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Abstract—Metal-organic frameworks (MOFs) are of great interest for application in sorption, catalysis, and
other fields due to their unique properties and the possibility of wide variation of their structures and func-
tional characteristics. However, the use of MOFs is limited by their powder form and difficulty of molding.
Therefore, it is necessary to develop ways for additional stabilization of MOFs, in particular on the surface of
primary substrates. Here we studied the formation of copper-containing metal-organic framework HKUST-1
in the structure of cotton and polyethylene terephthalate fabrics using three approaches differing in the way
of introduction of copper ion precursor into the reaction mixture. Pre-impregnation of the fabrics with a solu-
tion of a metal ion precursor salt followed by assembly of MOF in an aqueous ethanol solution of trimesic
acid was shown to be the optimal approach for the self-assembly of HKUST-1 on the surface of cotton and
polyethylene terephthalate fabrics. The specific surface area and HKUST-1 contents in the obtained materi-
als were 198—259 m?/g and 12—15.8 wt %, respectively. The composite based on polyethylene terephthalate
fabric was shown to be more stable to mechanical impact than the cotton-based material. The applicability

of HKUST-1/fabric materials was assessed in relation to static sorption of toluene vapor.
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INTRODUCTION

The problem of environmental pollution is becom-
ing more and more pressing. The main sources of pol-
lution include industrial production, metallurgy, oil
production, coal mining, etc. However, everyday
items and daily activities also contribute to the release
of harmful and toxic substances into the atmosphere.
Thus, smoking, cleaning, laundry, ironing, pest con-
trol and the use of hot water, deodorants, solvents,
paints, adhesives, etc. produce emissions of volatile
organic compounds (VOCs), which boil at tempera-
tures not exceeding 250°C and have adverse effect on
the human body [1]. This problem can be addressed,
on any scale, by removing the pollutants from the bio-
sphere via sorption, which is impossible without effec-
tive and easy-to-handle sorbents [2, 3].

Metal-organic frameworks (MOFs) have a high
potential in the above field as they possess outstanding
sorption characteristics owing to highly porous struc-
ture and the presence of metal sites for adsorption of
polar VOCs [2]. Their production is already reaching
the industrial level and can actively develop, together
with the development of more facile methods of syn-
thesis and various strategies to avoid problems related
to the use of powder materials [4]. Criteria that are
usually applied to the selection of a particular MOF
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structure include high specific surface area and pore
volume, pore size providing unhindered capture of the
adsorbate, the presence of particular functional
groups, sufficient thermal stability and water resis-
tance, and the capability for self-assembly under envi-
ronmentally friendly and safe synthesis conditions [5,
6]. One such versatile structure is HKUST-1, the first
MOF prepared from Cu?" salt and trimesic acid
(H;BTC), with the formula Cu;(BTC), [7]. The unit
cell of HKUST-1 consists of [Cu,(OOCR),] moieties
in which the copper dimer is linked to four carboxylate
groups of four BTC ligands, while each Cu?* ion com-
pletes the pseudo-octahedral coordination sphere by
an aqua ligand. This compound can be synthesized in
aqueous ethanol (without toxic solvents) from inexpen-
sive precursors; its specific surface area is 1800 m?/g, the
pore size is 0.6—0.9 nm, and the thermal stability
reaches 450°C [8, 9].

However, despite all benefits of these structures,
rational application requires obtaining MOFs in a
form that would both preserve or improve the unique
properties of the materials and facilitate the tasks
related to their recovery from the reaction medium
after use. This can be achieved, for example, by depos-
iting MOFs on a substrate. There are publications in
which MOFs were successfully deposited on carbon
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Fig. 1. Alkaline hydrolysis of polyethylene terephthalate.

nanotubes [10], plastic films [11], foams [12], ceram-
ics [13], diatomite [14], biporous silica matrices [15],
metals [16], textile fibers [17], etc. Among the sub-
strates for the design of composites involving metal-
organic frameworks, flexible textile fibers and fabrics
are of interest due to their widespread availability and
low cost. In particular, woven fabrics produced by
interlacing two sets of threads running lengthwise
(warp) and crosswise (weft) perpendicular to each
other have greater dimensional stability than other
types of textile and are perfect for modification with
various coatings for further use as protective clothing,
curtains, parachute materials, etc. [17].

A few approaches for the production of composite
materials in which HKUST-1 polymer is deposited on
the surface of various types of fabrics have been
reported [18, 19]. The problem is that the production
methods are complex and multistage processes that
require the use of toxic solvents and special equip-
ment, and result in the formation of small amounts of
MOFs [20—22]. Therefore, the purpose of this study is
to develop an optimal approach for the preparation of
MOF/fabrics composites. For this purpose, we inves-
tigated features of HKUST-1 formation depending on
the synthesis conditions and the fabric used as the sub-
strate. The applicability of the obtained composites in
VOC adsorption is evaluated in relation to static sorp-
tion of toluene vapor. As the woven materials on which
the self-assembly of MOFs takes place, we chose the
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most common and accessible fabrics of different types:
cotton as a natural fabric and polyester (PET) fiber as
a synthetic fabric. The advantages of cotton fabric is
porosity and high absorption capacity, while the sur-
face of PET fabric carries carboxyl groups that can
form chemical bonds with MOFs.

EXPERIMENTAL
Starting Materials and Reagents

Trimesic acid (Sigma-Aldrich, 95%), Cu(NO;),
3H,0 (Reakhim, analytical grade), ethanol, toluene
(EKOS-1, analytical grade), cotton fabric (200 g/m?
density), polyethylene terephthalate fabric (160 g/m?
density).

Pretreatment of Woven Materials

The initial cotton and PET fabrics were first
immersed into a 1 M aqueous sodium hydroxide and
left overnight to remove impurities and partially cleave
the polymer bonds in the PET fabric via hydrolysis,
with the aim of achieving better chemical bonding
between MOF and the textile surface (Fig. 1). The
remaining alkali was washed away with distilled water
until pH of the wash water was neutral.

Preparation of HKUST-1

For the synthesis of HKUST-1, trimesic acid (0.84 g)
was dissolved in a mixture of water (24 mL) and etha-
nol (24 mL), Cu(NO;),3H,0 (1.75 g) was added, and
the mixture was stirred for 10 min. The resulting mix-
ture was kept in a steel autoclave with a Teflon insert at
110°C for 24 h [23]. After the synthesis, all samples
including composites (Table 1) were separated by fil-
tration, washed with ethanol, an H,O/C,H;OH mix-
ture, and distilled water, and dried at 90°C for 17 h.

Preparation of HKUST- 1/Fabric Composites

The formation of HKUST-1 on the surface of PET
fabric was carried out using three approaches, which
differed in the way of addition of the copper ion pre-

Table 1. Conditions of synthesis of samples based on Cu and H;BTC

Sample Synthesis details T,°C T,h
HKUST-1 Solvothermal conditions 110 24
HKUST-1/PET-1 Preliminary stirring of a fabric in a solution of Cu(NOs),'3H,0,

solvothermal conditions
HKUST-1/PET-2 Preliminary impregnation of fabrics with solutions of K,CO,
and Cu(NOs3),'3H,0, drying, solvothermal conditions
HKUST-1/PET-3 Preliminary impregnation of fabrics with a solution of Cu(NO3),-3H,0
HKUST-1/cotton-3 | and drying, solvothermal conditions
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 71 No. 2 2026
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cursor before the solvothermal treatment in the pres-
ence of the trimesic acid solution.

In the first approach (HKUST-1/PET-1 sample),
Cu(NOs),3H,0 (1.75 g) was dissolved in H,O (24 mL).
Pretreated 2 X 2 cm PET fabric pieces weighting ~1 g
were placed into the resulting solution, and the mix-
ture was stirred for 15 min. Then trimesic acid (0.84 g)
dissolved in C,H;OH (24 mL) was added, and the
mixture was kept in a steel autoclave with a Teflon
insert at 110°C for 24 h.

In the second approach (HKUST-1/PET-2 sam-
ple), 2 X 2 cm pieces of pretreated PET fabric weigh-
ing ~1 g were kept for 30 min in 20% solution of
K,CO;, and dried for 30 min at 60°C. Then they were
kept in a 0.5 M solution of Cu(NO3),:3H,0 (100 mL)
for 24 h, taken out, and dried at room temperature
[24]. The the samples were placed into a solution of
trimesic acid (1 g in a mixture of water (14 m) and eth-
anol (16 mL)) and kept in a steel autoclave with a Tef-
lon insert at 110°C for 24 h.

In the third approach (HKUST-1/PET-3 sample),
a sample of pretreated PET fabric (~2 g) was impreg-
nated with a 1.4 M aqueous solution of Cu(NO;),
3H,0 (5 mL) and dried for 1 h at 100°C. Then the
sample was placed into a solution of trimesic acid (1 g
in a mixture of water (14 m) and ethanol (16 mL)) and
kept in a steel autoclave with a Teflon insert at 110°C
for 24 h.

The HKUST-1/cotton-3 sample was synthesized
similarly to HKUST-1/PET-3, but using pretreated
cotton fabric instead of PET fabric. After being
impregnated with a solution of Cu(NO;),-:3H,0, the
cotton fabric samples were dried at 60°C.

Investigation Methods

The porous structure of the samples was studied
using low-temperature nitrogen adsorption—desorp-
tion on a 3Flex specific surface area and porosity ana-
lyzer (Micromeritics, USA). The adsorption isotherm
at the relative pressure P/P, ~5 X 10~7 was plotted to
analyze the micropores in the material. Prior to analy-
sis, samples were degassed under vacuum (100 mTorr):
for 1 h at 90°C to remove the residual solvent and
adsorbed molecules from the material structure and
for 5 h at 150°C to remove the residual impurities from
the microporous structure without structure degrada-
tion. The total specific surface area (Sgpt) was calcu-
lated using the multipoint BET method. The adsorp-
tion isotherm linearity in the relative pressure range
P/P, = 0.01—-0.10 was used, since the material was
microporous [25]. The pore size distribution was
determined by the Horvath—Kawazoe (HK) and BJH
desorption methods. The total pore volume (¥,,,,.) was
calculated from the nitrogen adsorption at P/P, ~
0.995. The specific surface area and volume of micro-
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pores were determined using the comparative t-plot
method [26].

The phase composition of the samples was investi-
gated by powder X-ray diffraction on a XRD-7000 dif-
fractometer (Shimadzu, Japan) with the monochro-
matic Cuk, radiation (A = 1.54 A) in the 26 range of
2°—80° at a scanning rate of 0.02 deg/s and analyzed
using PDF 4+, PCPDFWIN, and Crystallography
Open Database (COD).

The chemical composition of the samples was
studied by Fourier Transform IR spectroscopy in the
4000—400 cm™~! range on a Cary 600 instrument (Agi-
lent Technologies, USA) with the attenuated total
reflectance attachment and a ZnSe prism.

The surface morphology of the samples was exam-
ined using scanning electron microscopy (SEM) using
a Quanta 200 3D electron microscope and focused ion
beam system (FEI Company, USA) at an accelerating
voltage of 30 kV, equipped with an EDS-EBSD Pega-
sus attachment (EDAX, USA) for elemental and tex-
tural analysis.

To study the stability of composites to mechanical
impact, samples were placed in acetone, ultrasoni-
cated (42 kHz, 50 W, 30 min) in an ultrasonic bath
(YAXUN YX-2100, China), and dried for 40 min at
50°C. The change in the weight was recorded and the
experiment was repeated 5 times in sequence. The
total change in the sample weight was calculated as the
ratio of weights after and before the experiment. If
ultrasonic treatment of the initial fabrics under the
indicated conditions did not induce a change in the
weight, it was considered that all weight losses were
due to the decrease in the amount of MOF in the com-
posite. The initial MOF content in composites was
estimated using the principle of additivity of specific
surface areas, while the specific surface area of the fab-
ric was neglected due to its small value. The residual
amount of MOF in the composites was calculated as
the difference between the initial MOF content and
the mass loss after ultrasonic treatment.

The sorption capacity of samples with respect to
toluene vapor was studied under static conditions
using the desiccator method at room temperature.
Prior to the experiment, toluene was kept in a desicca-
tor for 18 h until equilibrium between the vapor and
the liquid was established (the saturated vapor pres-
sure (P) of toluene at 25°C is 4.17 kPa). The 0.1-1.0 g
samples were preliminarily degassed 90°C (1 h) and at
150°C (5 h) and kept in a desiccator until a constant
weight was established. The adsorption—desorption
equilibrium was considered to be established when the
sample weight no longer changed. The sorption
capacity was calculated as the weight ratio of the
adsorbed toluene (m, — m,;) to the starting sample
weight (m,):

a= (my, —m;)

x 1000, (1)
m
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Fig. 2. X-ray diffraction patterns of PET fabric, HKUST-1/PET-1, and HKUST-1/PET-2; the inset shows the 26 range of 7°—15°.

where a is the equilibrium adsorption of the saturated
vapor pressure of toluene, mg/g; m, is the sorbent
weight before toluene sorption, g; m, is the sorbent
weight after toluene sorption, g.

RESULTS AND DISCUSSION
Textural Characteristics

The obtained composite samples were examined
using powder X-ray diffraction. The X-ray diffraction
pattern of the HKUST-1/PET-1 sample (Fig. 2) pre-
pared in one stage by MOF assembly in the presence
ofthe fabric is identical to the X-ray diffraction pattern
ofthe PET fabric and exhibits broadened reflections at
16.4°, 17.5°, 22.7°, 25.6°, and 32.8° 26, which charac-
terize polyethylene terephthalate (PDF card 4+ 00-
049-2301). The intensity of reflections corresponding
to HKUST-1 is extremely low for this composite (inset
in Fig. 2), indicating that a minor amount of MOF is
present on the fabric surface, i.e., during the synthesis,
HKUST-1 is mainly formed in the solution rather than
on the PET fabric surface.

In the case of HKUST-1/PET-2, obtained by pre-
liminary impregnation of the fabric with solutions of
K,CO; and Cu(NOs),, more clear-cut reflections for
HKUST-1 are present, indicating a greater amount of
formed MOF on the fabric surface (Figs. 2 and 3a).
Figure 3a shows the results of analysis of the interme-
diates formed during the synthesis of the HKUST-
1/PET-2 composite. The distribution of reflections
for the sample obtained on the PET fabric pre-
impregnated with a K,COj; solution and dried at 60°C
(K,CO;/PET) shows the presence of a hydrated potas-
sium carbonate phase (COD card 2200592). The sub-
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sequent addition of a copper nitrate solution and dry-
ing at room temperature (K,CO;/Cu(NO;),/PET)
results in the formation of copper nitrate hydrate and
copper hydroxo nitrate (PDF card 4+ 04-009-6295
and COD card 4030610, respectively). Meanwhile, the
reflections characteristic of the potassium carbonate
phase disappear, indicating its complete dissolution
from the fabric surface. Thus, the role of pre-intro-
duced potassium carbonate may be reduced to pH
shift, resulting in partial hydrolysis of the copper pre-
cursor:

K,CO; + H,0 — KHCO, + KOH, )

2Cu(NO;),3H,0 + 3KOH

3
— Cu, (OH), NO; + 3KNO; + 6H,0. 3

Copper carbonates are not formed, which may be
due to the relatively acidic medium in the solution or
low concentration of carbonate ions.

The low intensity of HKUST-1 reflections relative
to PET reflections attests to the formation of a small
amount of MOF, probably, because of leaching of the
major portion of the soluble precursor
Cu(NO;),(H,0), 5 from the intermediate products in
the fabric surface during the solvothermal treatment
(Figs. 2 and 3a).

According to powder diffraction data, the interme-
diate product formed during the synthesis of the
HKUST-1/PET-3 sample (obtained using pre-
impregnation of the PET fabric with a copper nitrate
and drying) is copper hydroxide nitrate deposited on
the PET fabric surface (Fig. 3b). This is due to the fact
that during thermal decomposition at temperatures
above 80°C, copper nitrate hydrate undergoes thermal

2026



TEXTILE COMPOSITE MATERIALS BASED ON HKUST-1 235

I (a)
K,CO3/PET
K,CO3:1.5H,,0 (COD#2200592)

W“\—___

L N e Y Y i

K>CO3/Cu(NO3),/PET
Cuy(OH)3NO3(COD#4030610)
Cu(NO3)>2(H,0), 5(PDF#040096295)

] h.“..\ljblnﬂ -~

HKUST-1/PET-2
HKUST-1(COD#2300380)

I (b)
Cu(NO3),/PET
Cu,(OH);NO3(COD#4030610)

v  PET(PDF#00-049-2301)

l N "
HKUST-1/PET-3
—— HKUST-1(COD#2300380)

L TR
T 1 T

100 20 30 40 50 60 70 80
20, deg

10 20 30 40 50 60 70 80
20, deg

Fig. 3. X-ray diffraction patterns of intermediate products of synthesis and final (a) HKUST-1/PET-2 and (b) HKUST-1/PET-3

samples.

hydrolysis (reaction (6)). At < 80°C, the decomposi-
tion is limited to partial dehydration [25]:

1 = 40—80°C: Cu(NO;),-3H,0

C))
— Cu(NO;),2.5H,0 + 0.5H,0,
— Cu(NO;),-H,0 + 1.5H,0.
t > 80°C: 4Cu(NO;),-2.5H,0 ©

— 2Cu, (OH), NO; + 7H,0 + 6NO, +1.50,.

Since copper hydroxide nitrate is insoluble in
aqueous ethanol and begins to dissolve slowly in the
reaction medium only under the action of trimesic
acid, the MOF formation occurs mainly on the surface
of woven polyethylene terephthalate material. After
completion of the process, HKUST-1 structure is
formed, as evidenced by the distribution of clear-cut
reflections (Fig 3b).

The X-ray diffraction pattern of the cotton fabric
exhibits reflections corresponding to cellulose (PDF
card 4+ 00-060-1502), which are also observed for the
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final product and are feebly visible for the intermedi-
ate, as it is formed in a large amount (Fig. 4a). The
intermediate compound formed on the cotton fabric
during the synthesis of HKUST-1/cotton-3 was
Cu(NO;),(H,0), 5 rather than Cu,(OH);NO;, since
the sample was dried at a lower temperature (60°C)
than the PET fabric impregnated with a copper nitrate
solution in the synthesis of HKUST-1/PET-3 (reac-
tions (4), (5)). Meanwhile, thermal hydrolysis of
Cu(NO;):3H,0 takes place at 100°C to give NO,
(reaction (6)), which promotes degradation of the cot-
ton fabric, but does not cause noticeable damage to
PET fabric [27]. The final product of synthesis of the
HKUST-1/cotton-3 sample is HKUST-1 supported
on cotton fabric (Fig. 4b).

The porous structure of the samples was studied
using the low-temperature nitrogen adsorp-
tion/desorption method. The pristine cotton and PET
fabrics do not possess extensive specific surface area
(Sget < 0.1 m?/g). Therefore, the MOF content in the
composite (0(HKUST-1) column, Table 2) can be
calculated according to the principle of additivity of
specific surface areas as the ratio of composite Spgr to

No.2 2026
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Fig. 4. X-ray diffraction patterns of cotton, intermediate product of synthesis of (a) HKUST-1/cotton-3 and (b) HKUST-1/cot-

ton-3 in 20 range of 5°—80°.

HKUST-1 St without taking into account the spe-
cific surface area of the fabric, as it is very small com-
pared to that of MOF. The HKUST-1/PET-1 and
HKUST-1/PET-2 samples have low surface areas
(0.11 and 3.3 m?/g, respectively, Table 2), which is in
line with the powder X-ray diffraction data and attests
to the formation of <1 wt % MOF on the surface.

In the HKUST-1/PET-3 and HKUST-1/cotton-3
samples, the contents of MOF are 15.8 and 12.0 wt %,
respectively. The logarithmic nitrogen adsorp-
tion/desorption isotherms (Fig. 5a) and the corre-
sponding pore size distributions (Fig. 5b) for HKUST-
1/PET-3 and HKUST-1/cotton-3 reproduce the
shape of the corresponding curves characterizing the
initial HKUST-1. This attests to the formation of
HKUST-1 on the fabric surface without changes in its
structure.

The functional groups on the surface of HKUST-
1/PET-3 and HKUST-1/cotton-3 were studied by IR
spectroscopy. The IR spectrum of the PET fabric
shows the band distribution characteristic of polyeth-
ylene terephthalate (Fig. 6) [28]. The principal bands at
1714, 1098, and 1241 cm™! indicate the presence of ester
group vibrations. The bands at 1410 and 1340 cm™! can
be assigned to C—H bending vibrations near a polar

Table 2. Textural characteristics of HKUST-1 and composites

atom, while the 1012 cm™! band is due to the C—H
vibrations of the benzene ring (Table 3).

The HKUST-1/PET-3 sample also contains
groups characteristic of polyethylene terephthalate;
however, additional bands appear at 1645, 1544, 1447,
1371, and 759 cm™!. This attests to the formation of the
HKUST-1 structure on the surface of the fabric. The
band at 1645 cm ! in the IR spectrum of
HKUST-1/PET-3 may be attributable to the coordi-
nation of —C=0 groups of both timesic acid and PET
to copper ions, which implies the possibility of chem-
ical bonding between HKUST-1 and the PET fabric.

In the IR spectrum of cotton (Fig. 7), the band at
3321 cm™! corresponds to hydroxyl stretching bands,
while the band at 1430 cm™! is due to symmetrical
—CH, bending modes. The vibrations of the C—H,
C—0, and O—H groups of cellulose, the major com-
ponent of the cotton fabric, are present in the
1300—1000 cm™! range [29, 30].

The band at 1642 cm™! is due to both hydroxy
groups and water traces in cotton. The band at
893 cm ! indicates the presence of B-glycosidic bonds
between monosaccharides [31].

The IR spectrum of the HKUST-1/cotton-3 sam-
ple exhibits principal bands inherent in cotton; in

Samples SpeT, M?/g Voores cm’/g o(HKUST-1), wt %
HKUST-1/PET-1 0.11 <0.01 <0.1
HKUST-1/PET-2 3.3 <0.01 0.2
HKUST-1/PET-3 259 0.11 15.8
HKUST-1/cotton-3 198 0.08 12.0
HKUST-1 1641 0.69 100
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Fig. 5. (a) Nitrogen adsorption—desorption isotherms in
the logarithmic form and (b) corresponding differential
micropore size distributions (Horvath—Kawazoe method) for
HKUST-1, HKUST-1/PET-3, and HKUST-1/cotton-3.

addition, more clearly defined absorption bands cor-
responding to the HKUST-1 structure occur at 729,
759, 1371, 1447, 1554, 1615, 1645, and 1703 cm™!

The distribution of the HKUST-1 metal-organic
framework over the surface of fabric substrates was
studied by SEM. The cotton and PET fabrics are
formed by two sets of interwoven threads running
lengthwise and crosswise perpendicular to one
another (Fig. 8). The difference is that the cotton sur-
face is formed by sparser and more heavy weaving
knots than PET fabric, while the interwoven fibers
consist of a large number of thin threads (on average
~12 vs. ~20 um for PET fibers), which protrude, thus
making the surface look more disordered.

While comparing the SEM image of the HKUST-
1/PET-3 composite (Figs. 9a, 9b) with the image of
the original PET fabric (Figs. 8a—8c), one can see the
appearance of numerous HKUST-1 particles over the
whole surface. The particle sizes are in the range of
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Fig. 7. IR spectra of cotton, HKUST-1/cotton-3, and
HKUST-1.

50—600 nm, with 150—250 nm particles predominat-
ing (Fig. 10). In the case of HKUST-1/cotton-3
(Figs. 9e, 9f), HKUST-1 is also formed. However, in
addition to clear-cut crystalline particles, mainly mea-
suring 100—200 nm, smaller crystals are formed
directly on the fibers (Fig. 10).

The SEM images (Figs. 9c, 9g) and the corre-
sponding copper distribution maps on the sample sur-
face (Figs. 9d, 9h) obtained by energy dispersive anal-
ysis provide the conclusion that HKUST-1 is mainly
located in the space between the fibers. Hence, most
of MOF is physically held in place by the fabric weave,
although a contribution of the chemical bonds with
the surface cannot be ruled out either.

The results of investigation of composite stability
over 5 cycles of ultrasonic treatment (42 kHz, 50 W,
30 min) are shown in Fig. 11. After 5 cycles of ultra-

No.2 2026



238 MATSKAN, MAMONTOV

Table 3. Absorption bands and corresponding vibrations for cotton, PET, trimesic acid, HKUST-1, and composite materials

Absorption band, cm™!
Samp le Vas/s Vring V/ 8ring
v(OH) v(C=0) (C-0) (C=C) (CH) 3(C=0) v(C—H)
Cotton 3321 - 1029, — - - 2901
1107,
1159,
1317
PET 3433 1098, - - 723, 723 1340, 1410,
1241, 875, 2961, 3055
1714 840,
1012
HKUST-1 3400 1615, 1012, 1447, 1554 729, 729 -
1645, 1194, 759,
1703 1371 937
HKUST-1/PET-3 3628 1098, 1012, 1447, 723, 723 1340, 1410,
1241, 1371 1554 875,
1714 840,
1012
HKUST-1/cotton-3 3400 1615, 1645, 1029, 1447, 1554 729, 729 -
1703 1107, 759
1159,
1317,
1371

sonic treatment in acetone, the weight loss of the same treatment. Considering stability of the fabric
HKUST-1/PET-3 was minor (0.4%), indicating high  under these conditions and the weight change caused
MOF stability in the composite structure. The by the loss of MOF, the HKUST-1 content in the cot-
HKUST-1/cotton sample lost ~7% of the weight after  ton-based composite decreased from 12.0 to 5.2%.

Fig. 8. SEM images of (a—c) PET and (d—f) cotton fabrics.
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Fig. 9. SEM images of (a—c) HKUST-1/PET-3 and (e—g) HKUST-1/cotton-3; (d, h) copper distribution map on the surface of
(d) PET and (h) cotton fabrics.

Sorption Capacity for Toluene Vapor

Data on the sorption of HKUST-1, composites and
some sorbents studied under similar conditions capac-
ity for toluene vapor are summarized in Table 4.

Despite the absence of extensive porosity, pristine cot-
ton and PET fabrics can adsorb toluene in amounts of
60 and 8 mg/g, respectively. The sorption capacity of
HKUST-1 was 488 mg/g, with the specific surface
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HKUST-1 particle size, nm

400 500 600

Fig. 10. HKUST-1 particle sizes distributions for HKUST-
1/PET-3 and HKUST-1/cotton-3 composites.

area being 1641 m?/g. The main mechanism of this
process in the presence of MOF is physical adsorp-
tion, which is provided by the MOF microporous
structure and, therefore, by high specific surface area
and T—T interactions between the aromatic ring of tol-
uene and trimesic acid incorporated in MOF [32].
Therefore, HKUST-1 has high sorption capacity,
which exceeds those for other known sorbents that are
included in Table 4.

The sorption capacity for HKUST-1/PET-3 and
HKUST-1/cotton-3 was 82 and 66 mg/g, respectively.
In terms of the MOF content, this is higher than the
sorption capacity of pure MOF due to the additional
absorption of toluene by the fabrics. Thus, these mate-
rials may be promising for applications related to sorp-
tion of volatile organic compounds.

[\
o

I HKUST-1/PET-3
I HKUST-1/cotton-3

—_— =
AN o0

—_
[N

MOF content in the composite, wt %
=

S N b~ N

0 1 2 3 4 5
Number of sonication cycle

Fig. 11. Results of determination of the resistance of com-
posites to ultrasonic treatment expressed as a change in the
total weight of MOF depending on the number of ultrasonic
treatment cycles in an acetone solution (50 Hz, 30 min).

CONCLUSIONS

Thus, the most effective approach for the prepara-
tion of HKUST-1/fabric composites is that in which
MOF precursor is applied on the fabric by incipient
wetness impregnation and the material is dried and
subjected to solvothermal treatment in trimesic acid
solution in aqueous ethanol. This procedure provides
the largest amount of MOF while preserving the
structure of the pure components that make up the
system. This approach can be successfully applied to
both natural and synthetic fabrics. However, the com-
posite in which HKUST-1 is deposited on PET fabric
is more resistant to mechanical impact than HKUST-
1/cotton due to the formation of larger HKUST-1 par-

Table 4. Sorption capacity for toluene and textural characteristics of various sorbents

Sample Sper, M*/g Voore cm*/g | a(C7Hg), mg/g nfg(/cg7il/[%’1: Ref.
Activated carbon 948 0.41 272 — [33]
MIL-125-NH, 1280 0.56 293 293 [34]
Microporous SiO, 766 0.44 437 - [35]
MCM-41 1081 1.00 184 - [36]
C-polydopamine 3201 1.78 1255 — [37]
MIL-100(Fe)/diatomite 211 0.18 183 886 [38]
Cotton <1 60 - This work
PET <1 8 -
HKUST-1 1641 0.69 488 488
HKUST-1/PET-3 259 0.11 82 520
HKUST-1/cotton-3 198 0.08 66 550
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ticles in the space between the denser weave of PET
fibers and their possible coordination to the surface
carboxyl groups. Regarding practical application,
HKUST-1 immobilization on the surface of woven
cotton and polyethylene terephthalate fabrics
increases the sorption capacity of the original fabrics
with respect to toluene vapor and, as a result, may
serve to produce effective fabric sorbents.
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