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Abstract

The presence of various drugs in wastewater has generated growing concern about the con-
tamination of water bodies. This requires urgent attention and the development of effective
methods for their degradation in aquatic ecosystems. The present study evaluates the effi-
ciency of metformin (MET) degradation via various photochemical processes—photolysis,
H,0O, photodecomposition, photocatalysis, and photo-Fenton—using iron-pillared ben-
tonite clays (Fe-PILC) as a catalyst. The influence of radiation wavelength (254 nm and
visible light) was investigated, while MET degradation, H,O, consumption, and total
organic carbon (TOC) removal were monitored as key response variables. Structural char-
acterization confirmed successful pillaring, increasing the surface area of bentonite from
35 to 246 m? /g, with iron content at 11 wt. % quantified by atomic absorption spectroscopy.
Fe30,4 and FeO were identified using XPS, and a 2.08 eV band-gap energy was revealed via
diffuse reflectance spectroscopy. Experiments were conducted at environmentally relevant
MET concentrations (13,000 ng L™!) in a 0.1 L batch photoreactor at 25 °C. The results
demonstrate that (i) photo-Fenton was the most efficient process to remove and mineralize
MET (100% degradation after 10 min and 83% mineralization after 90 min); (ii) Fe-PILC
is effectively activated at A < 700 nm, enabling 75% mineralization under visible light;
(iii) hydroxyl radicals and valence band holes were the primary oxidative species driving
MET oxidation; and (iv) cyanoguanidine and carboxylic acids were identified as main
oxidation by-products via UHPLC. Pseudo-first-order kinetic constants were determined
for all processes, offering insight into their relative efficiencies. Notably, the rate constant
for photo-Fenton under visible light (0.406 min~!) was comparable to that under UV -light
(0.545 min~1), highlighting the potential of visible light-driven treatments. Therefore, this
study demonstrated the metformin degradation capability of iron-pillared clays under both
visible and UV light.

Keywords: photolysis; photocatalysis; H,O, photodecomposition; photo-Fenton; advanced
oxidation processes; mineralization; metformin oxidation; metformin degradation; met-
formin mineralization; Fe-PILC; pillared clay
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1. Introduction

Rapid industrial growth and the ever-increasing population have led to a consid-
erable increase in pollution levels, placing significant pressure on the environment and
compromising its sustainability [1,2]. In this context, water pollution is a priority prob-
lem that requires immediate attention to mitigate its environmental effects. Among the
various types of pollutants, pharmaceutical waste stands out for its negative impact, as
it poses a significant threat to environmental health. Metformin (MET), also known as
N-1,1-dimethyl-biguanide (Figure 1), is an emerging contaminant [3] found in many water
bodies around the globe, and this has been ascribed to the fact that it is widely prescribed
for the control of diabetes (type 2) [4]. In addition, unmetabolized metformin by the human
body is excreted through feces and urine [5]. In this way, MET reaches water treatment
plants and/or water bodies [6]. In this sense, it has been reported that unprocessed and
thus excreted metformin is ca. 70% of ingested doses [7]. Metformin has been detected in
water bodies of 14 nations in three continents, including Germany, China, Spain, Austria,
Canada, the United States, and Mexico [7].

In Mexico, the MET concentrations found in Madin reservoir (MR) range 376-11,694 ng L! [8],
depending on the sampling site. This reservoir is in the State of Mexico, between the towns
of Atizapan de Zaragoza and Naucalpan de Juarez. The Tlalnepantla River and MR
both receive sewage water from various locations without any prior treatment. Besides
providing drinking water to neighboring settlements, the MR is also a destination for eco-
tourism activities, including kayaking, sailing, and carp fishing. However, the reservoir’s
common carp population has noticeably declined over time [9]. Thus, it is important to
remove pollutants like metformin from this water body.

Figure 1. Structure of metformin N,N-dimethylimidodi-carbonimidic diamide.

Currently, various methods and technologies are used for wastewater treatment, such
as sedimentation, coagulation, flocculation, and filtration. However, it has been proven that
these processes are not effective for removing pharmaceutical compounds [10]. Therefore, it
is necessary to incorporate complementary treatments, such as biological processes, ozona-
tion [11] or other advanced oxidation processes, to allow for their complete degradation.

Advanced oxidation processes (AOPs) are a powerful alternative technique to degrade
recalcitrant organic compounds, aiming to convert the contaminant to carbon dioxide and
water or to some oxidized inorganic anions or to more easily degradable molecules by
biological means [12]. AOPs are processes based on the production of hydroxyl radicals
(HRs). These can be electrochemical, photochemical, ultrasound, ozone, or a combination
of them. Most works studying the degradation of metformin focus on photocatalysis using
a wide variety of catalysts, such as TiO,/Bi,WOg (90% degradation: visiblelight) [11],
Fe3* /TiO; (93.8% degradation: UV light) [13], and TiO,-CuO/beach sand granules (74.8%
degradation: UVC light) [14], with minimal works based on Fenton-type processes.

Fenton is a type of AOP that comes in a variety of forms, such as homogeneous
and heterogeneous Fenton, photo-Fenton, electro-Fenton, photo-electro-Fenton, and other



Water 2025, 17, 3028

3 0f 30

hybrid Fenton processes [15]. H. J. Fenton first identified the Fenton reaction in 1894 [16]
and described it as the increased oxidizing power of hydrogen peroxide when iron (Fe) is
used as a reaction catalyst and at acidic pH. Fenton processes involve different reactions,

(1)—(6) [12].

Fe?* + H,0, — Fe3* + HO*+OH ™~ (1)

HO*® + H,0, — HO,* + H,O ()

Fe’* + HO® — Fe’" + OH™ 3)

Fe3t + HO,® — Fe?t + O,+H™* 4)

HO® + HO® — H,0, (5)

Organic pollutants + HO® — Degraded products (6)

Nevertheless, the advance of Reaction (1) implies that the Fenton reaction halts once
all the Fe?* ions have been used up. This can be overcome by adding light to the system and
the process is then called photo-Fenton. In photo-Fenton, ferrous ions are regenerated via
Reaction (7)-(13) and this allows the Fenton cycle to be repeated [12]. In addition, hydroxyl
radical production and oxidation of organic compounds are enhanced [17].

Fe3t + hv — Fe?t + HO*+H™ )

Fe?t 4+ H,0, — Fe3t + HO*+OH ™~ 8)

Fe* 4+ H,0, — Fe — OOH?T + H* ©9)

Fe — OOH?" — Fe?t + HO,* (10)

Fe>* + HyO — Fe(H,0)*" (11)
Fe(H,0)*" — Fe(OH)*" + H* (12)
Fe(OH)*" 4+ hv — Fe?* + HO® (13)

H,0, 4+ hv — 2HO*® (14)

HO?® + organic pollutants — oxidized products (15)

Homogeneous Fenton is usually preferred due to its high efficiency; however, it poses
some drawbacks, i.e., an acid must be added to avoid catalyst precipitation and catalyst
cannot be reused. These challenges can be overcome with the use of heterogeneous catalysts,
such as the one assessed here, iron-pillared clays (Fe-PILC).

Regarding iron, the photocatalytic activity of Fe3O4 has been demonstrated in the
literature, showing advantages such as being magnetic and stable [18,19]. Ferric oxide,
Fe;O3, is another iron-based compound with proven photocatalytic properties under visible
light [20]. These works have also demonstrated the importance of the support material.
Ideally, the support should provide a large area for metal deposition, since the first step in
the heterogeneous Fenton involves the sorption of hydrogen peroxide onto an active site,
Fe?* or Fe3* [21].

According to [22], the use of clays offers economic advantages due to their low-cost, as
well as environmental benefits, given their inherent safety and compatibility with ecological
systems. Pillared clays have opened a wide range of applications in the environmental field,
since the introduction of various polyoxocations between their layers leads to the formation
of firmly anchored oxides. This modification results in materials with a high surface area,
porous structure, good thermal stability, and high acidity [23]. Iron-pillared clays (Fe-PILC)
can be obtained from smectites (bentonite) via ion exchange of the metal polyoxycation (Fe),
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followed by heat treatment. In addition to the previously mentioned advantages, Fe-
PILCs exhibit high catalytic activity over a wide pH range (3-7) [24]. Previous studies
have confirmed the presence of iron oxides, specifically ferrous oxide (Fe?*) and ferrous
ferric oxide (Fe3Oy), in Fe-PILCs [25]. The presence of iron species in these catalysts
facilitates the generation of hydroxyl radicals (¢OH), which allows the degradation of
organic contaminants and recalcitrant compounds. Additionally, they exhibit high stability
over multiple reaction cycles and negligible metal leaching [23], suggesting that their reuse
is highly feasible. Previous studies have reported [25,26] iron leaching in pillared clays in
the range of 2% and 3%. Ding et al. (2012) [27] observed that solution pH influences iron
leaching in heterogeneous photo-Fenton catalysts.

This study aims to evaluate the feasibility of using Fe-PILC for the degradation
and mineralization of metformin (MET) at environmental relevant concentrations, under
both UV and visible light irradiation, employing photocatalysis and photo-Fenton pro-
cesses. To contextualize the results, additional experiments were performed to assess MET
degradation by photolysis and hydrogen peroxide (HP) photodecomposition. This work
also presents the contribution of different reactive oxygen species in each of the assessed
processes and the kinetic constants for each process. It will be demonstrated that the
synthesized catalyst enables us to obtain competitive results under visible light via the
photo-Fenton process.

2. Materials and Methods

Ferric chloride hexahydrate 99.7%, sodium hydroxide 98.5%, hydrochloric acid 37.2%,
acetonitrile HPLC 99.98%, and sulfuric acid 96.6% were from Fermont; clay (Bentonite)
was from Fisher; N,N-dimethylimidodi-carbonimidic diamide hydrochloride 97% and Di-
cyandiamide (cyanoguanidine) 99% were purchased from Aldrich; formic acid 99%, oxalic
acid 99%, and acetic acid 99.0%, were purchased from Merck; and potassium phosphate
monobasic was purchased from J. T. Baker 99.0%. Deionized water was used to prepare the
catalyst and for all experiments.

2.1. Catalyst Synthesis

Under constant stirring, a pillaring solution was prepared by mixing a 0.2 M solution
of sodium hydroxide with a 0.2 M aqueous solution of ferric chloride. This solution was
then stirred for a further 4 h while a 5 M solution of hydrochloric acid was used to adjust the
pH to 1.8 &= 0.02. This pillaring solution is then dropwise added to a bentonite suspension
(0.1 percent w/w). The resulting solution was aged at room temperature for a further 18 h
while being stirred. The solid was then obtained by filtering, washed with deionized water
to remove chloride ions until conductivity reached 5 S/cm, dried for an overnight period
at 75 °C, and then calcined for two hours at 400 °C.

2.2. Catalyst Characterization

Diffuse reflectance spectroscopy, X-ray diffraction (XRD), X-ray photoelectron spec-
troscopy (XPS), atomic absorption spectroscopy (AAS), and nitrogen physisorption were
used to characterize the synthesized Fe-PILC.

The band-gap energy of Fe-PILC was determined using a Tauc plot, constructed from
the absorbance spectrum obtained with a UV-Vis spectrophotometer Lambda 365 (Shelton,
CT, USA) equipped with a diffuse reflectance and integrating sphere. To validate the
band-gap energy estimated from the Tauc plot, the second derivative of the absorbance
spectrum was calculated using the finite difference method. This approach allows for a
more accurate identification of the point of maximum curvature, which corresponds to the
band-gap energy. It is particularly useful for amorphous materials or those with diffuse
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absorption edges, as it minimizes the subjectivity involved in selecting the linear region for
extrapolation in Tauc plots [28].

Cu Ka radiation was used at 30 kV and 25 mA in a Bruker Advance 8 apparatus to
produce the XRD pattern. Data were collected over a 20 range of 3-40°, with a step size of
0.02° /min and a scan speed of 0.3 s/step.

A JPS 9200 spectrophotometer made by JEOL in Tokyo, Japan, with a Mg-K excitation
source (1253.6 eV) was used to conduct an X-ray photo-electronic spectroscopy (XPS)
analysis to establish the oxidation states of iron species.

The iron content (wt. %) was quantified with AAS using a AA240FS spectrome-
ter made by Varian in Palo Alto, CA, USA. Prior to analysis, the Fe-PILC sample was
digested in hydrofluoric acid and diluted appropriately to fall within the instrument’s
measurement range.

Textural properties, including specific surface area and pore volume, were determined
via nitrogen adsorption-desorption isotherms using a Quadrasorb SI pore size and surface
area analyzer. Before measurement, the pillared clay sample was degassed at 180 °C under
high vacuum (1013 mbar).

2.3. Metformin (MET) Degradation

Photochemical processes—photolysis (P), hydrogen peroxide photodecomposition (PHP),
photocatalysis (PC), and photo-Fenton (PF)—under UV and visible light irradiation were
all conducted in a cylindrical Pyrex glass reactor (2.8 cm in diameter and 23 cm in height)
containing 0.1 L of an aqueous solution of metformin at an environmentally relevant
concentration (Cy = 13,000 ng L~'). This concentration resembles the level previously
reported in the Madin Reservoir (11,694 ng/L). The reactor was equipped with a cooling
jacket to maintain a constant temperature throughout the experiments.

Control experiments included metformin degradation via adsorption onto Fe-PILC
and via the addition of hydrogen peroxide (H,O;) alone. For UV-driven experiments,
an 8 W high-pressure mercury lamp (UVP-Pen Ray Model 35C-9.00-A0O-16S), emitting
predominantly at 254 nm with a relative radiation intensity of 4400 uW /cm?, was placed at
the center of the reactor (see Figure 2A). For experiments under visible light, A > 400 nm
(Vis light), three lamps (14 W, 100 W/m? each) were positioned around the reactor (see
Figure 2B). These conditions were selected based on prior optimization reported by Martin
del Campo 2014 [29] and Hurtado 2019 [25].

(A) (B)

Temperature Temperature
indicator indicator

Sampling Sampling
B ‘ =N

UV lamp
{
Visible lamp

Visible lamp
Visible lamp

A

Figure 2. Reactor setup for the experiments driven by (A) UV light: an 8W lamp (254 nm,
4400 uW /cm?) placed at the center of the reactor and (B) visible light (A > 400 nm): three 14 W
lamps positioned around the reactor.

Cooling jacket Cooling jacket
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A typical experiment involved the addition of the MET solution to the reactor, followed
by the dispersion of 50 mg of the catalyst (Fe-PILC), the onset of illumination, and the
subsequent addition of a stoichiometric amount of HyO, to the system to trigger the
photo-Fenton process. The reaction time was fixed at 90 min.

In all experiments, the temperature was kept at 298 K and the solution was contin-
uously stirred at 800 rpm. The pH was recorded but was not adjusted at any time. The
experiments were performed in triplicate, and the corresponding error bars have been
included in the results.

2.4. Chemical Analysis

To establish the degradation of MET and by-products, as well as the percentage of min-
eralization reached, samples were periodically taken. For this purpose, total organic carbon
(TOC) and High-Performance Liquid Chromatography (HPLC) analyses were conducted.

A UV-Vis and PDA detector-equipped Ultra-High-Performance Liquid Chromato-
graph (Vanquish, Thermo Scientific, Waltham, MA, USA) was used to measure the concen-
tration of metformin (MET). Chromatography was carried out in a Discovery C18 (Supelco,
Bellefonte, PA, USA) column (150 mm x 4.6 mm and 5 m), and data analysis was conducted
with Chromeleon 7 software. Samples were analyzed under the conditions summarized in
Tables 1 and 2.

Table 1. Conditions to identify and quantify Metformin (MET) and cyanoguanidine by UHPLC.

Parameters Conditions

Method Reversed-phase Ultra-High-Performance Liquid

Chromatograph (UHPLC)
Mobile phase Water/H;3POy (pH 3.0) and acetonitrile (95:5, v/v)
Column Discovery C18 (Supelco) column (150 mm X 4.6 mm and 5 pm)
Flow rate 0.5 mL/min
Detection UV-Vis and PDA detector, A = 233 nm
Column temperature 40 °C
Injection volume 20 uL
Run time 10 min

Table 2. Conditions to identify and quantify carboxylic acids via HPLC.

Parameters Conditions

Method Reversed-phase Ultra-High-Performance Liquid
Chromatograph (UHPLC)

Mobile phase H,S04 (3 mM)

Column Aminex HPX-87H column (Bio-Rad) (300 x 7.8 mm)

Flow rate 0.6 mL/min

Detection UV-Vis and PDA detector, A = 205 nm

Column temperature 35°C

Injection volume 20 uL

Run time 20 min

The mobile phase was 5:95 v/v solution of acetonitrile and acidified water (pH 3.0).
This was prepared and degasified immediately before analysis. To prepare the acidified
water (pH 3.0), orthophosphoric acid (H3PO4 10%) was dissolved in 1000 mL of deionized
water. For the analysis of carboxylic acids, a sulfuric acid solution (3 mM) was used instead.

Metformin stock standard solution (13 mg L~!) was prepared by combining 1.3 mg
of metformin hydrochloride and 1.3 mg of Dicyandiamide (cyanoguanidine) with 100 mL
of deionized water. A standard solution with a known concentration of 13,000 ng L~*
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MET and cyanoguanidine was produced by diluting 1 mL of stock standard solution with
100 mL of deionized water.

The concentration of 13,000 ng/L was selected based on a previous study conducted
with real water from the Madin Dam, which reported metformin (MET) concentrations
ranging from 378 to 11,694 ng/L [8]. In that study, concentrations were determined
using Ultra-High-Performance Liquid Chromatography coupled with Mass Spectrometry
(UHPLC-MS/MS). However, in the present work, only UHPLC was used as the analytical
method, so it was necessary to work with higher concentrations—in this case, 13,000 ng/L—
close to the upper limit reported by Pérez-Coyotl et al. (2019) [8] to ensure the quantification
of pharmaceutical products such as metformin.

A standard stock of carboxylic acids was prepared with a concentration of 0.001 M of
oxalic acid, formic acid, and acetic acid to produce a known-concentration solution. This
was then diluted to generate the calibration curve for carboxylic acid quantification.

Hydrogen peroxide (H,O;) was quantified by a colorimetric method [30-32], using
3 mL of titanium sulfate (Ti**) reagent and 7 mL of sample, a colorimetric approach was
used to measure the hydrogen peroxide H,O, concentration profile. Using a VELAB
UV /Vis spectrophotometer, the absorbance of the samples was measured and correlated
to HyO, concentration. Within a quartz cell with a 1 cm optical path, the samples were
scanned. A maximum absorbance at 410 nm was noted after the absorbance of the samples
was examined from 200 to 900 nm. The technique uses the titanium sulfate (Ti**) reagent to
treat hydrogen peroxide solutions and then measures the color intensities by measuring
the absorbance. The reaction’s yellow hue is a result of Reaction (16), which produces
pertitanic acid [30,32].

Ti4ﬁL + HyO, 4+ 2H,O — TiO,-H,O, (pertitanic acid) + 4HT (16)

Total organic carbon (TOC), which was measured with a Shimadzu TOC-VCSH instru-
ment, was used to directly determine the degree of metformin mineralization after 90 min
of treatment.

3. Results
3.1. Catalyst Characterization

Figure 3 presents the Tauc plot derived from the absorbance spectrum obtained via
UV-Vis spectroscopy. It can be observed that the resulting band-gap energy was 2.08 eV.
Using the second derivative approach (Figure S1, Supplementary Material), the band-gap
energy was estimated at 2.2 eV. Both values fall within the range reported for magnetite,
typically between 2.0 and 2.2 eV [33].

X-ray diffraction (XRD) patterns of bentonite (raw clay) and Fe-PILC are shown in
Figure 4. The XRD pattern of Fe-PILC displays two main peaks located approximately
at 4° and 9° in 20. The first peak, around 4°, confirms that the pillarization process was
successfully carried out [34]. This peak corresponds to a basal spacing of 21.4 A, resulting
from the insertion of iron (Fe) polycations between the clay layers, forming the Fe-PILC
structure. This spacing includes both the thickness of a single clay layer (9.6 A) and the
additional interlayer distance generated by the pillars.

The second peak, observed between ~7-9° in 20, corresponds to the characteristic
basal reflection of natural bentonite at 9° in 20. After pillarization, this signal decreases in
intensity, consistent with structural modification of the basal (001) plane. Additionally, ben-
tonite exhibits characteristic peaks at 20° and 27° in 20 according with the Joint Committee
on Powder Diffraction Standards (JCPDS No. 01-088-0891) [35], which are attributed to the
presence of quartz, a mineral phase commonly associated with bentonite.
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Figure 3. Tauc plot to determine band-gap energy of the prepared catalyst, Fe-PILC.
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Figure 4. XRD pattern from bentonite and Fe-PILC.

X-ray diffraction analysis of Fe-PILC was performed over a 20 range of 3° to 80°
(Figure 5) to identify the iron species incorporated into the pillared clay. Comparison of
the diffraction peaks with standard JCPDS patterns revealed the presence of FeO phases at
36°,41.5°,61°,73.5°, and 76.8° (JCPDS No. 00-003-0968) [36]. Additionally, characteristic
peaks of Fe;0, (magnetite) were identified at 18.5°, 30°, 35.5°, 43°, 57° and 62.5° (JCPDS
No. 01-075-1610) [37]. The detection of these phases confirms the successful incorporation
of iron polycations into the interlayer space of the clay during the calcination process,
leading to the formation of iron oxide pillars (FeO and Fe3Oy).

Figure 6 shows the X-ray photoelectron spectroscopy (XPS) results used to identify the
oxidation states of iron in Fe-PILC. The doublets observed in the Fe 2p region (2p3,, and
2p1/7) arise from spin-orbit coupling, which results from the interaction between the elec-
tron’s orbital angular momentum (1) and its spin (s = 0.5) [38]. This interaction produces
two sublevels with different total angular momentum values, generating two distinct peaks
in the 2p spectrum. The deconvolution of the Fe 2p3/, and Fe 2p; /, peaks (Figure 6), based
on reference data from the National Institute of Standards and Technology (NIST), indicates
the presence of FeO (Fe?*) at 709.6 eV and 722.5 eV, and Fe30, or magnetite (Fe?* /Fe>") at
710.6 eV and 723.4. These findings are consistent with the XRD analysis.
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Figure 5. XRD pattern of synthesized Fe-PILC (FeO, JCPDS: No. 00-003-0968 and Fe;O,4, JCPDS
No. 01-075-1610).

Fe-PILC Fe2p,, Fe-PILC

723.4 Fe O

34

710.6 Fe,0,

709.6 FeO
722.5 FeO

T T T T T T T T T T T
705 706 707 708 709 710 711 712 713 714 715 720 721 722 723 724 725 726

Binding energy (eV) Binding energy (eV)

Figure 6. XPS spectra of Fe/PILC corresponding to Fe 2p3,, and Fe 2p; /,.

Previous studies [39] have highlighted the relevance of magnetite in photo-Fenton pro-
cesses due to its chemical stability across a wide pH range and its mixed-valence state
(Fe?* /Fe®"), which facilitates the continuous generation of hydroxyl radicals. Moreover, the
presence of these crystalline iron phases is further supported by temperature-programmed
reduction (TPR) results reported in the literature [29,40], where Fe-pillared clays exhibit a
reduction peak in the range of 350-370 °C, corresponding to the Fe>* to Fe?* reduction process.

The textural characteristics and iron content of the Fe-PILCs are summarized in Table 3.
As can be seen, the pillaring process results in an increase in surface area and pore volume,
which is primarily accomplished by the development of micropores [41]. According to
some authors [42,43], the development of mesopores results from the aggregation of iron
polyoxoanions on the clay mineral surface, whereas the production of micropores is caused
by the intercalation of smaller hydrolyzed iron oxides. Analysis by atomic absorption
spectroscopy (AAS) indicated that the iron content in the Fe-PILC was 11% w/w.
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Table 3. Textural properties and iron (Fe) content of parent clay (bentonite) and pillared clay

(Fe-PILC).
Sample Surface Area Micropore Area Pore Volume Micropore Volume Iron
P (m?/g) (m?/g) (cm®/g) (cm3/g) (wt. %)
Bentonite 35 14 0.058 0.0028 2.7
Fe-PILC 246 125.6 0.133 0.052 11.0

Figure 7A,B present the micrographs obtained with scanning electron microscopy
(SEM), in which no significant morphological changes were detected, compared to bentonite
clay. The iron distribution on the surface was evaluated using elemental analysis via
energy-dispersive spectroscopy (EDS), as shown in Figure 7C. This image reveals a uniform
distribution of the metal.

Figure 7. SEM images for (A) Bentonite and (B) Fe-PILC. (C) EDS of iron distribution.

3.2. Effect of Treatment Type on Metformin Degradation and Mineralization

Figure 8A shows the effect of UV light (photolysis), adsorption on the catalyst surface
(adsorption), hydrogen peroxide (H,0O;), hydrogen peroxide and UV light (photolysis +
Hy0,), catalyst and UV light (photocatalysis), and catalyst + UV light + H,O, (photo-
Fenton) on the normalized temporary concentration profiles of metformin. Alike profiles
were generated using visible light instead of UV light, and the results are shown in Figure 8B.
Each process will be discussed separately.
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Figure 8. Normalized metformin (MET) concentration temporal profiles under different treatments
driven by (A) UV light: UV only (photolysis); photodecomposition of HyO, by UV (photolysis UV +
H,0,); addition of catalyst and UV light (photocatalysis); addition of catalyst, HyO,, and UV light
(photo-Fenton UV); (B) visible light: only Vis light (photolysis); photodecomposition of H,O, by Vis
light (photolysis Vis + HyO,); addition of catalyst and Vis light (photocatalysis); addition of catalyst,
H,O, and Vis light (photo-Fenton Vis). Reaction conditions: Cypro = 13,000 ng L1, rpm = 800,
T =298K, HyOp (11.2 mg-L™1), Wear = 0.5 L1, Vieaction = 0.1 L.

3.2.1. Adsorption

It can be observed in Figure 8A that the removal of metformin by adsorption on the
catalyst surface, at an initial pH of 5.5, is 10% during the 90 min of treatment. MET ad-
sorption by iron-based adsorbents, i.e., Fe304/moringa, has been previously reported [44],
and therefore, it was also expected in this work. In this case, however, the removal rate
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is considerably lower than that observed with Fe3O4/moringa and very similar to that
reported by [45]. The removal by adsorption can be due to pore filling and electrostatic
attraction [45] due to its protonated form at a pH of 5.5 [46]. It can be concluded that MET
removal by adsorption during the treatment time (90 min) is very low compared to the
degradation extent achieved by the other types of treatments.

3.2.2. Photolysis of Metformin and HyO,

The corresponding profile of photolysis (see Figure 8A) indicates that metformin is
degraded by the highly energetic applied radiation (UV). Nevertheless, this photolytic
degradation is relatively slow, and only 45% MET degradation is achieved at the end of
treatment. This is an unexpected result since the maximum degradation rate with 254 nm
UV lamps has been reported to be around 9% [47-49]. In fact, [49] did not identify any
intermediary during MET photolysis, thus suggesting a MET degradation process was
not plausible under only UV. This work shows otherwise, and this can be ascribed to the
observed hydrogen peroxide (HP) production, different MET initial concentration, reaction
volume, and reactor design. It is also worth noting that the analytical methods play a
crucial role, and they could lead to different conclusions, mainly due to the appearance
of guanidine by-products. These can overlap with MET with the use of a non-optimized
chromatographic method. While [49] did not identify any intermediary, cyanoguanidine
was observed in all treatments in this work, mainly with photolysis under UV. Other
intermediaries, like carboxylic acids, were also identified, i.e., formic, acetic, and oxalic
acids. These results are in concordance with the pH decrease observed during the photolysis
treatment, either with UV or visible light. In addition, the total organic carbon measurement
indicated a mineralization of 22% under UV light and 11% under Vis light.

To verify the production of HyO, during photolysis, three experiments were conducted
with each wavelength, UV and Vis light. In these experiments, H,O, was not added but
monitored during each experiment. These experiments were as follows: (i) blank + Photol-
ysis: this involved only water and the UV lamp or visible light lamp; (ii) photolysis: this
experiment was conducted with MET and a UV lamp or visible light lamp; and (iii) photo-
catalysis: MET, the catalyst, and a UV lamp or visible light lamp were placed all together in
the reactor. The results are shown in Figure 9A B.
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Figure 9. Effect of treatment type on (A) hydrogen peroxide concentration profile under photolysis
and photocatalysis with and without (blank) metformin addition, with UV and Vis light; (B) hydrogen
peroxide normalized concentration profile under photo-Fenton and H,O, photodecomposition,
driven by UV and Vis light. Reaction conditions: Cygro = 13,000 ng L1, rpm =800, T =298 K, H,O,
(11.2 mg-Lfl), Weat =05 g-Lfl, Vieaction = 0.1 L. Blank indicates MET was not added.
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From the results in Figure 9A (black star marker), it can be corroborated that UV light
promotes the production of HyO,. This process has been acknowledged to proceed via the
homolysis of water only under VUV light (A <200 nm) [50,51]. In this case, however, the
electromagnetic spectrum of the used UV lamp indicates most of the radiation is 254 nm,
although there is also 185 nm radiation, albeit in a very low amount compared to the main
one of 254 nm. Therefore, the production of hydrogen peroxide observed in Figure 9A
can be ascribed mainly to the activation of a water molecule and the production of the
intermediaries HO3 /O3~ , which finally lead to hydrogen peroxide being obtained via the
following general reactions [52]:

H>0 + hv — HpOx (17)

H,Ox + H,O — H,O, + Hp (18)
1

HyOx 4+ Oy — HyOp + EOZ (19)

These reactions have been postulated [52] to proceed at wavelengths of 254 nm
(Reaction (18)) and <1220.7 nm (Reaction (19)). Thus, the production of H,O, peroxide
under Vis light is expected to occur via Reaction (19). It is worth noting that the values
presented in Figure 9A are higher than those obtained via the homolysis of water [50,51,53].
For instance, the highest production of HyO, reported by [53] with a VUV lamp was
0.15 mg L1 while in this work, it was 2.5 mg L1 (see Figure 9A) with a 254 nm UV lamp.
In this sense, the production of hydrogen peroxide with 254 nm UV lamps has also been
acknowledged by [54].

In Figure 9A, the photolysis UV profile indicates that the presence of MET leads to a
reduction in the accumulated concentration of H,O, (HP) after 90 min of treatment, and this
can be ascribed to MET consuming some of the produced H;O,. This consumption is also
reflected in the decrease in normalized MET concentration via photolysis UV (Figure 8A).
This confirms that the degradation of MET and its by-products occurs not only via the action
of light but also via hydroxyl radical attack (Reaction (15)). Such radicals are produced by
HP decomposition driven by light (Reaction (14)).

When H;0; is added to the photolytic system (HPP), i.e., photolysis UV + HyO,, this
leads to practically complete MET degradation being obtained at the end of treatment,
see Figure 8A (thombus marker). In this profile, however, it is worth noting that most of
the degradation (72%) occurs in the first 10 min of reaction, and in the following 80 min
of treatment, only a further 28% of MET degradation is achieved. This can be ascribed
to the effect of both light and hydroxyl radicals produced by hydrogen peroxide (HP)
decomposition by light (Reaction (14)). The HP decomposition was verified by monitoring
the HP normalized concentration along time (Figure 9B). As shown in this figure, there
is a consumption of approximately 35% of the initially added HP to the system and this
practically degrades all initial MET. Nevertheless, only 50% TOC removal is achieved under
these conditions (see Figure 10).

Figure 8B shows the results of experiments similar to those presented in Figure 8A.
In this case, however, the results were obtained under visible light. It is worth noting that
the MET degradation by solar light has been previously reported by [55]. The photolysis
profile indicates that metformin is also degraded by Vis light and a 45% MET degradation
is achieved at the end of this treatment. This value is significantly enhanced when H,O; is
added to the system, and this leads to ca. 75% MET degradation being obtained. In this
profile, PVHP (photolysis Vis + HyO,) degrades in a similar fashion to when UV light is
used; however, most of the degradation (60%) occurs in the first 10 min of reaction, and in
the following 80 min of treatment, only a further 15% MET degradation is achieved.
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To explain the observed results, the production and consumption of hydrogen
peroxide (HP) were also monitored during all treatments conducted with visible light.
Figure 9A,B depict the effect of visible light and the presence of metformin and catalyst
(Fe-PILC) on the HyO, temporary concentration profiles. The photolysis experiments were
conducted without adding any HP. As observed in Figure 9A in the first 10 min of treat-
ment, the HP production by photolysis with MET addition is about twice of that observed
with Vis light and without MET (star marker, Figure 9A). In this case, however, the initial
HP concentration is practically maintained during the whole treatment, and this can be
ascribed to the limited production of HP and reactive oxygen species (ROS) like hydroxyl
radicals and HO3 /O3 . The results in Figure 9A also suggest that MET degradation, either
by photolysis or photocatalysis, aids HP production, although to a much lesser extent than
with UV light.

The results in Figure 9B (rhombus marker) demonstrate that hydrogen peroxide also
decomposes under visible light, and the produced ROS are responsible for the observed
MET degradation in Figure 8B (rhombus marker). Under these conditions, the achieved
mineralization was 40% (see Figure 10). Figure 10 depicts the total organic carbon (TOC)
removal percentage after 90 min of treatment under the same conditions presented in
Figure 8A,B.

The achieved mineralization also impacts the final solution pH, i.e., 5.4 for the case of
photolysis Vis + HyO; (see Figure 11B).

100
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- photo- Fenton Vis
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< 60~ Photolysis Vis+H,0,
]
«©
> ]
g
3 1
9 40
S
=
20 A
0 -
90

Time (min)

Figure 10. Effect of type of treatment on total organic carbon (TOC) removal percentage. Treatments:
photolysis (only light, UV or Vis); photodecomposition of H,O, by UV or Vis (photolysis UV or
Vis + HyO,); addition of catalyst and light (photocatalysis); addition of catalyst, HyO,, and light
(photo-Fenton UV or Vis). Reaction conditions: Cygto = 13,000 ng L1, rpm =800, T =298 K, H,O,
(11.2 mg-L™1), Weat = 0.5 L7, Vieaction = 0.1 L, pHy = 6.2, treatment time = 90 min.
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Figure 11. Effect of treatment type on (A) pH temporal profiles of processes driven by UV light, and
(B) pH temporal profiles of processes driven by Vis light. Reaction conditions: Cygr = 13,000 ng L1,
rpm =800, T = 298 K, H,O; (11.2 mg-L™1), Weat = 0.5 gL 71, Vyeaction = 0.1 L.

3.2.3. Photocatalysis

It can also be observed in Figure 8A that ca. 98% MET degradation is achieved with
photocatalysis, PC (UV light + catalyst), after only 30 min of treatment. It can also be observed
in Figure 8B that 95% MET degradation is achieved with photocatalysis (Vis light + catalyst),
albeit at a relatively long reaction time, 90 min. This result can be ascribed to MET degradation
via photolysis and hydroxyl radicals produced by HP decomposition driven by light. It is
worth keeping in mind that hydrogen peroxide is not added in the photocatalytic process;
nevertheless, it is being generated by the action of UV light (see Figure 9A).

According to Figure 6, the catalyst contains a mixture of semi-conductors, i.e., Fe304
and FeO, with a calculated band-gap energy of 2.08 eV (Figure 3). This value explains the
photocatalysis not only driven by UV light but also by visible light. The corresponding
results are observed in Figure 8B, where near-complete MET degradation is achieved by
photocatalysis driven with visible light, albeit at a longer time (~3 x) than with UV light.

According to the principle of photocatalysis and the results shown in Figure 8, ra-
diating Fe-PILC with light with a wavelength (1) lower than 700 nm excites an electron
from the valence band (VB) towards the conduction band (CB), leaving behind a positive
energetic hole in the VB, where hydroxyl radicals and protons are produced via water oxi-
dation. The results in Figure 8A (solid circle markers) suggest that the production of such
radicals readily proceeds, thus enhancing MET degradation rate. This occurs at a higher
rate than hydrogen peroxide (HP) photodecomposition. Therefore, it can be concluded
that the Fe-PILC catalyst is more effective than HP in providing ROS (HO®/HO3/05~) to
the process driven by UV light. These results agree with other studies [56,57] that show
that clay materials (smectites) with Fe (II) can produce ROS without the need to add HyO,.
This conclusion is also supported by the mineralization results: 65% mineralization is
attained by photocatalysis UV, while only 55% mineralization is achieved with photolysis
UV + H,O,. This is relevant since photocatalysis not only eliminates the use of HP but also
allows one to completely remove MET in a much shorter time than photolysis+H,0O,, thus
consuming less energy using the lamp and the stirrer of the reactor.

Regarding the excited electron in the conduction band, this can be captured by oxygen
from the solution, thus producing the superoxide radical (Reaction (20)) [51]. Dissolved
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oxygen also reacts with protons from the valence band and produce hydroperoxyl radicals
(Reaction (21)) [51]. All of them are ROS that contribute not only to MET degradation but
also to its mineralization through MET oxidation by-products. The kinetic constants were
reported by [51].

e +0, =05 ; k=2x10"M 17! (20)

H® +0, — HOS; k=1x10"0M"1s1 (21)

Regarding photocatalysis driven by visible light (PCV), it can be observed in Figure 8B
that in the first ten minutes, the MET degradation by this process is slower than that by
photolysis Vis + HyO, (PVHP). This suggests the use of the Fe-PILC catalyst under visible
light is not as effective as HyO, in providing hydroxyl radicals (HRs). As the process
proceeds, however, it can be observed that the MET degradation by PVHP slows down and
only 72% is achieved after 90 min of treatment, while practically complete MET degradation
is achieved by PCV after the same reaction time. This suggests the availability of HRs in
the PVHP process might be limited, not only because HP is not readily decomposed by
visible light (see the magenta markers in Figure 9B) but also because intermediary products
might compete for them with MET. The mineralization results in Figure 11 support this
statement since 45% TOC removal is achieved by PVHP, while only 42% TOC removal was
achieved by PCV. In addition, PVHP’s effectiveness relies only on HR production, while
PCV’s effectiveness relies also on the production of other ROS. Thus, by contrasting the
complete normalized MET concentration temporal profiles for PCV and PVHP, in Figure 8B,
it can be concluded that although ROS are not produced by PCV as fast as by PVHP, they are
produced in a sufficient amount to oxidize MET and its by-products. The photocatalytic effect
under visible light can be ascribed to the presence of Fe3O,, which reduces the band-gap
energy of the catalytic system and improves the absorption of photons with A < 700 nm [58].

3.2.4. Photo-Fenton

Figure 8A presents photo-Fenton driven by UV light (PFUV) as the most efficient
method since 100% MET degradation is achieved in only 9 min of reaction. This implies an
important improvement in energy consumption to completely remove metformin. Under
visible light (PFV), the results also show that photo-Fenton is the most efficient method
since 100% MET degradation is achieved in 30 min of reaction.

This phenomenon can be ascribed to the increased production of ROS, since this
catalyst improves H,O, (HP) dissociation according to the Fenton reaction (Reaction (1)).
The increase in HP decomposition rate was verified by monitoring the HP concentration in
both processes, PFUV and PFV. The results are presented in Figure 9B. This is indicative
of the action of the catalyst surface over the HP molecule (Reaction (1)). It can also be
concluded from Figure 9B that HP concentration depletion is not only aided by the presence
of the catalyst but also by the action of light (compare the purple triangle markers with the
cyan thombus). UV light is observed to produce a much stronger effect on the hydrogen
peroxide consumption rate than visible light, according to Reaction (14) [51]. In addition,
HP is an electron acceptor. Therefore, further HRs are produced by HP trapping the
electrons that were excited towards the CB as part of the photocatalytic effect and also
reacting with ROS via Reactions (22)—(24), whose kinetic constants have previously been
reported [51,55]. Based on the results shown in Figure 8, the photocatalytic and photolytic
effects cannot be disregarded in the photo-Fenton process.

H,0; + €, — HO® + OH"; k=11x10"M 17! (22)

HyO, + HO3 — HO® + Oy + H,0; k=53 x10°M 's™! (23)
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HyOp + 05~ — HO®* + 0, + OH™; k=16x10"M"ts71 (24)

Figure 11A,B show the pH temporal profiles for each one of the assessed processes.
Both figures show that the pH decreases at different rates depending on the process type.
These decreases can be ascribed to the production of carboxylic acids. Therefore, the lower
the final pH, the higher the mineralization percentage reached. The lowest pH is achieved
with the process generating the highest TOC removal, i.e., photo-Fenton, either aided by
UV or Vis light.

In Figure 10, It can be observed that after 90 min of treatment, the maximum TOC
removal is 83% with the photo-Fenton treatment driven by UV light. It is worth noting that
photo-Fenton driven by Vis light also leads to a high TOC percentage removal (76%) and
that this value is higher than with the other photochemical methods, driven either by UV
or by Vis light. The results in Figure 10 suggest the MET mineralization extent attained by
photo-Fenton is not only due to the hydroxyl radicals produced by the Fenton process, but
there is also an important contribution from photocatalysis through photolytic attack of
the organic molecules and through the hydroxyl radicals produced by light-driven H,O,
dissociation (Photolysis + H,O,).

Figure 12 presents the pseudo-first-order kinetic constants of metformin degradation
under all assessed reaction conditions shown in Figure 8A,B. This constant is apparent
for the photo-assisted heterogeneous processes. It can be observed that in all cases, the
kinetic constant is superior when using UV instead of visible light. Nevertheless, when
applying photo-Fenton, the difference is only about 20%. In photocatalysis by UV light, the
kinetic constant is one order of magnitude higher than when the process is activated by
visible light. The photo-Fenton process being faster than the others implies a lower energy
consumption than the other photo-assisted processes because the lamp does not have to be
on for as much time during the photo-Fenton reaction to completely degrade MET. The
same conclusion is reached when comparing the processes driven by UV or visible light.
However, it must be kept in mind that the processes under visible light have the potential
to become solar, thus eliminating the energy consumption by the lamps.

Table 4 presents a summary of the reaction conditions and results regarding MET
degradation. It must be borne in mind that such results not only reflect the photo-catalyst
activity or the oxidizing power of the added agent, i.e., hydrogen peroxide or persulfates,
but they are also affected by reactor design, catalyst concentration, lamp power and
wavelength, initial MET and hydrogen peroxide concentration ratio, initial pH, and reaction
volume. This limits a comprehensive and straightforward comparison among the entries of
Table 4. Nevertheless, some general observations can be stated.

It can be observed in Table 4 that a high MET degradation percentage, between 90 and
100%, is achieved through photocatalysis and photo-Fenton. A significant MET degradation
rate of 92% when using photolysis with UV light was reported in [54]. Most works do
not mention mineralization percentage, which would be more informative about the
effectiveness of the reaction system. A strategy to increase the MET degradation percentage
via photolysis is the addition of percarbonates [48], sulfites [33,51], persulfates [52], or
hydrogen peroxide (this work). Unfortunately, not all the works in Table 4 report an
apparent kinetic constant. It is worth noting, however, that the kinetic constants obtained
when adding sulfur-based anions to a photolytic system [51,52] are higher than those
obtained in this work at a similar wavelength. This could be influenced by persulfate
being a stronger oxidant than H,O,. Also, relatively slow H,O, decomposition into
hydroxyl radicals by UV light, in Reaction (14) (see Figure 8A), could be impacting the
comparison outcome.
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Figure 12. Pseudo-first-order kinetic constants (k) (min~!) of metformin degradation under various
treatments driven by UV or visible light. Reaction conditions: Cygro = 13,000 ng Lt rpm = 800,
T =298 K, HyOp (11.2 mg-L™1), Wear = 0.5 L1, Vieaction = 0.1 L.

Table 4. Reaction parameters and percentage of metformin degradation using various photochemi-

cal methods.

Initial MET k
Method Material . Reaction Conditions . o NP = Not References
Concentration Degradation (%) .
Provided
pH=62
UV (254 nm) T=25°C
Photo-Fenton 05g/L 0.02mg L~! V=1L 100 NP [59]
Fe-pillared clays H,0, =73 x 102 uL/L
Reaction time: 10 min
Visible light
(254 mW/cm?) pH=74
Photocatalysis 5mg L1 V =30mL 90 NP [11]
6mg Reaction time = 180 min
TiO, /Bi;WO4
pH=7
. UV (246 nm) Hy0,: 137.5mg/L
Photocatalysis 30 mg/L TiO, Reaction time: 120 min 97 NP
. pH=55
30 mg Fe** L1 320 mg L™ H,0,: 250 mg/L [60]
Photo-Fenton (FeCls) Reaction time: 90 min 66 NP
. 1 pH=4
ferlr)ik(l)igate N SFFHE%LO )3] F>0,: 137 mg/L 4 NP
aalteliabuls Reaction time: 120 min
UVC (253.7) V=0024L1 92
Photocatalysis 1mgL~! Flow rate = 0.05 mL/min NP [61]

TiO,-coated
quartz tube

Reaction time =9 h

TOC emoval: 70%
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Table 4. Cont.
Initial MET k
Method Material . Reaction Conditions . o NP = Not References
Concentration Degradation (%) .
Provided
UV (227 nm) pH =11
Photocatalysis 75mg/L 35mg Lt T=20£5°C 93.8 NP [13]
Fe3* /TiO, Reaction time = 90 min
UV (233 nm) TP_HZ; fc
Photocatalysis 1.0g/L 10 mg L1 - 55 0.0050 min~! [3]
Ti0,/ZrO, (95-5) V=05L
2 2 Reaction time: 30 min
UV-254 nm %’I_{ 2:56é 100% (9 min)
Photo-Fenton UV 0.5g/L 13,000 ng Lt V_: 01L TOCemoval: 83% 0.545 min~! This work
Fe-pillared clays H,0, =112 mg L (90 min)
g . UV-254 nm pH=62 98% (30 min)
Photo S@talym 05g/L 13,000 ng L1 T=25°C TOC,emoval: 65% 0.103 min~! This work
Fe-pillared clays V=01L (90 min)
e
Photo-Fenton Vis 0.5 g/L Fe 13,000 ng L1 ~ o 0.406 min ! This work
Pillared clays V=01L TOCremovai: 75%
y H,0, =11.2 mg L (90 min)
- H=62
. Vis light P
Photo-Catalysis 1 T=25°C 95% . .
Vis Q.S g/L 13,000 ng L V01l TOC, emoual: 42% 0.055 min This work
Fe-pillared clays

Reaction time: 90 min

Regarding the photo-Fenton process, only a couple of works dedicated to MET degra-
dation were found. Those included in Table 4 deal with homogeneous photo-Fenton [45]
and therefore use an acidic pH, which prevents iron precipitation. In that study, initial MET
and hydrogen peroxide initial concentrations were also different to the ones used in this
work. If the first-order kinetic model obtained here is applied to predict the conversion
of the initial MET concentration used in [49], 100% MET degradation is obtained after the
90 min of reaction also used in [49] with FeCls. This must be taken with caution since this
outcome might be biased by all factors previously mentioned. A similar phenomenon is
observed with the results obtained under photocatalysis. Nevertheless, the results attained
in this work when using photo-Fenton and photocatalysis driven by UV and Vis light
seem very promising, with the added advantages of catalyst recovery and activation under
visible light. It can be observed that an additional advantage of this work is that metformin
degradation reaches 95-100% at a circumneutral pH.

3.3. Proposed Reaction Pathway and MET Oxidation By-Products

Figure 13A,B show the effect of adding isopropanol (IPA), a well-known scavenger of
hydroxyl radicals (HR), on the normalized concentration temporal profile of MET under
photo-Fenton and photocatalysis conditions. The addition of IPA to the photo-Fenton
process under UV light (PFUV) (Figure 13A) decreased the initial reaction rate by about
6 times. Under Vis light (Figure 13B), the contribution of HRs was higher than with UV
since MET degradation decreased about 55%. Since MET oxidation was not totally inhibited
in any of the cases, the participation of other ROS, like the superoxide and hydroperoxyl
radicals and holes in the valence band, was elucidated through the addition of p-BQ and Nj.

p-BQ traps both radicals, superoxide and hydroperoxyl, via a simple electron transfer
mechanism [21,62,63],

BQ+0; — BQ* +0, (25)

BQ+ HOS — BQ* + O, + HT (26)
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Figure 13. Effect of treatment type, scavenger addition, isopropanol (IPA), para-benzoquinone (p-BQ),
and oxygen removal on metformin-normalized concentration temporal profiles. Treatments: addition
of catalyst and light (photocatalysis UV or Vis); addition of catalyst, HyO,, and light (photo-Fenton
UV or Vis). Reaction conditions: Cygro = 13,000 ng L1, rpm =800, T =298 K, H,O, (11.2 mg-Lfl),
Weat =0.5 2L, Vieaction = 0.1 L, pHo = 6.2.
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Therefore, p-BQ addition is usually expected to lead to a reduction in organic com-
pound oxidation. Figure 13C shows otherwise, since there PFUV induces no effect on
the MET degradation percentage. Figure 13D shows that there is a reduction of 10% in
MET degradation induced by PFV. This leads us to the conclusion that superoxide anions
contribute to MET degradation when photo-Fenton is activated by Vis light but not when
it is driven by UV light. Therefore, the reactions where these species are contributing to
oxidation are enclosed in the yellow squares in Figure 14.

( Formic acid
HO* N

Cyanoguanidine —— D Acet}f acid

Oxalic acid
HO *HO

_ CO,+H,0

0,/ HO; HO'

Figure 14. A reaction scheme of the heterogeneous photocatalytic and photo-Fenton process catalyzed
by Fe-PILC under UV and Vis light. The yellow blocks indicate reactions and species contributing to
MET oxidation under Vis light-driven processes.

Figure 13E,F show the effect of bubbling the solution with nitrogen before adding
the catalyst and switching on the lamp. The aim of this was to deoxygenate the reacting
solution. In the PFUV system, oxygen deprivation produceds a similar effect to adding
p-BQ. This effect was also observed for photocatalysis UV, photocatalysis Vis, and photo-
Fenton Vis. This leads us to conclude that superoxide radicals limit MET degradation in
heterogeneous processes driven by UV or Vis light.

Oxygen might be limiting the production of hydroxyl radicals by competing with
H,0, for e~ (Reaction (20)), thus inhibiting Reaction (22). It is worth pointing out that the
kinetic constants of both reactions, (20) and (22), are of the same order of magnitude. These
reactions are more likely to occur than Reactions (23) and (24) since these are slower [55].
In addition, depriving the system of oxygen will prevent the production of the superoxide
radical and this will also free valence band holes (4") that otherwise would produce singlet
oxygen through Reaction (27) [64]. Thus, without oxygen, such valence holes are free
to directly oxidize MET. The direct oxidation of metformin in valence holes has been
previously reported in [21,65], albeit on TiO,, and is acknowledged in Figure 14. On
the other hand, metformin oxidation by superoxide free radicals has been previously
discarded [66].

05~ +ht =10, (27)
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Regarding photocatalysis driven by UV light, the effect of adding IPA was not as
dramatic as in photo-Fenton—see Figure 13A. It was observed that in the first 10 min of the
reaction, the MET degradation rate of the photocatalytic process with IPA was practically
the same than under photocatalysis without any scavenger. A MET degradation rate
of 48% was achieved with IPA addition and 43% was achieved without any scavenger.
After this time, the profile with IPA slowed down, indicating a mechanism dominated by
hydroxyl radicals. Although at twice the time than photocatalysis alone, complete MET
degradation was attained with IPA. This supports the conclusion of valence band holes (h*)
contributing significantly to MET oxidation, as previously observed with TiO, [65]. This
also suggests that hydroxyl radicals contribute to MET oxidation but not to the same extent
as in photo-Fenton. Under visible light, this phenomenon is reduced (Figure 13B) and the
results suggest a more important contribution of hydroxyl radicals in this case. This can be
concluded since the MET degradation was about 95% without IPA and only 45% with the
hydroxyl radical scavenger.

The important contribution of #* to MET oxidation was verified with the addition of
p-BQ to the photocatalytic system. This caused a behavior superior to photo-Fenton UV
(Figure 13C). This suggests that superoxide anions compete with MET for the same active
site, i*. This is not the case under visible light (Figure 13D), where it can be observed that
both processes, photo-Fenton and photocatalysis, were delayed when adding p-BQ. It is
noteworthy that while 95% MET degradation is achieved with PCV, only 75% is obtained
when the superoxide anions are trapped using p-BQ. Thus, the contribution of these species
to the whole process is acknowledged and is illustrated by yellow blocks in Figure 14. The
contribution of these species is more important in the photocatalytic process than in the
photo-Fenton.

Based on the information discussed above, Figure 14 summarizes the plausible reac-
tions proceeding in the assessed system under UV and Vis light. The yellow blocks indicate
reactions and species contributing to MET oxidation under Vis light-driven processes. As
illustrated in Figure 14, the role of magnetite and FeO is not only to provide the active
sites to chemisorb hydrogen peroxide but also to complete the Fenton reaction to produce
hydroxyl radicals and then oxidize metformin. Their semi-conductor character allows the
generation of other active sites, h*, to complete MET oxidation.

Figure 15 shows the by-product distribution observed with each one of the applied
processes. In all cases, it can be observed that the first by-product was cyanoguanidine,
followed by the production of carboxylic acids. It is worth noting that the maximum
concentration of cyanoguanidine, 10.8 x 10~ mol-L !, was determined for the photolytic
process driven by UV light. This means that a lower amount of HRs was produced by
this method since the MET and cyanoguanidine (CYAN) oxidation was led by hydroxyl
radicals. Thus, the results in Figure 15A also suggest that the amount of hydroxyl radicals
produced by the PFUV process is sufficient not only to readily degrade MET but also to
readily degrade CYAN. This might also explain that the highest concentration of carboxylic
acids, i.e., formic, acetic, and oxalic, was found with the PFUV: 240 x 10~7 mol-L 7},
45 x 1077 mol-L~! and 215 x 10~7 mol-L~!, respectively. It is worth noting, however, that
the temporal profiles shown in Figure 15 demonstrate not only the production of carboxylic
acids as intermediaries of MET oxidation by the assessed photochemical processes, but
they also show their removal, mainly by photo-Fenton.
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Figure 15. Effect of treatment type on distribution of by-products of metformin oxidation:
(A) Cyanoguanidine production under UV light driven processes, (B) Cyanoguanidine produc-
tion under Vis light driven processes, (C) Formic acid production under UV light driven processes,
(D) Formic Acid production under Vis light driven processes, (E) Acetic acid production under UV
light driven processes, (F) Acetic acid production under Vis light driven processes, (G) Oxalic acid
production under UV light driven processes, (H) Oxalic acid production under Vis light driven
processes. Reaction conditions: Cygro = 13,000 ng Lt rpm =800, T =298 K, H,O, (11.2 mg-Lfl),
Weat = 0.5 2L, Vieaction = 0.1 L, pHo = 6.2.

In an ecotoxicological study conducted by Neamt et al. in 2014 [67], it was demon-
strated that by-products such as oxalic acid, oxamic acid, maleic acid, and guanilylurea
(the main degradation product of metformin) are more toxic to the alga Chlamydomonas
reinhardtii than metformin itself. Thus, from this study and with the final concentra-
tions of carboxylic acids and cyanoguanidine shown in Figure 15, the final toxicity of the
treated solutions could be inferred, and the lowest toxicity might be associated with the
photo-Fenton process.

The MET molecule contains several sites that are susceptible to attack by hydroxyl
radicals (HRs), making it prone to oxidation. These include two carbon-nitrogen double
bonds, five lone electron pairs, and two methyl groups. The oxidation process via HRs
can proceed through various pathways, including electron abstraction, the extraction of a
hydrogen atom, and the addition of double bonds [68]. According to Liao 2021 [69], the
order of vulnerability to HR attack of the atoms in the MET molecule is 4N > 6N > 3C > 1C
> 15N > 18N > 2N > 7C > 11C. The attack of HRs on 4N and 6N, as shown in Figure 16,
leads to biguadine (not identified in this work). In this case the MET oxidation product
identified first was cyanoguanidine, and this is in concordance with previous work [48].
Then, the HRs might attack the adjacent N-H bond and produce cyanidine, as proposed
by [69]. The production of carboxylic acids (Figure 15C-H) indicates the abstraction of
methyl groups and scavenging by HRs.
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Figure 16. Proposed reaction pathway of metformin oxidation via hydroxyl radicals.

4. Conclusions

A comparison of efficiencies and produced intermediaries of different photochemical
processes to remove metformin, i.e., photolysis (P), hydrogen peroxide photodecomposition
(HPP), photocatalysis (PC), and photo-Fenton (PF), was conducted. All processes were
studied under UV light and visible light. The MET degradation kinetics obeyed a pseudo-
first-order reaction in any of the two studied regions of the electromagnetic spectrum. These
kinetic constants followed the order kpr > kpc > kypp > kp. The pseudo-first-order kinetic
constant for PFUV was 0.5446 min—!, while it was 0.4059 min—! for PFV. These results
are the consequence of producing ROS (HO®/HO,*/03") via four routes: photolysis,
photocatalysis, photodecomposition of hydrogen peroxide, and photo-Fenton.

The TOC removal percentage followed the same order, and it was 83% with PFUV and
75% with PFVis after 90 min of treatment. MET oxidation proceeded mainly via hydroxyl
radicals and holes in the valence band. A main intermediary in the assessed processes was
cyanoguanidine. Superoxide anions limited MET degradation by heterogeneous processes
driven by UV light while favoring it when the heterogeneous process was driven by
Vis light.

Fe-PILC is a catalyst that allows one to conduct the degradation and mineralization of
metformin via photochemical processes driven either by UV light or visible light. In any
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case, the results regarding mineralization and MET oxidation rate under Vis light are less
significant but compete with those attained under UV light. The results also compete with
those attained with the homogeneous Fenton process, with the additional advantages of
catalyst recovery and activity in the visible region of the electromagnetic spectrum. All
this presents Fe-PILC as a promising catalyst for accomplishing metformin degradation via
sustainable advanced oxidation processes activated by visible light.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/w17203028 /s1, Figure S1: Second derivative plot to estimate the
wavelength to calculate the band-gap energy in the synthesized Fe-PILC.
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Abbreviations

The following abbreviations are used in this manuscript:

AA Acetic acid
FA Formic acid
OA Oxalic acid

CYAN Cyanoguanidine
UHPLC Ultra-High-Performance Liquid Chromatograph

HP Hydrogen peroxide

HPP Hydrogen peroxide photodecomposition
HR Hydroxyl radical

IPA Isopropanol

k Kinetic constant

MR Madin Reservoir

MET Metformin

TOC Total organic carbon

p-BQ Para-benzoquinone

H3PO4 Phosphoric acid

P Photolysis

PC Photocatalysis

PF Photo-Fenton

PFUV Photo-Fenton driven by UV light
PFV Photo-Fenton driven by visible light
PCV Photocatalysis driven by visible light

PVHP Photolysis Vis + HyO,


https://www.mdpi.com/article/10.3390/w17203028/s1
https://www.mdpi.com/article/10.3390/w17203028/s1

Water 2025, 17, 3028 27 of 30

PILC Pillared clay

ROS Reactive oxygen species
H,S0, Sulfuric acid

uv Ultraviolet

Vis Visible light

HR Hydroxyl rRadical
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