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Over the last few years, transition metal based LDHs are drawing more and more attention. This is
especially true for tri-metal LDHs due to their wide range of applications. This research work highlights
four types of tri-metal layered double hydroxide (t-LDH) that were synthesized and used in poly-
propylene (PP) nanocomposites. The effect and interaction of cobalt (Co), nickel (Ni), copper (Cu) and
zinc (Zn) containing MgAl LDHs in PP nanocomposite were prepared and tested. These t-LDHs (MgCoAl,
MgNiAl, MgCuAl, MgZnAl) were synthesized using the urea hydrolysis method. The t-LDH/PP nano-
composites were prepared using melt mixing in a small-scale compounder. Structural and morphological
analysis of t-LDH and their PP nanocomposites were done using XRD spectroscopy and SEM. The thermal
behaviour of the nanocomposites was studied using DSC and TGA. Rheological analysis was done using a
rheometer, flammability was analysed using limiting oxygen index (LOI) and UL94 testing. Mechanical
properties were compared by a UTM and Charpy impact test. The thermal stability, flame retardancy and
mechanical strength are increased with the addition of these t-LDHs. MgCuAl/PP nanocomposites
showed superior thermal and mechanical properties as compared to MgAl/PP, MgCoAl/PP, MgNiAl/PP,
MgZnAl/PP nanocomposites. In comparison to pure PP with the addition of only 5 wt.% of MgCuAl-LDH
the degradation temperature was 43 �C higher.
© 2023 Kingfa Scientific and Technological Co. Ltd. Publishing services by Elsevier B.V. on behalf of KeAi

Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Layered double hydroxides (LDHs) are interesting materials for
various applications because of their multifunctional nature,
tunable properties and tunable structure. LDHs are known as
anionic clays with the formula of [M1- x

2þ Mx3þ(OH)2]xþ.[(An�)x/
n.yH2O]x where M2þ, M3þ and An� are divalent metal cations,
trivalent metal cations and interlayer anions respectively [1e3].
Allmann and Taylor first discussed the structure and properties of
LDHs [4,5]. LDHs are useful and being used from many years as a
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multifunctional material, because of possible changes in structure
either in layers or in combinations of cations, easy synthesis
methods with multiple sources and procedures [3]. There are
various possibilities of changes in the structure such as in metallic
cations, compositions, combinations of metals or replacement in
the interlayer anions [6,7]. Combinations of different cations are
also interesting possibilities in the change of LDH structure such as
bi-metallic combinations, tri-metallic or multi-metallic combina-
tions of LDHs. The application and use of these LDHsmainly depend
on themetals involved in the structure and themethod used for the
synthesis of these LDHs [8e14]. There are different techniques
available to synthesise such LDHs with a variety of metallic
composition such as urea hydrolysis and co-precipitation, hydro-
thermal synthesis and ion exchange methods. The most commonly
studied layered double hydroxides are bi-metallic combinations of
LDHs [2,6,7,15]. LDHs were used in a range of applications in
sevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article
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different sectors such as in the pharmaceutical industry [16], in
biomedical applications [17e20], in wastewater treatments [21], as
UVeVis absorption materials [11,22e24], in a photovoltaic cell and
solar cells [24], in supercapacitors [25], in sensors [26], as acid
scavengers [27], as antioxidants [28], as a catalyst [29,30], as flame
retardant for polymers [31e35] and as stabilizers for polymers
[36,37]. LDHs can be used in different aspects such as coolant and
producing diluent for flammable gas [38], as a flame retardant
supporting resistance to ignition in polymers [39] or LDHs can
provide an alternate way of combustion by a slower rate of flame
spread and can reduce the quantity of smoke [16,39]. Jiang et al.
(2016) used organically modified ZnAl LDHs with zirconium 2-(2-
(2-aminoethylamino)ethylamino)ethylphosphonate (ZrP) in PP to
enhance flame retardancy of PP [40]. Qiu et al. (2018) studied the
thermal and flame-retardant properties of PP nanocomposites with
organically modified MgAl LDHs. The best flame retardant perfor-
mance was achieved in case of PP/stearic LDH(24h) with 20 wt.%
loading of LDHs [41].

Bi-metallic combinations of LDHs were studied more commonly
and MgAl is one of the most widely studied combinations of bi-
metallic LDHs [42e46]. There are various possibilities to create
multifunctionality in MgAl LDH structure and the most common is
the organic modification of MgAl LDHs. Such organic modifications
can increase the miscibility of LDHwith polymers. The other option
to create multifunctionality is to introduce a third metal in the
MgAl structure. These third metal substitutions are less commonly
studied and very few studies are available on their interaction with
polymers. Mostly organicmodifiedMgAl LDHwas used in polymers
previously and synthesized using the co-precipitation method.
There are some studies available such as Zhu et al. (2010) synthe-
sized MgCuAl-LDH with various anion intercalations and thermal
stability of MgCuAl/PVC was observed. The thermal stability of PVC
was enhanced with the addition of MgCuAl LDH in PVC [47,48].
Wang et al. (2015) synthesized combinations of Mg, Al and Zn LDH
via the co-precipitation method and organically modified them
with SDBS. The tensile strength of these LDHs/polypropylene (PP)
composites was slightly lower than PP [49]. Nagendra et al. (2017)
synthesized ZneAl, CoeAl, and CoZnAl LDH via the co-precipitation
method and used it in PP, and studied the effect on PP [50]. Gomez
et al. (2019) synthesized MgZnAl via co-precipitation with inter-
calation of nitrate and p-aminobenzoate. They used these LDH in
polyethylene (PE) and it can be observed that these modified
MgZnAl LDH can be a possible filler to avoid PE from UV degrada-
tion [51]. These previously studied tri-metal LDHs were synthe-
sized using the co-precipitation method and most of them were
organically modified to use in polymers to improve mixing and
processing. Naseem et al. (2021) synthesized MgFeAl LDH via urea
hydrolysis and used it in polypropylene (PP). A decrease in me-
chanical properties and increased catalytic degradation were
observed in MgFeAl/PP nanocomposites [52]. Method of synthesis
(urea hydrolysis, co-precipitation) also affects structural growth
and eventually the properties of such transitionmetal LDHs [53,54].

In most of the previous research work on LDHs/PP composites,
researchers used bi-metallic LDHs either unmodified or organically
modified to analyse the properties of PP composites [55e59]. There
is a wide range of transition metals available which can be
substituted in MgAl LDHs and then can be used in polymers to
analyse and compare the properties. In this researchwork, transition
metals (Co, Ni, Cu, Zn) substituted MgAl-LDHs (t-LDHs) were used to
prepare PP nanocomposites. The t-LDHs were synthesized using the
urea hydrolysis method and nanocomposites of t-LDH/PP were
prepared using the melt mixing method. All the LDHs and their PP
nanocomposites were characterized and analysed in detail using
XRD, SEM, flammability analysis, thermal, rheological and mechan-
ical analysis. The focus of this research work is to investigate and
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compare the effect of these t-LDHs (MgCoAl, MgNiAl, MgCuAl,
MgZnAl) on various properties of PP nanocomposites.

2. Materials and methods

Mg(NO3)2$6H2O, Al(NO3)3$9H2O, Co(NO3)2$6H2O, Ni(NO3)2$
6H2O, Cu(NO3)2$3H2O, Zn(NO3)2$6H2O were purchased from ABCR.
Urea (CO(NH2)2) was bought from Sigma Aldrich. Chemically pure
(CP) or analytical grade (AR) reactants were used for all experi-
ments without further treatment. Distilled water was used for the
preparation of salt solutions and all the processes. Polypropylene
(PP) (HD120MO) was bought from Borealis A/S Denmark. PP
functionalized with maleic anhydride (MA) (SCONA TPPP 2112 FA),
obtained from BYK additives & instrument Germany.

2.1. Synthesis of tri-metal layered double hydroxides (t-LDHs):
MgAl, MgCoAl, MgNiAl, MgCuAl and MgZnAl LDHs

MgAl, MgCoAl, MgNiAl, MgCuAl and MgZnAl-LDH were syn-
thesized via urea hydrolysis as explained in the literature [6,15]. A
molar ratio of 2:1 (MIIþ:MIIIþ) was used for the synthesis of these t-
LDHs. The transition metals (M¼ Co, Ni, Cu, Zn) were substituted as
follows: M/(Mg þ M) ¼ 0.1 for Co, Ni, Cu and Zn (all on a molar
basis). Co(NO3)2$6H2O, Ni(NO3)2$6H2O, Cu(NO3)2$3H2O,
Zn(NO3)2$6H2O, Mg(NO3)2$6H2O and Al(NO3)2$9H2O salts were
dissolved in distilled water in the desired amount. A round bottom
flask was used for salt solutions and the temperature was given
100 �C for 48 h. At the finish of the reaction, the slurries were
cooled down to room temperature for all types of t-LDHs and then
these slurries were filtered and washed with distilled water. The
filtered t-LDHs were dried in the heating oven for 24 h at 70 �C. The
schematic illustrations for the synthesis of MgAl, MgCoAl, MgNiAl,
MgCuAl, and MgZnAl-LDHs (t-LDHs) using urea hydrolysis are
shown in Fig. 1.

2.2. Preparation of t-LDH/PP nanocomposites

All these t-LDH/PP nanocomposites were prepared in a small-
scale compounder (Thermo Scientific-Germany, Process 11) with
5 wt.% of MgAl, MgCoAl, MgNiAl, MgCuAl, and MgZnAl LDHs as
described in Fig. 2 and Table 1. The temperature used for preparing
these LDH/PP nanocomposites was 190 �C and the screw rotation
speed was set to 100 rpm. Samples for mechanical properties
(tensile strength, impact strength) and flammability testing (LOI,
UL94) were synthesized via injection molding process using a Dr.
Boy 22 A HV (Dr. Boy Machine Incorporation, Germany). The details
of LDH/PP samples and their respective ratios of t-LDH used in PP
are shown in Table 1.

2.3. Characterization methods

X-ray diffraction measurements were performed on a Pan-
alytical X'Pert PRO X-ray diffractometer in qeq configuration,
equipped with a Fe filtered Co-Ka radiation (1.789 Å) and with an
X'Celerator detector and variable divergence and fixed receiving
slits. The datawas collected in the angular range 5� � 2q� 80� with
a step size of 0.008� 2q and a 13 s scan step time. Scanning electron
microscopy (SEM) images of t-LDHs were taken with a Zeiss Ultra
Plus. TGAmeasurement was performedwith a heating rate of 10 �C/
min using a TGA Q5000 from TA instruments in an inert nitrogen
atmosphere and air atmosphere. The temperature range of
25 �Ce800 �C was used for TGA analysis. Differential scanning
calorimeter (DSC) analysis was done using DSC Q2000 from TA
instruments. Three cycles of heating-cooling-heating with a heat-
ing/cooling rate of 10 �C/min and a sample size of about 5 mg were



Fig. 1. Schematic representation of the synthesis of transition metal-based (t-LDHs), (MgAl, MgCoAl, MgNiAl, MgCuAl, MgZnAl) synthesized using urea hydrolysis.

Fig. 2. Schematic representation of transition metal-based t-LDH/PP nanocomposites using a small-scale compounder. Different colours of t-LDH/PP nanocomposites such as 1 (PP),
2 (MgAl/PP), 3 (MgCoAl/PP), 4 (MgNiAl/PP), 5 (MgCuAl) and 6 (MgZnAl/PP) depending on the colour of t-LDHs shown.

Table 1
Sample details of transition metal-based t-LDHs/PP nanocomposites. Each t-LDHs
have a different colour depending on the substitution of transition metals and these
colours can be observed in t-LDH/PP samples also.
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used. The thermograms of the second heating cycle were analysed
for the study of the melting behavior of the samples. The flam-
mability analysis was done using limiting oxygen index (LOI)
measurements on an oxygen index meter (FTT, UK) (ASTM D2863-
19). The burning rate was determined via UL94 V and UL94 HB
testing using the method described previously [60]. UL94 HB
(horizontal burning) is used to determine the burning in mm/min
of the testing material. Rheological analysis of t-LDH/PP nano-
composites was done in oscillatory shear using a strain-controlled
rheometer (ARES, Rheometrics Scientific, USA). The analysis was
done over a frequency range of 0.1e100 rad/s at 180 �C and 5%
strain. Tensile properties of t-LDH/PP nanocomposites were ana-
lysed according to DIN EN ISO 527-2/1BA/50 with a Zwick 1456
(model 1456, Z010, Ulm Germany) (length: 82 mm, width: 10 mm,
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thickness: 2 mm) with a crosshead speed of 50 mm min�1. The
Charpy impact strength of t-LDH/PP nanocomposites was
measured using the standard ISO 179/1eU by PSW 15J. The results
of t-LDH/PP nanocomposites were averaged over five measure-
ments for each sample for the tensile, Charpy impact and flam-
mability testing. All the t-LDHs/PP nanocomposites prepared for
flammability and mechanical testing were injection molded under
identical conditions at 180 �C. Scanning electron microscopy (SEM)
images of fractured specimens of t-LDH/PP nanocomposites were
taken with a Zeiss Ultra Plus.
3. Results and discussion

3.1. XRD and SEM analysis of transition metal (t-LDH)

X-ray diffraction (XRD) spectroscopy and scanning electron
microscopy (SEM) was used to analyse the structure and
morphology of synthesized t-LDHs. The XRD graphs of t-LDH
(MgAl, MgCoAl, MgNiAl, MgCuAl and MgZnAl) are shown in
Fig. 3(aee) respectively with their SEM images. The peaks of XRD
patterns of MgAl and transition metal substituted (Co, Ni, Cu, Zn)
MgAl LDHs are narrow and sharp which represents that there are
no contaminations in these synthesized t-LDHs. High-intensity
peeks at (003), (006), (009) and (110) are observed in the XRD
pattern, indicating a well-ordered structure of t-LDHs [31,61e63].
Higher substitution of transition metal in MgAl-LDH could increase
the amorphous phase in the t-LDHs and can decrease the growth of
layered structure in LDHs which ultimately can reduce the



Fig. 3. X-ray diffraction (XRD) and SEM images of (a) MgAl (b) MgCoAl (c) MgNiAl (d) MgCuAl (e) MgZnAl t-LDH. These t-LDHs show the characteristic structure and morphology of
LDHs synthesized via the urea hydrolysis.

S. Naseem, S. Wießner, I. Kühnert et al. Advanced Industrial and Engineering Polymer Research 6 (2023) 203e213
crystallinity of LDHs structures [53,64]. MgAl, MgCoAl, MgNiAl,
MgCuAl, and MgZnAl showed hexagonal platelets structure which
is the characteristic of synthesized LDHs which are synthesized
using urea hydrolysis. The platelets are relatively larger and thin
206
except in the case of MgNiAl. Synthesis of t-LDHs via the urea hy-
drolysis method usually gives the large and well-ordered structure
of t-LDHs. The larger platelet size of such LDHs is the result of the
hydrolysis of the urea used during the reaction process [15]. The



Table 2
Colour parameters (L*, a*, b*) and opacity values of pure PP and t-LDHs/PP nano-
composites measured by spectrophotometer with samples images.
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morphologies of these t-LDH are also different from each other as
can be seen in SEM images because of the substitution of transition
metals (Co, Ni, Cu and Zn). This change in morphology and layered
structure can also affect the thermal and mechanical properties of
t-LDHs/PP nanocomposites as different transition metals can have
different interactions and dispersion in PP during melt processing.

3.2. Colour parameters (L*, a*, b*) and opacity measurements of t-
LDHs/PP nanocomposites

The opacity values and colour parameters (L*, a*, b*) were
analysed and measured using a spectrophotometer and the values
are written in Table 2, which shows that compounded pure PP has
some scattering due to the semi-crystalline nature of PP. The colour
of PP was almost transparent and the colour of MgAl/PP nano-
composites is turbid because of the MgAl-LDH colour. The colours
of each t-LDHs/PP nanocomposite are different from each other
because of the different colours of transition metals based LDHs.
Fig. 4. Colour parameters measured using spectrophotometer showing colour range and opa
and lowest L value.
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The different colour pictures of t-LDH/PP nanocomposites are also
shown in Table 2 which are depending on the colour of t-LDHs. The
colour of MgCoAl/PP, MgNiAl/PP, MgCuAl/PP and MgZnAl/PP
nanocomposites are light red-brown, light green, light blue and
white colour respectively because of the colour of t-LDH as shown
in Table 2. The values of “L” parameters show the trend of
PP > MgAl > MgZnl > MgNiAl > MgCoAl > MgCuAl composites as
can be observed in Table 2 and Fig. 4. This is showing that the
impact of colour can also be observed in t-LDHs/PP nano-
composites. The value of “L” parameter is lowest and opacity is
highest in the case of MgCuAl/PP nanocomposites which is 27.37
and 94.21 respectively. and the lowest value of opacity is in the case
of PP which is 22.53.

The opacity of t-LDH-based PP nanocomposites is higher as
compared to pure PP. The addition of MgAl, MgZnAl, and MgCoAl
was lighter in colour as observed from spectrophotometer values.
The addition of MgCuAl showed a darker colour and the darkest
colour was due to the addition ofMgCuAl in PP. The addition of each
t-LDH to PP gives different values of L*a*b and opacity as shown in
Table 2 and Fig. 4. The opacity value increased as the dispersion of t-
LDH particles increased because of the scattering phenomena of t-
LDH [52]. MgCuAl/PP showed the highest (94.2) opacity values and
pure PP showed the lowest (22.5) and this can be related to the
higher dispersion of MgCuAl LDH in PP. Better dispersion ofMgCuAl
can also be related to thermal and mechanical properties in com-
parison to other t-LDH/PP nanocomposites.

3.3. Limiting oxygen index (LOI), UL94 and burning testing of t-
LDHs/PP nanocomposites

Table 3 shows the values of the limiting oxygen index (LOI) for t-
LDH/PP nanocomposites. The values of LOI provide initial informa-
tion on flame retardancy for polymer nanocomposites [52]. PP
nanocomposites based on t-LDH show different values of LOI
because of the different natures of t-LDH/PP nanocomposites. LOI
city of t-LDHs/PP nanocomposites and pure PP, MgCuAl/PP showing the highest opacity



Table 3
Limiting Oxygen Index (LOI) of various transition metal based t-LDHs/PP nano-
composites.

Table 4
The burning rate of different transition metal based t-LDHs/PP nanocomposites.
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value for pure PP is 20 and with the addition of MgAl, MgCuAl,
MgNiAl, MgCoAl, and MgZnAl-LDH the values are 20.8, 21.2, 21.4,
22.2, 23.2 respectively.With the addition of t-LDHs in PP the burning
behavior of PP changed as compared to pure PP. Pure PP burns like a
candle and burns continuously with continuous melt drips until the
whole sample was consumed. The burning of t-LDH/PP nano-
composites was different as these samples showed three regions on
the burning surface such as skin layers consisting of char and then
melting layers supported by a solid surface. As the loading level of all
t-LDH was only 5 wt.% in all the cases so the formation of char was
not higher. Previously researchers used up to 20wt.% ofMgAl-LDH in
polyethylene (PE) and increase in LOI was from 18 to 22while in case
of 2.5, and 5 wt.% there was no increase in LOI [43]. The substitution
of transitionmetal inMgAl LDH provides an increase in LOI values of
t-LDH/PP nanocomposites and this can be interlinked with the
change in the structure of t-LDH due to substitution of transition
metals leading to a change in LOI values of PP nanocomposites.

The images of burned t-LDHs/PP nanocomposites are shown in
Fig. 5. The values of the burning rate of each t-LDHs/PP nano-
composites are shown in Table 4. UL94 test was done with vertical
(UL94V) and horizontal (UL94 HB) burning tests. No rating of these
tests was observed in these burning analyses. But still, the useful
information and basic difference in these t-LDH/PP were observed
and shown in Table 4 in terms of burning rate.

The burning rate decreased accordingly (MgAl > MgCoAl >
MgNiAl>MgCuAl >MgZnAl) as shown in Table 4. Substitution of 3rd
transitionmetal changes the structure asdiscussedpreviouslyandalso
shows the decrease in the burning rate at this low loading level
(5 wt.%). Previously studied MgAl/PE composites and clay/PP nano-
composites also showed no UL94 ratings at these low loading levels
[43,65].

3.4. Thermogravimetric analysis (TGA) of t-LDHs/PP
nanocomposites

The influence of the transition metal based t-LDHs on the
thermal behavior of PP nanocomposites was studied using TGA. The
decomposition in nitrogen and in air for t-LDH/PP nanocomposites
Fig. 5. Images of the samples after flammability analysis
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was done and the results are shown in Fig. 6(aec) and Fig. 1S. The
substitution of these transition metals (Co, Ni, Cu, Zn) in MgAl LDH
structure results in a difference in the thermal behavior of PP
nanocomposites as can be observed in Fig. 6 (a, b). The TGA curves
for the t-LDHs/PP nanocomposites are very similar to that of the
pure PP with a difference in decomposition rate. The addition of
MgCuAl-LDH in PP shows the largest increase in thermal stability of
PP nanocomposites as can be seen in Fig. 6(aec) and Table 5. As the
t-LDHs were added to PP nanocomposites the thermal stability
enhances depending on the type and nature of t-LDHs.

The maximum weight loss temperature (Tmax) of different PP
nanocomposite systems is shown in Table 5. The peaks shift to-
wards higher temperatures with the addition of t-LDH in PP as can
be seen in Fig. 6. Unexpectedly, the system containing no transition
metal shows the earliest degradation maximum, and the system
containing Cu has the largest shift. The maximum weight loss
temperature for pure PP is 300 �C. Maximum weight loss temper-
atures for MgAl, MgCoAl, MgNiAl, MgCuAl and MgZnAl are 325,
318, 326, 343 and 330 �C respectively. It can be observed that
MgCuAl provides an increase of 43 �C in maximum weight loss
temperature. Further, MgCuAl also showed better dispersion as
compared to all other t-LDHs and this better mixing could also be
the reason for the higher thermal stability of PP nanocomposites.
The substitution of transition metals in MgAl LDH can change the
thermal stability of t-LDHs and eventually the thermal stability of
PP nanocomposites, and here copper (Cu) is giving the highest in-
crease as can be observed in Fig. 6(aec) and Table 5. To better
understand the thermal stability, 50% weight loss temperature is
also shown in Table 5 which is also highest in the case of MgCuAl
LDH as compared to other LDHs. It can be easily said from TGA
analysis that MgCuAl/PP nanocomposites show better thermal
stability as compared to all other t-LDH/PP nanocomposites and
this can be interlinked with colour parameters values in which
MgCuAl/PP showed the highest opacity values.

3.5. Differential scanning calorimetry (DSC) analysis of t-LDHs/PP
nanocomposites

Fig. 7 (a, b) are showing the DSC analysis of t-LDHs/PP nano-
composites. The addition of the t-LDHs (MgAl, MgCoAl, MgNiAl,
of transition metal based t-LDHs/PP nanocomposites.



Fig. 6. Thermogravimetric analysis (TGA) of transition metal based t-LDHs/PP nanocomposites in nitrogen environment (a) TGA (b) Derivative TGA (c) influence of t-LDHs on
decomposition temperature at 50% weight loss (T0.5) indicating Copper (Cu) substituted MgAl showing the highest thermal stability for PP nanocomposites as compared to other t-
LDHs.
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MgCuAl, MgZnAl) in PP resulted in higher melt crystallization peak
temperature as compared to pure PP. This higher melt crystalliza-
tion peak temperature indicates a higher nucleation activity which
is interlinked with higher dispersion in PP [52]. The structures of
transition metal based LDHs are different from each other as
observed in this study, resulting in different crystallization tem-
peratures of PP nanocomposites. The substitution of transition
metals (Co, Ni, Cu, Zn) into MgAl-LDH changed the structure of
these t-LDH such as d(003), c parameters, and crystallite sizes [6,7].
The change in the charge structures of these t-LDHs due to the
substitution of transition metals could lead to a change in the
nucleation and crystallization of PP nanocomposites. The estimated
crystallite size of MgCuAl was higher than MgCoAl, MgNiAl,
MgZnAl [6]. The better match of structural parameters between
Table 5
Temperature at which maximum weight loss occurred (Tmax) and temperature at
which 50% weight loss occurred (T0.5) in t-LDHs/PP nanocomposite under a nitrogen
environment.
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MgCuAl-LDHs and PP could lead to higher nucleation/crystalliza-
tion in MgCuAl/PP nanocomposites [66]. It was also observed pre-
viously that the addition of LDH and MMTcould lead to an increase
in crystallization temperature [66]. The small increase in interlayer
spacing could already increase the crystallization temperature (Tc)
as shown previously in the case of MgFeAl-LDH/PP nanocomposites
[52]. Nagendra et al. (2015) studied the effect of the particle size of
LDH on the crystallization of PP. They observed better nucleation
ability of PP in the presence of sonicated LDHs. This can be inter-
linked with the higher surface area and high dispersion of LDH in
PP [67]. Shi et al. (2010) studied the crystallinity and thermal sta-
bility of LDH based PP composites. They studied the effect of
organic modification using sodium dodecyl sulfate onMgAl LDH. As
the LDH added the crystallinity of PP increased and this is more
prominent in the case of organo-modified LDHs. An increase in
crystallinity eventually causes an increase in thermal stability and
flame retardancy [68].
3.6. Rheological analysis of t-LDHs/PP nanocomposites

The rheological analysis provides basic information about melt
processability and particle dispersion of t-LDH in polypropylene
(PP) [69]. The rheological properties of t-LDHs/PP nanocomposites
depend on the dispersion and interaction of t-LDH in PP. Fig. 8(a, b)
shows the complex viscosity and tan delta values of MgAl/PP,
MgCoAl/PP, MgNiAl/PP, MgCuAl/PP, MgZnAl/PP nanocomposites
and pure PP. The viscosity of PP decreased as the t-LDHs were



Fig. 7. DSC thermograms of transition metal based t-LDHs/PP nanocomposites (a) heating curve (b) cooling curve.

Fig. 8. Rheological analysis of different transition metal based t-LDHs/PP nanocomposites performed at 180 �C.

Table 6
Mechanical properties of transitionmetal based t-LDHs/PP nanocomposites, Young's
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added to PP because of chain relaxations. The addition of fillers can
cause a decrease in complex viscosity and this is because of an
increase in free volume and dilution effect [69].

The decrease in complex viscosity is highest in the case of
MgCoAl/PP nanocomposites. The addition of the transition metal as
a third metal in MgAl-LDH showed a direct impact on the rheo-
logical properties of t-LDHs/PP nanocomposites and these results
can be interlinked with previously discussed results. The degra-
dation reaction could occur during melt processing and the addi-
tion of compatibilizers could also cause a decrease in the complex
viscosity of different t-LDHs/PP nanocomposites. Wang et al.
observed similar results when they studied polypropylene (PP)/
Mg3Aletartrazine LDH- nanocomposites and observed a decrease
in viscosity [69]. Wang et al. conferred that when the average
particle separation distance is lesser than twice the polymer radius
of gyration Rg then the nanofiller will interrupt polymer chain
configurations and cause a reduction in the viscosity [69].
modulus, tensile strength and impact strength.
3.7. Mechanical properties and morphological analysis of t-LDHs/
PP nanocomposites

Table 6 is showing the mechanical properties (modulus, tensile
strength and impact strength) of MgAl/PP, MgCoAl/PP, MgNiAl/PP,
MgCuAl/PP and MgZnAl/PP nanocomposites. The tensile strength
and impact strength are higher in the case of pure PP as compared to
t-LDH/PP nanocomposites. The melt processing and compatibilizer
210
caused degradation as discussed in the rheological section and this
can also affect the tensile strength [66]. Nanocomposites of t-LDH/PP
have lower values as compared to pure PP because of the degrada-
tion during melt processing and due to the compatibilizer effect.
When comparing t-LDH/PP nanocomposites the Youngs modulus
and tensile strength are highest in the case of MgCuAl/PP nano-
composites. It can be seen in Table 6 that the addition of MgCuAl in
PP is showing the highest modulus (1783 MPa) and tensile strength
(35 MPa) as compared to MgAl/PP, MgCoAl/PP, MgNiAl/PP, MgZnAl/
PP.

Higher dispersion during the mixing of MgCuAl in PP as
compared to other t-LDH provides higher modulus and tensile
strength. The dispersion of MgCuAl in PP as compared to other t-



Fig. 9. SEM images of fractured samples of pure polypropylene (PP) and transition metal based t-LDH-PP nanocomposites (a) PP (b) MgAl/PP (c) MgCoAl/PP (d) MgNiAl/PP (e)
MgCuAl/PP (f) MgZnAl/PP nanocomposites.

S. Naseem, S. Wießner, I. Kühnert et al. Advanced Industrial and Engineering Polymer Research 6 (2023) 203e213
LDHs can also be observed in SEM images of fractured samples
(Fig. 9). The mixing and intercalation of each transitionmetal based
LDHs in PP is shown as a schematic in Fig. 10 and this scheme is
designed on the bases of SEM images of fractured samples and
Fig. 10. Schematic representation of transition metal-based t-LDH/PP nanocomposites. The h
to other t-LDH which can be correlated to SEM images, higher thermal and mechanical pro

211
previously discussed thermal, colour analysis, rheological and
mechanical testing results.

It can be observed that MgCuAl shows no agglomerates in
PP nanocomposites and the best dispersion as compared to other
ighest dispersion was obtained in the case of MgCuAl/PP nanocomposites as compared
perties of MgCuAl/PP nanocomposites.



S. Naseem, S. Wießner, I. Kühnert et al. Advanced Industrial and Engineering Polymer Research 6 (2023) 203e213
t-LDH/PP nanocomposites. MgCoAl and MgNiAl LDH showed large
agglomeration in PP nanocomposites and the lowest dispersion.
MgAl-LDH and MgZnAl-LDH also show some agglomeration in PP
nanocomposites and resulting in low mechanical properties. These
mechanical properties analysis can be interlinked with previous
analyses of colour parameters, flammability and thermal analysis
results and it can be said that MgCuAl LDH can provide good
dispersion in PP and eventually could get better thermal and me-
chanical properties. In the case of MgNiAl/PP and MgCoAl/PP
nanocomposites, large agglomerates of LDH particles can be
observed in Fig. 9 which lead to poor dispersion and eventually lead
to the lowest tensile strength as compared to other t-LDH/PP
nanocomposites [70,71]. Tensile strength and Young's modulus
show the trend of (MgCuAl/PP >MgZnAl/PP, MgCoAl >MgNiAl/PP).

4. Conclusion

The effect and interaction of transition metal-based t-LDH/PP
nanocomposites were analysed and compared. The substitution of
transition metals (Co, Ni, Cu, Zn) in MgAl-LDH changed the layered
structure, surface area, particle size and morphology of these t-
LDHs. Due to the presence of different types of transition metals
(Co, Ni, Cu, Zn) in MgAl-LDH, the colour parameters, flammability,
thermal behavior, rheological properties, mechanical properties
and interaction were different in each t-LDH/PP nanocomposites.
From colour parameters, it can be observed that MgCuAl/PP
nanocomposites showed the highest opacity values. DSC analysis of
t-LDH/PP showed a nucleation effect due to the presence of tran-
sition metals, TGA comparison showed that MgCuAl/PP nano-
composites showed the highest thermal stability as compared to
other t-LDH/PP nanocomposites. The intercalation and miscibility
of MgCuAl in PP were also the highest as observed from SEM
analysis of fractured samples. The degradation temperature was
43 �C higher as compared to pure PP with the addition of only
5 wt.% of MgCuAl-LDH. From the comparison of mechanical, ther-
mal, flammability, colour, rheological andmorphological analysis of
t-LDH/PP nanocomposites it can be said that MgCuAl/PP showed
higher miscibility, thermal and mechanical properties as compared
to other t-LDHs/PP nanocomposites. A higher amount of t-LDH or
organic modification can be done and analysed to compare the
effect of these LDH on PP or in other polymers.
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