlines the formalism used 
for the kinetic modeling conducted in this study. Notice that all the data 
generated using our computational protocol is publicly available in a 
Zenodo repository [52].

2.1. Experimental determination of OH radical formation

The determination of the rate of formation of the OH radicals in the 
Fenton reaction was carried out using methanol as the reacting agent, 
since methanol acts as a scavenger of these radicals with high kinetic 
rate and selectivity [53,54]. To avoid the influence of methanol con
centration, an excess of this reagent was used, with an initial concen
tration of 18.88 mM, ensuring that its decrease remained below 5 %. 
This prevented the occurrence of side reactions and guaranteed that the 
main reaction predominated [55]. Measurements were taken during the 
first 30 min, and methanol concentration was determined by gas 
chromatography.

The quantification of OH formation through methanol consumption 
was performed using gas chromatography equipped with a flame ioni
zation detector (GC-6850-FID) and a DB-WAX column (30 m × 0.250 
mm × 0.25 μm), both purchased from Agilent Technologies Inc. (CA, 
USA). Nitrogen was used as the carrier gas at a flow rate of 1 mL min− 1 

(split ratio 5:1, pressure 12–18 psi), with an injection volume of 1 μL. 
The column temperature program consisted of an initial hold at 70 ◦C for 
3 min, followed by a ramp of 60 ◦C min− 1 up to 220 ◦C, maintained for 5 
min. The injector and detector temperatures were set at 250 ◦C and 
300 ◦C, respectively. The equipment was calibrated using methanol 
standard solutions in the range of 3–20 mM.

All experiments were performed in triplicate under the optimum 
Fenton conditions, namely with 131 mg/L of Fe3O4@PAA/SBA15 
nanoparticles [56] and 223 mg/L of hydrogen peroxide. The resulting 
data were fitted to zero-order reaction kinetics, and the OH radical 
generation rate was quantified as 17 ± 2 μM⋅min− 1, as shown in Fig. 1.

2.2. Reaction mechanism

The computational study of BPA degradation pathways under 
Fenton-type conditions was conducted in a semi-automated manner. 
While the (bimolecular) OH addition and H-abstraction steps were 
studied manually, the unimolecular evolutions of the intermediate 
radical species were elucidated using an automated method for reactive 
potential energy surface (PES) exploration. The only exceptions to this 
automation were the unimolecular pathways in which water molecules 
were included explicitly.

Bimolecular elementary steps are studied using the traditional 
approach of manually constructing initial guesses for transition state 
(TS). To simplify the problem, the bimolecular OH-addition and H- 

Fig. 1. Time evolution of the hydroxyl radical concentration from 0 to 30 min. 
Symbols denote experimental data; the dashed line is a linear fit constrained to 
pass through the origin. The slop represents the apparent OH radical genera
tion rate.
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abstraction steps treat certain carbon atoms in BPA as equivalent, with 
the corresponding rate coefficients incorporating reaction path de
generacies (σ >1) [57]. This process involves optimizing the TSs, 
calculating their vibrational frequencies, and following the minimum 
energy pathways (MEPs) [58] that connect reactants and products. All 
calculations are performed using Gaussian16 [59] at the ωB97XD/def2- 
TZVPP DFT level of theory. This model chemistry is known for its strong 
performance in predicting barrier heights [60]. Since our goal is to 
simulate the degradation of BPA in water, the energies of the obtained 
stationary points were corrected using the solvation model density 
(SMD) [61] implemented in Gaussian16.

On the other hand, the unimolecular evolution of the identified in
termediate species was investigated using our own autonomous mech
anism generator algorithm [30,62,63]. The method has been 
implemented in the open-source package AutoMeKin [64] and utilizes 
reactive molecular dynamics (MD) simulations to search for stationary 
points.

Briefly, AutoMeKin leverages reactive MD simulations to explore the 
PES of a system. A post-processing analysis of the 1-fs resolution MD 
snapshots allows for the identification of suitable TS candidates. After 
partially relaxing the initially highly distorted structure, a transition 
state is fully optimized using MOPAC's built-in eigen-vector following 
algorithm [65,66]. Once a TS is optimized, the workflow proceeds with a 
MEP calculation [58] to identify the corresponding reactant and product 
for the elementary step. The outcome is the so-called reaction network 
(RXNet), which includes the set of reactants, products, and reactions. 
The analysis of the RXNets is significantly enhanced by the use of 
amk_tools [67,68]. AutoMeKin employs a hierarchy of electronic struc
ture levels of theory: 

1. Level 1. The semi-empirical method PM7 [69] is used for exploratory 
MD simulations.

2. Level 2. The cost-effective ab initio method, HF/3-21G, is utilized to 
filter out spurious structures obtained at Level1. Fig. 2 shows an 
example of the RXNet obtained using Level2 for the unimolecular 
reactions of the radical species R01 identified in this work (see 
Section 3), following processing with amk_tools.

3. Level 3. The same level of theory employed to map the bimolecular 
reactions, ωB97XD/def2-TZVPP optimizations with SMD single- 
point corrections, was also employed to refine the energies, 

vibrational frequencies, and geometries of the stationary points 
corresponding to pathways with Level2-calculated energy barriers 
lower than 40 kcal⋅mol− 1. The rationale for establishing a maximum 
threshold for Gibbs activation energies is that unimolecular reactions 
with high barriers cannot compete with the corresponding bimo
lecular reactions involving hydroxyl radicals and can, therefore, be 
safely ruled out. Nevertheless, we decided to apply a relatively high 
threshold for the barrier heights since Hartree-Fock is known to 
significantly overestimate them [70].

For Level 1, we used MOPAC, which is integrated into AutoMeKin, 
while for Level 2 and Level 3, we utilized the external Gaussian16 
package [59]. At the Level 3 stage, we also examined the effect of 
microsolvation by including up to two explicit water molecules in some 
selected unimolecular pathways, while applying the same SMD solva
tion corrections. This allowed us to account for specific solvent in
teractions where relevant (see Section 3).

Finally, it should be noted that this workflow can be considered semi- 
automated unimolecular reactivity was fully explored automatically 
with AutoMeKin, but manual construction was required for selected 
bimolecular steps and solvent-assisted transformations, for which no 
general automated protocol is currently available.

2.3. Kinetic modeling

The reaction mechanisms obtained as described above are then used 
as input for Pilgrim [31] to model the system's kinetics under experi
mental conditions. Pilgrim is an open-source package designed to accu
rately calculate thermal rate coefficients and solve systems of kinetic 
differential equations. The coupled kinetic equations, also known as the 
chemical master equation (CME), are solved using the Kinetic Monte 
Carlo (KMC) method [32]. The CME can be expressed as follows. 

dp
dt

= Ω • p (1) 

where t denotes time, p is the vector representing the population of each 
chemical species as a function of time, and Ω is the transition matrix 
containing the rate coefficients for all elementary steps.

Our kinetic simulations are based on the following initial conditions: 
[BPA] = 1.31 μM, [H2O] = 55.5 M, with the concentration of hydroxyl 

Fig. 2. Illustration (generated with amk_tools) of the Level2-calculated RXNet for the unimolecular reactions of the radical intermediate R01. The circles (nodes) 
represent minimum-energy structures, with their colors indicating their energy using the “viridis” colormap, ranging from purple (low energy) to yellow (high 
energy). The lines (edges) represent pathways connecting pairs of nodes.
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radical modeled to mimic a Fenton reaction, where the generation of the 
OH radical is 17 μM per minute (as determined experimentally, see 
Section 2.1). The simulations are conducted at a temperature of 298 K. 
This approach allows for the determination of chemical species con
centrations, under the given conditions. These operating conditions 
were deliberately fixed in order to isolate the intrinsic degradation 
mechanism without the additional complexity introduced by variables 
such as pH, temperature, oxidant dosage, or the presence of scavengers. 
While such parameters are well known to influence kinetics, their sys
tematic exploration lies beyond the scope of the present study. Never
theless, the computational workflow developed here is readily adaptable 
to different operating scenarios, providing a flexible framework for 
future investigations.

In this work, the unimolecular rate coefficients are determined using 
conventional transition state theory (TST) [71]: 

kTST(T) = σ kBT
h

e−
ΔG‡,o

RT (2) 

where σ is the reaction path degeneracy [57], kB is Boltzmann's constant, 
T is the temperature, h is Planck's constant, ΔG‡,o is the standard free 
energy of activation at a reference concentration co = 1 M, and R is the 
gas constant.

In contrast, bimolecular rate coefficients are governed by two 
consecutive dynamical bottlenecks: 

1. A free energy bottleneck (TS1) corresponding to a barrierless asso
ciation, assumed to be diffusion controlled. The rate coefficient k1(T)
is calculated using the equation [38,72]:

k1(T) =
8kBT
3η (3) 

where η is the viscosity of the solvent (water in the case studied here). 

2. A second bottleneck (TS2) associated to a first-order saddle point. At 
this stage, conventional TST is applied, with the rate coefficient, 
k2(T), given by Eq. (2), where ΔG‡,o is defined as the difference be
tween the Gibbs free energy of the saddle point and that of the 
reactants.

For cases involving such dual bottlenecks, the canonical unified 
statistical (CUS) model [73] is employed to approximate the overall 
bimolecular rate coefficient kbim as: 

kbim(T) =
k1k2

k1 + k2
(4) 

Eq. (4) is referred to by [74] as a correction factor. To avoid unnecessary 
notational complexity, the standard state symbol on G will be omitted 
henceforth.

3. Reaction mechanisms

Fig. 3 depicts the obtained degradation mechanism of BPA. Hydroxyl 
radicals initiate the oxidative degradation of BPA (at the center of the 
Figure) either by adding directly to a carbon atom (OH-addition) or by 
abstracting a hydrogen atom (H-abstraction). The radicals produced by 
these initial reactions with the OH radical are labeled R01 to R04 from 
those arising from OH-addition to BPA, and R05 to R07 for those formed 
through H-abstraction. Notice that these intermediates can further 
evolve through successive OH attacks, e.g. R04 + OH → 4A, or by un
dergoing molecular rearrangements, e.g. R01 → R1A + 1B. For clarity, 
the stable species in Fig. 3 are listed in Table 1 together with their 
chemical names.

In Fig. 3, unimolecular reactions marked with an “x” symbol have 
Gibbs free energy barriers (calculated at Level 3 with SMD correction) 
above 30 kcal⋅mol− 1, making them essentially inaccessible under our 
reaction conditions. To determine whether explicit water molecules 
could lower these barriers, we selectively introduced one or two mole
cules of solvent and re-optimized the corresponding transition states. 
This procedure was applied only to rate-determining steps with high- 
barrier reactions (>30 kcal⋅mol− 1) in order to capture the most rele
vant hydrogen-bonding and proton transfer effects while keeping the 
computational effort tractable. In some cases, the effect is dramatic, 
whereas in others it has little impact. For example, the 5A → 3B isom
erization barrier drops from 44.5 kcal⋅mol− 1 to 28.4 kcal⋅mol− 1 by 
adding one water molecule and to 18.4 kcal⋅mol− 1 by adding two (see 
Fig. 4). By contrast, the 3A → 3B barrier barely changes (46.4, 42.0, and 
43.5 kcal⋅mol− 1 with zero, one, or two water molecules, respectively). 
While larger hydration clusters or cooperative solvation effects could 
further modulate barrier heights, a systematic exploration of such sce
narios lies beyond the scope of this study. Nevertheless, the selected 
cases are representative enough to highlight the critical role of explicit 
solvent molecules in modulating reactivity under aqueous conditions. 
For all the reactions marked with “x”, we used the lowest computed 
barrier when obtaining the Gibbs free energy profiles and when calcu
lating the corresponding rate constants.

The following two sections provide a detailed analysis of the various 
degradation pathways identified in this study. To facilitate the 

Fig. 3. DFT-computed initial steps of the oxidative degradation of BPA. Paths marked with “x” were also examined by including explicit water molecules.
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examination, we have divided our analysis into pathways initiated by 
OH-addition reactions and those initiated by H-abstraction reactions. 
Energy profiles, calculated at the ωB97XD/def2-TZVPP level of theory 
with SMD corrections, for the pathways initiated by OH-addition and H- 
abstraction, are depicted in Figs. 5 and 6, respectively.

3.1. Pathways initiated by OH-addition reactions

The radical R01 is formed by the addition of a hydroxyl radical to the 
ipso carbon of BPA, overcoming a Gibbs free-energy barrier of 6.4 
kcal⋅mol− 1 (Fig. 5, red). AutoMeKin then predicts that R01 rearranges 
into radical R1A and hydroquinone (1B) via an 11.6 kcal⋅mol− 1 barrier. 
From R1A, a barrierless OH-addition yields tertiary alcohol 1C, 4-(2- 
hydroxypropan-2-yl)phenol. Although 1C could theoretically dehydrate 
to olefin 1D, 4-(prop-1-en-2-yl)phenol, our searches failed to locate any 
viable pathway (its lowest Gibbs barrier remains 52.6 kcal⋅mol− 1) so the 
R01 branch would terminate at 1C and 1B.

In parallel, OH-addition to the ortho and meta positions produces 
radicals R02 (5.5 kcal⋅mol− 1 barrier) and R03 (2.6 kcal⋅mol− 1 barrier); 
each undergoes a second barrierless OH-addition to give enolic in
termediates 2A and 3A, respectively (Fig. 5, blue and green). From these 
enols, the most favorable next step, according to AutoMekin, is dehy
dration to restore aromaticity, giving monohydroxylated BPA de
rivatives 2B and 3B. These two intermediates would then undergo 
aromatic H-abstraction by OH—barriers are low (between 9 and 11 
kcal⋅mol− 1, except the path to 3D at 25.6 kcal⋅mol− 1)—and the resulting 
radicals react barrierlessly with OH, leading to the formation of the 
trihydroxylated benzene-ring species 2C, 3C, 3D, and 3E.

The R04 branch begins when OH adds to the para carbon of BPA (5.3 
kcal⋅mol− 1 barrier, Fig. 5, black), followed by a barrierless OH-addition 
at the ipso carbon to produce the ketal 4A. From 4A, two pathways open: 

• a 1,6‑hydrogen migration from the ketal hydroxyl to the OH at the 
ipso carbon to release H2O and generate epoxide 4B, or

• a rearrangement of the ketal group to yield ketone 5B plus H2O.

Epoxide 4B's ring strain drives two possible routes. On the one side, a 
unimolecular rearrangement to antiaromatic 4C (9.9 kcal⋅mol− 1 barrier) 
and a subsequent ring opening to ketene 4D. On the other side, OH can 
abstract the hydroxyl hydrogen of 4B, forming ε-caprolactonic radical 
R08, which then undergoes barrierless OH-addition to give ε-capro
lactone 4E. The isomerization of 4E generates carboxylic acid 4F. We 
highlight here the importance of including explicit water molecules. One 
water molecule lowers the 4C → 4D barrier from 38.5 to 24.7 
kcal⋅mol− 1; regarding 4E → 4F, two explicit water molecules lower its 
barrier from 36.2 to 14.4 kcal⋅mol− 1.

Ketone 5B can also undergo H-abstraction by OH (14.8 kcal⋅mol− 1 

barrier) to form radical R15, which fragments into R1A and p-benzo
quinone (5C). R1A follows the same barrierless OH-addition to 1C as in 
the R01 branch.

Although the R02 and R03 branches formally connect to trihy
droxylated benzene-ring species, the dehydration steps from 2A and 3A 
are highly endergonic (barriers >40 kcal⋅mol-1), even after considering 
explicit water molecules. As a result, under the studied conditions these 
pathways are effectively terminated at 2A and 3A and do not progress 
further to 2B and 3B. Likewise, dehydration of 4A to form either 4B or 
5B involves high energy barriers (39.9 and 29.4 kcal⋅mol− 1, respec
tively), so the R04 pathway also terminates at 4A. Therefore, while the 
R02, R03, and R04 branches are theoretically connected to trihy
droxylated benzene-ring products, they remain kinetically blocked at 
earlier intermediates, which can still play a significant role in the overall 
degradation mechanism.

3.2. Pathways initiated by H-abstraction reactions

Among the three H abstraction routes (Fig. 6), the formation of R05, 

Table 1 
Stable species in the BPA degradation network with their corresponding 
chemical names. Common names, for some species, are also shown in a second 
row in italics.

BPA 2,2-bis(4-hydroxyphenyl)propane 
Bisphenol A (or just BPA)

1B benzene-1,4-diol 
hydroquinone

1C 4-(2-hydroxypropan-2-yl)phenol 
4-hydroxycumyl alcohol

1D 4-(prop-1-en-2-yl)phenol 
p-isopropenylphenol

2A 6-[2-(4-hydroxyphenyl)propan-2-yl]cyclohexa-3,5-diene-1,2,3-triol
2B 4-[2-(4-hydroxyphenyl)propan-2-yl]benzene-1,3-diol
2C 2-[2-(4-hydroxyphenyl)propan-2-yl]benzene-1,3,5-triol
3A 5-[2-(4-hydroxyphenyl)propan-2-yl]cyclohexa-2,5-diene-1,2,4-triol
3B 4-[2-(4-hydroxyphenyl)propan-2-yl]benzene-1,2-diol) 

5-hydroxybisphenol A (or just BPA catechol)
3C 4-(2-(4-hydroxyphenyl)propan-2-yl)benzene-1,2,3-triol
3D 5-[2-(4-hydroxyphenyl)propan-2-yl]benzene-1,2,3-triol
3E 5-(2-(4-hydroxyphenyl)propan-2-yl)benzene-1,2,4-triol
4A 4-[2-(4-hydroxyphenyl)propan-2-yl]cyclohexa-2,5-diene-1,1,4-triol
4B 4-[2-(4-hydroxyphenyl)propan-2-yl]-7-oxabicyclo[4.1.0]hepta-2,4-dien-1-ol
4C 5-[2-(4-hydroxyphenyl)propan-2-yl]oxepin-2-ol
4D 6-hydroxy-4-[2-(4-hydroxyphenyl)propan-2-yl]hexa-1,3,5-trien-1-one
4E 7-hydroxy-5-[2-(4-hydroxyphenyl)propan-2-yl]oxepin-2(7H)-one
4F (2Z,4E)-4-[2-(4-hydroxyphenyl)propan-2-yl]-6-oxohexa-2,4-dienoic acid
5A 6-hydroxy-4-[2-(4-hydroxyphenyl)propan-2-yl]cyclohexa-2,4-dien-1-one
5B 4-hydroxy-4-[2-(4-hydroxyphenyl)propan-2-yl]cyclohexa-2,5-dien-1-one
5C cyclohexa-2,5-diene-1,4-dione 

p-benzoquinone

Fig. 4. Transition state structure for the isomerization of 5A into 3B without 
explicit and with explicit water molecules. The yellow sphere represents, 
similarly to Fig. 3, the HO − C6H4 − C(Me)2− fragment.
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by abstracting the hydroxylic hydrogen, is the most favorable pathway 
(with a barrier of only 0.8 kcal⋅mol− 1). From R05, OH can add at the 
meta or at the ipso positions to form ketones 5A and 5B, respectively. 
Interestingly, ketone 5A can rearrange to intermediate 3B. Although this 
step has a prohibitively high barrier of 44.5 kcal⋅mol− 1 under implicit- 
solvent conditions, it becomes feasible when two explicit water mole
cules are included (the barrier lowers to 18.4 kcal⋅mol− 1).

The remaining H-abstractions, at the ortho and meta positions, lead to 
R06 and R07 radical species, respectively. These steps have the highest 
energy barriers among the seven primary radical formations (between 8 
and 10 kcal⋅mol− 1), which diminishes their significance. The subsequent 
barrierless OH-addition from them would form intermediates 2B and 
3B, respectively.

The subsequent transformations of 2B, 3B and 5B have been already 
described in the previous section.

3.3. Literature validation of predicted intermediates

Although our computational results just focus on the initial stages of 
BPA degradation, it is noteworthy that several products previously 
mentioned (and shown in Fig. 3) have been reported in previous works: 

a) Compounds 1B, 1C, and 5C [22–24,26,27,75–86].
b) Compounds 2B [24,79–81,87] and 3B [21,23,24,76,79–82,84, 

87–90]. Although both compounds are commonly observed as in
termediates, 3B has been reported more frequently, which is 
consistent with the findings of our kinetic study described below.

c) Compounds 2C, 3C, and 3E [22,75,80,81,91].

It is also worth noting that, in most cases, the experimental reports of 
BPA degradation intermediates are qualitative, which precludes a direct 
quantitative comparison with our simulations presented in the next 
section.

4. Kinetic modeling results

Kinetic Monte Carlo (KMC) simulations were carried out with Pilgrim 
to quantify the likelihood of each reaction channel in the proposed 
degradation mechanism and to determine the predominant product 
distribution. Two kinetic regimes were explored to assess how the OH 
radical concentration affects BPA conversion. In both situations, the 
initial concentration of BPA was set to 1.31 μM.

4.1. Fixed [BPA]:[OH] ratios and mechanism reduction

In the first set of simulations, we varied the initial [OH]:[BPA] ratio 
from 0:1 to 5:1 (Fig. 7) and monitored each run for 90 min—long enough 
for all species to reach steady-state concentrations. BPA degradation 
proved highly sensitive to [OH] and complete conversion required at 
least a 2:1 ratio. Below this threshold, intermediates 3A, 3B, and 5B 
dominate, with secondary accumulation of 4A and 2A, highlighting the 
main mechanistic branches. Once the [OH]:[BPA] ratio exceeds 2:1, 3B 
disappears as it is rapidly converted into the trihydroxylated species 3C 
under OH excess. Likewise, 5B is consumed to yield cleavage products 
5C and 1C via C–C bond scission in R15 radical. All other species 
exhibit final concentrations below 0.04 μM—i.e., less than 3 % of the 
initial BPA concentration. These results align with our mechanistic 
analysis. It is interesting to note that the 3B is produced via the H- 
abstraction route (R05 → 5A → 3B) rather than through OH-addition 
(R03 → 3A → 3B). Similarly, 5B forms from R05 (R05 → 5B) and not 
from the R04 branch (R04 → 4A → 5B).

To identify the core reactions in Fig. 3, we ran N separate KMC 
simulations, each omitting one of the N elementary steps (so every run 
contained N − 1 reactions). We then compared the profile from each 
truncated network to that of the full mechanism (i.e. that in Fig. 7). Any 
reaction whose removal altered any species' concentration by more than 
3 % of the initial BPA level (i.e., > 0.04 μM) was marked as essential. 

Fig. 5. DFT-calculated Gibbs free energy profiles for the reaction pathways associated with initial the addition of OH to BPA. A color code is used to distinguish the 
addition of OH to the four different carbon atoms in the phenolic ring: ipso (red), ortho (blue), meta (green), and para (black).
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Fig. 6. DFT-calculated Gibbs free energy profiles for the reaction pathways associated with the initial H-abstraction reactions. A color code is used to distinguish the 
pathways related to the removal of hydrogen from different positions.

Fig. 7. Final concentrations of the key species plotted against the initial [OH]:[BPA] ratio (radical species omitted). The lower panel provides a zoomed-in view of 
the upper panel.
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Using this threshold yielded the reduced mechanism shown in Fig. 8, 
containing only the essential steps necessary to reproduce the full- 
network kinetics.

In the reduced mechanism, OH-radical chemistry is significantly 
simplified: every OH-addition pathway—except the ipso-addition, which 
was removed—is limited to a two-step process terminating in the tri
hydroxylated compounds (2A, 3A and 4A). Of the three possible H- 
abstraction routes, only the abstraction of the hydroxylic hydrogen 
(R05) persists. These results are consistent with our analysis of the en
ergy profiles.

Regarding the influence of the threshold value in the simplified 
mechanism, a sensitivity analysis was carried out: 19 reactions were 
retained with a cutoff of 0.01 μM, 17 with 0.02–0.03 μM, 15 with 
0.04–0.06 μM, but the number dropped sharply to 9 at 0.07 μM and to 
only 5 at 0.16–0.20 μM. Importantly, for thresholds up to 0.06 μM, the 
reduced networks reproduced the same dominant products and mech
anistic picture, whereas larger cutoffs eliminated essential branches. 
This demonstrates that the simplified mechanism presented here is 
robust with respect to reasonable variations of the cutoff criterion.

4.2. Fenton-mimicking conditions

We also simulated a Fenton-type scenario by starting with zero OH 
radical concentration and increasing it at a rate of 17 μM⋅min− 1. The 
results, shown in Fig. 9, indicate that the reaction reaches completion in 

about 10 min, which is consistent with the experimentally reported 
range of 1–60 min [76,77,86,87].

We observe that the temporal evolution closely parallels the fixed- 
ratio results of Fig. 7: at low [OH] (early times), intermediates 3B and 
5B accumulate, but both are consumed as [OH] rise (later times). Spe
cifically, 3B is converted into the trihydroxylated species 3C, with its 
concentration dropping after approximately 0.15 min. This time point 
corresponds to an in situ [OH] of about 2.60 μM – equivalent to a 2:1 
[OH]:[BPA] ratio and, hence, consistent with our earlier findings. After 
3B is fully depleted, 5B cleaves to form 5C and 1C. The slightly higher 
concentration of 1C versus 5C arises from the additional formation 
pathway through radical R01. Finally, other trihydroxylated products, 
such as 3E and 4A, begin to accumulate at later times.

Despite the overall parallels between the two simulation regimes, a 
striking contrast emerges in the behavior of intermediate 3A (Figs. 7 and 
9). In the fixed-ratio simulations, 3A accumulates as the initial [OH] 
increases, but it remains essentially undetectable under the Fenton- 
mimicking ramp-up.

When [OH] rises slowly (Fenton conditions), neither R03 nor R05 can 
proceed any further after their formation, as there is not enough [OH] 
for the subsequent addition. Due to that, the system is initially under 
thermodynamic control, favoring formation of the more stable radical 
R05 (ΔG = –36.7 kcal⋅mol− 1) over R03 (ΔG = –11.9 kcal⋅mol− 1): i.e. 
their concentrations establish a pseudo-equilibrium. Once [OH] be
comes sufficient to drive the addition, only R05 has a significant con
centration and, consequently, the reaction flux proceeds predominantly 
via R05 (to 5A and to 5B), rather than via R03 (to 3A). Thus, this 
mechanism prevents any measurable buildup of 3A during ramp-up.

By contrast, when [OH] is high enough from the beginning (t = 0), 
both R03 and R05 immediately undergo barrierless, diffusion-limited 
OH addition. This converts R03 into 3A, and R05 into 5A and 5B. 
Once formed, 3A accumulates because the reverse reaction that re
generates R03 (ΔG = +53.5 kcal⋅mol− 1) and its dehydration to 3B 
(ΔG = +34.3 kcal⋅mol− 1) are extremely slow.

Finaly, simulations with the reduced mechanism yield virtually 
identical concentration–time profiles, demonstrating that it captures all 
essential Fenton-condition chemistry. The only notable deviations are 
that, with the ipso-addition pathway removed, 5C and 1C now accu
mulate to equal levels, and the trihydroxylated product 3E is no longer 
formed.

5. Conclusions

In this study, we combined automated reaction-discovery (AutoMe
Kin) with first-principles rate-constant calculations (Pilgrim) to construct 
a thorough, unbiased kinetic map of BPA degradation under Fenton-type 
conditions. Extensive DFT-level exploration of the potential-energy 
surface revealed every plausible OH-addition and H-abstraction 
pathway, producing a detailed reaction network of ring-opening, 

Fig. 8. Reduced mechanism for the initial steps of the oxidative degradation of BPA.

Fig. 9. Time profiles for the key degradation products under Fenton-like con
ditions (radical species omitted) using the whole mechanism. The abscissa is 
plotted on a base-10 logarithmic scale for improved visualization (time 
in minutes).
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hydroxylation, and rearrangement steps. This reaction mechanism 
workflow should be regarded as semi-automated: while unimolecular 
reactivity is explored in a fully automated manner, the manual setup of 
certain bimolecular and solvent-assisted processes remains necessary, as 
no general automated protocol currently exists for these cases. Over
coming this limitation constitutes an important avenue for future 
methodological development.

Starting from fixed [OH]:[BPA] ratios, we applied a one-at-a-time 
reaction sensitivity protocol to pare down the full network (N re
actions) into a minimal mechanism. In this reduced scheme, each OH- 
addition pathway ends once the trihydroxylated species is reached 
(except for the addition at the ipso position, which is removed). Of the 
various H-abstraction channels, only the abstraction of the phenolic 
O–H remains.

Both the complete and the pared-down mechanisms were evaluated 
under Fenton-mimicking conditions, in which [OH] is generated in situ 
at 17 μM min− 1. Each model produces virtually identical concen
tration–time profiles: 3B and 5B build up initially, but as [OH] surpasses 
the 2:1 threshold, 3B is converted into the trihydroxylated product 3C, 
while 5B undergoes C–C bond scission (following OH addition) to yield 
1C and 5C. Notably, the intermediate 3A—readily observed under fixed- 
ratio simulations—remains essentially undetectable during ramp-up, 
reflecting the thermodynamic preference for R05 formation and the 
brief window for 3A generation.

A key novelty of this work lies in the combination of automated re
action discovery with kinetic Monte Carlo simulations, which allows not 
only the systematic identification of degradation pathways but also the 
construction of a predictive kinetic model. This integrated approach 
reduces human bias, improves computational efficiency, and offers clear 
advantages over conventional methodologies that rely solely on static 
quantum-chemical calculations or empirical kinetics. Its transferability 
makes it a powerful framework for guiding the rational design of 
advanced oxidation processes for other organic pollutants.
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[42] D. Ferro-Costas, E. Martínez-Núñez, J. Rodríguez-Otero, E. Cabaleiro-Lago, C. 
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Ramos, Reply to the ‘Comment on “Methanol dimer formation drastically enhances 
hydrogen abstraction from methanol by OH at low temperature”’ by D. Heard, R. 
Shannon, J. Gomez Martin, R. Caravan, M. Blitz, J. Plane, M. Antiñolo, M. 
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