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Abstract. This paper presents a novel strategy to prepare nano-lignin and its composites with natural rubber. The nano-
lignin was ontained by fabricating colloidal lignin-Poly (diallyldimethylammonium chloride) (PDADMAC) complexes
(LPCs) via self-assembly technology. The characteristics of LPCs were investigated by zeta potential, dynamic light scat-
tering (DLS), transmission electron microscopy (TEM), Fourier transform infrared spectroscopy (FTIR) and ultraviolet —
visible (UV-vis) absorption measurements. The results indicated that PDADMAC intensively interacted with lignin by cation-nt
and ©-m interactions, and lignin particles were stable in aqueous solution with an average particle size less than 100 nm.
LPCs accelerated the vulcanization of NR/LPCs nanocomposites. Morphological studies and Dynamic mechanical analysis
(DMA) showed the homogeneous dispersion of LPCs in the NR matrix and the strong interfacial adhesion between them.
The nanoscale dispersion of LPCs significantly enhanced the thermal stability and mechanical properties of NR/LPCs

nanocomposites.
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1. Introduction

Lignin, the second most abundant renewable natu-
ral resource next to cellulose, is a highly-branched,
three dimensional biopolymer. It consists of three
phenylpropanoid units, such as p-hydroxyphenyl
(H), guaiacyl (G) and syringyl (S) (Figure 1), which
are attached to one another by a series of character-
istic linkages (5-O-4, 5-5, p-f, etc.) [1]. The major
chemical functional groups in lignin include
hydroxyl, methoxyl, carbonyl and carboxyl groups
in various amounts and proportions, depending on
genetic origin and applied extraction processes [2].
The distinct network structure as well as the pres-
ence of the various chemical substituents confers
special functional properties to lignin, such as stabi-
lizing effect [3], reinforcing effect, UV-absorption,
biodegradability, anti-fungal and antibiotic activity
[4-6]. However, the potential of lignin is not clearly
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valued, because it predominantly obtained as by-
products in pulp production is mainly used as fuel.

Fortunately, incorporating into polymeric materials
will be a value-added application for lignin [7-10].
Especially in rubber-based materials, lignin is less
dense, non-conducting, and being lighter in color
compared to carbon black. It appears more amenable
for the preparation of light-colored rubber com-
pounds. So, for the past decades great amounts of
researches [11-13] and patents [14—18] of lignin as
filler added to rubber compounds have investigated
carbon black replacement in order to achieve simi-
lar reinforcement of rubber composites. Usually,
two strategies (dry-milling and co-precipitation) are
mostly used for the preparation of lignin-filled rub-
ber composites. Lignin as dry powder straightfor-
ward milled into rubber shows almost no reinforc-
ing effect. This is believed to be a result of the
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Figure 1. Three phenylpropanoid units of lignin

lignin particles adhering together by intermolecular
hydrogen bonding and thus not being dispersed into
the rubber by milling [19]. It is a unique property
that lignin is soluble in aqueous alkali because of
the ionization of the phenolic hydroxyl and car-
boxylic groups, such solutions being compatible
with rubber latex in all proportions. Furthermore, the
co-precipitation of the lignin and the rubber from
the mixing solution with acids is possible in the
same pH range [20]. In comparison to dry-milling
method, the distribution of the lignin in the rubber
compounds prepared by co-precipitation method is
more homogeneous and the particle size is finer.
Even so, the lignin is still unable to be dispersed at
nanoscale. Nevertheless, the reinforcing effect of
lignin for rubber compounds intensively depends
on particle size and strong interfacial bonding with
rubber matrix. In most reports, the lignin shows lit-
tle reinforcing effect on nonpolar rubber matrix and
even deteriorates the performance of rubber com-
posites [21, 22]. To the best of our knowledge, there
is no report on nanoscale lignin reinforced natural
rubber. Therefore, we highlight the fabrication of
nano-lignin and the nanoscale distribution of lignin
in rubber matrix by a novel strategy in this paper.

Lignin can be viewed as an anionic polyelectrolyte
when phenolic hydroxyls and carboxylic groups are
ionized. Usually, three types of polyelectrolyte com-
plexes can form: soluble, colloidal and coacervate
[23]. In previous publications, the studies on the
formation of polyelectrolyte complexes between
cationic polyelectrolytes and anionic lignin aim to
improve wastewater-treatment efficiency [24, 25],
increase the efficiency of retention aids and enhance
the strength of papers in papermaking [26]. As a con-
sequence, the lignin-cationic polyelectrolyte com-

plexes are commonly coacervates for those pur-
poses. However, the complexes must be colloidal to
mix with natural rubber latex (NRL) and produce
NR/lignin nanocomposites. In the present work, the
formation and characteristics of colloidal LPCs were
investigated and the adsorption mechanism of
PDADMAC onto the lignin surface was discussed.
The morphology of the NR/lignin composites was
also observed by SEM. The mechanical perform-
ance and vulcanization behaviors were studied, as
well as the thermal and thermo-oxidative stability.

2. Experimental section

2.1. Materials

Lignin was industrial sulfate lignin (micron scale),
purchased from Shandong Tralin Pape Co., Ltd.,
China. The average molecular weight of sulfate
lignin was 3801 with the polydispersity index of
2.15. PDADMAC (100 000-200 000; 20 wt% in
water) was obtained from Sigma-Aldrich (Sigma-
Aldrich, Louis, MO). NRL stabilized by ammonia
with a total solid content of 64.5% was provided by
the Tropical Crops Research Center of Zhanjiang,
China. Sodium hydroxide, hydrochloric acid and
sulfuric acid were analytical grade, purchased from
Guangzhou Chemical Reagent Factory, China. The
reagents used in rubber formula such as sulphur,
stearic acid, zinc oxide, N-tert-butyl-2-benzothia-
zole sulfonamide (CBS), were industrial grade,
kindly provided by South China Rubber Tyre co.,
Ltd.

2.2. Purification of the industrial sulfate lignin

The industrial sulfate lignin was dissolved in a
beaker with deionized water followed by adding
NaOH to adjust the pH to approximately 13. The
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resulting solution was centrifuged to exclude fibril
or insoluble impurities before slowly titrating with
1.0 N sulfuric acid to a final pH of approximately 2
with mechanical stirring. Subsequently, the slurry
was placed in water bath at 70°C for 2 h to acceler-
ate lignin agglomeration then filtered. The lignin
was washed with deionized water three times and
dried in a vacuum oven at 50°C for 24 h followed
by extraction with pentane to remove the organic
impurities. Finally, the purified lignin was dried at
50°Cand stored under reduced pressure.

2.3. Preparation of sample solution

Purified sulfate lignin was dissolved in deionized
water at a mass concentration of 0.5% and the pH
was adjusted to 12. PDADMAC aqueous solution
was diluted to 2 wt % with deionized water fol-
lowed by adjusting the pH to 12. The various mass
of sulfate lignin solution was dropped slowly into
the PDADMAC solution with vigorous stirring,
leading to formation of colloidal LPCs with differ-
ent mass ratios of lignin to PDADMAC.

2.4. Preparation of NR/lignin compounds

The NRL was diluted to a solid content of 10% and
its pH was adjusted to 12 with 1 N NaOH. After that,
a desired amount of the lignin solution or the col-
loidal LPCs solution was then dropped into NRL
under vigorous mechanical stirring. The resulting
solution was co-precipitated by adjusting the pH to
2 with 1 N sulfuric acid. Finally, the obtained mix-
tures were filtered, water washed and dried in a vac-
uum oven at 50°C.

All the rubber compositions were summarized in
Table 1. The dried composites and other additives
were mixed on an open two-roll mill. Then the
compounds were vulcanized in a standard mold at
1434+1°C for optimum vulcanization time, which
was determined by the U-CAN UR-2030 vulcame-
ter (Taipei, Taiwan).

Table 1. Recipe of NR/lignin compounds?®

2.5. Characterizations

The particle size of lignin and colloidal LPCs as a
function of solution pH was determined by DLS
using a N5 Submicron Particle Size Analyzer (Beck-
man Coulter) with a detection angle of 90° at 25°C.
The effect of mass ratio of lignin to PDADMAC on
the particle size of LPCs was also studied by DLS.
All samples were repeatedly measured three times.
The zeta potential measurements were carried out
on Malvern Zetasizer Nano ZS90.

The UV-vis absorption measurements were per-
formed with a UV-vis spectrophotometer
(UV756CRT, Shanghai Youke Instrument CO. Ltd.,
China). Deionized water was scanned at the same
wavelength as a baseline.

The sample solutions of lignin or LPCs were diluted
with 0.01 N NaOH to a certain mass concentration
0f 0.05% (based on lignin) for DLS and zeta poten-
tial measurements or 0.01% for UV-vis absorption
measurements. A few drops of either 0.1 N, 0.01 N
or 0.001 N HCI was added to the diluted sample
solutions to adjust the pH before the measurements.
The samples for TEM measurement were prepared
by dropping sample solution on Cu grids of 200
mesh and then observed on a Hitachi H-7650 instru-
ment (Hitachi, Japan) with an accelerating voltage
of 80 kV.

FTIR was recorded in transmission mode with a
Bruker Vertex 70 FTIR spectrometer at a spectral
resolution of 4 cm™! and 32 scans. Then KBr pellets
of lignin, PDADMAC and LPCs were prepared
(200 mg KBr : 1-2 mg sample) with pressure.
Scanning electron micrographs (SEM) of the com-
posites were taken with a Nova NanoSEM 430
instrument (FEI, Netherlands) at an acceleration
voltage of 10 kV. The fracture surface was obtained
by splitting bulk sample being quenched in liquid
nitrogen. Before the observation, a thin gold was
evaporated on the fractured surface.

Ingredients Sample code

[phr]® L-0 L-1 L-3 L-5 L-7 LPCs-1 LPCs-3 LPCs-5 LPCs-7
NR 100 100 100 100 100 100 100 100 100
Lignin 0 1 3 5 7 0 0 0 0
LPCs® 0 0 0 0 0 1 3 5 7

rubber ingredients: ZnO 5, Stearic acid 2, CBS 2, S 2.
bphr, parts per hundred of rubber by weight.

‘the ratio of lignin to PDADMAC is 0.45, and the amount of LPCs in the formula refers to the weight of lignin in the LPCs.
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The curing characteristics of the compounds were
determined at 143°C by U-CAN UR-2030 vul-
cameter. After the compounds were vulcanized for
vulcanization time (7 o) at 143£1°C, tensile and tear
tests of the vulcanizates were performed according
to ISO 37-2005 and ISO 34-2004, respectively. The
crosslink density of the vulcanizates was measured
according to the method described by Gregorova et
al. [27].

DMA spectra of the samples were obtained by
using a DMA 242D dynamic mechanical analyzer
(NETZSCH Company, Germany). The specimens
with the size of 30 mm x 6 mm x4 mm were ana-
lyzed in tensile mode at a constant frequency of
1 Hz, a strain of 0.5%, and a temperature range
from —130 to 50°C at a heating rate of 3°C/min.

A Perkin—Elmer Pyris 1 TGA thermogravimetric
analyser (TGA) (Perkin-Elmer, Fremont, USA) was
used for thermal and thermo-oxidative stability
measurement. In nitrogen, the measurement was car-
ried out from room temperature to 700°C at a heating
rate of 10°C/min. In air, the TGA analysis was car-
ried out at the same temperature range and heating
rate. The flow rate of the carrying was 20 mL/min.

3. Results and discussion

3.1. Effect of pH on the particle size of lignin
The aggregation and hydrodynamic radius of col-
loidal lignin in aqueous solution can be influenced
by many factors, such as pH [28, 29], temperature
[30], electrolyte [31, 32], concentration of lignin
[33] and surfactant [34]. Due to the ionizable phe-
nolic hydroxyls and carboxylic groups in lignin
macromolecules, the association and particle size of
lignin are very sensitive to the solution pH. Figure 2
shows the effect of the solution pH on the particle
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Figure 2. The effect of the solution pH on the particle size
of lignin

size of lignin. As the pK, of the phenolic hydroxyls
on lignin is higher than 10.2 [35], they are not ion-
ized when the pH is below 10. But lignin still has
negative charges at alkaline and neutral pH that can
be attributed to the ionized carboxylic groups. There-
fore, the lignin is still stable at that pH range from
10 to 7. At acidic pH, the degree of dissociation of
carboxylic groups decreases with decreasing pH.
Consequently, lignin macromolecules shrink at the
pH range from 6 to 4 (i.e., from about 380 to about
110 nm). When the pH is low enough and carboxylic
groups are completely protonated, the serious aggre-
gation of lignin particles is unavoidable. It can be
attributed that the attractive forces including hydro-
phobic interactions, hydrogen bonding interactions
[28] and 7t-7 interactions [36—39] surpass the elec-
trostatic repulsive forces. Conceivably, the lignin
particles will aggregate and form agglomerates in
rubber matrix, when the NRL and lignin is co-pre-
cipitated by adding acid.

3.2. Characteristics of colloidal LPCs

It is generally known that oppositely charged poly-
electrolytes form complexes over a broad range of
stoichiometric ratios and that the complexes tend to
be water-soluble unless they are nearly stoichiomet-
ric [23]. In this work, the colloidal LPCs were fabri-
cated by dropwise adding the alkali solution of lignin
into the PDADMAC solution. Hence, the formed
LPCs were positively charged and water-soluble
until the mass ratio of lignin to PDADMAC exceeded
stoichiometric point. However, the NRL particles
were natively charged at the pH of 12, as the protein
molecules absorbed on the surface of NRL particles
contained carboxylic and amino groups and the car-
boxylic groups would be ionized at that pH. When the
LPCs solution were added into NRL, the natively
charged NRL were subsequently adsorbed onto the
positively charged LPCs via electrostatic self-assem-
bly, which would suppress the aggregation of lignin
and finally resulted in homogeneous distribution of
lignin in NR matrix (see Figure 3). However, excess
PDADMAC adsorbed onto lignin is unnecessary. If
present in excess, it will prematurely flocculate NRL
and reduce the loading of lignin incorporated into
rubber matrix. To optimize the fabrication of LPCs,
the effect of mass ratio of lignin to PDADMAC on
particle size of LPCs was investigated (Figure 4).
The particle size of LPCs is consistently reduced
(from about 400 to about 180 nm) with the increas-

483



Jiang et al. — eXPRESS Polymer Letters Vol.7, No.5 (2013) 480-493

(] @ ©_0
o e @ Self-assembly @
+ — %+ ©
o ® @ ©
©0© & © AVE oo
Lignin PDADMAC LPCs Natural rubber
latex particle
Electrostatic
adsorption
e_o
) S
e_o
5 =] eee 525" 8 s
Q009 O Q0 o o 82\ 0O °©
o Dry & @ e
Q Q Q ) e e ©°
@) ®) e_o ® 9O
Q Q ) o® 'y o
e e e
igni i e e
NR/ignin nanocomposites =5 525
Figure 3. Schematic illustration of process for NR/Lignin nanocomposites
500 250
3
_ ! :
400 E { } . i
2004 z
_ _ RN
£ E ]
£ 300 £ i 3 ou
1 R I
{ ® 1s0] 1 :
200 - B I R
o 0.45:1
o 0.50:1
4 0.55:1
100 T ¥ T T T T A T
100 T T T T T T v T T T T T T
00 01 02 03 04 05 06 07 12 10 8 6 4 2

Mass ratio of lignin to PDADMAC

Figure 4. The effect of mass ratio of lignin to PDADMAC
on particle size of LPCs at pH of 12

ing lignin/PDADMAC ratio (from 0.05 to 0.5). It
should be noted that the minimum particle size of
LPCs is still larger than that of the collapsed lignin
at the pH 4 (about 110 nm). The particle size should
be the size of collapsed lignin plus the thickness of
absorption layer of PDADMAC onto lignin surface.
A significantly increasing particle size follows when
lignin and positively charged LPCs are present.

Similarly, the particle size of colloidal LPCs as a
function of solution pH was investigated (Figure 5).
It can be seen that the particle size of colloidal
LPCs with lignin/PDADMAC ratios of 0.45 and 0.5
is very close and stable at the pH range from 12 to 2.
It is quite different from the results in Figure 2.
Hence, the lignin can be dispersed at nanoscale in
NR matrix when acid is used to co-precipitate rub-

pH value

Figure 5. The particle size of colloidal LPCs with different
mass ratios of lignin to PDADMAC as a function
of solution pH

ber latex and LPCs. In the case of colloidal LPCs
with a lignin/PDADMAC ratio of 0.55, a slightly
increasing particle size with decreasing pH indi-
cates the association of LPCs. Furthermore, the orig-
inal particle size of colloidal LPCs with a lignin/
PDADMALC ratio of 0.55 is larger than that of two
others, indicating the partial association of LPCs at
the beginning of formation of colloidal LPCs.

In fact, the results from DLS measurements are
apparent hydrodynamic diameters, obtained from
the measured diffusion coefficients using the Stokes-
Einstein relationship. The particle size form DLS is
always larger than actual size [40], especially in col-
loidal LPCs system. Adsorbed PDADMAC will sig-
nificantly increase the hydrodynamic diameter of
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1 um

Figure 6. TEM photos of lignin (a), LPCs with a lignin/PDADMAC ratio of 0.5 (b) and LPCs with a lignin/PDADMAC

ratio of 0.6 (c)

lignin because of the length of PDADMAC molec-
ular chain. In a polydisperse system, results from
DLS measurements give more or less the diameters
of the largest aggregates, and not a weight average
or size average [34]. To assess the actual size of
lignin and LPCs, their TEM photos are shown in
Figure 6. It can be seen that serious aggregation and
amorphous profile are present in the sample of lignin
(Figure 6a). Relatively, LPCs with a mass ratio of
0.5 are stable and individually dispersed with an
average size 60.8 nm, which was calculated by Nano
Measurer (Figure 6b). However, LPCs become larger
as the lignin/PDADMAC ratio rises to 0.6 (Fig-
ure 6¢), which is similar to the results from DLS. It
should be attributed to the bridging flocculation of
lignin and PDADMAC. Hence, the lignin/PDAD-
MAC ratio should be less than 0.55 to fabricate
nanoscale and stable lignin.

The zeta potential of colloidal LPCs was measured
in this work in order to study the charge state of col-
loidal LPCs surface (Figure 7). The zeta potential
of lignin in aqueous alkali had been measured
(=22.3 mV; pH = 12). Due to the adsorption of pos-
itively charged PDADMAC onto lignin surface, there
were excess positive charges on the surface of col-
loidal LPCs. With increasing the lignin/PDADMAC
ratio, the zeta potential of colloidal LPCs monoton-
ically decreases, which indicates that charge density
on the LPCs surface gradually decreases with increas-
ing lignin/PDADMAC ratio. However, the charge
on LPCs surface is still positive, when the lignin/
PDADMAC ratio is less than 0.55. Therefore, posi-
tively charged LPCs can adsorb negatively charged
natural rubber latex in latex compounding proce-
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Figure 7. The zeta potential of LPCs as a function of mass
ratio of lignin to PDMADMAC at pH of 12

dure, which will further suppress the association of
lignin.

The UV-vis absorption spectra of colloidal LPCs as
a function of solution pH offer a powerful proof to
further clarify the adsorption mechanism of PDAD-
MAC to lignin. As shown in Figure 8a, the absorp-
tion bands located at 240 and 288 nm are assigned
to K and B bands of 71" transitions of the aromatic
rings in lignin linked by ionized phenolic hydroxyls
and carboxylic groups. Obviously, the K band disap-
pears and the B band shifts to 276 nm with decreased
absorption intensity as the solution pH changes
from 12 to 7, which is the result of protonation of
phenolic hydroxyls. Herein, the UV-vis spectrum of
lignin at acidic pH is not shown due to the solubility
of lignin. For LPCs, the similar tendency is found in
Figure 8b. Considering the dissociation constant of
phenolic hydroxyls, the decreased intensity from
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Figure 8. (a) The UV-vis absorption spectra of lignin as functions of solution pH; (b) the UV-vis absorption spectra of LPCs
as functions of solution pH; (c) the UV-vis absorption spectra of LPCs (0.05 g/L lignin, 0.11 g/ PDADMAC),
lignin (0.05 g/L) and PDADMAC (0.11 g/L) at pH of 12; (d) the UV-vis absorption spectra of LPCs (0.05 g/L
lignin, 0.11 g/ PDADMAC), lignin (0.05 g/L) and PDADMAC (0.11 g/L) at pH of 7. Note that the curves of
lignin + PDADMAC are the superposed spectra of lignin and PDADMAC.

pH 10 to 7 may be ascribed to a hysteresis of proto-
nation of phenolic hydroxyls. Unlike phenolic
hydroxyls, carboxylic groups have less influence on
the ultraviolet light absorption of lignin. So, no
decreased intensity was observed at acidic pH. How-
ever, the protonation of carboxylic groups is possi-
ble at acidic pH since phenolic hydroxyls can be pro-
tonized. The hypochromic effect of colloidal LPCs
with decreasing pH indicates that H ions can pene-
trate through the adsorption layer of PDADMAC
and combine with ionized functional groups. In other
words, the ionized functional groups do not form
short-distance ion pairs with PDADMAC. This result
is coincided with others’ work [24]. However, the
colloidal LPCs could be stabilized by PDADMAC
at acidic pH, indicating other interactions between
lignin and PDADMAC except ion-ion interactions.
Figure 8c and 8d show the UV-vis spectra of LPCs,
as well as the spectra of its corresponding compo-
nents, such as lignin and PDADMAC, respectively at

pH of 12 and 7. The superposed spectra of lignin
and PDADMAC are also shown for comparison with
LPCs. The obvious differences in the maximum
absorption and the shape between the spectra of
LPCs and the superposed spectra indicate the strong
interactions between lignin and PDADMAC. It
should be attributed to cation-m interactions, widely
reported between benzene rings and polycations
[41, 42], which can result in charge-transfer from the
aromatic rings in lignin to PDADMAC.

For the driving forces of adsorption of PDADMAC
onto lignin, Pillai and Renneckar [43] considered
that cation-m interactions as driving forces con-
tribute to the adsorption besides ion-ion interactions.
In this work, another noncovalent interaction, w-1t
interaction between an unsaturated contaminant in
the PDADMAC chain (Figure 9a) and lignin, was
revealed by FTIR (Figure 9b). The peaks at 1636 and
1474 cm™" in PDADMAC, corresponding to the
stretching of the double bonds in the contaminant,
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Figure 9. Chemical structure of the contaminate in PDADMAC (a) and FTIR spectra of lignin, LPCs and PDADMAC (b)

respectively shift to 1623 and 1470 cm! in LPCs,
which are also different from the peaks at 1600 and
1460 cm™ in lignin. The shifts indicate that the dou-
ble bonds both in the contaminant and lignin are in
a different environment. Because of a great amount
of aromatic units in lignin interacting with each
other via m-m interactions, similarly, the double
bound in the contaminant can also stack with the
aromatic rings in lignin. The similar result was also
observed by Yang et al. [44] in the system of
PDADMAC/Multiwalled Carbon Nanotubes.

The additional driving forces, m-m interactions,
enhance the adhesion of PDADMAC on lignin sur-
face. Furthermore, the molecule chain skeleton of
PDADMAC is similar to that of NR, which suggests
a good compatibility between PDADMAC and NR.
Therefore, the interfacial bonding between lignin
and NR matrix in NR/LPCs composites is better than
that in NR/lignin composites.

3.3. Morphology of NR/lignin and NR/LPCs
composites

Lignin dispersion in the NR matrix was studied by
SEM observation. As shown in Figure 10a, the
agglomerate with a large size about 2000 nm is pres-
ent in NR matrix. This indicates that the aggrega-
tion of lignin is unavoidable by co-precipitation
method, although a part of lignin is dispersed in
nanoscale due to the polydispersity of lignin. In
contrast, it is clear to see that the lignin is uniformly
dispersed in nanoscale in Figure 10a—10e. And the
average particle size of LPCs calculated by Nano
Measurer is about 90—100 nm. The obvious differ-
ences in the two samples clarify that cationic
PDADMAC polyelectrolytes can stabilize colloidal

lignin particles and suppress aggregation when
lignin is co-precipitated with NRL.

3.4. Curing characteristics and crosslink
density

The curing characteristics of the pristine NR and its
composites with lignin or LPCs, expressed in terms
of the vulcanization times, g, (scorch time) and #go
(optimum cure time), as well as the maximum and
minimum values of the torque, Syax and Spn, respec-
tively, and delta torque AS (AS = Smax — Smin), Were
deduced from curing curves. These parameters, along
with the cure rate index, CRI expressed as CRI =
100/(t99 — ts2), were compiled as shown in Table 2,
as well as the crosslink density of composites.

It is obvious that incorporation of lignin or LPCs
into NR matrix has distinctly different effects on the
curing characteristics of composites. For NR/lignin
composites, the scorch time gradually decreases
with addition of lignin while the optimum cure time
increases slightly. According to the gradually
decreased CRI of NR/lignin compounds, we can infer
that lignin hinders vulcanization. It can be attrib-
uted to the fact that phenolic hydroxyl of lignin not
only acts as an activating agent to reduce scorch
time, but also reacts with curing system to increase
optimum cure time because of its acidity [13, 45],
which results in a gradually decreased crosslink
density of NR/lignin composites with the addition
of lignin. For NR/LPCs compounds, both vulcaniza-
tion times, zs, and #9, are sharply reduced with addi-
tion of LPCs, showing accelerated vulcanization
with respect to that of pure NR and NR/lignin com-
pounds. These results are confirmed by CRI and the
crosslink density data, which show a significant
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Figure 10. SEM photos of NR/lignin composites and NR/LPCs nanocomposites. (a) L-7; (b) LPCs-1; (c) LPCs-3;
(d) LPCs-5; (e) LPCs-7.

increase with increasing LPCs loading, mainly PDADMAC in LPCs [46, 47]. On the other hand, the
attributed to the accelerating effect provided by the ~ minimum torque, maximum torque and delta torque
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Table 2. Curing characteristics and crosslink density of pure NR and its composites with lignin and LPCs

Sample code Smin Smax AS tsz too CRI Crosslink density
[dNm] [dNm] [dNm] [min] [min] [min~!] [1075 mol/cm?]
L-0 0.09 10.58 10.49 19.55 31.45 8.40 6.65
L-1 0.17 11.90 11.73 18.56 32.40 7.23 6.57
L-3 0.15 11.70 11.55 18.16 32.54 6.95 5.47
L-5 0.16 11.31 11.15 17.34 32.15 6.75 5.25
L-7 0.19 12.42 12.23 17.20 33.15 6.27 5.13
LPCs-1 0.19 12.24 12.05 15.49 27.24 8.51 6.57
LPCs-3 0.25 12.68 12.43 10.17 18.52 11.98 6.63
LPCs-5 0.20 12.89 12.69 9.56 17.44 12.69 7.05
LPCs-7 0.35 14.50 14.15 8.20 15.33 14.03 7.21
Table 3. Mechanical properties of pure NR and its composites with lignin and LPCs
Modulus at 300% Tensile strength | Elongation at break Tear strength Hardness
Sample code
[MPa] [MPa) [%o] [kN/m] [Shore A]

L-0 2.00+0.03 25.24+0.38 654+13 27.70+1.02 38
L-1 2.14+0.16 25.07+1.22 679+16 24.79+1.14 36
L-3 1.96+0.00 23.91+0.58 701£13 23.50+1.28 37
L-5 2.13+0.03 23.38+1.18 675+13 22.11+0.89 38
L-7 2.17+0.07 23.81+0.38 693+4 22.08+0.17 39
LPCs-1 1.96+0.01 25.69+1.30 701+5 27.35+0.43 38
LPCs-3 2.25+0.09 27.51+0.45 715+14 30.00+0.13 40
LPCs-5 2.38+0.00 27.91+0.46 725+10 28.12+1.05 41
LPCs-7 2.95+0.10 29.24+0.59 658420 34.74+1.28 44

increase by addition of lignin or LPCs. It is of inter-
est to point out that this increase is more evident for
NR/LPCs composites, due to the higher crosslinking
density of NR/LPCs composites.

3.5. Mechanical property and dynamic
mechanical property

The mechanical properties of the pure NR and its
composites with lignin or LPCs are listed in Table 3.
Compared to pure NR, gradually decreased tensile
strength and tear strength with addition of lignin
can be observed in NR/lignin composites due to the
bad interfacial compatibility between polar lignin
and nonpolar NR, whereas a noticeable improve-
ment in tensile strength, tear strength and the modu-
lus at 300% is achieved with increasing LPCs load-
ing in NR/LPCs composites. This distinction can be
attributed to the two factors: lignin dispersion and
affinity between rubber matrix and lignin. Lignin is
well-dispersed in NR/LPCs composites and aggre-
gates in NR/lignin composites, which has been dis-
closed by SEM. Moreover, LPCs has higher affinity
toward NR matrix than lignin, due to the similarity
between the chain backbones of PDADMAC on
LPCs surface and natural rubber. Interestingly, the

hardness of NR/lignin composites shows practically
no variation, whereas that of NR/LPCs composites
mildly increases with addition of LPCs. The
increased hardness may be ascribed to the presence
of PDADMAC.

The dynamic mechanical properties of NR/LPCs
composites and NR/lignin composites were also
performed. The variation of tangent delta (tanJd)
and storage modulus (£’) as a function of tempera-
ture as a comparison are reported in Figure 11. The
tand peak height is 1.58 and 1.64 respectively for
NR/LPCs composites and NR/lignin composites.
Furthermore, the glass transition temperature of
NR/LPCs composites is —88°C, which is 5°C higher
than that of NR/lignin composites. These results
suggest that there is a stronger interaction between
LPCs and NR matrix. This interaction restricts the
mobility of the elastomer segments, which signifi-
cantly elevates the glass transition temperature. The
E’ of NR/LPCs composites shows a higher value
than that of NR/lignin composites below the glass
transition temperature, which demonstrates that the
addition of LPCs into NR matrix results in an
increase of stiffness. That further reflects the stronger
confinement of LPCs on the rubber chains.
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Figure 11. The curves of tangent delta and storage modulus
versus the temperature for NR/lignin (L-7) and
NR/LPCs (LPCs-7) composites

3.6. Thermal and thermo-oxidative stability
The thermal and thermo-oxidative stability of pure
NR, NR/lignin and NR/LPCs composites can be
assessed, respectively, from the investigation of ther-
mal and thermo-oxidative decomposition. Fig-
ure 12a shows the DTG curves of pure NR, NR/
lignin and NR/LPCs composites in nitrogen. There is
only one obvious thermal decomposition step of
NR molecular chains, primarily initiated by thermal
scissions of C—C chain bonds accompanying a trans-
fer of hydrogen at the site of scission.

The thermo-oxidative decomposition is obviously
different from the thermal decomposition as shown
in Figure 12b, which are DTG curves of pure NR,
NR/lignin and NR/LPCs composites in air, respec-
tively. There are three peaks in the DTG curve of
pure NR, in contrast to NR/lignin and NR/LPCs com-
posites. The first large decomposition peak (358.8°C)
is caused by the main oxidation of rubber. An addi-

—16 4 ) —— -0
A —— L-3
—— LPCs-3

—124

Derivative weight [%/min]
b e

Ao

300 400 500 600
a) Temperature [°C]

tional two small peaks probably originate from
degradation of compounding ingredient (440.4°C)
and from the oxidation reaction of residual carbon.
From the DTG curves of NR/lignin and NR/LPCs
composites, it can be seen that there are no peaks at
440.4°C, probably because of the formation of lignin-
sulfur intermediates originated during vulcaniza-
tion of lignin-containing NR composites [22, 48].

Table 4 shows the thermal and thermo-oxidative
degradation characteristics of pure NR, NR/lignin
and NR/LPCs composites. For thermal decomposi-
tion, the 5, 50% weight loss and peak decomposi-
tion temperature (7imax) of NR/LPCs composites
shift to higher values, compared with pure NR and
NR/lignin composites. The enhanced thermal sta-
bility can be contributed to the nanoscale dispersion
of LPCs in NR matrix, which results in the LPCs
and NR molecular chains strongly interacted through
various effects such as the branching effect, nucle-
ation effect, size effect and surface effect [49]. How-
ever, the change of those characteristic tempera-
tures in thermo-oxidative decomposition is more
complicated. Except the Ti,.x, other characteristic
temperatures of NR/LPCs composites are inferior
to that of NR/lignin composites. It is known that
lignin’s hindered phenolic hydroxyls can act as a

Table 4. Characteristic temperatures of thermal and thermo-
oxidative decomposition for pure NR, NR/lignin

and NR/LPCs composites
Thermal Thermo-oxidative
Sample decomposition decomposition
code Tsw | Tso% | Tmax Tsvo | Tso% | Tmax
[°C] [°CI [°C] [°CI [°C] [°CI
L-0 283.5 | 375.1 | 370.0 | 289.2 | 372.8 | 358.8
L-3 310.7 | 385.4 | 381.0 | 2943 | 379.6 | 368.6
LPCs-3 | 312.0 | 390.7 | 386.5 | 288.6 | 373.9 | 372.5
-164 —— L0
—— L_3
£ 124
2
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D -8-
=
2
@
2 44
@
o
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Figure 12. DTG curves of pure NR, NR/lignin (L-3) and NR/LPCs (LPCs-3) composites in nitrogen (a) and air (b)
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stabilizer of reactions induced by oxygen and its
radical species [5]. The complicated results in
thermo-oxidative decomposition may be contributed
that the interactions between the phenolic hydrox-
yls of lignin and PDADMAC, such as cation-m and
n-m interactions, weaken the ability of scavenging
free radicals of phenolic hydroxyls in lignin.

4. Conclusions

Natural rubber/lignin nanocomposites were suc-
cessfully prepared via co-precipitation of colloidal
lignin-cationic polyelectrolyte complexes and rub-
ber latex. PDADMAC was adsorbed onto lignin par-
ticles through ion-ion interactions, cation-n and -1t
interactions which were confirmed by UV-vis and
FTIR. As employing proper amount of PDADMAC,
nanoscale LPCs were formed, laying a foundation
for fabrication NR/LPCs nanocomposites. LPCs
accelerated the vulcanization of NR/LPCs nanocom-
posites. Furthermore, LPCs were homogenously
distributed in NR matrix, which resulted in improved
mechanical properties, thermal and thermo-oxida-
tive stability of NR/LPCs composites. In a word,
this paper presents a promising strategy to utilize
lignin for partial carbon black replacement.
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