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Abstract 14 

This work reports the novel application of an Fe-based 2D metal−organic framework (MOF), 15 

prepared with 2,2'-bipyridine-5,5'-dicarboxylate (bpydc) as organic linker, as highly active 16 

catalyst for heterogeneous photoelectro-Fenton (PEF) treatment of the lipid regulator bezafibrate 17 

in a model matrix and urban wastewater. Well-dispersed 2D structures were successfully 18 

synthesized and their morphological, physicochemical and photocatalytic properties were 19 

assessed. UV/Vis PEF using an IrO2/air-diffusion cell with an extremely low catalyst 20 

concentration (0.05 g L-1, tenfold lower than reported 3D MOFs) outperformed electro-oxidation 21 

with electrogenerated H2O2, electro-Fenton and visible-light PEF. Its excellent performance was 22 

explained by: (i) the enhanced mass transport of H2O2 (and organic molecules) at the 2D 23 

structure, providing active sites for heterogeneous Fenton’s reaction and in-situ Fe(II) 24 

regeneration; (ii) the ability of photoinduced electrons to reduce H2O2 to •OH, and Fe(III) to 25 

Fe(II); and (iii) the enhanced charge transfer and excitation of Fe−O clusters, which increased 26 

the number of electron-hole pairs. LC-QToF-MS and GC-MS allowed the identification of 16 27 

aromatic products of bezafibrate. The complete removal of four micropollutants mixed in urban 28 

wastewater at pH 7.4 revealed the great potential of (Fe−bpydc)-catalyzed PEF process. 29 

Keywords: Fe−bpydc; Heterogeneous photoelectro-Fenton; Metal−organic framework 30 

Pharmaceutical; Water treatment  31 
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1. Introduction 32 

 Electrochemical advanced oxidation processes (EAOPs) comprise technologies with strong 33 

growth prospects for the treatment of persistent organic micropollutants in water (Martínez-34 

Huitle et al., 2015; Cornejo et al., 2020), and can become self-sustainable when combined with 35 

renewable energy sources (Mook et al., 2014). Among these processes, electro-Fenton (EF) 36 

process dominates, showing a great effectiveness derived from the production of free hydroxyl 37 

radical (•OH) via Fenton’s reaction (1) (Brillas et al., 2009; Zhou et al., 2018). In EF, H2O2 is 38 

electrogenerated on site from O2 reduction reaction (2) (Zhou et al., 2019), with the air-diffusion 39 

cathode the best choice to ensure the highest reduction rate at ambient conditions (Barazesh et 40 

al., 2015; Lanzalaco et al., 2017; Pérez et al., 2018; Alcaide et al., 2020; Zhang et al., 2020). In 41 

undivided cells, hydroxyl radicals adsorbed on the anode (M) surface via reaction (3) (Klidi et 42 

al., 2018) also contribute to oxidation (Salmerón et al., 2019; Yang et al., 2019). Photoelectro-43 

Fenton (PEF) is an upgraded EF process in which the solution is exposed to irradiation with UVA 44 

or sunlight (Flores et al., 2017). UV photons can photoreduce Fe(III), either complexed with a 45 

carboxylated organic (R−COO−) via reaction (4) or in its hydrated form via photo-Fenton 46 

reaction (5), thus promoting the continuous Fe2+ regeneration (Steter et al., 2018; Zhou et al., 47 

2018; Tao et al., 2019). 48 

Fe2+  +  H2O2  →  Fe3+  +  •OH  +  OH−          (1) 49 

O2(g)  +  2 H+  +  2 e−  →  H2O2            (2) 50 

M  +  H2O  →  M(•OH)  +  H+  +  e−           (3) 51 

Fe(OOCR)2+  +  hν  →  Fe2+  +  CO2  +  R•         (4) 52 
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[Fe(OH)]2+  +  hν  →  Fe2+  +  •OH            (5) 53 

 Practical constraints challenge the implementation of conventional EF and PEF at industrial 54 

scale (Zhou et al., 2018; Bello et al., 2019). Specifically, there is a need for catalysts that can 55 

replace the hydrated Fe2+ in reaction (1). This is due to the fact Fe2+ is unstable at the 56 

circumneutral pH of many water effluents. Aiming to minimize the iron precipitation, which is 57 

detrimental due to the loss of catalytic power and the accumulation of sludge (Hinojosa Guerra 58 

et al., 2019), two main approaches have been suggested: (i) the addition of complexing agents, 59 

like ethylenediamine-N,N’-disuccinic (EDDS) acid, to stabilize Fe(III) as a soluble catalyst that 60 

can still makes homogeneous Fenton’s reaction viable at near-neutral pH (Hinojosa Guerra et al., 61 

2019; Tao et al., 2019; Ye et al., 2019, 2020a); and (ii) the use of heterogeneous catalysts, which 62 

allow the H2O2 decomposition on their surface to yield •OH and can also yield dissolved Fe2+ 63 

(Ganiyu et al., 2018; Poza-Nogueiras et al., 2018). Although several synthetic structures have 64 

been proposed as iron-based heterogeneous catalysts in EF (Ganiyu et al., 2018; Zhou et al., 65 

2018), iron oxide (Ltaïef et al., 2018; dos Santos et al., 2020) and sulfide (Labiadh et al., 2015; 66 

Barhoumi et al., 2016; Ltaïef et al., 2018) minerals seem a more sustainable alternative. However, 67 

the properties of these minerals may vary significantly depending on the source, and they tend to 68 

undergo excessive iron leaching or show sluggish kinetics for Fe(III) reduction, (Ye et al., 69 

2020b). 70 

 Recently, increasing attention has been paid to metal−organic frameworks (MOFs) as highly 71 

porous materials, well suited for water treatment due to their large surface area and open metal 72 

sites (Dias and Petit, 2015; Silva et al., 2015; Li et al., 2019; Sharma and Feng, 2019). The Fe-73 
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MOFs are especially interesting as catalysts in Fenton-based AOPs due to the Fe(III)/Fe(II) 74 

interconversion and presence of photosensitive Fe−O clusters (Sharma and Feng, 2019). Several 75 

3D Fe-based MOFs have been synthesized over the last five years, and their ability to catalyze 76 

the degradation of organic pollutants in heterogeneous Fenton and photo-Fenton systems has 77 

been discussed (Gao et al., 2017; Tang and Wang, 2018). In contrast, the application of 3D Fe-78 

based MOFs in EF and PEF has been rarely reported. Within this context, two main strategies 79 

have been followed: (i) preparation of MOF-based Fe/C cathodes (Le et al., 2016; Zhao et al., 80 

2017; Liu et al., 2019; Lu et al., 2020) and (ii) addition as suspended heterogeneous catalysts (Ye 81 

et al., 2020b, 2020c). In both cases, the MOFs are typically pyrolyzed to confer them enough 82 

stability. 83 

 Lately, 2D MOFs are presumed to exhibit an enhanced activity because their active sites are 84 

more accessible (Dhakshinamoorthy et al., 2019). The diffusion barrier for molecules becomes 85 

smaller, which favors their potential application to catalysis (Bai et al., 2019). 2D morphologies 86 

are varied, including porous crystals with a high lateral-to-thickness aspect ratio 87 

(Dhakshinamoorthy et al., 2019). To our knowledge, the use of 2D Fe-MOFs as heterogeneous 88 

catalysts in EF or PEF has never been reported, and only a small number of them or their 89 

derivatives has been tested in Fenton and photo-Fenton processes (Li et al., 2016, 2018; Hou et 90 

al., 2019). Using 2,2'-bipyridine-5,5'-dicarboxylate (bpydc) as linker, the resulting Fe−bpydc 91 

may exhibit high catalytic activity for H2O2 activation at circumneutral pH (Li et al., 2016). 92 

 This article proposes, for the first time, the use of a very low amount of an Fe−bpydc 2D 93 

MOF as heterogeneous PEF catalyst under illumination with UV or visible light. The electronic 94 
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structure of the catalyst and the performance of the heterogeneous PEF treatment of bezafibrate 95 

solutions were thoroughly evaluated. Bezafibrate is a massively prescribed fibrate drug that 96 

regulates cholesterol and triglycerides (Yin et al., 2020). Since it is hardly removed by 97 

conventional wastewater treatment, it has been detected in municipal facilities and natural water 98 

at concentrations up to 4.6 μg L-1 (Sui et al., 2017), seriously jeopardizing human health and 99 

ecosystems (Rivas et al., 2019; Solís et al., 2019). 100 

 Bezafibrate solutions in model matrices and urban wastewater at natural pH have been 101 

treated by the (Fe−bpydc)-catalyzed PEF system using an IrO2/air-diffusion cell. Initial pH, 102 

applied current and catalyst dosage were optimized from bezafibrate concentration decay. The 103 

oxidation products were detected by gas chromatography-mass spectrometry (GC-MS) and 104 

liquid chromatography quadrupole time-of-flight mass spectrometry (LC-QToF-MS) to elucidate 105 

the degradation routes. The physicochemical properties, electronic structure, stability and 106 

recyclability of Fe−bpydc were studied by various techniques, and a mechanism for the 107 

heterogeneous PEF treatment of bezafibrate is proposed. 108 

2. Experimental 109 

2.1. Chemicals 110 

 Bezafibrate (≥ 98% purity) was purchased from Sigma-Aldrich. Sodium sulfate, 111 

concentrated sulfuric acid and sodium hydroxide pellets were of analytical grade from Merck. 112 

Fe(ClO4)2 and dimethylformamide (DMF) from Sigma-Aldrich, as well as bpydc from TCI 113 

Chemicals, all of analytical grade, were employed for the Fe−bpydc synthesis. Analytical grade 114 
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TiOSO4 and 5,5-dimethyl-1-pyrroline-N-oxide (DMPO), both from Sigma-Aldrich, were used 115 

for H2O2 determination and electron spin resonance (ESR) analysis, respectively. All the other 116 

chemicals were of analytical or HPLC grade acquired from Merck and Panreac. All synthetic 117 

solutions were prepared with Milli-Q water from Merck Millipore, whereas urban wastewater 118 

employed in some trials was collected from a municipal facility (Text S1). 119 

2.2. Catalyst synthesis 120 

 Fe−bpydc was prepared in a glass container upon modification of a reported procedure (Li 121 

et al., 2016). Briefly, 0.5 mmol of bpydc were dissolved in 40 mL DMF, and the resulting solution 122 

was added to 40 mL of an aqueous solution containing 1 mmol of Fe(ClO4)2. The mixture was 123 

sonicated for 20 min to ensure homogeneity, and subsequently heated in an oil bath at 120 ºC for 124 

4 h under vigorous stirring. Once cooled down, the red-brown solid product was separated by 125 

filtration, washed exhaustively with ethanol and dried overnight at 60 °C. 126 

2.3. Catalyst characterization 127 

 The morphological features of the synthesized Fe−bpydc were observed by field-emission 128 

scanning electron microscopy (FESEM) employing a JEOL JSM7001F microscope. Powder X-129 

ray diffraction (XRD) analysis was conducted using a PANalytical X'Pert PRO MPD Alpha-1 130 

diffractometer, using Cu Kα1 radiation (λ = 1.54178 Å) and operating at 40 kV and 20 mA within 131 

the range of 5-50°. X-ray photoelectron spectroscopy (XPS) was performed in an ultrahigh 132 

vacuum spectrometer (see information in Text S2). Thermogravimetric analysis (TGA) was 133 

carried out with a Netzsch TG 209 F1 Libra instrument between 20 and 900 ºC at a heating rate 134 

of 10 ºC min-1 under N2 atmosphere; the temperature was maintained at 120 ºC for 40 min. 135 
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Nitrogen adsorption and desorption isotherms were acquired using a Micrometrics 3Flex sorption 136 

analyzer at -196 ºC. Prior to analysis, the samples were degassed by heating the samples at ∼0.2 137 

mbar for 5 h at 90 °C to remove the majority of the residual solvent and degassed in situ on the 138 

porosity analyzer at ∼0.003 mbar. The surface area was calculated using the Brunauer–Emmett–139 

Teller method (Brunauer et al., 1938). The total pore volume was calculated from the N2 140 

adsorption at a relative pressure (P/P0) of 0.993. 141 

DR-UV/Vis spectroscopy was carried out using an Agilent Cary 500 UV–Vis-NIR spectrometer 142 

equipped with an integrating sphere. Attenuated total reflection Fourier transform-infrared (FT-143 

IR) spectra were collected using an Agilent Technologies Cary 630 FTIR at room temperature. 144 

To obtain the ESR spectra DMPO was used as spin trap (see description in Text S3). 145 

2.4. Electrochemical systems 146 

 The electrolyses were performed in a single-compartment glass cell containing 150 mL of 147 

solution, thermostated at 25 ºC and placed over a magnetic stirrer to ensure a high mass transport. 148 

The anode was either a 3 cm2 dimensionally stable metal oxide (i.e., IrO2-based or Ru2O-based) 149 

on a Ti plate, purchased from NMT Electrodes, or a 3 cm2 boron-doped diamond (BDD) thin 150 

film on Si, supplied by NeoCoat. The cathode was a 3 cm2 commercial carbon-151 

polytetrafluoroethylene (PTFE) cloth from BASF, mounted as reported before (Steter et al., 2018) 152 

and fed with air at 1 L min-1. The interelectrode gap was close to 1.0 cm. A preliminary 153 

polarization of all the electrodes in a 0.050 M Na2SO4 solution at 300 mA for 180 min allowed 154 

the stabilization of their active surfaces. In photo-assisted trials, the solution was irradiated with 155 

a Xe arc lamp (150 or 300 W, λ > 325 nm) purchased from LOT Quantum Design, which emitted 156 
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light from 5 cm above the liquid surface. UV/Vis trials were made without light filter, whereas a 157 

UV filter (400FH90-50S) with a cut-off value of 400 nm was inserted to study visible-light PEF. 158 

2.5. Analytical procedures 159 

 The electrical conductance of the raw urban wastewater was measured with a Metrohm 914 160 

conductometer, which also determined the solution pH. The samples were always filtered to 161 

remove microparticles. The concentration of H2O2 produced from reaction (2) was determined 162 

by the colorimetric titanate method (Welcher, 1975) using a Shimadzu 1800 UV/Vis 163 

spectrophotometer, at λ = 408 nm and 25 °C. The concentration of cations was determined by 164 

inductively coupled plasma optical emission spectroscopy (ICP-OES) in a Perkin Elmer Optima 165 

3200L spectrometer. The TOC content of samples before and after degradation was measured 166 

upon withdrawal, injecting them in a Shimadzu TOC-VCSN analyzer that yielded values with 167 

±1% accuracy. 168 

 Bezafibrate concentration was measured by reversed-phase HPLC in a chromatograph 169 

equipped with a Luna C18 3 μm, 100 mm × 4.6 mm, column at 30 °C and an SPD-20A detector 170 

set at 210 nm. A 40:55:5 (v/v/v) mixture containing acetonitrile, acetic acid in water (0.02 vol.%) 171 

and methanol was used as the mobile phase, eluted at 1.0 mL min-1, yielding a peak at 6.8 min.  172 

 The organic products accumulated during selected treatments of bezafibrate were identified 173 

by GC-MS and LC-QToF-MS, as described in Supplementary Material file (Text S4). 174 

3. Results and discussion 175 

3.1. Characterization of Fe−bpydc catalyst 176 
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 The morphological characteristics of the as-synthesized catalyst were revealed by FESEM 177 

analysis. Fig. 1a and 1b display 2D irregular-shaped plates with size up to tens of microns, 178 

whereas their thickness ranged from hundreds of nanometers to few microns (Fig. 1b). The 179 

asymmetric lateral and vertical expansion of the 2D sheets concomitantly induces the formation 180 

of more accessible active sites, thereby decreasing the diffusion barrier (Kondo et al., 2006). The 181 

XRD pattern depicted in Fig. 1c confirms the high crystallinity of the Fe−bpydc MOF structure, 182 

in good agreement with the simulated one calculated from CIF file using Mercury software (Finn 183 

and Zubieta, 2002; Li et al., 2016), which confirms the successful catalyst preparation. The 184 

poorly defined reflection appearing at 35.7º was related to the typical peak of iron oxides like 185 

Fe3O4 (JCPDS 89-0596), whose presence is explained by the surface oxidation occurring during 186 

the synthesis, although its contribution seems quite small. As can be seen in Fig. 1d, the 187 

asymmetric unit of Fe−bpydc involves one iron atom, one bpydc ligand, one coordinated and one 188 

lattice water molecules. The six-coordinate geometry of central iron is defined by the two oxygen 189 

donors of the η2-carboxylate of a bpydc ligand, one oxygen of the η1-carboxylate of a second 190 

bpydc ligand, two nitrogen donors of a third chelating bpydc ligand and one oxygen of the 191 

terminal H2O ligand (Finn and Zubieta, 2002). The carboxylate groups and N atoms of the bpydc 192 

ligands bridge alternately the successive iron centers to yield a layered 2D metal−organic 193 

network, whereas the pendant H2O ligands directed toward the interlamellar region can be 194 

connected to the carboxylate groups through hydrogen bonds, providing further extension of the 195 

2D plates (Finn and Zubieta, 2002). The empirical formula of Fe−bpydc can then be proposed as 196 

[Fe(C12H8N2O4)(H2O)]·H2O, with a molecular weight of 334 g mol-1. The TGA curve of this 197 
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material, shown in Fig. 1e, reveals a mass loss of ~10% during the constant heating at 120 °C, 198 

corresponding to the elimination of the coordinated and lattice water (in very good agreement 199 

with 10.7% calculated from the empirical formula). The dehydrated sample remained stable up 200 

to ~500 °C. On the other hand, the TGA curve of bpydc revealed that the organic linker alone 201 

was only stable up to ~300 °C, thus gaining stability upon coordination. 202 

 The surface composition of Fe−bpydc was analyzed by XPS. Fig. S1 highlights the presence 203 

of C, O, N and Fe elements. In the high resolution Fe 2p XPS spectrum of Fig. 2a, the 204 

deconvolution of the Fe 2p3/2 and Fe 2p1/2 bands informed about the existence of two peaks in 205 

each one. The fitting peaks centered at 710.8 and 724.1 eV corresponded to Fe(II), whereas those 206 

appearing at 714.0 and 726.8 eV were assigned to Fe(III) (Ye et al., 2020c). The existence of 207 

Fe(III) is consistent with the XRD results. The high resolution spectrum of N 1s in Fig. 2b clearly 208 

shows a single peak at 400.0 eV, corresponding to pyridinic N (Ye et al., 2020b), in agreement 209 

with the structure of the as-synthesized Fe−bpydc (Fig. 1d). N-doping is another interesting 210 

feature of the synthesized catalyst, since it is expected to enhance the electron transfer and 211 

catalytic activity (Yang et al., 2019). The specific surface area and the pore structure of the 212 

Fe−bpydc samples were determined using N2 adsorption−desorption measurements, which are 213 

depicted in Fig. S2. As can be seen, the Fe−bpydc particles exhibited Type II isotherm with 214 

almost no hysteresis loop, which can be associated to the presence of macropores in the structure 215 

(Thommes et al., 2015). The specific BET surface area and total pore volume of the as-prepared 216 

Fe−bpydc were 15 m2 g-1 and 0.036 cm3 g-1, respectively. 217 

3.2. Catalytic properties of Fe−bpydc 218 
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 Fig. 3a shows the degradation of bezafibrate at a concentration of 0.044 mM (10 mg C L-1) 219 

in 0.050 M Na2SO4 solutions at natural pH ~ 5.1 upon the application of different treatments. 220 

The presence of 0.05 g L-1 Fe−bpydc as suspended particles in the bezafibrate solution yielded a 221 

drug removal of 5%, which informed about its negligible adsorption capacity. Similarly, the 222 

concentration decay was also poor (7%) under UV/Vis photocatalysis. This result suggests that 223 

the photogenerated holes were not strong enough to directly oxidize bezafibrate, and the valence 224 

band (VB) position of Fe−bpydc cannot reach the oxidation potential of the H2O/•OH pair (see 225 

subsection 3.5), thus impeding the formation of •OH from photoinduced water oxidation. In 226 

addition, this result informs about the stability of bezafibrate to direct UV/Vis photolysis. A small 227 

drug abatement of 27% was attained after 90 min of electro-oxidation with electrogenerated H2O2 228 

(EO-H2O2, without Fe−bpydc), as expected from the mild oxidation caused by H2O2 and 229 

IrO2(•OH) generated from reactions (2) and (3), respectively (Martínez-Huitle et al., 2015). In 230 

contrast, heterogeneous EF catalyzed with 0.05 g L-1 Fe−bpydc achieved a more substantial 231 

removal of 42% at 90 min thanks to the formation of •OH from Fenton’s reaction, confirming the 232 

catalytic activity of Fe−bpydc. The degradation in visible-light PEF was clearly superior, 233 

reaching 55% removal in 90 min. This proves that Fe−bpydc can act as a visible-light 234 

photocatalyst due to the direct excitation of the Fe−O cluster. The photogenerated electrons may 235 

contribute decisively in the reduction of Fe(III) (Cheng et al., 2018). Yet, the fast electron-hole 236 

recombination rate on the photocatalyst limited the bezafibrate removal. When the UV/Vis PEF 237 

process was applied, the drug degradation was significantly improved and outperformed all the 238 

other treatments, showing a drug disappearance of 92% in 90 min. The presumably high 239 
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absorbance of Fe−bpydc within the UV region can explain this result, as it promotes the 240 

generation of electron/hole pairs and the Fe(III) photoreduction. In conventional homogeneous 241 

PEF, the photochemically active range is quite restricted to the UVA region with λmax = 365 nm 242 

(Flores et al., 2017), since these photons are able to promote/stimulate reactions (4) and (5) in 243 

solution (Zhou et al., 2018). The introduction of Fe−bpydc as heterogeneous PEF catalyst allows 244 

the utilization of a wider wavelength range, including visible light and hence, the synergistic 245 

contribution of photocatalysis and heterogeneous Fenton and photo-Fenton reactions accelerated 246 

the formation of radicals like •OH that effectively degraded bezafibrate. 247 

 Fig. S3 highlights the gradual H2O2 accumulation up to 14.8 mM at 90 min via reaction (2) 248 

in EO-H2O2, which decreased to 10.8 mM in Fe−bpydc catalyzed EF due to its partial destruction 249 

from Fenton’s reaction (1). This content decreased down to 8.0 mM under UV/Vis illumination 250 

in (Fe−bpydc)-catalyzed PEF, mainly because the photogenerated charge carriers accelerated the 251 

Fe(II) regeneration and the subsequent H2O2 decomposition. Under the latter conditions, the 252 

partial H2O2 reduction and oxidation promoted by the electrons and holes, respectively, cannot 253 

be discarded either (see subsection 3.5). 254 

 The effect of light intensity was further investigated, by comparing the previous results (150 255 

W lamp) with those obtained using a 300 W Xe arc lamps. Fig. 3b shows that the visible-light 256 

PEF with the higher power lamp yielded 87% drug decay, being clearly superior to the previous 257 

performance. This confirmed the promising visible-light photocatalytic activity of Fe−bpydc. In 258 

addition, a much faster and complete drug degradation can be observed in UV/Vis PEF with the 259 

300 W lamp. The larger number of photons reaching the suspension per unit area as the light 260 
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intensity was increased can explain this observation. The UV/Vis irradiation then showed a 261 

remarkable superiority as compared to visible light in the (Fe−bpydc)-catalyzed PEF, providing 262 

a greater photon energy that enhanced the charge transfer and promoted the Fe(III)/Fe(II) cycling 263 

(Zhao et al., 2017). However, the treatment of bezafibrate solutions at 300 W would likely entail 264 

a higher operation cost. For this reason, subsequent studies were conducted under UV/Vis light 265 

irradiation with the 150 W lamp. 266 

 The effects of initial pH, applied current, catalyst dosage, anode type and electrolyte on the 267 

normalized bezafibrate concentration decay upon the application of heterogeneous UV/Vis PEF 268 

treatment with Fe−bpydc are shown in Fig. 4a-e. As observed in Fig. 4a, the degradation 269 

efficiency of bezafibrate was enhanced at more acidic initial pH, although the continuous 270 

disappearance was feasible within all the pH range 3.0-9.0. Overall removal was achieved in 90 271 

min at initial pH 3.0, the optimal value for Fenton’s reaction (1) (Zhu et al., 2018), gradually 272 

decreasing down to 58% at pH 9.0. This loss of performance can be ascribed to the decrease of 273 

the oxidation potential of •OH, which changed from ~2.7 to 1.9 V when pH increased from 3.0 274 

to 7.0 (Zhu et al., 2018). Furthermore, the leaching and dissolution of iron ions becomes more 275 

difficult at higher pH, reducing the contribution of homogeneous Fenton’s reaction. It should be 276 

stressed that 92% and 82% drug removal could be still achieved at 90 min at initial pH 5.1 and 277 

7.0, respectively, corroborating the high catalytic activity at circumneutral pH. 278 

 Fig. 4b shows the decrease of solution pH in all cases, owing to the generation of acidic 279 

products like carboxylic acids (Flores et al., 2017; Steter et al., 2018). The slightly higher 280 

dissolved iron concentration at initial pH 3.0 is also evidenced, which promoted the occurrence 281 
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of homogeneous reaction (1). However, the reusability under such apparently good conditions 282 

might decrease because of the larger decomposition of Fe−bpyc. 283 

 Current increase had a positive influence, as deduced from Fig. 4c. This observation was 284 

more evident when moving from 50 to 150 mA, giving rise to a greater H2O2 electrogeneration 285 

and the consequently higher •OH concentration. As expected, Fig. 4d highlights that a larger 286 

amount of catalyst from 0.0125 to 0.075 g L-1 allowed a substantial rise in the degradation 287 

efficiency, from 58% to 96%. A larger number of Fe−bpydc particles means a greater amount of 288 

available active sites, favoring the interactions with the pollutant and H2O2 molecules, as well as 289 

the incidence of more photons on photocatalyst surface. However, the enhancement of 290 

bezafibrate decay after 90 min when comparing the trials with 0.05 and 0.075 g L-1 catalyst was 291 

not significant, probably because of the parasitic reaction between •OH and the excess of Fe(III) 292 

and Fe(II). Therefore, the optimum content was 0.05 g L-1, i.e., 10- to 20-fold lower than that 293 

reported using 3D MOF-catalyzed Fenton (Tang and Wang, 2018) and EF (Ye et al., 2020b, 2020c) 294 

systems. This means that the unique 2D structure of Fe−bpydc provided a more efficient mass 295 

transport (Bai et al., 2019). This is very interesting from an application standpoint, since a low 296 

catalyst dosage is preferred because of the lower operation cost, easier recovery, smaller amount 297 

of sludge and better light penetration. 298 

 Fig. 4e clarifies the importance of the electrolyte composition. The degradation profile using 299 

the IrO2 anode in a 0.041 M Na2SO4 + 0.009 M NaHCO3 mixture at natural pH ~ 8.0 was much 300 

slower than in Na2SO4, achieving only 39% abatement at 90 min. This can be attributed to the 301 

scavenging role of CO3
2− and HCO3− ions via reactions (6) and (7) with k2 values of 4.0×108 and 302 
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8.5×106 M-1 s-1, respectively (Ye et al., 2020a). When BDD replaced the IrO2 anode in the 303 

bezafibrate solution with 0.050 M Na2SO4, the decay profile was exactly the same. This confirms 304 

that the dominant species responsible for the drug abatement was •OH generated in the bulk via 305 

Fenton’s reaction (1), rather than adsorbed M(•OH). Conversely, the trial with a RuO2 anode in 306 

0.025 M Na2SO4 + 0.035 M NaCl yielded the quickest decay, owing to partial oxidation by active 307 

chlorine generated at the M surface, without discarding the action of Cl• formed via reaction (8) 308 

(Zhu et al., 2018). 309 

•OH  +  CO3
2−  →  CO3•−  +  OH−            (6) 310 

•OH  +  HCO3−  →  CO3•−  +  H2O            (7) 311 

HClO  +  hν  →  •OH  +  Cl•             (8) 312 

3.3. Stability and reusability of Fe−bpydc 313 

 A critical issue for the practical application of raw MOFs is, for some of them, their excessive 314 

lack of stability in water (Liu et al., 2018). The metal nodes may react, displacing ligands and 315 

causing phase changes, loss in crystallinity and decomposition, eventually destroying the porous 316 

structure (Taylor et al., 2012). Nevertheless, the decomposition of MOFs in water has been 317 

scarcely studied during water treatment. The oxidative resistance of the pyridine ring to •OH 318 

attack and its strong binding affinity with Fe(II) ion are key reasons for using bipyridine as ligand. 319 

The introduction of carboxylic groups to the 2,2´-bipyridine ligand can stabilize the final 320 

products, because the carboxyl group binds to Fe(III) ion in the catalytic cycle, thus minimizing 321 

its hydrolysis (Cheng et al., 2018). The reusability of Fe−bpydc was evaluated from successive 322 

bezafibrate degradation runs. Fig. 5a shows a small but progressive performance loss, of 30% as 323 



17 
 

maximal, after three runs of 90 min. The turnover frequency (TOF) to evaluate the catalytic 324 

efficiency of the active sites was calculated as follows (Li et al., 2019): 325 

TOF  =                         (9) 326 

where np is the number of moles of pollutants removed, nc is the number of moles of catalyst and 327 

t is the reaction time (h). The TOF value after the third run was 0.161 h-1, outperforming the 328 

values reported for some MOFs like MIL(Fe)-101 for Fenton treatment (Lv et al., 2015). This 329 

proves the high catalytic activity of Fe−bpydc, although the decrease in removal rate suggests a 330 

certain degree of deactivation in water, which merits to be assessed. 331 

 The used catalyst was characterized to evaluate the chemical and structural changes. The 332 

XRD patterns (Fig. 5b) and FTIR spectra (Fig. S4), corresponding to fresh and used Fe−bpydc, 333 

show that the crystallinity and chemical structure remained quite stable along the treatment, 334 

without any evidence of alteration. Based on this, partial amorphisation of some of the MOF 335 

particles cannot be discarded, but it seems that the catalyst deactivation could be rather related 336 

to the blockage of some of its active sites by intermediates, as suggested elsewhere (Li et al., 337 

2016). The greater exposure of active sites derived from the open 2D structure leads to more 338 

significant blockage risk. 339 

 The assessment of the stability of Fe−bpydc in water was conducted by dosing 0.05 g L-1 of 340 

catalyst to 150 mL of ultrapure water. The dissolved iron and TOC release vs time at different 341 

initial pH values are displayed in Fig 5c and d. A much faster decomposition of Fe−bpydc can be 342 

observed at initial pH 3.0, reaching 1.5 mg L-1 iron leaching (~18 wt.%) and 4.2 mg L-1 TOC 343 

dissolution in 90 min. These results agree with the expected intolerance of Fe−bpydc to acidic 344 

np 
nc t 
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conditions because of the iron dissolution, which justifies the greater dissolved iron concentration 345 

value in Fig. 4b. Conversely, only ~0.8 mg L-1 iron (~9 wt.%) were leached when pH increased 346 

to 5.1 and 7.0 and hence, Fe−bpydc is much more stable at near-neutral pH. This is a very relevant 347 

result because the typical pH of urban wastewater effluents is usually higher than 6.0 (Ganiyu et 348 

al., 2018). From the point of view of both, stability and performance, Fe−bpydc can be a 349 

promising heterogeneous PEF catalyst for wastewater treatment. Note that TOC detected from 350 

the dissolution of organic ligands may compete with bezafibrate and its products to react with 351 

•OH, although at pH 5.1 and 7.0 the amount was low (∼2.5 mg L-1) and tended to become constant. 352 

3.4. Degradation of micropollutants in urban wastewater 353 

 A longer trial was performed to evaluate the mineralization ability of heterogeneous PEF 354 

treatment with 0.05 g L-1 catalyst, using a BDD/air-diffusion cell at 100 mA in order to enhance 355 

the degradation ability of the system. As shown in Fig. S5, TOC was reduced by 61% after 240 356 

min of electrolysis, a value much higher than that attained employing other MOFs in non-357 

electrochemical heterogeneous Fenton (Lv et al., 2015). This is feasible from the synergistic 358 

oxidation caused by free •OH in the bulk formed and adsorbed BDD(•OH). The residual TOC 359 

present in the final solution can be accounted for by the accumulation of refractory oxidation 360 

products, like carboxylic acids, and the partial deactivation of Fe−bpydc catalyst. 361 

 The performance of the (Fe−bpydc) catalyzed PEF system was also evaluated from the 362 

treatment of a mixture containing bezafibrate and other micropollutants like bisphenol A, 363 

fluoxetine and naproxen, dissolved in conditioned urban wastewater at natural pH 7.2. The 364 

concentration decay of each compound is presented in Fig. 6, where 93%, 85% and 78% 365 
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degradation can be observed for naproxen, fluoxetine and bisphenol A, respectively, at 90 min. 366 

The bezafibrate abatement of 61% was lower than 92% found in 0.050 M Na2SO4 solution (Fig. 367 

3). This slower decay can be related to the presence of the other pollutants and natural organic 368 

matter, which competitively consumed UV photons and reacted with •OH (Ye et al., 2020a). The 369 

lower transparency of the urban wastewater and its higher initial pH are two additional factors 370 

that affected negatively to bezafibrate decay. Anyway, these results validate the feasibility of this 371 

new heterogeneous PEF treatment. 372 

3.5. Proposed reaction mechanism for heterogeneous PEF and bezafibrate degradation routes 373 

 To ascertain the mechanism for (Fe−bpydc)-catalyzed heterogeneous PEF process, ESR 374 

analysis was first performed to detect the reactive oxygen species (ROS) generated. The ESR 375 

spectra depicted in Fig. S6 exhibit the four typical peaks of DMPO-•OH adduct with an intensity 376 

ratio of 1:2:2:1, being an evidence of the dominant role of •OH in this PEF system. 377 

 The light absorption and energy band gaps of Fe−bpydc were also ascertained to gain more 378 

insight into the reactions involved. Fig. S7a evidences the broad Fe−bpydc adsorption within the 379 

UV/Vis region (200-800 nm). The Kubelka-Munk formula was used to convert the data into a 380 

Tauc plot (Fig. S7b) to estimate the band gap energy (Eg) of 2.1 eV, according to the procedure 381 

by Rao et al. (2014). Valence band XPS (VB-XPS) was recorded to determine the band position 382 

of Fe−bpydc. The spectrum of Fig. S7c shows an energy difference of 1.7 eV between the VB 383 

energy level (EVB) and the Fermi energy level (Ef). The absolute value of the work function (EΦ), 384 

corresponding to the energy difference between Fermi and vacuum levels, was estimated as 3.7 385 

eV from photoemission spectroscopy (photon energy of 33.2 eV, Fig. S7d) and excitation energy 386 
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from XPS analysis (29.5 eV). Thus, the VB level (vs vacuum level) was determined as -5.4 eV. 387 

Taking into account that 0 V (vs SHE) in the electrochemical potential scale is equivalent to -388 

4.44 eV (vs vacuum level), the latter value corresponded to EVB = 0.96 V as electrochemical 389 

energy potential. The conduction band energy ECB (= EVB – Eg) was then estimated as -1.14 V. 390 

 From the aforementioned findings, the catalytic activity mechanism of Fe−bpydc in 391 

heterogeneous PEF process is proposed in Fig. 7. The photoinduced electrons (eCB−) and holes 392 

(hVB
+) were generated upon the excitation of Fe−O clusters by UV/Vis illumination, according 393 

to photocatalytic reaction (10). In this regard, note that the band diagram suggests that our MOF 394 

catalyst behaves as an n-type semiconductor, as the Fermi level lies much closer to the CB. In 395 

the absence of H2O2 (i.e., UV/Vis photocatalysis), the hVB
+ cannot oxidize H2O to yield •OH as 396 

the standard oxidation potential of this redox couple (E0 = 2.73 V vs SHE, Armstrong et al., 397 

2013) is much more positive than the VB value of Fe−bpydc (0.96 V vs SHE). Since it cannot 398 

directly oxidize bezafibrate either due to its poor oxidation capacity, the photoinduced carriers 399 

recombine very quickly, which justifies the small degree of degradation attained by this process 400 

(Fig. 3a). Dissolved O2 could potentially act as acceptor of eCB− to form the powerful superoxide 401 

radical via reaction (11) (E0 = -0.18 V, Armstrong et al., 2013, Fig. 7), but this reaction can be 402 

neglected based on the poor performance of pure heterogeneous photocatalysis, which is not 403 

surprising considering the limited O2 solubility. This corroborates the absence of O2•− signals in 404 

the ESR analysis (Fig. S6). However, the CB position of Fe−bpydc (-1.14 V vs. SHE) is also 405 

more negative (i.e., the eCB− has enough reduction power) than the reduction potentials of Fe(III) 406 

to yield Fe(II) via reaction (12) (E0 = 0.77 V vs SHE, Guo et al., 2019) and H2O2 to yield •OH 407 
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via reaction (13) (0.80 V vs SHE, Armstrong et al., 2013). Hence, in heterogeneous PEF process, 408 

the recombination of eCB− and hVB
+ is efficiently prevented thanks to these reactions. On the other 409 

hand, Fe(II) at the catalyst surface (≡Fe(II)) reacts with H2O2 to form •OH from heterogeneous 410 

Fenton’s reaction (14) and can be regenerated from the additional ≡Fe(III) reduction via Fenton-411 

like reaction (15), owing to the enhanced electron transfer in the unique 2D MOF structure (Gao 412 

et al., 2017). As shown in Fig. 7, H2O2 fed in PEF cannot be transformed into superoxide radical 413 

by hVB
+ because the E0 of this couple (1.72 V, Nosaka and Nosaka, 2017) is still much higher 414 

than the VB level, which confirms that the main ROS in this heterogeneous PEF process is •OH. 415 

Fe−bpydc  +  hv  →  hVB
+  +  eCB−           (10) 416 

O2(aq)  +  eCB−  →  O2•−              (11) 417 

≡Fe(III)  +  eCB−  →  ≡Fe(II)             (12) 418 

H2O2  +  eCB−  →  •OH  +  OH−            (13) 419 

≡Fe(II)  +  H2O2  →  •OH  +  ≡Fe(III)  +  OH−        (14) 420 

≡Fe(III)  +  H2O2  →  HO2•  +  ≡Fe(II)  +  H+        (15) 421 

 Fe−bpydc as heterogeneous PEF catalyst shows several advantages over other Fe-based 422 

materials: (i) the unique 2D structure leads to easier mass transport; (ii) the greater accessibility 423 

of the active sites with H2O2 enhances reaction (14) and (15); (iii) the broad light absorption and 424 

low band gap energy facilitates the excitation of Fe−O clusters; and (iv) the eCB− induces 425 

additional •OH production and Fe(II) regeneration. 426 

 LC-QToF-MS and GC-MS analysis allowed the identification of sixteen main products from 427 

bezafibrate degradation, summarized in Table S1 and S2, respectively. Fig. 8 envisages the routes 428 
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proposed from the detected derivatives, involving hydroxylation, decarboxylation, 429 

dechlorination and C−N bond cleavage. The direct hydroxylation of the aromatic ring of 430 

bezafibrate (1) with •OH and M(•OH) yielded the monohydroxylated intermediates 2 and 3, 431 

which were subsequently hydroxylated to the polyhydroxylated compounds 4-7. Hydroxylation 432 

has also been reported as the preferred reaction pathway in other AOPs (Rivas et al., 2019). The 433 

decarboxylation of the lateral group of 1 originated the product 9, which was then hydroxylated 434 

to derivatives 10 and 11. On the other hand, the hydroxylation on the chlorine position of 1 435 

produced the product 12, which was further hydroxylated leading compounds 13 and 14. The 436 

decarboxylation of 12 or the dechlorination of 9 yielded the dihydroxylated product 15. Finally, 437 

the cleavage of the C−N bonds present in 1 and on the above derivatives originated the 438 

compounds 16 and 8 with a single benzenic ring. Further hydroxylation of 16 yielded 17. 439 

4. Conclusions 440 

 This work demonstrates that it is possible to achieve the quick and complete removal of 441 

organic micropollutants like bezafibrate at mild pH using a very small amount (0.05 g L-1) of an 442 

Fe−bpydc 2D MOF as heterogeneous UV/Vis PEF catalyst. The numerous active sites of the 443 

catalyst enhanced both, mass transport and charge transfer. This allowed an efficient Fenton’s 444 

reaction continuously sustained with Fe(II), which arouse from surface Fe(III) reduction by 445 

photoinduced electrons (eCB−) and UV/Vis photons. According to the band diagram, the catalyst 446 

behaved as an n-type semiconductor, confirming that the photoinduced eCB− were the major 447 

charge carriers. The catalyst underwent a slight deactivation, leading to a performance loss (30%) 448 
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after three runs. The stability of Fe−bpydc was much greater at circumneutral pH, showing no 449 

evident changes in its crystalline and chemical structure and accumulating small amounts of 450 

dissolved iron and TOC. The great potential of (Fe−bpydc)-catalyzed PEF system for industrial 451 

application was confirmed from the fast degradation of bezafibrate, bisphenol A, fluoxetine and 452 

naproxen in urban wastewater. A thorough reaction mechanism for heterogeneous PEF as well 453 

as the bezafibrate degradation routes are finally proposed. 454 
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Fig. 1. FESEM images at (a) 500× and (b) 1,000×, (c) XRD patterns, (d) pictorial representation of 
the structure of the as-synthesized Fe−bpydc (lattice waters are omitted for clarity) and (e) 
thermogravimetric analysis. 
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Fig. 2. XPS core level spectra of the Fe−bpydc catalyst: (a) Fe 2p and (b) N 1s. 
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Fig. 3. Normalized bezafibrate concentration decay during different treatments of 150 mL of 0.044 
mM (10 mg C L-1) drug solutions with 0.050 M Na2SO4 at natural pH ~ 5.1. In the electrochemical 
assays, an IrO2/air-diffusion cell was used, at 100 mA and 25 ºC. In (a), (×) adsorption trials with 0.05 
g L-1 Fe−bpydc, (█) UV/Vis photocatalysis with 0.05 g L-1 Fe−bpydc, () EO-H2O2, () EF with 
0.05 g L-1 Fe−bpydc, () visible-light PEF with 0.05 g L-1 Fe−bpydc and () UV/Vis PEF with 0.05 
g L-1 Fe−bpydc. In (b), () visible-light PEF and () UV/Vis PEF, both with 0.05 g L-1 Fe−bpydc. A 
Xe lamp of 150 W and 300 W was employed in the photoassisted treatments of plot (a) and (b), 
respectively. 
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Fig. 4. (a,c,d,e) Time course of normalized bezafibrate concentration during the heterogeneous 
UV/Vis PEF treatments of 150 mL of 0.044 mM drug solutions with 0.050 M Na2SO4, using an 
IrO2/air-diffusion cell (except in plot e) with Fe−bpydc catalyst at 25 ºC under irradiation with a 150 
W Xe lamp. (b) Iron concentration (filled bar) and final pH (dashed bar) after 90 min of the trials of 
plot (a). In (a), 0.05 g L-1 catalyst, at 100 mA and different initial pH: (█) 3.0, () 5.1, () 7.0 and () 
9.0. In (c), pH 5.1 and 0.05 g L-1 catalyst, at different applied current values: (█) 50, () 75, () 100 
and () 150 mA. In (d), pH 5.1 and 100 mA, at different catalyst doses: () 0.0125, () 0.025, () 
0.05 and () 0.075 g L-1 Fe−bpydc. In (e), effect of anode and electrolyte at its natural pH, with 0.05 
g L-1 catalyst at 100 mA, using: (█) IrO2-based anode, in 0.041 M Na2SO4 + 0.009 M NaHCO3 
solution, () BDD anode, in 0.050 M Na2SO4 solution, () IrO2-based anode, in 0.050 M Na2SO4 
solution and () RuO2-based anode, in 0.025 M Na2SO4 + 0.035 M NaCl solution.  
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Fig. 5. (a) Reusability of Fe−bpydc in three consecutive runs of heterogeneous UV/Vis PEF treatment 
with 0.05 g L-1 catalyst (see description in Fig. 3a). (b) XRD pattern of fresh and used Fe−bpydc. 
Time course of concentration of (c) dissolved iron and (d) TOC, released during constant stirring of 
0.05 g L-1 Fe−bpydc in Milli-Q water at initial pH of: () 3.0, (█) 5.1 and () 7.0. 
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Fig. 6. Degradation of four selected micropollutants (each at a concentration of 10 mg C L-1), spiked 

together into 150 mL of urban wastewater at natural pH 7.4, by heterogeneous UV/Vis PEF treatment 

with 0.05 g L-1 Fe−bpydc using an IrO2/air-diffusion cell at 100 mA and 25 ºC under irradiation with 

a 150 W Xe lamp. Micropollutants: () Bezafibrate, () bisphenol A, () fluoxetine and (█) 

naproxen.  
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Fig. 7. Proposed mechanism for (Fe−bpydc)-catalyzed heterogeneous PEF treatment at mild pH. 
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Fig. 8. Degradation routes proposed for bezafibrate degradation by (Fe−bpydc)-catalyzed PEF treatment at mild pH. 
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