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Abstract
There is considerable scientific literature on MOF-based antibacterial textiles, especially with in situ methodologies for 
their synthesis. On the contrary, the ex situ synthesis of MOFs on fabrics has been little explored. Although, the latter may 
have more significant advantages when the expectation is to scale up the process industrially. The present study describes 
the synthesis of ex situ obtained MOF-199 and MOF-UiO-66-NH2 onto carboxylated polyester/cotton (PETco) textile fibers 
and their preliminary-qualitative analysis as potential antibacterial textiles. For this, free synthesized MOFs were anchored 
on a previously carboxylated PETco fiber, using conditions that seek the formation of coordination bonds between the car-
boxyl groups of the fiber and the metal in the MOF. After soxhlet purification with water and methanol for more than 48 h, 
analysis by FTIR-ATR and XRD shows the superposition of signals typical of the fiber and the MOF, resembling what was 
previously reported for cotton-MOF systems. XPS showed 4.47% Cu, with Cu–O-C interactions for MOF-199@PETco, 
and 12.06% Zr, with Zr-O-C interactions for MOF UiO-66-NH2@PETco. Results corroborated by the SEM micrographs, 
which show the expected morphology for MOF-199, and homogeneously distributed MOF UiO-66-NH2 crystals when they 
are anchored to the fiber.
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Abbreviations
ACN  Acetonitrile
ATCC   American Type Culture Collection
ATRP-ARGET  Atom Transfer Radical Polymerization 

– Activators ReGenerated by Electron 
Transfer

BDC  Benzene dicarboxylic
BIBB  2-Bromoisobutiryl bromide
BTC  Benzene tricarboxylic
DMAP  4-Dimethylaminopyridine
DMF  Dimethylformamide
DMSO  Dimethyl sulfoxide
EDX  Energy Dispersive X-Ray Spectroscopy

FTIR-ATR  
 Fourier-Transformed Infrared Spectroscopy – Attenuated 
Total Reflectance
MAA  Methacrylic acid
MOF  Metal-Organic Framework
PETco  Polyethylene terephthalate/cotton
PMDETA  N,N,N’,N’’,N’’-Pentamethyldiethyilene-

triamine
PXRD  Powder X-Ray Diffraction
SEM  Scanning Electron Microscopy
TEA  N,N,N-Triethylamine
UiO  Universitet i Oslo
UV  Ultraviolet
XPS  X-Ray Photoelectron Spectroscopy

Introduction

Metal–organic Frameworks (MOFs) are organic–inorganic 
reticular polymers composed of metallic clusters in coordination 
structures known as secondary building units (SBU), bonded by 
organic linkers. Since Hoskins and Robson published the first 
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tridimensional coordination reticular arrangements [1, 2], the 
number of publications with their interesting physicochemical 
properties [3–6] and prominent applications has grown expo-
nentially in both importance and number [7–17].

Nevertheless, because of their fragility and fine crys-
talline powder form that causes the leaching and loss of 
metallic centers, MOFs' industrial incorporation into sev-
eral applications have been very difficult [18]. One way to 
solve the above is the generation of composite materials 
where MOFs are physically or chemically bonded to a solid 
surface, e.g., textile fibers, where MOFs are expected to 
increase their operational stability due to the barrier given 
by the surface where it is anchored. Cotton is the most 
broadly used textile fiber for MOF immobilization due 
mainly to its excellent bioavailability and biocompatibility. 
Properties that, together with the widely studied antibacte-
rial activity of various MOFs, have enabled the develop-
ment of antibacterial textiles [19–21]. With the appropriate 
physical and chemical treatments, the surface of cellulosic 
fibers can lead to several types of functional agents, either 
through leaching or non-leaching modifications. Treatments 
that have a wide range of applications ranging from UV 
protection, flame retardants, water remediation, and, as in 
this case, antibacterial finishing on garments [22]. Where 
for this last application, the use of quaternary ammonium 
compounds, polyguanides, N-halamines, triclosan, chitosan, 
plant extracts, or essential oils of plants (aloe vera, eugenol, 
alkaloids, saponins, among other natural products) stands 
out, and nanoparticles of metals and metal oxides such as 
Ag or CuO. Materials that function as finishes on cotton 
showing considerable stability and biocompatibility, thus 
being the most used to impart antibacterial properties in 
textiles [23]. However, these materials commonly used for 
antibacterial textile finishing have significant disadvantages: 
some of them are difficult and expensive to obtain from 
natural sources (such as essential oils), and they present 
significant environmental risks for aquatic species due to 
their toxicity (e.g., Ag nanoparticles and triclosan), can 
develop bacterial or fungal resistance, or can be chemi-
cally deactivated as quaternary ammonium cationic salts, 
which, when encountering anionic species, are electrically 
neutralized [24–27]. Difficulties that have led researchers 
to explore new antibacterial materials that are cheaper, 
easier to obtain, and safer, such as MOFs. Materials that 
have shown significant biocompatibility, low toxicity, great 
efficacy against nosocomial bacteria and fungi, and little or 
no resistance to their effect.

In 2012, Abbasi [28] and Abbasi et al. [29] reported 
one of the first textile/MOF materials, a coating of MOF-
199 onto silk fibers that showed antimicrobial activity 
against E. coli. and S. aureus. In 2014, Hinestroza et al. 
[30] suggested that the formation of a chemical interac-
tion between MOF-199 and cotton was responsible for the 

lack of leaching of cooper or MOF after Soxhlet wash-
ing with three different solvents. Jin et al. [31] reported 
the antibacterial activity of MOF-199 synthesized in situ 
over pulp fiber, indicating the existence of an electrostatic 
attraction between metallic ions and hydroxyl groups of 
cotton. The composite was remarkably effective against 
E. coli but more effective against S. aureus. In 2017, 
Abdelhameed et al. [32] reported the in situ and ex situ 
anchoring of MOF-199 onto cotton fibers, obtaining an ex 
situ Cu content of 4.45%. In 2018, Emam et al. [33] stud-
ied the in situ synthesis of MOF-199 on PET and nylon 
and their antimicrobial activity, reporting the formation 
of a chemical anchoring without any chemical modifica-
tion of the textile fibers. This same work also mentioned 
the ex situ MOF-199 anchored onto PET and nylon fib-
ers but did not mention the synthetic procedure. In 2020, 
Emam et al. [34] developed a protective cotton composite 
through an amalgamation reaction of a cross-linked imi-
dazolate framework (ZIF). The authors incorporated two 
components based on silicate and zeolitic MOFs, formed 
directly within the cotton fabrics. When silicate adhered 
first, besides a significant increase in ZIF amount, the 
material maintained its color and UV protection even 
after five consecutive washes. Additionally, textile/MOF 
composites of Zn, Ti, and other materials have been 
reported, with UV protection, photocatalytic, and highly 
hydrophobic properties [29, 30]. On the other hand, the 
lack of scientific articles on polyester/MOF materials, 
such as PET, is striking, perhaps because PET is a decid-
edly inert fiber to processes such as the functionalization 
necessary to anchor nanoparticles. But considering that 
within fabrics, PET-cotton (from now on referred to as 
PETco) fibers are highly commercialized, it is desirable 
to have PETco materials with antibacterial properties.

Unfortunately, although none of the studies mention it, 
our experience shows that during the in situ synthesis over 
textiles, more than 75% of the MOF is synthesized in the 
reaction solution and does not adhere to the fabric, making 
the scaling up of the process unattractive. Therefore, based 
on the aforementioned advances and the problems of the 
in situ synthesis, this work describes the immobilization of 
previously synthesized MOF-199 and MOF UiO-66-NH2 in 
carboxylated PETco fibers; or ex situ synthesis of textiles/
MOF materials. The ex situ methodology has substantial 
advantages over the materials obtained in situ. By reacting 
the already synthesized MOF with a previously functional-
ized fabric, there is more control over the MOF morphol-
ogy, homogeneity coverage, and optimization of the MOF 
amount anchored to the textile. Therefore, and targeting the 
carbohydrate part of the PETco, radical polymerization was 
carried out using regenerated activators by electron transfer 
atom transfer (ATRP-ARGET) to embed in the PETCo the 
sites where later, ex situ, previously synthesized MOF-199 
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and MOF UiO-66-NH2 were anchored. Textile materials that 
showed, in exploratory experiments, activity against E. coli 
and S. aureus and moderate leaching stability after various 
Soxhlet processes in methanol and water.

Experimental

Materials

Zirconium chloride, L-ascorbic acid, copper (II) bromide, 
N,N-dimethyl aminopyridine (DMAP), acetone, acetonitrile 
(ACN), copper (II) nitrate trihydrate, 2-aminoterephthalic acid   
(H2BDC-NH2), ethanol, and methanol were purchased from 
 Merck® (Darmstadt, Germany). 1,3,5-Benzenetricarboxylic 
acid  (H3BTC), copper (II) acetate hexahydrate, zinc nitrate 
hexahydrate, triethylamine (TEA), sodium hydroxide, and 
N,N-dimethylformamide were purchased from Panreac-
AppliChem GmbH (Darmstadt, Germany). Reference tex-
tile of 50/50 polyester/cotton fabric (106 g/m2) was obtained 
from Testfabrics Inc. (Pennsylvania, USA). Methacrylic acid, 
2-bromoisobutyryl bromide, and N,N,N',N'',N''-pentamethyl  
diethylenetriamine (PMDETA), were obtained from  
Sigma-Aldrich  Chemie® GmbH. (Steinheim, Germany). 2- 
Bromoisobutiryl bromide (BIBB) was obtained from Alpha 
 aesar® (Heysham, UK). Reference strains of E. coli (ATCC 
11775), S. aureus (ATCC 6538), agar, and nutrient broth were 
obtained from HiMedia (India).

Instrumentation

The functionalized fibers were characterized by X-ray dif-
fraction using a Philips  Analytical® PW3050/60 diffrac-
tometer with Cu anode (Kα: 1.54056 Å), operated at 45 kV 
voltage and 40 mA acceleration current. The X-ray patterns 
were analyzed with XPERT-PRO MRD PANalitycal pro-
cessing software. FTIR-ATR spectra were recorded with 
a  Shimadzu® FTIR solutions spectrophotometer with an 
ATR module (attenuated total reflectance) with germanium 
crystal (4000–600  cm−1). SEM micrographs were recorded 
using a Jeol-JSM-6490 probe for EDX analysis, operated 
at an acceleration 20 kV beam voltage, and using a Jeol-
JSM-6490 probe with a 20 kV beam and a magnification 
power of 3000x. XPS spectra were measured with an X-ray 
photoelectronic spectrometer X (NAP-XPS)  Specs® with a 
PHOIBOS 150 1D-DLD analyzer, using an Al-Κα mono-
chromatic (1486.7 eV, 13 kV, 100 W) source with passing 
energy of 90 eV. High-resolution spectra were recorded using 
an analysis area of 300 μm × 700 μm and a 20 eV pass. Data 
were acquired with 0.5 eV steps. All the binding energies 
were calibrated with the  C1s binding energy fixed at 284.6 
eV as an internal reference. The UV–visible analyses were 

performed using a Thermo Evolution-3000 with a double 
beam and xenon lamp.

MOFs synthesis

MOF‑199

The synthesis of free MOF-199 is based on Tranchemontagne 
et al. [35] and Thi et al. [36] (Scheme S1a). In a regular exper-
iment, separate solutions of 695 mg (3.30 mmol) of  H3BTC 
and 1198.27 mg (4.95 mmol) of Cu(NO3)2·3H2O were pre-
pared in 45 mL of a mixture (1:1:1) of  H2O:EtOH:DMF. 
This mixture of solvents is important since it solubilizes all 
the reaction components and works as a high boiling point 
medium, which allows the synthesis to be carried out under 
solvothermal conditions. The solutions were mixed in a scin-
tillation vial and closed with rubber stoppers with aluminum 
caps. The vial was put into an oven at 85 °C for 24 h, to yield 
bright, tiny, and deep blue crystals (yield 77.78%). These 
crystals were washed with DMF and acetone, filtered, and 
dried in vacuum at 80 °C. FTIR-ATR: ν,  cm−1 = 1639 (s, -C 
= O); 1443 (b, O-C = O); 1371 (s, = C-O); 1114 (s, O-C = 
O);759 (s, Cu–O). PXRD (° 2θ) = 5.75 (200); 9.57 (220); 
11.68 (222); 13.56 (400); 15.12 (420); 17.56 (422).

MOF UiO‑66‑NH2

MOF was obtained following the procedure of Bunge et al. 
[37] and Katz et al. [38] (Scheme S1b). 134 mg (0,75 mmol) 
of  H2BDCNH2 and 125 mg (0,54 mmol) of  ZrCl4 were dis-
solved separately in 20 mL of DMF. The solutions were 
sonicated for 20 min, mixed in a scintillation vial, closed 
with rubber stoppers with aluminum caps, and put into an 
oven at 120 °C for 24 h. The obtained MOF (yield 71.95%), 
a fine and clear yellow powder, was washed four times with 
10 mL of DMF, filtered, and aired dried for further charac-
terization. FTIR-ATR: ν,  cm−1 = 3862 (s, N–H); 1651 (s, -C 
= O), 1562 (b, O-C = O); 1384 (b, N–H); 762 (s, p C–C). 
PXRD (° 2θ) = 7.60 (111); 8.92 (002); 12.34 (004); 22.44 
(115); 25.95 (006).

Textile functionalization

PETco esterification

Insertion of the initiator of polymerization to get 
PETco‑BIBB As mentioned, PETco fibers were modified by 
ATRP-ARGET surface-initiated (Scheme 1). 1 g of PETco 
pieces of 4  cm2 were deposited in a 100 mL round-bottomed 
flask with 70 mg (3.27 ×  10–4 mmol) of DMAP. Then 10 mL 
(71.14 mmol) of dry TEA were poured with a pipette. After 
some stirring, 20 mL of dry DMF were added to the flask 
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and stoppered with a neoprene cap. Nitrogen was injected 
to purge the flask while immersed in an ice bath at 0 °C. 
Ultimately, 3 mL (24.27 mmol) of BIBB were cannulated 
into the mixture under constant stirring. The low tempera-
ture was maintained until the vapors disappeared. Afterward, 
the temperature was increased to 60 °C for 24 h, and the 
functionalized textiles were washed thoroughly with water 
and isopropanol until no bromine was visible. FTIR-ATR: ν, 
 cm−1 = 3330 (s, -OH); 2920 (s, -C-H aliphatic); 1720 (s, C 
= O ester); 1403 (f, -CH2); 1242–1102 (s, = C-O y -C-O); 
721 (f, C = C para).

ATRP‑ARGET polymerization to get PETco‑COOH 1 g of 
PETco-BIBB was deposited in a 20 mL vial alongside 1 
mg (4.47 ×  10–3 mmol) of  CuBr2, 100 mg (0.58 mmol) of 
PMDETA, 500 mg (5.80 mmol) of methacrylic acid (MAA), 
and 1 mL of acetonitrile. After purging the vial with nitro-
gen, 100 mg (0.57 mmol) of ascorbic acid was added to 
begin the polymerization. The reaction was kept at 60 °C for 
24 h, and the modified textile, PETco-COOH, was washed 
with water and ethanol and dried at 50 °C in a vacuum oven 
for further characterization. (Scheme 1). FTIR-ATR: ν,  cm−1 
= 3860 (s, -OH acid); 3330 (s, N–H of amine and -OH of 

alcohol); 2920 (s, -C-H aliphatic); 1720 (s, C = O amide, 
acid); 1645 (s, C = O ester); 1502–1342 (f, -CH2 and -CH3); 
1246, 1123 (s, C–C and C-O ether); 837 (s, C–Br BIBB); 
723 (f, C = C, para substitution). PXRD (° 2θ) = 15.01; 
16.6; 22.8; 25.3; 34.6.

Determination of carboxylate content by coulometric 
titration

Several authors have reported conductimetric method-
ologies based on indirect titration of -COOH groups to 
determine the concentration of the carboxylate groups on 
a fiber. Unfortunately, this technique can be affected by stir-
ring, temperature, viscosity, and other parameters [39–43]. 
Instead, coulometric methods provide precise and sensible 
measurements of changes in the concentration of conduc-
tive ions (Scheme 2). Then, a precisely measured amount 
of carboxylated fiber was introduced in a glass reactor, 
alongside 20 mL of a 0.1 M KCl as the electrolyte, using 
a Pt electrode (cathode), an Ag electrode (anode), and the 
pH sensor as the indicator electrode in the acid–base titra-
tion. The electrodes were connected in series through a 
multimeter, and a constant current of 9.97 mA was applied.

Scheme 1  Synthetic pathway 
for the ATRP-ARGET carboxy-
lation of the cotton fraction in 
PETco fibers

Scheme 2  Coulometric titration 
of the -COOH groups in the 
textile fibers
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Anchoring of MOF‑199 and MOF‑UiO‑66‑NH2 
onto the functionalized textile fibers PETco‑COOH

The ex situ anchoring of free synthesized MOF-199 and MOF 
UiO-66-NH2 was performed following Fu et al. [44] and Zhang 
et al. [45]. For MOF-199 anchoring, carefully weighed dry 
PETco-COOH was treated with 0.1 M NaOH to produce ion-
ized carboxylate groups and then reacted with a 0.5 M solution 
of Zn(NO3)2·6H2O to have the PETco-COO-Zn fabric. This 
treatment is carried out to create cationic exchange places that, 
in turn, can produce a cationic exchange with the  Cu2+ cations of 
the MOF, making easier the anchoring of the nanomaterial. For 
this, PETco-COO-Zn was placed in a vial alongside a carefully 
measured amount of previously synthesized MOF-199. Then, 10 
mL of acetone were poured with gentle stirring at room tempera-
ture to make a suspension of the microparticles. This suspension 
was then left in the open air until solvent evaporation (12–14 h). 
The resulting MOF-199@PETco material was dried, weighed, 
and then washed in a Soxhlet apparatus with water and methanol 
for 48–72 h. On the other hand, for MOF UiO-66-NH2@PETco, 
the procedure was essentially identical, with the only difference 
that PETco-COOH does not require prior zinc cationization 
before the ex situ synthesis (Scheme 3).

Antibacterial assays

Inhibition assays in Petri dishes

28 g/L of nutrient agar solution was brought to 90 °C in 
a Schott flask for sterilization and then placed in two 

previously sterilized Petri dishes. Initial inoculum of both 
strains, E. coli or S. aureus, was prepared as follows: 1 μL 
of the bacteria, suspended in 10 mL of DMSO and 10% 
glucose, was brought to 10 mL of culture broth with a pre-
viously flame-sterilized Pasteur pipette and incubated at 37 
°C until reaching the stationary phase. (12 h). Afterward, 
its turbidity was adjusted using a previously prepared sterile 
0.8% NaCl solution until reaching an  OD625 value of 1–3 × 
 108 CFU/mL. Then, water-soaked pieces (0.5 cm × 0.5 cm) 
of MOF-199@PETco, MOF UiO-66-NH2@PETco, pure 
PETco fiber as a negative control, and PETco in DMSO as 
a positive control (DMSO at high concentrations has been 
shown to have strong antimicrobial activity) [36, 37] were 
placed over the agar plate.

Inhibition assays in liquid culture

Pieces of 0.5 cm × 0.5 cm of MOF-199@PETco, MOF UiO-
66-NH2@PETco, and pure PETco as negative control were 
sterilized in glass tubes with a lid. On the other hand, 200 
mL of 8.5 g/L nutrient broth were prepared and brought 
to 90 °C for sterilization. After sterilization, the broth was 
divided into 100 mL Schott flasks, one for each bacterial 
strain. In each flask, 3.5 mL of the initial inoculum of each 
bacteria was inoculated, and the flasks were closed and 
brought to 37 °C for one night until the stationary growth 
phase. After this time, the  OD625 of 10 mL liquid culture was 
determined. Finally, a previously sterilized piece of textile/
MOF was added to each tube, measuring the  OD625 every 1, 
3, 5, 9, 19, 24, and 48 h.

Scheme 3  Synthetic ex situ 
pathway for the chemical 
immobilization of MOF-199 
and MOF UiO-66-NH2 onto 
textile fibers to obtain MOF-
199@PETco and MOF UiO-
66-NH2@PETco
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Results and discussion

Synthesis and characterization of MOFs

MOF‑199

After completing the synthesis, the MOF appeared as 
large, bright bluish crystals that turned darker when heated 
because of the water loss. The FTIR-ATR spectrum of MOF-
199 (Fig. S1a) agrees with the previously reported analysis 
[31, 38, 46]. Presenting a C = O band at 1639  cm−1 from the 
linker shifted to lower wavenumbers due to the coordination 
within the network. The bands between 1443  cm−1 and 1382 
 cm−1 correspond to = C-H bonds in the aromatic ring of the 
linker. And the 1273  cm−1 band represents the C-O stretch-
ing from the carboxylic acids of the free linker, which after 
forming the MOF, it moves to higher wavenumbers. On the 
other hand, the PXRD pattern of MOFs (Fig. S1b) presents 
the expected diffraction peaks for this solid, particularly at 
low diffraction angles (7, 9.5, 12, 13.7° 2θ), which are in 
good agreement with the reported by Vellingiri et al. [47] 
and Thi et al. [36, 48].

MOF UiO‑66‑NH2

MOF UiO-66-NH2 was obtained as a deep yellow powder, 
showing the FTIR-ATR (Fig. S2a) typical bands reported by 
Kandiah et al. [49] and Cao et al. [50]. Over 3862  cm−1 are 
appreciated the N–H symmetric and asymmetric stretching 
bands for the 2-aminoterephthalic acid. At 1651 and 1562 
 cm−1, C = O and O-C = O signals appear, corresponding 

to carboxylate groups coordinated to a metal ion. In 1384 
 cm−1 appears, the N–H symmetric flections for the ammine 
group in the linker structure, and over 655  cm−1, the Zr-O 
stretching is observed. Additionally, the PXRD patterns 
(Fig. S2b) show that the obtained product is crystalline and 
agrees with the previously reported spectra [47]. Between 
5–20° 2θ values, the characteristic peaks of MOF UiO-
66-NH2 structure can be observed. These peaks agree with 
an inner  Zr6O4(OH)4 core in which a Zr6 octahedron forms 
triangular phases, alternatively capped by -O (forming a μ3 
bride) or by -OH groups [49].

Characterization of carboxylated PETco textiles

The cotton fraction on PETco was the one carboxylated since 
it is well known that the PET structure in textiles is highly 
inert to chemical transformations. In our ATRP-ARGET 
functionalization, the MAA monomer was used to graft 
carboxylic groups to the fiber in the presence of a polym-
erization initiator [51]. It was found that the best relation-
ship MAA/CuBr2/PMDETA/ascorbic was 100/1/2/1, and 1 
mL of solvent. This very low amount of solvent was needed 
to control the polymerization and reduce the possibility of 
chain terminations. A factor that allowed to carry out the 
reaction in small vials with just one textile fiber (50–60 mg) 
at a time. Interestingly, the FTIR-ATR spectra (Fig. 1) show 
two bands that suggest that the transformation from PETco 
to PETco-COOH was successful. A new band on 1641  cm−1 
in PETco-COOH (Fig. 1, black) due to the presence of a new 
type of -C = O group in the structure. And the most evident 

Fig. 1  FTIR-ATR spectra of 
pure PETco (black), PETco-
BIBB (red), and PETco-COOH 
(brown)
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appearance of stretch absorption bands over 2920  cm−1 due 
to the grafting with MAA that increases the C-H sp3 groups.

The amount of carboxylic (-COOH) groups on PETco-
COOH was determined by coulometric titration to corrobo-
rate further the results obtained by FTIR-ATR, using the R 
software and Eq. (1). Where tend point is the time (in seconds) 
at the endpoint of the titration curve, i is the constant current 
(in Amperes), and the conversion factors required for the 
equation are depicted. The results show that, although the 
obtained concentration is relatively low, these are in good 
agreement with the expected and reported in the literature 
(Table 1) [52, 53].

The low concentration of carboxyl groups obtained in 
PETco-COOH could be because a very low proportion of the 
cotton in the PETco fibers is superficially exposed, making 
the functionalization through the ATRP-ARGET polymeri-
zation described more complex. The presence of the PET 
fraction may be responsible for inhibiting the polymerization 
since it could hide the active -OH sites in cotton. It is impor-
tant to point out that there are no reports of ATRP-ARGET 

(1)
mmol COOH

g textile
= tend point ⋅ i(A) ⋅

1 mol e−

96485,33 C
⋅

1 mol H+

1 mol e−

⋅

1 mol COOH

1 mol H+
⋅

1 000 mmol

1 mol
⋅

1

g textile

carboxylation reactions onto PETco fibers to the best of 
our knowledge. On the other hand, the XRD of PETco and 
PETco-COOH did not show differences in the position of the 
diffraction peaks before and after the chemical transforma-
tion (Fig. 2), which suggests that the crystalline phase of the 
cotton fraction in PETco did not undergo changes despite the 
chemical transformation carried out.

Characterization of ex situ synthesized MOF@PETco

MOF‑199@PETco

The FTIR-ATR spectra (Fig. 3a) show a clear superposi-
tion of the bands for the free MOF and the MOF grafted 
fiber. In particular, the bands around 1646 and 1543  cm−1 
in MOF-199 (Fig. 3a, blue) and MOF-199@PETco (Fig. 3a, 
red) correspond to the stretching of C = O in the BTC linker 
coordinated to the metal center. Additionally, the XRD pat-
tern of MOF-199@PETco can be constructed as a superposi-
tion of the diffraction peaks of PETco-COOH and MOF-199 
(Fig. 3b). Where the textile/MOF show signals at low 2θ 
angles (5.75, 9.57, 11.68, 13.56° 2θ) belonging to the MOF-
199, which is not overshadowed by the broad diffraction 
peaks corresponding to the PETco-COOH fiber. DRX pat-
terns agree with previous reports on cotton-MOF materials 
[23, 47, 54].

On the other hand, the general XPS spectra of MOF-
199@PETco (Fig. S5a  in supporting information) were 
used to determine the concentration of  Cu2+ and  Zn2+ 
quantitatively, and the results are shown in Table 2. The 
high-resolution spectra of copper  (Cu2p) and oxygen  (O1s) 

Table 1  Concentration of carboxylic groups for PETco and PETco-
COOH

Textile fiber [COOH] mmol/g

PETco 0.00
PETco-COOH 0.030

Fig. 2  XRD patterns of: PETco 
pure (black) and PETco-COOH 
(red)

5 10 15 20 25 30 35 40

PETco-COOH

(222)

(004)

(200)

(110 )

I(
a.
u.
)

°2Theta

(110)

PETco pure
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were used to analyze their chemical interactions (Fig. 3c 
and d, respectively). In Fig. 3c, the  Cu2p(3/2) signal can be 
observed at a binding energy of 933.6 eV, which along the 
satellite signals around 943 eV indicate the presence of 
 Cu2+. Additionally, the  Cu2p(1/2) signal towards 953.6 eV 
 (Cu2p(3/2)–Cu2p(1/2) = 20 eV) also indicate the presence of 
 Cu2+ bonded to atomic oxygen [55].

Concerning  O1S spectra (Fig. 3d), the deconvolution 
shows two signals at 532.9 eV and 529.9 eV, which can be 
associated with atomic oxygen bonded to Cu. Additionally, 
at 531.6 eV, the higher intensity signal can be related to the 
oxygen of carbonyl groups. However, due to the amplitude 
of this signal, it can be analyzed as the carbonyl contribu-
tion belonging to the carboxylic acid (not anchored with 
the MOF) and ester groups. Furthermore, as summarized 
in Table 2, the surface  Cu2+ concentration turned out to be 
4.47% atomic in the MOF-199@PETco fibers. According 
to previously obtained results of MOF-199, both in situ [27, 

47, 50] and ex situ [26, 27] attached to textile cotton fibers 
and PET fibers, a substantial enhancement of the amount 
of  Cu2+ has been encountered in this work. This could be 
explained thanks to the presence of  Zn2+ ions previously 
anchored to the carboxylated PETco. The XPS results also 
report a remaining concentration of  Zn2+ of 1.70% atomic 
for MOF-199@PETco, which implies that the concentra-
tion of  Cu2+ on the fiber surface could be increased. XPS 
spectra also show two signals at 953.6 eV and 955.6 eV, 
which correspond to the binding energy of  Zn2p(1/2) and 
 Zn2p(3/2), respectively (Fig. S3b). These signals correspond 

960 955 950 945 940 935 930 925 920

2p1/2 Cu-O-C
(953,6 eV)

Binding energy (eV)

2p3/2 Cu-O-C
(933,6 eV)

Satellite

540 538 536 534 532 530 528 526 524 522 520960 955 950 945 940 935 930 925 920

2p1/2 Cu-O-C
(953,6 eV)

Binding energy (eV)

2p3/2 Cu-O-C
(933,6 eV)

Satellite

0540 538 536 534 532 530 528 526 524 522 520
Binding energy (eV)

Ar-(C=O)-OH
(531,6 eV)

Fitting

Cu-O
(529,9 eV)

C-O-Cu
(532,9 eV)

c d

a 
b

Fig. 3  a FTIR-ATR spectra of MOF-199 and MOF-199@PETco; b XRD spectra of PETco-COOH, MOF-199 and MOF-199@PETco; c XPS 
high resolution  Cu2p spectra, and; d  O1s spectra in MOF-199@PETco

Table 2  Atomic percentages in MOF-199@PETco composite surface

MOF@Fiber Atomic percentages in surface

C(1 s) O(1 s) Cu(2p) Zn(2p)

MOF-199@PETco 49.25 44.58 4.47 1.70
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to the Zn–O bonds, values in agreement with the XPS spec-
tra reported by Fu et al. [44] and Moulder et al. [55]. The 
XPS spectrum of blank cotton can be observed in Fig. S4, 
alongside the deconvoluted signals of  C1s (Fig. S3a) and 
 O1s (Fig. 3d).

The morphology characterization of obtained materi-
als was carried out by SEM to gather a graphic register of 
the presence of MOF-199 onto the textile fibers and verify 
the integrity of the morphological characteristics of the 
nanocrystals of MOF after the ex situ immobilization. SEM 
micrographs (Fig. 4a and b) show that MOF-199 maintained 
in some cases the reported octahedral morphology after 
anchoring, with smooth faces and visible edges. The SEM 
micrographs shown in Fig. 4a and b for both blend materials 

clearly indicate that the coating with the solid MOF was not 
regular, and the particles agglomerated randomly. This is a 
consequence of using the suspension anchoring methodol-
ogy on a solid (the textile fiber). Nevertheless, as shown 
in the antibacterial tests, the inhibition activity was satis-
factory and constant for at least 48 h. Still, it is feasible 
that an improvement in this activity is closely related to the 
enhancement of the homogeneity of the anchoring and cov-
ering. Regarding the integrity of the particle morphology, a 
comparison between the micrographs showing the morphol-
ogy of free MOF-199 (Fig. S7a and b) and the MOF/PETco 
material (Fig. 4a and b) can be made. As observed, the 
morphology of these MOFs maintains its integrity despite 
the presence of solvent and constant stirring; however, the 

Fig. 4  SEM images of MOF-199@PETco at; a 5000× and 20 μm, and b 1500× and 10 μm. c EDX spectrum of MOF-199@PETco

Page 9 of 16    427Journal of Polymer Research (2022) 29: 427



1 3

decrease in the size of random particles can be observed as 
well. This can be attributed to the strength of the stirring, 
which predominantly affects larger crystals. Although, this 
does not affect the antibacterial effects of the nanostructured 
material.

Complementary EDS analyses were also performed to 
estimate the concentration of  Cu2+ and  Zn2+ on the surface 
of the textiles. The weight percentage of copper in MOF-
199@PETco, 22% wt. (6.42% atomic) agrees with the 
expected results (Fig. 4c) and the estimated percentages 
calculated.

MOF UiO‑66‑NH2@PETco

Following the immobilization route shown in Scheme 3, the 
MOF UiO-66-NH2@PETco textile was obtained. This was 
mainly due to the chemical character as hard Pearson acid 
and base of the  Zr4+ and the carboxylate ligands in the fiber, 
respectively; in this case, there was no need for the previous 
ionization of the PETco-COOH fiber with NaOH.  Zr4+ is 
a small charge-concentrated cation with low polarizability, 
and in its highest oxidation state, with a highly energetic 
LUMO orbital without readily excitable electrons. Mean-
while, the carboxylate anion is a bidentate small, electron-
donating ligand with low polarizability and high electron-
egativity, prone to form chemical bonds with empty orbitals 
of high energy [56].

The FTIR-ATR spectra of MOF UiO-66-NH2@PETco 
(Fig. 5a) show two characteristic vibrations of MOF UiO-
66-NH2, on 1562  cm−1 and 1389  cm−1, which are not present 
in the PETCo-COOH fiber (Fig. 1), indicating that the MOF 
is part of the MOF/textile system. Additionally, the band 
appearance at 1718  cm−1 corresponding to the stretching in 
and out of the plane of the O-C = O group in PETco-COOH 
(Fig. 1) suggests that several -COOH groups in the fiber 
are free of MOF, as expected. Finally, towards 655  cm−1, 
the stretching that has been attributed to the Zr-O bond is 
observed.

The XRD spectra of the textile/MOF material (Fig. 5b) 
show a good overlapping of the diffraction signals for MOFs 
and the PETco fiber. The intensity of the diffraction patterns 
in PETco-COOH (Fig. 5b, pink) is almost unchanged after 
treatment with the MOF, as seen in the diffraction pattern 
of MOF UiO-66-NH2@PETco (Fig. 5b, red). As mentioned 
before, ATRP-ARGET reaction for PETco exerts no influ-
ence on the diffraction pattern of the fibers. As seen in the 
XRD spectra for PETco (Fig. 2), the peaks corresponding 
to (110), (110), (200), and (004) diffraction planes for the 
cotton fraction and (222) for PET remain with no modifica-
tions, maintaining the pristine topology of the hybrid textile/
MOF material [45].

For its part, in the high-resolution spectra of  Zr3d 
(Fig. 5c), the two signals at 182.8 eV  (Zr3d(5/2)) and 185.2 

eV  (Zr3d(3/2)) indicate the presence of  Zr4+ bonded to oxy-
gen, i.e., the  Zr4+ ion on the MOF coordinated to the -COO 
groups of the PETco. This is consistent with that reported 
by the authors mentioned above and by Moulder et al. [55].

The general XPS spectra for the MOF UiO-66-NH2@
PETco fiber (Fig. S5b) showed the expected signals cor-
responding to  Zr3d,  C1s,  O1s, and  N1s, related to the MOF 
anchored and also was used to quantify the elements on the 
surface (Table 3). The atomic percentage of  Zr4+ is 12.06, 
higher than the value reported by other works related to the 
anchoring of MOFs of the UiO family over this type of fiber 
[52, 53]. Additionally, the signals of the deconvoluted  O1s 
spectra (Fig. 5d) in the MOF UiO-66-NH2@PETco fiber; 
C-O-Zr (533.2 eV), -C-(C = O)-OH (531.6 eV), and Zr-O 
(529 eV) were assigned according to Ardila-Suárez et al. 
[57], who reports the study by XPS of three Zr MOFs using 
 H2BDC-NH2 as a linker. The signals in which Zr is present 
are of particular importance since by comparing the gen-
eral XPS spectrum of carboxylated cotton fibers as a ref-
erence (Fig. S4) and those for MOF UiO-66-NH2@PETco 
(Fig. S5b) allows us to affirm that the anchoring of  Zr4+ ions 
did occur indeed. The binding energy of the C-O-Zr and 
Zr-O bonds remains constant in the MOF UiO-66-NH2@
PETco fiber, concerning the same energy of the MOFs in the 
pure state reported by Ardila-Suárez et al. [57]. The other 
analyzed elements  (C1s and  N1s) are also present, and their 
deconvoluted signals are shown in Fig. S3c and d.

Finally, the MOF UiO-66-NH2@PETco composites were 
also analyzed by SEM. As depicted in Fig. 6a and b, the 
obtained SEM micrographs show particles of approximately 
500 nm to 1 μm with no regular or polyhedral shapes, which 
is in good agreement with previous reports of this MOF 
anchored onto cotton textile fibers [36, 52, 53, 58]. As seen 
in the SEM micrographs of the free UiO-66-NH2 (Fig. S7c 
and d), the material preserves its morphological integrity 
after the anchorage on PETco textile fibers. As the size of 
the crystals of this MOF is small, it can be observed that 
a more homogeneous covering onto the textile fiber was 
achieved, compared with the MOF-199@PETco material. 
It is a reasonable conclusion that, when reducing the size of 
the anchored material, its contact surface increases as well 
as the homogeneity and stability of the anchorage. Further-
more, EDS analysis on MOF UiO-66-NH2@PETco (Fig. 6c) 
found 14.63% wt (2.56% atomic) of  Zr4+. Percentages higher 
than previously reported in cotton and other fibers [26, 52].

Inhibition assays

Inhibition assays in Petri dishes

The preliminary bactericidal essays of ex situ anchored 
MOFs/PETco systems showed that the MOF material under-
goes lixiviation from the textile fiber, forming inhibition 

427   Page 10 of 16 Journal of Polymer Research (2022) 29: 427



 

1 3

 

halos in the nutrient agar. In our preview experiments, car-
ried out with in situ attached MOFs/cotton systems, we did 
not observe this type of lixiviation, indicating a stronger 
chemical interaction between the metal–organic framework 
and the textile fiber. Therefore, based on this observation, 
improvements in the ex situ anchoring methodology of the 
MOFs on the fiber are currently underway. The most evi-
dent inhibition halos for the E. coli assay were presented by 
MOF-199@PETco. In this case, the MOF not only inhibited 
growth in the contact area between MOF-199@PETco and 
the nutrient gel, but the MOF, or its parts, slowly diffused 

through the gel, creating inhibition halos. Contrarily, it 
was observed that bacteria grew easily around MOF UiO-
66-NH2@PETco, and only bacterial growth was inhibited in 
the contact area between the agar and the fabric. Similarly, 
in the test with S. aureus, it was observed that the inhibition 
halos are significantly large for MOF-199@PETco than for 
the MOF UiO-66-NH2@PETco. Interestingly, and contrary 
to previously reported, the positive control (pure PETco 
soaked in DMSO) did not inhibit E. coli and S. aureus [59].

In general, against the two bacteria studied, the textile 
inhibitory activity with MOF UiO-66-NH2 was lower than 
with MOF-199. Now, if we assume that the growth rate of 
the bacteria is directly related to the lesser or greater inten-
sity of the color of the coating formed by the culture around 
the fabric (taking into account also the cotton blanks and 
positive controls), the MOF UiO-66-NH2@PETco presented 
a bacteriostatic effect, while the MOF-199@PETco exhib-
ited an antibacterial effect.
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Fig. 5  a FTIR-ATR spectra of MOF UiO-66-NH2 and MOF UiO-66-NH2@PETco, b XRD spectra of PETco-COOH, MOF UiO-66-NH2, and 
MOF UiO-66-NH2@PETco. High-resolution XPS spectra of; c  Zr3d, and d  O1s of MOF UiO-66-NH2@PETco

Table 3  Atomic percentages in MOF UiO-66-NH2@PETco compos-
ite surface

MOF@Fiber Atomic percentages in surface

C(1 s) O(1 s) Zr(3d) N(1 s)

MOF UiO-66-NH2@PETco 44.28 41.99 12.06 1.67
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Inhibition assays in liquid cultures

Considering the results found with the Petri dishes test, the 
analysis with liquid cultures could corroborate the previous 
results and allow better quantifying of the antibacterial or bac-
teriostatic effect of the textiles. Then, the inhibition curves 
for E. coli (Fig. 7a) show a notorious inhibitory effect by the 
textil/MOF systems. Starting with an inoculum of approx. 
2.02 ×  108 bacteria  (OD625 of 0.161), the PETco blank did 
not show any inhibition during the 48 h of the experiment 
but a rapid increase in bacteria after 10 h. On the contrary, 
MOF-199@PETco and MOF UiO-66-NH2@PETco sys-
tems showed a considerable decrease in bacteria throughout 
the experiment. It is clear that although by using the textile/
MOF systems, there is a significant decrease in the growth 

rate of E. coli to the PETco blank (the number of bacteria 
decreases at least three times), there is no total inhibition 
nor total death of bacteria. Although we did not find reports 
of the antibacterial activity of MOFs synthesized ex situ on 
PETco, there are reports of antibacterial activity of the same 
MOFs synthesized in situ on cotton. Interestingly, in the in 
situ materials reported, the copper amount is less than that 
found in this work doing the ex situ process, but in situ materi-
als have higher antibacterial activities. Therefore, it could be 
thought that the amount of copper in the textile is not directly 
related to the antibacterial activity. Similarly, for MOFs that 
contain  Zr4+ such as those of the UiO MOF family, it has been 
reported that materials obtained in situ are not as good anti-
bacterial as those obtained with MOF-199. In fact, Zr-MOF- 
based materials are commonly post-functionalized with other 

Fig. 6  SEM images of MOF UiO-66-NH2@PETco at; a 1500× and 10 μm, and b 10000× and 1 μm. c EDX spectrum of MOF UiO-66-NH2@
PETco

427   Page 12 of 16 Journal of Polymer Research (2022) 29: 427



1 3

biocidal materials known as Ag nanoparticles (AgNP) or irradi-
ated with ultraviolet light [55, 60–63]. However, the factors that  
relate to the strength of the anchor between textile fibers and 

MOF, and the size of the MOF crystals, among others, cannot 
be ruled out as possible influencers on the intensity of anti-
bacterial activity. Factors under study by our group currently.

Fig. 7  Inhibition curves of PETco blank (black), MOF-199@PETco (light blue) and MOF UiO-66-NH2@PETco (green) for; a E. coli and b S. 
aureus 
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On the other hand, the textile/MOF systems presented a 
much more effective and significant inhibition for S. aureus 
(Fig. 7b). Like that given for E. coli, the PETco blank shows 
constant growth throughout the experiment. Behavior that 
contrasts strongly with the significant inhibition carried out 
by the MOF-199@PETco material, reducing the number 
of bacteria by almost half before 48 h, which confirms the 
strong inhibitory power of Cu. For its part, although MOF 
UiO-66-NH2@PETco follows a similar behavior to that of 
MOF-199@PETco described above, its inhibitory power is 
much lower in the experiment time interval. If the number 
of bacteria at 0 h is compared with those at 48 h, they are not  
equal to or less than the initial number. This would allow us  
to conclude that MOF UiO-66-NH2@PETco textile is not an 
inhibitor of bacterial growth, but it can slow down its growth  
and maintain a high population control [64, 65]. Significantly,  
as stated previously, the intensity of the color of the coating 
of the Petri dishes cultures can be related to the concentra-
tion of bacteria. The liquid culture assays corroborate these 
observations. Figure 7a and b show that the inhibition was 
more substantial and pronounced in S. aureus than in E. coli  
and Fig. S6 in supplementary information shows that the 
inhibition activity in terms of percentage was notoriously 
higher with MOF-199@PETco material (20.31% for E. coli 
and 49.79% for S. aureus) than with MOF UiO-66-NH2@
PETco material at the end of the 48 h of analysis. In the Petri 
dish assays, the inhibition of S. aureus caused the total dis-
appearance of the bacterial coating on the surroundings of 
the PETco textile fibers with MOFs (specially MOF-199). It 
is important to clarify that, since our principal aim was the 
development of the textile/MOF blend via ex situ synthesis, 
durability essays of the antibacterial activity were not per-
formed in this work. The performed antibacterial essays are 
partially based upon previous research projects in our group, 
which utilized ASTM regulations to design the experiments 
to test the antibacterial power of textile fibers. For all of the 
above, we are working to achieve in the near future that the 
functionalized textiles obtained can be tested under in vivo 
conditions with patients with nosocomial infections []. 
Since in addition to the antibacterial power, the textile/MOF 
showed that it could be used continuously for 48 h without 
loss of antibacterial power, with an exponential increase in 
biocidal power according to the inhibition curves in Fig. 7a 
and b.

Conclusions

The ATRP-ARGET carboxylation of the cellulosic part in a 
low reactivity textile fiber such as PET-cotton allowed free 
synthesized MOF to be anchored. This makes the synthesis 
of MOF-199@PETco and MOF UiO-66-NH2@PETco mate-
rials possible through an ex situ methodology. These textile/

MOF systems showed good stability under Soxhlet wash 
conditions, suggesting that, like in situ, ex situ synthesis 
allows the formation of chemical interactions between MOF 
and textile. FTIR-ATR, XRD, and XPS analysis confirmed 
this, among others, by demonstrating the presence of MOF 
in the fabric and showing interactions between the metal 
of the MOF and the textile. And although the antibacterial 
activity against E. coli and S. aureus was lower than that 
reported by similar in situ textile/MOF systems (the reasons 
for these differences are currently being studied), the results 
showed that the ex situ synthesis of MOF on textiles could 
make the industrial scale-up of MOF-based antibacterial 
textiles production attractive.
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