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Abstract: In order to comprehensively improve the strength, toughness, flame retardancy,
smoke suppression, and thermal stability of polypropylene (PP), layered double hydroxide
(LDH) Nip,MgrsAl-LDH was synthesized by a coprecipitation method coupled with the
microwave-hydrothermal treatment. The X-ray diffraction (XRD), morphology, mechanical, thermal,
and fire properties for PP composites containing 1 wt %-20 wt % Nip ;Mgy g AI-LDH were investigated.
The cone calorimeter tests confirm that the peak heat release rate (pk—-HRR) of PP-20%LDH was
decreased to 500 kW /m? from the 1057 kW /m? of PP, The pk-HRR, average mass loss rate (AMLR)
and effective heat of combustion (EHC) analysis indicates that the condensed phase fire retardant
mechanism of Nip,Mg» s Al-LDH in the composites. The production rate and mean release yield of
CO for composites gradually decrease as Nip,Mgp g Al-LDH increases in the PP matrix. Thermal
analysis indicates that the decomposition temperature for PP-5%LDH and PP-10%LDH is 34 °C
higher than that of the pure PP. The mechanical tests reveal that the tensile strength of PP-1%LDH is
7.9 MPa higher than that of the pure PP. Furthermore, the elongation at break of PP-10%LDH is 361%
higher than PP. In this work, the synthetic LDH Nij Mg, s Al-LDH can be used as a flame retardant,
smoke suppressant, thermal stabilizer, reinforcing, and toughening agent of PP products.

Keywords: polypropylene; layered double hydroxide; mechanical property; thermal stability;
flame retardancy; composite

1. Introduction

Polypropylene (PP) is extensively used in many fields, including floor coverings, automobiles,
building materials, electronics and electric materials, various home textiles, wall-coverings, and so
on [1-6]. However, relatively poor thermal stability and fire resistance of PP limit the conditions and
range of its practical application [7,8]. In particular, the damage to human life becomes serious because
PP always produces CO during combustion [9-12]. To reduce flammability and release of CO, the
addition of flame retardants is an effective way [13-17]. Moreover, it is well known, to improve the
strength and poor toughness of PP, the reinforcing and toughening agents are necessary additives [18].
Therefore, the addition of a small amount of flame retardant not only can increase the flame retardancy,
smoke suppression, and thermal stability, but also can enhance the mechanical property of PP polymer,
which is a desired goal in this work.

In the past few decades, many researchers have been focusing on exploiting environmentally-
friendly halogen-free fire retardants for PP materials. Inorganic fillers, such as magnesium hydroxide
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(MTH) and aluminum hydroxide (ATH), have been widely applied in flame-retardant polymeric
materials [19]. These fillers could decrease the temperature of the burning materials by endothermic
dehydration reaction and release water vapor into the gas phase to dilute the flame. However, the high
loading of inorganic fillers (=60 mass%) is usually required to obtain a satisfactory flame retardancy
of PP composites, which leads to the reduction in the processing characteristics and deteriorated
mechanical properties of the materials [20,21].

The layered double hydroxides (LDH) materials as a result of their high aspect ratio, can
improve mechanical properties of samples to a considerable level [22]. The LDH, also known
as brucite-like layered materials, are a large class of anionic clays with a general formula of
M2+ M3 (OH) X [A™ |, /n-mH,0, where M?* and M3* are divalent and trivalent metal cations,
x = M3* /(M?*+M3*) molar ratio and A" is an n-valent interlayer anion [23-25]. During combustion,
when LDH loses the adsorbed water and interlayer water, combustible products are then diluted and
cooled within the flame zone. Meanwhile, the generated char residue and mixed metal oxide can
protect the bulk polymer from air exposure and suppress the release of smoke [26-29]. Therefore, LDH
has attracted considerable attention as a flame retardant and thermal stabilizer [30-38]. In particular,
Wang et al. confirmed that MgAl LDH and CoAl LDH can efficiently improve the flame retardancy of
PP [39,40]. In addition, the Ni-based LDH’ catalysts are highly active and cost-effective in the partial
oxidation and steam reforming of methane to produce Hj [41,42]. Furthermore, in our previous report,
Ni-containing MgAl-LDH showed obviously higher flame retardant efficiency in comparison with
MgAIl-LDH in the ethylene vinyl acetate (EVA) matrix [32,35]. However, the flame retardancy and
smoke suppression of the Ni-containing MgAl LDH in the PP matrix have not been reported. Thus, by
considering the advantages of Ni ions in catalysts and flame retardant in EVA, the Ni-containing MgAl
LDH can also be expected to improve the comprehensive performance of PP/LDH composites.

Since NiMgAI-LDH containing 0.2 mole Ni cations has never been reported, therefore,
a PP composite with 1 wt %20 wt % NigoMgogAl-LDH was prepared in the present work.
X-ray diffraction (XRD) and morphology of Nig,MgsgAl-LDH and PP/LDH composite were
characterized. Furthermore, the composite PP/LDH with comprehensive performance including
enhanced flame retardancy, smoke suppression, thermal stability, and mechanical properties were
obtained in this work.

2. Materials and Methods

2.1. Materials

All chemicals used in the preparation are analytical grade without further purification.
Nickel nitrate (99%), aluminum nitrate (99%), magnesium nitrate (99%), sodium carbonate (99%),
and sodium hydroxide (99%) were purchased from Tianjin Kemiou Fine Chemical Reagent Co.
(Tianjin, China). PP (H360F, South Korea’s SK Corporation, Tianjin, China) is a homopolymer with a
density of 0.9 g/cm?® and melt flow index of 12 g/10 min. Deionized water was made by a Milli-Q
pure water apparatus (Shandong Laisuo Technology Co., Jinan, China) in our Lab.

2.2. Synthesis of Nig Mgy gAl-LDH (Layered Double Hydroxide)

The NippMgrsAl-LDH was prepared by co—precipitation of 1 M Ni(NOj3);-6H,0,
1 M Mg(NOs3);-6H,0 and 1 M AI(NO3)3-9H,O (where [Ni2+]:[Mg2+]:[Al3+] = 0.2:2.8:1) with vigorous
stirring at 70 °C. The solution was adjusted to a constant pH 8.5 by drop-wise addition of
NaOH-Na;CO3 mixed solution (0.6 M NaOH and 0.45 M Na,CO3). After the titration, a heavy
suspension gel was obtained and transferred to the beaker (I L). Then, the beaker with suspension gel
was put in a microwave oven (XH-300A, the maximum power of 1000 W and a frequency of 2.45 GHz,
Beijing Xianghu science and Technology Development Co., Beijing, China) and crystallized at 70 °C
for 30 min. The obtained precipitate was washed by the deionized water to pH 7, and then filtered.
The synthesized sample was dried under air atmosphere at 70 °C.
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2.3. Preparation of Polypropylene (PP)/LDH Composites

The PP/LDH composites were prepared via the melt blending method at 175 °C in a RM-200A
torque rheometer (Harbin University of Science and Technology, Harbin, China) for 6 min with
a rotor speed of 80 rpm. In order to obtain the optimum performance of composites, several
formulations with the additive amount of Nip2Mgj g Al-LDH from small to large rations (1 wt %,
3wt %, 5wt %, 7wt %, 10 wt %, and 20 wt % mass fraction of LDH content) were systematically
investigated. The composites are named PP-1%LDH, PP-3%LDH, PP-5%LDH, PP-7%LDH,
PP-10%LDH, and PP-20%LDH, respectively.

2.4. Measurements

X-ray diffraction (XRD) was characterized using a D/MAX 2200 diffractometer (Rigaku, Tokyo,
Japan) with A = 1.5406 A. Data were collected at the rate of 4° /min and step 0.02° with Cu K irradiation
operated at 40 kV and 45 mA. Scanning electron microscope (SEM) (FEI, Eindhoven, The Netherlands)
observations were carried out on a FEI-Sirion with a field emission of 20 kV. The X-ray energy
dispersive spectroscopy (EDS) of LDH was obtained by SEM equipped with the energy-dispersive
X-ray spectroscopy (EDAX) Genesis (EDAX Inc., Mahwah, NJ, USA) through a spectrum imaging
technique. The specimens were examined in a HITACHI 1H-7650 transmission electron microscope
(TEM) (Hitachi, Tokyo, Japan) operated at the accelerating voltage of 100 kV. Thermal analysis was
carried out with a thermogravimetric (TG) analyzer (TGA pyris 1 from Perkin Elmer, Perkin Elmer Co.,
Walther M, Boston, MA, USA) using a constant heating rate of 10 °C/min under the pure nitrogen
atmosphere from 50 to 800 °C. The weight of the samples was kept within 3-4 mg. All cone calorimeter
tests were carried out in a cone calorimeter (FTT0007, Hongkong Universal Technology Co., Hong Kong,
China) at an incident heat flux of 50 kW/m? according to the ISO 5660-1 standard. The polymer
sample (100 x 100 x 5 mm?) is placed horizontally on a balance holder. The elongation at break and
tensile strength of all samples was performed by a RGD-20A material test machine (produced by
Shenzhen Regear Instrument Cooperation, Shenzhen, China), according to the national standard
GB/T 16421-1996.

3. Results and Discussion

3.1. X-ray Diffraction (XRD), Element, and Morphology Analysis of LDH

Figure 1 shows XRD pattern of Nig,Mgp g AI-LDH. The Nig Mgy g AI-LDH exhibit (0 0 3), (0 0 6),
(012),(015),(018),(110), and (1 1 3) characteristic diffraction peaks of the LDH structure, which
can be indexed in a hexagonal lattice with an R3m rhombohedral space group symmetry [43,44].
These reflection positions are in good agreement with those of the reported LDHs [43,45]. Figure 2
illustrates the EDS analysis and TG curve of Nip Mgy g AI-LDH. From the TG curve, it can be seen that
the Nig Mgy s AI-LDH mainly underwent two stages decomposition. The first stage corresponds to
the loss of physical absorbed water and interlayer water in the range of 50 to 200 °C [46]. The second
stage in the range of 200 to 800 °C is associated with the dehydroxylation of the metal hydroxide
layers and the degradation of carbonates [47]. The TG analysis showed the mass loss percentages
of H,O molecules for Nig,Mg, sAlI-LDH. The composition of other elements was obtained using
the Leco CHINS-932 elemental analyzer (Leco Co., Saint Joseph, MO, USA) and atomic absorption
apparatus (AAS) (Purkinje General Instrument Co., Beijing, China). The chemical formula of the
NiO.zMgz‘gAl—LDH is NiO.16Mg2‘55A1(OH)7.42(CO3)0.50~H201~53. This chemical formula is in gOOd
agreement with the EDS elemental analysis results. Both AAS test and EDS analysis proved the
existence of Ni ions in Nip,Mgs s AI-LDH.
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Figure 1. X-ray Diffraction (XRD) pattern of Nig,Mgy g Al-LDH.
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Figure 2. X-ray energy dispersive spectroscopy (EDS) and thermogravimetric (TG) curve of
Nio_zMgZ.gAl—LDH.

Figure 3 shows the SEM image of Nig,Mg, sAl-LDH. It can be seen that the morphology of
Nip,Mgy s Al-LDH is petal-like sheet particles with many cavities. Furthermore, in order to obtain
more fine morphology and particle size, the TEM image of Niy>Mg, s Al-LDH is shown in Figure 4.
As seen from the TEM image, Nig,Mgy s AI-LDH has a flake nanoparticles morphology.

———s00nm

S XL TIF

Figure 3. Scanning electron microscope (SEM) image (40,000 x ) of Nip Mg, s AI-LDH.
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Figure 4. Transmission electron microscope (TEM) image (100,000x) of Nig,Mgp g Al-LDH.

3.2. XRD and Morphology Analysis of Composites

Figure 5a,b shows the XRD patterns of the pure PP and composite PP-20%LDH with 20%
Nip Mgy g Al-LDH, respectively. The XRD pattern of PP-20%LDH shows the characteristic reflections
of Nip,Mgy gAl-LDH and PP. The XRD analysis confirmed that the Nip,Mg, g Al-LDH is dispersed
in the PP matrix. Furthermore, the (003) diffraction peak of Nip,Mg g Al-LDH retains its original
position in the PP-20%LDH. This result indicates that the intercalation structures of Nip,Mg, g Al-LDH
do not exist in the PP-20%LDH.

(006)

Intensity (a.u.)

10 20 30 40 50 60 70
2 Theta (°)

Figure 5. XRD patterns of the pure polypropylene (PP) and PP-20%LDH; (a) pure PP; and
(b) PP-20%LDH. The asterisk represents the diffraction peak of PP.

It is well known that good dispersion of LDH in the polymer matrix can effectively improve
the thermal and mechanical performances of the composites [48]. In order to observe the dispersion
of the Nip,Mg, g Al-LDH platelets in the PP matrix, the TEM images at 150,000 times magnification
for composite PP-5%LDH and PP-20%LDH were shown in Figure 6a,b, respectively. It can be seen
from Figure 6a that a small amount of the intact nano-sized flake Nip,Mg, g Al-LDH particles are
presented in the PP matrix. Therefore, the XRD pattern of PP-20%LDH shows the characteristic
reflections of Nip,Mgy sAl-LDH. At the same time, a large number of small parts with lateral size
of 10-40 nm appear in the PP-5%LDH, which are caused by the break of Niy,Mg, s Al-LDH layers.
For PP-20%LDH, the many exfoliated Nip Mg, g Al-LDH layers are dispersed disorderly in the PP
matrix. The above morphologies observed by TEM can be confirmed that Niy Mgy s Al-LDH showed
the homogeneous distribution in the PP matrix. Furthermore, the PP-5%LDH and PP-20%LDH
composites with the nano-sized filler are the mixed intact flake and exfoliated structures [49].
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Figure 6. TEM images of composites (150,000 x); (a) PP-5%LDH; (b) PP-20%LDH.

3.3. Combustion Behavior of Composites

The cone calorimetry method is used to predict the burning behavior of materials in real fire
scenarios. All cone calorimeter tests were carried out in a cone calorimeter at an incident heat flux of
50 kW /m? according to the ISO 5660-1 standard. Better understanding of the underlying phenomena
governing fire initiation and growth has led to the development of HRR test methods. HRR is
considered to be a key indicator of fire performance and is the rate at which a material produces
energy while burning [50,51]. Simultaneously, the peak value of HRR (pk-HRR) is used to express the
intensity of a fire. Figure 7a,b illustrates the heat release rate (HRR) and the production rate of CO,
(CO,P) curves of the pure PP and the composites. The pk-HRR of the pure PP is 1057 kW/m?, and the
pk-HRR values of PP-5%LDH, PP-10%LDH and PP-20%LDH were obviously decreased to 878, 705,
and 500 kW /m?, respectively. Liu et al. reported that when 50 mass% ATH is added to the PP matrix,
the pk-HRR of PP/ATH composite is 539.8 kW/m? [52]. Compared with the reported PP/ ATH with
50 mass% ATH, the PP-20%LDH shows better flame retardancy. Furthermore, the pk—-HRR time of
PP-5%LDH, PP-10%LDH and PP-20%LDH are 295, 340 and 315 s, respectively, which are longer than
245 s of PP. The pk-HRR time of PP/LDH composites were extended, which is more beneficial to
people’s evacuation and rescue of firefighters. At the same time, a crucial phenomenon was observed.
The peak production rate of CO, (pk—-CO,P) time are as accurate same as the pk-HRR time for PP and
its composites. This important finding confirmed that the production rates of CO, essentially mirror
the HRR data. It is consistent with the report of Jiao et al. [53].

Figure 8a—c shows the photographs of residues for composites PP-5%LDH, PP-10%LDH,
and PP-20%LDH after cone calorimeter testing, respectively. For PP-5%LDH and PP-10%LDH,
the cracked residues can be observed, and the gray substance is mainly the magnesium, aluminum,
and nickel mixed oxide, and compounds (NiAl,O4) produced from the thermal decomposition
of Nip,MgpgAl-LDH [54]. In comparison with PP-5%LDH and PP-10%LDH, the residues of
PP-20%LDH is more intact. It is well known that the continuous and compact residues layers can slow
the heat and mass transfer between gas and condensed phases and also protect the underlying materials
from further burning. Therefore, the pk—-HRR of PP-20%LDH is lower than those of PP-5%LDH and
PP-10%LDH. The effective heat of combustion (EHC) is an important parameter to understand how
the flame retardant acts. The EHC values of the pure PP, PP-5%LDH, PP-10%LDH, and PP-20%LDH
are 34.28, 35.98, 35.36, and 34.34 M]/kg, respectively. At the same time, the average mass loss rate
(AMLR) values of the pure PP, PP-5%LDH, PP-10%LDH and PP-20%LDH are 0.116, 0.100, 0.0928,
and 0.0848 g/s, respectively. It can be seen that pk—-HRR and AMLR show the gradual decrease with
increasing loading of Nip Mg, s Al-LDH in the PP matrix. Furthermore, the EHC values of different
composites show small changes in comparison with the pure PP. The above pk-HRR, AMLR, and
EHC analyses confirmed that the condensed phase fire retardant action of Nip,Mg, s Al-LDH in the
composites, there is nothing significant in the gas phase [55].
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Figure 7. Cone calorimetric results of PP and its composites. (a) Heat release rate (HRR) curves;
and (b) production rate of CO, (CO,P) curves.

Figure 8. Photographs of residues for composites PP-5%LDH, PP-10%LDH and PP-20%LDH after
cone calorimeter testing; (a) PP-5%LDH; (b) PP-10%LDH; and (c) PP-20%LDH.

In addition, it is well known that most deaths result from the toxic gases CO in the case of fire
for PP products [9-12]. The production rate of CO (COP) curves are shown in Figure 9. The peak
values of COP (pk—COP) for the pure PP, PP-5%LDH, PP-10%LDH, and PP-20%LDH are 0.011, 0.0084,
0.0076, and 0.0043 g /s, respectively. Furthermore, MCOY is the mean release yield of CO of burning
materials. The MCQY values of PP, PP-5%LDH, PP-10%LDH, and PP-20%LDH are 0.035, 0.035, 0.034,
and 0.029 kg/kg, respectively. The pk—COP and MCOY of composites show obvious decreases with
the increase of Nip Mgy g AI-LDH in composites. The above cone—calorimetry data show important
improvement including both the HRR and the CO suppression of composites in comparison with PP.
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Figure 9. Production rate of CO (COP) curves of PP and its composites.

3.4. Thermal Analysis of Composites

Figure 10a,b shows the TG and differential thermogravimetry (DTG) curves of the pure PP
and its composites, respectively. From the TG curves, it can be seen that the residues mass of



Appl. Sci. 2017, 7,55 8 0f 12

PP-5%LDH, PP-10%LDH, and PP-20%LDH are gradually increased to 3.57%, 6.02% and 10.42%
with the increase of Nip,Mg» s AI-LDH in composites, respectively. The decomposition temperature
of PP is at 456 °C in the DTG curves. However, the decomposition temperature of PP-5%LDH
and PP-10%LDH reach to 490 °C, which is 34 °C higher than the pure PP. The reason is that the
Nip,Mg» s Al-LDH released H,O and CO, effectively delay the scission of propylene-based chains.
On the contrary, the decomposition temperature of PP-20%LDH is 477 °C, which is decreased
compared with PP-5%LDH and PP-10%LDH. The reason is that when the Nig,Mg» s AI-LDH loading
increases to 20 wt %, a lot of metal and metal oxide in turn accelerated the catalytic degradation of PP
on heating [56,57].
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Figure 10. Thermogravimetric analysis (TG) and differential thermogravimetry (DTG) curves of PP
and its composites; (a) TG curves; and (b) DTG curves. Deriv.: differential of TG curves.

3.5. Mechanical Properties of PP and Its Composites

Figure 11a,b shows the tensile strength and the elongation at break of the pure PP and composites.
All data points regarding both the tensile strength and the elongation at break are the mean values
of 10 test data. Further, the 10 test data are within the error of the measurements. As can be seen
from Figure 11a, the tensile strength values of the pure PP, PP-1%LDH, PP-3%LDH, PP-5%LDH,
PP-7%LDH, PP-10%LDH, and PP-20%LDH are 12.6, 20.5, 144, 15.8, 12.2, 10.6, and 9.7 MPa,
respectively. This result indicates that the tensile strength values of PP-1%LDH, PP-3%LDH, and
PP-5%LDH are much higher than that of the pure PP, especially PP-1%LDH. As shown in Figure 11b,
the elongation at break values of PP-1%LDH, PP-3%LDH, PP-5%LDH, PP-7%LDH, and PP-10%LDH
are 761%, 837%, 909%, 922%, and 1015%, respectively. The above elongations at break values are
gradually improved with the increase of Nig,Mg» s AI-LDH in composites. Furthermore, these values
are much higher than 654% of the pure PP. In particular, PP-10%LDH is 361% higher than PP. The tensile
strength and the elongation at break indicate that Nip,Mgy g AlI-LDH can be used as reinforcing and
toughening agents of PP.

It is noteworthy that when Nip Mg, s AlI-LDH loading reaches 20% in composite, the elongation
at break value of PP-20%LDH is decreased to 575%. Simultaneously, the tensile strength values of
composites show gradual reduction when Nip Mg, s Al-LDH loading is more than 7% in composites.
These mechanical test results indicate that the interfacial adhesion between Nip,Mg» s Al-LDH and
the PP matrix is better when a small amount of Niy,MgpgAl-LDH was added into composites.
Nip,Mg» s Al-LDH particles and the PP matrix together moved to deformation under the action of
external tensile stress. Thus the strength and ductility of the composites were improved because of
the increase of the effective interface between Nip Mg, s AlI-LDH and the PP matrix. However, when
Nip,Mgy sAl-LDH exceed a certain amount, the excessive and agglomerate rigidity particles of
Nig,Mgp g Al-LDH in turn led to a decrease of the tensile strength and ductility of the composites.
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Figure 11. Tensile strength and the elongation at break of the pure PP and composites; (a) tensile
strength; and (b) elongation at break.

4. Conclusions

XRD and TEM of composites confirm that Nig,MgygAl-LDH was dispersed in the PP
matrix. Both the HRR and the CO suppression of composites show important improvements in
comparison with that of the PP. The decomposition temperature of PP-5%LDH and PP-10%LDH
is 34 °C higher than the pure PP. The tensile strength values of PP-1%LDH, PP-3%LDH and
PP-5%LDH are much higher than that of the pure PP. Simultaneously, the elongations at break of
the composites with 1 wt %-10 wt % Nig,Mgp g AI-LDH are higher than that of the PP. This synthetic
LDH Nip Mg, s Al-LDH can be used as good flame retardant, smoke suppressant, thermal stabilizer,
reinforcing and toughening agent of PP products. Furthermore, because the synthesis process of the
non-toxic and inexpensive LDH is simple, it is feasible to produce them in large quantity and brings
favorable economic benefits.
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