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Abstract: The use of Metal-Organic Frameworks (MOF) such as HKUST-1 in textiles is an alternative
with regard to the development of technologies that are increasingly seeking for functionalities,
mainly in the fields of health and hygiene, named biofunctional fabrics. However, the application
of the MOF under the surface of the wool fiber can lead to a low durability finish due to its low
fixation. Thus, this project aims to perform the direct synthesis of HKUST in the wool fiber, so
that a product with good washing durability can be obtained. The purpose of this study was to
incorporate metal-organic frameworks, composed of copper and trimesic acid, into woolen fabrics, to
improve the antibacterial properties. The synthesis was performed directly in the wool fabric, at time
intervals of 24 and 48 h. The resulting fabrics were characterized by Scanning Electron Microscopy
(SEM), Energy Dispersive Spectroscopy (EDS), X-Ray Diffractometry (XRD), Fourier Transform
Spectroscopy Infrared-Attenuated Total Reflectance (FTIR-ATR), and colorimetric analysis (CIElab),
and the Antimicrobial Activity Test (American Association of Textile Chemist and Colourists - AATCC
Test Method 61-2007-2A) was performed. The results suggested that the application produced textiles
with antibacterial properties, showing activity against Escherichia coli.

Keywords: HKUST-1; wool; antibacterial

1. Introduction

Textiles with improved functionalities can find a variety of applications, such as controlled release
of drugs [1-3], cosmeotextiles [1,4,5], temperature control [6,7], and anti-microorganism action [8-10].
The use of antimicrobial agents in textile items is focused on the control of infections coming from
the contact between the textile and human skin [11,12]. Currently, the treatments to setup the
antibacterial fibers using metallic salts aim at the incorporation of silver [13], copper [6,14], and
zinc [15,16] nanoparticles.

Among those, the use of copper as an antimicrobial agent stands out because of its low cost [8].
However, the durability effect is restricted because of the low interaction between the nanoparticles and
the textile. In this sense, an alternative for a better finishing is to synthesize the metal into a structure that
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can interact with the textile. One of the possibilities of this alternative is the synthesis of Metal-Organic
Frameworks (MOFs), which are crystalline solids formed by organic ligands and inorganic agglomerates,
as metallic salts, that create a highly-porous three-dimensional structure [17-20].

Since the MOFs are formed by organic and inorganic parts, they present high adsorption capacity,
which is provided by the organic precursors and a highly-ordered structure coming from the inorganic
ones [20]. Yet, the metal present in the structure may contribute with new desired effects [12]. Thus,
the immobilization of MOFs in a textile substrate becomes an alternative for the combination of the
porosity present in the MOF and the properties of the metals, resulting in a synergistic effect that
enhances their durability [14,21].

The use of MOFs on the textile surface can be reached either by modification or direct application,
having direct dependence on the kind of fiber and MOF, due to the chemical groups present on the
surface of the fiber [22-24].

Some experiments carried out in textile substrates were MIL-101 (Matériauxs de L'Institut
Lavoisier-101) in polyamide [25], which aimed to dye the textile, MOF-100 in cotton [26], which
enhanced antimicrobial properties, MOF-5 in silk [27], which removed dyes, and MOF-199 in wool [22]
and polyacrylonitrile fibers [24] that aimed at the removal of fuels and methyl parathion.

Since it was possible to synthesize those structures in textiles, the present paper aims to incorporate
an MOF, HKUST-1 (MOE-199), in woolen articles in a direct way for antibacterial functionalization,
since the wool fiber acts as an agent of the propagation and hosting of bacteria [28]. Thus, it is intended
to develop a new antimicrobial finish for woolen fabric from the direct incorporation of MOF.

2. Materials and Methods

All reagents were of analytical-grade purity: trimesic acid (TMA) (Sigma-Aldrich, 98%,
Sao Paulo-SP, Brazil), copper (II) nitrate (Vetec, 98%, Duque de Caxias, RJ, Brazil), and
N,N-dimethylformamide (DMF) (Vetec, 98%). The textile substrate consisted of standard wool
fabric (ISO 105-F06), approximate weight: 125 gm~2, Test Fabrics Inc. (Swedesboro, NJ, USA).

2.1. MOF Composite Synthesis

Direct incorporation of HKUST-1 into fabrics was carried out according to a modified method [29].
In the first step, two solutions of 250 mL of DMF (73.09 g/mol) were prepared. For the first solution, 18 g
of copper nitrate were added, and in the second solution, 9 g of TMA were added, both under stirring.
As soon as both reagents were dissolved, they were mixed together, resulting in a single solution.

Each wool sample of 1 g was inserted into 50 mL of solution inside an oven (85 + 2 °C). At the
end of each interval (24 and 48 h), the samples were removed from the heater, washed with DMF,
and dried at room temperature. Afterward, the pure HKUST-1 was prepared by adding 4 g of copper
nitrate and 2 g of TMA into 50 mL of DMF solution ((85 + 2 °C) during 20 h, after which they were
washed with DMF and dried at room temperature.

2.2. Characterization of HKUST-1

The analysis of the thermal stability of the MOF was performed using the thermogravimetric
equipment TGA.SDTA851-Mettler Toledo (Barueri, SP, Brazil) and the Software STARe (Version SW
9.01). The method employed used a heating rate of 10 °C-min~! and a temperature range from
30-800 °C in an atmosphere of nitrogen.

2.3. Characterization of Textile Finishing (Wool@MOF)

For the morphological, structural and molecular analysis of the materials (wool@MOF), a Scanning
Electron Microscope (SEM) (Model Quanta 250, Waltham, MA, USA), an Energy Dispersive
Spectroscopy (EDS) ( x-act model, Waltham, MA, USA) and the AZtec 3.0 SP2 software provided by
Oxford Instruments, an X-Ray Diffractometer (PXRD) (Shimadzu Model XRD-6000, Tokyo, Japan), and
a Fourier Transform Spectroscopy Infrared-Attenuated Total Reflectance (FTIR-ATR) (Frontier-Perkin
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Elmer, Sao Paulo, SP, Brazil) with a diamond ATR attachmen, were used. Fabric thickness measurements,
in triplicate, were taken for untreated, treated (24 and 48 h), and after washing, using the micrometer.
The PXRD was carried out using a copper irradiation tube operating at 40 KV and 30 mA in the
region from 5 (20°) to 40 (20°) with a dwell time of 26°/min. The FTIR spectrum was evaluated with
1 cm™! and 64 scan accumulations, with the range in the infrared spectrum between 650 and 4000 cm™".
The techniques (SEM, PXRD, and FTIR-ATR) were carried out on the wool fabrics with and without
the finishing.

The durability with respect to washing of the functionalized wool was verified by SEM after
subsequent wash cycles (5 washes). Washing was carried out in accordance with the AATCC Test
Method 61-2007-2A.

The antibacterial properties were tested in both untreated and treated fabrics. The test was
performed against E. coli bacteria ASTM E2149-13a: Standard Test Method for Determining the
Antimicrobial Activity of Immobilized Antimicrobial Agents under Dynamic Contact Conditions.

The CIE color coordinates (L*, a*, b*) for the treated and washed fabrics were obtained, all samples
were measured in three independent areas, using a spectrophotometer Delta Vista 450G and the i7
Delta Color software, adjusting to 10° for the observer with D65 illuminant, visual geometry of d/2,
and 2 mm of measurement area. The color coordinate parameters were lightness (L*) from black to
white (0-100), a* the red/green ratio (+/—), and b* the yellow/blue ratio (+/-) [30].

3. Results and Discussion

3.1. Study of the HKUST-1 Synthesis

Figure 1 presents the mass loss of pure compounds HKUST-1, heated from 30-800 °C in an
atmosphere of nitrogen at the rate of 10 °C per minute. The TG and dTG curves were similar to the
HKUST-1 [31]. The first stage of mass loss occurred between 30 and 164.4 °C (dehydration of the
HKUST-1), indicating moisture of 26% (mass per mass ratio, m:m). Stage 2 of mass loss occurred from
322.2 and 345.9 °C (direct degradation of the HKUST-1 material) with high thermal stability due to
large crystalline molecular order, high interaction metal clusters/linkers, and high structural purity [32].
The data obtained in this analysis resembled the results of Lin and Hsieh [33] and Rizwan et al. [34];
HKUST-1 decomposed at approximately 300 °C, with a 50% mass loss. In this work, the mass loss was
43%, showing that the compound analyzed was HKUST-1 and confirmed by PXDR analysis.
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Figure 1. Thermogravimetric curves of HKUST-1.
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3.2. Study of the Synthesis on the Surface of the Wool

Figure 2 illustrates the FTIR spectra of treated and untreated samples. These IR spectra show
signals of wool and HKUST-1.
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Figure 2. FTIR-ATR of: (a) woolen fabric (untreated); (b) HKUST-1; wool@HKUST-1 synthesis of: (c) 24
h; (d) 24 h washed; (e) 48 h; and (f) 48 h washed.

HKUST-1 FTIR, Figure 2b, spectra exhibited MOF formation bands [35,36]; see Table 1. Pure
keratin comprised 90% of the wool, yielding the behavior of the FTIR for a protein. According to
Figure 2a, wool FTIR spectra coincided with keratin polymer bands [37]; however, the spectra also
showed bands at 1735, 1453, and 1393 cm ™! consistent with terminal COOH and NH, functionalities.
These bands allow the wool to serve as a prospective anchoring fiber for the growth of HKUST-1 [38,39].

Table 1. FTIR-ATR bands’ assignment for HKUST-1, wool, and treated wool samples.

HKUST-1 Wool Treated
Band cm™! Assignment Band cm™! Assignment Bandem™! Assignment Corresp.
3430 vO-H (water) 3277 uvN-H 3255 vN-H HKUST-1
2930 vC-H 2995 vC-H 2930 vC-H HKUST-1
1659 vsCOO~ 2928 vC-H 1719 vCOOH(term.) Wool
1590 VasCOO™ 1735 vCOOH(term.) 1650 vsCOO~ HKUST-1
1453 5,.C-O 1634 vC=0 (amide) 1634 vC=0 (amide) Wool
1375 vC=C (aromatic) 1524 SN-H + vC-N 1590 V2sCOO~ HKUST-1
1252 vC=C (aromatic) 1453 VN-H (term.) 1550 SN-H + vC-N Wool
1107 5C-H (ip) 1393 vC-O (term.) 1445 5,C-O HKUST-1
935 5C-H (oop) 1237 vN-H + 6C-N 1368 vC=C (aromatic) HKUST-1
494 vCu-O 1252 vC=C (aromatic) HKUST-1
1107 5C-H (ip) HKUST-1
938 5C-H (oop) HKUST-1

v = stretching vibration; vs = symmetric stretching vibration; v,s = asymmetric stretching vibration; 5, = axial
deformation; 5 = bending; ip = in plane; oop = out of plane; term. = terminal; Corresp. = correspondence of
the band.

Due to the low pH used in the synthesis, the protonated groups will not coordinate directly with
copper. As the MOF/fabric and samples after treatment spectra nearly corresponded, identifying the
fabric group responsible for MOF anchoring is unlikely. Studies have shown that acid and oxidant



Polymers 2019, 11, 713 50f11

treatments (such as the presence of nitrate and pH 3 used in this work) break S-S bonds and form new
terminal functional groups such as -SH, -5O-5-, and SO3- [40-43]; consequently, new bands, absent in
untreated wool, appear in the region between 1000 and 1120 cm™!. When observing the spectra of the
treated and washed fabric, with low superficial MOF loss, small bands appear in the region between
1000 and 1120 cm ™, and the intensity at 3400 cm™! increases, indicating S-S bond cleavage [44].

According to Zhang et al. [45], S-H functional groups and increased fabric hydrogen bonds affect
these regions of the FTIR spectra. Therefore, the observation of the FTIR disorients the identification
of the functional group related to MOF anchoring. In addition, the literature shows that the acid
treatment increases the number of coordination sites proportionally to the hydrogen interactions; and
the absence of shifts for C=C aromatic vibration frequencies, pointing to the lack of the influence of the
aromatic ring in the MOF-wool interaction [21].

The observation of FTIR spectra for all samples, in Figure 2d,f, allows concluding that washing
samples reduced the intensity of HKUST-1 bands and removed MOF from the wool. SEM images of all
samples, Figure 3, show the same amount of MOF particles, demonstrating that copper and terminal
function linking are non-exclusive interactions between MOF; non-covalent weak interactions like
hydrogen binding occur.

Figure 3. SEM of: (a) woolen fabric (untreated); (b) HKUST-1; wool@HKUST-1 synthesis of: (c) 24 h;
(d) 24 h washed; (e) 48 h; and (f) 48 h washed.
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Figure 3 displays the surface morphology of wool with the incorporation of HKUST-1 with visible
nanoparticles on the fiber before and after washing.

The morphology of the MOFs, Figure 3b, resembles an octahedral structure, as presented by Lin
and Hsieh [33], Hosseini, Zeinali, and Sheikhi [46], and Toyao et al. [47]. Figure 4 compares the EDS
spectra of wool@HKUST-1 prepared for 24 h (a), 24 h after washing (b), 48 h (c), and 48 h after washing
(d). These spectra reveal that the metal organic framework HKUST-1 was added on the wool fibers’
surface, and its presence after washing was proven by cooper signals (near 1.0, 8.0, and 9.0 KeV).
These results indicate the performance of the synthesis on the surface of the fabric, as indicated by the
thermal analysis and PXRD.

Figure 4. EDS of wool@HKUST-1 synthesis of: (a) 24 h; (b) 24 h washed; (c) 48 h; and (d) 48 h washed.

PXRD analysis determined the crystallinity of the structures and confirmed the presence of
HKUST-1 on the surface of the wool. Figure 5 shows the diffractograms of non-treated wool fabric,
MOF HKUST-1 (conventional method), and treated wool before and after washing. A direct relation is
observed concerning time and the presence of HKUST-1 on the surface. The charts for wool and MOF,
shown in Figure 5, exhibit two characteristic peaks, 20 ~ 10° for the wool and 26 ~ 13° for the HKUST-1.

The diffractogram of synthesized MOF in [28] and [41] shows the same peaks, especially the
one at 20 ~ 13°. In general, before the washing, the behavior was similar to the MOF diffractogram
(a), with sharp peaks close to 20 ~ 13° and 20 ~ 20°’; however, once samples were washed, as in the
diffractogram in (d), they showed similar wool peaks in the 26 ~ 10° region and from the 20 to 20 ~
25° range, resulting from the fabric peaks overlap of HKUST-1, Figure 5¢,d. This difference shows that
washing causes a slight decrease in the number of crystalline structures over the fabric.

Nevertheless, Figure 5e,f shows the contrary. After 48 h of synthesis, the washing effects decreased,
with more MOF observed on the surface of the fabric. In general, it is possible to see the peak at 26 =
13° indicating effective incorporation of MOF.
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Figure 5. PXRD of (a) woolen fabric (untreated); (b) HKUST-1; wool@HKUST-1 synthesis of: (c) 24 h;
(d) 24 h washed; (e) 48 h; and (f) 48 h washed.

3.3. Evaluation of the Finish

The color analysis verified the presence of HKUST-1 on the wool surface; copper present in the
fabric changed its color from a blue to a green hue. Table 2 shows the color data before and after
samples were washed. The values of L*, a*, and b* refer to the luminosity, coordinates red/green, and
coordinates yellow/blue, respectively.

Table 2. Color data for the wool fabric modified with HKUST-1 after 24 and 48 h of direct synthesis.

Synthesis L* a* b*
Time No Wash Washed No Wash Washed No Wash Washed
Untreated 83.94 +0.12 -0.47 = 0.08 11.68 = 0.15
24 h 56.35 + 0.67 5425 +0.32 -41.64+0.53 —-25.20+0.55 4.60 + 0.63 17.52 + 0.66
48 h 55.81 + 0.41 4855 +029 -4243+047 -2176+0.31 —-4.44+049 15.56 = 0.52

The luminosity value of the untreated sample was 83.94 + 0.12. Regarding the values of the
treated samples before and after washing (in this order), the 24 h synthesis presented the values:
56.35 + 0.67 and 54.25 + 0.32; the 48 h synthesis presented the values: 55.81 + 0.41 and 48.55 + 0.29.
This reveals that the samples lost luminosity, getting darker because of the MOF presence [6]. MOF
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and fiber macromolecules interacted and changed the color of the fiber from blue (Cu?*) to green:
coordination of copper (II) with the functional groups of wool. The absorption band shifted from
the visible to near-infrared region explained by (1) HKUST-1 water ligand substitution from wool
functional groups, such as carboxyl and thiol, and MOF-wool interaction removing electronic density
from copper (II), increasing the ionic character. Thus, Ligand-Metal Charge Transition (LMCT) shifted
to lower energy regions. (2) There was a decrease in the Crystal Field Stabilization Energy (CFSE)
due to the substitution of water ligand possibly by wool functional groups, once they displayed more
intense-donors than the first [48,49].

Figure 6 shows the antimicrobial activity for untreated and treated wool fabric before and
after washing.

Figure 6. Antimicrobial activity (reduction of E. coli under dynamic contact conditions): (a) positive
control; (b) woolen fabric; wool@HKUST-1 synthesis of: (c) 24 h; (d) 24 h washed; (e) 48 h; and
(f) 48 h washed.

The untreated woolen fabric and the positive control showed an expected growth of
microorganisms, and the untreated fabric had a reduction of 27.73%, as shown in Table 3.

Table 3. Antimicrobial activity in treated and untreated wool fabrics.

Sample No. of E. coli at Zero Time No. of E. coli Final Reduction (%)
Untreated 6.30.10° 1.75.10° 27.73
24h 6.30.10° 0 100
24 h/washed 6.30.10° 1.70.102 99.97
48h 6.30.10° 0 100
48 h/washed 6.30.10° 4.00.10 99.99

The presence of MOF in the treated samples attributes them antimicrobial effects, as presented by
Wyszogrodzka et al. [12]. The presence of copper in the MOF structure eliminates microorganisms
due to the intrinsic property of this metal. The wool@HKUST-1 fabric completely inhibited the tested
microorganism. The results after washing showed a slight decrease in the level of inhibition of growth
of the microorganisms; nevertheless, the inhibition remained almost complete: 99.97% after 24 h and
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99.99% after 48 h of treatment. The fabrics treated with HKUST-1 during the synthesis of 48 h are
noteworthy, with better antimicrobial performance.

4. Conclusions

The present work verified the growth of metal-organic structures on woolen fabric. The SEM,
PXRD, and color analyses revealed the increasing amount of those structures on the fabric with the
influence of the time of synthesis. Furthermore, they proved that those crystalline solids were not just
deposited, but linked to the wool, since the samples showed the presence of copper on the surface able
to completely inhibit the microorganism E. coli, even after washing.

Author Contributions: Conceptualization, M.J.L., R.B.S., A.B., M.PM. and EM.B.; Methodology, F.A.P.S.; Formal
Analysis, B.B.C., G.A.G. and EM.B,; Investigation, B.B.C., G.A.G. and M.P.M.; Writing-Original Draft Preparation,
A.B., FAPS., MPM. and EM.B.; Writing-Review & Editing, M.].L. and FEM.B.; Visualization, R.B.S. and M.PM.;
Supervision, M.P.M.; Project Administration, EM.B.; Funding Acquisition, M.J.L.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Alonso, C.; Marti, M.; Barba, C.; Lis, M.; Rubio, L.; Coderch, L. Skin penetration and antioxidant effect of
cosmeto-textiles with gallic acid. J. Photochem. Photobiol. B Biol. 2016, 156, 50-55. [CrossRef]

2. Bezerra, EM,; Lis, M.; Carmona, O.G.; Carmona, C.G.; Moisés, M.P; Maria, G. Assessment of the delivery of
citronella oil from microcapsules supported on wool fabrics. Powder Technol. 2018, 343, 775-782. [CrossRef]

3.  Carreras, N.; Acufia, V.; Marti, M.; Lis, M.J. Drug release system of ibuprofen in PCL-microspheres. Colloid
Polym. Sci. 2013, 291, 157-165. [CrossRef]

4. Azizi, N,; Chevalier, Y.; Majdoub, M. Isosorbide-based microcapsules for cosmeto-textiles. Ind. Crop. Prod.
2014, 52, 150-157. [CrossRef]

5. Rubio, L.; Alonso, C.; Coderch, L.; Parra, J.L.; Marti, M.; Cebridn, J.; Navarro, J.A.; Lis, M.; Valldeperas, J.
Skin Delivery of Caffeine Contained in Biofunctional Textiles. Text. Res. . 2010, 80, 1214-1221. [CrossRef]

6. Emam, H.E.; Abdelhameed, R.M. In-situ modification of natural fabrics by Cu-BTC MOF for effective release
of insect repellent (N, N-diethyl-3-methylbenzamide). J. Porous Mater. 2017, 24, 1175-1185. [CrossRef]

7. Alexandre, F,; Scacchetti, P; Pinto, E.; Soares, B. Functionalization and characterization of cotton with phase
change materials and thyme oil encapsulated in beta-cyclodextrins. Prog. Org. Coat. 2017, 107, 64-74.
[CrossRef]

8. Shahidi, S.; Rashidian, M.; Dorranian, D. Preparation of antibacterial textile using laser ablation method.
Opt. Laser Technol. 2017, 99, 145-153. [CrossRef]

9.  Periolatto, M.; Ferrero, F.; Vineis, C.; Rombaldoni, F. Multifunctional finishing of wool fabrics by chitosan
UV-grafting: An approach. Carbohydr. Polym. 2013, 98, 624-629. [CrossRef] [PubMed]

10. Mocanu, G.; Nichifor, M.; Mihai, D.; Oproiu, L.C. Bioactive cotton fabrics containing chitosan and biologically
active substances extracted from plants. Mater. Sci. Eng. C 2013, 33, 72-77. [CrossRef] [PubMed]

11.  Perumalraj, R. Single-stage antimicrobial and crease proof finishing of cotton materials. J. Ind. Text. 2012, 42,
376-391. [CrossRef]

12.  Wyszogrodzka, G.; Marszatek, B.; Gil, B.; Doroz, P. Metal-organic frameworks: Mechanisms of antibacterial
action and potential applications. Drug Discov. Today 2016, 21, 1009-1018. [CrossRef] [PubMed]

13. Osdrio, L; Igreja, R.; Franco, R.; Cortez, ]. Incorporation of silver nanoparticles on textile materials by an
aqueous procedure. Mater. Lett. 2012, 75, 200-203. [CrossRef]

14. Rodriguez, H.S.; Hinestroza, J.P.; Ochoa-Puentes, C.; Sierra, C.A.; Soto, C.Y. Antibacterial activity against
Escherichia coli of Cu-BTC (MOF-199) metal-organic framework immobilized onto cellulosic fibers. J. Appl.
Polym. Sci. 2014, 131, 1-5. [CrossRef]

15. Dong, Y.; Thomas, N.L.; Lu, X. Electrospun dual-layer mats with covalently bonded ZnO nanoparticles for
moisture wicking and antibacterial textiles. Mater. Des. 2017, 134, 54-63. [CrossRef]


http://dx.doi.org/10.1016/j.jphotobiol.2016.01.014
http://dx.doi.org/10.1016/j.powtec.2018.11.001
http://dx.doi.org/10.1007/s00396-012-2768-x
http://dx.doi.org/10.1016/j.indcrop.2013.10.027
http://dx.doi.org/10.1177/0040517509358798
http://dx.doi.org/10.1007/s10934-016-0357-y
http://dx.doi.org/10.1016/j.porgcoat.2017.03.015
http://dx.doi.org/10.1016/j.optlastec.2017.08.025
http://dx.doi.org/10.1016/j.carbpol.2013.06.054
http://www.ncbi.nlm.nih.gov/pubmed/23987391
http://dx.doi.org/10.1016/j.msec.2012.08.007
http://www.ncbi.nlm.nih.gov/pubmed/25428045
http://dx.doi.org/10.1177/1528083712441778
http://dx.doi.org/10.1016/j.drudis.2016.04.009
http://www.ncbi.nlm.nih.gov/pubmed/27091434
http://dx.doi.org/10.1016/j.matlet.2012.02.024
http://dx.doi.org/10.1002/app.40815
http://dx.doi.org/10.1016/j.matdes.2017.08.033

Polymers 2019, 11, 713 10 of 11

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Ovalle-Serrano, S.A.; Carrillo, V.S.; Blanco-Tirado, C.; Hinestroza, J.P.; Combariza, M.Y. Controlled synthesis
of ZnO particles on the surface of natural cellulosic fibers: Effect of concentration, heating and sonication.
Cellulose 2015, 22, 1841-1852. [CrossRef]

Tan, J.; Civalleri, B. Metal—Organic Frameworks and Hybrid Materials: From Fundamentals to Applications.
CrystEngComm 2015, 17, 197-198. [CrossRef]

Yaghi, O.M.; O’Keeffe, M.; Ockwig, N.W.; Chae, H.K.; Eddaoudi, M.; Kim, J. Reticular synthesis and the
design of new materials. Nature 2003, 423, 705-714. [CrossRef]

Smaldone, R.A.; Forgan, R.S.; Furukawa, H.; Gassensmith, J.J.; Slawin, A.M.Z.; Yaghi, O.M.; Stoddart, J.F.
Metalorganic frameworks from edible natural products. Angew. Chem. Int. Ed. 2010, 49, 8630-8634.
[CrossRef]

Rowsell, J.L.C.; Yaghi, O.M. Metal—organic frameworks: A new class of porous materials. Microporous
Mesoporous Mater. 2004, 73, 3—14. [CrossRef]

Abbasi, A.R.; Akhbari, K.; Morsali, A. Ultrasonics Sonochemistry Dense coating of surface mounted
CuBTC Metal—Organic Framework nanostructures on silk fibers, prepared by layer-by-layer method under
ultrasound irradiation with antibacterial activity. Ultrason. Sonochem. 2012, 19, 846-852. [CrossRef]
Abdelhameed, R.M.; Emam, H.E; Rocha, J.; Silva, A.M.S. Cu-BTC metal-organic framework natural fabric
composites for fuel purification. Fuel Process. Technol. 2017, 159, 306-312. [CrossRef]

Lange, L.E.; Obendorf, S.K. Functionalization of cotton fiber by partial etherification and self-assembly of
polyoxometalate encapsulated in Cu3(BTC)2 metal-organic framework. ACS Appl. Mater. Interfaces 2015, 7,
3974-3980. [CrossRef]

Lange, L.E.; Ochanda, F.O.; Obendorf, S.K.; Hinestroza, J.P. CuBTC metal-organic frameworks enmeshed in
polyacrylonitrile fibrous membrane remove methyl parathion from solutions. Fibers Polym. 2014, 15, 200-207.
[CrossRef]

Yu, M.; Li, W,; Wang, Z.; Zhang, B.; Ma, H.; Li, L.; Li, J. Covalent immobilization of metal—organic
frameworks onto the surface of nylon—A new approach to the functionalization and coloration of textiles.
Sci. Rep. 2016, 6, 1-9. [CrossRef]

Pinto, S.; Augusto, C.; Hinestroza, ].P. In situ synthesis of a Cu-BTC metal—organic framework ( MOF 199 )
onto cellulosic fibrous substrates: Cotton. Cellulose 2012, 19, 1771-1779. [CrossRef]

Khanjani, S.; Morsali, A. Ultrasonics Sonochemistry Ultrasound-promoted coating of MOF-5 on silk fiber
and study of adsorptive removal and recovery of hazardous anionic dye “congo red”. Ultrason. Sonochem.
2014, 21, 1424-1429. [CrossRef] [PubMed]

Yu, D.; Tian, W.; Sun, B.; Li, Y.; Wang, W.; Tian, W. Preparation of silver-plated wool fabric with antibacterial
and anti-mould properties. Mater. Lett. 2015, 151, 1-4. [CrossRef]

Silva, C.T.P; Veregue, FR.; Aguiar, L.W.; Meneguin, ].G.; Moisés, M.P,; Favaro, S.L.; Radovanovic, E.;
Girotto, E.M.; Rinaldi, A.W. Metal organic framework composite with gold nanoparticles as electrochemical
material for determination of bisphenol A and their oxidation behavior study. New J. Chem. 2016, 40,
8872-8877. [CrossRef]

Valldeperas, J. La colorimetria instrumental: Un auxiliar importante para la industria textile. Bol. Intexter
1994, 105, 71-75.

Chen, Y,; Mu, X,; Lester, E.; Wu, T. Progress in Natural Science: Materials International High e ffi ciency
synthesis of HKUST-1 under mild conditions with high BET surface area and CO, uptake capacity. Prog.
Nat. Sci. Mater. Int. 2018, 28, 584-589. [CrossRef]

Lin, K.; Adhikari, A K.; Ku, C.; Chiang, C.; Kuo, H. Synthesis and characterization of porous HKUST-1 metal
organic frameworks for hydrogen storage. Int. J. Hydrogen Energy 2012, 37, 13865-13871. [CrossRef]

Lin, K.A.; Hsieh, Y. Copper-based metal organic framework (MOF), HKUST-1, as an efficient adsorbent to
remove p-nitrophenol from water. J. Taiwan Inst. Chem. Eng. 2015, 50, 223-228. [CrossRef]

Rizwan, M.; Rasool, H.; Sun, H.; Periasamy, V.; Tadé, M.O.; Wang, S. Journal of Colloid and Interface Science
One-pot synthesis of binary metal organic frameworks (HKUST-1 and UiO-66) for enhanced adsorptive
removal of water contaminants. J. Colloid Interface Sci. 2017, 490, 685-694. [CrossRef]

Xiao, J.; Zhu, Y.,; Huddleston, S.; Xiao, B.; Farha, O.K.; Ameer, G.A. Copper Metal-Organic Framework
Nanoparticles Stabilized with Folic Acid Improve Wound Healing in Diabetes Copper Metal-Organic
Framework Nanoparticles Stabilized with Folic Acid Improve Wound Healing in Diabetes. ACS Nano 2018,
12,1023-1032. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/s10570-015-0620-4
http://dx.doi.org/10.1039/C4CE90162B
http://dx.doi.org/10.1038/nature01650
http://dx.doi.org/10.1002/anie.201002343
http://dx.doi.org/10.1016/j.micromeso.2004.03.034
http://dx.doi.org/10.1016/j.ultsonch.2011.11.016
http://dx.doi.org/10.1016/j.fuproc.2017.02.001
http://dx.doi.org/10.1021/am506510q
http://dx.doi.org/10.1007/s12221-014-0200-5
http://dx.doi.org/10.1038/srep22796
http://dx.doi.org/10.1007/s10570-012-9752-y
http://dx.doi.org/10.1016/j.ultsonch.2013.12.012
http://www.ncbi.nlm.nih.gov/pubmed/24412182
http://dx.doi.org/10.1016/j.matlet.2015.03.025
http://dx.doi.org/10.1039/C6NJ00936K
http://dx.doi.org/10.1016/j.pnsc.2018.08.002
http://dx.doi.org/10.1016/j.ijhydene.2012.04.105
http://dx.doi.org/10.1016/j.jtice.2014.12.008
http://dx.doi.org/10.1016/j.jcis.2016.11.100
http://dx.doi.org/10.1021/acsnano.7b01850
http://www.ncbi.nlm.nih.gov/pubmed/29406741

Polymers 2019, 11, 713 11 of 11

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Zhuang, J.; Ceglarek, D.; Pethuraj, S.; Terfort, A. Rapid Room-Temperature Synthesis of Metal—Organic
Framework HKUST-1 Crystals in Bulk and as Oriented and Patterned Thin Films. Adv. Funct. Mater. 2011,
21, 1442-1447. [CrossRef]

Wriochowicz, A.; Wysocki, M.; Pielesz, A. The application of Fourier-transform infrared ( FTIR ) and Raman
spectroscopy (FTR) to the evaluation of structural changes in wool fibre keratin after deuterium exchange
and modification by the orthosilicic acid. J. Mol. Struct. 2002, 614, 355-363.

O'Neill, L.D.; Zhang, H.; Bradshaw, D. Macro-/microporous MOF composite beads. J. Mater. Chem. 2010, 20,
5720-5726. [CrossRef]

Matthias Georg, S.; Senkovska, I.; Rose, M.; Koch, M.; Pahnke, J.; Jonschker, G.; Kaskel, S. MOF@PolyHIPEs.
Adv. Eng. Mater. 2008, 1151-1155. [CrossRef]

Xu, W.; Ke, G.; Wu, J.; Wang, X. Modification of wool fiber using steam explosion. Eur. Polym. J. 2006, 42,
2168-2173. [CrossRef]

Chi-wai, K.; Kwong, C.; Chun-wah, M.Y.; Hom, H. The possibility of low-temperature plasma treated wool
fabric for industrial use. Autex Res. ]. 2004, 4, 37—-44.

Gomez, N.; Julia, M.R.; Lewis, D.M.; Erra, P. The use of FTIR to investigate modifications to wool treated
with sodium sulphite and cationic protein hydrolysate. J. Soc. Dye. Colour. 1995, 111, 281-284. [CrossRef]
Harland, D.P; Caldwell, J.P.; Woods, J.L.; Walls, R.J.; Bryson, W.G. Arrangement of trichokeratin intermediate
filaments and matrix in the cortex of Merino wool. . Struct. Biol. 2011, 173, 29-37. [CrossRef] [PubMed]
Yu, J.; Pang, Z.; Zhang, J.; Zhou, H.; Wei, Q. Conductivity and Antibacterial Properties of Wool Fabrics
Finished by Polyaniline/Chitosan. Colloids Surfaces A Physicochem. Eng. Asp. 2018, 548, 117-124. [CrossRef]
Zhang, N.; Wang, Q.; Yuan, J.; Cui, L.; Wang, P; Yu, Y,; Fan, X. Highly ef fi cient and eco-friendly wool
degradation by L-cysteine-assisted esperase. ]. Clean. Prod. 2018, 192, 433-442. [CrossRef]

Hosseini, M.S.; Zeinali, S.; Sheikhi, M.H. Fabrication of capacitive sensor based on Cu-BTC (MOF-199)
nanoporous film for detection of ethanol and methanol vapors. Sens. Actuators B Chem. 2016, 230, 9-16.
[CrossRef]

Toyao, T.; Liang, K.; Okada, K.; Ricco, R.; Styles, M.].; Tokudome, Y.; Yu, H.; Hill, A.J.; Takahashi, M.;
Matsuoka, M.; Falcaro, P. INORGANIC CHEMISTRY. Inorg. Chem. Front. 2015, 2, 434—441. [CrossRef]
Prestipino, C.; Regli, L.; Vitillo, J.G.; Bonino, F; Damin, A.; Lamberti, C.; Zecchina, A.; Solari, PL.;
Kongshaug, K.O.; Bordiga, S.; et al. Local Structure of Framework Cu (II) in HKUST-1 Metallorganic
Framework: Spectroscopic Characterization upon Activation and Interaction with Adsorbates. Chem. Mater.
2006, 18, 1337-1346. [CrossRef]

Schlichte, K.; Kratzke, T.; Kaskel, S. Improved synthesis, thermal stability and catalytic properties of the
metal-organic framework compound Cu 3 (BTC) 2. Microporous Mesoporous Mater. 2004, 73, 81-88. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/adfm.201002529
http://dx.doi.org/10.1039/c0jm00515k
http://dx.doi.org/10.1002/adem.200800189
http://dx.doi.org/10.1016/j.eurpolymj.2006.03.026
http://dx.doi.org/10.1111/j.1478-4408.1995.tb01742.x
http://dx.doi.org/10.1016/j.jsb.2010.08.009
http://www.ncbi.nlm.nih.gov/pubmed/20732426
http://dx.doi.org/10.1016/j.colsurfa.2018.03.065
http://dx.doi.org/10.1016/j.jclepro.2018.05.008
http://dx.doi.org/10.1016/j.snb.2016.02.008
http://dx.doi.org/10.1039/C4QI00215F
http://dx.doi.org/10.1021/cm052191g
http://dx.doi.org/10.1016/j.micromeso.2003.12.027
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	MOF Composite Synthesis 
	Characterization of HKUST-1 
	Characterization of Textile Finishing (Wool@MOF) 

	Results and Discussion 
	Study of the HKUST-1 Synthesis 
	Study of the Synthesis on the Surface of the Wool 
	Evaluation of the Finish 

	Conclusions 
	References

