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Abstract: The flame-retardancy of polymeric materials has garnered great interest. Most of the
flame retardants used in copolymers are functionalized additives, which can deteriorate the intrinsic
properties of these materials. As a new type of flame retardant, functionalized metal-organic
frameworks (MOFs) can be used in surface coatings of polymers. To reduce the flammability, a
mixture of phytic acid, multi-wall carbon nanotubes, zirconium-based MOFs, and UiO-66 was coated
on a PC/ABS substrate. The structure of the UiO-66-based flame retardant was established by FT-IR,
XRD, XPS, and SEM. The flammable properties of coated PC/ABS materials were assessed by LOI,
a vertical combustion test, TGA, CCT, and Raman spectroscopy. The presence of a UiO-66-based
coating on the PC/ABS surface resulted in a good flame-retardant performance. Heat release and
smoke generation were significantly reduced. Importantly, the structure and mechanical properties of
PC/ABS were less impacted by the presence of the flame-retardant coating. Hence, this work presents
a new strategy for the development of high-performance PC/ABC materials with both excellent
flame-retardancy and good mechanical properties.

Keywords: MOFs; flame retardant polymer; PC/ABS; coating

1. Introduction

The fire risk posed by polymeric materials has received considerable attention. The
hydrocarbon skeleton and organic composition of these materials make them highly
flammable. Heat and toxic gases generated during combustion are a great threat to human
beings and the environment [1,2]. Many studies have been conducted to prevent the com-
bustion of polymer materials and thereby reduce the harmful effects of combustion [3-7].
The simplest method is to blend specific flame retardants with the polymer matrix. An
intumescent flame-retardant system is commonly used, which obstructs the transfer of heat
and oxygen by forming an expansive carbon layer on the polymer surface during thermal
degradation of the polymer matrix [8-10]. Another flame-retardant system that is used is
based on catalytic principles, wherein specific catalysts promote a reduction in volatile frag-
ments and toxic gases during the degradation of the polymer matrix. Although the use of
these flame-retardant systems and others have been effective in reducing the flammability
of polymer, there is a huge demand for flame retardants having a high efficiency.

A flame-retardant coating on the surface of a substrate represents an important method
for controlling flammability. Compared with the method of adding flame retardants, the
intrinsic properties of the polymer are not compromised in the surface coating method.
This method also has the advantage of easy processing and can be used for a variety of
materials [11]. In recent years, metal organic frameworks (MOFs), which are organic—
inorganic hybrid materials comprising metal ions and organic ligands, have been found to
have flame-retardant properties. At high temperatures, MOFs decompose to form catalytic
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species that promote oxidation and coking [12-14]. In particular, a zirconium organic
framework, UiO-66, has been found to be a promising material for use in retardant systems.
It has a high specific surface area (1000 m?/g) [15] and excellent thermal, water, and
acid stability, which is conducive to the post-synthesis modification of UiO-66. However,
applying MOFs alone cannot provide sufficient flame-retardancy.

A mixture of materials containing UiO-66 can provide excellent flame-retardancy to the
system [16]. As a green biomass material, phytic acid (PA) has a high phosphorus content.
It can readily chelate with MOFs to provide a composition with better flame-retardancy.
In addition, multi-walled carbon nanotubes (MWCNT) have a high carbon content and
excellent thermal properties [17-19]. These materials are commonly used as components
of high-efficiency green flame retardants. Polycarbonate/acrylonitrile-butadiene-styrene
copolymer (PC/ABS) materials are widely used in many products, due to their excellent
impact strength. However, the presence of a flame-retardant additive greatly influences
the mechanical properties of the blend. In an effort to obtain an excellent flame-retardant
PC/ABS material, an aqueous flame-retardant system for coating of a PC/ABS surface
was prepared using UiO-66, PA, and MWCNT. The as-prepared UiO-66@PA@MWCNT
was carefully characterized by Fourier transform infrared (FT-IR) spectroscopy, X-ray
diffractometry (XRD), X-ray photoelectron spectroscopy (XPS), and scanning electron
microscopy (SEM). The effectiveness of the UiO-66 flame-retardant coating for PC/ABS was
evaluated by the limiting oxygen index (LOI), vertical combustion test, thermogravimetric
analysis (IGA), cone calorimeter test (CCT), and Raman spectroscopy.

2. Experiments
2.1. Materials

Polycarbonate (PC, injection grade, QiMei Company, Taiwan), acrylonitrile-butadiene-
styrene copolymer (ABS, injection grade, QiMei Company, Taiwan), zirconium chloride
(ZrCly, 98%, Shanghai Aladdin Biochemical Company, Shanghai, China), terephthalic
acid (99% TPA, Shandong Yusuo Chemical Technology Co., Ltd., Shandong, China), car-
boxylated multi-walled carbon nanotubes (95% MWCNT-COOH, Suzhou Tianke Trading
Co., Ltd., Suzhou, China), N,N-dimethylformamide (99.5% DMF, Shanghai Aladdin Bio-
chemical Company, Shanghai, China), ethanol (99% EtOH, Shanghai Aladdin Biochemical
Company, Shanghai, China), and SiO; (99.5%, Jiangsu Tianxing New Materials Co., Ltd.,
Changshu, China) were used for the experiments.

2.2. Synthesis of UiO-66

ZrCly (1.98 g) and TPA (1.76 g) were weighed and dissolved in 150 mL of DMF.
After ultrasonication for 20 min, 4 mL acetic acid was added and the solution was stirred
continuously for 10 min. Thereafter, the reaction mixture was transferred to a blue bottle
and placed in a constant-temperature vacuum-drying oven at 120 °C. After 36 h, the bottle
was taken out and cooled to room temperature naturally. After centrifugation at 6000 r/min
for 15 min, the white precipitate was filtered and washed three times with DMF and ethanol.
Finally, the white product was dried in a vacuum oven at 85 °C for 36 h, and UiO-66 was
collected for further use.

2.3. Synthesis of MWCNT@UiO-66

ZrCly (1.98 g) and MWCNT-COOH (0.20 g) were weighed and dissolved in a blue
bottle containing 150 mL of anhydrous DMF. After dispersion by ultrasonication for 20 min,
TPA (1.76 g) and 4 mL of acetic acid was added and ultrasonicated for another 20 min.
After 36 h of reaction, the blue bottle was taken out and cooled to room temperature
naturally. After centrifugation at high speed of 6000 r/min for 15 min, the black precipitate
obtained was filtered out and further centrifuged three times each with DMF and ethanol.
The product was placed in a constant-temperature vacuum-drying oven at 85 °C for 36 h.
Finally, the MWCNT@UiO-66 was collected and stored.
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2.4. Synthesis of PA@MWCNT@LIiO-66

MWCNT@UiO-66 (1.0 g) was weighed and dispersed in a blue bottle containing
150 mL DME. Then, PA (10.68 mL) was added to the above MWCNT@UiO-66 suspension,
followed by ultrasonic dispersion for 20 min. Thereafter, the mixture was continuously
stirred for 24 h at room temperature using a magnetic agitator. The black precipitate
obtained was filtered and centrifugally washed with DMF and ethanol 3 times. The final
PA@MWCNT@UiO-66 product was then dried in a vacuum-drying oven at 85 °C for 24 h.
The synthetic route is presented in Figure 1.

12h

Unltra sonication

Room temperature

24h Phytic acid(H,O)

Figure 1. Route for the synthesis of PA@MWCNT@UiO-66.

2.5. Preparation of Aqueous Flame-Retardant Coatings

For comparison, different MOFs-based flame retardants were evenly dispersed in
water-based acrylic emulsion by adding an appropriate amount of water and a small
amount of SiO; according to Table 1. SiO; was added as a filler to improve the hardness of
coatings and reduce the viscosity. The aqueous emulsions were prepared in a centrifugal
tube, by stirring evenly at room temperature using a vortex oscillator, and then dispersed
by ultrasonication for 20 min.

Table 1. Composition of aqueous flame retardants.

Solid Water-Based MWCNT PA@MWCNT
Sample Content Acrylic UiO-66 (g) @UIO-66 (2) @Ui0-66 SiO; (g) H,0 (g)
(Wt%) Adhesive (g) & 8
WA 419 2 0 0 0 0 0.34
WAU 419 2 1 0 0 0.2 2
WAUM 419 2 0 1 0 0.2 2
WAUPM 419 2 0 0 1 0.2 2

2.6. Preparation of Flame Resistant PC/ABS

The dried PC/ABS particles were transferred to a polytetrafluoroethylene (PTFE)
mold in a plate vulcanization machine, with the temperature set at 240 °C. After heating
for 6 min, hot pressing at 18 MPa for 4 min, and cold pressing at room temperature for
2 min, the PC/ABS films were cut into three types of specimens having dimensions of
125 mm X 13 mm x 3 mm, 150 mm X 4 mm X 10 mm, and 100 mm x 100 mm x 3 mm.
Some control specimens were reserved for the vertical combustion test, oxygen index test,
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and cone calorimetry test, whereas the other specimens were sprayed with the aqueous
flame retardants, and were placed in a 60 °C electric blast-drying oven for 4 h. The steps
for spraying and drying were repeated until the coating thickness reached the standard
specification (£10%), as shown in Table 2. The thickness of the coating was determined by
measuring the spline thickness before and after coating, using a Vernier caliper.

Table 2. Thickness of flame-retardant coating on PC/ABS.

Sample * WAU WAUM WAUPM Coating Thickness (um)
Untreated X X X 0
WAU-3 v X X 750
WAUM-3 X Vv X 750
WAUPM-1 X X Vv 250
WAUPM-2 X X Vv 500
WAUPM-3 X X Vv 750

* x represents not using this sample for coating and 4/ represents using this sample for coating.

2.7. Characterizations

Fourier transform infrared spectra (FT-IR) were acquired on a Nicolet 6700 infrared
spectrometer in reflectance mode. The spectral range was 4000-500 cm ! at a resolution of
4 cm~!. The powdered samples were generally measured by the KBr pellet method.

An AXIS Ultra XPS instrument (Shimadzu Company of Japan, Kyoto, Japan) was
used for testing the chemical states of elements. Its cathode was made of a lanthanum-
aluminum-molybdenum alloy, and the analysis was conducted with a power input of
400 W. The background was a non-rotating background compensation type, and the peak
function was the Lorentz—Gaussian function. The powder to be tested was adhered to
the tin foil with viscose, folded and pressed, then unfolded and cut into specimen of
5mm x 4 mm. Chemical states, such as Cls, Zr3d, P2p, and Ols, were determined by
scanning the surface of the sample.

The morphologies and elemental distributions of the samples were studied by scan-
ning electron microscopy (NGB4-DXS-10AC, Nanjing Grand Technology Co., Ltd., Nanjing,
China). The section of the block sample to be observed was made brittle in liquid nitrogen,
and the powder sample and block sample were spray coated with gold for 75 s, after which
they were attached to the sample table with conductive adhesive for observation.

TGA and DTG analyses of the samples were conducted using a TGA 55 instrument in
a nitrogen atmosphere at a 50 mL/min flow rate. Except when specified, the heating rate
was 10 °C/min, and the temperature range was from room temperature to 800 °C.

An X-ray diffractometer (SmartLab, Boston, MA, USA) was used to characterize
the material phases in order to analyze their internal structure and morphology. The
wavelength was 1.5406 A and the scanning speed was 10°/min in the scanning range
of 5-70°.

Vertical combustion tests were performed on uncoated and coated samples according
to the GB/T2408-2008 combustion test standard [20]. Each sample was tested thrice
and the average value of three readings was used to determine its corresponding flame-
retardant level.

The limiting oxygen index (LOI) was expressed according to the percentage of oxygen
in the volume. A JF-3 oxygen index instrument was used for the LOI test. The specimen
dimensions were 150 mm X 4 mm x 10 mm, according to the standard GB/T2406.2-2009
test [21].

The British FIT cone calorimeter was used for the cone calorimetry test (CCT), ac-
cording to the ISO5660-1 and ASTM D7309 test standard [22]. The irradiation power was
50 kW/m?2, sample dimensions were 100 mm x 100 mm x 3 mm, and three parallel tests
were carried out for each sample.

The structure, morphology, and graphitization degree of the carbon layer were char-
acterized by FI-IR, SEM, and Raman spectroscopy. The Raman spectra of the residual
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carbon residue after combustion by CCT were acquired using an excitation wavelength
of 514.5 nm. Based on the above results, the mode of action of flame-retardant materials
was clarified.

3. Results and Discussion
3.1. Structural Analysis of Flame-Retardant UiO-66@PA@MWCNT

First, the zirconium organic framework, UiO-66, was synthesized using ZrCl; and
TPA. The obtained UiO-66 was then functionalized with MWCNT and PA to obtain MOFs,
labeled as UiO-66@PA@MWCNT. The structure was carefully characterized by FT-IR,
XRD, XPS, and TG-DTG during the process. FI-IR spectroscopy was used to determine
the molecular structure of UiO-66@PA@MWCNT. In Figure 2a, strong absorption peaks
appeared at 1560 cm ! and 1395 cm ! in the FT-IR spectrum of UiO-66. They corresponded
to the O-C-O asymmetrical and symmetrical stretching vibrations of TPA, which served
as ligands for MOFs. The absorption peaks at 1507 cm ™! corresponded to the C=C of the
benzene ring, while the peak at 669 cm~! was consistent with the asymmetric stretching
vibrations of Zr-(OC). In MWCNT-COOH, the peak for C=0 stretching vibrations appeared
at 1720 cm~!. The small peak at 1655 cm~! was due to the O-H bending vibrations.
This confirmed that the carboxyl group was successfully grafted onto MWCNT-COOH,
suggesting a good compatibility with PA and UiO-66. The FT-IR spectrum of PA also
showed some typical peaks of phosphate groups, including P=O (1130 cm™!), p-O-C
(1060 cm~1), and P-O (1012 cm~1). The high phosphorus content can provide a synergistic
flame-retardant effect in UiO-66@PA@MWCNT. After MWCNT-COOH, PA, and UiO-66
were reacted, several absorption peaks of PA shifted to higher wave numbers in UiO-
66@PA@MWCNT. These results indicated that there was a complex formed between the
P-O bond and metal zirconium from UiO-66, verifying the successful synthesis of UiO-
66@PA@MWCNT. The XRD patterns in Figure 2b show that the diffraction peaks of UiO-66
were basically consistent with that of the standard profile. After modification with PA and
MWCNT, the peak pattern of UiO-66 remained almost unchanged. This indicated that
the crystal structure of UiO-66 remained intact during the preparation of functionalized
UiO-66.

(a)

(b)

o
Ui0-66@PA@MWCNT b=
1126 s
S .
MW” FEa
Ui0-66 160 K065 g UiO-66@PA@MW CNT
2 g
5 s - -
_% MWCNT-COOH 1560\ ;* Ui0-66@MWCNT
= ' 1395 z
1720 3
i = )
1655 1060 . et r A temnn, U10-66
P
1130 \1012
4000 3500 3000 2500 2000 1500 1000 500 10 20 30 40 50 60 70
Wavenumber (cm™) 2 Theta (degree)

Figure 2. FT-IR spectra (a) and XRD patterns (b) of UiO-66@PA@MWCNT, UiO-66@MWCNT,
MWCNT—-COOH, and UiO-66.

XPS was used to detect the elements and bonding nature in UiO-66@PA@MWCNT.
Firstly, the overall spectrum in Figure 3a showed that the obtained powders were rich in C,
O, Zr, and P. Secondly, the energy spectrum of Cls is presented in Figure 3b. After deconvo-
lution of the peaks, it was found that the peaks at 284.1 eV and 284.6 eV corresponded to the
neutral bond and sp2-hexagonal network structure of UiO-66@PA@MWCNT, respectively.
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The peak at 286.4 eV was due to the carbon atom of the C-O bond from UiO-66 and the
C-P bond from PA. The peak for C=0 at 288.5 eV was consistent with the carboxyl group
of the ligand. Thirdly, the energy spectrum of Ols in Figure 3c can be deconvoluted into
four peaks. Among them, the peak at 530.1 eV corresponded to the P-O bond of PO~ and
HPO,2?~ of PA, while the peak at 531.2 eV was consistent with the Zr-O bond. The peaks at
532.1 eV and 533.3 eV corresponded to C-O-C and P-O-C and C-OH and P-OH, respectively.
Fourthly, Figure 3d also shows that the Zr3d spectrum consisted of two peaks, which were
further deconvoluted into four peaks. The peaks at 185.1 eV and 185.9 eV corresponded
to Zr3d3/2, while the peaks at 182.7 eV and 183.5 eV corresponded to Zr3d5/2. Finally,
the P2p spectrum in Figure 3e was composed of three peaks at 133.1 eV (P=0), 133.9 eV
(P-OH), and 134.8 eV (P-O-ZR and HPO,?"). Additionally, TGA and DTG curves (see
Supporting Information Figure S1) showed that the carbon residue percentage at 800 °C of
UiO-66@PA@MWCNT was 61.3 wt%, which was much higher than that of pure UiO-66. It
implied that PA and MWCNT promoted carbon formation in UiO-66@PA@MWCNT. The
SEM image of UiO-66 showed a dispersed and smooth octahedral nanocrystal structure (see
Supporting Information Figure 52). The reason is that the carboxyl groups on the surface of
MWCNT provided sites for the growth of UiO-66, which reduced the stacking of carbon
tubes during the in situ growth of UiO-66 along the carbon tubes. The steric hindrance of
the carbon tube limited the crystal size of UiO-66, and the grain refinement guaranteed the
uniformity of film coating on the substrate by water-based flame-retardant coatings. Hence,
these results confirmed the synthesis of functionalized MOFs UiO-66@PA@MWCNT.

Survey T Blement  Atomic% (b) Cls
Ols ¢ 823 284.6 eV
o 41.12
3 926 C-H&C-C
Zr 139
3 286.4 eV
&8 C-0&C-P,
Z
Cls =
5
E 284.1 eV
= 288.5 eV c.c
Zr3d
LA_,_//\ Zr 3p| p 25 / j c=0
\/ |P2p

Binding Energy (eV) Binding Energy (eV)
(©) ots| (d) zr3a| (€) P2p
185.1 eV
532.1eV Zr 3d,,
C-0-C&P-0-C
- ~ |igs9ev 1283; v 1339 ¢V
= = T 3ds, -~
2 & |73 ] P-OH
: = S | 1348ev
Z Z & | r-ozrenpo;
5 | s:33ev ey £ £
£ | c-onr-on T = 182.7 eV € 133.1 eV
Zr3d = _
530.1 eV s P=0
P-0

538 536

532
Binding Energy (eV)

530 528 526 188 186 184 182 180 178 140 138 136 134 132 130 128

Binding Energy (eV) Binding Energy (eV)

Figure 3. XPS spectra of UiO-66@PA@MWCNT: (a)survey scan; (b) Cls; (c) Ols; (d) Zr3d; (e) P2p.

3.2. Structure Analysis of Flame Resistant PC/ABS Coating

To improve surface adhesivity, UiO-66@PA@MWCNT was dispersed in a water-based
acrylic emulsion. The MOFs-based acrylic emulsion was characterized carefully before
use. For characterization, films of the MOFs-based acrylic resin were prepared by drying
the emulsion in the oven at 85 °C. Figure 4 presents the FT-IR spectra, XRD patterns, and
TG-DTG curves of the films. In the FI-IR spectra, the peaks at 1170 ecm~1, 1450 cm™1,
1730 cm !, and 2926 cm ! for the WAUPM sample were attributed to C-O-C stretching
vibrations, -OH bending vibrations, C=0 stretching vibrations, and methylene stretching vi-
brations of the acrylic resin, respectively. Additionally, the vibrations for P=O (1160 cm™1),



Polymers 2024, 16, 275

7 of 15

Weight (%)

P-O-C (1126 cm™1), P-O (1065 cm™1), Si-O-Si (1092 cm 1), and O-C-O symmetric vibra-
tions (1405 cm~!) and asymmetric vibrations (1560 cm™!) of the terylene ligand were also
observed for the WAUPM sample. Comparison with the FT-IR spectra of raw materials,
viz. WA, PA@MWCNT@UiO-66, and SiO;, showed no deviation of peaks for the WAUPM
sample. This implied that the flame retardant did not react with the acrylic resin, which
was added as an adhesive.

(a) 226 WAUPM ”:‘“ S5 v (b) |aw
W 200)
] 1 1 1
' { ' 1 (220)
] 1 2 2
1 UiO-66@PA@MWCNT : -
/\/NW'\‘ ;; WAUM
=
1160
_ 1065 g
\1092
3000 2500 2000 1500 1000 500 10 20 30 40 50 60 70
Wavenumber (cm™) 2 Theta (degree)
— WA (d)3 5 — WA
— WAU b ——WAU
WAUM Py WAUM
—— WAUPM O 28- ——WAUPM
S
= 2.14
20
\ﬂ)
> 14 ,
g |
ol 0] M
9 A
0 0.0+
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800

Temperature (°C) Temperature (°C)
Figure 4. FT-IR spectra (a) and XRD patterns (b) of WAUPM, WA, UiO-66@PA@MWCNT and TGA
(c) and DTG (d) curves of WAUPM, WAUM, WAU, and WA.

Furthermore, the XRD spectra showed diffraction peaks consistent with those of
UiO-66 for the samples WAM, WAUM, and WAUPM [23]. This indicated that the crystal
structure of UiO-66 did not change after functionalization. The TGA curve of WA indicated
a good thermal stability, since the weight remained constant until around 443.1 °C. After
the addition of UiO-66 or MWCNT@UiO-66, the initial degradation temperature decreased,
and a secondary weight loss stage occurred at 550 °C, due to the collapse of the framework
structure. WAU and WAUM showed more than 30.9 wt% carbon residue below 800 °C.
After further modification with PA, the thermal stability decreased in the initial stage,
but the residual carbon rate increased to 38.8 wt% below 800 °C for WAUPM. This result
indicated that PA further promoted the char formation process during pyrolysis and also
provided a rich carbon source to flame retardants.

Different from the additive flame retardants, the PC/ABS flame retardants with dif-
ferent coating thicknesses were prepared by spraying the MOFs-based acrylic emulsions
on the surface of PC/ABS. The steps of spraying and drying were repeated until the coat-
ing thickness reached the required standard (+10%). The micro-structures of the coated
PC/ABS substrates were studied by SEM. As shown in Figure 5, the untreated PC/ABS
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showed a slightly but uniformly fluctuating surface, while the PC/ABS coated with a
MOFs-based flame retardant showed many granular structures on the substrate, presumed
to be UiO-66 crystals. It was also found that the substrate became smoother when the
thickness of the flame-retardant coating was increased. As seen from Figure 5c,d, the
PC/ABS substrates were coated completely above a 750 um thickness. There were less
prominent granular structures on the WAUM-3 surface. WAUPM-3 showed a choppy
surface morphology, but with fewer bright MOFs and smoother surfaces. In the magnified
SEM images, smaller SiO, nano-particles and larger MOFs were observed, as shown in
Figure 5e. Compared with WAUM-3, WAUPM-3 showed an improved surface smoothness.
It implied that PA improved the compatibility of MWCNT@UiO-66 with acrylic resin. It
also improved the wrapping and maximized the interfacial bonding between the adhesive
layer and the PC/ABS substrate. Thus, PA@MWCNT@UiO-66 can be expected to provide
a good flame-retardancy to PC/ABS.

Figure 5. SEM images of untreated PC/ABS (a), WAU-3 (b), WAUM-3 (c), and WAUPM-3 (d,e).

3.3. Performances of Flame Retardant

Samples with different thicknesses of coating (250 um, 500 um, and 750 pm) were
dried to test the flame-retardant performance, and the results are presented in Figure 6a
and Supplement Material Table S2. As the coating thickness increased, the LOI values of
WAUPM-1, -2, and -3 samples gradually increased (22.9%, 24.8%, and 27.5%). WAUPM-3
achieved the UL-94 V-0 grade, while WAUM-3 with the same thickness achieved a V-1
grade. The decrease in flame-retardancy was due to the absence of phosphorus source
from PA. The flame-retardancy of the WAU-3 sample was poor and it failed to pass the
V-2 grade. This was because this coating easily fell off during the vertical combustion test,
reflecting weak adhesion, which was consistent with SEM analysis. Overall, WAUPM-3
achieved ideal flame-retardancy through the coordination of phosphate-zirconium-carbon
flame-retardant elements. As shown in Table S2, the total of the two combustion times
(t1 + tp) was about 12.5 s, and the presence of PA was reduced (t; + t) by 26.2 s in the
sample WAUPM-3. Therefore, PA played a significant role in flame-retardancy in the
combustion process of PC/ABS.
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Figure 6. Limiting oxygen index and vertical burning grade (a) and fire growth index (FGI) (b) of
PC/ABS samples coated with a waterborne flame-retardant coating.

In addition, the fire growth index (FGI) was introduced to evaluate the impact of the
functionalized MOF coating system on the fire safety performance of PC/ABS. The smaller
the value, the less time was required for the material to reach the intense burning state,
and the lower the fire risk. As shown in Figure 6b, the FGI value of the untreated PC/ABS
was 1.75, while it dropped to 1.07 after coating with MWCNT@UiO-6. The FGI was only
0.38 after the introduction of PA. Therefore, the fire safety performance of PC/ABS was
significantly improved by coating with PA@MWCNT@UiO-66.

Smoke suppression performance is an important factor for the evaluation of the fire
resistance of materials. CCT was used to simulate the real fire environment and evaluate
the combustion behavior of materials in terms of heat, smoke, CO; release, etc. Figure 7
presents the heat release rate (HPR), total heat release (THR), smoke production rate (SPR),
total smoke production (TSR), and curves for CO; and O, content of the samples. Figure 7a
showed that the HRR value of the WAUM-3 sample was 153.7 kW /m?, which decreased by
26.2% compared with the untreated sample. Figure 7b showed that the TRR value decreased
by 26.9% compared with the untreated sample, which implied that the MWCNT@UiO-66
coating could effectively inhibit the heat release of PC/ABS. After the introduction of PA,
the HRR and TRR values decreased by 57.5% and 33.6%, respectively, compared with
the untreated sample (Figure 7a,b). This result indicated that PA could further inhibit
the heat release of PC/ABS. In addition, as the thickness of the PA@MWCNT@UiO-66
coating increased from 250 pum to 750 um, the peak smoke production rate decreased
significantly and smoke release had a delayed effect. WAUM-3 and WAUPM-3 emitted
similar amounts of smoke (11.44 m? and 12.03 m?), but the WUPM-1, -2, and -3 samples
extended the smoke release time and increased the escape time. This implied that MOFs
played an important role, due to their high specific surface area and highly ordered porous
structure. In the early stage of pyrolysis, the organic flammable volatiles released by
PC/ABS passed through a complicated path. PA, as a phosphate, easily decomposes in a
degraded polymer matrix to generate phosphoric acid. Phosphoric acid promotes surface
cation crosslinking and carbonization, acting as an insulation barrier in the carbonization
layer on the polymer surface to suppress thermal feedback from the combustion zone and
act as a flame retardant [24]. Therefore, the coating with MOFs resulted in delayed smoke
release. As the combustion intensified, PA produced meta-phosphate, polyphosphate,
and other compounds, which could undergo dehydration with the hydroxyl group from
PC/ABS pyrolysis and promote the formation of a carbon layer. Thus, the cross-linking of
PC/ABS with the pyrolysis products of PA@MWCNT@UiO-66 promoted the carbonization
process and improved the flame-retardancy. Figure 7e,f showed the changes in CO; and
O, contents during the cone calorimetry test. Compared with the untreated sample, the
consumption of O, and generation of CO, were reduced and delayed significantly in
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WAUM-3. Particularly, the time was delayed by more than two times upon the addition
of PA in the case of WAUPM. As the coating thickness increased from 250 pm to 750 um,
the overall O, consumption and CO, generation of the material continued to decrease.
This result further showed that the thermal oxygen stability of flame-retardant materials
increased after the coating of an MOFs-based flame retardant onto PC/ABS materials. It
also indicated that the MOFs-based flame-retardant system reduced the reactivity with
oxygen by inhibiting the contact between the matrix and O,. Thus, the MOFs-based
flame-retardant coating inhibited the violent combustion of PC/ABS.

250
(a) Untreated (b) 30000 4 :l"’:':::“;’
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2004 WAUPM-1 25000 4 \‘tAlEP“l-I
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Figure 7. Curves for heat release rate (HPR) (a), total heat release (THR) (b), smoke production rate
(SPR) (c), total smoke production (TSR) (d), CO; (e), and O, (f) contents of untreated, WAUM-3,
WAUPM-1, WAUPM-2, and WAUPM-3 samples.
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3.4. Mode of Action of Flame Retardant

In order to understand the mode of action of MOFs-based flame-retardant coatings,
the carbon residues were carefully characterized by FI-IR spectroscopy, SEM, and Raman
spectroscopy. Figure 8 presents the FI-IR spectra of carbon slags after the cone calorimetry
test. WAUM-3 showed weak absorption peaks at 806 cm~! and 752 cm ™!, ascribed to
the out-of-plane deformation vibrations of the benzene ring =C-H, and para-substituted
and mono-substituted benzene ring, respectively. The peaks at 1622 cm~! and 471 cm ™!
corresponded to the aromatic structure and Zr-O stretching vibrations, respectively. This
result indicated that zirconia was produced after the combustion of WAUM-3 and that
the aromatic structures of UiO-66 promoted the formation of carbon layers. Furthermore,
the WAUPM coated samples showed P-O-C stretching vibrations at 980 cm~! and peaks
at 1187 cm~! and 1092 cm~! for P=O absorption and Si-O-Si absorption, respectively.
This suggested that PA was decomposed during the combustion process to phosphoric
acid, meta-phosphate, and other compounds. These compounds were esterified with the
pyrolysis products of PC/ABS containing hydroxyl groups. Moreover, the presence of nano
silica and carbon nanotubes promoted the formation of dense and continuous coke layers.
Hence, as the coating thickness increased, the intensities of both P-O-C and Zr-O peaks in
the carbon slag increased, as shown in Figure 8 for WAUPM-1, WAUPM-2, and WAUPM-3.
Zirconia produced by the decomposition of zirconium organic framework also served as
an efficient thermal barrier when mixed with the carbon layer. Thus, the product improved
the thermal stability and thermal shielding property of the carbon layer.

Untreated

WAUM-3

WAUPM-1

WAUPM-2

—-ﬂ—\/__._———

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 8. FT-IR spectra of carbon residues after the cone calorimetry test.

The residual amounts and the macro- and micro-morphologies of the carbon layers
after polymer combustion also reflected the carbonization process. The morphology of the
carbon slag in the condensation stage was investigated carefully. From a macro perspective,
Figure 9a—d showed that the untreated PC/ABS generated the least amount of carbon,
because most of the elements were released into the atmosphere in the form of smoke
during combustion. In contrast, the amounts of carbon residues were much higher for
WAUM-3 and WAUPM-3. The expanded size of carbon increased as the coating thickness
increased for WAUPM-1, WAUPM-2, and WAUPM-3. The morphology of the carbon
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(a)

4.8mm

layer was further studied by SEM. The untreated PC/ABS showed many pores and the
carbon layer was relatively loose (Figure 9f). The quality of the carbon layer improved
in WAUM-3, but still showed a porous structure with traces of incomplete combustion
(Figure 9f). However, the carbon layer of WAUPM-3 showed a smoother surface (Figure 9j).
This implied that the carbon layer acted as a physical barrier against heat and inhibited
the transfer of oxygen and materials between the condensed and gas phases. Thus, the
MOFs-based flame-retardant coating effectively inhibited the thermal degradation of the
underlying PC/ABS.

(b) 11.7mm (c) 5.7mm (d) 10.2mm () 14.3mm

=x10.0k

Figure 9. Macroscopic images and SEM images of carbon residues after vertical combustion test:
(a,f) Untreated; (b,g) WAUM-3; (c,h) WAUPM-1; (d,i) WAUPM-2; and (e,j) WAUM-3.

Raman spectroscopy was employed to further characterize the degree of graphitization.
Figure 10 presents the Raman spectra of samples. Peak D and peak G at about 1350 cm !
and 1600 cm~! corresponded to the peaks of amorphous carbon and graphitized carbon,
respectively. The higher the degree of graphitization, the better the effect of heat insulation
and oxygen isolation. As shown in Figure 10, as the thickness of the coating increased in
WAUPM-1, WAUPM-2, and WAUPM-3, the Ip /I value decreased. Finally, the carbon
residue of WAUPM-3 had the lowest Ip/Ig value. Compared with untreated PC/ABS and
WAUM-3, the Ip /I value was also much smaller for WAUPM-3. These results indicated
that WAUPM-3 had the highest degree of graphitization after carbon combustion, which
displayed a good barrier effect and effectively inhibited the thermal degradation of the
underlying PC/ABS. This observation was consistent with the SEM results.

Finally, based on the above analysis, the possible mode of action of the flame-retardant
WAUPM-3 is described in Figure 11. When an external heat source or flame was applied,
the MOFs-based coating acted as a thermal barrier due to the better thermal stability of
PA@MWCNT@UiO-66. This prevented the flame from coming into direct contact with the
PC/ABS substrate. In the second stage, when PC/ABS combustion was caused by cracking
of the coating due to thermal expansion, the porous structure of MOFs delayed the partial
release of smoke. This was because the porous structure of MOFs played a role of catalytic
carbonization, forming dense coke that covered the surface of the material. This layer acted
as an insulation barrier to inhibit heat transfer from the combustion zone and decrease
the rate of formation of volatile fuel fragments. Moreover, MWCNT played another role
of promoting the construction of a carbon cross-linking network. In general, the coatings
comprised of a phosphorus-carbon-zirconium flame-retardant system endowed PC/ABS
with excellent flame-retardancy.
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Figure 10. Raman spectra of carbon residues from untreated PC/ABS (a), WAUM-3 (b), WAUPM-1
(c), WAUPM-2 (d) WAUM-3, and (e) coated PC/ABS.
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Figure 11. Illustration of the mode of action of fire-retardancy of the MOFs-based flame-retardant
coating.

4. Conclusions

A new kind of MOFs-based flame retardant was prepared by loading phytic acid (PA)
and multi-walled carbon nanotubes (MWCNT) onto UiO-66 by a solvothermal method. It
was further applied as a flame-retardant surface coating onto PC/ABS. The results showed
that PA improved the compatibility between UiO-66 and the acrylic resin and also helped
to maximize the interfacial bonding between the adhesive layer and PC/ABS substrate
and improve the wrapping property. When the thickness of the coating was 750 um, the
thermal barrier effect was significant and the LOI value of the material was 27.5%. The
cone calorimetry test showed that the heat release and smoke release of the material had
significant hysteresis and inhibition effects. Raman spectral analysis showed that a high-
quality carbon layer was constructed during the combustion process, which effectively
shielded the heat and oxygen transfer to the internal matrix. The phosphorus, carbon,
and zirconium elements of PA, MWCNT, and UiO-66 contained in the coating showed
flame-retardancy in the condensed phase. The hexagonal structure and thermal stability of
MWCNT promoted the formation of a cross-linked network in the carbon layer. UiO-66
was involved in char formation and the tunnel effect during the early and middle stages of
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pyrolysis to provide the flame-retardant effect. In addition, the flame-retardant coating did
not affect the mechanical properties of PC/ABS as in the case of physical filling, and the
brushing was easy to repeat.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/polym16020275/s1, Figure S1: TGA (a) and DTG (b)
curves of UiO-66@PA@MWCNT, UiO-66 and MWCNT-COOH; Figure S2: SEM images of (a) UiO-
66; (b) MWCNT-COOH; (c) UiO-66@PA@MWCNT, and elemental distribution (d1-d4) of UiO-
66@PA@MWCNT; Table S1: TGA data of samples for WAUPM, WAUM, WAU and WA; Table S2:
Results of flame retardant coated PC/ABS for LOI and vertical burning test; Table S3: Results of
flame retardant coated PC/ABS for Cone Calorimetry Test.

Author Contributions: Methodology, W.B. and H.Z. (Haitao Zhuo); Software, Y.Z.; Formal analysis,
S.C.; Investigation, S.C., W.B. and H.Z. (Haitao Zhuo); Data curation, Y.Z., W.B. and H.Z. (Haiqiang
Zhong); Writing—original draft, Y.Z.; Writing—review & editing, H.Z. (Haitao Zhuo); Supervision,
S.C.; Project administration, H.Z. (Haitao Zhuo) and H.Z. (Haiqiang Zhong); Funding acquisition,
H.Z. (Haigiang Zhong). All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Guangdong Basic and Applied Basic Research Foundation
(Grant No. 2022A1515011985), Shenzhen Science and Innovation Commission (20231120143631001),
the Key Project of Department of Education of Guangdong Province (Grant No. 2020ZDZX2040), and
the Heyuan Science and Technology Innovation Strategy (Grant No. 221028141607508).

Institutional Review Board Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Acknowledgments: This research was supported by the Guangdong Basic and Applied Basic
Research Foundation (Grant No. 2022A1515011985), Shenzhen Science and Innovation Commis-
sion (20231120143631001), the Key Project of Department of Education of Guangdong Province
(Grant No. 2020ZDZX2040), the Heyuan Science and Technology Innovation Strategy (Grant No.
221028141607508), and the Shenzhen University Cross-research program (no. 2023YG028).

Conlflicts of Interest: Author Haigiang Zhong was employed by the company Varitronix (Heyuan)
Display Technology Limited. The remaining authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a potential conflict

of interest.

References

1. Araby,S; Philips, B.; Meng, Q.S.; Ma, J.; Laoui, T.; Wang, C.H. Recent advances in carbon-based nanomaterials for flame retardant
polymers and composites. Compos. Part B Eng. 2021, 212, 29. [CrossRef]

2. Morgan, A.B. The Future of Flame Retardant Polymers—Unmet Needs and Likely New Approaches. Polym. Rev. 2019, 59, 25-54.
[CrossRef]

3.  Chiang, W.Y,; Hu, H.C.H. Phosphate-containing flame-retardant polymers with good compatibility to polypropylene. II. Effect of
the flame-retardant polymers on polypropylene. J. Appl. Polym. Sci. 2001, 82, 2399-2403. [CrossRef]

4. Hirschler, M.M. Flame retardants and heat release: Review of data on individual polymers. Fire Mater. 2015, 39, 232-258.
[CrossRef]

5. Huang, G.B,; Huo, S.Q.; Xu, X.D.; Chen, W.; Jin, Y.X,; Li, RR,; Song, P.A.; Wang, H. Realizing simultaneous improvements in
mechanical strength, flame retardancy and smoke suppression of ABS nanocomposites from multifunctional graphene. Compos.
Part B Eng. 2019, 177, 10. [CrossRef]

6. Kim, C; Lee, J.; Yoon, H.; Suhr, J. High Flame Retardancy and High-strength of Polymer Composites with Synergistically
Reinforced MOSw and EG. Compos. Res. 2022, 35, 359-364. [CrossRef]

7. Zhao, S.K.; Chen, X.Y,; Zhou, Y.; Zhao, B.; Hu, Q.; Chen, S.T.; Pan, K. Molecular design of reactive flame retardant for preparing
biobased flame retardant polyamide 56. Polym. Degrad. Stab. 2023, 207, 12. [CrossRef]

8. Feng, Y.Z.; Hu, J.; Xue, Y.; He, C.G.; Zhou, X.P; Xie, X.L.; Ye, Y.S.; Mai, Y.W. Simultaneous improvement in the flame resistance
and thermal conductivity of epoxy/Al203 composites by incorporating polymeric flame retardant-functionalized graphene.
J. Mater. Chem. A 2017, 5, 13544-13556. [CrossRef]

9.  Geoffroy, L.; Samyn, F; Jimenez, M.; Bourbigot, S. Intumescent Polymer Metal Laminates for Fire Protection. Polymers 2018,
10, 995. [CrossRef] [PubMed]

10. Wu, J.N,; Chen, L.; Fu, T.; Zhao, H.B.; Guo, D.M.; Wang, X.L.; Wang, Y.Z. New application for aromatic Schiff base: High efficient

flame-retardant and anti-dripping action for polyesters. Chem. Eng. J. 2018, 336, 622—632. [CrossRef]


https://www.mdpi.com/article/10.3390/polym16020275/s1
https://doi.org/10.1016/j.compositesb.2021.108675
https://doi.org/10.1080/15583724.2018.1454948
https://doi.org/10.1002/app.2090
https://doi.org/10.1002/fam.2242
https://doi.org/10.1016/j.compositesb.2019.107377
https://doi.org/10.7234/composres.2022.35.5.359
https://doi.org/10.1016/j.polymdegradstab.2022.110212
https://doi.org/10.1039/C7TA02934A
https://doi.org/10.3390/polym10090995
https://www.ncbi.nlm.nih.gov/pubmed/30960919
https://doi.org/10.1016/j.cej.2017.12.047

Polymers 2024, 16, 275 15 of 15

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Lu, HD,; Song, L.; Hu, Y.A. A review on flame retardant technology in China. Part II: Flame retardant polymeric nanocomposites
and coatings. Polym. Adv. Technol. 2011, 22, 379-394. [CrossRef]

Andrzejewski, J.; Mohanty, A.K.; Misra, M. Development of hybrid composites reinforced with biocarbon/carbon fiber system.
The comparative study for PC, ABS and PC/ABS based materials. Compos. Part B Eng. 2020, 200, 13. [CrossRef]

Liu, Y.C; Xu, W.Z,; Chen, R.; Cheng, C.M.; Hu, Y.Z. Effect of different zeolitic imidazolate frameworks nanoparticle-modified
beta-FeOOH rods on flame retardancy and smoke suppression of epoxy resin. J. Appl. Polym. Sci. 2021, 138, 16. [CrossRef]

Pan, Y.T.; Zhang, Z.D.; Yang, R.J. The rise of MOFs and their derivatives for flame retardant polymeric materials: A critical review.
Compos. Part B Eng. 2020, 199, 15. [CrossRef]

Nabipour, H.; Wang, X.; Song, L.; Hu, Y. Metal-organic frameworks for flame retardant polymers application: A critical review.
Compos. Part A Appl. Sci. Manuf. 2020, 139, 10. [CrossRef]

Huang, R.; Guo, X.Y,; Ma, S.Y.; Xie, ] X.; Xu, ].Z.; Ma, ]. Novel Phosphorus-Nitrogen-Containing Ionic Liquid Modified Metal-
Organic Framework as an Effective Flame Retardant for Epoxy Resin. Polymers 2020, 12, 108. [CrossRef]

Gu, L.Q; Qiu, C.; Qiu, J.H,; Yao, Y.W.; Sakai, E.; Yang, L.T. Preparation and Characterization of DOPO-Functionalized MWCNT
and Its High Flame-Retardant Performance in Epoxy Nanocomposites. Polymers 2020, 12, 613. [CrossRef]

Im, ].S.; Lee, SK,; In, SJ.; Lee, Y.S. Improved flame retardant properties of epoxy resin by fluorinated MMT/MWCNT additives.
J. Anal. Appl. Pyrolysis 2010, 89, 225-232. [CrossRef]

Yu, T; Jiang, N.; Li, Y. Functionalized multi-walled carbon nanotube for improving the flame retardancy of ramie/poly(lactic
acid) composite. Compos. Sci. Technol. 2014, 104, 26-33. [CrossRef]

GB/T2408-2008; Plastics—Determination of Burning Characteristics—Horizontal and Vertical Test. National Standardization
Technical Committee Plastic: Beijing, China, 2008.

GB/T2406.2-2009; Plastics—Determination of Burning Behaviour by Oxygen Index—Part 2: Ambient—Temperature Test. National
Standardization Technical Committee Plastic: Beijing, China, 2009.

ASTM D7309; Standard Test Method for Determining Flammability Characteristics of Plastics and Other Solid Materials Using
Microscale Combustion Calorimetry. ASTM International: West Conshohocken, PA, USA, 2019.

Ma, J.; Guo, X.Y,; Ying, Y.P; Liu, D.H.; Zhong, C.L. Composite ultrafiltration membrane tailored by MOF@GO with highly
improved water purification performance. Chem. Eng. ]. 2017, 313, 890-898. [CrossRef]

Howell, B.A. Thermal Degradation of Organophosphorus Flame Retardants. Polymers 2022, 14, 4929. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/pat.1891
https://doi.org/10.1016/j.compositesb.2020.108319
https://doi.org/10.1002/app.49637
https://doi.org/10.1016/j.compositesb.2020.108265
https://doi.org/10.1016/j.compositesa.2020.106113
https://doi.org/10.3390/polym12010108
https://doi.org/10.3390/polym12030613
https://doi.org/10.1016/j.jaap.2010.08.003
https://doi.org/10.1016/j.compscitech.2014.08.021
https://doi.org/10.1016/j.cej.2016.10.127
https://doi.org/10.3390/polym14224929

	Introduction 
	Experiments 
	Materials 
	Synthesis of UiO-66 
	Synthesis of MWCNT@UiO-66 
	Synthesis of PA@MWCNT@UiO-66 
	Preparation of Aqueous Flame-Retardant Coatings 
	Preparation of Flame Resistant PC/ABS 
	Characterizations 

	Results and Discussion 
	Structural Analysis of Flame-Retardant UiO-66@PA@MWCNT 
	Structure Analysis of Flame Resistant PC/ABS Coating 
	Performances of Flame Retardant 
	Mode of Action of Flame Retardant 

	Conclusions 
	References

