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Mechanistic explanation and influence of
molecular structure on chemical degradation and
toxicity reduction by hydroxyl radicals¥

You-Yi Lee, 2 Hao-Chien Cheng and Chihhao Fan{*

This study explored the influence of structural characteristics of organic contaminants on the degradation
during an advanced oxidation process (AOP). The target contaminants were acetaminophen (ACT),
bisphenol A (BPA), and tetracycline (TC). The Fenton process was selected as the model process in
which major reactive species of hydroxyl radicals in most AOPs are generated for target compound
degradation. The optimal reagent concentration ratio was [Fe**]/[H,0,] = 0.5 mM/0.5 mM in an acidic
condition, resulting in 83.49%, 79.01%, and 91.37% removals of ACT, BPA, and TC, respectively.
Contrarily, the mineralization rates were apparently lower compared to their respective removal
efficiencies. Experimental observation also suggested that the aromatic structure was rather difficult to
degrade since their unsaturated electron clouds would hinder the attack of hydroxyl radicals due to
electric repulsion. The preferred attacking sites of an aromatic ring differ due to the functional groups
and structure symmetry. However, the electrophilic attack of the hydroxyl radical is the major reaction
for decomposing aliphatic structures of cyclic or branched organics, resulting in the highest removal and
mineralization of TC among these three tested chemicals. In addition, an apparent removal of
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Introduction

Emerging contaminants are chemical pollutants that are “newly
or not previously recognized”, “not regulated by legislation” and
“risky to human health and the environment”, which include,
but are not limited to, medicines, pharmaceuticals, personal
care products (PPCPs), endocrine-disrupting chemicals (EDCs),
and industrial additives. They are often toxic to living beings
and pose adverse effects on biological metabolism, and cannot
be effectively removed by conventional wastewater treatment
plants." Some emerging contaminants have been found to
function similarly to hormones that affect the immune,
nervous, and endocrine systems, thus causing negative impacts
(e.g., disrupting the sexual development and reproductive
cycles) on organisms with prolonged exposure.>” It is often
recommended that the types, sources, transport, and fate of
emerging contaminants should be investigated to assess their
impacts on the environment.*™**

Methods to remove such organic compounds from water
have been explored, including adsorption, flocculation,
chemical precipitation, microbial degradation,*** and AOPs.*
Among these possible treatment technologies, AOPs have
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a contaminant may not necessarily reduce its toxic impact on the environment.

gained increasing attention because of their ability to degrade
most organic pollutants into smaller fractions or form carbon
dioxide through mineralization.'® For example, acetaminophen
(ACT), bisphenol A (BPA), and tetracycline (TC) have been
treated by physical adsorption, biological oxidation, or chem-
ical oxidation."*° However, the absorbed contaminants usually
require further treatment to decrease their toxicity, and bio-
logical oxidation might not be as effective as expected. Against
this background, AOP has been regarded as an alternative to
treat emerging contaminants.

Various oxidants and catalysts have been found capable of
producing radicals with strong oxidation power. Generally, the
often-used radicals include the hydroxyl radical ("OH), sulfate
radical (SO, "), and chlorine radicals (Cl°), all of which have
high redox potentials to decompose organic contaminants.>**>*
Among them, the "OH is the mostly-applied oxidant>*** that has
been observed in the AOP systems containing hydrogen
peroxide, persulfate, and chlorine. Besides the applied dose of
the oxidants, the chemical structure of the target compound
also affects the AOP effectiveness significantly. Despite the
above statement, little study has been reported regarding the
influence of participating molecular structure on AOP treat-
ment efficiency.

Along this context, this study aimed to explore the influence
of structural variation of target organics on the AOP degradation
efficiency. The Fenton process was selected since it is the classic
mechanism of "OH generation. The degradation experiments

© 2024 The Author(s). Published by the Royal Society of Chemistry
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were carried out under acidic conditions, which is a favorable
environment for the Fenton process. Three emerging contami-
nants ACT (a common painkiller), BPA (commonly found in
plastic products), and TC (a widely-used antibiotic) were
selected as the target compounds that exhibit various chemical
structures of aromatic, cyclic, and aliphatic functionalities.

Materials and methods

Chemicals and reagents

Reagent-grade (99% purity or above) ACT, BPA, and TC (prop-
erties summarized in Table 1), hydrogen peroxide, phosphoric
acid, sodium persulfate solution, and sodium thiosulfate were
obtained from Sigma-Aldrich. Ferrous sulfate was purchased
from Avantor, and methanol and oxalic acid were procured
from Honeywell. Sulfuric acid (H,SO,) and phosphate buffer
were used to adjust the pH, and Na,S,0; was used to quench the
Fenton reaction. Methanol and oxalic acid were employed as the
mobile phase for high-performance liquid chromatography
(HPLC) analysis.

Fenton experiment procedure

All the Fenton degradation experiments were conducted in
a 1000 mL beaker under ambient temperature (25-30 °C).
H,SO, was added to maintain the pH at 3 for the Fenton
degradation.? The concentrations of the ferrous ions (Fe**) and
H,0, varied from 0.1-0.5 mM at the [Fe**]/[H,0,] ratio of 1: 1 to
determine the optimal dose of Fe** and H,0, to achieve the
highest degradation efficiency. Experiments by maintaining
a constant Fe®* concentration at 0.5 mM and varying the
concentration of H,0, (0.1, 0.3, 0.5 mM) were conducted to
explore the effect of the structural variation on the degradation
efficiency. An aliquot of aqueous sample was collected at 0, 0.5,
1, 2, 5, 10, 15, and 30 min after the initiation of the Fenton
reaction and immediately quenched by Na,S,0; before passing
through a 0.22 um filter. The concentrations of ACT, BPA, and
TC were quantified by HPLC to calculate the degradation

Table 1 Chemical and physical properties of ACT, BPA, and TC
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efficiency. The total organic carbon (TOC) of each collected
sample was analyzed to determine the degree of mineralization.

Analytical methods

The HPLC employed was a Thermo Scientific Ultimate 3000
HPLC system equipped with a Thermo Scientific Acclaim 120
C18 5 um 120 A (4.6 x 250 mm) column. The UV wavelengths at
249, 280, and 360 nm were used for detecting ACT, BPA, and TC,
respectively. The column temperature was maintained at 30 °C.
The injection volume of acetaminophen was 20 mL and the flow
rate was 0.2 mL min~', with a mobile phase of methanol and
deionized (DI) water (methanol : DI water = 20 : 80). The injec-
tion volume of BPA was 20 mL and the flow rate was 0.5
mL min~" with methanol:DI water (30:70) as the mobile
phase. The injection volume of tetracycline was 20 mL and the
flow rate was 1.7 mL min~', with a mobile phase of methanol
and oxalic acid (0.01 M). The gradient conditions (methanol :
oxalic acid) were as follows: 15 : 85 at 0 min, 30 : 70 at 4 min, 50 :
50 at 5 min, 75:25 at 6 min, 50: 50 at 8 min, 30:70 at 9 min,
and 15: 85 at 11 min. Total organic carbon (TOC) analysis was
performed using a TOC analyzer (TOC-OIA_1030W) which
employed a low-temperature wet oxidation method. An acidifier
(5% phosphoric acid solution) was added to remove the inor-
ganic carbon and the oxidizer (100 g L™" sodium persulfate
solution) was introduced at 100 °C to oxidize the organic matter
into CO, which was transferred into a non-dispersive infrared
analyzer that can absorb a specific wavelength by the carrier gas

(oxygen).

Risk analysis methodology

The toxicity of ACT, BPA, TC, and their possible degradation
products were predicted using ECOSAR (Ecological Structure
Activity Relationship Class Program) which is one of the
modules in EPI (Estimation Programs Interface) Suite™
(version 4.11) released by the US Environmental Protection
Agency (EPA). The ECOSAR estimates the acute and chronic
toxicity to aquatic organisms, including fish, invertebrates, and

Chemical name Structural formula

Molecular formula

Molecular weight Water solubility Melting point (°C)

H
N
Acetaminophen T CgHoNO,
H
Bisphenol A O O C15H160,
HO OH
Tetracycline O“‘ C22H24N50g
AN

© 2024 The Author(s). Published by the Royal Society of Chemistry

151.16 g mole ' 12.78 g L " 169
228.29 g mole ™! 120 mg L™* 158
444.44 g mole™" 231 mgL! 170
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green algae. In this study, the median lethal concentration
(LCsp) was estimated by ECOSAR to compare the toxicity
between the parent compound and its degradation products,
assessing the ecological risk during the degradation of each
parent compound.

Theoretical assessment of potential reactive sites by Fukui
function

The Fukui function is useful to predict the electrophilic,
nucleophilic, and free radical attack sites in a compound, which
is defined as:

- [ )

where p(F) is the electron density at point r in space, N is the
number of electrons, and v is the external potential. In the
condensed Fukui function (CFF), the reactive sites have larger
values than other regions, which makes the potential preferred
reaction sites predictable. Three types of condensed Fukui
indices, which are f', f~, and f°, represent nucleophilic attack,
electrophilic attack, and radical attack, respectively. The calcu-
lation of reactions:

Nucleophilic attack: f* = [¢:(N + 1) — gi(N)] (2)
Electrophilic attack: /= = [¢;(N) — ¢;(N — 1)] (3)
¢i(N —1) —g(N+1)

Radical attack : f°=

- (4)

where g; is the atomic charge.

Density functional theory (DFT) calculations for the Fukui
function were carried out by Gaussian 09 program software. For
ACT and BPA, 6-31G(d,p) and B3LYP (Becke's three parameters
and Lee-Yang-Parr functional) were utilized as a basis set. For
TC, 6-311+g(d,p) and functional M06-2X-D3 were the basis sets
used for C, H, O, and N. Multiwfn software was used to calculate
and visualize the condensed Fukui indices.

Results and discussion
The degradation by hydroxyl radicals

The degradation efficiencies of ACT, BPA, and TC at the 1:1
ratio of [H,0,]: [ Fe*"] are presented in Fig. 1, showing that the
degradation occurred rapidly within 5 to 10 minutes and
remained stable thereafter as the H,O, concentration increased
from 0.1 mM to 0.5 mM. The maximum removal of ACT, BPA,
and TC was 83.49%, 79.01%, and 91.37%, respectively, with
0.5 mM Fe®>*/0.5 mM H,0, consistent with the findings in the
literature.>”*® With the same oxidant/catalyst dose application,
different removal rates were observed, implying that the
molecular structure should be a factor that affects the
compound degradation. In the experiment with 0.1 mM applied
reagent doses, TC showed the highest removal (76.95%) rate
among the three investigated chemicals.

Structurally speaking, BPA consists of two aromatic rings,
ACT consists of one aromatic ring, and TC consists of one
aromatic ring along with three additional cyclic rings.

13928 | RSC Adv, 2024, 14, 13926-13933
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Molecular structures with higher aromaticity decreased the
removal efficiency in an AOP. The aromatic ring is a resonance
structure that is more stable than the saturated and unsaturated
covalent bonds of the cyclic structure (as present in TC) and
difficult to degrade. It has also been suggested that the AOP
degradation efficiency would be reduced with the increase in
ring functional groups.*®

The degradation curve of emerging contaminants by ‘OH
could be described by the first-order kinetic model (eqn (5)),*
where Cy and Ceqyi; are the initial and equilibrium concentra-
tions of the target compound, and k is the rate constant in
minutes.

C= (CO - Cequil) X eikt + chuil (5)

The kinetic parameters are summarized in Table 2. The
reaction between H,0, and Fe*" produces "OH that achieves an
obvious removal of the target contaminants. The degradation
efficiency by "OH was positively correlated to the Fe** and H,0,
concentrations. However, the degradation rate is not propor-
tional to the applied reagent concentrations, because of the
complicated reacting mechanism in the Fenton process.

The decomposition effect of various oxidant concentrations

The result of using 0.5 mM Fe>* concentration (i.e., catalyst in
the process) and varying H,0, concentrations (i.e., 0.1, 0.3, and
0.5 mM as the oxidant) are shown in Fig. 2A, C and E, indicating
that the degradation was enhanced with increasing H,O,
concentration, with TC being the most-degraded and BPA the
least-degraded target compounds. The degradation is regressed
by a first-order kinetic model and the kinetics parameters are
shown in Table S1.}

The TOC content was measured for mineralization assess-
ment and the results are shown in Fig. 2B, D and F. For the
investigated contaminants, the mineralization was improved as
the H,O, concentration increased from 0.1 to 0.5 mM. The TC
was found to have higher mineralization rates compared to ACT
and BPA. Overall, the mineralization rates remained relatively
low compared to the removal rates.

In an "‘OH-driven AOP, the target compound decomposes to
form intermediates/fractions, which may become scavengers or
competitive organics of available ‘OH.**** Therefore, the
unreacted contaminants and resulting intermediates/fractions
would compete for "OH to achieve further decomposition. In
the present study, the parent contaminant remains rather
difficult to decompose because of the aromatic structure, as
opposed to the resulting intermediates and fragmented mole-
cules. Also, the amount of parent contaminants was out-
numbered by that of the resulting intermediates after the
initiation of the degradation process. From the classical colli-
sion theory of chemical reactions and considering the aroma-
ticity of tested parent compounds, the ‘OH would react with
intermediates preferably, and no apparent increase in
contaminant removal was observed.

From the above statements, the apparent removal of tested
contaminants suggested that their molecular structures have
been altered, either by bond-breaking in the aliphatic and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 The degradation of the ACT (A), BPA (B), and TC (C) by the hydroxyl radical at different concentrations of [Fe?*] : [H,O,] with the ratio of 1:

1. The degradation curves are simulated by first-order kinetics.

Table 2 Kinetic parameters for Fenton oxidation of ACT, BPA, and TC
at different concentrations of [Fe®*] : [H,O,] and maintaining a ratio of
1:1¢

Reagent
Compound concentration (mM) C, Cequit  k (min™") R
ACT 0.1 48.95 35.26 0.2669 0.9877
0.2 48.81 26.17 0.4313 0.9831
0.3 49.58 18.82 1.1000 0.9946
0.4 50.38 14.07 1.2810 0.9929
0.5 49.87 8.42  2.4640 0.9977
BPA 0.1 49.71 34.60 0.1731 0.9976
0.2 49.14 32.74 0.5673 0.9849
0.3 49.01 25.21 0.8062 0.9853
0.4 49.10 16.82 0.9897 0.9907
0.5 50.05 10.46 2.3610 0.9997
TC 0.1 49.98 11.41 3.3110 0.9994
0.2 50.00 8.89 3.4970 0.9998
0.3 50.00 8.12 3.7160 0.9998
0.4 50.00 6.21 7.6310 0.9980
0.5 50.00 4.80 6.5000 0.9978

¢ C, is the initial concentration of the target compound at 0 min; Cequi
is the target compound concentration when achieving Fenton
equilibrium; k is the first-order kinetic rate constant; R* indicates the
goodness of kinetic model fitting.

branched structures or by aromatic ring cleavage. The un-
decomposed parent compounds and the resulting organic
fractions remain in existence during the degradation, support-
ing the observation that the degree of mineralization might be

© 2024 The Author(s). Published by the Royal Society of Chemistry

quite limited. Since "OH is highly active and could be consumed
rapidly as the bond-breaking process proceeds in the degrada-
tion, much more hydroxyl radicals (i.e., more H,0,) are required
to oxidize the existing target compounds and intermediate
organics to increase the mineralization rate in the present
study.

The toxicity variation evaluation in the degradation process
using ECOSAR

Generally, water pollution control practice aims to remove
aqueous pollutants through treatment processes and the effi-
ciency is determined by the concentration difference of the
target pollutant between influent and effluent wastewaters.
While the issues of public and environmental health attract
increasing attention, the potential threats from all the existing
organics should be considered. In light of this concept, this
study also evaluated the toxicity variation of a given target
compound considering the toxic impact from the parent
compound and its daughter intermediates during the degra-
dation process. The pollutants’ toxicities were assessed using
the ECOSAR of EPI Suite software and the degradation pathways
of ACT,** BPA,” and TC*® were adopted from the literature. The
structural parameters of the parent contaminants and the
resulting intermediates were introduced into the EPI Suite and
their 50% lethal concentrations (LCs,) were simulated using
ECOSAR to establish the baseline toxicities of the target
contaminants to fish (Fig. 3).

RSC Adv, 2024, 14,13926-13933 | 13929
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Fig.2 The degradation (A), (C) and (E) and mineralization (B), (D) and (F) of the different contaminants at ferrous ion concentration of 0.5 mM and
varying concentrations of H,O,. The degradation curves are simulated by first-order kinetics.

As shown in Fig. 3A, the resulting intermediates (other than
organic acids and ammonium ion) during the degradation were
found more toxic than ACT, implying that the overall chemical
toxicity during AOP might increase if ultimate mineralization is
not achieved. Theoretically, the intermediates may continue to
oxidize, forming the end products of CO, and H,O if enough
‘OH are present. However, no reported studies have shown the
full spectrum of possible oxidation by-products before miner-
alization for the investigated contaminants. Similar to the
degradation of ACT, according to the pathway shown in Fig. 3C,
all the proposed intermediates were considered more toxic than
TC. Therefore, it is suggested that complete mineralization
would be deemed appropriate if ACT or TC is treated with AOPs.

In contrast, the lethal concentrations of the observed inter-
mediates (as shown in Fig. 3B) from BPA degradation increased,
showing less toxicity of the resulting intermediates. In field
practice, using AOPs to treat BPA seems to be a feasible alter-
native since the formation of intermediates would not increase
the overall toxicity while complete mineralization is hardly
achieved.

Based on a common perception of oxidation capability, AOPs
were often used to treat recalcitrant organic contaminants since
the oxidative radicals are highly reactive almost without

13930 | RSC Adv, 2024, 14, 13926-13933

selectivity. However, mineralization rates by AOPs are usually
low, since complete breakage of all the organic bonds requires
massive amounts of oxidants (i.e., generated radicals in an
AOP). The findings from the study showed that the existence of
remaining intermediates may pose even higher threats to the
ecology and environment. Therefore, a further evaluation of the
suitability of the AOP application (i.e., ecological risk analysis in
addition to general treatment efficiency) should be conducted
before its on-site practice.

Effect of the molecular structure on degradation by ‘OH

Among the three investigated chemicals, both ACT and BPA
have a relatively simple structure (as shown in Table 1), and the
number of aromatic rings in the structure affects the degrada-
tion rates. On the other hand, TC has one aromatic ring
attached by three cyclic structures and branches and “OH would
attack the single-bonded structures preferentially.

In AOPs, decomposition by oxidants such as hydroxyl radi-
cals, sulfate radicals, and superoxide radicals are the dominant
oxidation pathways.*® From the perspective of molecular struc-
ture, the radicals prefer to attack the highest occupied molec-
ular orbital (HOMO) site on the target compound, which makes

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The main toxicity variation and degradation pathway?*+** of (A) ACT, (B) BPA, and (C) TC during the degradation process.

the radical-attacked preferred sites predictable. The Fukui index
representing electrophilic attack (f*) and radical attack (f°) are
considered based on the density functional theory (DFT).>”°
Considering the primary reactive radical (i.e., 'OH) in the
present study, the calculations of the Fukui index and the values
were adopted from the literature and summarized in Tables S2-
S41 and the possible reactive sites with "OH were shown in
Fig. 4.36,40—42

For ACT containing a single benzene ring, the radicals prefer
to attack the para-position of the benzene ring, opposite to the
phenol group (i.e., C6 position in Fig. 4A), and release hydro-
quinone and acetamide as degradation byproducts®® (Fig. 3A). A
similar radical attack on para-position was also shown at the
formation of p-hydroquinone from phenol in the BPA degra-
dation pathway (Fig. 3B). Different from ACT, BPA encompasses
two benzene rings in a symmetrical structure, resulting in
a barrier for "OH attack on the para-position of the phenol

© 2024 The Author(s). Published by the Royal Society of Chemistry

group. Instead, "OH is suggested to attack the ortho-position
(i.e., C1, C3, C12, C14 positions in Fig. 4B) of the phenol group
of the benzene ring through hydroxylation.*** Furthermore,
phenol and 4-isopropenylphenol were formed via the B-scission
(i.e., cleavage of C-C bond) by the attack of "OH at C7 position
(Fig. 3B).”® In TC, both the most preferred radical and electro-
philic attack site (highest f° and f~ value) is N19 position,
forming a C-OH bond on C12. Subsequently, the C9-C12
covalent bond of the intermediate was broken by “OH attack,
resulting in the cyclic cleavage of the IV ring (Fig. 3C).***
Compared to ACT and BPA, TC consists of both benzene and
cyclic rings in its molecular structure and the ‘OH tends to
degrade the non-aromatic part (e.g. side branches and cyclic
ring) of TC first, thus explaining the highest overall degradation
among the three target compounds. The highest f° value of TC
appears at the side amine branch on the non-aromatic ring (i.e.,
N19 position), leading to the fast first-step degradation of

RSC Adv, 2024, 14,13926-13933 | 13931
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Fig. 4 The possible reactive sites with *OH predicted by Fukui index (f~ and f°). (A) ACT, (B) BPA, and (C) TC.

parent compounds. Moreover, TC has a larger molecular size
than ACT and BPA which increases the opportunity for collision
reactions with free radicals, showing the highest apparent
degradation rate (i.e., the highest k value in Table S1%}). For the
actual degradation in the whole system including the interme-
diates, the Fukui function calculation can be applied to each
intermediate to predict the preferred sites. The stable degra-
dation was observed after 10 minutes because of the generated
molecular fractions from parent contaminants by "OH reactions
(Fig. 1 and 2).

Conclusions

In summary, this study explored the impact of molecular
structure on the degradation efficiency by AOP and the overall
toxicity in the degradation was assessed. The best operation
condition occurred at 0.5 mM Fe>" and 0.5 mM H,0,, resulting
in the best removal rates of 83.49% for ACT, 79.01% for BPA,
and 91.37% for TC in an acidic condition. Despite the occur-
rence of apparent removal, the mineralization rates were still
low, implying the possible roles of reaction intermediates as the
radical scavengers at the end of the AOP degradation. Also, the
number of aromatic rings in the reactant is a critical factor
impacting the degradation efficiency since the unsaturated
aromatic electron clouds would hinder the possible attack by
the "OH. On the contrary, non-aromatic branched structures
would exhibit more vulnerability to the attack by ‘OH, resulting
in a higher observed degradation efficiency. Among the three
tested compounds, the most radical-attack preferred site with
the highest f° value of TC is the side amine branch on the non-
aromatic ring, causing the easiest decomposition of TC by
hydroxyl radicals and showing the most obviously apparent
degradation result. In addition, an apparent removal of
a contaminant may not necessarily reduce its toxic impact on
the environment. The reaction intermediates may possess
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higher toxicity than their parent compounds, implying that the
AOP application may induce a higher overall toxicity to the
ecology and environment.
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