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ARTICLE INFO ABSTRACT

Keywords: We report the results of the application of UiO-66 derivates for dye removal. This complex process includes two

MOF ) parallel mechanisms. The first one is the adsorption of the dye into the pores of MOF. The second one is pho-

Eh(’t;’;atlalym tocatalytic degradation. We used two linkers for MOF synthesis: 1,4-benzene dicarboxylate and 1,4-naphthalene
aphthalene

Methylene blue
Products of degradation
Oxidative demethylation

dicarboxylate. The introduction of these molecules in various ratios into the UiO-66-type structure allowed us to
trace the effect of naphthalene species on the methylene blue removal. It was shown that a conjugated n-system
of naphthalene rings led to charge transfer from linker to zirconium ions. It reduces the bandgap of the material

and, therefore, results in higher photocatalytic performance. We also traced the effect of defects in the MOF
structure on methylene blue degradation. It was shown that unsaturated zirconium ions in defect pores effec-
tively catalyze dye cleavage and direct this process to the oxidative demethylation pathway. Obtained results
could be applied to improve the photocatalytic properties of UiO-66 derivates.

1. Introduction

In the last decades, many researchers attempt to solve the issue of
pollutants in different ways. One of these routes is photocatalysis via
conversion of the contaminant to water (H5O) and carbon dioxide (CO5)
[1-5]. Metal oxide semiconductor materials, such as titanium dioxide,
zirconium oxide, zinc oxide et al. were utilized as photocatalysts to
remove environmental pollutants [6-12]. However, two significant
problems reduce those further applications. The photo-induced elec-
tron-hole (e-h) pairs readily rapid recombination leads to a decrease of
photocatalytic efficiency. Also, the response to visible light is often poor,
and the e-h pairs are stimulated by ultraviolet (UV) light. Several at-
tempts have been reported to overcome these issues. However, the
preparation of new efficient and eco-friendly photocatalysts is a signif-
icant challenge [13-15].

The metal-organic frameworks (MOFs) are a new generation of
porous crystal materials consisting of organic linkers and inorganic
secondary building units (SBU). MOFs were applied in several fields,
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such as gas storage and separation, catalysis, molecular sensing, drug
delivery and others [16-23]. Recently MOFs were also applied for
photocatalytic degradation of pollutants [24,25]. The common mecha-
nism of photochemical reaction includes photoexcitation of electrons
from HOMO to LUMO with h * simultaneous formation. This metastable
state results in interaction with water and the production of active «OH
radicals, which could effectively cleave dyes [26-28]. It was also shown
that charge transfer from conjugated n-system of benzene rings to
metallic sites in SBUs could reduce bandgap and enhance the photo-
catalytic performance [29,30].

Ui0-66 is one of the MOFs, which attracts a lot of attention due to its
stability and high porosity. It consists of Zr-ions and 1,4-benzene
dicarboxylate linkers. Each SBU contains six zirconium ions and is co-
ordinated by twelve linkers. UiO-66 and its derivates were successfully
applied for selective adsorption of dyes [31-34]. UiO-66-type MOFs
could contain a lot of defects, such as missing linkers or even missing
SBUs. Zirconium ions in the defect pores are coordinated by temporary
monodentate ligands instead of bidentate linkers. Washing and
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activation procedures lead to the formation of Zr-unsaturated sites,
which exhibit high catalytic activity [35,36].

In the present work, we have used methylene blue (MB) as a model
contaminant to trace its photocatalytic degradation under visible light in
the presence of UiO-66-type MOFs. We used materials with two linkers
(1,4-benzene dicarboxylate (BDC) and 1,4-naphthalene dicarboxylate
(NDQ)) in various ratios in one phase. It allowed us to trace the effect of
the naphthalene n-system on the decomposition process. We also syn-
thesized analogs of these MOFs with high defect concentrations. These
materials were compared to evaluate the impact of unsaturated zirco-
nium sites on MB degradation.

2. Experimental
2.1. Synthesis

Zirconium tetrachloride, 1,4-naphthalene dicarboxylic acid
(H,NDCQ), terephthalic acid (HeBDC), benzoic acid (BA), N, N-dime-
thylformamide (DMF), isopropanol, methylene blue (MB) were pur-
chased from Alfa Aesar and used without further purification. Deionized
(DI) water (18 MQcm) was obtained from a Simplicity UV ultrapure
water system.

MOF samples were synthesized according to the reported technique
[37,38] (Fig. 1). Briefly, zirconium tetrachloride was dissolved in DMF,
and water was dropped into the reaction mixture. We then added the
respective linker or their combination, waited for their complete
dissolution, and placed a clear colorless solution into the preheated oven
for crystallization at 120 °C for 24 h. We have added BA after water
before linkers to synthesize 100BDCONDC-60, 75BDC25NDC-60,
50BDC50NDC-60 samples. The rest of the technique was the same. Used
masses and volumes of precursors are provided in Table 1. After 24 h of
heating, white precipitates were formed on the bottom of the vessel.
They were cooled down to room temperature, separated via centrifu-
gation, and washed twice with DMF and twice with isopropanol. Finally,
samples were dried at 60 °C for 12 h.

2.2. Catalytic tests

For the catalytic performance, we used MB solution in water with a
concentration of 10 mg per liter. A respective sample (25 mg) was placed
into 50 ml of the MB solution and mixed using a magnetic stirrer. One
part of the suspension was kept in the dark place under constant stirring.

NDC

BA
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Table 1
vol and weights of used precursors.

Volumes of
precursors, ml

Sample designation =~ Weights of precursors, g

ZrCly BDC NDC BA DMF  Water
100BDCONDC 0.5042  0.3591 0 0 50 0.1167
75BDC25NDC 0.2693  0.1168
50BDC50NDC 0.1796  0.2337
0BDC100NDC 0 0.4673
100BDCONDC-60 0.5042  0.3591 0 15.8393 50 0.1167
75BDC25NDC-60 0.2693  0.1168
50BDC50NDC-60 0.1796  0.2337

These solutions are designated as “dark” in text. Another part was
magnetically stirred for 30 min in the dark place with subsequent irra-
diation with white light at room temperature. These solutions are
designated as “light” further in the text.

We have taken probes of the suspensions at regular intervals, sepa-
rated clear solutions via centrifugation, and analyzed it using UV-Vis
spectrometer to trace MB concentration.

2.3. Methods

Bruker D2 PHASER X-ray diffractometer (CuK,, A = 1.5417 i\) was
used to record powder XRD patterns with a step of 0.01°. The analysis of
diffraction patterns was done in FullProf software. Nitrogen adsorption/
desorption isotherms were measured on Accelerated Surface Area and
Porosimetry analyzer ASAP 2020 (Micromeritics) at —196 °C. The
samples were activated under a dynamic vacuum at 150 °C for 12 h
before the measurement. Specific surface areas were calculated ac-
cording to the BET model. Pore size distribution was calculated by Non-
Local Density Functional Theory according to the Tarazona model of
cylindrical pores. IR spectra were recorded on a Bruker Vertex 70
spectrometer in ATR geometry (Attenuated total reflectance) using an
MCT detector and a Bruker Platinum ATR attachment. The spectra were
measured in the range from 5000 to 30 cm ™! with a resolution of 1 cm ™
and 64 scans. The reference was air. UV-Vis spectra were collected on
UV-2600 (Shimadzu) spectrophotometer.

100BDCONDC 75BDC25NDC

W

Taw

50BDCS50NDC 0BDC100NDC

Fig. 1. Schematic representation of the MOFs’ synthesis. The right part demonstrates the production of UiO-66-type MOFs with a mixture of two linkers — BDC and

NDC. The left part shows the introduction of BA for defect formation.
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3. Result and discussion
3.1. MOFs

XRD profiles are presented in SI Fig.S 1. All as-prepared samples
possess a UiO-66 structure with cubic symmetry (Table 2). The lattice
parameters increased with an increase in NDC content. It could be
attributed to the stress created by extra benzene rings of the NDC linker
in comparison with the BDC ligands in good agreement with previously
reported data [37].

FTIR spectra of synthesized materials are provided in Fig. 2a.
Observed modes are in good agreement with the linker composition of
the synthesized sample. Particularly, sample 100BDCONDC contains a
terephthalate linker, so its spectrum contains characteristic modes at
745, 1020, 1395 cm ™! (highlighted with gray dotted lines in Fig. 2a).
The peak at 745 cm ™! could be assigned to C-H wagging in-plane, while
one at 1395 cm ™! could be attributed to symmetric stretching of O-C-O
carboxylic group [37]. Conversely, the 0BDC100NDC sample contains
only 1,4-naphthalene dicarboxylate linker, and its spectrum exhibits its
characteristic peaks: 790, 1170, 1215, 1267, 1365, 1460 em ™! (high-
lighted with green dashed lines in Fig. 2a). The peak at 790 cm™! cor-
responds to C-H in-plane wagging [37]. C-C skeletal vibrations and
deformation vibrations of naphthalene rings give rise to peaks at 1170
and 1215 cm™, respectively [39]. Peaks at 1267, 1365, and 1460 em™?
could be attributed to C-H out-of-plane banding and C-C stretching [37].
Fig. 2b represents nitrogen sorption isotherms of samples 0BDC100NDC,
50BDC50NDC, 75BDC25NDC and 100BDCONDC. All of them exhibit the
same shape, which could be attributed to type I according to IUPAC
notifications. It indicates the microporous nature of these MOFs. Specific
surface areas of the samples increase with a decrease of NDC content
(Table 2). This trend is attributed to extra space in the pore, which is
required by the naphthalene ring of NDC-linker compared to one ben-
zene ring of BDC-linker.

Samples 100BDCONDC-60, 75BDC25NDC-60, and 50BDC50NDC-60
exhibit a similar structure with UiO-66 according to XRD (Fig. S2 in SI).
FTIR spectra of these samples contain peaks in good agreement with
linker composition (Fig. 3a). It should be highlighted that an additional
peak at 717 em ! could be assigned to benzoic acid, and it was not
observed on spectra of samples obtained without BA additive (these
peaks are highlighted with a blue dashed line in Fig. 3a). Fig. 3b rep-
resents nitrogen sorption isotherms of samples 100BDCONDC-60,
75BDC25NDC-60, and 50BDC50NDC-60. All of them correspond to
type I according to IUPAC notifications, as well as MOFs synthesized
without BA additive. However, samples 100BDCONDC-60,
75BDC25NDC-60, and 50BDC50NDC-60 exhibit higher specific surface
area than respective samples 100BDCONDC, 75BDC25NDC
50BDC50NDC, which were obtained without BA. The values were esti-
mated as 1442, 1319 and 1195 m2/ g for the samples 100BDCONDC-60,
75BDC25NDC-60, and 50BDC50NDC-60, respectively. It indicates the
possible formation of defect pores. We have compared pore size distri-
bution calculated according to the adsorption branches of isotherms for
pairs of samples 100BDCONDC/100BDCONDC-60, 75BDC25NDC-60/
75BDC25NDC-60, and 50BDC50NDC/50BDC50NDC-60. Samples ob-
tained without BA additive demonstrated only regular pores about 6.3
and7.4 A (Fig.S 3 SI). Samples 100BDCONDC-60, 75BDC25NDC-60, and

Table 2
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50BDC50NDC-60, along with these regular pores, contained larger
defect cavities. So, FTIR and nitrogen adsorption data proved the for-
mation of defect pores in samples synthesized with BA.

Fig. 4a represents the optical absorption spectra, which were tested
via UV-Vis spectroscopy. The main absorption bands of UiO-66 are
placed at 290-320 nm according to the type of linkers. They could be
associated with ligand-to-metal charge transfer (LMCT). As expected,
the functional groups’ existence in an aromatic ring sharply influences
the material optical properties. Absorption edges of UiO-66 are shifted
from 450 to 300 nm with different linkers. The increase in NDC linker
leads to a decrease in these edges and displays a blue shift compared to
other samples (Table 2). As a result, the energy gap decreases with
increasing NDC content from 4 eV to 3 eV, as demonstrated in Fig. 4b.

3.2. Photocatalytic performance

Before the photocatalytic tests, pure MB solution was irradiated with
white light to make sure it was stable. We have not observed any sig-
nificant changes in the UV-Vis-spectra of the solution (SI Fig.S 4). All
synthesized samples have demonstrated photocatalytic activity in MB
degradation (Fig. 5). Irradiation with light enhances MB degradation
with MOFs (SI Fig.S 5). However, even in the dark, we have observed
partial decolorization of MB solution. The increase in NDC content has
led to the higher photocatalytic activity for samples with NDC-linker
(0OBDC100NDC, 50BDC50NDC, 75BDC25NDC). Such properties were
previously reported for MOFs with naphthalene groups in linkers [30,
40,41]. However, the 100BDCONDC sample has exhibited photo-
catalytic activity as well.

We have considered three possible processes. The first one is the
adsorption of MB into the cavities of MOFs. For UiO-66, this process was
previously reported [6,32]. An increase in NDC content leads to a
decrease in available pore volume. So, if adsorption dominates the
process, a higher specific surface area should lead to a more effective
decolorization of MB solutions. However, sample OBDC100NDC with
lower porosity has exhibited a higher rate of MB decolorization than
100BDCONDC one. It could be attributed to possible stacking in-
teractions between NDC-linker and MB molecules. It was reported that
MB molecules could form dimers via n-n-interactions of the conjugated
system of three benzene rings [42,43]. We suppose that naphthalene
species of NDC-linker could attract MB molecules as well, resulting in
fast and specific adsorption. We have observed that light irradiation
strongly affects the decolorization of MB solution. In this way, we pro-
pose a two-step process: MOF samples adsorb MB molecules with sub-
sequent photocatalytic degradation via NDC-linker in MOFs. We have
observed that an increase in NDC content leads to a decrease in the
bandgap (Table 2). It facilitates the excitation of electrons from valence
to conductive band under light irradiation [44]. Such active particles
could produce hydroxyl radicals, which possess high catalytic activity in
dye degradation [40]. For zirconium-based MOF with 2,6-naphthalene
dicarboxylate linker, a ligand-to-cluster charge transfer was investi-
gated using the femtosecond transient absorption technique [45]. We
have applied an additional experiment to specify which active particles
are responsible for the decolorization process. Three additives were used
in the photocatalytic process with a 0BDC100NDC sample: tret-butyl
alcohol as a scavenger for OH-radicals, potassium dichromate for

Characterization of the samples with various linker compositions. SSA stands for specific surface area, K designates reaction rate constant, MB removal was calculated

after 30 min of mixing.

Samples designation Space group (N2) a A SSA, m [2]/g K x 1073 (min™) Energy gap, eV MB removal, %

dark light
100BDCONDC F m-3m (225) 20.75298 1159 41 3.32 44.0 77.25
75BDC25NDC 20.77295 1022 18 3.16 17.8 46.39
50BDC50NDC 20.79310 787 59 3.08 36.9 83.82
0BDC100NDC 20.85181 514 196 3.00 61.7 99.49




V.V. Butova et al.

Absorbance (a.u.)

1800 1600 1400 1200 1000 800 600 400

Wavenumber (cm™')

Quantity Adsorbed (cm?3/g STP)

350

Microporous and Mesoporous Materials 325 (2021) 111314

300
250
200
150
100

50

-=-0BDC100NDC -+75BDC25NDC

0 T ¥ T v T T T T
0 0.2 04 0.6 0.8 1

-+-100BDCONDC —-50BDC50NDC

Relative Pressure (P/P,)

Fig. 2. (a) FTIR spectra of synthesized samples 0BDC100NDC (1), 50BDC50NDC (2), 75BDC25NDC (3), 100BDCONDC (4). (b) Sorption isotherms of synthesized
samples. Adsorption branches of isotherms are marked with filled symbols, while empty markers represent desorption branches.
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Fig. 3. (a) FTIR spectra of synthesized samples 100BDCONDC-60, 75BDC25NDC-60 and 50BDC50NDC-60. Spectra were shifted along the y-axis for better repre-
sentation. (b) Sorption isotherms of synthesized samples 100BDCONDC-60, 75BDC25NDC-60 and 50BDC50NDC-60. Adsorption branches of isotherms are marked
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Fig. 4. UV-vis absorption spectra of 0BDC100NDC, 50BDC50NDC, 75BDC25NDC and 100BDCONDC.
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Fig. 5. The photocatalyst performance of synthesized samples under visible light irradiation (a) and dark (b). The black spectrum was measured from the MB
solution used for the experiment. Dotted spectrum highlights solution after 30 min of the experiment.

electrons, and ammonium oxalate for holes. We have observed that
tret-butyl alcohol twice decreased the efficiency of the photocatalytic
MB degradation (SI Fig.S 6). Therefore, it proves that the formation of
hydroxyl radicals causes the photocatalytic degradation of MB with
synthesized MOFs. The estimated reaction rate constant is provided in
Table 2 (see also SI Fig.S 7).

According to XRD, interaction with MB has not resulted in any
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significant changes in the crystal structure of MOF samples (Fig. 6a).
FTIR spectra of MOF samples before and after interaction with MB so-
lution are presented in Fig. 6b. As it could be observed, the
100BDCONDC sample exhibited the most pronounced changes. Shoulder
at 1550 cm ™! could be attributed to vibrations of the C-S-C group of MB
molecules [43]. The broad region at 1320-1340 em! s assigned to
stretching vibrations of the C-N bond in dimethylamino groups and C=S

0BDC100NDC

.....

SO0BDCS50NDC

Absorbance

100BDCONDC

RNCwy

1800 1600 1400 1200 1000 800 600 400
Wavenumber (cm™')

Fig. 6. (a) XRD powder patterns of samples 0BDC100NDC(2), 50BDC50NDC(3), 75BDC25NDC (4) and 100BDCONDC (5). Black profile was calculated for the
structure of UiO-66-NDC according to crystallographic data CCDC 1553924. (b) FTIR spectra of samples before (dotted lines) and after (solid lines) incubation in MB

solution under light for 30 min.
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vibrations of MB molecules [43]. We also suppose that contribution of
C-S-C vibrations of MB results in a red-shift of the peak at 665 cm ™!

According to these observations, we could conclude that the
100BDCONDC sample adsorbed more MB than samples 50BDC50NDC
and OBDC100NDC. It is in good agreement with high specific surface
area and the largest pores of the 100BDCONDC sample. Summarizing the
effect of NDC-linker, we could propose the following decolorization
process. Firstly, MOFs adsorb MB molecules, and this process occurs
both in the dark and under light. Higher porosity should increase the dye
removal according to adsorption. The second step is MB photocatalytic
degradation under the visible light. NDC-linker boost ligand-to cluster
charge transfer and enhance photocatalytic performance of the MOF.
However, NDC-rings decrease specific surface area and pore aperture in
the MOF. It results in non-linear trends in dye removal efficiency for
0BDC100NDC, 50BDC50NDC, 75BDC25NDC samples (Fig.S 5 SI).

It should be noted that not only NDC-linkers could have photo-
catalytic properties. Zirconium unsaturated sites in defect pores are also
known to be active catalytic centers [46,47]. We have performed an
additional experiment to evaluate the effect of unsaturated zirconium
cites on MB degradation. Samples 100BDCONDC-60, 50BDC50NDC-60,
and 75BDC25NDC-60 with high defect concentration have been tested
for the same reaction. We have observed that high defect concentration
results in a high rate of MB degradation (Fig. 7). Moreover, we have
revealed a shift of peaks for these samples. UV-Vis spectrum of MB so-
lution contains two groups of characteristic peaks: at 664 and 610 nm
corresponds to the sulfur-nitrogen conjugated system, while two peaks
at 247 and 290 nm are assigned to phenothiazine structure. For the
samples with low-defect concentration, we have observed a decrease in
the intensity of these peaks without any shift (Fig. 7a, c, e). We have
attributed it to the adsorption process with subsequent photocatalytic
decomposition with the formation of mineral products. Samples with
high defect concentration exhibited different behavior. Peaks at 290 and
247 nm have almost vanished in all samples even without light irradi-
ation (Fig. 7b, d, f). It indicates oxidative decomposition of MB mole-
cules with ring-opening reactions of the phenothiazine group. Moreover,
we have observed that instead of two peaks at 664 and 610 nm spectra of
MB solution after interaction with high-defect MOFs contained only one.

Fig. 8 represents spectra from Fig. 7 (for samples SOBDC50NDC/
50BDC50NDC-60 and 100BDCONDC/100BDCONDC-60) with normal-
ized intensities. It could be observed that sample 50BDC50NDC-60 has

100BDCONDC

-
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initiated a shift of peak in the spectrum of MB solution to 630 nm,
sample 100BDCONDC-60 to 620 nm. Contrary, 50BDC50NDC and
100BDCONDC samples have caused changes only in peak intensity, not
in their position. Such shifts could be attributed to the products of MB
decomposition in the reaction mixture. It was reported that a peak at
630 nm could be attributed to Azure A (Fig. 8d), and a one at 620 nm
could be assigned to Azure C (Fig. 8e). These products indicate oxidative
demethylation as a possible pathway of MB degradation in the case of
high defect samples. The high catalytic activity of unsaturated zirco-
nium in defect sited was deep investigated [36,46-49].

FTIR spectra of 50BDC50NDC-60 and 100BDCONDC-60 powders
after MB removal are presented in Fig. 9. In good agreement with Azure
C composition, the spectrum of 100BDCONDC-60 sample does not
contain a shoulder at 1340 cm ™! attributed to dimethylamino groups.

4. Conclusions

In the present work, UiO-66 derivates were applied as new photo-
catalysts for MB degradation. We have obtained a list of MOFs with two
kinds of linkers in one phase: BDC and NDC. It allowed us to trace the
effect of naphthalene rings’ conjugated n-system on the photocatalytic
process. We have observed a non-linear trend of MB removal, which
corresponds to the complex process. The MB removal could be divided
into two steps. The first step is the adsorption of the dye into the porous
structure of MOF. The second step is photocatalytic degradation. NDC-
linkers decrease available pore volume and therefore obstruct the first
adsorption step. On the other hand, naphthalene rings take part in
charge transfer processes, resulting in a decrease of bandgap and better
photocatalytic properties. These two opposite trends lead to a decline in
dye removal via MOF with low NDC content. The best performance
showed a 0BDC100NDC sample, which removed 99 % of MB for 30 min.
We also investigated the effect of unsaturated zirconium sites in defect
pores on MB degradation. All defect samples exhibited high photo-
catalytic activity under visible light irradiation. Moreover, using FTIR
and UV-Vis spectra, we have evaluated products of MB decomposition —
Azure A and Azure C. It indicates that active zirconium sites alternate
the degradation process and catalyze oxidative demethylation of MB.
Obtained results show, that linker modification with naphthalene rings
and the introduction of defects into the UiO-66 material enhance its
photocatalytic properties. It leads to effective MB removal under visible

100BDCONDC-60

s

75BDC25NDC

Absorbance

7SBD025NDC 60

T T T T

50BDC50NDC

5OBDCSONDC 60 ()

300 400 500 600 700

300 400 500 600 700

Wavenlength (nm)

Fig. 7. The photocatalyst performance of samples 100BDCONDC (a), 100BDCONDC-60 (b), 75BDC25NDC (c), 75BDC25NDC-60 (d), 50BDC50NDC(e), and
50BDC50NDC-60 (f). Solid lines represent spectra measured from experiments with light irradiation, while dotted lines show spectra measured from experiments

in darkness.
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Fig. 9. FTIR spectra of samples 50BDC50NDC-60 and 100BDCONDC-60 before
(dotted lines) and after (solid lines) MB removal under light irradiation.
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