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In this article, natural alkali lignin was freeze-dried and then annealed at different temperatures to achieve
lignin-derived carbons (LCs) with mesh-shape or sheet-like morphology, which were incorporated into
polypropylene (PP) matrix by melt compounding. Owing to the significantly increased interfacial area and
improved dispersion of the carbons in the polymer matrices, with the addition of only 2 wt% relatively
low temperature annealed freeze-dried lignin-derived carbon (FD-LC), the obtained PP/LC composites
show notably enhanced tensile mechanical properties, including markedly improved Young's modulus
and remarkably increased elongation at break compared with those of neat PP. The enhancements
brought by the nano-structured thin FD-LC sheets are far more impressive than that with the same

loading of particulate as-received lignin-derived carbon (AR-LC). The FD-LC filled PP composites also
Received 8th October 2018

Accepted 30th October 2018 have rough fractured surfaces with fiber pull-out near the interface, revealing the non-negligible

toughening effect of the LC. In addition, the higher temperature annealed FD-LC filler induces the

DOI: 10.1039/c8ra08302a further reinforcement of the composites. For the FD-LC annealed at 900 °C, the corresponding
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1. Introduction

Lignin is a natural macromolecular material, which accounts
for nearly 30% of the organic carbon on earth, second only to
cellulose."” As a main by-product from the paper production
industry, lignin is readily available at low cost, with an annual
world production volume up to 50 million tons as reported,
however, it is scarcely utilised and usually poured into the
environment directly.>* Currently lignin is mainly burned as
fuel, giving it a very low value. Since lignin is one of the few
renewable sources of aromatic macromolecules and possesses
rich phenolic and aliphatic hydroxyl groups, enormous efforts
have been devoted to the development of value-added applica-
tions for lignin.>” For example, lignin can be used as an excel-
lent adsorbent for heavy metal ions and organic pollutants over
wide concentration ranges owing to its abundant phenolic
groups.®® It has also been widely reported that lignin can be
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composite possesses the highest Young's modulus of 668 MPa.

introduced into thermoplastic polymers as reinforcing or
toughening agents.'*™**

Particularly, lignin is also used as a precursor to prepare
carbon-based materials, such as activated carbons,**¢ carbon
fibers,””** carbon nanotubes (CNTs),* and carbon aerogels.”
On the other hand, several kinds of carbons are usually incor-
porated into polymers to enhance their mechanical or other
functional properties.”*** However, the inorganic carbons show
poor compatibility with polymers, resulting in their poor and
un-uniform dispersion in the polymer matrix. To address this
issue, recently greater efforts have been devoted to improving
the dispersion of carbon filler in polymer matrix via physical
means.'***

Freeze-drying (FD) method has been widely used to prepare
highly porous materials, such as carbon and polymer aero-
gels.”*?% In the FD step, the sublimation of the ice crystals leads
to a highly porous material with high specific surface area (SSA).
Therefore, alkali lignin with three-dimensionally branched
macromolecular structure after FD exhibits smaller lignin
particles in the form of sheets, which significantly increases its
interfacial area and improves the dispersion in non-polar
polyolefin, and therefore drastically enhances the reinforcing
and antioxidant effect of lignin.** On this base, it was highly
hypothesized that the sheet-like freeze-dried lignin may keep its
morphology after carbonization. In this connection, the
reduced size and increased aspect ratio of the LC particles may
greatly facilitate the dispersion of LCs in polymers by melt

This journal is © The Royal Society of Chemistry 2018
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compounding, while the high SSA of the LC sheets would
provide larger interfacial area, benefiting the functions of LCs
as reinforcement/toughening agents.*

Herein, to verify the hypothesis, alkali lignin was first freeze-
dried to achieve a nano-size thin sheet with high surface area,
then applied as carbon precursors and carbonized into FD-LCs,
which were subsequently incorporated into polypropylene (PP)
matrix. Our results show that the enlarged interfacial area
between LCs and PP induces a drastically improved dispersion
of the inorganic filler in PP matrix, impressively, which not only
enhances reinforcing effect of the LCs in PP, but also enables us
to demonstrate the great potential of LC as a toughening agent
in PP. It is meaningful to develop these value-added applica-
tions for the low cost lignin.

2. Experimental section

2.1. Materials

Water soluble alkali lignin (AL) was purchased from TCI
America (the product number is L0082) and used as received. PP
(Cosmoplene H101E) was supplied by Polyolefin Incorporated
Company (Singapore). All other chemicals were purchased from
Sigma-Aldrich Chemicals Incorporation and used without
further purification. All aqueous solutions were prepared using
deionized (DI) water with a resistivity of 18.2 MQ cm, purified by
filtration through Millipore Gradient system after distillation.

2.2. Preparation of lignin-derived carbon (LC)

Alkali lignin was dissolved in DI water by ultrasonic processing
in an ultrasonic bath to purchase aqueous solutions with
concentrations of 100 and 10 mg mL~ ", which were freezed at
—196 °C using liquid N,, and then freeze-dried in vacuum for 3
days. And lignin aerogels with different densities were obtained.

Afterwards, the as-received lignin and the obtained porous
lignin aerogels were placed in ceramic ships in a tube furnace
(VTF 50/15-L, Entech, Sweden) and annealed in Ar atmosphere
based on the following temperature program: heated at a rate of
5 °C min ! to 250 °C, held for 30 min, heated at a rate of
3 °C min~' to a determined temperature, and held for 60 min.
The products were then collected after cooling to room
temperature.

2.3. Preparation of PP/LC composites

Respectively, a certain amount of as-received (AR-LC) and
freeze-dried lignin-derived carbons (FD-LC) were mixed with PP
pellets by melt compounding using a Hakke MiniLab twin screw
micro extruder (Germany) at 195 °C. Prior to the compounding,
the PP pellets were dried in a vacuum oven at 50 °C for 12 hours.

2.4. Characterization

The morphologies of the lignin and annealed LC samples were
examined using a field emission scanning electron microscope
(FESEM, JEOL JSM 6340F) after gold sputtering, which was also
applied to see the fractured surface of neat PP and PP/LC
composite samples. An Olympus BX53 polarizing optical
microscope (POM) was employed to observe the dispersion state
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of LC filler in PP matrix at a magnification of x100. The Bru-
nauer-Emmett-Teller (BET) specific surface areas of the carbon
fillers were determined by nitrogen adsorption measurements
using a Tristar-3000 surface area analyser. The tensile
mechanical properties of the composites were measured using
an Instron 5567 machine according to ISO standard 527 at
a crosshead speed of 50 mm min ' using dumbbell-shaped
specimens (ISO 527-2-Typer 5A, 500 N load cell), which were
prepared using a Thermo Hakke microinjector (Germany) at
210 °C with a pressure of 800 bar, and more than six specimens
were tested for each set of variation. Fourier transform infrared
spectroscopic (FTIR) measurements were performed using
a Perkin-Elmer Instruments Spectrum GX FTIR spectrometer
from 500 to 4000 cm™ " by scanning 16 times at a resolution of
4 cm™'. Thermo-gravimetric analysis (TGA) was conducted to
define its degradation temperature (Ty4) as the temperature at
50 wt% weight loss by using a TA Q500 analyser at a heating rate
of 10 °C min~' from room temperature to 650 °C in air.
Differential scanning calorimetry (DSC) was recorded on a TA
Instruments DSC Q10 using N, as purge gas at heating and

cooling rates of 10 °C min™".

3. Results and discussion

3.1. Preparation of FD-LC filler with different concentrations
of lignin at different carbonization temperatures

As reported, lignin consists of rigid aromatic macromolecules,
and it is recognized as an abundant and lost cost natural carbon
resource. Besides, FD of the three-dimensionally branched
macromolecular alkali lignin will lead to generation of a highly
porous sheet-like material with high specific surface area (SSA).
That is, FD plays great role on morphology of the obtained
lignin. The total volume of the lignin bulk structure at a certain
concentration would not shrink in the FD process, it is also
hypothesized here that the obtained lignin precursors may
maintain their morphologies after the carbonization. In this
connection, the freeze-drying process may finally achieve the
carbon with desired morphology. Thus, alkali lignin aqueous
solutions with different concentration were freeze-dried, and
subsequent annealed at different temperature into different
carbons. The SEM images of lignin-derived carbons (LCs)
annealed at 600 °C can be seen in Fig. 1. As shown, the as-
received lignin-derived carbon (AR-LC) consists of large spher-
ical shaped particles with sizes up to tens of microns as the
corresponding lignin precursor (Fig. 1a; and SEM images of
lignin are shown in Fig. S1t).>° By contrast, the freeze-dried
lignin derived carbon (FD-LC) samples exhibit a three-
dimensional mesh-shaped or sheet-like morphology (Fig. 1b
and c) with nanometer thickness as freeze-dried lignin,
implying that the carbonization did not change the whole
morphology of lignin precursor. On the other hand, the thick-
ness of lignin decreases with the reduction of lignin concen-
tration, when it also becomes thinner after carbonization
compared with the lignin precursors. As clearly shown in Fig. 1b
and c inset, the typical thickness of FD-LC is reduced to
~800 nm with lignin concentration of 100 mg mL ", and it is
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Fig.1 SEMimages of AR-LC (a), FD-LC at lignin concentration of 100 mg mL™* (b) and 10 mg mL™? (c), which are all carbonized at 600 °C (inset

scale bar: 1 um).

further reduced to ~50 nm with lignin concentration of 10 mg
mL ™.

Obviously, such thin FD-LC sheets have larger SSA than the
AR-LC, as shown by their BET N,-adsorption isotherms in
Fig. 2a and BET analysis results in Table S1.7 The as-received
lignin even exhibits no value of SSA, and the freeze-drying
method gives it rise to 4.0 m*> g~ '. Besides, the annealing
process also increases the SSA, the corresponding SSA increases
with the carbonization temperature rises. For instance, the FD-
LC annealed at 600 °C has a SSA of 143 m* g~ ', while the SSA
reaches to 202 m® g~ " at the annealing temperature of 900 °C.
These leave a porous morphology behind, at the same time, it
compromises the structural integrity of the particles. Thus, the
initial lignin concentration dominates the density and
morphology of the obtained lignin precursors and the corre-
sponding FD-LCs. With the reduced lignin concentration, much
thinner sheet-like LC particles with larger pores are formed.
Furthermore, other than the concentration, the annealing
temperature also affects the morphology and component of the
LC fillers, lignin precursors were annealed at different temper-
ature for preparation of LCs. The FTIR data in Fig. 2b shows that
as annealing temperature increases, the broad bands at
~3430 cm ' and ~1592 cm ' corresponding to phenolic

hydroxyl group and aromatic group, respectively, decrease,
indicating a reduction of functional groups at higher annealing
temperatures. More functional groups are left under the lower
annealing temperature, and the increase of the annealing
temperature also decreases the product yield drastically, indi-
cating an increase in the degree of carbonization.*

3.2. The dispersion state of LC filler in PP matrix

The performance of polymer composites strongly depends on
the dispersion state of the fillers in the polymer matrices. For
instance, a better dispersion may result in improved interac-
tions between the polymers and fillers. And the mechanical
properties of the composites may thereby be enhanced owing to
the more effective stress transferred from the matrices to
fillers.>” To investigate the dispersion state of the FD-LC in PP,
the AR-LC and FD-LC were respectively incorporated into PP, via
melt compounding under the same conditions for comparison.
The POM images in Fig. 3a show that the sizes and shapes of the
AR-LC particles (the dark regions) are almost not changed after
the melt compounding, with sizes of tens of microns. By
contrast, these spherical or irregular shaped large particles
disappear in the FD-LCs blended PP composites, and many
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Fig.2 (a) N»-adsorption isotherms of as-received lignin (i), AR-LC annealed at 600 °C (ii), freeze-dried lignin from 10 mg mL~* solutions (i), and
FD-LCs from 10 mg mL™? lignin aqueous solutions and respectively annealed at 600 (iv) and 900 °C (v). (b) FTIR spectra of as-received lignin (i),
and LCs respectively prepared by annealing at 300 (ii), 600 (iii), and 900 °C (iv).
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Fig.3 POM (x100) images of the PP composites respectively containing 2 wt% AR-LC (a), 2 wt% FD-LC at lignin concentration of 100 mg mL™*

(b) and 10 mg mL™?! (c). LCs are all carbonized at 600 °C.

neat PP
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e\ -~ iii: PP/FD-LC@100--600
30 Mo\ iv: PPFD-LC@10--600

—i:

40t
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Fig. 4 Tensile stress—strain curves of neat PP (i), and the PP/LC
composites containing 2 wt% AR-LC (i), FD-LC from the aqueous
dispersions with lignin concentration of 100 mg mL™? (iii), and FD-LC
from the aqueous dispersions with lignin concentration of 10 mg mL™*
(iv). LCs are all carbonized at 600 °C.

short and fine dark lines are observed for the composites of the
FD-LC and PP (Fig. 3b and c), implying that the FD-LCs are in
the form of small and fine sheets in the PP matrix. Obviously,
the thin FD-LC meshes or sheets could be more easily broken
down into small pieces than AR-LC particles, facilitating their
improved dispersion in the PP matrix. Thus, compared with AR-
LC, the FD-LC filler with enlarged surface area would provide
much larger interfacial area and could be more uniformly and
smaller size dispersed in the PP matrix.

3.3. The effect of freeze-drying process on the mechanical
properties of the PP/LC composites

FD-LCs, exhibiting mesh-shape or sheet-like morphology, can
be easily broken down into small pieces during melt com-
pounding process, hence giving the corresponding PP/FD-LC
composites more uniform filler dispersion and processing
much larger interfacial area than the counterpart with AR-LC.
And the improved dispersion may results in the enhanced
mechanical properties. To investigate the reinforcing effect of
the FD-LC in polyolefin, a series of PP/LCs specimens were
prepared for tensile tests. Typical tensile stress-strain curves of
neat PP and the PP/LCs samples are presented in Fig. 4. Also,
the compositions and preparation conditions for the compos-
ites are summarized in Table 1, in which, PP/AR-LC-600 refers to
the composite containing 2 wt% of AR-LC which was annealed
at 600 °C, while PP/LC-FD@100-900 represents the composite
containing 2 wt% of FD-LC, which was prepared by carboniza-
tion of the freeze-dried lignin precursor with lignin concentra-
tion of 100 mg mL ™" at 900 °C, and so on.

From Table 1 and Fig. 5, it is clear that the addition of 600 °C
annealed FD-LCs into PP can increase the tensile modulus, at
the same time, the modulus slightly decreases for the AR-LC
filled composites. That is, the PP/FD-LCs composites exhibit
higher modulus than their counterpart with the same amount
of AR-LC, and for the former, as the concentration of lignin
precursor used for FD reduces from 100 mg mL™ " to 10 mg
mL~", the resultant FD-LC based PP composite exhibits
a further increase of the modulus. Obviously, the harden LCs is
able to enhance the tensile modulus of the composite, the

1

Table1 Mechanical properties of neat PP and PP composites containing LCs at different lignin concentration, the tensile speed is 50 mm min™

Lignin Carb. LCs Young's Yield Yield strain Elongation at

Sample® conc. (mg mL™')  temp. (°C)  content (Wt%)*  modulus (MPa)  stress (MPa) (mm mm ") break (%)
Neat PP — — 0 616 & 16 39.1+£0.8 0.177 4 0.008 54+£5

PP/AR-LC-600 As-received 600 2 610 £ 22 37.4+£1.0 0.171 £ 0.005 57 £18
PP/FD-LC@100-600 100 600 2 640 £ 11 37.6 £ 0.6 0.151 £ 0.006 77 £ 18
PP/FD-LC@10-600 10 600 2 650 £ 40 381+1.4 0.145 + 0.006 79 £22
PP/FD-LC@100-300 100 300 2 628 £ 27 379+0.8 0.156 £+ 0.007 125 £+ 31
PP/FD-LC@100-900 100 900 2 668 £ 48 389+1.3 0.144 £ 0.005 44 + 14

%2 wt% LCs in the PP/LCs composites.

This journal is © The Royal Society of Chemistry 2018
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Fig.5 Tensile mechanical properties of the PP/LCs composites. (a) Young's modulus, (b) yield stress, (c) yield strain and (d) elongation at break of

neat PP, PP/LCs composite containing 2 wt% LCs.

reinforcing effect is also closely related to the SSA of the LC
fillers, that is, the enlarged interfacial area of the FD-LC leads to
the improved filler-matrix interactions.*

Similar to other hard fillers, it is easy to understand that FD-
LCs also induces a decrease in yield strain, and the decrease is
slightly upon the improvement of dispersion state of LCs in the
PP matrices. Concretely, PP/LC-FD@100-600 exhibits a much
lower yield strain (0.151 mm mm™ ') than that of neat PP and
PP/AR-LC. With further improved dispersion induced by more
dilute lignin solution, PP/FD-LC@10-600 has a lowest yield
strain of 0.145 mm mm™'. Besides, the addition of LCs also
induces a slightly drop of yield stress.

Besides, the change in elongation at break brought by the
introduction of FD-LCs annealed at 600 °C is more intriguing,
as shown in Table 1 and Fig. 5. The composite containing 2 wt%
AR-LC (PP/AR-LC-600) exhibits a slight change of the elongation
at break with neat PP, by contrast, the addition of FD-LCs with
lignin concentration of 100 mg mL~" and annealed at 600 °C
into PP leads to significantly increased elongation at break from
54% to 77%. This demonstrates that porous and nano-
structured thin sheet morphology of the FD-LCs gives large
interfacial area and hence enhances the interactions with the
polymer matrix, by which FD-LCs is also able to enhance its
toughening effect in the composites. Whereas, without FD
process, the much weaker interaction area between polymer
and large AR-LC particle leads to a very limited interfacial
adhesion, and the elongation at break hence change slightly.
Therefore, the morphology of the LC fillers greatly affects their
dispersion in the matrix, further playing a great and important
role in determining the overall mechanical properties of the

37476 | RSC Adv., 2018, 8, 37472-37479

composites.** However, it wastes more time and water to ach-
ieve the freeze-dried lignin in more dilute aqueous solution,
thus, the FD-LCs prepared from 100 mg mL~" lignin solution
are employed as fillers in the following discussion.

The increase of elongation at break implies that FD-LCs at
300 and 600 °C may act as an effective toughening agent to
enhance the toughness of the composites, which can also be
demonstrated by different features of the fractured surfaces of
the composite specimens. The SEM images in Fig. 6 show the
morphologies of the fractured surfaces of neat PP and PP/FD-LC
composites. It can be seem that the fracture surface of neat PP
(Fig. 6a) is quite smooth except existence of some river-like
lines. On the contrast, the FD-LCs blended PP displays
a much rougher fractured surface, and the pull-out of fibers can
be clearly observed in a high-magnification image for the LC
filler at concentration of 100 and 10 mg mL " (insets in Fig. 6b
and c).*

3.4. The effect of carbonization temperature on the
mechanical properties of the composites

To further investigate the effect of annealing temperature on
the LC component and their corresponding reinforcing effect
on polymer composites, lignin precursors were annealed at
different temperature for preparation of different LC fillers. As
discussed above, the increasing annealing temperature results
in a significant change in SSA and component of the obtained
LCs. Based on the above studies, to reveal the effects of
annealing temperature on the properties of composites, the FCs
was annealed at various temperatures, respectively namely 900,
600 and 300 °C, and the corresponding LCs blended PP

This journal is © The Royal Society of Chemistry 2018
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Fig.6 SEM images showing the fractured surfaces of (a) neat PP, (b) PP/FD-LC@100 mg mL™?, (c) PP/FD-LC@10 mg mL™?; the insets show fiber

pulling-out in the regions near LC particles. The filler content is 2 wt%.

composite specimens are prepared. As can be seem in Fig. 5 and
7, clearly, the addition of LCs annealed at 300 °C into PP can
dramatically increase tensile modulus. Moreover, as the
annealing temperature increases, the Young's modulus of the
corresponding composite is further enhanced, and the rein-
forcing effect becomes more prominent. For FD-LC carbonized
at 900 °C, its composite exhibits a highest modulus of 668 MPa.
Besides, the enhanced interaction was induced by the increased
SSA, and the change of tensile modulus may also be attributed
to that the different annealing temperature generates different
LCs, containing different functional groups as the FTIR spectra
shown in Fig. 2b. Obviously, the reinforcing effect is closely
related to the chemical structure of the LC fillers. Simulta-
neously, unlike the changes in modulus, the higher tempera-
ture annealed LC is more inclined to the drop of yield strain and
elongation at break. That is, as annealing temperature
increases, the yield strain and the elongation of the corre-
sponding LC incorporated PP composites decreases. For 900 °C
carbonized FD-LC filled composite, it exhibits lowest yield
strain of 0.144 mm mm™ " and elongation at break of 44%, and
the related decrease is slightly upon the improved dispersion
state of LC filler in the PP matrix. By contrast, it is quite similar
to the lignin precursor blended composite, the addition of FD-
LC filler annealed at 300 °C leads to significantly increased

< 40k ——i: neat PP

¥ fa - -~ ii: PP/FD-LC@100--300
> --=--iii: PP/FD-LC@100--600
— 30} ==+ iv: PP/FD-LC@100--900
A b,

= 20

@ I |

2 '\ -
‘o 10F i i
= i |
(] i '
o ot ‘

0 30 60 90 120

Tensile strain / %
Fig. 7 Tensile stress—strain curves of neat PP (i), and PP composites
containing 2 wt% FD-LCs prepared from freeze-dried lignin with

concentration of 100 mg mL~* and respectively carbonized at 300 (ii),
600 (iii), 900 °Cliv).

This journal is © The Royal Society of Chemistry 2018

elongation at break, which reaches to 125%.>* More specifically,
the increased SSA of the nano-structured FD-LCs annealed at
low temperature improves the dispersion and compatibility of
functional group containing FD-LCs in PP. On this base, with
the improved interaction of the functional group as carboxyl
(C=0) and the organic polymer chains by forming hydrogen
bond, etc. it further enhances the interfacial adhesion between
the FD-LC filler and the PP matrix. These interactions can be
also confirmed by that the small FD-LC particles do not aggre-
gate severely in the composites. Unlike the organic fillers con-
taining functional group, the van der Waals attractions
disappear for the FD-LC filler annealed at rather high temper-
ature, which is fully carbonized. As a result, the extremely
inorganic FD-LC blended composites exhibit a slightly larger
size of the filler, as can be seem in the POM images in Fig. S4.f
Therefore, the morphology and the components of the LC fillers
both take great effect in the overall mechanical properties of the
composites.

3.5. Thermal properties of the PP/LC composites

Furthermore, the thermal properties of the PP/LC composites
are also investigated to see the influence of LC filler in poly-
olefin. Table 2 and Fig. 8 show that the addition of AR-LC
annealed at 600 °C lowers the thermal degradation tempera-
ture (T4) of the composite. It is probably due to the weak
interaction between the filler and the matrix material induced
by the poor dispersion of carbon filler in PP matrix. On the other
hand, with the improved dispersion by the nano-size thin LC
sheet, the FD-LCs induces an increase of Ty and a drop of weight
losing rate. Specifically, the T4 further increased to 304 °C for LC
obtained from more dilute lignin solution with concentration of
10 mg mL ™" It is understandable that the carbon filler is able to
enhance the thermal stability and improves the heat resistance
of composites. Besides, TGA thermographs also show that the
AR-LC incorporated PP composite exhibits an obvious second
step of weight loss, whereas, the FD-LC addition results in
almost only one major weight loss of the composites. The
second drop at higher temperature in the former one is sub-
jected to that the filled AR-LC particles have poor interaction
with PP molecules. Furthermore, the thermal stabilities of the
PP/LC composites as a function of annealing temperature for
fillers are also revealed (Fig. 8b). Clearly, with the increased
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Table 2 Thermal properties of neat PP and PP/LC composites
Sample T4 (°C) T, (°C) Tm (°C) AH, (Jg ) T. (°C) ~AH.(Jg ™
Neat PP 339 —4.6 161.8 60.8 110.9 89.6
PP/AR-LC-600 330 —6.4 159.0 78.2 119.1 81.6
PP/FD-LC@100-600 350 —6.2 159.1 80.6 119.7 81.6
PP/FD-LC@10-600 359 —3.2 161.5 72.7 120.4 79.7
PP/FD-LC@100-300 343 —4.5 159.7 80.5 118.2 80.6
PP/FD-LC@100-900 353 —-8.5 159.3 80.3 120.3 81.8
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Fig. 8 (a) TGA curves of neat PP (i), and PP based composites containing 2 wt% AR-LC (ii), FD-LCs at lignin conc. of 100 mg mL™? (jii), FD-LCs at
conc. of 10 mg mL™ (iv), which all are carbonized at 600 °C. (b) TGA curves of neat PP (i), and PP/LC composites containing 2 wt% LC at lignin
conc. of 100 mg mL™%, which are respectively carbonized at 300 °C (i), 600 °C (iii), 900 °C (iv).

annealing temperature, the Ty of the composite gradually
increases. Similar to other carbons, the LC filler is able to
enhance the thermal stability. With more carbonization degrees
by higher annealing temperature, the FD-LC possesses higher
thermal resistance.

Moreover, from DSC analysis results (Table 2, Fig. S2 and
S37), it is clear that the addition of LCs annealed at 600 °C
decreases the glass transition temperature (Ty), which is due to
the increased chain segmental mobility in PP-LC interphase. In
addition, higher temperature annealed FD-LC filler induces
more decreases of Ty, which is probably due to the increases of
interphase by improved SSA at higher carbonization tempera-
ture. On one hand, on the heating process in DSC, the peak
melting temperatures (Ty,) shows a little decrease. On the other
hand, upon cooling process in DSC, the incorporation of LCs
into PP leads to an increase of the peak crystallization temper-
atures (7.). In case of PP/AR-LC sample, T. increases by ~9 °C.
And for FD-LCs, it exhibits a slight higher 7. than that of AR-LC.
The increase of T. is mainly ascribed to the nucleating effect of
the LCs in PP.* Furthermore, the addition of FD-LCs also
slightly further decreases the crystallization enthalpy (AH,),
indicating that the presence of LC in the polymer matrix
hinders the growth of PP crystals. This effect seems to be more
prominent for the FD-LC filler obtained from the more dilute
solution, again confirming their better dispersion in PP.
Moreover, the higher temperature annealed FD-LC addition

37478 | RSC Adv., 2018, 8, 37472-37479

further reduces the crystallization activation energy and help
the crystallization system.

4. Conclusions

In this work, freeze-dried alkali lignin was annealed and used as
carbon filler to enhance the mechanical and thermal properties
of polypropylene. It is found that the freeze-dried lignin can
maintain its morphology after carbonization, exhibiting a nano-
size thin mesh or sheet-like morphology, and the thickness
decreases with the reduced concentration of lignin solution.
The obtained FD-LCs can be easily broken into small pieces by
melt compounding with PP, giving the corresponding PP/FD-LC
composites more uniform filler dispersion and much larger
interfacial area than their counterpart with AR-LC. The results
of tensile mechanical tests show that the Young's modulus and
elongation at break of the PP/LC composites are improved by
using the FD-LCs as additive in comparison with those of neat
PP or PP with the same amount of AR-LC. Also, it reveals the
significant toughness effect of low temperature annealed FD-LC
in PP matrix. Moreover, the annealing temperature greatly
affects the component and the SSA of the resultant carbon,
addition of the higher temperature annealed FD-LC results in
the further enhancement of modulus but drop of elongation at
break. In conclusion, it is demonstrated that freeze-drying is

This journal is © The Royal Society of Chemistry 2018
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a simple and efficient method to develop low cost and renew-
able carbon fillers for polyolefin.
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