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A B S T R A C T   

This work reports the photocatalytic performance of NH2-MIL-125 grafted by heterocycles for the removal of 
contaminants of emerging concern under solar light. Grafting NH2-MIL-125 with different heterocyclic carbox-
aldehydes reduces the band gap, thanks to the performance of the heterocycle as an antenna for light absorption. 
Grafting with 3-pyridinecarboxaldehyde (3PA) results in the best light harvesting for the degradation of acet-
aminophen in different water matrices. The abatement of additional emerging contaminants, i.e., antipyrine and 
sulfamethoxazole, was also evaluated. The photocatalytic performance depends on the nature of the target 
compound. Trapping experiments conclude that superoxide radicals are the main reactive species involved in the 
photodegradation process, while electrons and hydroxyl radicals play a minor role. The 3PA-grafted photo-
catalyst shows remarkable constant performance in a novel analysis in a continuous flow regime, achieving total 
conversion of acetaminophen (ACE) for 16 h on stream. The results herein described provide a comprehensive 
insight into the solar photocatalytic degradation of emerging contaminants using NH2-MIL-125 grafted by aro-
matic heterocycles.   

1. Introduction 

The uncontrolled discharge of different compounds into aquatic 
sources constitutes an increasing concern. Pharmaceuticals are common 
emerging contaminants (ECs) detected in wastewaters and aquatic 
ecosystems, coming from household effluents, industrial activities, and 
hospital services, among others [1]. Exposure to ECs may produce 
harmful effects on human health and the environment, such as disrup-
tive effects or cellular damage [2,3]. Water streams containing ECs are 
mixed with other water flows and treated into wastewater treatment 
plants (WWTPs) before final discharge into rivers, seas, or aquifers. 
However, the development of more accurate analytical techniques has 
allowed the detection of ECs in the WWTPs effluents, confirming that 
they are not completely removed during the process [4]. In this sense, 
the average removal of analgesics, anti-inflammatories, or β-blockers 
was estimated to be around 30–40% [5]. Acetaminophen (ACE) can be 
considered among the most common analgesic-antipyretic pharmaceu-
ticals worldwide, also sold under different trade names, such as para-
cetamol. The consumption of ACE is situated among 60–70 daily doses 
per 1000 inhabitants (DDD) in European countries such as France, 
Spain, Denmark, and the United Kingdom, much higher than that of 

other common analgesics, such as acetylsalicylic acid, with a reported 
consumption below 10 DDD [6]. After consumption, about 2–5% of ACE 
is excreted without any metabolic shift and reaches wastewater [7]. Its 
high solubility in water (around 14 g⋅L–1 besides the low octanol-water 
partition coefficient, 0.46 [8]) can explain its common detection in 
water bodies. For instance, Fekadu et al. [9] compared the occurrence of 
certain pharmaceuticals in European and African freshwater aquatic 
environments. They found that the maximum ACE concentration 
recorded in Europe was in the Llobregat river (Spain), with a value of 
1.3 µg⋅L–1 [10], remarkably lower than the measured in a Kenyan river, 
107 µg⋅L–1 [11]. The incomplete elimination of these emerging con-
taminants would increase their overall concentration, thus representing 
a potential environmental risk. Therefore, it is necessary to improve 
strategies in the treatment of wastewaters for the complete removal of 
these ECs before their final discharge. For instance, advanced oxidation 
processes (AOPs) are based on the in-situ generation of reactive oxygen 
species (ROS) with high oxidation capacity [12,13], including Fenton- 
like processes, ozonation, electrochemical oxidation, or photocatalysis 
[14]. Particularly, photocatalysis, based on the conversion of light-to- 
chemical energy, is considered an environmentally friendly technology 
because it only requires the use of a light source and a solid 
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semiconductor, and can operate under mild conditions of temperature 
and pressure. Moreover, the use of solar light represents a cost-effective 
and green alternative to other more energy-demand technologies, sup-
porting the development of photocatalysis for the abatement of con-
taminants in water. Thus, the removal of ECs by solar photocatalysis is 
the focus of many researchers, with particular emphasis on the degra-
dation of analgesics [15–19] and antibiotics [20–22]. 

Since the photocatalytic process requires the absorption of light by a 
semiconductor, many different materials are currently under study to 
achieve the best solar light harvesting [23]. The main aim in this field is 
the absorption of light in both the UV and visible range of the solar 
spectrum to generate electron/hole pairs while avoiding their 

recombination [24]. Despite the adequate activity reported using TiO2 
as a reference photocatalyst [25], this semiconductor presents the main 
limitation of its large band gap value (~3.2 eV), avoiding the light- 
harvesting from the visible region and thus implying a low utilization 
of the solar light. In this sense, metal organic frameworks (MOFs) are 
being investigated for the photocatalytic treatment of contaminated 
water [26,27], as a consequence of their good optical, structural, and 
electronic properties that can be tailored through the use of different 
metal nodes or organic linkers [28]. After irradiation, electrons can be 
transferred from the organic ligand to the partially filled d-orbitals of the 
metal cluster in a process known as ligand-to-metal charge transfer 
(LMCT) [29,30]. Among the most used MOFs are Fe-based (as MIL-53, 
-88, and -101), Ti-MOFs (MIL-125), Zr-MOFs (UiO-66), and Zn-MOFs 
(ZIF-8) [31]. Moreover, the literature shows additional strategies to 
promote the photocatalytic performance of MOFs to enhance their light 
harvesting, such as doping [32], noble metal deposition [33], or com-
bined with other semiconductors [34]. One approach consists in func-
tionalizing the organic ligand [35]. For example, NH2-MIL-125 has 
shown high stability [36] and activity concerning the bare MIL-125 
counterpart, as both the NH2-ligand and the Ti-cluster were excited 
under visible light [37]. This approach can be further extended by 
grafting, after synthesis, the –NH2 group with other compounds that act 

Fig. 1. X-ray diffraction patterns of the bare NH2-MIL-125 and the grafted 
materials (Reference pattern of NH2-MIL-125 from Crystal Open Database 
(COD) library is included in red colour). (For interpretation of the coloured 
references in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 2. 13C solid-state NMR spectra of the bare NH2-MIL-125 and the graf-
ted materials. 

Fig. 3. N2 adsorption–desorption isotherms at -196 ◦C of the bare NH2-MIL-125 
and the grafted materials. 

Table 1 
Porous texture parameters and band gap values (Eg) of the bare NH2-MIL-125 
and the grafted materials.   

SBET 

(m2⋅g− 1) 
SMP 

(m2⋅g− 1) 
SEXT 

(m2⋅g− 1) 
VMP 

(cm3⋅g− 1) 
VT 

(cm3⋅g− 1) 
Eg 

(eV) 

NH2- 
MIL- 
125 

1141 985 157  0.46  0.64  2.67 

2PA- 
MIL- 
125 

1032 918 114  0.43  0.58  2.63 

3PA- 
MIL- 
125 

1053 927 126  0.43  0.59  2.62 

4PA- 
MIL- 
125 

1062 937 126  0.43  0.63  2.60 

2QUI- 
MIL- 
125 

911 840 72  0.38  0.46  2.60 

SBET, specific surface area; SMP and SEXT, microporous and non-microporous 
surface area; VT and VMP, total and micropore volume; Eg, band gap. 
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as an antenna for light absorption [38]. In this sense, heterocyclic 
compounds can be successfully grafted to the –NH2 group following a 
Schiff base reaction through an aldehyde group [39]. These heterocyclic 
compounds provide additional charges and improve their mobility, 
appearing as a promising approach to improving the photocatalytic 
properties of MOFs [40]. However, to the best of our knowledge, no 
studies have been reported dealing with the grafting of MOFs for the 
solar photocatalytic degradation of ECs. 

This is the first work reporting the degradation of ECs for water 
purification using these grafted-NH2-MIL-125. The grafted-MOFs were 
tested in the photodegradation of ACE. The photocatalytic performance 
of the best grafted-NH2-MIL-125 was further investigated under 
different water matrices and with a mixture of emerging contaminants 
(acetaminophen, sulfamethoxazole, and antipyrine) whose presence in 
aqueous effluents has been also frequently reported [41]. Besides, the 
stability and photocatalytic performance were evaluated under a novel 
analysis in continuous flow tests. Remarkably, no previous works have 
demonstrated the performance of grafted-NH2-MIL-125 in continuous 
flow tests or with a mixture of emerging contaminants with different 
chemical structures. 

2. Experimental 

2.1. Chemicals and reagents 

2-aminoterephthalic acid (ATA, 99%), N,N-dimethylformamide 
(DMF, ≥99,8%), titanium (IV) isopropoxide (≥97%), methanol 
(99,8%), 2-pyridinecarboxaldehyde (2PA, 99%), 3-pyridinecarboxalde-
hyde (3PA, 98%), 4-pyridinecarboxaldehyde (4PA, 97%), 2-quinoline-
carboxaldehyde (2QUI, 97%), acetaminophen (ACE, ≥99%), 
sulfamethoxazole (SMX, ≥99%), antipyrine (ANT, ≥99%), acetic acid 
(≥99%), benzoquinone (BQ ≥ 98%), silver nitrate, (AgNO3, ≥ 99%), 
potassium iodide (KI, 99%) and NaHCO3 were purchased from Sigma- 
Aldrich. Acetonitrile (UV HPLC grade) and Na2SO4 (≥99%) were ac-
quired from Scharlab. 2-propanol (IPA, 99.7%) was acquired from 
AppliChem, whereas NaCl and NaNO3 were provided from Panreac. All 
chemicals were used as received without further purification. All solu-
tions were prepared with deionized water (type II). 

2.2. Synthesis of bare NH2-MIL-125 

The NH2-MIL-125 was synthesized by solvothermal synthesis 
following a previously described method [36]. Briefly, 6 mmol of 2-ami-
noterephthalic acid were dissolved in 25 ml of DMF and stirred for 5 min 
at 25 ◦C. Then, 3 mmol of titanium (IV) isopropoxide were added 
dropwise, followed by the addition of 25 ml of methanol. After 30 min of 
stirring, the mixture was placed in a 100 ml Teflon steel autoclave and 
heated for 16 h at 150 ◦C. The resulting yellow powder was recovered by 
centrifugation (5000 rpm, 5 min) and washed with DMF and methanol 
(100 ml each time for 30 min). The product was finally dried in an oven 
at 60 ◦C for 18 h. 

2.3. Grafting of NH2-MIL-125 

The NH2-MIL-125 was modified after synthesis by grafting with four 
heterocyclic carboxaldehydes, namely 2-pyridinecarboxaldehyde, 3- 
pyridinecarboxaldehyde, 4-pyridinecarboxaldehyde, and 2-quinoline-
carboxaldehyde, whose chemical structures can be seen in Fig. S1. The 
grafting process followed the method described by Wu et al. [38]. It 
consists of the Schiff reaction between the amine group of the MOF and 
the carboxylic group of the heterocyclic carboxaldehyde, as schematized 
in Fig. S2. Briefly, 560 mg of NH2-MIL-125 was firstly activated in a 
vacuum oven at 120 ◦C for 3 h. Then, it was dispersed in 30 ml of 
acetonitrile, followed by the addition of 0.8 mM of 2PA. The mixture 
was placed in a bath at 70 ◦C for three days. The resulting solid was 
collected by centrifugation (5000 rpm and 5 min), washed with meth-
anol three times, and dried at 60 ◦C for 18 h in a vacuum oven. For 
complete removal of organic precursors and solvent, the solid was 
heated in air at 200 ◦C for 48 h. The material thus obtained was named 
2PA-MIL-125, according to the abbreviation of the heterocyclic car-
boxaldehyde. The NH2-MIL-125 was grafted by the other heterocyclic 
carboxaldehydes, 3PA, 4PA, and 2QUI, following the same methodol-
ogy, and the resulting materials were labelled as 3PA-MIL-125, 4PA- 
MIL-125, and 2QUI-MIL-125, respectively. 

Fig. 4. UV–visible spectra of the bare NH2-MIL-125 and the grafted materials.  
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2.4. Characterization of photocatalysts 

A Bruker D8 diffractometer (Cu Kα source) in a 2θ scanning range of 
2 to 50◦ and with a 5◦⋅min− 1 rate, was used to record the X-ray 
diffraction (XRD) patterns. The 13C solid-state NMR spectra were ac-
quired with a Bruker AV 400 WB spectrometer at 100.61 MHz in ZrO 
rotors sealed with Kel-F caps at room temperature. The analysis condi-
tions were contact time 3 ms, spinning frequency 10 kHz, and pulse 
delay 4 s. Chemical shifts were all reported concerning external tetra-
methylsilane (TMS). The porous texture was characterized by N2 
adsorption-desorption at –196 ◦C performed with a TriStar 123 equip-
ment (Micromeritics). All photocatalysts were previously outgassed 
under vacuum at 120 ◦C. The specific surface area (SBET) was obtained 
from the BET method [42], while the microporous surface area (SMP) 
and the non-microporous surface area (SEXT) were quantified by the t- 
plot [43]. The amount of nitrogen adsorbed at a relative pressure (P/P0) 
of 0.99 was used to estimate the total pore volume. UV–vis diffuse 
reflectance spectra were collected in a Shimadzu 2600 UV–vis spectro-
photometer in the 185–800 nm range, using BaSO4 as reference. The 

band gap (Eg) values were determined by the Tauc Plot method [35,44], 
considering all materials as indirect semiconductors [45]. Scanning 
electron microscopy (SEM) images were acquired with HITACHI S-4800 
equipment. Photoluminescence (PL) spectra were recorded in a Cary 
Eclipse spectrofluorometer using an excitation wavelength of 370 nm. A 
Metrohm Autolab potentiostat (PGSTAT204) was used to determine the 
electrochemical properties of the synthetized materials. This system 
comprises an indium tin oxide (ITO) working electrode, with counter 
and reference counterparts of carbon and silver electrodes, respectively. 
The material suspension (1 mg⋅mL− 1) was prepared in 0.1 M Na2SO4 
(pH ~ 4.3 at 25 ◦C) and placed into the electrochemical cell (DropSens 
ITO10). Electrochemical impedance spectroscopy (EIS) was recorded 
scanning the frequency range from 105 to 10-1 Hz at a fixed potential of 
− 1.2 V, whereas Mott-Schottky plots were obtained applying a voltage 
between 0.4 and − 1.0 V under a constant frequency of 100 Hz. The flat 
band potential of the material, Vfb, was obtained following Mott–-
Schottky equation (Eq. (1)) [46]: 

Fig. 5. SEM images of the bare NH2-MIL-125 and the grafted materials.  
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1
C2 =

2
εÂ⋅ε0Â⋅eÂ⋅ND

Â⋅
(

V − Vfb −
kÂ⋅T

e

)

̅̅̅→
1/C2=0

Vfb = V −
kÂ⋅T

e
(1)  

being C the capacitance of the semiconductor-electrolyte junction at 
applied voltage V; ε and ε0 the permittivity of the semiconductor and the 
void, respectively; e the electron charge (1.602 ⋅ 10-19 J); k the 

Boltzmann’s constant (8.617 ⋅ 10-5 eV⋅K− 1); and T the temperature (298 
K). Vfb is estimated from the intercept point of the tangent line with the 
potential axis (1/C2 = 0) in the plot of 1/C2 vs V. The potential of the 
conduction band (VCB) can be calculated concerning the normal 
hydrogen electrode (NHE) at pH 7 following a Nernstian shift using Eq. 
(2) [47]: 

VCB = Vfb(Ag/AgCl,pH) +ΔV(Ag/AgCl,NHE) − 0.059⋅(7 − pH), (2)  

where ΔV(Ag/AgCl, NHE) is the Ag/AgCl potential against NHE (0.21 V). 
Finally, the valence band potential (VVB) can be estimated following Eq. 
(3): 

VVB = VCB +
Eg

e
, (3)  

where Eg is the bandgap of the semiconductor. 

2.5. Photocatalytic assays 

Photocatalytic assays were performed in a Pyrex jacketed reactor 
under simulated solar light (Suntest XLS+, Xe lamp, ATLAS). The light 
intensity was fixed at 600 W•m− 2 and restrained to λ ≥ 320 nm with an 
ID65 filter. An aqueous solution (150 ml) of the target contaminant was 
placed in the reactor with the photocatalyst (250 mg•L-1) under stirring, 
setting the temperature at 25 ◦C. For all assays, the initial concentration 
of the target compound was set at 5 mg⋅L− 1 after reaching the adsorption 
equilibrium in the dark. Aliquots of 400 µL were taken during reaction at 
different intervals, filtered with PTFE syringeless filters (Whatman 0.45 
μm,) and analysed by High Performance Liquid Chromatography 
(HPLC), using a reverse phase C18 column. The mobile phase used was a 
mixture of acetic acid 0.1% (v/v) and acetonitrile using a gradient 
elution method (10/90 to 40/60%), with a constant flow equal to 0.7 
ml⋅min− 1 for the identification of ACE and ANT, while SMX was deter-
mined by an isocratic 70/30% method. The detection wavelength was 
fixed at the maximum absorption of each target contaminant, i.e., 246, 
254, and 242 nm for ACE, SMX, and ANT, respectively. The possible 
lixiviation of the organic linker of the MOFs was also monitored by using 
the same chromatographic method, setting the detection wavelength at 
358 nm. The photodegradation of a mixture of these three pharmaceu-
ticals was evaluated using the material with the best performance, 
setting the initial concentration of each contaminant at 5 mg•L-1 after 
adsorption under the same conditions previously described. Radical 
trapping experiments were carried out with p-benzoquinone (BQ) as a 
scavenger for superoxide radicals (O2

•-), isopropanol (IPA) for hydroxyl 
radicals (HO•), silver nitrate for electrons (e-), and potassium iodide (KI) 
as hole quenchers (h+). These experiments were performed under the 
same conditions as the reaction ones, adding the scavenger at 1 mM 
initial concentration to the ACE solution after the dark adsorption 
equilibrium step [33]. The photocatalytic performance was also inves-
tigated in different water matrices. Specifically, tap water and synthetic 
water with Cl- (25 mg•L-1), NO3

– (50 mg•L-1), SO4
2- (50 mg•L-1), and 

HCO3
– (150 mg•L-1) as usual concentrations of these ions in real water 

samples [33]. Tests were carried out in triplicate and the average value 
was included. A continuous experiment was carried out in the experi-
mental setup schematized in Fig. S3, coupling an inlet and outlet flow by 
two different pumps at 0.9 ml•min− 1. A filter was placed in the outlet 
pipe to avoid photocatalyst loss. After the reaction, the photocatalyst 
was recovered by filtration (PTFE, Whatman 0.45 μm), washed three 
times with 300 ml of water, and dried at 60 ◦C overnight. This used 
photocatalyst was characterized by X-ray diffraction and N2 adsorp-
tion–desorption (–196 ◦C). The quantification of short-chain carboxylic 
acids was performed using a Supelcogel C-610H column. The mobile 
phase consisted of an isocratic 0.1% H3PO4 solution at a flow rate of 0.5 
ml⋅min− 1 (30 ◦C), fixing the excitation wavelength at 210 nm. The 
corresponding standard solutions were used to identify the carboxylic 
acids. 

Fig. 6. Evolution of the linker leaching in the water of the bare NH2-MIL-125 
and the grafted materials. 

Fig. 7. Evolution of ACE degradation with the bare NH2-MIL-125 and the 
grafted materials under solar irradiation ([ACE]0 = 5 mg⋅L–1; Photocatalyst 
load = 250 mg⋅L–1; Intensity = 600 W⋅m− 2). 

Table 2 
Values of the pseudo-first-order rate constant (k) of ACE degradation under solar 
irradiation.  

Photocatalyst k (min− 1) Reference 

NH2-MIL-125  0.0082 This work 
2PA-MIL-125  0.0126 This work 
3PA-MIL-125  0.0194 This work 
4PA-MIL-125  0.0151 This work 
2QUI-MIL-125  0.0137 This work 
Zr-doped NH2-MIL-125  0.0121 [32] 
Pt@NH2-MIL-125  0.0165 [33]  
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3. Results and discussion 

3.1. Characterization 

The XRD diffractograms of all materials are depicted in Fig. 1. All 
grafted materials have very similar diffractograms to that of NH2-MIL- 
125 [32,35], characterized by intense peaks at 6.8, 9.5, and 11.6◦ of 2θ 

assigned to the (101), (200), and (211) reflections, respectively, (COD- 
7211159.cif [48]). Thus, it can be confirmed that NH2-MIL-125 main-
tains its structural framework after grafting with the different hetero-
cycles. Fig. 2 shows the solid 13C MAS NMR spectra of all synthesized 
materials. The peak at 180 ppm is characteristic of C atoms from the 
carboxylic group of the ligand bonded to the Ti-clusters, common to all 
synthesized materials (see chemical structure in Fig. S4) [49,50]. The 

Fig. 8. A) ACE evolution in presence of different scavengers, and B) corresponding pseudo-first-order rate under solar light using 3PA-MIL-125 ([ACE]0 = 5 mg⋅L–1; 
[scavenger] = 1 mM; Photocatalyst load = 250 mg⋅L–1; Intensity = 600 W⋅m− 2). 

Fig. 9. (a) EIS Nyquist and (b) Mott-Schottky plots of NH2-MIL-125 and 3PA-MIL-125. (c) Proposed photocatalytic mechanism of ACE removal.  
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resonance corresponding to carbon atoms bonded to the amine group of 
NH2-MIL-125, i.e. C–NH2, is visible at 150 ppm [49]. This signal suffers a 
broadening after grafting with the heterocycles, since some C–NH2 
groups are transformed to C–N = C by a Schiff reaction (Fig. S2). The 
resonances of the quaternary aromatic carbon atoms appear in the range 
140–130 ppm [49,50], which undergo significant modification after 
grafting due to the incorporation of pyridinic groups. This change is 
even more evident in the case of 2QUI since the ligand is grafted by the 
inclusion of a quinolinic group (Fig. S4). The signals observed at a lower 
chemical shift (≈ 120 ppm) are assigned to the carbon atoms bonded to a 
proton, i.e. –CH group [49,50]. Once again, grafting with heterocycles 
causes a signal broadening due to the addition of new –CH groups from 
the pyridine ring (2PA, 3PA, and 4PA), and quinoline ring on 2QUI-MIL- 
125. It should be mentioned that the spectra of the 2PA-, 3PA-, and 4PA- 
MIL-125 are very similar because the three heterocycles used are iso-
mers. These results confirm the successful grafting of the ATA ligand by 

a post-synthetic procedure in all cases under study, resulting in the 
chemical structures schematized in Fig. S4. 

The porous texture parameters of all synthesized materials were 
determined from N2 adsorption–desorption isotherms at − 196 ◦C 
(Fig. 3) and are summarized in Table 1. The isotherms can be classified 
as type I (IUPAC classification [51]) characteristic of microporous ma-
terials. All materials show high surface area values (between 911 and 
1141 m2⋅g− 1) due mainly to the contribution of micropores. Grafted 
materials showed a slightly lower amount of nitrogen adsorbed and, 
consequently, lower surface area values than the pristine NH2-MIL-125, 
being this reduction more evident for 2QUI-MIL-125. This effect can be 
due to the larger size of the organic molecules anchored to the ligand 
that can partially block the porosity [38]. 

The optical properties of all synthesized materials were determined 
by UV–vis spectroscopy. Fig. 4 represents the absorbance spectra. All 
materials show the same absorption bands in the 200–300 nm range due 
to the presence of the Ti-oxo-clusters [52,53]. The band located at 
higher wavelengths is due to the linker absorption that shifts slightly 
from 390 to 400 nm after grafting with heterocycles. Thus, the grafted 
materials show some shift of absorption to the visible range, suggesting 
that the heterocycle molecules act as an antenna favouring light ab-
sorption [54]. The grafting process also showed an effect in the band gap 
values (Table 1), obtained from the Tauc plot (Fig. S5), whose values are 
slightly reduced after grafting. The morphology of all synthesized ma-
terials can be observed in the SEM images shown in Fig. 5. All samples 
describe thin and disk-like particles with a smooth surface similar to that 
of NH2-MIL-125 [52,55], with a mean size of 400–650 nm. Thus, the 
grafting post-treatment does not affect the particle morphology. 

MOFs stability in water is a very important issue to consider in the 
practical use of these materials for water purification [56–59]. 
Following our previous work dealing with the NH2-MIL-125 stability 
[36], the amount of released ligand was determined by analyzing the 
filtrates after suspending the materials in an aqueous medium. The 
leachate percentage was determined by Eq. (4): 

Leachate(%) =
Cligand

CMOF
×

MMOF

6 × Mligand
× 100 (4)  

Fig. 10. Evolution of ACE, SMX and ANT upon reaction time with 3PA-MIL-125: A) individual experiments and B) mixture experiment ([ACE]0 = 5 mg⋅L-1; [SMX]0 
= 5 mg⋅L–1; [ANT]0 = 5 mg⋅L–1; Photocatalyst load = 250 mg⋅L–1; Intensity = 600 W⋅m− 2). 

Fig. 11. Time-course of ACE concentration with 3PA-MIL-125 under solar 
irradiation in different water matrices. 

V. Muelas-Ramos et al.                                                                                                                                                                                                                        



Separation and Purification Technology 297 (2022) 121442

8

where Cligand is the ligand concentration detected in water (mg⋅L− 1), 
CMOF is the concentration of the MOF suspended in water, MMOF and 
Mligand are the molecular weight values of the MOF and the ligand, 
respectively. Fig. 6 shows both the evolution in the concentration of the 
ligand detected and the percentage leached in relation to the total ligand 
content of the MOF. All grafted materials present lower ligand lixivia-
tion than that of the bare NH2-MIL-125, hence, it seems that the grafting 
improves the stability in water. In fact, ligand grafting is considered an 
approach to enhance the stability of MOFs in water, as it can lead to 
changes in surface hydrophobicity and steric size [60]. It should be 
noted that the low leaching could broaden the potential applications of 
these materials in aqueous media processes. 

3.2. Photocatalytic performance assays 

The photocatalytic performance of all materials herein synthesized 
was evaluated for ACE degradation under simulated solar light irradi-
ation. Fig. 7 shows the evolution of ACE concentration with irradiation 
time after reaching the adsorption equilibrium in the dark. All grafted 
materials describe a better photocatalytic performance than the bare 
MOF, being 3PA-MIL-125 the most active, achieving almost total ACE 
degradation in 90 min. All degradation profiles were successfully fitted 
to a pseudo-first order kinetic reaction, being the kinetic constant values 
collected in Table 2. It is noteworthy that the kinetic constant of 3PA- 
MIL-125 is 2.4 times higher than that of the original NH2-MIL-125. 

Fig. 12. Time-course of ACE and ligand leachate on stream in a continuous experiment with 3PA-MIL-125.  

Fig. 13. Evolution of short-chain acids from the oxidation route of ACE ([ACE]0 = 100 mg⋅L-1; Photocatalyst load = 250 mg⋅L–1; Intensity = 600 W⋅m− 2).  
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These values have been compared with those already reported under the 
same reaction conditions with NH2-MIL-125 MOF with other modifica-
tions, i.e., Zr-doping [32] and Pt decoration [33]. It should be noted that 
the grafting of the ATA ligand with heterocycles promotes the photo-
catalytic reaction to a greater extent than those other modifications. This 
is most likely due to the aforementioned action of the heterocycle as an 
antenna favoring the ligand-to-metal charge transfer (LMCT) mecha-
nism characteristic of MOFs [29,30]. Regarding the differences in pho-
toactivity observed when using the different heterocyclic 
carboxaldehydes for the grafting, since the abovementioned properties 
were very similar, i.e. structure, porous properties and band gap, even 
the rate of electron-hole recombination was similar (shown in Fig. S6), 
the difference could be attributed to the steric arrangement of the het-
erocycle (schematized in Fig. S4). 

To learn more about the reactive species involved in the ACE 
breakdown mechanism using 3PA-MIL-125, Fig. 8 represents the ACE 
evolution upon irradiation time in trapping experiments with different 
scavengers. KI had a negligible effect on the reaction, indicating that 
holes should not contribute to the process. The inhibitory effect of IPA 
was very low, suggesting a minor role of HO• radicals, and a similar 
effect was observed by the addition of AgNO3, also suggesting a low 
contribution of the electrons. However, the incorporation of BQ sup-
pressed remarkably the ACE degradation, indicating that O2

•- radicals are 
the most likely reactive species in the photocatalytic process. This main 
contribution of O2

•- radicals is in agreement with other works dealing 
with NH2-MIL-125 previously reported by our group [32–34]. 

Electrochemical characterization was also assessed to rationalize the 
likely causes of the better photocatalytic activity of 3PA-MIL-125 with 
respect to NH2-MIL-125. In this sense, the resistance for surface charge 
transfer has been previously analyzed by EIS through the Nyquist plot 
[37,61]. As observed in Fig. 9a by the smaller arc radius of the semi-
circle, the higher performance of 3PA-MIL-125 can be attributed to a 
better interfacial charge transfer. Besides, Mott-Schottky plots were used 
to examine the bands alignment. From the intercept of the tangent lines 
with the potential axis in Fig. 9b and using Eq. (1), the flat band po-
tentials (Vfb) of 3PA-MIL-125 and NH2-MIL-125 were estimated to be 
–0.69 and –0.53 V, respectively. Following Eq. (2), the VCB of both MOFs 
was determined to be –0.64 and –0.48 V, respectively, Eq. (3) was used 
to obtain the values of the VVB considering the Eg of each photocatalyst 
(Table 1). The VCB value estimated in this study for NH2-MIL-125 lies 
within the range of those reported for this MOF in the literature (–0.32 
< VCB < –0.87 V [62,63]). Fig. 9c schematizes a tentative band structure 
for both MOFs. Grafting the NH2-MIL-125 with 3PA heterocyclic car-
boxaldehyde resulted in a slight reduction of the band gap (Table 1) and 
a displacement of the position of both CB and VB. This displacement 
favors and supports the generation of the O2

•- described above. The for-
mation of this radical through the dissolved oxygen reduction (–0.33 V 
vs NHE at pH 7 [64]) is energetically favored, even more than on the 
NH2-MIL-125, while the generation of HO• after water oxidation (+2.31 
V vs NHE at pH 7 [65]) is energetically prevented due to the position of 
the valence band. 

Since 3PA-MIL-125 proved its promising photocatalytic performance 
in the conversion of ACE, the degradation of other emerging contami-
nants, i.e. SMX and ANT, was also tested. Fig. 10A shows the evolution 
of SMX and ANT concentration with irradiation time in individual tests 
(in the presence of only one of the pollutants). The photocatalytic deg-
radations of SMX and ANT were slower than that of ACE, revealing the 
more refractory character of these compounds. This issue can be asso-
ciated with their chemical structure (shown in Fig. S7). Unlike ACE, 
which has an aromatic ring easier to open [66,67], SMX has a second 
heterocycle, i.e. a sulfonamide group, that makes its degradation more 
difficult [68]. Something similar occurs with ANT, whose pyrazolone 
group makes it more refractory to oxidation [17]. The removal of the 
three pharmaceuticals was also evaluated in a mixture (Fig. 10B). 3PA- 
MIL-125 was able to degrade the three of them simultaneously, although 
the conversion rates achieved were lower than those obtained when they 

are degraded separately. This difference can be ascribed to several fac-
tors: i) the competition among ACE, SMX, and ANT molecules for the 
photocatalyst surface, ii) the oxidative species have a more organic 
matter to degrade, and/or iii) the formation of reaction by-products that 
can interfere in the degradation process. Remarkably, no works have 
been previously reported dealing with the photodegradation of these 
contaminants with NH2-MIL-125 grafted with 3- 
pyridinecarboxaldehyde. 

The effect of the water matrix was also assessed for ACE removal 
with 3PA-MIL-125. Fig. 11 depicted the photocatalytic degradation of 
ACE in deionized water, tap water, and synthetic water. Total conver-
sion of ACE was achieved in all cases, but the reaction rate is reduced 
when tap water is used and even more when using synthetic water. This 
decrease is due to the presence of inorganic ions (such as Cl–, NO3

–, SO4
2- 

or HCO3
–) capable of trapping the photogenerated charges and radicals. 

This behavior is in agreement with previous results dealing with other 
photocatalysts based on MOFs [33]. 

Batch systems present a huge disadvantage since it is necessary to 
separate the photocatalyst from the treated water [46–48]. Thus, the 
photocatalytic performance of 3PA-MIL-125 was evaluated in a 16 h 
continuous flow system (set-up schematized in Fig. S3). Fig. 12 shows 
the time-course of ACE and leached ligand on stream during this test. 
Once the steady-state was reached (about 6 h), the photocatalytic per-
formance remained constant, achieving a total conversion of ACE, and 
thus demonstrating the stability of 3PA-MIL-125. Ligand leaching was 
also monitored, and a low concentration of leachate was observed (<4 
mg⋅L–1), which continuously decreases from 8 h of reaction and practi-
cally disappeared after 16 h on stream. After reaction, the photocatalyst 
was recovered and characterized to analyze its structural stability. XRD 
and N2 adsorption–desorption results were very similar to those 
described above for the neat 3PA-MIL-125 (Fig. S8). Only a slight 
reduction of the surface area was detected, which may be associated 
with the deposition of by-products, which can slightly block the porous 
network. Thus, 3PA-MIL-125 appears as an active and stable photo-
catalyst to remove emerging contaminants from water under solar 
irradiation in a continuous flow system. 

The acetaminophen degradation pathway has been previously re-
ported by our research group [15,17,33]. We proposed several reaction 
routes involving ring-opening, coupling, hydroxylation, acetamide loss, 
and oxidation processes. Short-chain acids were detected as succinic, 
malonic, formic, and acetic acids. In the current study, up to five 
different carboxylic acids, namely maleic, malonic, formic, fumaric, and 
acrylic acids, were identified from the photocatalytic degradation of 
ACE by 3PA-MIL-125, as detailed in Fig. 13. Malonic and formic acids 
are continuously formed along with the experiment, while malonic acid 
appeared after 30 min under solar light irradiation. Similar behaviour 
was shown for maleic, fumaric, and acrylic acids, although their con-
centrations were lower. It seems that the grafted MOF allows the 
transformation of ACE giving rise to compounds of lower complexity. 

4. Conclusions 

The photocatalytic performance of NH2-MIL-125 was improved by 
grafting the amine ligand with heterocycles that act as an antenna for 
visible light absorption. 3PA-MIL-125 exhibited the best performance in 
acetaminophen degradation due to its high specific surface area and 
microporosity, slightly lower band gap, improved light absorption, 
better interfacial charge transference, and reduced electron-hole 
recombination. Experiments with scavengers lead to the conclusion 
that superoxide radicals play a major role in the photodegradation of 
acetaminophen, although electrons and hydroxyl radicals are also partly 
involved. The inorganic ions commonly found in water reduced the 
acetaminophen photodegradation. 3PA-MIL-125 was able to remove 
other emerging contaminants, i.e. sulfamethoxazole and antipyrine, and 
even a mixture of them, although the reaction rate depends on the na-
ture of the target compound. In a continuous flow regime, total 
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degradation of acetaminophen was reached after 6 h and then main-
tained for the rest of the 16 h experiment. The current results revealed 
the stability and activity of the grafted-NH2-MIL-125 with 3-pyridine-
carboxaldehyde photocatalyst for the remediation of pharmaceuticals 
in water on stream under solar irradiation. 
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