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Synthesis of noble metal-decorated NH2-MIL-125 titanium MOF for the 
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A B S T R A C T   

This work reports the solvothermal synthesis of a titanium-based metal organic framework (NH2-MIL-125(Ti)) 
and the further deposition of palladium, platinum and silver nanoparticles on its framework, with the aim to 
obtain visible light-driven photocatalysts. The structure of the NH2-MIL-125 was not affected by the incorpo-
ration of the metal nanoparticles, while the textural properties changed depending on the metal used. All M/ 
NH2-MIL-125 (M = Pd, Pt, Ag) synthesized materials showed enhanced light absorption in the visible region due 
to the effect of the metal nanoparticles, which were mainly in reduced state as confirmed by XPS analyses. The 
metal nanoparticles were between 1.8 and 3.8 nm in size depending of the metal. They were responsible for the 
reduction in the recombination process, as suggested by photoluminescence measurements. The photocatalytic 
performance of M/NH2-MIL-125 was tested for the degradation of acetaminophen (ACE) under simulated solar 
irradiation. Pt/NH2-MIL-125 achieved the highest conversion rate (rate constant of 0.0165 min− 1), with com-
plete conversion of the contaminant in less than three hours. Scavengers studies confirmed that O2

•− radicals play 
a main role in the degradation process, followed by •OH radicals. The catalytic stability of Pt/NH2-MIL-125 was 
confirmed upon three successive reaction cycles. Different water matrices were tested to understand the effect of 
common inorganic ions, being the presence of bicarbonates the most detrimental to the performance of the 
photocatalytic process.   

1. Introduction 

The availability of quality water is a growing concern in current 
society. Thus, different purification technologies are worldwide inves-
tigated and implemented in the field of water and wastewater treatment. 
A new group of contaminants, which are not readily removed by con-
ventional technologies, are of growing concern. This so-called emerging 
contaminants (ECs) include a wide range of pharmaceuticals, personal 
care products, detergents, steroids, hormones, etc. [1]. The concentra-
tion of ECs in water is in general fairly low, but even at these low levels 
they are hazardous for human health and environment, hence the 
importance of their effective removal [2]. Different wastewater treat-
ment technologies are being considered for that purpose, being 
advanced oxidation processes (AOPs) promising solutions due to their 
ability to generate reactive oxygen species (ROS) capable of degrading a 
wide variety of contaminants. AOPs include different approaches, such 
as Fenton, ozonation, sonolysis, electrolysis and photocatalysis [3]. This 
last is receiving growing attention, especially regarding potential 
application under solar light [4]. Photocatalysis exploits the ability of a 

semiconductor to induce redox reactions when activated by light, being 
TiO2 the most widely used photocatalyst since Fujishima and Honda 
discovered its properties [5]. TiO2 presents unquestionable advantages, 
such as high-photoactivity and stability, low-toxicity and low-cost [6]. 
But, it has also some drawbacks, including a deficient exploitation of 
solar energy, since it only uses the UV radiation from the solar spectrum. 
Also, the fast recombination of electron-hole pairs and difficult recovery 
and recycling from the aqueous medium because of the very low particle 
size, limit the application of this material as photocatalyst [7]. Thus, 
other semiconductors have gained attention in this field to, especially 
for the sake of more efficient use of free solar irradiation as energy 
source. 

Metal organic frameworks (MOFs) represent an interesting class of 
porous materials formed by the combination of a metal oxo-cluster and 
an organic linker [8]. They have been applied in many fields, such as gas 
storage [9,10], water splitting [11,12], sensing [13], separation pro-
cesses [14,15], catalysts in green chemistry [16], and water treatment 
[17,18]. Regarding water purification, MOFs and derived-MOFs mate-
rials have been evaluated as promising photocatalysts due to their 

* Corresponding author. 
E-mail address: jorge.bedia@uam.es (J. Bedia).  

Contents lists available at ScienceDirect 

Separation and Purification Technology 

journal homepage: www.elsevier.com/locate/seppur 

https://doi.org/10.1016/j.seppur.2021.118896 
Received 26 January 2021; Received in revised form 30 April 2021; Accepted 1 May 2021   

mailto:jorge.bedia@uam.es
www.sciencedirect.com/science/journal/13835866
https://www.elsevier.com/locate/seppur
https://doi.org/10.1016/j.seppur.2021.118896
https://doi.org/10.1016/j.seppur.2021.118896
https://doi.org/10.1016/j.seppur.2021.118896
http://crossmark.crossref.org/dialog/?doi=10.1016/j.seppur.2021.118896&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Separation and Purification Technology 272 (2021) 118896

2

semiconductor properties [19]. Among the different MOFs that can be 
synthesized by varying the metal and linker nature, Ti-MOFs are 
receiving great attention in photocatalysis. For instance, Dan-Hardi et al. 
[20] synthetized MIL-125, formed by Ti8O8(OH)4 clusters and six co-
ordinated linkers with very interesting photochemical properties and 
thermal stability. However, this MOF has a high band gap value, close to 
3.6 eV, so that to be activated needs UV light. To overcome this problem, 
MIL-125 has been modified to enhance its photocatalytic activity by 
different methods, including ligand functionalization [21] metal cluster 
doping [22] metal sensitization [23,24] or combination with other 
semiconductors [25–27]. Regarding functionalization, modifying the 
ligand by the incorporation of a –NH2 group results in NH2-MIL-125 
MOF, which has a significantly lower band gap value, close to 2.6 eV 
[21,28]. The –NH2 functionalization and metal doping were simulta-
neously performed by Gómez-Avilés et al. [22] giving rise to (Ti/Zr)– 
NH2-MIL-125, capable of removing acetaminophen from water in a 
short time under simulated solar light, where superoxide radicals were 
the main specie involved in the process. Among composites or hetero-
structures derived from MIL-125, In2S3@MIL-125 stands out for its ef-
ficiency in tetracycline breakdown under visible light again with 
superoxide radicals as main reactive specie in the degradation [29]. The 
aforementioned antibiotic, was also degraded with TiO2@NH2-MIL-125 
under visible light irradiation [30]. Recently BiOI/MIL-125 hetero-
junction was employed to remove tetracycline, being holes the main 
reactive specie [31]. Moreover, another antibiotic, such as oxytetracy-
cline was also removed using CdS@NH2-MIL-125 [32]. MIL-125 was 
also combined with Bi2WO6 to remove tetracycline hydrochloride under 
visible light irradiation [33]. In this latter study, superoxide radicals and 
holes were identified as the main active species. A novel photocatalyst 
based on MIL-125 with mixed linkers was combined with different 
contents of g-C3N4 for the photodegradation of cefixime with a main 
participation in the degradation of superoxide radicals [34]. 

For instance, Pd and Ag were deposited on NH2-MIL-125 to reduce 
nitro-aromatic compounds under visible light [35] attributing the better 
photocatalytic response to inhibition of the electron recombination due 
to the presence of metal nanoparticles. Pt NPs were used to improve its 
photocatalytic CO2 reduction, since the metal nanoparticles reduce Ti4+

to Ti3+, which is more active for CO2 reduction [36] and also studied for 
H2 photocatalytic production, where the metal NPs improve the charge 
separation [37]. Ag NPs deposition has been also investigated for the 
improvement of a modified NH2-MIL-125 activity in the photocatalytic 
degradation of a dye under visible light, giving rise a better photo-
degradation owning to the plasmon resonance effect [23]. However, to 
the best of our knowledge, only one previous study is devoted to Pt- 
deposited NH2-MIL-125 for water treatment (Cr(VI) reduction) by 
solar photocatalysis. In this study, the improvement in the photoactivity 
is associated to a faster electron transfer and lower recombination of 
electron-hole pairs [38]. 

The current work focusses the attention on the photocatalytic 
behavior of NH2-MIL-125 with deposited noble metal NPs on its surface. 
These materials are tested as photocatalysts for the removal of acet-
aminophen (as model emerging pollutant) under simulated solar light. 
To the best of our knowledge, this is the first study that uses noble metal 
decorated NH2-MIL-125 for the solar photocatalytic degradation of a 
contaminant of emerging concern such as acetaminophen. We per-
formed a systematic characterization of the synthesized materials, 
studying the effect of the metal NPs on the photocatalytic activity. The 
acetaminophen degradation was studied in detail, determining the role 
of the main radicals involved in the reaction, analyzing the influence of 
some inorganic ions commonly present in water and stablishing the 
stability of the photocatalyst upon successive cycles. The study high-
lights the great activity of M/NH2-MIL-125 for the removal of acet-
aminophen in water under solar light, providing useful information for 
future water treatment applications of MOFs. 

2. Experimental 

2.1. Synthesis of NH2-MIL-125(Ti) 

NH2-MIL-125(Ti) was synthesized following previously reported 
procedures [22,39]. Briefly, 6 mmol of 2-amino benzene dicarboxylic 
acid (Sigma-Aldrich, 99%) were dissolved in 25 mL of N,N- 
dimethylformamide (DMF, Sigma-Aldrich, ≥99.8%) by stirring at 
room temperature for 5 min. Then, 3 mmol of titanium isopropoxide 
(Sigma-Aldrich, ≥97%) were added dropwise, until complete homoge-
nization, followed by 25 mL of methanol (Sigma-Aldrich, 99.8%), 
maintaining the final mixture under stirring for 30 min. The solution 
was further transferred to a 65 mL Teflon-lined stainless steel autoclave 
and heated at 150 ◦C for 16 h. The resulting solid was centrifuged (5000 
rpm, 5 min) and washed three times with DMF and other three times 
with methanol (100 mL each time for 30 min). The final yellow solid was 
recovered by centrifugation, dried at 60 ◦C overnight and stored. This 
sample is named NH2-MIL-125. 

2.2. Deposition of Pd and Pt NPs 

Pd and Pt/NH2-MIL-125 (1 wt%, Pt or Pd) were prepared by incip-
ient wetness impregnation. Metal impregnation was carried out over the 
as-prepared NH2-MIL-125 using an aqueous solution of PdCl2 (Sigma- 
Aldrich, 99%) or H2PtCl6 (8 wt% in H2O, Sigma-Aldrich, 99%).The 
impregnated samples were dried overnight in an oven at 60 ◦C and 
reduced under 25 mL⋅min− 1 H2 flow at 200 ◦C during 2 h. These 
modified-MOFs were denoted as Pd/NH2-MIL-125 and Pt/NH2-MIL-125. 

2.3. Deposition of Ag NPs 

Ag/NH2-MIL-125 was prepared by photo-deposition of silver NPs 
[40]. The appropriate amount of NH2-MIL-125 to achieve 1 wt% of Ag 
was added to 50 mL of 0.001 AgNO3 (Alfa Aesar, 99%) ethanol solution 
under magnetic stirring for 30 min. Further, the suspension was irradi-
ated at 25 ◦C with a commercial UV lamp (Ultra Vitalux 300 W) for 1 h 
under stirring. The solvent was removed by a rotary evaporator and the 
resulting solid was dried overnight at 60 ◦C. 

2.4. Characterization 

The Solid-State X-Ray Diffraction (XRD) patterns were registered in a 
Bruker D8 diffractometer equipped with a Sol-X energy dispersive de-
tector, using a Cu Kα source (λ = 0.154 nm) and a 2θ range from 2 to 50◦

(scan step 1.5◦⋅min− 1). The average crystal size (D) was calculated by 
the Scherrerś equation, using the (211) peak at 11.6◦ of 2θ, that does not 
overlap with others. A TriStar 123 equipment (Micromeritics) was used 
to assess the porous texture by N2 adsorption–desorption at − 196 ◦C. 
The samples were previously outgassed under vacuum at 120 ◦C. The 
Brunauer-Emmet-Teller method [41] was used to calculate the specific 
surface area (SBET). Total pore volume (VT) was determined by the 
amount of N2 adsorbed at 0.99 relative pressure (P/P0). Micropore 
volume (VMP) was obtained from the t-plot method [42]. The pore size 
distribution was determined by the density functional theory (DFT) 
model. UV–visible diffuse reflectance spectra were registered with a 
Shimadzu 2501PC UV–vis spectrophotometer in the 200–800 nm range, 
using BaSO4 as reference. The band gap values were calculated from 
those spectra by the Tauc Plot method [28,43], considering all materials 
as indirect semiconductors [44]. The surface composition was analysed 
by X-ray photoelectron spectroscopy (XPS) with a Thermo Scientific 
apparatus using Al Kα radiation (1486.68 eV). All binding energies were 
corrected using as reference the C 1s spectrum at 284.6 eV. The binding 
energy was taken from 0 to 1200 eV. Scanning transmission electron 
microscopy (STEM) images were obtained with an Analytical Titan 
apparatus (CEOS Co.). Chemical analyses of the solids were carried out 
by inductively coupled plasma mass spectrometry (ICP-MS) in a NexION 
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300 instrument. Prior to the analysis the solids were digested in acid 
medium and stabilize with HF. A Cary Eclipse spectrofluorometer was 
used to obtain the photoluminescence (PL) spectra, using an excitation 
wavelength of 370 nm. 

2.5. Photocatalytic tests 

Photodegradation of acetaminophen (ACE, Sigma-Aldrich, >99%) 
was undertaken in a circular Pyrex jacketed reactor (500 mL) (radius =
9.84 cm; height = 7.15 cm) at a controlled temperature of 25 ◦C under 
magnetic stirring. This reactor was located inside a solar simulator 
chamber (Suntest XLS+, ATLAS) with a Xe lamp and a “Daylight” filter 
(cuts off λ ≤ 290 nm, emission spectrum shown in Fig. S1). The light 
intensity was fixed to 600 W∙m− 2 (107.14 klx). The photocatalyst (250 
mg∙L− 1) was suspended in 150 mL aqueous solution with an initial ACE 
concentration of 5 mg∙L− 1. Adsorption equilibrium was achieved in 
dark for 1 h prior to the photocatalytic reaction. Then, the light was 
switched on and the reaction was followed for 6 h. Aliquots were taken 
at given time intervals and filtered with PTFE syringeless filters 
(Whatman 0.2 μm) to separate the solid photocatalyst. The ACE con-
centration was analysed by liquid chromatography HPLC (Shimadzu 
Prominence-I LC-2030C) using a diode array detector (SPD-M30A) and a 
C18 column (Eclipse Plus 5 μm, Agilent). The mobile phase was a 
mixture of acetonitrile/acetic acid (0.1% v/v aqueous solution), using a 
gradient 10/90–40/60% method (0.7 mL⋅min− 1). The detection wave-
length was fixed at the maximum absorption of ACE, 246 nm. Radical 
trapping experiments were carried out with benzoquinone (BQ) as 
scavenger for superoxide radicals (O2

•− ) [45], isopropanol (IPA) for hy-
droxyl radicals (•OH) [46], silver nitrate for holes (h+) [47] and potas-
sium iodide (KI) as electron (e− ) acceptor [48]. These experiments were 
performed under the same conditions than the reaction ones, adding the 
scavenger at 1 mM initial concentration to the ACE solution [49] after 
the dark adsorption equilibrium step. The effect of some inorganic ions 
commonly present in water was also studied. These tests were carried 
out with Cl− (25 mg∙L− 1), NO3

– (50 mg∙L− 1), SO4
2− (50 mg∙L− 1) and 

HCO3
– (150 mg∙L− 1), usual values in real waters. The stability of the 

photocatalyst was evaluated upon three successive cycles. After each 
cycle, the photocatalyst was vacuum-filtered, washed three with 300 mL 
of distilled water, dried at 60 ◦C overnight and weighed, ensuring that 
the reaction conditions of the following cycle were the same. 

Reaction intermediates were analyzed by Liquid Chromatography 
Mass Spectrometry with Electrospray Ionization (LC/ESI-MS) in a 
Bruker Maxis II equipment using a positive ionization mode. It was 
employed a 500 V end plate offset, at 300 ◦C, a 3.500 V capillary voltage 
and 8 mL⋅min− 1 of dry gas flow. The data were collected in the range of 
50–3000 m/z. A Metrohm 790 IC apparatus, equipped with a Metrosep A 
Supp 5 column, was employed to analyze carboxylic acids and inorganic 

ions by Ionic chromatography (IC). The eluent was a Na2CO3/NaHCO3 
(3.2 mM/1.0 mM) buffer solution, while the anionic suppressor was a 
H2SO4 (100 mM) solution. 

3. Results and discussion 

3.1. Characterization of the photocatalysts 

Fig. 1 shows the XRD patterns of M/NH2-MIL-125 compared with 
that of bare NH2-MIL-125. All the materials synthesized described the 
characteristic pattern of NH2-MIL-125 [22,28]. The most intense peaks 
appeared at 6.8, 9.5 and 11.6◦ values of 2θ, corresponding to the (011), 
(020) and (121) planes of NH2-MIL-125, respectively [50]. The depo-
sition of metal NPs did not modify significantly the XRD pattern of the 
bare NH2-MIL-125, indicating that the crystalline structure of the MOF is 
maintained, without significant changes in the average crystal size (D) 
(see Table 1). The slight decrease observed is probably due to the 
thermal treatment following metal deposition. Similar results have been 
recently observed upon thermal stabilization of this same NH2-MIL-125 
MOF [51]. It is worth mentioning that no additional peaks are observed, 
not even those related to the impregnated metals, which can be 
explained by the low amount deposited (1 wt%) and more likely to the 
low size of the metallic nanoparticles, as will be confirmed later by the 
STEM images. The noble metal contents on M/NH2-MIL-125 samples 
were quantified by ICP-MS analyses, resulting in 0.85, 0.92 and 0.98 wt 
% for Pt, Pd and Ag, respectively. These values are close to the theo-
retical 1 wt%, confirming the successful loading of the noble metals on 
NH2-MIL-125 (Ti) MOF. 

N2 adsorption-desorption isotherms at − 196 ◦C are depicted in Fig. 2 
and Table 1 summarizes the resulting textural characteristics. All the 
isotherms follow the same pattern than that of the bare NH2-MIL-125, 
indicative of essentially microporous solids with some small contribu-
tion of mesoporosity and high surface area values [53,54]. Therefore, as 

Fig. 1. X-ray diffraction patterns. Reference pattern of NH2-MIL-125 from 
Crystal Open Database (COD) library is included in green colour (COD- 
7211159.cif [52]). 

Table 1 
Porous texture, average crystal size (D) and band gap (Eg) values.   

SBET (m2/ 
g) 

VT (cm3/ 
g) 

VMP (cm3/ 
g) 

D (nm) Eg 
(eV) 

Pt/NH2-MIL- 
125 

1243 0.68 0.55 31.9 2.48 

Pd/NH2-MIL- 
125 

1248 0.70 0.55 31.0 2.50 

Ag/NH2-MIL- 
125 

1083 0.57 0.48 31.8 2.70 

NH2-MIL-125 1109 0.59 0.47 32.3 2.56  

Fig. 2. N2 adsorption–desorption isotherms at − 196 ◦C.  
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in the case of the crystalline structure, metal impregnation did not 
provoke significant changes on the porous texture of the original NH2- 
MIL-125, except some increase of pore volume and surface area in the Pd 
and Pt/NH2-MIL-125 samples but maintaining similar pattern. Pore size 
distribution (Fig. 3) shows some small displacement of the metal- 
impregnated samples towards narrower microporosity. These changes 
can be associated to the thermal treatment following metal deposition 
and are related to the removal of excess linker and/or remaining solvent 
molecules not completely removed by washing [51]. 

The UV–vis spectra are shown in Fig. 4A. All the solids show two 
absorption bands centred at 280 and 370 nm, due to Ti-oxo-clusters and 
linker, respectively [55,56]. M/NH2-MIL-125 samples exhibit enhanced 
absorption in the visible range due to photons absorption of the metal 
NPs [23,50,57]. The absorption displayed by Ag/NH2-MIL-125 is also 
associated with the surface plasmon resonance of Ag0, an inherent 
property characterized by the redistribution of the charge density when 
the NPs are irradiated by light with a wavelength larger than their size 
[40,58]. The band gap values (Eg) (Table 1) were calculated using the 
Tauc plot method (Fig. 4B). All the materials yielded quite similar values 

(2.5–2.7 eV, see Table 1), indicating that, as expected, deposition of 
metal NPs does not modify the NH2-MIL-125 band gap [23,24]. 

The surface composition of photocatalysts was analyzed by XPS. 
Figs. S2–S5 (supplementary information) show, respectively, the Ti 2p, 
C 1s, N 1s and O 1s deconvoluted spectra of the samples. The decon-
volution of Ti 2p region profile gave two peaks at 464.5 and 458.8 eV, 
ascribed to the Ti4+ ions of the metal oxo-clusters in the MOF [28,59]. 
The C 1s spectra included four peaks located at 284.6, 285.3, 286.6 and 
288.7 eV, which can be assessed to C––C/C–H, C–N, C––O/N–C––O 
and COO– moieties, respectively [28]. These peaks correspond to 
different bonds of the organic linker, 2-amino benzene dicarboxylic acid 
(NH2-BDC) [28]. The O 1s deconvolution yielded three peaks, associated 
with the oxygen in Ti-oxo clusters (530.1 eV), the C––O bond (531.6 eV) 
of the linker and –OH groups (532.3 eV) [60]. Finally, deconvolution of 
the N 1s spectra gave three deconvoluted peaks at 399.3, 400.4 and 
402.9 eV, derived from C–N/N–H, N–C––O and –N+–, respectively 
[59]. These peaks are related to the positively charged nitrogen atoms 
and the N element of the amine functionality spreading or protruding 
into the empty space of the MOF [28,54]. Table 2 collects the surface 
elemental composition of all the materials from XPS spectra. No signif-
icant changes in Ti, O, N and C can be observed respect to the original 
NH2-MIL-125. Comparison of the XPS surface values of each metal with 
the corresponding nominal bulk content (1%) suggests more likely egg- 
shell distribution for Ag and egg-yolk for Pd while Pt seems more evenly 
distributed. 

Fig. 5 shows the deconvoluted spectra of Ag 3d, Pd 3d and Pt 4f of M/ 
NH2-MIL-125 samples and Table 3 collects the metal oxidation state 
determined from those spectra. The Pd 3d region of Pd/NH2-MIL-125 
shows two peaks at 335.0 and 340.3 eV associated to Pd0. Meanwhile, 

Fig. 3. DFT pore size distributions.  

Fig. 4. (A) UV–Vis spectra and (B) Tauc plots.  

Table 2 
XPS surface elemental composition.  

Surface elemental composition (%) 

Sample Ti N O C Pt Pd Ag 

Pt/NH2-MIL-125 38.45 4.28 33.03 23.41 0.83   
Pd/NH2-MIL-125 39.02 4.64 33.09 22.99  0.26  
Ag/NH2-MIL-125 37.29 5.08 32.83 22.58   2.23 
NH2-MIL-125 36.97 4.89 33.38 24.75     
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two other peaks at 337.9 and 343.2 eV are ascribed to Pd2+. Similar 
results were obtained when analyzing the Pt 4f region of Pt/NH2-MIL- 
125, which displays two peaks at 70.7 and 74.0 eV, attributed to Pt0, and 
two other peaks at 73.0 and 76.3 eV, assigned to Pt2+ [61]. The higher 
proportion of electrodeficient Pd and Pt on Pd/NH2-MIL-125 and Pt/ 
NH2-MIL-125, respectively, can be due to the strong interaction of these 
metals with the MOF support and the relatively low reduction temper-
ature (200 ◦C) used in order to preserve the MOF structure. Ag 3d region 
of Ag/NH2-MIL-125 shows peaks at 368.4 and 374.3 eV confirming the 
presence of Ag0, although other two peaks at 367.8 and 373.7 eV reveal 
also the presence of Ag+ [40,62]. However, the Ag+/Ag0 ratio (Table 3) 
was quite low, verifying the successful photoreduction of the Ag 
precursor. 

The presence of metallic NPs in the metal-loaded NH2-MIL-125 was 
confirmed by STEM (Fig. 6). All synthesized materials show rectangular 
disk-like particles with an average size of 500 nm, characteristic of the 
NH2-MIL-125 MOF [63,64]. The presence of metal NPs decorating the 
surface of the MOF appear as discrete spherical particles with average 
sizes of 3.8, 3.4 and 1.8 nm for Ag, Pt and Pd, respectively. In the case of 
Ag, the NPs show a bimodal distribution with most of the particles lower 
than 2 nm and other around 5 nm and higher in size (Fig. 6B). In 
contrast, both Pt and Pd show very uniform and evenly dispersed par-
ticles. Pd NPs are the smallest ones, difficult to observe in the lower 
magnification image (Fig. 6E). The metal NPs seem to be homoge-
neously distributed through the inner structure of the MOFs. It should be 
underlined that the location of those metal nanoparticle would have a 
very significant impact in the photoactivity of the resulting materials as 
previously show by Xiao et al. [65,66] when analysing the effect of the 
location of Pt nanoparticles on MOFs for the hydrogen production under 
visible light irradiation. 

3.2. Photocatalytic tests 

Adsorption of ACE onto the photocatalysts was checked prior to the 
reaction tests. Equilibrium was always reached in less than one hour and 
the adsorption capacity was in all the cases very low (Fig. S6). Those 
adsorption values were then used to adjust the pollutant concentration 
of the initial solution so that all the reaction tests started with ACE at 5 
mg⋅L− 1. Fig. 7 shows the evolution of ACE concentration upon irradia-
tion time with the photocatalysts tested. In the absence of photocatalysis 
(photolysis) a negligible ACE degradation is obtained, which confirms 
the stability of this compound versus solar light. Metal nanoparticles 
clearly enhanced the rate of ACE removal respect to the observed with 
the bare titanium MOF. This positive effect of the metal NPs can be due 
to lower recombination of charges, as confirmed by the decreased in-
tensity of PL spectra (shown in Fig. S7). It can be also ascribed to the 
enhanced light absorption in the visible range, as can be observed in 
UV–vis data (Fig. 4A). We have analysed by ICP-MS the presence of 
leached Pt in the aqueous solution after reaction using Pt/NH2-MIL-125. 
The Pt concentration in the aqueous phase after reaction is very low (87 
ppb), which corresponds to less than 3.5% of the initial Pt content of the 
photocatalyst and confirms the aqueous stability of the metal nano-
particles in the MOF. 

The disappearance of ACE fits well to a pseudo-first-order rate 
equation (Fig. S8). The rate constant (k) values are included in Table 4, 
compared with those reported with other photocatalysts. Pt/NH2-MIL- 
125 yielded the highest value, 2.4 times that of bare NH2-MIL-125. That 
may be due to the combined effect of a better absorption of light in the 
visible range (Fig. 4A) and slower charges recombination rate (Fig. S7). 
The k value obtained with Pt/NH2-MIL-125 is higher than that reported 
by a Zr-doped NH2-MIL-125 (85%Ti/15%Zr) tested under the same re-
action conditions [22], highlighting the light harvesting caused by the 
incorporation of Pt nanoparticles at surface of the MOF. Moreover, Pt/ 
NH2-MIL-125 also showed a higher k value than other photocatalysts 
designed by our research group, such as Ag/ZnO-TiO2/clay hetero-
structure [40] or ZnO/sepiolite [67]. Nevertheless, this value is lower 

Fig. 5. (A) Pd 3d; (B) Pt 4f; (C) Ag 3d deconvoluted XPS spectra of Pd/NH2- 
MIL-125, Pt/NH2-MIL-125 and Ag/NH2-MIL-125, respectively. 

Table 3 
Surface metal composition (estimated from XPS spectra) of M/NH2-MIL-125.  

Ag/NH2-MIL-125 Pd/NH2-MIL-125 Pt/NH2-MIL-125 

Ag+

(%) 
Ag0 

(%) 
Ag+/ 
Ag0 

Pd2+

(%) 
Pd0 

(%) 
Pd2+/ 
Pd0 

Pt2+

(%) 
Pt0 

(%) 
Pt2+/ 
Pt0 

34 66 0.50 65 35 1.83 79 21 3.81  
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than that obtained with a heterojunction based on another MOF (Ag/ 
AgCl@ZIF-8; 0.058 min− 1) [58], and also lower than the achieved by Pt/ 
TiO2 photocatalyst upon higher ACE and photocatalyst concentrations 
[68]. A higher rate constant was also reported by our group with C- 
modified TiO2 under the same reaction conditions, related with the 
presence of anatase phase [69]. 

Several scavengers were used to learn on the main reactive species 
involved in the photocatalytic process. Fig. 8 A and B represent the ACE 
evolution upon irradiation time and the values of the pseudo-first order 
rate constant of ACE disappearance (k) with Pt/NH2-MIL-125 in pres-
ence of different scavengers, respectively. KI (e– scavenger) had no 

significant effect in the photocatalytic performance, so it can be said that 
the electrons do not participate actively in the degradation process. 
Meanwhile, the slight decrease of k with IPA (•OH scavenger) indicate 
that hydroxyl radicals play a minor role in the ACE photodegradation 
with the catalysts tested. The breakdown rate was dramatically hindered 
in the presence of benzoquinone (O2

•− scavenger), hence, the main 
reactive specie involved in ACE removal seems to be O2

•− . Besides this, 
the addition of AgNO3 had an important effect, accelerating the disap-
pearance of ACE. This effect can be attributed to the presence of Ag+, 
which can absorb visible light giving rise to the formation of electrons 
and holes. These electrons can be transferred to the conduction band of 

Fig. 6. STEM images of (A, B) Ag/NH2-MIL-125, (C, D) Pt/NH2-MIL-125 and (E, F) Pd/NH2-MIL-125 (Bar lengths, left; 100 nm; right: 20 nm).  
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MOF, yielding more superoxide radicals [70]. The major role of super-
oxide radicals was also reported by Gómez-Aviles et al. [22] for the 
degradation of the same pharmaceutical (ACE) with Zr-doped NH2-MIL- 
125 photocatalysts. 

The water matrix can affect to the performance of photocatalytic 
degradation [75]. This potential effect was studied by mixing the 
starting ACE solution with chloride, nitrate, sulfate and carbonate ions, 
commonly present in water (Fig. 9). According to previous studies 
[71,72], chloride, nitrate and sulphate ions can react with hydroxyl 
radicals. Since these radicals do not significantly affect the reaction rate 
in the scavenger tests, the ACE photodegradation is not significantly 
affected by the presence of SO4

– ions. Conversely, the presence of HCO3
– 

caused a detrimental effect on the reaction. According to Liu et al [73], 
HCO3

– ions interact with superoxide radicals, decreasing the O2
•− con-

centration. Then, the observed decrease in the ACE degradation in the 
presence of HCO3

– ions can be justified by the scavenging of superoxide 
radicals. A mixture of Cl− , NO3

–, SO4
− and HCO3

– ions was also tested 
under the same operating conditions and additional damage was 
observed, suggesting some synergistic negative effects. 

The reusability of Pt/NH2-MIL-125 catalyst was evaluated upon 
three successive cycles. ACE conversion decreased from the first to the 

Fig. 7. Evolution of the ACE concentration under solar irradiation with the 
photocatalysts tested. ([ACE]o = 5 mg⋅L− 1; Photocatalyst load = 250 mg⋅L− 1; 
Illuminance = 107.14 klx). 

Table 4 
Values of the first order rate constant of ACE disappearance.  

Catalyst k (min− 1) Reference 

Pt/NH2-MIL-125 0.0165 This work 
Pd/NH2-MIL-125 0.0159 This work 
Ag/NH2-MIL-125 0.0096 This work 
NH2-MIL-125 0.0067 This work 
NH2-MIL-125 (85%Ti/15%Zr) 0.0121 [22] 
ZnO/sepiolite 0.0032 [67] 
Ag/ZnO-TiO2/clay heterostructure 0.0095 [40] 
Ag/AgCl@ZIF-8 0.0580 [58] 
Pt/TiO2 0.0260 [68] 
C-modified TiO2 0.0670 [69]  

Fig. 8. (A) ACE evolution upon irradiation time and (B) values of the pseudo-first order rate constant of ACE disappearance (k) with Pt/NH2-MIL-125 in presence of 
different scavengers. 

Fig. 9. Effect of some common inorganic ions on the photocatalytic degrada-
tion of ACE with Pt/NH2-MIL-125 under solar irradiation (Operating conditions 
as in Fig. 7). 
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second cycle by about 8% and a further less than 5% decrease was 
observed in the third one. Similar behavior was reported for Zr-doped 
NH2-MIL-125 photocatalyst [22] under the same reaction conditions. 
The photocatalytic activity decreased after the first cycle but remained 
almost unchanged from the second to the third runs, with conversion 
values above 90%. After the cycles, the photocatalyst was recovered and 
characterized by XRD, nitrogen adsorption–desorption and SEM mi-
crographs (Fig. 10). Pt/NH2-MIL-125 maintained its structure and 
porous texture, thus demonstrating its relatively high stability during 
the photocatalytic reaction. A small decrease (≈10%) of BET surface 
area was observed, probably due to some pore blockage caused by the 
adsorption of ACE and/or degradation by-products, probably respon-
sible of the minor activity. No significant morphological changes were 
observed comparing the SEM images before (Fig. 10C) and after reaction 
(Fig. 10D). The particles maintained their rectangular disk-like shape 
with an average size of 500 nm, in agreement with TEM images (Fig. 6). 

The reaction intermediates were identified by LC/ESI.MS and IC. The 
accurate mass (m/z) of the detected by-products is summarized in 
Table S1. The low mass error (<±1 mDa) and the value of ring and 
double bonds (RDB) corroborated the chemical species. RDB is related to 

numbers of rings and double bonds in the molecules. Based on the 
detected compounds, a proposed degradation pathway is depicted in 
Fig. 11. One of the reaction pathways consists on the coupling of ACE 
molecules. Thus, two ACE molecules can form ACE-2 (m/z 301.1181), 
previously reported by Chen et al. [84]. Then, the direct aromatic ring 
hydroxylation of ACE-2 yield ACE-3 compound (non-detected, but pre-
viously observed in the literature [75]), which can be further hydrox-
ylated in ACE-4 (m/z 349.1030). On the other hand, the ring opening of 
ACE molecules can give rise to the formation of ACE-1 or butylamine 
(m/z 74.0958), and maleic and malonic acids. These acids were also 
detected in previous studies [76–78]. Further oxidation of these in-
termediates produces formic and acetic acids. Finally, the mineraliza-
tion of these short-chain acids leads the formation of CO2, NO3

– and H2O. 
Only nitrate is detected as mineralization nitrogen product. 

4. Conclusions 

Noble metal (Ag, Pd and Pt) nanoparticles were successfully depos-
ited on NH2-MIL-125 by wet impregnation followed by a reduction 
treatment. The characteristic structure of the MOF was maintained in all 

Fig. 10. Changes in the XRD pattern (A), nitrogen adsorption–desorption isotherms (B), and SEM images of Pt/NH2-MIL-125 before (C) and after three successive 
cycles (D). 

V. Muelas-Ramos et al.                                                                                                                                                                                                                        



Separation and Purification Technology 272 (2021) 118896

9

M/NH2-MIL-125 as well as the microporous texture with high surface 
area. Metal nanoparticles appeared decorating the surface of the MOF, 
with average sizes from 1.8 to 3.5 nm depending of the metal. Those 
nanoparticles were a mixture of M2+/M0 species responsible of light 
absorption in the visible region. The Pt/NH2-MIL-125 photocatalyst 
yielded the best results in the degradation of the target pollutant (ACE), 

due to enhanced visible light absorption and slower recombination of 
the photogenerated charges. O2

•− radicals governed the ACE photo-
degradation process. The photocatalytic performance of Pt/NH2-MIL- 
125 was not significantly affected by the presence of Cl− , NO3

– and SO4
−

ions, while HCO3
– caused a detrimental effect due to O2

•− trapping. The 
stability and reusability of Pt/NH2-MIL-125 was tested upon three 

Fig. 11. Proposed reaction pathway for ACE photocatalytic degradation with Pt/NH2-MIL-125.  
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successive cycles, where its original crystalline structure and porous 
texture were maintained. Some small decrease of activity was observed 
as inferred from the reduction of ACE conversion (somewhat above 10% 
after the three cycles). 
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C. Belver, A Review on the Synthesis and Characterization of Metal Organic 
Frameworks for Photocatalytic Water Purification, Catalysts 9 (2019) 52, https:// 
doi.org/10.3390/catal9010052. 

[19] Z. Shao, D. Zhang, H. Li, C. Su, X. Pu, Y. Geng, Fabrication of MIL-88A/g-C3N4 
direct Z-scheme heterojunction with enhanced visible-light photocatalytic activity, 
Sep. Purif. Technol. 220 (2019) 16–24, https://doi.org/10.1016/j. 
seppur.2019.03.040. 

[20] M. Dan-Hardi, C. Serre, T. Frot, L. Rozes, G. Maurin, C. Sanchez, G. Férey, A New 
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