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Abstract

Ethylene glycol (EG) is commonly found as the main organic contaminant in air-
port runoff water during the cold season due to its use in the composition of de-
icing fluids. Despite relatively low acute and chronic toxicity, EG may lead to a
rapid growth of undesirable microbial biofilms in water bodies, thus reducing the
concentration of dissolved oxygen and suppressing biodiversity. EG degradation
using hydrogen peroxide activated with UV-C light (H,O,/UV-C) is a promising
method of solving this problem because H,O, serves as a cheap and green oxidant
and provides complete EG mineralization in aqueous solutions. This paper de-
scribes the results of the in-depth study on the effect of adding Fe>* ions and sat-
urating the reaction solution with oxygen on EG degradation in the H,O,/UV sys-
tem, showing the synergistic effect of both these factors on boosting the rate of
EG removal and the depth of its mineralization. Comprehensive analysis of EG
degradation and individual oxidation of key EG intermediates using TOC and
HPLC methods revealed the roles of Fe** ions and dissolved oxygen in the syner-
gistic effect and allowed us to clarify the main pathways of EG degradation in this
system.

Key findings

e H,0./UV C oxidation system provides complete mineralization of ethylene glycol (EG).
e Key intermediates of EG degradation are identified using HPLC analysis.

e Individual oxidation of EG intermediates reveals main pathways of EG degradation.

e Addition of Fe** ions to H202/UV C system boosts EG mineralization rate.

e Saturation of reaction solution with air increases EG mineralization depth and rate.
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1. Introduction

The contribution of air transport to global logistics contin-
ues to grow after the COVID-19 pandemic. According to a
joint ACI World-ICAO report [1], global passenger traffic
reached 9.5 billion passengers in 2024, marking a full re-
covery to pre-pandemic (2019) levels. Modern airports are
complex facilities with developed infrastructure, but they
generate many emissions that include greenhouse gases
(e.g., CO2), volatile organic compounds (VOCs), fuels, and
lubricants [2-5]. Air pollution is a vital problem because
airport operations substantially increase the pollution of

ground-level air in adjacent areas [6]. In addition, gener-
ated emissions affect water bodies near airports. Inorganic
ions, ammonia, benzotriazoles, and polycyclic aromatic hy-
drocarbons are found as the main contaminants in airport
runoff [4]. In north regions, glycol compounds, such as eth-
ylene glycol (EG), diethylene glycol (DEG), and propylene
glycol (PG), also play a crucial role for cold seasons because
they are used as the key components of anti/de-icing fluids
that depress freezing points to protect aircraft from snow
and ice accumulation [5]. Four types of aircraft de-icing flu-
ids (ADFs) with distinct compositions and specific proper-
ties serve different purposes [7]. Indeed, low-viscosity Type
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I fluids provide de-icing effect and are used to remove ice
deposits, while high-viscosity Type IV fluids provide long-
term anti-icing effect due to the formation of protective
coatings that prevent ice deposition during aircraft takeoff.
A two-step treatment using ADFs of several types is a stand-
ard procedure in many airports nowadays [8]. Thus,
anti/de-icing procedures may lead to environmental pollu-
tion with glycols and other components due to runoff of
contaminated water and entrainment of ADFs from aircraft
surface during the takeoff. The peak concentration of gly-
cols in airport runoff predominantly depends on the
weather conditions and can vary from 2 to 20,000 mg L™
due to the different levels of ADF consumption [5].
Application of specific glycol in ADFs commonly depends
on its regional availability. According to the literature, PG-
containing ADFs are commonly used in USA [9], while EG
dominates in ADF compositions used in China, Russia, and
Canada due to colder temperatures [10]. Ethylene glycol ex-
hibits higher acute toxicity than propylene glycol as: the
minimum lethal doses (MLDs)
3.8 gkg™ and 19.8 g kg™ for EG and PG, respectively [11].
In mammals, EG can be metabolized into glycolic and gly-
oxylic acids, whereas the accumulation of these acids leads
to severe acidosis. Note that real acute toxicity of airport

identified in rats are

runoff water predominantly results from other additives
used in ADFs, such as benzotriazoles [12-14]. Chronic tox-
icity of ethylene glycol is related to the formation of oxalic
acid and precipitation of oxalates, leading to kidney damage
[11]. These forms of chronic damage were found in fish af-
ter the long-term exposure to EG solutions, but they were
observed at high EG concentrations (= 550 mg L for fat-
head minnows under exposure for 7 days) [15]. In addition
to individual toxicity, the overall negative environmental
impact of glycols results from a decrease in the concentra-
tion of dissolved oxygen (DO) due to growth of undesirable
river biofilms (URBs) [16]. As noted by Exton et al. [17], this
occurs after contamination events, especially during the
spring season, when higher temperatures accelerate micro-
bial growth. The phenomenon correlates with seasonal
spikes in aqueous glycol concentrations from melting snow
deposits near airports [18].

Several methods were proposed to reduce the impact of
glycol emissions on the environment. Highly concentrated
glycol solutions generated in de-icing areas can be collected
using special mats, sewage systems, and vacuum trucks for
further distillation and reuse [19]. However, this method is
economically unviable for low-concentration glycol solu-
tions (< 5%) due to high energy demands [20]. Controlled
biodegradation in soil or wetlands [21,22] as well as an an-
aerobic oxidation [23] can be employed to treat low-con-
centrated glycol solutions. On the other hand, these biolog-
ical systems are highly sensitive to glycol concentration,
temperature ranges, and other contaminants. Given the
seasonality and weather-dependent use of glycols, concen-
tration spikes may overload biodegradation systems
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[21,24]. Therefore, the development of efficient and low-
cost method for treatment of airport runoff water is an ur-
gent task.

The advanced oxidation processes (AOPs) are promising
methods of solving the problem of water contamination
with glycols. Hydrogen peroxide can be used as an effective,
low-cost, and environmentally friendly oxidant for the deg-
radation of organic contaminants. In contrast to KHSOs or
K2S20s oxidants, H.O> does not produce harmful by-prod-
ucts or inorganic salts, and its residuals can be easily re-
moved using activated carbon or manganese oxide [25,26].
However, H-0: is to be properly activated to produce highly
reactive "OH radicals, which can efficiently oxidize organic
pollutants due to their high redox potential (2.73 V vs.
RHE) [27]. Different methods based on photochemical [28],
sonochemical [29], photocatalytic [30], and electrochemi-
cal treatments [31], as well as Fenton and Fenton-like pro-
cesses [32] were proposed and extensively studied. Photo-
chemical activation of H.0. in aqueous solutions under
their exposure to UV-C light is a powerful and easy-to-use
technique that provides efficient degradation of organic
pollutants. We have shown in our previous study [33] that
EG is completely mineralized in the H.0./UV-C oxidation
system. Furthermore, the rate of EG mineralization in this
system can be substantially boosted by purging the reaction
solution with oxygen or air, especially at EG:H20: ratios
lower than the stoichiometric value.

Combination of different AOPs or several H.0: activa-
tion methods may result in the synergistic effect by increas-
ing the efficiency of H20- utilization. Thus, combination of
ozonation and H»0,/UV-C treatment to remove micropollu-
tants (pesticides and herbicides) led to the two-fold in-
crease in the degradation efficiency [34]. Additional H20-
activation with UV-C light during the Fenton process (i.e.
photo-Fenton) is regarded as a simple way to boost the ox-
idation process. Ghaly et al. [35] achieved the nine-fold in-
crease in the rate constant of p-chlorophenol degradation
after adding iron ions into the H»0-/UV oxidation system.
McGinnis et al. [36] showed an increase in EG oxidation
rate for the H20./UV-C system after pre-treatment with
Fenton’s reagent. However, there are few studies on EG
mineralization using H20: oxidant, and the mechanism of
this process remains unclear. One of the main questions is
the predominant pathway of EG degradation: a sequential
route, as proposed by McGinnis et al. [36], or two parallel
pathways terminating in formic acid and oxalic acid
[33,37]. Furthermore, the origin of some by-products (e.g.,
formaldehyde) is either unclear or neglected. This work is
aimed at in-depth study on the effect of Fe>* ions and oxy-
gen on EG mineralization in the H.0./UV oxidation system.
The kinetic aspects of EG degradation and formation of ox-
idation intermediates are investigated under different re-
action conditions, and the pathways of EG degradation are
deeply discussed.
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2. Materials and methods

2.1. Chemicals

Ethylene glycol (EG; AO Reachem Inc, Moscow, Russia) was
used as a model glycol pollutant to perform the kinetic ex-
periments on its mineralization. The purchased EG was di-
luted with deionized water to prepare a model EG solution
with a concentration of 500 mg L™* (or 8 mM). The initial
value of EG concentration was selected based on the results
of a comprehensive review made by Sulej et al. [4]. The au-
thors showed that EG concentration in airport drainage
may vary in a wide range up to 20 g L™'. Furthermore, the
concerned EG concentration is in consistent with the recent
work published by Wang et al. [30], where chemical oxygen
demand (COD) values of the samples from different airport
locations including aircraft runways and rainwater collec-
tion tanks varied in the range of 400-600 mg L™, thus cor-
responding to EG concentration of 300-465 mg L. Hydro-
gen peroxide (H202, 30%; Lega, Moscow, Russia) served as
an oxidant. Prior to use, exact concentration of H.O. was
measured via the titration using a standardized KMnO, so-
lution. Ammonium iron(II) sulfate ((NH4)2Fe(SQO4)2-6H20,
AO Reachem Inc), also known as Mohr's salt, was used as a
source of Fe2* ions. Commercially available organic com-
pounds, namely, glycolaldehyde (GD, Fluka Chemie GmbH,
Buchs, Switzerland), glycolic acid (GA, BLD Pharmatech
Ltd., Cincinnati, USA), glyoxylic acid (GxA, BLD Pharmatech
Ltd.), oxalic acid (OA, BLD Pharmatech Ltd.), and formic
acid (FA, AO Reachem Inc), were purchased to prepare
model solutions for identification of EG oxidation interme-
diates using high-performance liquid chromatography
(HPLC). Crystalline glyoxal (glyoxal trimer dihydrate, GL)
was kindly provided by Novochem LLC (Tomsk, Russia).

2.2. Kinetic experiments

The kinetic experiments on EG mineralization were carried
out in a 2.4 L cylindrical (30 cm in height and 10 cm in di-
ameter) glass vessel externally covered with an aluminum
jacket. A germicidal lamp (10 W, GPH212T5VH/4, Heraeus
Group, Hanau, Germany) was used as a source of UV-C ra-
diation. The lamp was housed into a quartz tube using a lab-
made plastic holder. In routine experiments, the vessel was
filled with 1L of EG solution (500 mg L™), and specific
amounts of H20. and Fe?** were added under continuous
stirring. The quartz tube with lamp holder was then posi-
tioned in the center of vessel reactor. The reaction time
started when the lamp was turned on. In a series of exper-
iments with air bubbling, the reaction solution was addi-
tionally purged with air using PTFE tube immersed into the
solution that provided air flow of 1 L min™ rate. The scheme
of experimental setup and emission spectrum of UV-C lamp
can be found in Figure S1 in the Supplementary materials.
The matrix effect was investigated by addition of 2 M H2S04
or 1 M NaOH solutions to adjust pH prior to turning the UV
lamp on. Addition of Na.SO,4 or NaBr to the concentration
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of 10 mM was used to study the effects of ionic strength or
quenching the formation of ‘OH radicals, respectively [38].

2.3. Analysis of EG degradation

Liquid probes were sampled periodically from the reaction
solution and analyzed using several methods to study the
kinetics and EG degradation products. Total organic carbon
(TOC) served as the main parameter of EG mineralization
depth. TOC was measured using a TOC N/C multi 3100 total
organic carbon analyzer (Analytik Jena GmbH, Jena, Ger-
many). The concentrations of EG and major oxidation inter-
mediates were analyzed by high-performance liquid chro-
matography (HPLC) using an Acquity Arc System (Waters
Corporation, Milford, MA, USA) equipped with au-
tosampler, quaternary solvent manager, 30 cm column
manager with Repromer H ion-exclusion column (Dr.
Maisch HPLC GmbH, Ammerbuch, Germany), photodiode
array detector (PDA), and refractive index detector (RID).
HPLC analysis was performed within a minute interval af-
ter sampling to avoid interference with possible oxidation
of intermediates by H.O> under the dark conditions. H.0-
concentrations were analyzed by an enzymatic spectropho-
tometric method using commercial glucose oxidase reagent
(Vector Best, Novosibirsk, Russia). Absorption spectra were
recorded on a Cary 300 spectrophotometer (Agilent, Santa
Clara, USA). Other details on TOC, H.0> and HPLC analyses
can be found elsewhere [33]. The errors in these measure-
ments did not exceed 5%.

The experiments on individual oxidation of key interme-
diates were additionally performed to discover the main re-
action pathways of EG mineralization. In these experi-
ments, each intermediate (i.e., GA, GxA, GD, GL, OA, FA)
was used as a starting substrate instead of EG to carry out
a routine kinetic experiment. Initial concentrations of H-0-
and Fe?* were 40 MM and 5 mg L™, respectively. Because
the source of UV-C light was not changed in these experi-
ments, the operational parameters were the same to
achieve similar number of "OH radicals generated from
H:0.. The concentration of each intermediate was refer-
enced to H20: concentration to adjust stoichiometric ratio
between intermediate and H20. required for its complete
mineralization.

3. Results and Discussion

3.1. Effect of Fe?* concentration on the overall EG
degradation rate

The effect of Fe>* ions on the degradation of ethylene glycol
was evaluated in a batch photochemical reactor using H20-
as an oxidant under its activation with UV-C light (i.e.,
H.0:/Fe/UV-C system). The initial ratio between EG:H20-
components was adjusted to 1:5 to correspond to the stoi-
chiometric ratio according to the following reaction of com-
plete EG oxidation:

C2HeO2 + 5H202 = 2CO2 + 8H:0. (1)
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According to the UV-Vis optical absorption spectra (Fig-
ure S2), hydrogen peroxide can strongly absorb UV-C light
and is the most photochemically active compounds in sys-
tems discussed. Activation of H.O> with UV-C light provides
oxidative degradation of ethylene glycol due to the photo-
generation of "OH radicals, which have high redox potential
(2.73 Vvs. RHE) and can efficiently oxidize organic com-
pounds [27]. Complete oxidation of ethylene glycol (i.e., EG
mineralization) is confirmed by decrease in TOC concentra-
tion under irradiation, as shown in Figure 1a (see TOC plot
attributed to Fe?* concentration of 0 mg L™).

Fenton and photo-Fenton AOPs are widely used in prac-
tice to decompose organic pollutants in water [39].
Fe2*/Fe3* redox pair plays a key role in these processes be-
cause easy transformations between iron charge states al-
lows creating a catalytic system for generation of ‘OH radi-
cals via the following equations [40,41]:

H>0> + Fe?* = *OH + OH" + Fe3* (2)
Fe2* + *OH = OH" + Fe3* (3)
Fe3* + H.O> = FeOOH?* + H* (4)
FeOOH?* = Fe3* + HOz' (5)
Fe?* + HO2' = Fe3* + HOz (6)
Fe3* + HO2' = Fe>* + O, + H* (7)

In the presence of Fe3* ions, generation of OH" radicals
occurs under exposure to UV-C radiation:

FeOH?* = *OH + Fe2* (8)

Therefore, addition of Fe?* ions to the H.0./UV-C system
creates another pathway of H-O. activation and allows gener-
ation of more *OH radicals and other reactive species.

Ammonium iron(II) sulfate ((NH4)2Fe(SO4)2-6H20) was
added to the reaction solution as a source of Fe?* ions to
create a photo-Fenton system. Initial Fe?* concentration
was varied in the range from o to 7.5 mg L™*. TOC plots in
Figure 1a show a substantial increase in the rate of EG min-
eralization after addition of Fe?* ions to the reaction solu-
tion. As follows from the plots, TOC removal rate increases
as the Fe?* concentration increases because the reaction
time required for 50% reduction in TOC is 140 min without
addition of Fe?* ions and 48 min at a Fe?* concentration of
5 mg L™'. Note that Fe?* alone without exposure of the reac-
tion solution to UV-C light has no effect on EG mineraliza-
tion using H.0: because TOC change for 3 h under these
conditions does not exceed an experimental error.

For clearer illustration of Fe?* effect, midrange regions
of corresponding TOC plots (Figure 1a) were used to evalu-
ate the EG mineralization rate (mgroc L™* h™). Figure 1c
shows that the EG mineralization rate in the H-0-/Fe/UV-C
system linearly depends on the initial concentration of Fe>*
ions in the whole studied range up to 7.5 mg L. Similar
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behavior was previously shown in several studies on degra-
dation of different organic pollutants in a Fenton system
[41-43]. For instance, Tokumura et al. [41] showed that
concentration of "OH radicals linearly depends on Fe* con-
centration in a photo-Fenton system at low Fe?* concentra-
tions. This is caused by an increase in the number of H-0:
activation sites in the reaction solution without significant
undesirable scavenging or recombination of *OH radicals.

It is important to note that at the Fe>* concentration of
7.5 mg L™, the final TOC level is higher than that observed
in the other cases, thus indicating substantially lower min-
eralization depth at high Fe?* concentration. Figure S3 in
the Supplementary materials shows that this behavior is re-
produced in independent measurements. We suppose that
it occurs due to fast decomposition of H»O- at a high Fe** con-
centration without involving many generated ‘OH radicals
into the target process and, consequently, their inefficient
utilization. Based on the results of kinetic experiments, Fe>*
concentration in the range of 5-7.5 mg L™ can be regarded as
an optimum one for the H.0./Fe/UV-C system because it pro-
vides both high rate and high depth of EG mineralization.

In our previous work [33], we have found that EG min-
eralization in the H.0:/UV-C system can be boosted by
purging the reaction solution with oxygen or air: air purg-
ing with volume flow rate of 1 L min™ led to 43% increase
in EG mineralization rate at initial EG:H20- molar ratio of
1:5. Herein, we examine the effect of purging the reaction
solution with air on EG mineralization in the presence of
Fe?* ions (i.e., H202/Air/Fe/UV-C system).

Similarly to the previous case, midrange regions of cor-
responding TOC plots (Figure 1b) were used for the evalua-
tion of EG mineralization rate (mgroc L' h™) by their linear
approximation. EG the
H»02/Air/Fe/UV-C system also linearly depends on the ini-
tial concentration of added Fe?* ions in the range up to
s5mgL™* (Figure 1b). Comparing the rates in the
H:0./Fe/UV-C and H.0:/Air/Fe/UV-C systems allows us to
conclude that the saturation of reaction mixture with oxy-

mineralization rate in

gen via air purging increases both EG mineralization rate
(in terms of absolute values) and rate enhancement effect due
to addition of Fe?* ions (higher slope of approximation line for
the H»0./Air/Fe/UV-C system). Note that in contrast to the
H»0,/Fe/UV-C system, the increase in Fe?* concentration from
5 to 7.5 mg L™ has lower effect in the H.O./Air/Fe/UV-C sys-
tem because EG mineralization rate does not increase propor-
tionally (Figure 1c). It may occur due to the limitation of min-
eralization kinetics by photonic flux and radiation source be-
ing the same in all experiments described above because UV
light is the key factor in this process. An increased Fe dosage
may lead to excess generation of ‘OH radicals and, therefore,
their recombination and scavenging [41]. Thus, Fe** concen-
tration of 5 mg L™ can be regarded as an optimum value in this
system because it provides complete EG mineralization and
leads to 4.4-fold increase in EG mineralization rate: from
50mgL*h? for the case without addition of Fe?** to
262 mg L™ h™ for Fe?* concentration of 5 mg L™
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Figure 1 TOC kinetic plots of EG mineralization in (a) H,0,/Fe/UV-C and (b) H,0,/Air/Fe/UV-C systems at different Fe** concentrations
ranged from o to 7.5 mg L™; (c) effect of initial Fe** concentration on EG mineralization rate in the H,0,/Fe/UV-C and H,0,/Air/Fe/UV-C

systems.

As follows from the results discussed above, the addition
of Fe?* ions with simultaneous saturation of the reaction
solution with oxygen via air purging can be regarded as a
cheap and easy-to-use approach to increase EG mineraliza-
tion rate using H.0- activated with UV-C light. However, ad-
ditional purification stage is needed because iron ion concen-
trations used are relatively high. Ion exchange [44], oxida-
tion/filtration [45], physical absorbance (e.g., using acti-
vated carbon [46]), and other methods can be further em-
ployed to remove excessive iron species from water after the
treatment process [47], thus preventing negative impact of
these species on aquatic biota. Furthermore, ion exchange or
oxidation/filtration allows iron to be simply recovered, re-
generated, and reused in the process.

3.2. Kinetics of EG degradation in different
oxidation systems

HPLC analysis allowed us to detect glycolaldehyde (GD),
glycolic acid (GA), glyoxylic acid (GxA), glyoxal (GL),
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formic acid (FA), oxalic acid (OA), and formaldehyde
(FD) as the main intermediates of EG degradation in the
H.0-/Fe/UV-C and H>0-/Air/Fe/UV-C systems. Similarly,
to EG, these intermediates may have a hazardous effect
on the environment; therefore, the treatment should pro-
vide complete mineralization of EG and all formed inter-
mediates. The next step was the in-depth analysis of the
kinetic aspects of EG removal and transformation of
these intermediates under different conditions to estab-
lish reasons for the synergistic effect observed in the
H.02/Air/Fe/UV-C system under addition of Fe2* ions
and saturation of the reaction solution with oxygen. The
details on studied systems and their labels are listed in
Table 1. The initial concentrations of EG and H-O: in all
the experiments were 8 and 40 mM, respectively, thus
corresponding to the stoichiometric ratio (Equation 1).
The concentration of Fe?* ions was selected as 5 mg L™
based on the results discussed above.
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Table 1 Labels of EG oxidation systems with different combinations
of reaction components.

Label of system Addition of Fe** ions?* Air purging®
H,0,/UV-C - -
H,0,/Air/UV-C - +
H,0,/Fe/UV-C + -
H.0./Air/Fe/UV-C + +

2 initial concentration of Fe** ions corresponds to 5 mg L™;
Y air purging with a flow rate of 1 L min™.

The concentration profiles of all detected reaction com-
ponents are shown in Figure 2. These plots are divided into
two groups combining initial pollutant (EG) and formed

ARTICLE

intermediates (FA, OA, FD, GA, GD, GxA, GL) for clearer rep-
resentation.

Figure 2a shows that complete removal of EG in the
H»0-/UV-C system occurs for 75 min or less due to its oxida-
tion to intermediate products. A sharp increase in the con-
centration of formaldehyde, formic acid, and glycolaldehyde
occurs during the initial period of 0-20 min (Figure 2b) fol-
lowed by a gradual decrease in their concentrations. Between
30 and 80 min, the concentrations of glyoxal and glycolic
acid reach their maxima. This behavior can be attributed to
a decrease in the oxidation rate of intermediates due to
steadily declining H,0, concentration during the reaction.
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Figure 2 Concentration profiles of EG and main oxidation intermediates during EG degradation under different conditions: (a, b)
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The main organic products are found in the solution af-
ter 150 min to be glyoxylic acid and oxalic acid. Accumula-
tion of these acids probably occurs due to the depletion of
H>0: because in the case of an insufficient amount of the
oxidant, organic radicals generated under UV-C radiation
can recombine with each other, thus decreasing the effi-
ciency of mineralization. Note that in addition to main in-
termediates shown in Figure 2, traces of other intermediate
compounds were observed during HPLC analysis. One of the
peaks detected in chromatograms (Figure S4, Table S1) can
be attributed to tartaric acid
(HOOC-CH-0H-CH-0OH-COOH). According to the other pub-
lished studies [48-51], formation of tartaric acid, tartronic
acid, maleic acid, and oligomers of oxalic acid is possible
due to the radical nature of mineralization process in the
H20./UV-C system and recombination of C. organic radi-
cals.

Figure 2c,d shows that similar patterns are observed,
when the reaction mixture is additionally purged with air
(i.e., H202/Air/UV-C): complete removal of ethylene glycol
occurs for 75 min; a rapid increase in the concentrations of
formic acid, formaldehyde, and glycolaldehyde is observed
during the first 20 min after the start of irradiation; an in-
crease in the concentrations of intermediate oxidation
products, such as glyoxal and glycolic acid, occurs in the
period of 20-80 min; and glyoxylic acid and oxalic acid are
found to be residual organic compounds in the solution af-
ter 150 min. The main differences are related to the concen-
trations of oxidation intermediates. Specifically, the con-
centrations of glycolic acid and glyoxylic acid under air
purging are ~1.5 times lower compared to those in the
H»0./UV-C system, whereas a two-fold increase in the max-
imum concentrations of formic acid and oxalic acid is ob-
served. It can be assumed that saturation of the reaction
solution with oxygen promotes oxidation of glycolic and
glyoxylic acids to oxalic acid and its further mineralization,
especially at low H20- concentrations.

The kinetic plots for the H.0./Fe/UV-C system (Figure
2e, f) clearly show the effect of Fe?* ions on EG degradation
using H-0: activated with UV-C light. Given the same order
of intermediates as in the H.0./UV-C system but specifi-
cally higher maximum concentration of glycolaldehyde,
Fe>* addition provides much higher rate of EG oxidation
(Figure 2e) and increases the overall oxidation efficiency
and mineralization of all intermediates (Figure 2f). Higher
oxidation rate of formic and oxalic acids in the
H20./Fe/UV-C system results in faster mineralization
measured by TOC analysis, as they are the last step in the
EG oxidation pathway before the complete mineralization
to COa.

According to the kinetics of EG degradation in the
H202/Air/Fe/UV-C system (Figure 2g, h), the positive effect
of saturation with oxygen can be clearly seen in the plots of
glyoxylic and glycolic acids because their detected concen-
trations are extremely low (<0.1 mM) compared to the
other cases. Despite the fact that the concentration profiles
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of oxidation intermediates in the H.0-/Air/Fe/UV-C system
are similar to those in the H.0:/Air/UV-C system, oxalic
acid does not accumulate significantly because its concen-
tration remains lower than 0.75 mM during the process.
The concentration of formic acid also reduces much faster
in the H20./Air/Fe/UV-C system (from 3.0 mM at 30 min to
~0 at 70 min) than in the case of the H>0./Air/UV-C system
(from 2.5 mM at 45 min to ~0 at 150 min). These observa-
tions support the conclusion that addition of Fe?* ions in-
creases the overall rate of EG mineralization.

To determine the direct effect of air or Fe on the activa-
tion of hydrogen peroxide, H-0- concentrations were meas-
ured during experiments in the described systems (Figure
3). Thus, it was found that additional air bubbling slightly
reduces the rate of hydrogen peroxide consumption during
the process. The presence of Fe ions, however, leads to a
significantly faster decrease in H20. concentration, which
together with the higher rate of EG mineralization confirms
an increase in efficiency and rate of hydrogen peroxide ac-
tivation.

The concentrations of EG and intermediate oxidation
products determined by HPLC allow calculation of both the
TOC attributed to these compounds and the amount of hy-
drogen peroxide required for their complete mineraliza-
tion. The calculated data are presented in Figure S5. The
information obtained allows us to draw several important
conclusions about the process.

First, in the case of the H.0./UV-C system, a discrepancy
is observed between calculated and experimentally ob-
tained TOC data, which aligns with the hypothesis of or-
ganic radical recombination generating C3;-C, compounds,
particularly in the early stages of the process. However,
these compounds remain unidentified. Since they are
formed at the beginning of the process, their degree of min-
eralization relative to EG is low; therefore, they make a sig-
nificant contribution to the discrepancy between the H-:0-
concentrations required for complete mineralization
(H20x2 req) and those determined experimentally (H202 exp),
reducing H>0x req.

45
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Figure 3 H,0, concentration profiles during EG degradation un-
der different conditions.
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As the process proceeds, these organic compounds are H.0./Air/Fe/UV-C systems) confirms the role of O. as an
also subjected to mineralization, and the discrepancy be- additional oxidizing agent. In the case of the H.O./Fe/UV-C
tween the required and present amounts of H.O decreases. system, the difference between H20:2 req and H20x exp is in-

Second, considering the absence of significant differ- significant. Nevertheless, the differences between calcu-
ences between calculated and experimentally determined lated and experimentally determined TOC values may sug-
TOC, the reduction in the amount of hydrogen peroxide re- gest the formation of unidentified organic compounds at
quired relative to that present in solution upon aeration of the final stages of the process, when hydrogen peroxide
the reaction mixture with air (in both H»0-/Air/UV-C and concentration is low.
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Figure 4 Concentration profiles for individual degradation of major EG oxidation intermediates in the H,0,/Fe/UV-C system: (a) formic
acid (FA:H.O, = 1:1); (b) oxalic acid (OA:H,0O, = 1:1); (c) glyoxylic acid (GxA:H,0, = 1:2); (d) glyoxal (GL:H,O, = 1:3); (e) glycolic acid

(GA:H,0, = 1:3); (f) glycolaldehyde (GD:H,0, = 1:4).
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3.3. Pathways of EG degradation

Current knowledge regarding the pathways of EG oxidation
in the H202/UV-C system remains limited. A series of addi-
tional experiments was performed to clarify the oxidation
pathways and study the effect of Fe®* ions and oxygen on
the oxidation rate of intermediates. Formic acid (FA), oxalic
acid (OA), glyoxylic acid (GxA), glycolic acid (GA), glyoxal
(GL), and glycolaldehyde (GD) were oxidized individually in
four different systems described in the previous section
(see Table 1). The initial concentration of each intermediate
compound was selected according to the stoichiometric ra-
tio to H20- concentration (40 mM) needed for its complete
mineralization to COa.

Figure 4 shows as an example a set of the kinetic plots
for the H.0./Fe/UV-C system, whereas the results for other
oxidation systems (H20./UV-C, H20./Air/UV-C, and
H202/Air/Fe/UV-C) can be found in Figures S6-S8. Analysis
of the kinetic aspects for key C:-C- intermediates allows us
to propose the main pathways of EG oxidation.

First, oxidation of formic acid (Figure 4a) and oxalic
acid (Figure 4b) yields no detectable intermediates. This
confirms that they are terminal products within their re-
spective formation pathways. Conversely, significant FA
concentration is observed during GxA oxidation (Figure 4c).
While glyoxylic acid can be oxidized to formic acid by H20-
even under dark conditions [51] (Figure S6), this reaction
pathway has not been previously discussed in the context
of EG oxidation using the H.0./UV-C systems [36,37,52,53].
A decrease in FA concentration after 30 min of reaction
with simultaneous continuous growth in OA concentration
supports our previous assumption that consecutive oxida-
tion of C. compounds plays an important role at the late
stage of degradation, while C-C cleavage occurs predomi-
nantly during the first several minutes [33].

The intermediates detected during glyoxal oxidation are
formic acid, glyoxylic acid, and oxalic acid (Figure 4d). Alt-
hough glyoxal can be easily oxidized to formic acid by an
excess of H-0. with formation of two FA molecules [54],
oxalic acid becomes the dominant organic compound in our

(~ 0 —C

N

GA

z (0}
— [
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system after extended reaction time. Oxidation of glycolic
acid results in the formation of GxA, FA, and OA (Figure 4e).
Similarity in FA and GxA concentration profiles, coupled
with lower FA concentration compared to the cases of GL or
GxA oxidation, allows us to propose no direct oxidation of
glycolic acid to formic acid. Finally, the oxidation of gly-
colaldehyde yields formaldehyde, glyoxal, formic acid, ox-
alic acid, and glycolic acid (Figure 4f). It seems that among
all studied compounds, GD is the only one that can yield de-
tectable amounts of formaldehyde as the product of photol-
ysis or oxidation [55].

As shown in Figures S6-S8, similar behavior (i.e., the
same order of oxidation products and similar kinetics) is
observed for individual oxidation of EG intermediates in all
studied oxidation systems. These findings enable us to pro-
pose the main pathways of EG oxidation that occur in the
H»0./UV-C system (Figure 5). First, ethylene glycol oxidizes
to glycolaldehyde, which can further form formaldehyde,
glyoxal, and glycolic acid. Glyoxal and glycolic acid can be
oxidized to glyoxylic acid, whereas glyoxylic acid can form
formic and oxalic acids. Oxidation of oxalic and formic acids
is the last step that limits complete EG mineralization to
CO.. After starting the irradiation, oxidation process pre-
dominantly occurs via C-C cleavage step due to the pres-
ence of higher amounts of H.0: and, consequently, higher
number of photogenerated *OH radicals. At the late stages,
consecutive oxidation of C. intermediates begins to prevail.
These data completely confirm and expand our previous re-
sults [33]. To the best of our knowledge, this proposed
scheme of EG degradation in the H20./UV-C system consid-
ers the formation of formaldehyde as one of the main oxi-
dation intermediates for the first time and clearly demon-
strates the presence of two parallel pathways with formic
and oxalic acids as the last steps during EG degradation,
prior to CO- formation.

Concentration profiles of intermediates during their in-
dividual degradation in different oxidation systems are
shown in Figure 5. Initial reaction rates were employed to
illustrate the effect of Fe?* ions and oxygen on the oxidation
rate of intermediates (Table 2).

FD

0 H

—>»CO,

N/

HO o
—_— —_— I
HO o

GxA OA

Figure 5 Proposed scheme of EG degradation using H,O, activated with UV-C light.
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According to the kinetic data shown in Table 2, oxalic under its activation with UV-C light. Therefore, it may limit
EG mineralization rate at the late stages of oxidation pro-
cess. GxA (Figure 6¢), GA (Figure 6e), GD (Figure 6f) ex-
hibit similar oxidation rate, whereas glyoxal is oxidized

slightly faster than the other substances (Figure 5d).

W (b)

acid (Figure 6b) seems to be more difficult-to-oxidize sub-
stance than formic acid (Figure 6a), probably due to its
higher light absorbance in the UV-C region and consequent
reduction in the number of ‘OH radicals formed from H.O-
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Figure 6 Kinetic plots of EG intermediates oxidation in different systems: (a) formic acid (FA:H,O, = 1:1); (b) oxalic acid (OA:H,0, = 1:1); (c)

glyoxylic acid (GxA:H,0, = 1:2); (d) glyoxal (GL:H,0, = 1:3); (e) glycolic acid (GA:H,0, = 1:3); (f) glycolaldehyde (GD:H,0, = 1:4).

Table 2 Initial reaction rates for individual oxidation of EG intermediates.

EG oxidation inter-

mediate

H,0,/UV-C

Initial rate (mM min™)

H,0,/Air/UV-C

H,0,/Fe/UV-C

H,0,/Air/Fe/UV-C

Formic acid
Oxalic acid
Glyoxylic acid

1.17 + 0.05
0.068 + 0.003

0.63 + 0.3
0.061 + 0.001

2.327
0.114 +0.003

2.75%
0.122 + 0.002

0.319 + 0.003 0.24 + 0.03 0.43 + 0.07 0.27 + 0.02
Glycolic acid 0.18 £ 0.01 0.19 % 0.02 0.39 + 0.05 0.21 £+ 0.02
Glyoxal 0.28 + 0.09 0.28 + 0.07 0.6 £ 0.2 0.5+ 0.1
Glycolaldehyde 0.20 + 0.03 0.20 + 0.03 0.4 £ 0.1 0.33 + 0.1

*These initial rates were estimated using only two points due to the lack of experimental data and are given without error.
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Table 2 shows that addition of Fe** ions (5 mgL™,
H20./Fe/UV-C system) leads to two-fold or greater increase
in the oxidation rate of all the EG intermediates compared
with the H20./UV-C system. In addition to activation of
H»0- via interaction with iron species as shown in Equa-
tions 2-8, complexation of iron with organic compounds
can be considered to describe this behavior. Fe species can
directly act as an oxidation factor via forming complexes
with intermediate products and their further oxidation
[56,57]. For instance, Fe3* complexes with organic acids
([Fe(RCO2)]**) can be decarboxylized under exposure to UV
light, thus reducing required amount of H.O- and increasing
the efficiency of its utilization as well as regenerating Fe?*
ions as follows [43]:

[Fe(RCO2)]** = Fe** + CO2 + R* 9)

Furthermore, special attention is to be paid to the in situ
formation of the ferrioxalate system ([Fe(C204)3]3") during
the EG oxidation in the presence of iron ions, which can also
participate in the generation of reactive species under UV-
C radiation and promote Fe3* photoreduction [58].

Quite surprisingly, saturation of the reaction solution
with both in the H.02/Air/UV-C and
H202/Air/Fe/UV-C systems predominantly leads to de-
crease in the oxidation rate in the case of formic acid and
to a slight decrease in the oxidation rate for the other com-
pounds. As shown by Aristova et al. [59], excess of oxygen
results in the formation of HO>' radicals via the following

oxygen

reaction:

*‘COOH + 02 = CO2 + HOz' (10)

These radicals cannot take part in oxidation processes, thus
reducing mineralization rate of formic acid. However, there
is a contradiction with the kinetics of EG mineralization
(Figure 1), when the addition of oxygen increases the min-
eralization rate and its depth. At the same time, oxygen may
act as an oxidant, especially at low H.0- concentrations, re-
combining with UV-generated organic radicals and miner-
alizing residual organic compounds [60]. For instance,
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kinetic plots shown in Figure 6a indicate that simultaneous
air purging and Fe?* adding (H202/Air/Fe/UV-C system) re-
sult in fast mineralization of formic acid and increase its
mineralization depth in comparison with the H.0./Fe/UV-C
system. Another illustrative example that supports this as-
sumption is the kinetics of glyoxal oxidation in the
H»0:/Fe/UV-C and H:0./Air/Fe/UV-C systems (Figure 7).
Without air purging, the concentration of oxalic acid
reaches steady-state level (4 mM) after 40 min, whereas it
continues to decrease under further irradiation in the case
of H.02/Air/Fe/UV-C system.

The results of this study allow the conclusion that the
synergistic effect between addition of Fe?* ions and satura-
tion of the reaction solution with oxygen consists in partic-
ipation of iron ions as a guiding factor in the oxidation of
intermediates by additional H-O- activation and complexa-
tion of organic molecules, whereas oxygen serves as an ox-
idant at the late stages of this process.

3.4. pH and matrix effects on EG degradation

The other operating parameters, namely, pH and the pres-
ence of additional ions in the reaction solution that can sup-
press the formation of reactive species (i.e., matrix effect),
may affect the efficiency of water treatment, because the
studied process of EG degradation is radical-based and uti-
lizes iron ions for boosted H20- activation.

First, a change in pH of the reaction solution was stud-
ied under the H20:/Fe/UV-C
H.0:/Air/Fe/UV-C systems. In aqueous solutions contain-
ing H20: and EG, starting pH values are commonly in the
range of 6.2-6.5, whereas the addition of Mohr's salt to Fe
concentration of 5 mg L' decreases pH to 4.7-4.8 (Figure
8). This fact is caused by the oxidation of Fe?* by hydrogen
peroxide to Fe3* and subsequent hydrolysis of these ions.

irradiation in and

When the UV lamp is turned on, a gradual decrease in pH
occurs in both systems down to a level of ~3.9, followed by
areversion to 4.5 in the case of H.0,/Fe/UV-C system (Fig-
ure 8a) or to 4.7, which is the same as the starting pH value,
in the H>0:/Air/Fe/UV-C system (Figure 8b), respectively.
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Figure 77 Concentration profiles of GL and its oxidation intermediates in (a) H,0,/Fe/UV-C and (b) H,0./Air/Fe/UV-C systems (GL:H,0, = 1:3).

11 of 16

DOI: 10.15826/chimtech.9192


https://doi.org/10.15826/chimtech.9192

Chimica Techno Acta 2025, vol. 12(4), No. 9192

Figure 8 also shows the total concentration profiles of
organic acid intermediates, and it is clear for both systems
that pH changes in the opposite way to a change in the
concentration of organic acids: pH decreases as the con-
centration of these acids increases and vice versa. Thus,
comparison of the kinetic plots allows the conclusion that
a change in pH of the reaction solution under irradiation
in the studied systems occurs due to the formation of or-
ganic acid intermediates, predominantly formic and oxalic
acids.

Note that slight inconsistency in the final pH values af-
ter the treatment in both systems (Figure 8) can be related
to different values of residual CO- content. Indeed, air flow
in the H20./Air/Fe/UV-C system can promote the removal
of CO: from the solution, thus reducing its effect on pH.

It is well known that pH has a strong effect on the effi-
ciency of Fenton and photo-Fenton processes [61-63]. We
studied the dependence of EG mineralization rate on the in-
itial pH value in the H.0:/Air/Fe/UV-C system, which pro-
vided the highest efficiency of EG degradation. The initial
pH was adjusted by adding sulfuric acid or sodium hydrox-
ide to the reaction solution containing H20-, EG, and Mohr’s
salt prior to turning the UV lamp on.
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TOC kinetic plots in Figure 9a show that initial pH has a
strong effect on EG mineralization in the H.0./Air/Fe/UV-C
system. Both strongly acidic (pH 2.5) and alkali (pH 11.5-
13.5) conditions provides low efficiency of EG degradation.
Similarly to Figure 1, midrange regions of corresponding TOC
plots were used to evaluate EG mineralization rate (mgroc L~
th™). Figure 9gb shows that the mineralization rate has a
dome-shaped dependence on initial pH, when the highest rate
is achieved at pH 4.8. These conditions correspond to the ini-
tial system without adding pH modifiers.

While a decrease in EG mineralization rate at higher pH
values can be accounted for by a decrease in iron solubility,
a decrease in the mineralization rate at lower pH values has
more complicated nature. As previously shown by Duester-
berg et al. [64], the oxidation of formic acid by a Fenton
reagent has the highest rate at pH 4.0 within the studied
range from 2.5 to 4.0. The authors related this behavior to
a decrease in Fe(II) regeneration rate at lower pH. Further-
more, superoxide radical (O2"") can be easier protonated un-
der acidic conditions to HO-' radical, which is less reactive
than ‘OH radical. Concentration of Fe(OH)?* ion, which
plays an important role in photo-Fenton process (Equa-
tion 8), also decreases at lower pH [65].

g
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Figure 8 Time profiles of total concentration of acids and pH in (a) H,O,/Fe/UV-C and (b) H,0,/Air/Fe/UV-C systems.
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Figure 9 (a) TOC kinetic plots of EG mineralization in the H,0,/Air/Fe/UV-C system at different initial pH values; (b) effect of initial pH

on EG mineralization rate in the H,0,/Air/Fe/UV-C system.
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To isolate the effect of salinity from that of pH, we per-
formed a specific experiment, in which an aliquot of 10 mM
Na.SO, solution was added to the initial system. Figure 10
shows that salinity by itself has no significant effect on EG
degradation process in the H»0:/Air/Fe/UV-C system, be-
cause TOC kinetic plot of EG mineralization after addition
of Na.SO, is similar to that observed for the initial system.
Complete mineralization of ethylene glycol occurs for
80 min in both these cases.

Similar experiment with adding an aliquot of 10 mM
NaBr solution was made to confirm the predominant role of
*OH radicals in the studied oxidation process. Bromide ions
can react with *OH radicals as follows [38]:

*‘OH + Br~ = BrOH"- (11)
BrOH*~ + H* = H.0 + Br* (12)
Br’ + Br~ = Bry'~ (13)

Therefore, the addition of bromide ions to the reaction
solution can substantially reduce the number of photogen-
erated "OH radicals and suppress the overall rate of oxida-
tion process, because the formed Br.'~ radicals have lower
oxidation potential (1.62 V vs. RHE) than "OH radicals [66].
Indeed, Figure 10 shows that the presence of *OH quenching
agent completely suppresses EG mineralization, because
TOC slightly reduces from 195 to 185 mg L™ for 120 min of
irradiation. This result proves the predominant role of "OH
radicals among all possible ROS in the proposed
H>0:/Air/Fe/UV-C system.

Despite the fact that the use of this oxidative system is
envisioned in either flow or batch mode with subsequent
treatment of the processed wastewater to remove the added
iron ions and discharge of the purified water, a cyclic ex-
periment with the H:0./Air/Fe/UV-C system was per-
formed to verify the stability of this system, with interme-
diate addition of new portions of EG and H20-. It was found
that during this experiment there is no significant change
in the rate of EG mineralization, which indicates the stabil-
ity of the system (Figure 11).

H,0,/Air/Fe/UV-C
200 -
150
5
> .
g —&— Initial system
;100_ —A—+10 mM Na,SO,
8 Starting . —e— + 10 mM NaBr
parameters:
EG =500 mg L™
50 (or 8 mM)
EG:H,0,=1:5
Fe**=5mgL"
Air flow =1 L min™
0 T T T T
(] 20 40 60 80 100 120
Time (min)

Figure 10 Effect of matrix modification on TOC kinetic plots of EG
mineralization in the H,0,/Air/Fe/UV-C system.
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Figure 11 TOC kinetic plots of EG mineralization

H,0./Air/Fe/UV-C system in cyclic experiments.

in the

The results discussed above reveal a need for investiga-
tion and optimization of the specific parameters, such as
ionic composition and pH of aqueous solution, prior to im-
plementation of water treatment to achieve the highest ef-
ficiency of purification process.

4. Limitations

It should be noted that this study was not aimed at selecting
the most optimal parameters of the process under investi-
gation to reduce operational costs, nor did it address the
impact of additional agents (ions, corrosion inhibitors,
etc.), which are undoubtedly present in airport stormwater
and may negatively affect the process. This study was pri-
marily focused on investigating the kinetic features of the
phenomenon discovered and the pathways of ethylene gly-
col mineralization as the key contaminant. The complexity
and multi-parameter nature of real airport wastewater sys-
tems requires a significantly broader investigation to eval-
uate the effects of all potential wastewater components on
EG mineralization rate, which is beyond the scope of the
current work. Therefore, the methodology developed
herein represents a foundational approach for effective EG
mineralization that was examined independently of the
broader compositional and operational aspects of real
wastewater treatment systems. Future work is expected to
involve research wusing real EG-containing airport
wastewater, as well as the scaling up and optimization of
the methodology described in this paper.

5. Conclusions

Activation of H.0- with UV-C light (H202/UV-C system) pro-
vides complete mineralization of ethylene glycol (EG) in
aqueous solutions. The addition of Fe?* ions to the reaction
solution (H20./Fe/UV-C system) boosts EG degradation,
and its mineralization rate in this system linearly depends
on the initial concentration of Fe>* ions in the whole studied
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range up to 7.5 mg L™*. Thus, TOC removal rate increases by
6 times from 47 mg L™* h™ for the Fe-free system to 273 mg
L h for the H.O./Fe/UV-C system at Fe?" concentration
of 7.5 mg L™ and super stoichiometric ratio of H-0- to EG
(i.e., EG:H202 = 1:5). Further enhancement can be achieved
by additional oxygen saturation via purging the reaction so-
lution with air flow of 1 L min™ (H>0./Air/Fe/UV-C system)
that increases both rate and depth of mineralization, thus
enabling complete TOC removal for 60 min under optimum
conditions. Comprehensive analysis of EG degradation and
individual oxidation of key EG intermediates under differ-
ent conditions reveals the roles of Fe?* ions and dissolved
oxygen in the synergistic effect and allows discovering the
main pathways of EG degradation. Iron ions substantially
improve the oxidation efficiency by directing reaction path-
ways via additional H»0- activation and complexation of or-
ganic intermediates. While dissolved oxygen initially re-
duces oxidation rate, it becomes crucial for achievement of
complete mineralization serving as additional oxidant with
respect to H2O: at the late stages of the process. At the same
time, "OH radicals have the predominant role in the pro-
posed H20:/Air/Fe/UV-C system. The results of this study
highlight the importance of multiple interacting factors in
advanced oxidation processes (AOPs) to decrease negative
environmental impact of contaminants and improve the ef-
ficiency of water purification with reduced resource con-
sumption.

Supplementary materials
The supplementary materials are available on the corresponding
online page. Figure S1: (a) Photo and schematic diagram of the
photoreactor used for the kinetic experiments; (b) emission spec-
trum of UV-C germicidal lamp. Figure S2: Absorption spectra of
water solutions containing EG, Fe**, H.0., and the reaction mix-
ture after the experiment in H.O./Fe/UV-C system.
Figure S3: Reproducibility of TOC plots for two independent ex-
periments in the H.0./Fe/UV-C system with [Fe**]o = 7.5 mg L.
Figure S4: Examples of HPLC chromatograms of the reaction me-
dium during the oxidation of glyoxal (H.0./Air/UV-C, irradia-
tion for 20 min).
Figure S5: Experimental and calculated TOC and H.O- concentra-
tion profiles in different oxidation systems: (a) H.0./UV-C; (b)
H-0./Air/UV-C; (c) H.0-/Fe/UV-C; (d) HzOz/Ail‘/Fe/UV-C.
Figure S6: Concentration profiles of GxA, OA, and FA in GxA oxi-
dation by H.0. under dark conditions.
Figure S7: Concentration profiles for individual degradation of
major EG oxidation intermediates in the H.0,/UV-C system: (a)
formic acid (FA:H.0. = 1:1); (b) oxalic acid (OA:H20. = 1:1); (c)
glyoxylic acid (GxA:Hz0. = 1:2); (d) glyoxal (GL:H.02 = 1:3); (e)
glycolic acid (GA:H20: = 1:3); (f) glycolaldehyde (GD:H:0: = 1:4).
Figure S8: Concentration profiles for individual degradation of
major EG oxidation intermediates in the H»0./Air/UV-C system:
(a) formic acid (FA:H20- = 1:1); (b) oxalic acid (OA:H20; = 1:1); (c)
glyoxylic acid (GxA:H20> = 1:2); (d) glyoxal (GL:H20. = 1:3); (e)
glycolic acid (GA:H-0- = 1:3); (f) glycolaldehyde (GD:H.0- = 1:4).
Figure S9: Concentration profiles for individual degradation of
major EG oxidation intermediates in the H.O./Air/Fe/UV-C sys-
tem: (a) formic acid (FA:H.0. = 1:1); (b) oxalic acid (OA:H.0. =
1:1); (c) glyoxylic acid (GxA:H:0. = 1:2); (d) glyoxal (GL:H20- =
1:3); (e) glycolic acid (GA:H.0. = 1:3); (f) glycolaldehyde
(GD:H20: = 1:4).
Table S1: Retention times of organic compounds detected in the
reaction medium via HPLC.
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