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Almudena Gómez-Avilés a, Rafael R. Solís a,b,*, Eva M. García-Frutos c, Jorge Bedia a, 
Carolina Belver a 

a Chemical Engineering Department, Universidad Autónoma de Madrid, Campus Cantoblanco, E-28049 Madrid, Spain 
b Chemical Engineering Department, Universidad de Granada, Campus Fuentenueva, E-18001 Granada, Spain 
c Instituto de Ciencia de Materiales de Madrid, CSIC, Campus Cantoblanco, E-28049 Madrid, Spain   

A R T I C L E  I N F O   

Keywords: 
UiO-66-NH2 

Linker functionalization 
Photocatalysis 
Water treatment 
Acetaminophen 

A B S T R A C T   

This work reports for the first time the functionalization of the 2-aminoterephtalate linker of UiO-66-NH2 with 
cyclopentyl or cyclohexyl rings. The resulting materials displayed reduced bandgaps with enhanced separation of 
the photogenerated charges due to the inductive electron effect of the cycloalkyl substituent. These function-
alized materials displayed higher photocatalytic performance towards the solar abatement of acetaminophen 
than UiO-66-NH2. The photocatalytic activation mechanism was proposed based on the band alignment and 
scavenger tests, suggesting the major contribution of holes and superoxide radicals. In particular, UiO-66-NH-C5 
exhibited high stability under reaction with low activity loss after reusing. The acetaminophen degradation 
pathway was also studied indicating that the ACE molecules were coupled to dimers and trimers that were 
further oxidized. The small bandgap, the band structure, and the photocatalytic performance resulting from the 
cycloalkyl functionalization of UiO-66-NH2 make it a promising approach to designing novel photocatalysts for 
solar abatement of emerging contaminants.   

1. Introduction 

Metal Organic Frameworks (MOFs) represent a novel generation of 
crystalline materials built by polymeric coordinated bindings between 
an inorganic secondary building unit, namely metal clusters, and 
organic molecules acting as linkers [1]. Multiple organic molecules can 
serve as the linker, the most popular being carboxylates, phosphonates, 
sulfates, azole, and heterocyclic compounds [2]. The modification of the 
linker enables the modulation of the structure, porosity, and electronic 
properties of the MOF, enlarging their potential applications. Among 
them, currently it is under research their application in gas storage, such 
as hydrogen [3,4] and carbon dioxide [5], gas separation [6,7], water 
remediation [2,8], catalysis in a wide range of reactions [9,10], energy 
storage [11,12], drug delivery [13–15] or sensing [16,17]. Within het-
erogeneous catalysis, photocatalysis is a potential application of MOFs 
since the early 2000‘s due to their semiconductor properties. The 
removal of organic molecules, hydrogen production, CO2 reduction, and 
water splitting are some examples of photocatalytic processes [18]. 

Essentially, photocatalysis is based on the conversion of light into 
chemical energy. This process is labeled as an environmentally friendly 
technology as only a light source and a solid semiconductor are needed 
and can operate under mild ambient-like conditions. One of the most 
important driving forces that currently supports the use of photo-
catalysis is the possibility of using solar radiation as a light source. 
Sunlight, like renewable energy, exemplifies a low-cost and green 
alternative with the highest feasible potential. Thus, MOFs have gained 
attention in solar photocatalysis since MOFs can be activated by irra-
diation transferring electrons from the organic linker to the unoccupied 
d-orbitals of the metal cluster by a mechanism known as ligand-to-metal 
charge transfer (LMCT) [19,20]. Among the most used MOFs, Fe-based 
(as MIL-53, -88 and -101), Ti- (MIL-125), Zr- (UiO-66), and Zn-MOFs 
(ZIF-8) are the most popular, and all their derivatives have been 
described to enhance the solar light harvesting [21–24]. 

The zirconium-based UiO-66 MOF [25] is the scaffolding result from 
the combination of the cubic framework of cationic Zr6O4(OH)4 nodes 
and terephthalic acid molecules as linker, concretely, via 12- 
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coordinated bonds [26]. This high coordination has been proved to 
make UiO-66 very stable under a wide range of thermal conditions and 
diverse types of solvents, water included [8]. Zr-based MOFs have 
revealed outstanding stability in aqueous solution due to the strong Zr-O 
bonds and their specific geometry that minimizes the inclusion of water 
molecules which helps to mitigate undesirable hydrolysis reactions [25]. 
Moreover, the Zr6-cluster can be reversibly rearranged upon removal or 
addition of hydroxyl groups, without any alterations in the connecting 
carboxylates [25]. Based on the exceptional stability of the UiO-66 
structure, diverse modifications on the linker have extended the UiO- 
66 family. From the diverse attempts to functionalize the aromatic 
ring of the terephthalate linker tested to the date [27–29], the use of 2- 
amino-terephthalic acid (ATA) has led to enhanced harvesting of the 
solar light in the visible region [30–32]. The further functionalization of 
the amino group in ATA has recently been reported with very good 

results in MIL-125(Ti)-NH2 [33]. Hence, a gradual red shift in the light 
absorption was achieved with the functionalization of N-alkylated de-
rivatives, linear, reticular, and cyclic. The cyclic derivate led to a 
stronger electronic induction from the linker to the metal cluster, thus 
reducing the bandgap of the resulting photocatalyst [33]. The post- 
synthetic grafting of MIL-125(Ti)-NH2 with heterocyclic carbox-
aldehydes also resulted in a reduction of the bandgap, yielding new 
photocatalysts for water treatment [34]. 

Based on the previous premises regarding the (i) stability of the UiO- 
66 family in water, (ii) the enhanced visible light absorption based on 
the antenna effect by the amino group, and (iii) the benefits of the N- 
alkyl-amino functionalization to reduce even more the bandgap energy 
and induce electron-donor mobility; several N-cycloalkyl-amino func-
tionalized UiO-66-NH2 have been prepared. Two N-cycloalkyl-amino 
modified linkers have been synthesized, ATA-cyclopentyl (ATA-C5) and 
ATA-cyclohexyl (ATA-C6) for preparing their Zr-MOFs versions, UiO-66- 
NH-C5 and UiO-66-NH-C6, respectively. It should be remarked that this 
approach has not been previously reported, which confirms the novelty 
of this study. The prepared materials have been fully characterized by 
diverse techniques, with special attention to the electrochemical and 
optical properties. Next, the benefits of the N-cycloalkyl functionaliza-
tion were proved for photocatalytic degradation under simulated solar 
radiation of a contaminant of emerging concern in water, i.e. acet-
aminophen, which is frequently reported in sewage effluents [35,36]. 
The study also analyses the photocatalytic performance of the novel N- 
cycloalkyl functionalized UiO-66-NH2, confirming its remarkable 
enhancement and stability. Special attention was paid to understanding 
the radical mechanism and the degradation pathway. 

2. Experimental section 

2.1. Chemicals 

All chemicals used were analytical grade at least, acquired from 
Merck® and used without further purification. Solvents and silica gel 60, 
0.04–0.06 mm for flash chromatography were acquired from Scharlau- 
Scharlab. Reactants and silica gel on TLC Al foils, type 60 with fluo-
rescent indicator 254 nm were purchased from Sigma-Aldrich. The 
acetonitrile used for the chromatographic analysis was HPLC grade 
(Scharlab). All the stock solutions were prepared using ultrapure water 
(resistivity, 18.2 MΩ cm). 

2.2. Synthesis of N-cycloalkyl functionalized UiO-66-NH2 (UiO-66-NH- 
C5 and UiO-66-NH-C6) 

2.2.1. Synthesis of N-cycloalkyl-2-aminoterephthalate dimethyl ester 
The general procedure synthesis of N-cycloalkyl-2-amino-

terephthalate dimethyl esters was performed following a previous work 
[33], see the steps in Fig. 1. Under N2 atmosphere, 2-aminoterephthalate 
dimethyl ester was suspended in anhydrous N,N-dimethylformamide 

Fig. 1. Synthesis of the N-cycloalkyl-2-aminoterephthalic acids and the amino functionalized UiO-66-NH2.  

Fig. 2. XRD patterns of all samples.  
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(DMF), and stirred until complete dissolution. After, trimethylsilyl 
chloride (TMSCl) and the corresponding cyclic ketone (cyclopentanone 
and cyclohexanone) were added to the above solution and the mixture 
cooled down to 0 ◦C. Next, NaBH4 was incorporated slowly over 5 min. 
The resulting mixture was warmed up to room temperature until the 
reaction was fully completed. The mixture was then quenched with a 
solution of saturated NaHCO3 (aq.) and the resulting product was 
extracted with ethyl acetate. The organic fractions were washed there-
after with brine and dried over MgSO4, filtered and the solvent was 
removed in a rotary evaporator. 

2.2.2. Synthesis of N-cycloalkyl-2-aminoterephthalic acids 
The general procedure synthesis of N-cycloalkyl-2-amino-

terephthalic acid was performed following a previous work [33], see the 
steps in Fig. 1 The N-cycloalkylated dimethyl ester obtained was dis-
solved in tetrahydrofuran (THF), followed by the addition of NaOH 1 M. 
The resultant solution was heated under stirring to 70 ◦C for 8 h. The 
mixture was concentrated in a rotary evaporator at 45 ◦C to remove the 
excess THF. The concentrated was cooled down to room temperature 
and HCl 1 M was added until set pH = 3. The collected precipitate was 
isolated by filtration, washed with water, and dried. Two different N- 
cycloalkyl-2-aminoterephthalic acids were obtained i.e., the cyclopentyl 
(ATA-C5) and the cyclohexyl (ATA-C6) derivates. 

2.2.3. Synthesis of the N-cycloalkyl-amino functionalized UiO-66-NH2 
The MOF UiO-66-NH2, the functionalized UiO-66-NH-C5, and UiO- 

66-NH-C6 were prepared by solvothermal method following an adapted 
synthesis from the literature [29]. Briefly, 1.5 mmol of the linker, i.e. 
ATA, ATA-C5, or ATA-C6, was dissolved in 43 mL of DMF and placed, 
under vigorous stirring, in a Teflon lined vessel of 75 mL. Then, 1.5 
mmol of ZrOCl2⋅8 H2O was added to the above DMF solution. Next, 7 mL 
of acetic acid and 286 μL of HCl (37 %) were added. After homogeni-
zation, the vessel was hermetically closed and heated at 140 ◦C for 16 h. 
The crystallized yellowish solids were recovered by centrifugation 
(9000 rpm, 5 min) and washed twice with DMF and water. The resulting 
solids were dried under vacuum overnight (16 h, 80 ◦C), collected, and 
ground. 

2.3. Compounds and materials characterization 

The structure of the synthesized N-cycloalkyl-2-amino terephthalic 
acids was verified by different techniques. Nuclear magnetic resonance 
(NMR) spectra were performed on a Bruker AVANCE 300 MHz spec-
trometer for 1H (300 MHz, DMSO‑d6) and 13C (75.4 MHz, DMSO‑d6). 
The Fourier transform infrared (FTIR) spectra were recorded within 
4000–250 cm− 1 with a resolution of 1 cm− 1 in a Bruker© VERTEX 70v 
IR instrument. Detailed results and discussion are provided in the Sup-
plementary material (Figs. S1–S5). Molecular mass was determined by 
matrix-assisted laser desorption/ionization and time of flight mass 
spectrometry (MALDI-TOF) in a ULTRAFLEX III spectrometer from 
Bruker. The calculated error of the m/z values was − 1.60 ppm for [ATA- 
C5 + H]+ and − 1.30 ppm for [ATA-C6 + H]+. 

Fig. 3. 13C solid-state NMR spectra of UiO-66-NH2 and N-cycloalkylfunctionalized UiO-66-NH2 samples.  
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The solid-state X-ray diffraction (XRD) patterns were acquired on a 
Bruker D8 Advance diffractometer equipped with a Cu Kα1 source and a 
Lynxeye XE-T detector, recording the 2θ range within 4–50◦ at scan step 
of 1.8 min− 1. The software Match!® was used to process the XRD dif-
fractograms and the XRD pattern of the UiO-66-NH2 standard (CCDC- 
1405751) was simulated with Vesta®. 13C solid-state NMR spectra were 
acquired on a Bruker AV-400-WB spectrometer (100.61 MHz) using Kel- 
F plugged ZrO rotors at room temperature. Recording conditions were 
set as 10 kHz spinning frequency, 35 kHz spectral width, 3 ms contact 

time and 4 s relaxation time. Scanning electron microscopy (SEM) was 
performed on a Quanta 3D FEG (de FEITM Company) and Hitachi S-4800 
devices. The software ImageJ was used to measure the particle size and 
determine the particle size distribution. The surface area and porosity 
were assessed by N2 adsorption–desorption at –196 ◦C in a TriStar 123 
apparatus (Micromeritics). The specific surface area was calculated by 
the BET method (SBET), the t-plot method was used to determine the 
surface area of micropore (SMP) and the volume of micropore (VMP). 
Total pore volume (VT) was calculated from the N2 uptake at P/P0 =

0.99. UV–visible diffuse reflectance spectroscopy (DRS) was carried out 
to assess the optical properties in a Shimadzu UV2600 spectrophotom-
eter equipped with an integrating sphere. The Tauc plot method was 
applied to estimate the bandgap of the materials considering indirect 
transitions [27], estimating the Kubelka–Munk function (F(R∞)) and 
depicting (F(R∞)⋅hν)1/2 vs the energy of the absorbed photons [37,38]. 
The electrochemical properties of the different materials were con-
ducted in a Metrohm Autolab potentiostat (PGSTAT204) using three- 
electrode (DropSens ITO10) displayed in a Faraday cage (Methrom). 
Each sample was suspended (1 mg mL− 1) in aqueous 0.5 M Na2SO4, as a 
supporting electrolyte (pH 6.9–7.2 at 25 ◦C), and located in the elec-
trochemical cell. Electrochemical impedance spectroscopy (EIS) was 
registered within 105 to 10–1 Hz at a fixed potential of –1.2 V. The flat 

Fig. 4. SEM pictures of UiO-66-NH2 (A), UiO-66-NH-C5 (B), and UiO-66-NH-C6 (C). Particle size distribution of UiO-66-NH2 (D) and UiO-66-NH-C5 (E).  

Fig. 5. N2 adsorption–desorption isotherms and pore size distribution (inlet).  

Table 1 
Characteristic parameters of the porous texture.  

Sample SBET 

(m2 

g− 1) 

SMP 

(m2 

g− 1) 

SEXT 

(m2 

g− 1) 

SMP/ 
SBET 

(%) 

VT 

(cm3 

g− 1) 

VMP 

(cm3 

g− 1) 

VMP/ 
VT 

(%) 

UiO-66- 
NH2 

798 585 213  73.3  1.218  0.281  23.1 

UiO-66- 
NH-C5 

655 458 198  70.0  0.623  0.218  35.0 

UiO-66- 
NH-C6 

371 229 144  61.7  0.190  0.109  56.8 

SBET: specific surface area; SMP, micropores specific surface area; SEXT: external 
specific surface area; VT: total pore volume; VMP: volume of micropore. 
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band potential (Vfb) was obtained from the Mott-Schottky plot under a 
voltage between − 1.5 and 0.4 V at 100 Hz. This value was from the 
intersection of the tangent with the abscissa axis (potential) in the 
representation of 1/C2 (C, the capacitance of the semiconductor- 
electrolyte junction) vs applied potential (V) [39]: 

1
C2 =

2
ε • ε0 • e • ND

−

(

V − Vfb −
k • T

e

)

(1)  

where Vfb (NHE, pH) stands for the flat band potential at the pH medium, ε 
and ε0 mean the permittivity of the semiconductor and the void, 
respectively; e is the electron charge; k the Boltzmann’s constant; and T 
the temperature. The conduction band potential (VCB) was obtained 
respect to the normal hydrogen electrode (NHE) at pH 7 according to a 
Nernstian shift considering the redox potential of Ag/AgCl (ΔVAg/AgCl =

0.21 V) [40]:  

VCB = Vfb(Ag/Agcl, pH) + ΔV(Ag/Agcl, NHE)Δ0.059⋅(7ΔpH)                          (2) 

Finally, the valence band potential (VVB) can be estimated account-
ing the bandgap value (Eg) as follows: 

Fig. 6. UV–visible DRS absorption spectra (A) and the corresponding Tauc plots for the calculation of their bandgap energy (B).  

Table 2 
Optical and electronic properties.  

Sample Eg (eV) VFB (NHE, pH) (V) VCB (V) VVB (V) 

UiO-66-NH2  2.9  − 0.80  − 0.62  2.28 
UiO-66-NH-C5  2.7  − 0.80  − 0.66  2.04 
UiO-66-NH-C6  2.6  − 0.80  − 0.68  1.92 

Eg: bandgap energy; VFB, flat band potential NHE corrected at pH = 7; VCB: 
conduction band potential; VVB: valence band potential. 

Fig. 7. Time-course evolution of the normalized concentration of ACE during the photocatalytic degradation (A) and the calculated pseudo-first order rate constants 
(B). (V = 250 mL; CACE,0 = 5 mg L− 1, CCAT = 250 mg L− 1; T = 25 ◦C, pH0 = 4.2 ± 0.2). 
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VVB = VCB +
Eg

e
(3)  

2.4. Photocatalytic tests 

The photocatalytic activity of the prepared MOFs was assessed for 
the abatement of acetaminophen (ACE) in water. For the degradation 
tests, a solar simulator device was used, Suntest XLS+ (ATLAS) equip-
ped with a Xe lamp, and emitting radiation over 320 nm (indoor ID65 
filter) at 600 W m− 2. A 250 mL glass reactor, jacketed with cooling water 
at 25 ◦C, was located inside the simulator device. The photodegradation 
tests were preceded by 1 h of an adsorption equilibrium step (under 
darkness). Next, the lamp of the simulator was switched on and samples 
were taken. The aqueous suspensions were filtered with PTFE syringe-
less filters (Whatman, 0.2 µm) for HPLC analysis and PTFE syringe filters 
(Whatman, 0.45 µm) for Total Organic Carbon (TOC) and Ionic Chro-
matography (IC) analysis. The ACE concentration was quantified by 
high-performance liquid chromatography in a Shimadzu Prominence-i 
LC-2030C HPLC, equipped with a diode array detector (SPD-M30A). 
The stationary phase was a C18 Eclipse Plus column (4.6 × 150 mm, 5 
µm, Agilent) kept at 40 ◦C. The mobile phase pumped at 0.7 mL min− 1 

consisted of a mixture of aqueous acetic acid solution (0.1 % v/v, A) and 
acetonitrile (B). A gradient program of initially A:B = 90:10 to 60:40 in 
10 min was used. The injection volume was 30 μL and the detection 
wavelength used was selected to 246 nm. The lixiviation of the organic 
linkers in the reaction medium was determined by the same chro-
matographic method. ATA was quantified at 392 nm while the wave-
length was set at 236 nm for ATA-C5 and ATA-C6. Triplicate tests were 
carried out and the average represented lower than 5 % of the relative 
standard deviation. 

Quenching experiments were carried out with 2-propanol (1 mM) as 
HO• quencher, oxalic acid (10 mM) to trap h+, p-benzoquinone (p-BQ) 
(0.1 mM), and tiron (1 mM) to quench O2

•− , and AgNO3 (1 mM) as e−

quencher. The presence of hydroxyl radical was also assessed by a probe 
method based on the selective oxidation of terephthalic acid (TA) into 2- 
hydroxy-terephthalic acid (2-OH-TA), whose presence can be quantified 
by fluorescence spectroscopy [41–43]. A photocatalytic test in the 
presence of 2 mM of sodium terephthalate was conducted to probe the 
presence of HO•. The analysis of the 2-OH-TA produced was measured in 

a Varian Cary Eclipse fluorescence spectrophotometer. The excitation 
wavelength was set at 315 nm and the quantification was conducted at 
an emission set of 428 nm, correlating the peak intensity with 2-OH-TA 
concentration. All the quenching tests were conducted following the 
same procedure above described with the addition of the chemical 
quencher after the previous adsorption of the catalyst and pH adjust-
ment with NaOH/HCl solution to the initial pH of the blank test. 

The byproducts formed during ACE degradation were identified by 
liquid chromatography coupled to electrospray ionization-mass spec-
trometry (LC-ESI-MS) in a Bruker MaXis-II instrument under ESI work-
ing in positive ionization. The acquisition conditions were as follows: 
3500 V capillary voltage, 8 mL min− 1 dry gas flow, dry heater at 300 ◦C, 
and 500 V endplate offset, m/z range from 50 to 3000. The identification 
of the transformation products was carried out based on MS spectra of 
precursor ion and the fragmentation pattern with MS/MS. The short- 
chain carboxylic acids and inorganic ions were analyzed by ionic 
chromatography (IC) in a Metrohm 790 IC chromatograph, with a 
Metrosep A Supp column (4 × 250 mm), using Na2CO3/NaHCO3 (3.2 
mM/1.0 mM) solution as anionic eluent and 100 mM sulfuric acid as 
anionic suppressor at 0.7 mL min− 1. The mineralization degree was 
measured by means of a total organic carbon (TOC) analyzer (Shimadzu 
TOC-L device). 

3. Results and discussion 

3.1. Characterization of the N-cycloalkyl functionalized UiO-66-NH2 
materials 

The structure of the newly N-cycloalkyl functionalized UiO-66-NH2 
materials was identified and compared with that of the UiO-66-NH2 
pattern by XRD. As shown in Fig. 2, UiO-66-NH2 and UiO-66-NH-C5 
display the characteristic peaks of the UiO-66-NH2 pattern [44,45], 
highlighting the most intense peaks at ca. 7.3 and 8.4◦ of the (111) and 
(200) Miller planes, which confirm the successful crystallization of the 
UiO-66-NH2 framework. The high similarity of both diffractograms in-
dicates the formation of isoreticular structures, as reported previously 
for the functionalization with the same linkers for MIL-125 [33]. On the 
contrary, the XRD pattern of the UiO-66-NH-C6 differs from the UiO-66- 
NH2, and only a much wider and less intense peak is observed in the 7–9◦

region. This result suggests that the use of N-cyclohexyl-2-amino ter-
ephthalic acid as a linker disfavors the crystallization and results in a 
structure with low crystallinity and poor definition. 

Solid-state NMR has been demonstrated to be a useful tool to unveil 
the structure of MOFs due to the presence of organic molecules in their 
structures [46]. Fig. 3 depicts the 13C solid-state NMR spectra of the UiO- 
66-NH2 and their N-cycloalkyl functionalized derivatives, in which two 
differenced regions can be observed. The peaks located at high chemical 
shifts, namely at c.a. 171, 151, 139, 132, and 117 ppm can be ascribed to 
aromatic carbon nuclei including the carbon nuclei within a carboxylic 
group or the carbon nuclei attached to the amino group, common to all 
synthesized materials [47]. Concretely, the signal at 171 ppm was 
characteristic of C atoms from the carboxylic groups (–COO–, the sum of 
C7 and C8). The Car–NH2 group (C1) appears at ~151 ppm, while the 
signals at ~139, ~132, ~123, and ~117 ppm can be assigned to the C 
nuclei of the aromatic ring (C3, C5, C2, and the sum C4 and C6, respec-
tively) [48]. In this region of high chemical shifts, a peak located at ca. 
163.5 ppm is observed in all the samples which can be described by the 
existence of carbonyl groups such as in DMF (–N–CHO) occluded in the 
structure of the MOFs. In the region of low chemical shifts, the N- 
cycloalkyl functionalized samples displayed other new peaks associated 
with the carbon nuclei of the cycloalkyl rings. Hence, the signals at c.a. 
54, 31, and 25 ppm (or 26 + 24 ppm) can be attributed to the carbon 
nuclei of the cycles linked to the amine group. In this region two peaks 
associated with DMF were detected, i.e. those located at 31 and 36 ppm, 
due to the CH3–N = carbon nuclei of the solvent. 

FTIR technique was also carried out to unveil the structure of MOF 

Fig. 8. EIS Nyquist plots.  
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structure and provide additional evidence of the results observed in the 
13C solid-state NMR technique. The FTIR spectra are depicted in Fig. S6, 
very similar to the registered for the linkers (Fig. S5), with some addi-
tional peaks due to the presence of Zr. The wide band at 3400 cm− 1 can 
be attributed to the stretching vibration O–H of water molecules 
physisorbed on the surface or intercrystalline water [49]. The contri-
bution of the υsym(N–H2) vibration at 3455 cm− 1 [50,51] appears to 
overlap with the previously mentioned O–H stretching. This band was 
decreased in the N-cycloalkylated MOFs. Close to this band, there is a 
peak at 3355 cm− 1 assigned to the υasym(N–H2) or υasym(N–H) vibration 
that appears with barely the same intensity in all the samples. Next, the 
bands located at ca. 2930 and 2860 cm− 1 [50] are attributed to the 
aliphatic stretching of the aliphatic C–H bond [49,52]. It is noteworthy 
that these peaks are barely observed in the UiO-66-NH2 sample whereas 
in the N-cycloalkyl modified samples these peaks appear clearly defined 
as a consequence of the presence of the cycloalkyl rings in the func-
tionalized linker. At 1659 cm− 1 is observed a peak of the in-plane scis-
soring bending δ(N–H2) [50]. Moreover, the three samples exhibited 
strong vibrational bands at 1386 and 1572 cm− 1 characteristic of 
υsym(O–C––O) and υasym(O–C––O) stretching due to the presence of 
carboxylate groups of the terephthalic acid ligand [53]. A less intense 
peak at ca. 1502 cm− 1 is attributable to the vibration of the C––C in the 

aromatic ring [27,53,54]. The stretching of υ(Car–N) led to the presence 
of two intense bands at 1386 and 1280 cm− 1 detected in the three 
samples [53,55]. Further, in the FTIR spectra, a strong characteristic 
peak appeared at 765 cm− 1, mainly ascribed to a mixture of the O–H 
and C–H vibrational bindings [49,53,56]. Finally, in the region of 
lowest frequency values, some peaks related to the [Zr6O4(OH)4] 
oxocluster were observed, characteristic of the MOF structure and not 
visible in the FTIR spectra of the linkers, see Fig. S5. The bands at 655, 
506, and 482 cm− 1 were attributed, respectively, to the μ3–O, Zr(O–C), 
and μ3–OH stretching [27,53,57]. In conclusion, FTIR spectra support 
the results of solid-state NMR, confirming the formation of the MOF 
structure with the N-cycloalkyl functionalized linker. 

The SEM pictures displayed in Fig. 4 show different morphology and 
particle sizes for the different samples. UiO-66-NH2 shows agglomera-
tion of particles of globular aspect and very small size, an average of 30 
nm. The morphology of UiO-66 is reported as well-defined octahedral 
nanoparticles of an average of 150–200 nm [58]. Although UiO-66-NH2 
can show the octahedral structure of UiO-66 [27,58], it is also frequently 
observed with a certain deformation of the edges, displaying a 
morphology closer to a spherical geometry [59,60] and lower particle 
size [52,58]. An analysis of the particle distribution of UiO-66-NH2 (see 
Fig. 4D) led to an average value of 32 nm of particles within 20–55 nm. 

Fig. 9. (A) Proposed bands alignment. (B) Scavengers influence on the time-course normalized concentration of ACE with UiO-66-NH-C5 and (C) their corresponding 
pseudo-first order rate constant (V = 250 mL; CACE,0 = 5 mg L − 1, CCAT = 250 mg L − 1; T = 25 ◦C, pH0 = 4.0 ± 0.2). 
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The functionalization of the amino group with a cyclopentyl ring, i.e. 
UiO-66-NH-C5, led to a structure consisting of an agglomeration of well- 
defined cubic-shape particles of uneven sizes within 20–180 nm. Fig. 4E 
shows the particle size distribution of UiO-66-NH-C5 in which is possible 
to observe that most of the particles have a size within the range of 
30–80 nm with an overall average size of 67 nm, approximately the 
double of UiO-66-NH2. In the case of the UiO-66-NH-C6, the morphology 
obtained was irregular, with no definition of particular geometry, and 
bigger size, i.e. over 1 µm. This lack of ordered morphology agrees well 
with the poor crystallinity of this sample observed in the XRD patterns 
(Fig. 2). 

Fig. 5 represents the N2 adsorption–desorption isotherms and Table 1 
summarizes the characteristic parameters of the porous texture. Ac-
cording to IUPAC classification, the isotherms describe a Type II 
isotherm for UiO-66-NH2 and UiO-66-NH-C5, whereas UiO-66-NH-C6 
follows a Type I profile. All of them are characteristic of highly micro-
porous materials. The hysteresis loop registered for UiO-66-NH2 and 
UiO-66-NH-C5 provides evidence of a certain contribution of meso-
porosity. The specific BET surface areas (Table 1) decreased with 
increasing the volume of the N-cycloalkyl substitution, i.e. the areas 
follow the order UiO-66-NH2 > UiO-66-NH-C5 > UiO-66-NH-C6. This 
behavior was also observed when analyzing the pore volumes. On ac-
count of the pore size distribution (Fig. 5 inlet), most of the micropores 
of both N-cycloalkyl functionalized samples were located within 
1.0–1.5 nm, with a maximum located at around 1.1 nm. However, UiO- 
66-NH2 displayed a great number of micropores of lower size, i.e. 0.8 
nm, with minor contributions of micropores with sizes between 1.1 and 
1.5 nm. These results suggest that the addition of extra substituents, 
such as N-cycloalkyl, diminishes the accessibility to the pores due to the 
clogging of the pore and their apertures, as also reported in the literature 
for MIL-125 after functionalization in the amino group [33]. However, 
regarding the proportion of micropores (VMP/VT), the tuning with N- 

cycloalkyl increases the micropore ratio due to the mentioned clogging 
effect. Therefore, the functionalization seems to reduce the average pore 
size of the resulting MOF. 

Fig. 6A displays the UV–vis absorption profiles. UiO-66-NH2 shows 
two distinctive absorption bands. The band located at 250 nm is ascribed 
to transferences of electrons from O to Zr centers in the [Zr6O4(OH)4] 
metal oxocluster [60]. The band whose maximum was placed at 385 nm, 
is a consequence of the π-π electron transitions from the NH2–based 
chromophores of the linker to the [Zr6O4(OH)4] cluster [61]. The N- 
cycloalkyl functionalized samples maintain similar absorption profiles 
to that of UiO-66-NH2 in the UV region, with the same abovementioned 
bands although with lower intensities. Furthermore, the N-cycloalkyl-2- 
aminoterephtalate linkers generated red-shifted spectra, due to the 
presence of the alkyl donor group which is thought to destabilize the 
energy of the 2-aminoterephthalate [33]. This results in inductive 
electron effects of the N-cycloalkyl chain in the amino group, with strong 
σ-bonds in its proximity [33], decreasing the bandgap energy. The Tauc 
plot (Fig. 6B) shows a decrease in the bandgap values (Table 2) by using 
N-cycloalkyl-2-aminoterephtalatic linkers, following the order: UiO-66- 
NH2 > UiO-66-NH-C5 > UiO-66-NH-C6. 

3.2. Photocatalytic activity of the N-cycloalkyl-amino UiO-66-NH2 
photocatalysts 

The photocatalytic activity was tested in the degradation of ACE in 
water. Since MOFs are porous structures with a potential ability for 
adsorption of organics in an aqueous solution [62,63], a 1-hour 
adsorption step was carried out before the photocatalytic step. Fig. 7A 
represents the temporal evolution of the normalized concentration of 
ACE during the photocatalytic degradation, while Fig. 7B depicts the 
calculated pseudo-first order rate constants. ACE adsorption was almost 
negligible in the three samples, in agreement with the previously 

Fig. 10. (A) Linker leaching of UiO-66-NH-C5 and UiO-66-NH-C6 (V = 250 mL; CACE,0 = 5 mg L− 1, CCAT = 250 mg L− 1; T = 25 ◦C, pH0 = 4.0 ± 0.2). (B) ACE 
photocatalytic conversion with UiO-66-NH-C5 at 3 h during sequential recycling uses. (C) XRD pattern of UiO-66-NH-C5 after the 5th reuse cycle. (D) SEM picture of 
UiO-66-NH-C5 after the 5th reuse cycle. (E) Particle size distribution of UiO-66-NH2 after the 5th reuse cycle. 
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reported for UiO-66 and UiO-66-NH2 [27]. It is also remarkable the high 
stability of ACE under irradiation in the absence of photocatalysts 
(photolysis). In the presence of UiO-66-NH2, the ACE was completely 
degraded in 4 h with a pseudo-first order rate constant equal to 0.82 h− 1. 
This value is consistent with the reported values in the literature. For 
example, Wang et al. [27] obtained a pseudo-first order rate constant of 
0.37 h− 1 for the degradation of ACE with UiO-66-NH2 under similar 
experimental conditions. The functionalization of the amino group with 
cycloalkyl rings led to a considerable improvement in the kinetics of 
ACE degradation. As compared in Fig. 7B, UiO-66-NH-C5 achieved a 
~5.5 times higher value of the kinetic constant than UiO-66-NH2, 
reaching ACE complete degradation after only 1 h of irradiation. The 
functionalization with the cyclohexane ring also improved the UiO-66- 
NH2 results, but to a lesser extent. 

UiO-66-NH-C5 displayed the best photo-activity results, but this is 
difficult to justify based on the crystal, textural and optical properties. 
To further explore the photocatalytic activity of UiO-66-NH-C5 based on 
charge mobility, electrochemical impedance spectroscopy (EIS) was 
applied [64]. This technique analyzes the resistance to the charge 
transfer monitored on the surface of the MOF. Fig. 8 depicts the Nyquist 
curves in which the radius of the described semicircles follows the order 
UiO-66-NH2 < UiO-66-NH-C6 < UiO-66-NH-C5. Since the diameters of 
the semicircles are equal to the electrical resistance of a sample, the 
smaller arc radius reflects a lower resistance suggesting, therefore, a 

decrease in the solid-state interface layer resistance and the charge 
transfer resistance across the solid–liquid junction on the surface 
[65–67]. The electrical transfer resistance followed the order UiO-66- 
NH2 < UiO-66-NH-C6 < UiO-66-NH-C5, in agreement with the inverse 
order of the photoactivity or degradation reaction rates. This suggests 
that the best results obtained with UiO-66-NH-C5 can be justified by the 
lower charge transfer resistance and thus, the better mobility of charges 
in this sample. 

3.3. Elucidation of the photocatalytic degradation mechanism 

The scheme of the band energy alignments of bare and N-cycloalkyl 
functionalized photocatalysts is proposed in Fig. 9A. For that, the po-
tential of the valence and conduction bands were previously estimated 
from the flat band potential calculated via electrochemical trough Mott- 
Schottky measurements (see Fig. S7) and the bandgap energy. The flat 
band potential of the sample UiO-66-NH2 was calculated from the Mott- 
Schottky plot, i.e. –0.80 V (NHE scale at pH = 7). This value is similar to 
the values reported in the literature for this MOF [59,60,68,69]. The 
presence of N-cycloalkyl groups does not change the flat band value, and 
the redox potential of the conduction band was quite similar (see 
Table 2). The VCB value obtained in all synthesized samples is more 
negative than the redox potential of the pair O2/O2

•− , i.e. − 0.33 V vs NHE 
at pH = 7 [70]. Therefore, the formation of the superoxide is 

Fig. 11. Proposed photocatalytic degradation pathway of ACE with UiO-66-NH-C5.  
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thermodynamically feasible according to the proposed band alignment 
schemes. Nonetheless, the formation of hydroxyl radicals is not ener-
getically plausible since the redox potential of the photogenerated holes 
is lower in all the cases than the value needed for the water molecule 
oxidation, i.e⋅H2O/HO•, +2.31 V vs NHE at pH = 7 [71]. 

Scavenger tests were taken to tentatively elucidate the reactive 
oxidant species involved in the photocatalytic degradation process of 
ACE with the UiO-66-NH-C5. Fig. 9B displays the scavenger influence on 
the evolution of ACE concentration during photocatalytic degradation 
with UiO-66-NH-C5 and Fig. 9C the corresponding pseudo-first order 
rate constants. The influence of HO• was firstly assessed by a probe 
method monitoring the formation of the highly fluorescent 2-OH-TA 
from the selective reaction of HO• and TA [41–43]. Fig. S8 depicts the 
time-course of 2-OH-TA concentration, and a maximum concentration 
of 24 µM is observed. However, the amount of HO• in the solution seems 
to be insufficient for the ACE degradation. This fact was observed using 
2-PrOH as scavenger. 2-PrOH is used as a HO• scavenger due to the high 
rate constant of the reaction between this alcohol and HO•, i.e. 2 × 109 

M− 1 s− 1 [72]. The addition of 2-PrOH did not alter the kinetics of the 
ACE degradation, which pointed out the lack of influence of HO• in the 
process, as suggested by the band alignments proposal. The contribution 
of the holes was suppressed in the presence of oxalic acid (10 mM) which 
is oxidized by holes to produce CO2 [73]. The addition of oxalic acid 
slowed down the ACE abatement, reducing the pseudo-first order rate 
constant at the beginning of the process by over 7 times, which evi-
dences the importance of the h+ in the ACE degradation. For the sup-
pression of the possible superoxide contribution, p-benzoquinone (p- 
BZQ) is frequently used due to the high rate constant among them, i.e. 
(0.9–1) 109 M− 1 s− 1 [74,75]. The results obtained of ACE abatement in 
the presence of p-BZQ displayed a great inhibition effect. However, as 
the selectivity of p-BZQ towards superoxide radical is not complete [73], 
an alternative superoxide scavenger such as tiron was also tested. Tiron 
reacts with superoxide radicals with a high rate constant, i.e. 5 × 108 

M− 1 s− 1 [76], and also with HO•, whose contribution has been previ-
ously neglected. The addition of tiron (1 mM) led to almost 11 times 
decreased kobs for ACE degradation if compared to the blank test. This 
fact manifests that superoxide radical contributes to ACE degradation. 
Finally, Ag+ cation was used for testing the importance of photo- 
generated electrons. In the presence of AgNO3, a slight acceleration, 
30 % increased kobs, was appreciated due to the reduction of the 
electron-hole recombination rate as the photo-generated electrons are 
consumed during the Ag+ reduction [59,77]. 

3.4. Stability in water and reusability 

One of the most critical aspects of MOFs applications is their stability 
in water [78]. Water molecules can induce the collapse of certain MOF 
structures because the adsorption–desorption of these H2O molecules 
can easily induce a vibration of the ligands, which can favor the 
breakage of the bonds with the metallic cluster eventually collapse the 
whole structure [79]. The stability of the UiO-66 family has been 
assessed by the analysis of the possible leached metal or linker into 
water. For instance, the release of Zr4+ by UiO-66 in water has been 
reported undetectable, except under extreme concentrations of buffer in 
which the structure tends to collapse [80]. Besides, UiO-66-NH2 displays 
very high stability in water with almost negligible lixiviation of ATA in a 
wide range of pH ranges [59]. On this basis, the stability of the N- 
cycloalkyl functionalized UiO-66-NH2 materials reported in this work 
was analyzed by the quantification of the linker lixiviation, i.e. ATA-C5 
and ATA-C6, for 24 h at natural pH. As shown in Fig. 10A, the lixiviation 
of ATA-C5 from UiO-66-NH-C5 and ATA-C6 from UiO-NH-C6 are minimal 
and in the range of μg L− 1. Considering the percentage of the leached 
linker concerning the linker constituting the MOF structure [59], only 
0.44 ‰ of ATA-C5 and 0.13 ‰ of ATA-C6 are detected, values following 
the 0.20 ‰ already reported for UiO-66-NH2 [59]. 

Based on the photocatalytic performance, UiO-66-NH-C5 was 

selected for a study of photocatalytic activity with sequential reusing 
cycles. Fig. 10B shows the ACE conversion at 3 h of treatment during 5 
consecutive cycles of reuse. UiO-66-NH-C5 performs a very stable ac-
tivity with a slight loss in the last run, less than 10 %, attributable to the 
catalyst loss during recuperation between runs. The stability of the 
functionalized MOF was also tested in terms of structural properties. 
Fig. 10C depicts the XRD pattern of UiO-66-NH-C5 after being reused 
five times. As can be observed, no differences in the crystalline structure 
were achieved, which provides evidence of the stability of UiO-66-NH- 
C5. Furthermore, SEM imaging (Fig. 10D) confirmed the lack of 
geometrical deformation of the cubic-shape particles. Moreover, the 
profile of the particle size distribution after use was quite similar to the 
fresh sample (see Fig. 10E). 

3.5. Photocatalytic degradation pathway of acetaminophen 

The transformation products produced during the photocatalytic 
abatement of ACE were tentatively identified by liquid chromatography 
coupled to electrospray ionization-mass spectrometry, at an ACE initial 
concentration of 100 mg L–1 using the most photoactive MOF sample, 
UiO-66-NH-C5. The proposed transformation products and the proper-
ties obtained during their identification are enlisted in Table S1 and the 
suggested degradation pathway is depicted in Fig. 11. The direct 
oxidation of ACE by hydroxylation is usually expected if the HO• is the 
main oxidant species in the process [81], leading to the oxidation either 
of the aromatic ring or the attack on the amino alkyl chain of ACE. In the 
oxidation of ACE over UiO-66-NH-C5, in which the oxidation of H2O to 
HO• has been discarded, this route was not observed. Instead, the pho-
togenerated holes led to a coupling pathway of ACE molecules to pro-
duce dimer and trimer forms, as has been reported in the literature. It is 
thought that a radical coupling of ACE molecules, is induced by the h+

through one electron oxidation of ACE [81]. As the importance of the 
photogenerated holes has been previously demonstrated, the photo-
catalytic abatement of ACE likely involves the initial formation of dimer 
and trimer species. 

Two dimer isomers from the coupling of ACE were detected, ACE-1, 
as previously reported in the photodegradation of this compound over 
TiO2 [81,82] or UiO-66-NH2 [27]. Two transformation routes of ACE-1 
were observed. Firstly, the loss of one of the acetamide groups in ACE-1 
led to the namely ACE-2. The ACE-2 launched was oxidized in the N- 
amino methyl chain to launch the formation of the corresponding 
aldehyde, ACE-3. The second route of ACE-1 reaction was the further 
coupling with another ACE molecule, leading to the trimer ACE-4. Also, 
the simultaneous loss and oxidation in two acetamide groups of ACE-4, 
trigger the formation of ACE-5. The further degradation of these in-
termediates was indirectly monitored by TOC analysis. The evolution of 
TOC (Fig. S9A) displayed a 50 % of mineralization after 3 h of reaction 
which suggested that the transformation products of ACE were suc-
cessfully degraded. Also, the release of short organic acids, i.e. formic 
and acetic acids, was observed (Fig. S9B) which provides further evi-
dence of the oxidation ability of the system. 

4. Conclusions 

This work is an example of the versatility and huge opportunities that 
MOFs can supply by modifying the linker structure. In this work, N- 
cycloalkyl modified linkers were first prepared and used to build 
different UiO-66-NH2 MOFs. Thus, novel isoreticular UiO-66-NH2 
frameworks were successfully prepared with N-cyclopentyl and N- 
cyclohexyl 2-amino-terephthalate linkers for the first time. The func-
tionalization of the linker led to a decrease in the bandgap energy and 
improved the migration of the photo-generated charges. Although the 
bandgap followed the order UiO-66-NH2 > UiO-66-NH-C5 > UiO-66- 
NH-C6, the sample UiO-66-NH-C5 displayed better crystallization and 
less electrical resistance, therefore, better mobility of charges. These 
optoelectronic differences explained the outstanding photocatalytic 
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activity in the acetaminophen removal in water. The determination of 
the conduction band energy, and the proposal of bands alignment, dis-
charged the plausible role paid by the hydroxyl radicals, confirmed by 
the scavenger test. Instead, the main role of both photogenerated holes 
and superoxide radicals was confirmed. Both N-cycloalkyl modified 
UiO-66-NH2 MOFs were very stable in water with almost no detectable 
linker leaching, i.e. lower than 0.5 ‰, and the UiO-66-NH-C5 displayed a 
high photocatalytic activity during sequential reusing cycles. The 
identified transformation products were the results of a coupling route 
in which dimers and trimers of acetaminophen were formed to be 
further oxidized, as confirmed by the formation of organic acids of low 
molecular weight, i.e formic and acetic acid, and the evolution of the 
mineralization degree. 

Declaration of Competing Interest 

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests: 
Carolina Belver has patent #EP22382704 pending to Universidad 
Autónoma de Madrid. 

Data availability 

Data will be made available on request. 

Acknowledgments 

This research was funded by the Spanish State Research Agency 
(PID2019-106186RB-I00/AEI/10.13039/501100011033 and PID2019- 
105479RB-I00 MCIN/AEI/10.13039/501100011033). Rafael R. Solís 
thanks the Spanish Ministry of Science, Innovation, and Universities for 
his postdoctoral contract (Juan de la Cierva Formación, Ref. FJC2018- 
035513-I). The authors also thank the support provided by the external 
services of the Autonomous University of Madrid (SIdI) and the Uni-
versity of Extremadura (SAIUEx). Funding for open access charge: 
Universidad de Granada/CBUA. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.cej.2023.141889. 

References 

[1] J. Gascon, A. Corma, F. Kapteijn, F.X. Llabrés, I. Xamena, Metal organic framework 
catalysis: quo vadis? ACS Catal. 4 (2014) 361–378, https://doi.org/10.1021/ 
cs400959k. 
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