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ller “Lignin” for high performance
green natural rubber nanocomposites†

Yuko Ikeda,*a Treethip Phakkeeree,b Preeyanuch Junkong,b Hiroyuki Yokohama,b

Pranee Phinyocheep,c Ritsuko Kitanod and Atsushi Katod

High performance eco-friendly natural rubber biocomposites filled with 5, 10, 20, and 40 parts per one hundred

rubber by weight (phr) of lignin were prepared from sodium lignosulfonate and natural rubber (NR) latex using

the soft processing method. The formation of network-like lignin structures was detected around the rubber

phases even when the amount of lignin was increased to 40 phr. The Payne effect clearly suggested the

presence of filler–filler interaction of lignin in the biocomposites. The distinguishably superior reinforcement

effects of lignin at different levels of content were clearly apparent in the biocomposites. Specifically, the

tensile stresses of the biocomposites significantly increased with an increase in the lignin content. Under

dynamic conditions, the biocomposites showed larger storage moduli and lower dissipative loss with low

glass transition temperatures with increasing amount of lignin. The generation of crystallites by strain-

induced crystallization (SIC) was evaluated by using quick time-resolved wide-angle X-ray diffraction/tensile

measurements, and a stepwise SIC phenomenon was observed for the lignin-filled NR soft biocomposites.

This is a first report on the organic filler filled NR nanocomposite. The lignin content did not significantly

affect the generation of crystallites of the NR biocomposites. This characteristic could strongly influence the

development of rubber science and technology. Sodium lignosulfonate will be applicable as a good

reinforcing biofiller for the preparation of green NR nanocomposites.
Introduction

There is rising consciousness about the environment, depletion of
petroleum resources, and related health concerns. Therefore, the
development of sustainable materials derived from biorenewable
resources has come into focus. Natural rubber (NR) is an essential
sustainable somaterial. It is the only agricultural product among
rubbers, and the only polymeric hydrocarbon derived from the
biological world.1 NR can be continuously produced even aer the
depletion of fossil fuels (petroleum and coal). NR is known to
exhibit various outstanding properties on the basis of its high
elasticity due to entropy.2–4 The characteristics of NR cannot be
easilymimicked by synthetic rubbers, even though polymer science
and technology have signicantly developed in the last century.

NR-based so composites have been regarded as one of the
most successful materials for industrial products among many
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polymer composites. In terms of sustainable development and
carbon-neutral products, biollers such as cellulose nanobres,
biosilica, and lignin have attracted the attention of many
researchers. Among them, lignin is the second most abundant
biopolymer aer cellulose. The effective use of lignin waste from
kra processes is gaining focus.5,6 Typically, lignin from kra
process is used as a low value fuel in paper-pulpmanufacturing.7–9

Lignin is a three-dimensional amorphous natural polymer,
which is generally contained in woods at approximately 15–25%
by weight. It provides the strength in the wood to protect against
mechanical and biological stresses. The major chemical func-
tional groups in lignin are dependent on its genetic origin, and
applied extraction processes.10 The chemical constituents and
network structure of lignin are different depending on its
extraction process. These characteristics have been shown to
confer special functional properties on lignin, such as a stabi-
lizing effect,11 reinforcing effect, biodegradability, anti-fungal
property, antibiotic activity,11–14 and UV-absorption.15

Extensive trials have also been carried out for using lignin waste
as a ller component in rubbery composites, which is a promising
reuse of lignin waste.5,6 However, lignin from waste was found
unsatisfactory for the reinforcement of rubber materials due to the
difficulty of blending lignin with other systems.15–18 Thus, most of
the lignin waste needed to be modied, for example, into fabri-
cated lignin by using gra copolymerization, lignin-cationic poly-
electrolyte complexes, etc., in order to improve compatibility with
This journal is © The Royal Society of Chemistry 2017
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rubber and other polymer matrices.5,6,18 Up to now, there is inad-
equate information on lignin-reinforced polymer composites.5,6

Therefore, development of eco-friendly and sustainable materials
requires a more effective use of lignin.

Is it truly difficult for lignin to be used for rubber rein-
forcement? To answer this question, a trial was conducted to
use a so processing method, and preliminary results were re-
ported in our rapid communication.19 Our group that con-
ducted this research focused on the so processing method,
which takes advantage of NR latex, to prepare novel high-
performance NR composites.20 The method is based on the
idea that a ller network is formed in an NR matrix by using NR
particles in the NR latex as a template. The reinforcement effect
of the ller network for NR has been recognized as being useful;
for example, the role of the ller network in the high perfor-
mance of in situ silica/NR nanocomposites was clearly shown
using this technique.21,22 Lignin was also successfully used as an
effective reinforcing ller for NR, similar to inorganic llers, in
which 10 parts per one hundred rubber by weight (phr) of lignin
was mixed with NR latex using this so processing method.19

This method is very simple and can be easily utilized for prac-
tical rubber production applications. The characteristics of only
10 phr lignin-lled NR nanocomposite were also briey re-
ported in the rapid communication.19 The present study inves-
tigates the effect of lignin content on the tensile properties of
lignin-lled NR composites, with their unique morphological
features. The results will be useful in revealing the role of
organic ller “lignin” for the reinforcement of NR.
Experimental section
Materials

Commercial NR latex with 0.7% of NH4OH, and a dry rubber
content (DRC) of 60% was purchased from Thai Rubber Latex
Public Co., Ltd., Thailand. Sodium lignosulfonate (Pearllex NP
with the content of sulfonate group; 1.8 mmol g�1) fromNippon
Paper Chemicals, Co., Ltd., Japan was used as received.
Analytical grade sodium hydroxide was purchased from Lab-
scan Co., Ltd., Thailand. Vulcanizing reagents were zinc oxide
(ZnO), zinc diethyl dithiocarbamate (ZDEC), and sulfur (S8)
from Luckyfour Co., Ltd., Thailand.

For conventional mixing, solid NR (RSS no. 1) was used.
Elemental sulfur (powder, 150mesh), stearic acid (LUNAC S-25),
ZnO (average diameter 0.29 mm), and N-(1,3-benzothiazol-2-
ylsulfanyl)cyclohexanamine (CBS) (Sanceler CM-G) were
commercial grades for rubber industry and used as received.
They were supplied from Hosoi Chemical Industry Co., Ltd.,
Kao Co., Sakai Chemical Industry Co., Ltd., and Sanshin
Chemical Industry Co., Ltd., respectively.
Preparation of Lignin/NR biocomposites by so processing
method

Novel biocomposites composed of lignin and NR were prepared
by the so processing method: high ammonia NR latex of
100 ml was mixed with 50% sulfur dispersion of 1.5 phr, 50%
ZDEC dispersion of 1.0 phr and 50% ZnO dispersion of 1.8 phr
This journal is © The Royal Society of Chemistry 2017
at r.t. in advance, and followed by mixing with each alkali
aqueous solution of 5, 10, 20 or 40 phr of sodium lignosulfo-
nate, respectively. Because the sodium lignosulfonate from
kra process was hydrophobic,23 it was soluble in some organic
solvents and was practically insoluble in water. Thus, it was
difficult to mix the lignin powder with the NR latex directly.
However, the sodium lignosulfonate was soluble in an aqueous
NaOH solution. In addition, the NR latex was preserved by
NH4OH, and the basic condition of NR latex was preferable for
the mixing. Therefore, the sodium lignosulfonate solution was
prepared by stirring in an aqueous NaOH solution of 0.1 mol l�1

at rst. The nal concentration of lignin solution was 30 w/v%.
The biocomposite lms were prepared by casting the liquid
mixture on a glass plate, and they were evaporated at r.t. for
a few days. The obtained lms were subjected to cross-linking at
70 �C for 4 h, and were dried at r.t. under a reduced pressure.
The biocomposites having lignin of 5, 10, 20 and 40 phr are
abbreviated as NR-L5-S-so, NR-L10-S-so, NR-L20-S-so and
NR-L40-S-so, respectively. In addition, an unlled sample (NR-
L0-S-so) was also prepared by the so processing method as
a reference. In the sample codes, “L”, “number”, “S” and “so”
mean lignin, a content of lignin in phr, a sulfur cross-linking,
and the so processing, respectively.

As reference samples, lignin-lled NR biocomposites were
prepared from solid NR and lignin powder by the conventional
method. ZnO of 1.8 phr, stearic acid of 2.0 phr, CBS of 1.0 phr,
sulfur of 1.5 phr and lignin 5, 10, 20, or 40 phr were mixed with
solid NR on a two-roll mill at r.t. for sulfur cross-linking. Each
rubber compound was molded into a sheet of 1 mm thickness
by heat pressing at 140 �C for 12 min, which was the optimal
cure time determined by the cure measurement at 140 �C by JSR
Curelastometer III. The biocomposites having lignin of 5, 10, 20
and 40 phr are abbreviated as NR-L5-S-mill, NR-L10-S-mill, NR-
L20-S-mill and NR-L40-S-mill, respectively. An unlled NR
sample (NR-L0-S-mill) was also prepared by using the same
recipe. In the sample codes, “L”, “number”, “S” and “mill”
mean lignin, a content of lignin in phr, a sulfur cross-linking,
and conventional mixing method, respectively.
Measurement of network-chain density

A network-chain density (n) of the lms of lignin-lled NR bio-
composites was evaluated on the basis of the classical theory of
rubber elasticity as follows;24

s ¼ nRT

�
a� 1

a2

�
(1)

where s is tensile stress, R is gas constant, a is stretching ratio
and T is absolute temperature.
Raman spectroscopy

NR-L10-S-so and NR-L40-S-so were directly subjected to
Raman spectroscopy without any treatments by Nicolet iS50 FT-
IR with the Ramanmodule (Thermo Fisher Scientic Inc.) using
diode laser at 1064 nm. The resolution and accumulation time
were 8 cm�1 and 500 times, respectively. Raman spectral bands
of NR-L0-S-so, NR-L10-S-so and NR-L40-S-so are shown in
RSC Adv., 2017, 7, 5222–5231 | 5223
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Fig. 1 Raman spectra of NR-L0-S-soft, NR-L10-S-soft and NR-L40-
S-soft.
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Fig. 1. The bands indicating hydrocarbon chains of cis-1,4-pol-
yisoprene of NR, were assigned at n ¼ 1666 cm�1 (C]C
stretching), 1288 cm�1 (CH bending), 1375 cm�1 (CH3 asym-
metric deformation), 1451 and 1362 cm�1 (CH2 deformation),
and 1315 cm�1 (CH2 twisting). In addition, the Raman spectral
bands which are contributed to lignin were found at n ¼ 1600
cm�1 (C–C of aromatic ring symmetric stretching), 1635 cm�1

(probably ascribable to C]C stretching of coniferaldehyde/
sinapaldehyde) and 1410 cm�1 (phenolic OH bending/CH3

bending).25
Tensile measurement

Tensile measurements were conducted for ring-shaped
samples using a tailor-made tensile tester (ISUT-2201,
Aiesu Giken, Co., Kyoto, Japan) at approximately 25 �C.
Outside and inside diameters of the samples were 13.7 and
11.7 mm, respectively. The samples were stretched up to the
rupture point. The stretching speed was 100 mm min�1, i.e.,
the strain speed was about 4.98 per min. A stretching ratio (a)
is dened as a ¼ l/l0 where a is the stretching ratio, l is
a length aer deformation, and l0 is an initial length,
respectively.
Laser scanning confocal microscopy

Laser scanning confocal microscopy (LSCM) was performed
using a Nikon Laser Confocal Microscope System A1R with
a 20� objective (numerical aperture ¼ 0.75, CFI Plan
Fig. 2 LSCM photograph of the sodium lignosulfonate with the
fluorescence emission spectrum.

5224 | RSC Adv., 2017, 7, 5222–5231
Apochromat 20�/0.75 DIC M, Nikon Co., Japan) at r.t. The
laser wavelength was 488 nm, and the detector was a single
photo multiplier tube. The size of the specimen was 10 � 1 �
thickness in mm3. Three-dimensional images were also ob-
tained with a 100� objective (CFI Plan Apochromat 100�/1.4
DIC VC, Nikon Co., Japan) using NIS-Elements soware,
Nikon Co., Japan. Fig. 2 shows a LSCM photograph of the
sodium lignosulfonate with the uorescence emission spec-
trum. The diameter of lignin powder was detected to be
approximately 20–45 mm. It was also conrmed that the
sodium lignosulfonate used in this study provided the wide
range of detectable uorescence spectrum from 430–750 nm,
and gave the high uorescence emission intensity at wave-
length ¼ 530 nm.
Scanning probe microscopy

Scanning probe microscopy (SPM) observation was performed
using a Bruker AXS Nanoscope III a plus D3100 (Bruker Co.) at
r.t. The probes were OMCL-AC160TS (Olympus Co.). The surface
of sample was prepared by cutting using an ultra-microtome
(LEICA, UC6) at �100 �C.
Fig. 3 Tensile stress–strain curves of the lignin-filled NR bio-
composites with those of unfilled samples. (a) The soft processing and
(b) the conventional mixing methods.

This journal is © The Royal Society of Chemistry 2017
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Evaluation of Payne effect

Payne effect was investigated at approximately 25 �C by using
a rheometer MR-500 (Rheology Co., Japan) at 1 Hz of frequency
and rotation angles between 0.01 and 15�. The size of the
specimen was 8 � 8 � thickness in mm3.
Dynamic mechanical analysis

Dynamic mechanical properties were evaluated using a Rheo-
spectolar DVE-4 instrument in a tension mode at a frequency of
10 Hz and temperature range from �130 �C to 150 �C at
a heating rate of 2 �C min�1. The size of the specimen was 25 �
5 � thickness in mm3. The applied static force was automati-
cally controlled, and the dynamic strain was �3 mm. Storage
modulus (E0) and loss factor (tan d) were measured as a function
of temperature.
Simultaneous wide-angle X-ray diffraction and tensile
measurements

Simultaneous wide-angle X-ray diffraction (WAXD) and tensile
measurements were carried out in situ26,27 at BL-40XU beam line
of SPring-8 in Harima, Japan.28 A tailor-made tensile machine
(ISUT-2201, Aiesu Giken, Co., Kyoto, Japan) was situated on the
beam line, and WAXD patterns were recorded during tensile
measurement at r.t. (approximately 25 �C). The detail of tensile
measurement was same with the previous section. The samples
were stretched up to the rupture point under the stretching
speed of 100 mm min�1. The wavelength of X-ray was
0.08322 nm and the camera length was 184.7 mm. Two-
dimensional (2D) WAXD patterns were recorded using
a charge-coupled device (CCD) camera (ORCA II, Hamamatsu
Photonics, Co.). Intensity of the incident X-ray was attenuated
using a rotating slit equipped on the beam line, and the inci-
dent beam was exposed on the sample for 70 ms every 3 s.
WAXD analysis

The obtained 2D-WAXD images were processed using “POLAR”
(Stonybrook Technology & Applied Research, Inc.).29,30 The 2D-
WAXD patterns of stretched samples were decomposed into
Table 1 Properties of lignin-filled NR biocomposites prepared by soft p

Sample code
Lignin contenta

(phr)
Network-chain densityb � 104

(mol cm�3)

NR-L0-S-so 0 1.4
NR-L0-S-mill 0 1.2
NR-L5-S-so 5 2.4
NR-L5-S-mill 5 1.2
NR-L10-S-so 10 2.6
NR-L10-S-mill 10 1.5
NR-L20-S-so 20 3.2
NR-L20-S-mill 20 1.7
NR-L40-S-so 40 7.9
NR-L40-S-mill 40 2.5

a Parts per one hundred rubber by weight. b Estimated on the basis of th
break. d Stretching ratio at break.

This journal is © The Royal Society of Chemistry 2017
three components, i.e., isotropic, oriented amorphous and
crystalline components. The three components were azimuth-
ally integrated within the range of �75� from the equator, and
crystallinity index (CI) is calculated by using eqn (2). The detail
of this analytical method was described in our previous
paper.29,30

CI ¼

X
crystal

2p

ð
sin fdf

ð
IðsÞs2ds

X
total

2p

ð
sin fdf

ð
IðsÞs2ds

(2)

here, I(s) represents the intensity distribution of each peak that
is read out from the WAXD pattern, s is the radial coordinate in
reciprocal space in nm�1 unit (s ¼ 2(sin q/l), where l is the
wavelength and 2q is the scattering angle), and f is the angle
between the scattering vector of the peak and the bre
direction.

Results and discussion
Tensile properties of lignin-lled NR biocomposites

Tensile stress–strain curves of NR biocomposites containing 5,
10, 20, and 40 phr of lignin, which were prepared by the so
processing and conventional mixing methods, are illustrated in
Fig. 3 against those of unlled samples. By repeating a few times
measurements, the good reproducibility of tensile properties
for all samples was obtained with the sample standard devia-
tion (s) < 0.382 for the stresses at the stretching ratios of 3.0, 5.0
and 7.0. Only the tensile strength (TB) and stretching ratio at
break (EB) possessed s < 4.16. In addition, the fracture proper-
ties have been well-known to have effects of cuts and/or
scratches on the surfaces of specimens. Thus, the tensile
properties using the samples with the highest TB and EB in Fig. 3
are summarized with their network-chain densities in Table 1. A
reinforcement effect of the lignin to increase the stresses at low
stretching ratios was detected in both series. Specically, the
tensile stresses of the lignin-lled NR biocomposites prepared
by the so processing method were found to signicantly
increase with increasing the lignin content, similar to conven-
tional carbon black (CB)-lled systems. For example, the tensile
rocessing and conventional methods at different lignin contents

Stress at
a ¼ 3 (MPa)

Stress at
a ¼ 5 (MPa)

Stress at
a ¼ 7 (MPa)

TB
c

(MPa) EB
d

0.7 1.0 3.2 13.9 9.5
0.9 1.8 5.7 18.8 8.9
1.8 4.3 17.7 27.2 7.8
0.9 1.9 6.0 17.1 8.8
1.9 4.7 17.0 24.6 7.8
1.0 2.1 7.1 19.2 8.8
2.4 6.0 — 15.1 6.8
1.2 2.7 8.4 17.4 8.3
4.2 9.6 — 12.2 5.5
1.4 3.2 9.4 11.8 7.5

e classical theory of rubber elasticity using eqn (1). c Tensile strength at

RSC Adv., 2017, 7, 5222–5231 | 5225
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Fig. 4 LSCM images of the lignin-filled NR biocomposites, the unfilled
samples, solid NR and dry NR precipitated from the latex using 10%
aqueous acetic acid solution.
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stresses of NR-L5-S-so at a¼ 3.0, 5.0 and 7.0 were about 160%,
330% and 450% higher than those of an unlled sample (NR-
L0-S-so), respectively. Note that the improvement of the
tensile strength and stretching ratio at break was difficult for
the Lignin/NR so biocomposites, although the so processing
was useful for the utilization of sodium lignosulfonate as
a reinforcing ller for rubber. This point is our challenge in near
future. On the other hand, the increment in the tensile stresses
of NR-L5-S-mill was 0%, 6% and 7% at a ¼ 3.0, 5.0 and 7.0,
respectively, when compared to unlled NR (NR-L0-S-mill).
Unlike nano-sized llers, the direct incorporation of micron-
sized lignin to the rubber matrices by conventional milling
was not efficient to bring about the high performance proper-
ties even when sodium lignosulfonate with ionic sites was used.
5226 | RSC Adv., 2017, 7, 5222–5231
In the lignin-lled NR biocomposites prepared by this so
processing (hereaer, it is called as “Lignin/NR so bio-
composites” in this paper), the different features of tensile
properties seem to be distinguishable into two groups on the
basis of the stress–strain curves. At rst, NR-L5-S-so and NR-
L10-S-so, which provided the considerably high up-turn
stresses at their large strains and their stress–strain curves,
were very similar. In addition, the tensile strengths of these
biocomposites were surprisingly larger than that of NR-L0-S-
so. In the second, NR-L20-S-so and NR-L40-S-so did not
show much abrupt up-turn stresses at a high strain like NR-L5-
S-so and NR-L10-S-so, although their stresses signicantly
increased from the low strains. These results suggest that the
reinforcement mechanism resulting from lling lignin was
different for the two groups, although the processing was same
among the biocomposites.

In general, the abrupt upturn of stress at high strains for
cross-linked NR is ascribable to the strain-induced crystalliza-
tion (SIC) behaviour. It is also well known that signicant
increases of tensile stresses at low strains are due to the ller–
ller interaction in the composites. Therefore, the characteris-
tics of the rst group are predicted to relate to the acceleration
of SIC by lling the lignin using the so processing method.
The second may be mainly concerned with a dispersion of the
lignin in the rubber matrix. In order to conrm these
phenomena, several characterisations were carried out for the
biocomposites in this study. As already reported in a previous
rapid communication on NR-L10-S-so,19 the so processing
was found to form the specic morphology of lignin like a ller
network around the rubber phases. Thus, the morphological
features of the biocomposites were compared and discussed in
order to reveal the difference of the reinforcement effects
between the two groups. From next section, the Lignin/NR so
biocomposites with 10 and 40 phr lignins are focused as typical
samples for each group.
Morphological characteristics of Lignin/NR so
biocomposites

Morphologies of lignin in the rubber matrices of the bio-
composites were investigated by using laser scanning confocal
microscopy (LSCM). Fig. 4 presents the gum solid NR and the
dry NR from the latex, which did not show any autouorescence
under the objective lens used in this LSCM experiment. Notably,
any special treatment was not required for the samples due to
an autouorescence of lignin for the observations as explained
in Fig. 2. However, the unlled samples, i.e. NR-L0-S-so and
NR-L0-S-mill without the lignins also shows the uorescence
under the objective lens in this study as shown in Fig. 4.
Therefore, the uorescence phenomena were mainly ascribed
to the sulfur cross-linking reagents.

On the other hand, the observed LSCM image of NR-L10-S-
so was similar to that of NR-L0-S-so as shown in Fig. 4,
even though the former contained lignin. Furthermore, the
LSCM image of NR-L40-S-so was different from those of NR-
L10-S-so and NR-L0-S-so, where the black parts were not
clearly detected, but a homogeneous green phase was instead
This journal is © The Royal Society of Chemistry 2017
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visible. The difference suggests two possible phenomena: the
lignin may be nely dispersed in the NR matrix, and the sulfur
cross-linking reagents may be well dispersed in the matrix. The
considerations were apparently supported by comparing LSCM
images of NR-L10-S-mill and NR-L40-S-mill. As detected in
Fig. 4, NR-L10-S-mill and NR-L40-S-mill showed the uores-
cence emission from both the sulfur cross-linking reagents and
the lignin particles as a green background and brighter green
dots, respectively. The diameter of lignin powder was found to
become small by milling, and it was approximately 5–9 mm in
NR-L40-S-mill. Furthermore, bigger black parts were detected in
NR-L10-S-mill than in NR-L10-S-so and NR-L0-S-so. Since
NR-L10-S-so and NR-L40-S-so did not show any lignin
powder particles of a similar size to those detected in the lignin
milled samples, these results clearly suggest the presence of
better dispersion of lignin in NR-L10-S-so and NR-L40-S-so
than in NR-L10-S-mill and NR-L40-S-mill. In addition, the size
of lignin in Lignin/NR so biocomposites was indicated to be
less than 100 nm, judging from the resolution of LSCM in this
study.

The three-dimensional LSCM images of NR-L40-S-so and
NR-L40-S-mill more clearly supported this consideration as
shown in Fig. 5, where the lengths were approximately 120 mm,
and the thickness was approximately 40 mm. The movies of
these gures are shown in the journal site of ESI, video 1 and 2.†
The uorescence emissions from NR-L40-S-so and NR-L10-S-
so may be mainly attributed to the sulfur cross-linking
reagents, because the dry NR from the latex did not show any
uorescence under the objective lens used in this experimental
condition. The question then is what the difference between the
morphology of NR-L10-S-so and NR-L40-S-so is. In order to
reveal the characteristic features, a scanning probe microscopy
(SPM) was conducted for NR-L10-S-so and NR-L40-S-so in the
next.

Phase and height SPM images of NR-L10-S-so and NR-L40-
S-so are shown in Fig. 6 with those of NR-L0-S-so. In their
phase images, bright and dark parts correspond to hard and
so phases, indicating the lignin and the NR phases in NR-L10-
S-so and NR-L40-S-so, respectively. As expected similarly to
the in situ silica-lled NR nanocomposites prepared by the so
processing,21,22,31,32 the lignin seemed to be located around the
NR particles in the latex during formation of lm, to result in
the selective formation of lignin phases around the rubber
Fig. 5 Three-dimensional LSCM images of NR-L40-S-soft and NR-
L40-S-mill, where the lengths and the thickness were approximately
120 mm and approximately 40 mm, respectively.

This journal is © The Royal Society of Chemistry 2017
phases.19 Namely, network-like structures of lignin were detec-
ted in the biphasic structured morphologies in both NR-L10-S-
so and NR-L40-S-so. The height images also clearly showed
ller network-like structures. Note that the lignin phases
became enlarged through the increase of lignin. The shape of
NR particles in the latex was well reected to the soNR phases.
Specically, arc-shaped interfaces were clearly recognised
between the lignin and rubber in NR-L40-S-so as shown in
Fig. 6. It is worth noting that the size of rubber phases of NR-
L10-S-so and NR-L40-S-so were very similar to that of the
beige coloured region of NR-L0-S-so shown in Fig. 6, which
also supported the aggregation of lignin components around
the rubber particles in the NR latex. The mechanism of the
formation of lignin aggregates like a network may be similar to
that of the in situ silica network using NR latexes that has been
reported previously,22,31,32 because the lignin used in this study
possesses ionic sites of sodium sulfonate. In the NR latex, the
ionic sites in the ligninmay have interacted with the non-rubber
components of the surface of NR particles via Coulomb
Fig. 6 SPM height and phase images of NR-L0-S-soft, NR-L10-S-soft,
NR-L40-S-soft and the magnified height and phase images of NR-
L10-S-soft.

RSC Adv., 2017, 7, 5222–5231 | 5227
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interaction. In fact, the lignin around the NR phases was
observed to be well wetted by NR, resulting in the unclear
lignin/rubber interface shown in Fig. 6.

The SPM results of NR-L40-S-so (rather than those of NR-
L10-S-so) clearly suggest that the organic bioller lignin
supports the following idea for the reinforcement of rubber
when so processing is utilized to prepare the nanocomposite
“Not the highest dispersion but to get a certain dispersion that
may be favorable to form a network-like structure of nanoller
is to be the best dispersion in terms of rubber reinforce-
ment”.19,20 This unique morphology endowed the lignin-lled
NR biocomposites prepared by the so processing with excel-
lent tensile properties, as shown in Fig. 3a. The network-like
structure of lignin in the NR composites was conrmed by
results of the Payne effect as discussed in the next section.

When the morphologies of Lignin/NR so biocomposites
and NR-L0-S-so are compared, this unique point presented
itself. The hardness of the interface phase between the rubber
phases (the beige phases) changed aer the lling of lignin. In
the unlled sample, the interface was soer than the rubber
phases. However, the lignin made it harder than the rubber
phases. This phenomenon clearly shows that the lignin plays
a role in reinforcing the interface. Because sodium lignosul-
fonate is an organic material containing the ionic sites, the
compatibility of lignin with the non-rubber components on
the NR particles in the NR latex becomes good, resulting in
hard layer at the interfaces aer drying. In Fig. 6, it is also
noted that the NR phases were spherical and/or ellipse-
shaped, the size distribution was relatively homogeneous,
and its average diameter was approximately 1 mm. Even aer
the lling of lignin, the size of NR phases was not much
changed.

Generally, the rubber particles in NR latex coalesce to form
a relatively strong lm during drying, where the surface
boundaries of the coalesced rubber particles are formed. The
main components of the boundaries were reported to be non-
rubber components such as phospholipids, fatty acids and so
Fig. 7 Payne effect of Lignin/NR soft biocomposites.

5228 | RSC Adv., 2017, 7, 5222–5231
on.33–35 Therefore, the so phases, i.e. the dark brown coloured
parts, which were dispersed around the NR phases of NR-L0-S-
so in Fig. 6, are supposed to be non-rubber components
existing even aer the sulfur cross-linking under the reaction
condition of this study. Therefore, our SPM results clearly
suggest that the interface ascribed to the non-rubber compo-
nents was much soer than the matrix of sulfur cross-linked
NR. The surfactants used for dispersing cross-linking reagents
in the vulcanization may have inuenced the soness of the
interface.

Payne effect of Lignin/NR so biocomposites

Generally, a difference of shear storage modulus (G0) at small
and large deformations reects ller–ller interaction in the
ller-lled rubber materials, known as the “Payne effect”. In
order to evaluate the degree of ller–ller interaction of Lignin/
NR so biocomposites, variations of G0 over 10�2 to 103% strain
at 1 Hz of frequency for the composites with 10 and 40 phr
lignin content were investigated. The results are shown in Fig. 7.
It is worth noting that signicantly different tendencies were
Fig. 8 Temperature dependence of (a) E0 and (b) tan d for Lignin/NR
soft biocomposites.

This journal is © The Royal Society of Chemistry 2017
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observed among the samples. The Payne effect of NR-L40-S-so
was much larger than that of NR-L10-S-so and NR-L0-S-so,
which agreed well with that observed for conventional carbon
black or silica-lled rubber composites. The signicant Payne
effect of NR-L40-S-so suggests the presence of a stiff network-
like structure of lignin with high ller–ller interaction in the
NR matrix. Even with the addition of a small amount of lignin
by the so processing method, the Payne effect was clearly
observed, as shown in NR-L10-S-so. The interface between the
NR phases composed of the non-rubber components is
supposed to be strengthened by lling of the lignin. With
further increasing strain, no obvious change of the G0 for
Lignin/NR so biocomposites was found, leading to the plat-
form being subjected to a strain of 10 to 102%. This indicated
that the ller–ller interaction of the NR biocomposites would
be destroyed almost completely even in the case of NR-L40-S-
so.
Dynamic mechanical properties of Lignin/NR so
biocomposites

Fig. 8 presents the temperature dependence of the storage
modulus (E0) and the loss factor curve (tan d) of Lignin/NR so
biocomposites with the unlled sample prepared using the so
Fig. 9 SIC behaviours of Lignin/NR soft biocomposites. (a) Tensile stress
ratio, and (c) three-dimensional WAXD patterns at a ¼ 1, 4.5 and 5.5.

This journal is © The Royal Society of Chemistry 2017
processing method. The E0 at 25 �C of Lignin/NR so bio-
composites was obviously enhanced by mixing lignin, especially
by the lling of 40 phr lignin. The tendency of increase of E0 at
100 �Cwas similar to that of E0 at 25 �C. These results also suggest
that the NR was effectively reinforced by lignin when the so
processing method was used for preparing the rubber compos-
ites. Moreover, a reduction of the loss factor (shown as a decrease
of the height of tan d) was detected with increasing the lignin
content in the NR biocomposites prepared by the so processing
method, indicating the higher restriction of movements for the
rubber chains at the interface of the biphasic structures due to
the higher lignin content. Therefore, it is suggested that Lignin/
NR so biocomposites provided not only the high modulus,
but also high rigidity and stiffness, probably ascribed to the high
ller–rubber interaction at the interface in Lignin/NR bio-
composites. It is also worth noting, on the other hand, that
Lignin/NR so biocomposites show a similar identical tempera-
ture of tan d peak at �51 �C, referring to their glass transition
temperatures (Tg), with that of NR-L0-S-so as revealed in Fig. 8.
Because the lignin was located around the NR phases and the size
of NR phases was similar among the samples, the Tg may be
governed by the highly pure rubber phase in the core of rubber
phases, not depending on the lignin contents in the samples
prepared by the so processing method.
–strain curves, (b) variations of crystallinity index (CI) against stretching

RSC Adv., 2017, 7, 5222–5231 | 5229
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Characteristic feature of crystallinity in the strain-induced
crystallization of Lignin/NR so biocomposites

It is well known that one of the excellent properties of NR is its
signicant strain-induced crystallization (SIC) behaviour.
Therefore, the SIC behaviours of Lignin/NR so biocomposites
with the unique morphological features must be investigated in
order to reveal the role of organic ller for the reinforcement of
NR. Fig. 9 shows the tensile stress–strain curves of Lignin/NR
so biocomposites (NR-L40-S-so and NR-L10-S-so) and
unlled sample (NR-L0-S-so) obtained during the simulta-
neous in situ WAXD/tensile measurements. The sequential
changes of three-dimensional WAXD patterns at a ¼ 1, 4.5, and
5.5 are also displayed in this gure. The tensile stress–strain
curves in Fig. 9a show a good reproducibility with those in
Fig. 3a, where the substantial improvement of stresses by lignin
was clearly observed as mentioned. Before stretching, i.e. a ¼ 1,
an amorphous halo ring was observed in each WAXD pattern as
shown in Fig. 9c, indicating the presence of randomly coiled
amorphous chains in all samples. Upon stretching, the crys-
talline reections were detected due to the SIC of NR chains
along the stretching direction, and the intensities of crystalline
reections were observed to gradually increase upon further
stretching. At each stretching ratio, the intensities of crystalline
reections of the WAXD patterns of NR-L40-S-so were slightly
lower than those of NR-L10-S-so, and the crystalline reection
became broader in the former than in the latter. In order to
investigate the SIC behaviours more clearly for the samples,
a quantitative analysis of the crystalline reections was con-
ducted according to the method reported.29,30

Fig. 9b illustrates variations of crystallinity index (CI) against
a for the Lignin/NR so biocomposites and unlled sample. It
is worth noting that the variation of CI was approximately the
same among the samples. In addition, it was clearly observed
that the CI variations of all samples were stepwise upon
stretching, where small plateau regions of the CI values were
repeatedly detected. The stepwise SIC behaviours are supposed
to be due to the unique biphasic structures in the composites
prepared by the so processing method, similarly to our
previous results on in situ silica-lled NR composite.21 In the
case of the organic ller “lignin” in this study, the rubber
particles in the NR latex also played a role as templates to locally
disperse the lignin around the rubber phases. Because the size
and distribution of NR particles in the latex were almost equal
in all samples, it was reasonable to detect similar steps in these
three samples. The reason for missing the rst step in NR-L40-S-
so is probably due to the prevention of SIC by the large
amounts of lignin ller around the small sized NR phases. It
was also noted that the step tended to becomemore at with the
increase of lignin content. Unexpectedly, the degree of crystal-
linity upon stretching was found to be similar among the
samples, and not dependent on the lignin content as described
above. However, a signicant difference in tensile properties
was observed in Fig. 9a. This clearly means that the reinforce-
ment effect of lignin itself appeared signicantly in NR-L40-S-
so, not relating to the reinforcement effect of strain-induced
5230 | RSC Adv., 2017, 7, 5222–5231
crystallites. The detail of SIC behaviours of these samples will
be reported elsewhere.
Conclusion

NR biocomposites with sodium lignosulfonates of 5, 10, 20, and
40 phr were successfully prepared by using the so processing
method. This method caused the rubber particles in the NR
latex to act as templates for the formation of locally dispersed
lignin around the rubber phases even at high levels of lignin
lling. The signicant Payne effect of 40 phr lignin-lled NR
biocomposite suggests the presence of a stiff network-like
structure of lignin with a high ller–ller interaction in the
NR matrix. The Payne effect was clearly observed even by the
addition of 10 phr lignin, where the interface between the NR
phases composing the non-rubber components is supposed to
be strengthened by lignin lling. Based on the difference of
their unique morphologies, the 40 phr lignin-lled bio-
composite provided better mechanical properties such as
substantially higher tensile stresses, larger storage moduli, and
lower dissipative loss, than the 10 phr lignin-lled bio-
composite. However, low glass transition temperatures, due to
the pure rubber phases, were observed in both biocomposites.
This is also the characteristic of the lignin-lled NR bio-
composites prepared by so processing. The stepwise SIC was
observed in both biocomposites through quick time-resolved
WAXD/tensile measurements. The stepwise SIC was ascribed
to the size distribution of rubber particles in NR latex in the
preparation step of the biocomposites.21 Unexpectedly, the
degree of crystallisation upon stretching was similar for bio-
composites with 10 phr and 40 phr lignins, up to the stretching
ratio of approximately 5.5. These characteristics will be useful
for developing the already promising reuse of lignin as rein-
forcing ller for high performance green natural rubber nano-
composites for a sustainable society.
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