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A hemp-reinforced polypropylene (PP) composite with excellent flame retarding and mechanical properties
was prepared with the melt blending method. Hemp fiber (F) was first simply in situ modified with an
inorganic salt solution, which was prepared by mixing 4.32% sodium hydrate (NaOH) and 6% calcium
chloride (CaCly) at room temperature for 0.5 h. The modified hemp (F1) was proved to be modified by
(SEM)
measurements. The thermal stability, mechanical, and flame retarding properties of the composites were

the calcium salt through Fourier-transform infrared and scanning electron microscopy
studied by thermogravimetric analysis, mechanical tests, and limiting oxygen index (LOI) measurements,
respectively. The LOI of the composites with 50% of F1 and 15% poly(phosphoric acid amine) reached
25.5%, which was much higher than that of PP (18.5%). The tensile strength of the composite with 50%
of F1 was 38% higher than that of PP (24 MPa). The composite interface between the F1 and PP matrix
was investigated by SEM, and was shown to be significantly improved. This showed that in situ inorganic
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Introduction

Biocomposites reinforced with natural fibers have been an
attractive research subject worldwide. Fibers, such as jute, ramie,
sisal, flax and hemp can be obtained from natural resources."*
Natural-fiber-based biocomposites present several advantages,
such as good mechanical properties, biodegradability, low cost,
low density, low energy consumption, and environmental
friendliness,*” and they have been widely applied in many fields,
such as automotive, marine, building, transportation, and so
on."®* However, natural fibers are very flammable and hydro-
philic, which also results in flammability and worse interfacial
properties of their reinforced biocomposites, and restricts their
application. Therefore, modifications of natural fibers are
necessary to improve their fire resistance and hydropho-
bicity."*'* As a type of widely applied natural fiber, hemp also
presents hydrophilicity and poor fire resistance.

Flammability is one of the important properties of natural
fiber/polymer composites.'* The flame-retardant properties of
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flame retarding and mechanical properties of the biocomposite.

composites can be improved by adding a flame retardant into
the composites.”” Reports were found on the application of
intumescent ammonium polyphosphate (APP) on kenaf natural
fiber/polypropylene (PP) composite.”** Inorganic hydroxides,
such as Mg(OH), and Al(OH);, could also be applied as flame
retardant for composites.’* Mg(OH), was applied to improve the
flammability of the sisal/PP composite.® It was also directly
incorporated into sawdust/PP composites. Consequently, the
burning rate of the composite with 25% Mg(OH), decreased by
34.7% compared with that of pure PP."* However, the
mechanical properties of the composites decreased when the
flame retardants were added.

On the other hand, the hydrophilic surface of the natural
fiber results in its bad interfacial property with the hydrophobic
matrix, such as polyolefin. The bad interface leads to the
decreased mechanical properties of the composites.'®'” Chem-
ical modification and coupling agents are effective methods to
transform natural fiber from hydrophilic into hydrophobic.”**
Moreover, alkali treatment is always applied first to remove the
impurities, lignin, and hemicellulose on the fiber surface,
which exposes more hydroxyl groups for further modification.
Also, alkali could react with the hydroxyl group, and thereafter
negative oxygen ion can be produced.’ Among the coupling
agents, maleic-grafted polypropylene (MAPP) is very efficient in
improving the interfacial property of natural fiber-reinforced
composites with approximately 2% added in the system.*

So far, few reports exist about another cheap alkaline-earth
metal hydroxide, calcium hydroxide (Ca(OH),), which could

This journal is © The Royal Society of Chemistry 2017
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also function as a flame retardant. When Ca(OH), is heated, it is
decomposed into calcium oxide (CaO) and water. The water and
CaO can help to stop the flame during firing.** This reaction and
mechanism are similar to those related to Mg(OH), and
Al(OH);.»>** As the inorganic fire retardant material, Mg(OH),
and Al(OH); are relatively not cheap because usually at least
25% of them are necessary to be applied for the satisfied fire
retardant effect for the composites. In addition, the composite
mechanical properties are always affected obviously after their
insertion.

Given that the direct insertion of flame retardant into
composites usually decreases the composite mechanical prop-
erties, in this work, the hemp was modified with the freshly
prepared Ca(OH), emulsion. The preparation method of
Ca(OH), emulsion was to mix the molar-equivalent alkali
(NaOH) and calcium chloride (CaCl,) solution. The modified
hemp and its composites were characterized, and the syner-
gistic effect of the inorganic modification with the coupling
agent MAPP and the flame retardant APP was also examined.
The study afforded a new promising modification method on
hemp to improve both flame retarding and mechanical prop-
erties of the biocomposites.

Experimental
Materials

Hemp was received from Youma Company of Shandong Prov-
ince, China. NaOH (98%), CaCl, (98%) was obtained from
Tianjin Zhiyuan Chemical Reagent Co., Ltd. Polypropylene
(PP1274) was received from Yang Rong Plastic raw material Co.,
Ltd of Guangdong Province, China. MAPP 7452 was received
from Clariant, Germany. APP was received from Shandong
Shian chemical Co., Ltd.

Hemp was cut into 3 mm of length. The obtained short fibers
were washed with distilled water, and then were dried at room
temperature for 8 h, and further oven dried at 120 °C for
another 3 h. The fully dried fibers were stored in sealed plastic
bag.

In situ inorganic treatment of hemp fiber

Mixing 4.32% NaOH (2.16 g, 0.054 mol) solution of 50 ml with
6% CacCl, (3 g, 0.027 mol) solution of 50 ml, respectively, to get
a 2% Ca(OH), (2 g, 0.027 mol) emulsion of 100 ml, in the light
that 2 mol NaOH reacts with 1 mol CacCl, to get 1 mol Ca(OH),.
The short hemp fiber of 10 g were immersed and soaked into
100 ml of such emulsion at room temperature as soon as
possible, and then kept for 0.5 h with stirring. Thereafter, the
treated fiber was washed with distilled water twice to remove the
attached Ca(OH),, and dried at room temperature for 8 h, and
further oven dried at 120 °C for 3 h to remove all the moisture in
the fiber.

Preparation of thermal degraded hemp residue

The thermal degradation residue of the untreated and treated
hemp fibers was prepared with a CQ-GS 10A pipe furnace from
Luoyang Chunqing Furnace Industry Co., Ltd (Luoyang, China).
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The samples of F and F1 were initially heated from 50 °C to
300 °C or 500 °C with a heating rate of 10 °C min~" and kept at
300 °C or 500 °C for 1 h. N, was flowed during the measurement.
The thermal degradation residue of the untreated and treated
hemp fibers treated at 300 °C were denoted as 300F and 300F1,
respectively, and 500F and 500F1, respectively, for the materials
treated at 500 °C. The chemical structure, surface morphology
and crystallization were analyzed with FTIR, SEM and XRD
measurement.

Preparation of hemp/PP composites

The hemp fiber, PP, APP and MAPP were oven dried at 80 °C for
12 h. They were mixed together in a plastic bag, and the bag was
sealed tightly. The materials were then compounded using
HAAKE mixer (PolyLab OS RheoDrive 7) with a speed of 60 rpm
at 185 °C for 10 min. The formulation of the composites was
listed in Table 1. The panel of composites was prepared by hot
press at 185 °C for 3 min. The specimens for the mechanical test
were taken from the panel.

Characterization

FTIR characterization. FTIR characterization of the
untreated and treated fibers was performed with a Nicolet
AVATAR-360 (USA) FTIR spectrometer by compressing samples
on the stage in Attenuated Total Reflectance (ATR) trans-
mittance mode in the wavenumber range of 4000-650 cm .
The frequency was 32 and the scan number was 256.

Fire resistance measurement. The oxygen index of the hemp
fiber was measured according to the standard GB/T 5454-1997.
LOI of the composites was obtained based on the standard
ASTM D2863. The size of the specimens used for the flame
retardant test was 100 mm X 6.5 mm x 3 mm. A Qingdao
ShanFang M606B oxygen index apparatus was applied for the
measurement. UL-94 vertical burning level was tested on a CZF-
2 instrument (Jiangning, China) according to ASTM D 3801. The
dimension of samples was 130 mm x 13 mm X 3.2 mm.

Table 1 Formulation of the composites®

Samples PP (g) F1 (g) F (2) MAPP (g) APP (g)
PP 100 — — — —
PPF-20 78 — 20 2 —
PPF1-20 78 20 — 2 —
PPF1-20-15R 63 20 — 2 15
PPF-30 68 — 30 2 —
PPF1-30 68 30 — 2 —
PPF1-30-10R 58 30 — 2 10
PPF1-30-15R 53 30 — 2 15
PPF1-30-20R 48 30 — 2 20
PPF-50 48 — 50 2 —
PPF1-50 48 50 — 2 —
PPF1-50-10R 38 50 — 2 10
PPF1-50-15R 33 50 — 2 15
PPF1-50-20R 28 50 — 2 20

“ And at least five notched specimens were tested to obtain the average
values.
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Mechanical properties. The tensile strength and modulus of
the PP and composites were measured according to ASTM D638
standard with a 3365 Instron universal tensile testing machine.
Specimens were prepared according to the same standard.
Crosshead speed was set as 1 mm min . At least five specimens
were tested to obtain the average values.

According to the GB 1451-83 standard, the impact testing
was carried out with a XJU-22 test machine from Chengde
material testing machine manufacturing plant, china. Speci-
mens were prepared according to the same standard.

Interface morphology characterization. Scanning electron
microscopy (JSM5600) was used to determine the morphology
of F and F1, their thermal degradation residue, and the frac-
tured surface of PP composites after broken in the liquid
nitrogen. The specimens were coated with gold, which rendered
them conductive to be scanned under the electron beam.

Thermal stability. Perkins-Elmer TGA thermal gravimetric
analyzer was applied to characterize the thermal property of PP
and hemp/PP composites with a heating rate of 20 °C min ™"
from 25 °C to 600 °C. N, was flowed during the measurement.

Crystallization behaviour. Crystallization properties of the
PP and composites were analyzed applying DSC1 Star System
from Mettler Toledo Instruments, Swiss. The samples were
initially heated from 25 to 210 °C with a heating rate of 20 °C
min~’, then cooled down to 25 °C with a cooling rate of 10 °C
min~", finally reheated to 210 °C with a heating rate of 10 °C
min~". N, was flowed during the whole measurement.

The degree of crystallizations was determined as follows:

X, = (AH/(w x AHY)) x 100%

where AH,, is the experimental melting enthalpy (J ¢”') and
AH?, is the melting enthalpy of a pure crystalline matrix, PP (209
J g ). w is the mass fraction of PP in the composite.

The crystallization behavior of PP, PP composites, and the
thermal degradation residue 500F and 500F1 was measured
with X-ray diffractometer D8 ADVANCE from BRUKER company
(Germany). The samples were scanned in the angle range from

5° to 60°. The scanning speed was 2° min~ .

Results and discussion
Modification effect on hemp

Fourier-transform infrared characterization. Fig. 1 shows
Fourier-transform infrared (FTIR) spectra of hemp fiber (F) and
the treated fiber (F1). And Fig. 1(b) is the magnification figure of
800-2000 cm ™" region in the FTIR spectra to show more clearly
the absorption peaks in this region. The peak at 1425 cm™ " was
ascribed to the symmetric CH, bending vibration attributed to
the crystalline cellulose. The peak at 1725 cm ™" was the char-
acteristic C=0 peak stretching of carbonyl related to hemi-
cellulose and lignin. While the peak at 1235 cm™ " was the
characteristic peak of C-O stretching of the aryl group in
lignin.*® These peaks indicated that lignin and hemicelluloses
existed in the untreated fiber specimens.

On the FTIR spectra of F1, the reduction of the peak at 1725
and 1235 cm™ " was observed and was attributed to the partial
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Fig. 1 FTIR spectra of the untreated hemp fiber F and treated hemp
fiber F1, the thermal degradation residue 300F, 300F1, 500F and 500F1
(a); the enlarged spectra range of 750-2500 cm™* (b).

removal of lignin and hemicelluloses after modification. The
removal of hemicellulose and lignin by alkali treatment caused
the fibrils to rearrange themselves in a more compact manner
and resulted in closer fiber packing, and thus the crystallinity of
the fibers was also increased. This treatment thus could
improve the fiber strength properties. In addition, the charac-
teristic peak of the hydroxyl group improved after modification,
as shown in Fig. 1. This improvement was due to the more
hydroxyl groups exposed on the fiber surface after modifica-
tion.’** Our treatment effect was similar with that of NaOH
treatment from the FTIR result, which proved that an extra
NaOH existed in the system, or the fresh Ca(OH), could also
have the similar treatment effect on hemp as NaOH. Further-
more, the peak at 1411 cm™' on the spectra of treated hemp
fiber increased, and the small peak at 873 cm ™' appeared for
the FTIR spectra of F1. This proved the formation of calcium
carbonate during treatment.**>*

When sodium hydroxide and calcium chloride were mixed
together, calcium hydroxide (Ca(OH),) was immediately
produced. The amount of NaOH and CaCl, added to the weight
equivalent in the system was designed to induce a reaction.

The obtained Ca(OH), could be slightly dissolved in the
water. The hydroxyl group can react with NaOH, and a negative
oxygen ion (-O7) could be produced on the fiber surface. The
free OH™ from the dissolved Ca(OH), transferred into NaOH

This journal is © The Royal Society of Chemistry 2017
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with Na’, and the produced NaOH reacted with the hydroxyl
group on the hemp fiber into -O"Na'. However, the dissolved
Ca(OH), may react with the hydroxyl group on the fiber and the
O~ was also produced.'®* Thus, calcium alkoxide was formed
and grafted on the fiber surface. To obtain the potential
balance, -0~ Ca*'-OH was formed. Thus, -O"Na' and -0~ Ca*'-
OH were produced on the fiber surface. The reaction scheme is
shown in Scheme 1. During this process, the produced Ca(OH),
was continuously consumed, and the dynamic equilibrium
caused it to continue dissolving. The undissolved Ca(OH), was
deposited on the fiber surface through hydrogen bond between
the hydroxyl group and oxygen. Further, it could react with the
CO, in the air into calcium carbonate.

Morphology observation. Fig. 2 shows the morphology
photographs of F and F1, as obtained via scanning electron
microscopy (SEM). Thick layers of cuticle (composed of lignin
and hemicellulose) on the hemp surface were observed, as
shown in Fig. 2(a). Fig. 2(b) shows that the fiber surface was
coated with a layer of wax-like materials, and solid particles
were inconsistently dispersed on the surface. These granules
should be the Ca(OH), and CaCO; produced after modification,
which could not be fully washed off by the cleaning process.

Flammability of hemp fiber. Inorganic hydroxide Mg(OH),
and Al(OH); are applied as flame retardant for natural fiber
composites. As one of the alkaline-earth metal hydroxides,
Ca(OH), has seldom been applied as a fire retarder. In this
study, Ca(OH), was freshly in situ prepared and applied to
modify hemp.

The limiting oxygen index (LOI) of the treated and untreated
hemp fiber is shown in Table 2. The LOI tests characterize the
minimum oxygen concentration required to support combus-
tion. The LOI of the treated fiber was 25.5, which was obviously
higher than that of the untreated fiber (20.5). This proved that
our modification with the alkali and calcium chloride on the
hemp can effectively improve the fire resistance of hemp. As
shown in Scheme 1, after the modification, part of the produced
calcium hydroxide -O~Ca*>*~OH and calcium carbonate CaCO;
were deposited on the hemp fiber surface. During burning,
-O~Ca**-OH reacted with CO,, and CaCO; was also produced.
When CaCOj; was burned, calcium oxide CaO was created.>"*°-3>
The CaO produced was attached to the combustible surface,
which can further prevent the combustion from spreading. CaO
can also continue to absorb the gas and smoke produced from
the incomplete combustion of the polymer. It can absorb the
half-burnt molten residue. Thus, the combustion of the treated

Nw( )H Nq( YH

CaC 12 CaC l2

® OH @ O @ Car*OH @ Na+

hbel

Scheme 1 Mechanism of the chemical treatment on the hemp.
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Fig. 2 SEM photos of the hemp fiber surface: (a) F; (b) F1, and the
thermal degradation residue of hemp fiber surface: (c) 500F, (d) 500F1.

hemp stopped immediately, thereby eliminating the smoke and
preventing droplets, and the LOI was significantly increased.
Thermal degradation residue of hemp. Fig. 1 shows the FTIR
spectra of the thermal degradation residue of F and F1 heated at
300 °C and 500 °C, respectively. Cellulose degrades at 300 °C.**3*
The characteristic peak of ~OH at 3000 cm™* to 3700 cm ™"
weakened with the heating temperature, which proved that
the hydroxyl group of calcium hydroxide, -0~ Ca®>"~OH, and
cellulose of hemp decreased with heating. The characteristic

RSC Adv., 2017, 7, 32236-32245 | 32239
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Table 2 Limiting oxygen index of the treated and untreated hemp and
their reinforced composites

Limiting oxygen

Samples index UL-94
Untreated hemp 20.5 —
Treated hemp 25.5 —
PP 18.5 —
PP-15R 20.5 —
PPF-20 19.3 —
PPF-20-15R 21.2 —
PPF1-20 20.0 —
PPF1-20-15R 22.3 —
PPF-30 20.5 —
PPF-30-15R 22.3 —
PPF1-30 21.5 —
PPF1-30-10R 22.8 —
PPF1-30-15R 23.5 —
PPF1-30-20R 24.0 —
PPF-50 22.3 —
PPF-50-15R 24.3 0
PPF1-50 23.5 —
PPF1-50-10R 24.6 0
PPF1-50-15R 25.5 0
PPF1-50-20R 26.1 0

peaks of CaCO; were observed at 1400 cm™ " and 873 cm ™" for
300F1 compared with that of 300F.* The intensity of these
peaks became more intensive compared with those of F1, as
shown in Fig. 1. All attached Ca(OH), should react with CO,
during heating at 300 °C to produce CaCOj;. Furthermore, the
calcium alkoxide produced after modification also reacted with
CO, to produce CaCO;. These peaks appeared on the FTIR
spectra of 500F and 500F1 with even higher intensity. The
calcium salt component found in hemp may react with CO, at
500 °C to produce CaCO;. The more CaCOjs, the better flam-
mability biocomposites present.

Fig. 3 shows the X-ray diffraction (XRD) patterns of thermal
degradation residue of hemp produced at 500 °C. The magni-
fication figure in the region 30 < 2 theta < 50 degrees are
inserted as Fig. 3(b) to better understand the data. The
diffraction peaks of 500F and 500F1 were at 23.05°, 29.4°,
36.12°,39.4°,43.12°, 47.12° and 48.54°. These are characteristic
diffraction peaks of CaCO;.>* The peak intensity of 500F1
spectra was higher than that of 500F. This is consistent with the
result of FTIR characterization. The calcium salt in F1 was
further proven to exist.

Fig. 2(c) and (d) show the SEM photos of the thermal
degradation residue of F and F1, respectively, which also
showed the existence of some white granules on the surface of
F1 compared with that of F even at 500 °C. The amount of white
granules was much more than that on F1 as shown in Fig. 2(b).
These white granules were determined to be CaCO; through
FTIR and XRD characterization, and proved the calcium
alkoxide also transferred into CaCO; during heating. When
hemp was set on fire, thermal decomposition of CaCOj;
occurred, thereby absorbing the heat on the burning surface
and producing CO, to stop the burning. Thus, hemp became

32240 | RSC Adv., 2017, 7, 32236-32245
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a flame retardant after modification with in situ prepared
calcium hydroxide.

Performance of hemp/PP composites

Flammability of PP composites. Table 2 and Fig. 4 shows the
LOI value of PP and hemp/PP composites. The measurement
result of UL-94 of the composites is also shown in Table 2. The
LOI value of the composites was shown to be increased with the
fiber ratio in the composites. The LOI of PPF-50 composite was
22.3, which was much higher than that of pure PP (LOI = 18.5).
The reason should be that the hemp can behave as a type of
char-forming agent, which can stop the burning from spreading
and block oxygen. In addition, the LOI value of the modified
hemp/PP composite was higher than that of the untreated
hemp-reinforced composites. As an example, the LOI of PPF1-50
composite was 23.5. The fire resistance of our modified hemp
reinforced PP composites could also be effectively improved,
although PP is very flammable. To further improve the fire
resistance of the composite, additional fire retardant, APP, was
added to the composites. The LOI value of the composite with
20% hemp and 15% APP PPF-20-15R was 21.2, which was higher
than that of PPF-20(19.3). And the LOI value of the composite
increased with the APP content according to the comparison
between the PP composite with 30% and 50% modified hemp
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Fig. 4 Limiting oxygen index of the treated and untreated hemp and
their reinforced composites.
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and different APP content, as shown in Table 2. The LOI value of
the PP composite with 50% modified hemp and 15% APP PPF1-
50-15R increased to 25.5. And the UL-94 measurement result of
PPF-50-15R, PPF1-50-10R, PPF1-50-15R and PPF1-50-20R was 0.
This means theses composites can self-extinguish when they are
fired.

As an intumescent flame retardant, APP helped to introduce
more residual char, and thus improve the fire retardancy of the
composite. When the composites with APP were heated and
began to decompose, ammonia and a very stable poly(-
phosphoric acid) were produced, and an insulating protective
layer was formed on the material surface to block the oxygen for
further burning. Therefore, the flammability resistance of
composite was improved after adding APP.*">1433

The LOI value of PPF1-50-10R was 24.6, and it could also self-
extinguish according to the UL-94 test result, which means 10%
APP was good enough for the composite fire resistance when
modified fiber was 50%. For the better fire retardancy and low
expenses of composites, PPF1-50-15R was applied for the
further composite property study.

Mechanical properties. Many reports about the application
of APP and inorganic hydroxides, such as Mg(OH), and Al(OH);,
on the flame retardant composites could be found.***** The
addition of a large amount of flame retardants to the compos-
ites could effectively improve the flammability of the compos-
ites. However, the mechanical properties of the composites
were normally affected.

Fig. 5 shows the tensile strength (a) and modulus (b) of virgin
PP and PP composites. Hemp fiber loading ratio in the
composite was 0%, 20%, 30%, and 50%. The composite tensile
strength and modulus increased with fiber loading ratio. When
the hydrophilic hemp fiber was used to reinforce the hydro-
phobic polymer matrix, the poor compatibility between the
natural fiber and polymer matrix usually result in bad
mechanical properties. MAPP was reported to be a good com-
patibilizer for natural fiber/polymer composites. The mecha-
nism is supposed to be the esterification between the anhydride
groups of MAPP and the hydroxyl groups of the natural fiber.**>°
In this work, MAPP was applied in all the composite formula-
tions for the best mechanical property. With MAPP, the tensile
strength of composite with 20% of untreated hemp fiber-
reinforced PP composite (PPF-20) was 22.6 MPa, which was
comparable with that of PP. Furthermore, the strength of the
inorganic-modified hemp-reinforced composite PPF1-20 was
26.5 MPa. Both strength and modulus of PPF1-20 were much
better than those of PPF-20. And similarly, PPF1-30 and PPF1-50
also presented better tensile properties than those of PPF-20
and PPF-20, respectively. The tensile strength of the
composite reinforced with 50% treated hemp fiber PPF1-50
increased to 38% compared with that of pure PP, while its
modulus was three times that of PP.

The result proved that our inorganic modification on hemp
fibers could help to improve the tensile properties of the
composites, unlike the results of formal studies.® The tensile
strength and modulus of modified hemp reinforced composites
increased more obviously with the modified hemp content than
those of unmodified hemp reinforced composites increased

This journal is © The Royal Society of Chemistry 2017
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tensile modulus (b) of hemp fiber/PP composites and (c) impact
strength.

with the unmodified hemp content. The hemp has the better
stiffness than PP. On the other hand, the -O Ca®*'-OH
produced on the fiber surface may also react with MAPP by the
esterification between the anhydride groups of MAPP and the
hydroxyl of the -OCa**~OH on the natural fiber. The interfacial
interaction and mechanical properties thus could be much
improved.

However, the tensile strength of the composite compounded
with treated hemp fiber and 15% APP was always lower than
that of composites without APP, although they were still higher
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than that of the pure PP. This result was caused by the APP
insertion, which was supposed to be hydrophilic and likely to
upset the interfacial adhesion between the fiber and matrix and
thus the mechanical properties. Nevertheless, the modulus of
the composites was not affected by the APP insertion as shown
in Fig. 5(b). Instead, it increased with the APP insertion maybe
because of the rigidity of APP.

Fig. 5(c) shows the impact strength of virgin PP and the
composites. The composites with 30% of hemp presented
a better impact strength compared with that of the other two
contents, and it was also comparable with that of PP. Modifi-
cation on the hemp did not seem to influence the impact
strength of the composites obviously. However, APP insertion in
the composites resulted in a worse impact strength of the
composites, which revealed the poor interface compatibility
between APP and PP.

Morphology observation. Fig. 6 shows the SEM photographs
of fractured surfaces of the composite with 50% hemp fiber and
different formulation. Fig. 6(a) of untreated hemp fiber/PP
composite PPF-50 shows that the interface was worse than
that of PPF1-50 with the holes left by the pulled-out fibers.
Fibers were pulled out from the matrix during the fracture
process, indicating poor interfacial interaction between hemp
fiber and PP matrix which resulted in poor composite
mechanical properties.*® Fig. 6(b) of PPF1-50 showed the better
interfacial adhesion between modified hemp and PP. Fibers
were even split by the fracture before they were pulled out from
the matrix, which proved the stronger composite interface. This
led to a composite material with excellent mechanical proper-
ties. However, the composite interface was the worst with APP
insertion (PPF1-50-15R), as shown in Fig. 6(c), in the light that
the cracks between the fiber and matrix and the APP powder
could be obviously observed. APP aggregation also existed in the
matrix and the interface. These resulted in the bad mechanical
properties of the composites.

Crystallization behaviour. Table 3 shows the crystallization
temperature (7.), melting temperature (Ty,), melting enthalpy
(AHy,), and the degree of crystallinity (X.) of the composites
obtained from the differential scanning calorimetry (DSC)
analysis.

The DSC results showed that the crystallization temperature
T, of all the composites was lower than that of PP (122 °C). The
hemp insertion promoted the nucleation and crystallization of
PP, and thus lowered the T, of PP to approximately 112 °C. T,
did not vary with the hemp content apparently. However, T, of
the PPF1 series composites was higher than that of PPF series
composites. The modified hemp presented less nucleation
effect on PP. The APP insertion did not further decrease the T,
of the untreated hemp fiber-reinforced composites.

The crystallization of composites is controlled by two factors.
The reinforcements presented a nucleating effect that caused
the crystallization temperature and degree of crystallization to
increase. However, the reinforcement restricted the migration
and diffusion of polymer chains to the growing polymer crystal
in the composites. Thus, the crystallization temperature
decreased with the reinforcements because of its negative effect
on crystallization.?”*® In our study, the T, of all the composites
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Fig. 6 SEM photos of the fractured composite surface: (a) PPF-50, (b)
PPF1-50, (c) PPF1-50-15R composite.

decreased, which should be related to the addition of the hemp
and APP. The hemp fibers and APP hindered the migration and
diffusion of PP chains to the crystal nucleus in the composites.

The melting temperature (7,,) of the composites was not
much different from that of PP and did not change obviously
with the composite formulation, as shown in Table 3. This
showed that the feature of the crystal formed during the crys-
tallization was not significantly influenced by the hemp and
APP insertion.

The XRD curves of hemp fiber reinforced PP composite and
pure PP are shown in Fig. 7. The characterized diffraction peaks
of pure PP at 26 = 13.7°, 16.6°, 18.3°, 21.5° and 25.2° was
correspond to the monoclinic alpha-phase with planes (110),
(040), (130), (041), and (060).* The diffraction curves of all the
composites also presented the same diffraction peak position
with those of PP, which also proved the insertion of hemp and
APP did not change the crystallization behavior of PP. However,

This journal is © The Royal Society of Chemistry 2017
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Table 3 Thermal and crystallization properties of PP and the composites
Samples T. (°C) Tm (°C) AH, Jg ) X. (%) Ts (°C) T1o (°C) Tso (°C)
PP 122 151 68.76 33.4 431 445 474
PPF-20 110 147 52.93 32.1 357 390 474
PPF1-20 119 150 47.59 28.8 339 379 486
PPF1-20-15R 111 148 43.43 32.5 305 368 482
PPF-30 112 148 42.81 29.7 327 356 471
PPF1-30 119 150 47.44 32.9 291 340 478
PPF1-30-15R 113 149 40.91 36.2 284 325 483
PPF-50 112 148 32.54 31.8 309 345 469
PPF1-50 118 149 35.25 34.4 265 296 481
PPF1-50-15R 113 148 21.37 30.1 265 295 489
100 a
PP
_J\-‘A/J\‘_A PPF-20 804
? N PPF1-20 ~ —PP
Z N PPF1-20-15R S 60{—PPF-20
= PPF-30 = [T PPFI20
z . = ——PPF1-20-R
z \ PPFI-30 )
= A ) 404 ——PPF-30
g __/\‘_AN_/\_‘ A PPF1.30-15R| = ——PPF1-30
= _J\—AA/\\‘ PPF-50 204" PPF1-30-R
e ~____) GO I =
~ A 0J——PPFIL50-R
10 15 20 25 30 35 40 45 50 100 200 300 400 500
Scattering angle (* ) Temperature (°C)
Fig. 7 XRD curves of hemp fiber/PP composite and pure PP. 0.0
~-0.51
X
the intensity of the peaks decreased for the composites with ~ —— PP
b~ -
hemp and APP insertion. This means the crystallinity of PP 'E”-]'O — PPF-20
. . o —— PPF1-20
decreased as shown in Table 3, which may be due to the hemp é s PPF1-20-R
and APP restricting the PP crystallization and the crystal growth. T — PPE-30
The diffraction peaks on the curves of PPF1 series at 20 = E 20 — PPF1-30
31.4° and 45.2° were due to the Ca(OH), that was produced and S ' ggls-go-R
attached on the fiber surface during modification.’>** When 2.5 PPF1-50 b
Ca(OH), was exposed in the air, CaCO; was generated. The —— PPF1-50- i i .
diffraction peaks on the curves of PPF1-15R series appeared at 100 200 300 0400 500
26 = 14.5° and 15.3° was ascribed to be the diffraction peaks of Temperature('C)

APP.*> The other small peaks appearing on the curves of APP-
inserted composites are brought about by the impurities in
the commercial APP.

Thermal stability. Fig. 8(a) shows the thermogravimetric
analysis (TGA) thermograms of PP and its composites. The first
decomposition occurred in the temperature range of 230 °C to
370 °C indicating the decomposition of hemp fiber and APP, the
decomposition of the matrix occurred in the temperature range
between 380 °C and 510 °C.**

Table 3 shows the TGA analysis results, including 5% weight
loss temperature (Ts) and 10% weight loss temperature (T;,) of
PP and composites. All the T of the composites decreased with
the increasing fiber content, and the T5 of the composites were
lower than that of the pure PP. This is because of the low
thermal stability of the hemicelluloses in hemp.*® The T5 value
of PPF series of composites were the highest, the PPF1-R series
of composites were the lowest. This may be caused by the Ca**

This journal is © The Royal Society of Chemistry 2017

Fig. 8 (a) TGA thermograms of pure PP and the composites; (b) DTG
curves of pure PP and the composites.

on the surface of the F1 which could promote the thermal
degradation of the hemp fiber to produce CaCO;. The thermal
stability of PPF1-R series composites were poor, this may be
because the APP releases acid and non-flammable gases when
exposed to high temperature; these acids contribute to hemp
fiber dehydration and charring.”® Furthermore, all the 75 of
composites were still higher than 250 °C. This thermal stability
of the hemp-reinforced PP composites was good enough for
their application in many fields, such as packaging, construc-
tion and automotive interiors.

Fig. 8(b) shows the derivative thermogravimetric analysis
(DTG) curves of pure PP and composites. Two peaks with
maxima ranging between 300 °C to 370 °C and 470 °C to 490 °C
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were observed for the composites. The temperature with the
maximum degradation speed (Ty.x) of PP and composites is
shown in Table 3. Ty increased slightly with the hemp and
APP content, which should be related to the high thermal
stability of inorganic chemicals.

Conclusions

In this study, the flammability of hemp fiber was improved by
the in situ treatment of the mixture of NaOH and CacCl,. Calcium
alkoxide was produced on the surface of fiber with the treat-
ment, and calcium hydroxide and the calcium carbonate were
thereafter absorbed on the fiber surface, which should be
helpful in the improvement of the fire retardancy. Thereafter,
the flammability of the composites was also improved, and was
further improved by APP insertion. The LOI of the PPF1-50 was
23.5, which was much higher than that of PP of 18.5%. When
the APP was added, the flammability of the composite was
improved by synergistic interaction between freshly produced
calcium hydroxide and APP. The LOI of the PPF1-50-15R was
increased to 25.5. Furthermore, the comprehensive mechanical
properties of composite materials were also much improved
according to the mechanical property characterization. The
tensile strength of the PPF1-50 composite was increased by 38%
compared with that of pure PP. The thermal stability of the
hemp fiber/PP composites demonstrated by 75 was higher than
250 °C, and could be applied in many fields, such as packaging,
construction and automotive interiors. XRD characterization
proved that calcium salt was produced with the treatment. The
XRD and DSC results proved the treated hemp did not appar-
ently change the crystal feature of PP. In other words, the
inorganic flame retardant-treated hemp can be applied as
a reinforcement for flame retardant biocomposites with excel-
lent properties.
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