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ARTICLE INFO ABSTRACT

Keywords: The flame retardancy of polyamide 6 (PA6) has been investigated through the incorporation of the metal-organic
Flame retardant framework (MOF) UiO-66 and a composite of UiO-66/melamine during the extrusion process. The prepared
PQlyamide materials have been characterised by various techniques: XRD, XPS, FTIR, TGA, DSC, SEM, EDX and mechanical
I[J;S;jfme properties. Moreover, to examine the efficiency of the flame retardants, the composites have been tested using
UL-04 the UL-94 vertical and, horizontal burning test, as well as the limiting oxygen index (LOI). The UL-94 V-2

Lol standard has been achieved with only a 4 wt% load of either UiO-66 or UiO-66/melamine, compared to pure
polyamide, which is not classified. The best results have been achieved with the UiO-66/melamine sample at 7
wt%, which prevents the agglomeration of UiO-66 alone. The highest LOI value was also obtained with this
sample, achieving a value of 35.5 %, compared to pure PA6 and with UiO-66, which reached values of 22.4 %
and 23.2 %, respectively. A flame suppression mechanism of the UiO-66/melamine composite is proposed, based
on the formation of zirconium oxide, gas adsorption by the MOF and release of NHs.

Introduction polymer dripping that leads to a very fast flame propagation [3]. For this

reason, certain sectors require PA6 to possess flame retardant properties

The use of polymers is becoming more and more widespread in
several applications, including electronic and electrical products, ma-
terials used in transport vehicles, building-construction materials, high-
performance hardware manufacturing, and upholstery, among others.
The potential fires caused by polymers can have devastating conse-
quences. It is therefore, essential to develop of flame retardant materials,
which can be incorporated into the fabrication of these polymers, to
reduce the risk of fire. Polyamide 6 (PA6) is one of the most important
engineering plastics, widely used in many industrial applications [1,2]
due to its chemical stability, as well as its excellent mechanical and
electrical characteristics (see structure in Fig. 1a). Such applications
range from clothing fibres to automotive components. The combustion
of PAG releases high heat, and toxic gases, and there is also a noticeable

in addition to its inherent qualities. However, this material is susceptible
to burning due to its low limiting oxygen index (around 23 % [4]).
Therefore, addressing how to provide PA6 with flame-retarding prop-
erties has emerged as a crucial area of research [5].

Traditionally, halogen-containing flame retardants are the most
widely used due to their high efficiency. However, they present some
disadvantages, such as the volatilization of toxic gases and the corrosion
of metal components during combustion. Consequently, the regulations
concerning these materials are becoming more stringent or their use is
even forbidden. For this reason, there has been a growing interest in
halogen-free flame retardants in recent years.

Metal-organic frameworks (MOFs) are a promising class of crystal-
line porous materials with unique properties. These compounds are
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mission electron microscopy; TGA, thermogravimetric analysis; UiO-66, University of Oslo 66; UL-94, Underwriters Laboratories 94; XPS, X-ray photoelectron
spectroscopy; XRD, X-ray diffraction.

* Corresponding author at: Instituto de Nanociencia y Materiales de Aragén (INMA) CSIC-Universidad de Zaragoza, 50018 Zaragoza, Spain.

E-mail address: ctellez@unizar.es (C. Téllez).

https://doi.org/10.1016/j.jiec.2024.10.026
Received 15 July 2024; Received in revised form 24 September 2024; Accepted 11 October 2024

Available online 18 October 2024
1226-086X/© 2024 The Author(s). Published by Elsevier B.V. on behalf of The Korean Society of Industrial and Engineering Chemistry. This is an open access article

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

Please cite this article as: Cristina Pina-Vidal et al., Journal of Industrial and Engineering Chemistry, https://doi.org/10.1016/j.jiec.2024.10.026



mailto:ctellez@unizar.es
www.sciencedirect.com/science/journal/1226086X
https://www.elsevier.com/locate/jiec
https://doi.org/10.1016/j.jiec.2024.10.026
https://doi.org/10.1016/j.jiec.2024.10.026
http://creativecommons.org/licenses/by/4.0/

C. Pina-Vidal et al.

essentially formed by connecting metal ions or clusters with organic
linkers through coordination bonds. Due to their exceptionally high
specific surface area, tunable pore size distribution, and high thermal
and chemical stability, MOFs receive notable interest in the areas of gas
[6] and energy storage [7], gas separation [8], catalysis [9-13], lumi-
nescence [14], adsorbents for environmental water [15], and encapsu-
lation for drug [16] or cosmetic [17] release. In addition, these materials
emerge as a new class of additives that reduce fire hazards in polymeric
materials. Due to their inorganic-organic hybrid nature, MOFs are
usually more compatible with polymers to form polymer composites.
Furthermore, in terms of sustainability, MOFs can be recovered from
their mixture with polymers by dissolving the latter in order to reuse the
MOF [18]. These composites have shown promising flame retardant
properties and great thermal stability [19,20], which can be attributed
to their chemical composition. As a consequence of the thermal
decomposition, MOFs form metal oxides, which cover the surface of the
polymer. This layer can serve as an insulating physical barrier against
further burning, as it limits the exposure of the polymer surface to air
[21], and efficiently adsorbs the gases and smoke [22]. It will therefore
reduce the accessible fuel for further combustion and the heat release
[23,24].

Zr-based MOFs attract much attention due to their exceptional
chemical, mechanical, thermal, and structural stability, which are
attributed to the high number of coordination of these MOFs [25]. Thus,
they show better stability against shear stress than other types of MOFs.
In addition, it is known that the MOFs synthesised with transition metal
elements such as zirconium can catalyse the char formation reactions at
high temperatures [26]. Moreover, their high specific surface area due
to the large number of pores can be useful for the adsorption of pyrolysis
gases. UiO-66 (University of Oslo 66) is made up by the coordination
reaction of ZrgO4(OH)4 clusters and 1,4-benzodicarboxylic acid (BDC)
(Fig. 1b). This MOF is useful in smoke suppression, as demonstrated in
polystyrene [27]. Some authors have improved the flame retardancy
and thermal stability by incorporating 4 % UiO-66 into polycarbonate
[28]. The functionalized form, UiO-66-NH, combined with a phosphate
additive has also been used in polylactic acid polymer [29] and in
polyester [30] as a flame retardant. Similarly, a hybrid of UiO-66 with
Prussian blue analogues and polydopamine has been used to improve
the fire retardancy and smoke suppression properties of an epoxy
polymer [31]. Therefore, given its exceptional thermal stability
compared to other MOFs, UiO-66 can be introduced at the extrusion
temperatures of PA6 (ca. 260 °C) in order to test the capacity as a flame
retardant that is has shown in other polymers.

Recently, nitrogen-containing compounds have received more
attention in flame retardant applications. Melamine is a triazine com-
pound with a high nitrogen content (Fig. 1¢), commonly used as a flame
retardant additive due to its low cost and non-toxicity after combustion.
The thermal decomposition of melamine can produce inert gases such as
NHj, which dilute the combustible gases [3,32]. Moreover, the
condensation of melamine produces melem, melam and melon, which
are considered flame retardant compositions due to their exceptional
thermal stability and decomposition properties [33]. Melamine and its
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salts (melamine cyanurate) have been extensively used in flame
retardancy, achieving great results [34,35]. The following compounds
can be used in combination with other additives to improve the me-
chanical strength and thermal stability of the polymer, as well as its
flame retardancy: melamine/cloisite in Pebax [36], melamine/mel-
amine phosphate/zirconium phosphate in polypropylene [37] and
melamine cyanurate/zirconium phosphate [38]. Additionally, mel-
amine has been combined with MOFs for heavy metal removal appli-
cations, such as Co (II) [39] and Pb (II) [40]. It has also been tested in
combination with covalent organic frameworks (COFs) for COy/CHy4
separation [41]. Consequently, the combination of UiO-66 and mel-
amine may be of great interest for the development of modified flame
retardants.

In this work, different flame retardant materials have been tested.
First, Ui0O-66 was synthesised using a solvent-free method, which is
easily scalable and can produce several grams of product. Two samples
were prepared from this procedure: one properly washed and activated
at a high temperature and the other barely washed and activated at a
lower temperature, to check if the process could be more sustainable.
Besides, a novel hybrid of melamine and UiO-66 was prepared to
improve flame retardant efficiency. A new synthesis of this material
(Ui0-66/melamine) was conducted following the same method used for
Ui0-66, but replacing the template (TEABr) with melamine in the syn-
thesis media. Furthermore, the sample was barely washed and not
activated, which made its preparation more sustainable. To our
knowledge, this was the first time that UiO-66 samples and a UiO-66/
melamine composite were incorporated into PA6 by injection
moulding, obtaining composites with different additive loads (from 1 %
to 7 %). The flame retardancy of the prepared PA6 composites was
determined using the UL-94 vertical and horizontal burning test and
limiting oxygen index (LOI). These tests assess the flame retardancy
degree and dripping behaviour. In addition, the mechanical properties
were determined to know the influence of flame retardants in the
composites.

Materials and methods
Materials

Zirconium (IV) oxychloride octahydrate (ZrOCly-8H50, Glentham
Life Sciences, 98 %) and tetraethylammonium bromide (TEABr, TCI
chemicals, >98 %) were supplied by CymitQuimica. 1,4-benzenedicar-
boxylic acid (BDC, Aldrich, 98 %) and melamine (Acros Organics, 99
%) were purchased from Sigma-Aldrich. Ethanol (EtOH, 96 %), as
cleaning solvent, was provided by Productos Gilca S.C. Polyamide
(PA®6), injection moulding grade, was provided by Nurel S.A.

Synthesis of flame retardant materials

The preparation of UiO-66 was carried out following an efficient
solvent-free method, which is described in literature [17]. The synthetic
procedure was conducted as follows: a physical mixture of ZrOCly-8H,0
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Fig. 1. Molecular structure of the main materials used in this work a) PA6, b) UiO-66 and, c) Melamine. The structures of PA6 and melamine have been drawn with
ChemSketch software [42]. The representation of UiO-66 is made using Mercury 3.8 software [43]. CIF file was obtained from the Cambridge Crystallographic Data
Centre (CCDC 1018045) [44]. (Oxygen in red, carbon in grey and zirconium in light blue).
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(100 mmol, 32.2 g), BDC (100 mmol. 16.6 g) and TEABr (142 mmol,
29.8 g) was ground in a mortar for about 10 min until it had an ho-
mogenous appearance. Then, it was transferred to an autoclave and left
at 190 °C for 24 h. Afterwards, the autoclave was cooled down and the
resulting solid was washed with warm ethanol (three or four times).
Next, the solid was placed in a vacuum oven at 200 °C during 12 h for the
MOF activation. In order to obtain a porous framework free of unreacted
ligand, the solid was calcined in an oven at 250 °C for 4 h with a heating
ramp of 2 °C/min. Therefore, this method produced properly activated
UiO-66. Another UiO-66 sample was prepared with less activation after
the synthesis. Once the solid was removed from the autoclave, it was
washed only once with ethanol. Then, it was dried at 100 °C in order to
eliminate the solvent inside the pores.

The incorporation of melamine into the synthesis was carried out
following a similar method to the one described above. It consisted of
replacing the structural template (TEABr) used in the UiO-66 synthesis
with melamine. Therefore, the procedure involved grinding a physical
mixture of ZrOCl,-8H20 (100 mmol, 32.2 g), BDC (100 mmol, 16.6 g)
and melamine (30 mmol, 3.78 g) in a mortar. The homogeneous solid
was transferred to an autoclave and left at 190 °C for 24 h. The resulting
solid was washed once with ethanol to avoid removing the melamine.
Afterwards, the solid was dried overnight at 100 °C to remove the sol-
vent. The resulting solid will be called UiO-66/melamine.

Preparation of composites

The polyamide was premixed with the flame retardant solids and this
mixture was melted at a temperature of 260 °C using an Arbug 320C
injection moulding machine, to prepare the polymeric composite spec-
imens according to UNE-EN ISO 294-1. The weight of polymer required
to prepare the polymeric specimens was 500 g. Therefore, for the tested
load percentages 1, 2, 4, and 7 %, the amount of flame retardant samples
added to the polymer was 5, 10, 20, and 35 g, respectively. Fig. 2 shows
images of the prepared samples at different percentages of flame retar-
dant loads. The PA6 sample presented a whitish appearance. The com-
posites with flame retardant showed a uniform appearance and a good
distribution of the solids, without the formation of aggregates. However,
it was observed that the higher the load percentage, the more yellowish
they became. This observation was particularly true for the non-
activated UiO-66 composites, likely due to the fact that this sample
was not washed properly and may have contained unreacted ligand and
structural agent.

a) PA6

2400149.1
8300

c¢) Non-activated UiO-66 1 wt%
2 wt%

4 wt%
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Flame retardant tests

Vertical and horizontal burning test methods (UL-94)

The vertical burning test (UL-94 V) was conducted using a custom
experimental setup designed for this purpose. This experiment is
approved by “Underwriters’ Laboratories” to assess the flammability of
plastic materials intended for use in devices and appliances. The sample
dimensions were 125 mm x 13 mm x 1.5 mm. Fig. 3a shows a schematic
representation of the experimental setup used in the UL-94 V test. This
method consisted of burning an end of the sample for 10 s and recording
the time it took for the flame to extinguish. A second flame was then
applied for 10 s, and the extinguishing time was measured again. The
dripping behaviour after flame exposure was also analysed. A piece of
cotton, which could ignite due to the polymeric drops released from the
specimen, was placed below the sample. The UL-94 V test categorized
the materials as VO, V1, V2 or NR (not rated) and assessed the dripping
features of the samples according to UNE-EN 60695-11-10. A VO clas-
sification indicated that the flame in the sample extinguishes quickly,
representing the highest rating. And NR is when it does not meet the
conditions of VO, V1 and V2 to be classified, and it is necessary to
perform the horizontal burning test to assess the flammability of the
samples. Classification criteria for this test are detailed in Table S1.

The horizontal combustion test (Fig. 3b) was also performed on the
samples with the highest load of flame retardants (7 wt%) to determine
the linear combustion rate of the polymeric composites. This value is
calculated, in millimetres per minute, for each sample in which the
flame travels from the 25 mm mark to the 100 mm mark.

Limiting oxygen index (LOI)

This combustion test provides information about the minimum
concentration of oxygen that is needed to support the combustion of a
material. This test was carried out for activated UiO-66 and UiO-66/
melamine samples with a load of 7 wt%. The dimensions of the speci-
mens are 125 mm x 13 mm x 1.5 mm. This test was performed ac-
cording to standard rule UNE-EN ISO 4589-2:2017.

Mechanical properties

The influence of the incorporation of flame retardant samples on the
mechanical properties was tested by measuring the following mechan-
ical parameters:

e Tensile properties (according to ISO 527-1/-2). This test provides

important data such as tensile modulus, elongation at break and
tensile strength. These properties help to determine the material’s

b) Activated UiO-66 " 1 wit%

2 wt%
4 wt%
R
7Wt%l

1wt% !

d) UiO-66/melamine

2 wt% |
_awoorans 4 wWt%
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Fig. 2. Photographs of the polyamide 6 (PA6) composites used in the flame retardant test a) PA6, b) PA6 + activated UiO-66, ¢) PA6 -+ non-activated UiO-66 and d)

PA6 + UiO-66/melamine.
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Fig. 3. Experimental setup used in the a) UL-94 V test and b) Horizontal combustion test for flame retardancy evaluation.

performance under load. The specimen is usually a “dumbbell-sha-
ped” sample with standardised dimensions (4 mm x 150 mm total
length x 20 mm (central part 80 mm x 10 mm)). This test is carried
out on a universal testing machine (INSTRON 3367 Serie dual col-
umn 30kN table model), which grips the two ends of the specimen
and pulls them apart at a constant speed, applying a uniaxial tensile
force. It was performed at 23 °C using a traction speed of 1 mm/min
for the tensile modulus and a value of 50 mm/min for the rest of
measurements.

Charpy notched impact strength (according to ISO 179/1eA). This
test was performed at 23 °C. The dimensions of the specimen were 4
mm x 10 mm x 80 mm (with a notch in the middle). It was placed
horizontally and a heavy pendulum hammer was released from a
known height, swinging downwards and striking the non-notched
side of the specimen, causing it to break. The energy required to
break it was absorbed by the pendulum’s kinetic energy. The ma-
chine records the difference in the pendulum’s potential energy,
which indicates how much energy was absorbed during the fracture.
The impact resistance was calculated by dividing the impact energy
in kJ by the area under the notch.

Heat deflection temperature (HDT) (according to ISO 75-1/-2). This
test is used to measure the temperature at which a material begins to
deform under a specified load. It helps to determine how well a
material can withstand elevated temperatures without losing its
shape. The specimen is usually a rectangular bar (4 mm x 10 mm X
80 mm) placed horizontally on supports separated by 100 mm. A
constant load (in this case 1.8 MPa) was applied to the middle of the
specimen. It was gradually heated at a controlled rate, typically 2 °C/
min. The test records the temperature at which the specimen un-
dergoes a deflection of 0.2 mm. This temperature is called ‘heat
deflection temperature’.

Characterization

X-ray diffraction (XRD) analysis was used to confirm the formation of
UiO-66 and its presence in the composites. This analysis was performed
in an Empyrean PANalytical diffractometer (Malvern Panalytical).
Measurements were carried out with a scanning rate of 0.01°/s and data
were collected in the 20 range of 2.5-40°. It was equipped with a copper
anode and a graphite monochromator to select CuKo radiation (A =
1.5406 A).

Thermogravimetric analysis (TGA) was carried out on samples
placed in 70 pL alumina pans using Mettler Toledo TGA/SDTA 854e
equipment. A heating rate of 10 °C/min was used ranging from ambient
temperature up to 700 °C under air atmosphere.

The thermal properties of the materials were characterized by dif-
ferential scanning calorimetry (DSC). This analysis was performed on
the polymeric composites in a Mettler Toledo DSC822e. Samples were

subjected to an initial heating from 25 to 240 °C, and the cooled down to
25 °C. After that, they were heated up again to 600 °C, all at a heating
rate of 10 °C/min. Samples were sealed in 100 pL aluminium crucibles
with covers using a press. The degree of crystallinity (X.) of the com-
posites was calculated by: [34]

AH,

= A wear?

© 100% (€)]

where AHy, is the measured melting heat, AHY, is the heat required to
melt 100 % crystalline PA6 (191 J/g) [45] and w is the weight fraction
of flame retardant incorporated in the polymer matrix.

Attenuated total reflection-Fourier transformed infrared spectros-
copy (ATR-FTIR) was performed in a spectrometer (Bruker Vertex 70
FTIR) with a DTGS detector and a Golden Gate diamond ATR accessory.
The spectra were recorded by averaging 40 scans in the 600-4000 cm ™!
wavenumber range with a resolution of 4 cm ™!,

The chemical structures of the PA6 composites with flame retardant
samples were determined by XPS using an AXIS Ultra DLD system from
Kratos Analytical with a monochromatic Al Ko source (1486.6 eV) at 15
kV, 10 mA, and a power of 150 W. The XPS spectra were analysed using
CasaXPS software.

To study the surface morphology of the samples, scanning electron
microscopy (SEM) images were taken using an FEI-Inspect F50 micro-
scope at an acceleration voltage of 10 kV. The samples were previously
coated with palladium under vacuum conditions. In addition, compo-
sitional analysis was conducted performing an energy dispersive X-ray
(EDX) analysis on the polymer composites to confirm the presence of
UiO-66 inside them and determine the atomic percentage in different
points of the sample. The polymer samples were cryogenically fractured
under liquid nitrogen atmosphere to see and analyse their cross sections
by electron microscopy. The particle size was measured from these
images using ImageJ software.

The powder samples were analysed by Transmission Electron Mi-
croscopy (TEM) using a FEI Tecnai T20 microscope with an accelerating
voltage of 200 kV. The samples were dispersed in ethanol and one drop
of the solution was deposited on a carbon-coated grid.

A nitrogen adsorption analysis was performed to determine the
textural properties of the samples. The Brunauer-Emmett-Teller (BET)
method was used to measure specific surface areas and pore volumes,
using a Micromeritics TriStar 3000 with previous degasification at
200 °C for 10 h in a Micromeritics VacPrep™ 061. The heating rate was
10 °C/min.

Results and discussion
Flame retardants characterization

The XRD spectra of UiO-66 and UiO-66/melamine samples are
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shown in Fig. 4a. As can be seen in this graph, the UiO-66 sample ex-
hibits the characteristic diffraction peaks at 20 = 7.4°, 8.5° and 25.7° of
the face centred cubic (fcu) crystal structure of UiO-66, corresponding to
the crystallographic planes (111), (200) and (224), respectively [46].
These peaks seem to be more amorphous than the UiO-66 pattern,
indicating its low crystallinity. In the case of the non-activated UiO-66
sample, the main peaks of BDC ligand also appear at 20 = 17.4° and
28.0°. The sample with melamine shows typical peaks of another crys-
talline phase of UiO-66, in particular the hexagonal closed packed (hcp)
structure. The characteristic peaks appear at 20 = 4.7° [(002) plane], 7°
[(100) plane] and 7.3° [(101) plane] [47]. This phase has been reported
in the literature and it seems to be less thermally stable [48]. The pio-
neering authors of this structure have studied that the addition of ionic
liquids (ILs) as a solvent seems to promote the formation of this crys-
talline phase [47,49]. Additionally, this sample exhibits some peaks
related to melamine (29.8°) and BDC (17.4°, 25.2° and 28.0°), indi-
cating that both melamine and unreacted ligand remain in the sample.
This is because the sample was washed only once with ethanol to avoid
removing melamine. According to the bibliography, if the synthesis is
carried out without the template (TEABr), the sample obtained is not
properly formed [50], presenting broader peaks, especially the main
peaks of Ui0-66 at 20 = 7.4° and 8.5°. As with ILs, the presence of
melamine seems to direct the formation of UiO-66 towards the hcp
structure.

The textural properties of the flame retardant samples were also
analysed and characterised by nitrogen adsorption-desorption. The
main results are presented in Table 1 and Fig. 4b.

For UiO-66 samples (activated and non-activated), the isotherms are
a combination of type I and type IV, suggesting the presence of micro-
pores and mesopores. As expected, the BET surface area for the non-
activated sample (379 rnz/g) is significantly lower than that of the
activated UiO-66 (653 mz/g). This decrease (42 %) is related to the
presence of solvents and unreacted reactants inside the pores. The re-
ported values of UiO-66 range from 600-1800 m2/g [51], which are
higher than the obtained value (653 m?/g), indicating the lower crys-
tallinity of the synthesised MOF, which is in agreement with the XRD
results (Fig. 4a). In the case of the UiO-66 sample with melamine, it
presents a very low BET surface area with a decrease of 91 %. This can be
due to the presence of solvents and unreacted ligand, as well as the
melamine filling the pores of UiO-66. Likewise, melamine and BDC, both
detected by XRD, are not porous materials; therefore, non-encapsulated
melamine and BDC do not contribute to surface area values. The vari-
ations in the total and microporous pore volume are consistent with
what was previously mentioned about the specific surface area. The
percentage decrease in the total pore volume and micropore volume in

! Simulated UiO-66 (hcp)

~

Sim ulaled AUiO—66 (fcu)

BDC

Intensity (a.u.)

T T T T T T T

35 40
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Table 1
Textural properties of UiO-66 samples and UiO-66/melamine. Decrease is
calculated as (Value,ctivatea-Value)/ (Value,etivatea) *100.

BET Surface Area  Total Pore Micropore Volume”
(m”/g) Volume' (cm®/g) (cm®/g)
/ Decrease / Decrease / Decrease
Activated UiO- 653 + 9 0.597 0.207
66 /0% /0% /0%
Non-activated 379 +5 0.345 0.119
Ui0-66 / 42.0 % /422 % / 42.5%
Ui0-66/ 61 +£1 0.04 0.024
melamine /90.7 % /93.3% / 88.4 %

L At p/p® = 0.97.
2 Using t-plot.

the non-activated sample is 42 % in both parameters, while in the
sample with melamine these values decrease drastically to 88-93 %.
The FTIR analysis of flame retardant materials (activated UiO-66,
non-activated UiO-66 and UiO-66/melamine) was performed, and the
resulting spectra are shown in Fig. 5. These samples were compared with
each other and with melamine and BDC spectra to confirm the MOF
synthesis and identify the main molecular groups. The FTIR spectrum of
activated UiO-66 presents the main peaks of this MOF according to
bibliography [17]. It displays a band at 1705 cm ™, which is attributed
to C=0 stretching in non-dissociated acid groups [52]. The band at
1578 cm ! is related to the carbonyl bond stretching vibration (C=0) of
the carboxyl group. The small peak at 1507 cm™! corresponds to the
C=C vibration of the benzene ring. There is also a strong band at 1391
cm ™!, which is attributed to the C-O bond of the C-OH group of the
carboxylic acid [53]. Additional characteristic bands for UiO-66 are
observed at 743 and 653 cm™! for the symmetric and asymmetric
stretching of the O-Zr-O bonds, respectively [54]. While the FTIR
spectrum of melamine show its main absorption peaks at 3468, 3415,
3322 and 3120 cm ™}, related to the stretching vibration of the primary
amine (NHy), the peaks at 1646, 1526 and 810 cm ! are attributed to the
triazine ring [55,56]. In the case of BDC spectra the peak at 1673 cm !
corresponds to the C=O stretching of the carboxyl group. In addition,
the peaks at 1423 and 927 cm™! are related to the O-H bending vi-
brations of the carboxyl (COOH) group [57], and the strong peak at
1281 ecm™! is attributed to the C-O bond of the carboxylic acid [58]. In
the non-activated sample, there are some small peaks related to BDC at
1281 and 927 cm™}, as this sample was less washed and activated at a
lower temperature. In the UiO-66/melamine sample, there are some
peaks of melamine, such as the band at 3120 cm ™ related to the amine
group. Moreover, this sample presents various peaks corresponding to
the BDC linker, particularly the peaks at 1673, 1423 and 927 cm™'. In
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Fig. 4. a) XRD spectra of UiO-66 and UiO-66/melamine flame retardant samples. spectra of BDC, melamine and simulated UiO-66 (fcu and hcp phases) using
Mercury 3.8 software [43] and CCDC 1018045 [44] for the fcu phase and CCDC 1854712 [49] for the hcp phase obtained from Cambridge Crystallographic Data
Centre. b) Adsorption and desorption isotherms of different UiO-66 and UiO-66/melamine samples.
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Fig. 5. FTIR spectra of different UiO-66, UiO-66/melamine, melamine and BDC samples.

addition, there is a peak at 1391 cm ™! that corresponds to the C-O bond
present in the UiO-66 sample. In this sample, there are also peaks at
1507, 1578, 743 and 653 cm’l, which are attributed to UiO-66 as
mentioned above. These findings confirm the formation of UiO-66 and
the presence of melamine and BDC in the UiO-66/melamine sample.
The thermal behaviour of the flame retardant samples was also
evaluated using TGA, as shown in Fig. 6a. The derivative thermogram
(DTG) curves are represented in Fig. 6b. For the activated UiO-66, there
is a weight loss before 100 °C due to the absorbed water. Thermal sta-
bility is maintained until 500 °C, when the connecting bonds between
the metal cluster and the ligand break, causing the structure to collapse.
In the case of the non-activated UiO-66, there is an initial weight loss,
likely due to the unreacted ligand and the structural template (TEABr),
as this sample was only partially washed with ethanol. This loss corre-
sponds to 30 wt% of sample weight up to 400 °C. Then, at 500 °C, the
structural ligand degradation takes place and the lattice collapses. For
the UiO-66/melamine sample, there is a slight decrease related to
moisture. After that, there are two different weight losses: the first (9.6
wt%) from 200 to 270 °C is probably related to melamine and the second
(32.7 wt%) from 270 to 350 °C, is caused by the BDC ligand. Since the
thermal decomposition of melamine and BDC occurs at similar tem-
peratures, part of the sample was washed abundantly with warm ethanol
and dried at 100 °C. The TGA curve of this sample then only shows the
second weight loss. XRD and FTIR analysis confirm the presence of

residual BDC and the removal of melamine after the washing (see
Figure S1, S2, and S3). Finally, at about 500 °C, the UiO-66 structure
degrades. In this case, the percentage related to MOF formation is lower
than for the UiO-66 samples, which is due to the low crystallinity of UiO-
66 observed by XRD.

The particle morphology of the UiO-66 and UiO-66/melamine sam-
ples was observed under SEM, as shown in Fig. 7. The UiO-66 samples
(both properly activated and non-activated) are uniform and present
similar diameters (50.5 + 7.3 nm and 60.4 + 8.5 nm, respectively).
Although they look slightly agglomerated, the particles can be measured
accurately. The sample with melamine has a similar particle size (49.1
+ 9.4 nm), although the particles are not as homogeneous as those of the
UiO-66 sample. This may be due to the presence of BDC and melamine
crystals as observed by XRD (Fig. 4a).

For a clearer view of the UiO-66 structure, the samples were
observed using TEM. The images obtained are shown in Figure S4. In the
case of activated UiO-66 (Figure S4 al, a2) the morphology is mainly
spherical and presents agglomerated particles. For the non-activated
Ui0-66 sample (Figure S4 bl, b2), the appearance is less defined,
showing diffuse particle edges probably due to the fact that this sample
is less washed and there are residues of reagents around the solids. The
particle morphologies in the UiO-66/melamine sample are less geo-
metric. This is related to the presence of BDC and melamine around the
UiO-66 nanoparticles (Figure S4 c1, c2). The particle sizes are slightly
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Fig. 6. a) TGA and b) DTG curves of UiO-66 (activated and non-activated) and UiO-66/melamine, BDC, TEABr and melamine.



C. Pina-Vidal et al.

Journal of Industrial and Engineering Chemistry xxx (xxxx) Xxx

Fig. 7. SEM images: a) Activated UiO-66, b) Non-activated UiO-66 and c) UiO-66/melamine.

smaller than those observed by SEM, namely 37.5, 50.5 and 38.5 nm for
activated UiO-66, non-activated UiO-66 and UiO-66/melamine,
respectively.

Composites characterization

The PA6 composites were characterized using similar techniques to
those used for flame retardant samples. Among the different percentages
tested, the composites more characterised are those with a 4 wt% flame
retardant load, which show a good fire performance results. In addition,
lower percentages of flame retardant load, may not be detected by some
of the characterization techniques.

The X-ray diffraction of the composites was measured to determine if
the crystalline structure of the UiO-66 remained after the extrusion with
polyamide. Fig. 8a shows the spectra obtained for PA6 and the com-
posites after the incorporation of the flame retardant samples.

This figure shows that the crystalline peaks corresponding to UiO-66
with a fcu structure are in the spectra of the composites with activated
and non-activated UiO-66. Particularly, the most intense peaks appear at
7.4° and 8.5°. In the same way, the XRD spectrum of the UiO-66/
melamine composite shows peaks at 4.7°, 7° and 7.3° corresponding
to the hep structure of UiO-66. Therefore, the presence of UiO-66 within
the polymeric composites is confirmed. In the spectrum of pure PA6, the
characteristic peaks related to the crystallographic a-phase of polyamide
are visible at 20.7° and 23.2° [34]. The composites with the flame
retardant materials also show these typical peaks of the polyamide,
indicating that the incorporation of the UiO-66 does not affect the
polymer conformation. In addition, the crystallinity is higher for the
composite sample with UiO-66/melamine, as indicated by these peaks.
This property is further calculated by DSC analysis of the composites.

a)

The FTIR spectra of PA6 composites with 4 % or 7 % loads are shown
in Fig. 8b, where the low amount of flame retardant makes detection
more challenging. Nevertheless, some bands assigned to UiO-66 appear
in the PA6 composites but not in the pure PA6 sample. In the highlighted
region around 3500 cm ™}, there is a shoulder related to the Ui0-66 and
UiO-66/melamine samples. This strong and broad absorption band may
be attributed to the presence of hydrogen-bonded water molecules
physisorbed on the surface or within the crystalline water [59]. In
addition, the small peak at 1705 cm ™! corresponding to C=O stretching
in non-dissociated acid groups of UiO-66 is present in the PA6 com-
posites. Finally, in the low wavenumber region, two peaks appear at
1018 cm™! and 880 cm ™2, corresponding to peaks present in the flame
retardant spectra and absent in the pure PA6 polymer.

The thermal stability of the composites has been tested using TGA
equipment under air atmosphere. Fig. 9 shows the TGA and DTG curves
of flame retardant solid samples (discontinuous lines) and of the com-
posites (continuous lines) with and without the particles.

In the pure PA6 polymer curve, the large mass loss is related to the
degradation of the polyamide at around 350 °C, with a maximum value
in DTG at 447 °C. In the composites with flame retardant samples, the
polymer degradation occurs earlier than in the case of pure PA6. This
faster degradation might be due to a slight catalytic effect of the UiO-66
incorporated during the composites’ preparation. The maximum peaks
of weight loss obtained from the DTG of PA6 composites with UiO-66,
non-activated UiO-66 and UiO-66/melamine are 423 °C, 422 °C and
439 °C, respectively. This earlier degradation of PA6 is more noticeable
in the Ui0-66 samples than in the UiO-66/melamine ones, which have a
lower proportion of UiO-66 compared to the pure UiO-66 sample. In the
DTG curve (Fig. 9b) of PA6/4% UiO-66/melamine, there is a detectable
weight loss before the polymer degradation, around 300 °C, which could
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correspond to the melamine and BDC. In addition, in the polymer
composites with flame retardant, a small weight loss is observed after
the degradation of the polymer (~475 °C), which may be due to the
presence of the MOF. However, the pure PA6 also shows a weight loss,
although it is less abrupt than that observed for the composites with
MOF. The caloric effects produced by the degradation of the polymer
may cause this acceleration in the degradation of the MOF.

It should be noted that the final residue of the TGA carried out under
air atmosphere is zirconium oxide (ZrO;), and it is possible to determine
its amount in the samples after each analysis. Consequently, the amount
of UiO-66 in the composite can be calculated, considering that 6 mol of
Zr are required to form 1 mol of Ui0-66 (ZrgO4(OH)4(BDC)g). The final
percentages remaining for PA6 composites were 1.55 wt%, 1.56 wt%
and 1.23 wt% for activated UiO-66, non-activated UiO-66 and UiO-66/
melamine, respectively. Table 2 shows the experimental values calcu-
lated by TGA, which are quite close to the theoretical values.

For non-activated UiO-66, the weight percentage corresponding to
the moisture and ligand (~30 wt%) has been subtracted from the total
weight loss when calculating the experimental percentage of flame
retardant added to the polymers. Similarly, for the UiO-66/melamine
sample, the weight losses related to BDC (32.7 wt%) and melamine
(9.6 wt%) observed in the TGA curve have been taken into account.

Additionally, the thermal properties of the composites are charac-
terized by DSC. This analysis is used to determine, crystallization and
melting temperatures, and their enthalpies are calculated by integrating
the peaks. Furthermore, the degree of crystallinity is calculated using
equation (1). These values are presented in Table 3.

According to the data obtained from the calculation of the crystal-
linity degree, it can be observed that increasing the additive also in-
creases crystallinity. This could potentially enhance flame retardant
behaviour, as combustion is more difficult in crystalline materials than
in more amorphous ones.

Fig. 10 shows the DSC curves of composite samples during the
cooling period and the second heating. The crystallization temperatures
(T.) for each composite can be observed in Fig. 10a. Materials containing
flame retardant exhibit a T, around 189-187 °C, slightly lower than that
of pure PA6 (192 °C). Fig. 10b represents the second heating curves. It is

Table 2
Experimental percentage of flame retardant inside the PA6 composites. The
theoretical value is 4 wt%.

Polymer Sample wt% flame retardant
PA6 Activated UiO-66 3.50
Non-activated UiO-66 5.02
UiO-66/melamine 4.79

Table 3
DSC results; T: crystallization temperature; AH,: crystallization enthalpy; Tp,;
melting temperature; AHy,: melting enthalpy; X.: crystallization degree.

Sample Te AH. (J/ Tm (CCO) AHy, (J/ Xe
Q) g) 8) (%)
PA6 192 —64.9 213/ 59.2 31.0
220

PA6 + Activated Ui0-66 189 —64.5 220 57.2 31.2

PA6 + Non-activated 189 —64.2 221 64.7 35.3
Ui0-66

PA6 + UiO-66/ 187 -79.3 218 69.0 37.6
melamine

noticeable that the pure PA6 sample displays a shoulder around 213 °C
in addition to the main peak at 220 °C. The shoulder and peak describe
two crystalline forms of PA6: y, which melts earlier, and «, the most
thermodynamically stable [60]. Hence, the presence of UiO-66 and
melamine appears to promote the transition to the a crystalline form of
PA6. However, this transition is not clearly observed in the XRD analysis
(Fig. 8a).

XPS was used to characterise the PA6 composites and to determine
how their atomic compositions varied with the incorporation of flame
retardants. Fig. 11 shows the high resolution Zr 3d spectra for the PA6
samples obtained with the incorporation of activated UiO-66 (Fig. 11b)
and UiO-66/melamine (Fig. 11d). As can be observed in all samples the
Zr 3d spectra present the two typical diffraction peaks of zirconium at
~182.6 eV and 185 eV, corresponding to Zr 3d5/2 and Zr 3d3/2,
respectively [27]. Therefore, the presence of UiO-66 in the PA6 com-
posites can be proved. Fig. 11a shows the main peaks of PA6 attributed
to C-C/C=C at 285 eV, C-N at 286 eV, C=0 (including N-C=0 bonds) at
287.97 eV, and O-C = O at 288.75 eV. For the PA6 composites with
activated UiO-66 (Fig. 11c) the contribution of the C-O and C=0 bonds
increases in comparison to pure PA6 due to the presence of carbonyl
groups of UiO-66. In the case of PA6 composites with the UiO-66/
melamine sample (Fig. 11e), the components in the C region show
more changes. The presence of melamine and UiO-66 is indicated by the
increase in the C-O/C-N (285.96 eV) and C=0 (287.98 eV) peaks.

The atomic percentages and their corresponding C/O, C/N and C/Zr
ratios for all samples are shown in Table 4. This table also confirms the
presence of zirconium in the PA6 composites. The PA6 composite with
the UiO-66/melamine sample shows a significant increase in the nitro-
gen percentage, which is attributed to the presence of melamine. As a
result, the C/N ratio considerably decreases in comparison to the pure
PA6 composite. Its values are 19.4 and 6.5 for PA6 and PA6 + Ui0-66/
melamine, respectively.
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Fig. 11. XPS high resolution of composites: a), ¢) and e) C 1 s spectra of pure PA6, PA6 + 7 wt% activated UiO-66, and PA6 + 7 wt% UiO-66/melamine, respectively;
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Table 4
Atomic percentages and C/O, C/N and C/Zr ratios of PA6 composites obtained by XPS analysis. The burned samples measured correspond to the point 2 marked in
Fig. 17.
at.% C at.% O at.% N at.% Zr c/0 C/N C/Zr
PA6 Initial 83.90 11.78 4.32 — 7.1 19.4 -
Burned 85.77 12.94 1.29 — 6.6 66.5 -
PA6 + Initial 79.99 13.99 5.90 0.12 5.7 13.5 667
activated UiO-66 Burned 81.72 14.11 4.17 0.10 5.8 19.6 817
PA6 + UiO-66/melamine Initial 75.69 12.65 11.55 0.11 6.0 6.5 688
Burned 75.94 12.58 11.37 0.11 6.0 6.7 690

The presence and the correct distribution of the flame retardants
inside the composites are confirmed using SEM. Moreover, EDX analysis
is employed to verify the presence of UiO-66 and analyse the chemical
composition of the composite materials. Fig. 12 shows cross-sectional
images of PA6 composites. In Fig. 12 a, the pure PA6 polymer is
depicted with no observable particles. In contrast, in the composites
containing flame retardant samples (Fig. 12 b, ¢, d), UiO-66 particles are
visible, although some regions exhibit a slight agglomeration. The EDX
analysis conducted in these areas confirms the presence of zirconium in
the particles observed on the cross-sectional surfaces. A mapping anal-
ysis was also performed on these samples and the green dots show to the
presence of zirconium. Therefore, this analysis also confirms the effec-
tive integration of the flame retardant samples within the composites.

PA6 composites were prepared with a load of 7 wt% of activated
UiO-66 and UiO-66/melamine. In the sample containing only UiO-66,
the particles were not evenly distributed within the specimen, as evi-
denced by large agglomerations on the surface. Fig. 13a, shows a particle
agglomeration larger than 100 pm. Therefore, the load increase hinders
good particle dispersion. Conversely, in the sample with melamine, the
particles are uniformly dispersed throughout the composite (Fig. 13b)
with no significant particle agglomerations. This improved dispersion
may be attributed to the presence of free BDC and melamine, which
potentially act as compatibilizers during polymer processing.

The mechanical properties of the composites after the incorporation
of flame retardants were also analysed to ensure a good performance of
these materials. Table 5 summarises the results obtained from different
mechanical tests.

Firstly, the incorporation of flame retardants slightly increases the
tensile modulus (from 3361.1 to 3538.4 and 3441.7 MPa for PA6, PA6 +
activated UiO-66 and PA6 + UiO-66/melamine, respectively). The re-
ported values for PA6 are in a range of 2800-3400 MPa [61,62] and can
be increased by incorporating flame retardants [2]. This parameter
measures the stiffness of a material, and its increase with the addition of
flame retardants is therefore due to the greater force required to deform
it at the expense of ductility. The tensile strength and % elongation at
yield indicate the material’s ability to withstand loads and forces during
its lifetime. This value decreases with the addition of flame retardants,
due to reduced flexibility and limited ability to orientate in PA6 chains
[2]. The brittle behaviour shown for PA6 with flame retardants is
indicated by the decrease of elongation at break, which could be due to
cracks caused by the incorporation of solids. Moreover, the higher
crystallinity degree of PA6 + UiO-66 (or UiO-66/melamine) (see Table 3
from DSC results) is also related to the decrease in flexibility and
ductility.

The Charpy impact strength test indicates how much energy a ma-
terial can absorb before fracturing. It is therefore a way of determining
how brittle or ductile a material is. As observed, the incorporation of
flame retardants results in a brittle material, so the Charpy impact is
reduced. The HDT value is slightly reduced by 2 °C, so it can be said that
the incorporation of flame retardant has no effect on this parameter.

Fire retardant performance

The melt dripping and UL-94 classification results for PA6 compos-
ites are summarized in Table 6. Pure PA6 receives an NR classification,

10

indicating that at least one of the five specimens tested burned for more
than 30 s and the flame did not extinguish. The materials with a sig-
nificant load of flame retardants exhibit an improved fire behaviour. The
results obtained for each additive depend on the type of polyamide used
in each case. Therefore, each composite is compared with the same kind
of PA6 used in its preparation. The extinguishing times are calculated as
the average of five samples for each flame application. The data ob-
tained for the UL-94 test are presented in Table 6. For the estimation of
the extinguishing times (t; and t;), when the flame did not self-
extinguish after 30 s (time from which the classification is established
as NR), 30 s is the value considered to obtain the average extinguishing
time. Moreover, Fig. 14 illustrates the accumulated time intervals
required for flame extinction.

As shown, PA6 materials with activated UiO-66 gradually reduce the
extinction time with increasing additive load (1 %, 2 % and 4 %),
showing the best result with a 4 % load and achieving a V-2 classifica-
tion. In the case of non-activated UiO-66, samples with a load of 1 % and
2 % do not show any improvement in burning time. A 4 % load is
necessary to detect a decrease in extinction time. When comparing both
samples, the activated UiO-66 offers better results at low loads. How-
ever, with a 4 % of load, both samples provide similar results in terms of
extinction time and dripping behaviour. This can be due to the fact that
the non-activated UiO-66 sample contains less MOF than the activated
UiO-66 one. Therefore, a larger amount of non-activated sample is
necessary to produce a fire retardant effect.

As explained in the literature [26], the key factor influencing flame
retardancy with the incorporation of MOF is the formation of char on the
composite surface. In the case of UiO-66, zirconia is generated from the
pyrolysis and oxidation, and is able to catalyse the conversion of soot
and CO into char residue [29]. Moreover, zirconia is a high-temperature
refractory material that is generally used in the fabrication of thermal
barrier coatings [63], which reduces the diffusion rate of volatile com-
pounds and the oxygen supply to the interior of the sample. Therefore,
this compound acts as an insulating material, slowing down heat
transfer and restraining the spread of pyrolysis products from the PA6
composite to the burning zone [27]. In addition, UiO-66 can adsorb
gases and smoke before its degradation occurs.

The UiO-66/melamine sample exhibits an excellent fire retardant
performance. The sample with 1 % of UiO-66/melamine has shorter
extinguishing times than composites with the same percentage of only
UiO-66. When the additive load is increased to 2 % and 4 %, the com-
posites achieve a UL-94 classification of V-2. Among these, the 4 % UiO-
66/melamine sample has the shortest extinguishing time. This sample
also shows the best dripping behaviour, since only one out of five tested
samples burns the cotton during the first ignition. Although, four out of
five samples burn it during the second ignition, the flame does not reach
the specimen. Notably, one out of five tested samples achieves the best
classification in the UL-94 test, V-0. However, in the case of the samples
that do not contain melamine, all five tested samples burn the cotton in
each flame application. The flame retardant effect of melamine lies in its
ability to absorb significant amounts of heat during its endothermic
sublimation, release inert ammonia, which dilutes oxygen and
combustible gases in the gaseous phase, and form a thermally stable
residue [64].

When the load is increased to 7 wt%, the UiO-66 sample does not
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show a good fire retardant performance. The flame extinguishing times increased load could be related to the particle agglomeration (see
are similar to those of the pure PA6 composite. In both cases, the sam- Fig. 13). However, in the case of the UiO-66/melamine sample, the
ples do not meet the conditions of UL-94 test and cannot be classified times after each flame application are slightly shorter than those ob-
according to this standard. The reason for this worse behaviour with the tained with a load of 4 wt%, while the dripping behaviour does not
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Fig. 13. SEM images of PA6 composites with 7 wt% of flame retardant and their corresponding mapping for Zr (green): a) Activated UiO-66 and b) UiO-

66/melamine.
Table 5
Mechanical properties of PA6 composites.
Mechanical Units  PA6 PA6 + 7 % PA6 + 7 %
properties activated UiO- Ui0-66/
66 melamine
Tensile modulus MPa 3361.1 3538.4 + 40.2 3441.7 £ 100.3
+ 47.0
Tensile strength at MPa 85.33 £ 46.25 + 2.49 43.57 £0.21
yield 0.14
Elongation at yield % 3.823 + 1.399 + 0.096 1.303 £ 0.002
0.024
Tensile strength at MPa 53.82 + 41.18 £ 7.96 38.76 + 10.01
break 3.07
Elongation at break % 11.272 1.484 £+ 0.257 1.320 + 0.272
+ 0.625
Charpy notched kJ/ 2.813 + 1.336 + 0.086 1.508 + 0.600
impact strength m? 0.936
Heat Deflection °C 58.5 56.5 57.9
Temperature
(HDT)

improve compared to the 4 wt% sample. Therefore, the classification in
the UL-94 test remains V-2.

In addition, the horizontal burning test was performed on the PA6
composites with a load of 7 wt%. This test determines the linear com-
bustion rate at which the specimens are burned. Fig. 15a shows a photo
of the samples obtained after this analysis. It can be seen that the pure
PA6 composites are more consumed by the fire than the samples that
contain the flame retardants, since in two specimens the fire exceeded
the first mark. However, in the PA6 samples with activated UiO-66 the
flame was extinguished earlier, and the fire did not reach the first mark
in any of the specimens. In the case of the PA6 with UiO-66/melamine
sample, the improvement is more notable. The length of the specimen
consumed by fire was very short, it remained practically whole after the
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test.

As previously explained, the linear combustion rate was calculated
between the two marks in the sample, and since the fire did not reach the
second mark in any of the samples, the combustion rate value could not
be calculated. Therefore, according to the standard rule, this value is
zero. In any case, the fire retardant effect is visually shown in the photos
(Fig. 15a).

The LOI test results are represented in Fig. 15b. Compared with PA6,
the LOI values of PA6 + activated UiO-66 and PA6 + UiO-66/melamine,
both composites with a load of 7 wt%, were improved from 22.4 % to
23.2 % and 35.5 %, respectively. The outstanding result achieved in this
test aligns with the results of the vertical and horizontal burning tests,
where the UiO-66/melamine sample demonstrated excellent flame
retardant properties.

Fig. 16 shows a schematic representation of the flame retardant
mechanism that takes place during the combustion of polyamide with
and without the incorporation of flame retardant materials, as explained
for UiO-66 and melamine.

The burned specimens with flame retardant materials are also
characterized by XRD, SEM-EDX and FTIR applied to different points of
the samples to determine how the chemical composition varies along the
burned sample. The efficacy of the flame retardant is evidenced by the
visual appearance of the samples, with PA6 being more consumed by fire
than the specimens with incorporated of flame retardants, especially the
sample with melamine, which is the least affected (Fig. 17a). In the
samples with activated UiO-66, the analyses confirm an increase in the
atomic percentage of zirconium (see Fig. 17b) due to the formation of
zirconium oxide after combustion, along the length of the specimen,
with the highest zirconium percentage at the most burned edge of the
sample (point 1). Looking at the XRD spectra of the polymeric samples
with activated UiO-66 (Fig. 17b), after the combustion, the peaks related
to UiO-66 are more intense at the burned edge (point 1) while those
corresponding to PA6 decrease. In the UiO-66/melamine samples, the
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Table 6
UL-94 test results and dripping behaviour for different flame retardant (FR) percentages. Five different samples are measured for each material.
Sample % FR UL-94 test Dripping
Classification t; (s)' ty ()" First ignition” Second ignition”
PA6 (1) — NR 128 +7.9 15.4 +13.8 5/0 5/2
PAG6 (1) + Activated UiO-66 1% NR 21.8 £11.2 23.0 £ 9.6 5/2 5/3
2% NR 12.7 £10.7 15.1 £10.6 5/0 5/1
4% V2 5.4+ 0.7 10.4 + 8.6 5/0 5/0
PAG6 (1) + Non-activated UiO-66 1% NR 15.1 £13.7 19.0 £ 10.3 5/2 5/2
2% NR 16.0 £13.2 17.7 £13.2 5/2 5/2
4% V2 9.8 £11.4 4.7 £ 2.0 5/0 5/0
PA6 (2) — NR 18.0 £ 9.5 225+ 11.1 5/0 5/0
PA6 (2) + UiO-66/melamine 1% NR 3.2+19 12.7 £10.9 5/0 5/0
2% V2 3.1+1.0 4.5+ 3.1 4/0 3/0
4% V2 (VO in one sample) 2.3+0.3 2.7 +2.3 1/0 4/0
PA6 (3) — NR 18.7 £13.9 21.3 £12.2 5/0 5/0
PA6 (3) + Activated UiO-66 7 % NR 19.7 £9.6 11.1 £121 5/0 5/0
PA6 (3) + UiO-66/melamine 7 % V2 2.2+ 0.6 1.9+0.3 1/0 4/0
! Average value and deviation of the five samples tested.
2 Number of samples that set cotton on fire / number of samples in which the flame reaches the support.
50 A Second ignition
m First ignition
—~
»n 40 -
N
()
£ 30 -
=
% 20 -
|_
10 -
0 -
A) © © © © © © 2 e\ e\ e\ 3) © e\
po C \)\0'6 \)'\0'6 \)'\0'6 \)\0'6 \)\0'6 \)'\0'6 ?P& \A ,66\‘(\ ,66\‘(\ ,66\‘“ ?P& N \)'\O'GA ,66\‘“
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Fig. 14. Total period of time necessary to extinguish the flame after two applications in the UL-94 vertical test.
a) b) 40
PAG6 + PAG + 355
PAG activated UiO-66 | | UiO-66/melamine 354
(7 wt%) (7 wt%) 30-
: 251 22.4
o
< 204
9 151
10
5]
0 :
PA6 PA6 + PA6 +
activated UiO-66 UiO-66/melamine
(7 Wt%) (7 wt%)

Fig. 15. a) PA6 composites obtained after horizontal burning test with and without flame retardant samples. four specimens are analysed for each case. b) LOI results

of PA6, PA6 + activated UiO-66 and UiO-66/melamine.

changes in the EDX and XRD analyses (Fig. 17c) are barely noticeable
and, the composite maintains its composition and structure, which is in
accordance with the photographs of the burned samples and the results
of the flammability tests. A FTIR analysis (Fig. 17d, e) was also per-
formed to confirm the observed changes, however as with the polymeric
composites before combustion, the spectrum of PA6 is predominant in
the analysis, and no other peaks are visible (Fig. 17d, e).

XPS was used to characterise the PA6 composites after the burning
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test performed in the fire retardancy evaluation. There is no significant
difference in the binding energy for Zr 3d spectra (see Fig. 11 and,
Fig. S5), since the oxidation state in ZrO; has a binding energy (182.4
eV) similar to that of the UiO-66 [65]. The burned sample of PA6
maintains the same peaks of the C 1s spectra although the percentage of
each varies, with a decrease in those related to C-N and C=0O bonds
(Figure S5). For the PA6 composites with activated UiO-66 and UiO-66/
melamine (Fig. 11c, e), the same peaks appear after the burning test, but
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Fig. 16. The flame retardant mechanism that happens during the combustion of a polyamide sample with and without the addition of the flame retardants.
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Fig. 17. Characterization of burned specimens after the UL-94 burning test: a) Photograph indicating positions of analysis. b, ¢) XRD with Zr atomic percentage
analysed by EDX for PA6 + 7 wt% of activated UiO-66 (b) and PA6 + 7 wt% of UiO-66/melamine (c). d, e) FTIR for PA6 + 7 wt% of activated UiO-66 (d) and PA6 +

7 wt% of UiO-66/melamine (e).

their intensity is slightly modified. The atomic percentages of C/O, C/N
and C/Zr ratios (Table 4) are very similar before and after the burning
test.

Table 7 shows a comparison of the results obtained in the UL-94 test
and LOI for different polymers in the literature, detailing the type of
polymer used and the load. As observed in the table, the required loads
used in other studies to achieve a V-0 rating are higher than those used
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in this work. It is known that melamine has good fire retardant prop-
erties when incorporated into polymers, such as polyamide 6, poly-
propylene (PP), or low-density polyethylene (LDPE) [66], reducing
burning time and improving flame retardancy, achieving a V-0 classifi-
cation and LOI values of 24.1 and 25.9 % with a load of 10 or 20 wt%,
respectively. Furthermore, melamine in combination with organic clays
has shown an excellent fire retardant performance (V-0 in UL-94 test and
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Table 7
Comparative table results obtained in the UL-94 test.

Type of Flame retardant % Load  UL-94 LOI Ref.

polymer (wt%) (%)

PA6 — — Burning 21.9 [66]
Melamine 10 V-0 24.1

20 V-0 25.9

PA6 - - V-2 21.0 [67]
Melamine pyrophosphate 25 V-2 29.5
(MPP)

Melamine-modified 2/23 V-0 32.0
montmorillonite (MA-
MMT) / MPP

PA6 — Burning - [68]
Organophilic 5 Burning —
montmorillonite (OMT)

Decabromodiphenyl oxide 15/5 V-0 —
(DO) / Antimony oxide

(AO)

Melamine cyanurate (MCA) 15 V-0 -

PA66 — — V-2 — [69]
Melamine 15 V-0 -

PA66 - - V-2 - [70]
Melamine-modified layered 5 V-2 -
silicate (MLS)

MLS / MCA 3/4 V-0 -

PLA — — Burning 18.1 [29]
UiO-66-NH,@TEPs5, 2 V-0 26.4

HIPS - - Burning  18.8 [71]
MCA + Aluminium 3.7 + V-0 26.9
hypophosphite + nano- 14.8 +
SiO, 1.5%

Epoxy - — Burning  25.6 [31]
UiO-66 — Prussian blue 3 V-1 28.2
analogues (PDA) —
polydopamine (PBA)

PA6 = - V-2 23.0 [72]
PEG/DDP 8 V-0 35.0

PA66 - - V-2 24.0 [73]
PPO/RP 14 V-0 41.0

PA6 — — Burning  22.4 Our
UiO-66 and melamine 4 V-2 - work
UiO-66 and melamine 7 V-2 35.5

LOI value of 32 %) for polyamide 6 with the incorporation of 25 wt% of
flame retardant samples [67]. Additionally, the flame retardancy of PA6
has been improved by incorporating organophilic clay (5 wt%) and
conventional fire retardants, such as melamine cyanurate (MCA) (15 wt
%) as well as the combination of decabromodiphenyl oxide (DB) (15 wt
%) and antimony oxide (AO) (5 wt%). V-0 classification has been ob-
tained with MCA and the mixture of DB/AO [68]. Studies in the litera-
ture show that the addition of 15 wt% of melamine into polyamide 66
(PA66) can achieve a V-0 rating with a non-flammable dripping mech-
anism [69]. In addition, melamine-modified layered silicate and/or
MCA are incorporated into PA66, achieving an optimal result of V-0 with
the combination of the two flame retardant samples [70]. For polymers
other than polyamide, the flame retardancy is also tested. The addition
of phosphorous flame retardant encapsulated within UiO-66-NH; has
improved the flame retardant properties of polylactic acid (PLA),
achieving a V-0 classification and LOI value of 26.4 % with a load of only
2 wt% [29]. Sun et al. studied the flame retardancy of high impact
polystyrene (HIPS) using a 20 wt% load of a mixture of MCA/aluminium
hypophosphite/nano-SiO, and obtained a V-0 classification and LOI
value of 26.9 % [71]. To provide an epoxy (EP) with flame retardant
properties, a hierarchical hybrid between UiO-66, Prussian blue
analogue (PBA) and polydopamine (PDA) has been added to its
composition. It has obtained a V-1 classification in the UL-94 V test and
LOI value of 28.2 % [31]. A novel inherently flame-retardant thermo-
plastic polyamide elastomer was synthesised by Lu et al. [72], with
phosphorus-containing groups (DDP), achieving a UL-94 V-0 rating and
LOI value of 35 %. The flame retardancy of PA66/polyphenylene oxide
(PPO) composites with the addition of AI(OH)s-coated red phosphorus
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(RP) were studied and obtained a V-0 classification and LOI value of 41
% by incorporating 14 % of the flame retardants [73]. Therefore, the
materials prepared in this work require a lower amount of flame retar-
dant to achieve a great flame retardant behaviour.

Conclusions

Ui0-66 with face centred cubic (fcu) crystal structure has been pre-
pared by solvent-free synthesis using TEABr as a template. Replacing
TEABr with melamine in the synthesis facilitates the formation of UiO-
66, but as evidenced by XRD, the incorporation of melamine promotes
the formation of another crystalline phase of UiO-66 (hexagonal closed
packed, hep). This sample, as confirmed by XRD, TGA and FTIR, is made
up of Ui0-66, melamine, and unreacted BDC.

The flame retardant behaviour of polymer composites incorporating
Ui0-66 improves when the load is increased. The extinguishing times
are considerably reduced compared to the pure PA6 composite. The
optimal load to achieve good results is 4 wt%, as higher values result in
particle agglomeration and flame retardancy worsens. Comparing the
UiO-66 samples, both activated and non-activated, it can be seen that at
lower percentages, the activated sample performs better, while at higher
values (4 wt%) the results are similar. Both samples achieve a V-2
classification in the UL-94 test, which would indicate that the washing
and activation process is not necessary, thus resulting in a more sus-
tainable process.

The best results obtained in the UL-94 test are achieved with the UiO-
66/melamine sample. In this case, the higher the weight percentage, the
shorter the extinguishing times. Both the composites with 4 and 7 wt%
achieve a V-2 classification, although in the latter the times are slightly
shorter. Melamine and UiO-66 act as flame retardants, while BDC helps
to enhance compatibility with PA6.

An interesting future work could be to increase the percentage load
of flame retardants to achieve a better classification in this burning test.
Moreover, it is possible to study a homogeneous distribution of samples
within the polymer in order to avoid agglomeration that worsens the
results.

The LOI results have demonstrated an improvement in preventing
the flammability of the PA6 composites, which is significantly enhanced
for the UiO-66/melamine sample. Increasing the LOI from 22.4 % of PA6
to 23.2 % and 35.5 % for PA6 + activated UiO-66 and PA6 + UiO-66/
melamine, respectively.

A flame retardant mechanism has been proposed for these materials,
which involves: a) the formation of zirconium oxide, a refractory ma-
terial that acts as an oxygen barrier to the interior and promotes soot
formation: b) the adsorption of smoke and gases by UiO-66 prior to its
degradation; c) the endothermic sublimation of melamine that adsorbs
heat; d) the degradation of melamine, releasing ammonia that dilutes
the combustion atmosphere.

Finally, it is worth noting that the novelty of this work lies in the fact
that a new strategy has been proposed for the development of flame
retardants based on MOF and melamine. These materials are synthesised
with scalable procedures and in a single step, which makes the process
more sustainable. Furthermore, these low loads flame retardants
favourably modify the fire behaviour of polyamide 6, resulting in
savings.
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