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At the same time, differences in the amounts of sul-
fate half-ester groups had remarkable consequences 
for the tensile strength and the dynamic mechanical 
properties, while the vulcanization properties of the 
composites were less influenced.
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Introduction

Tires facilitate the movement of goods and ser-
vices and have been part of our society for decades. 
Demand is constantly increasing, and presently, the 
annual production of tires has exceeded 1.4 billion 
units (Sienkiewicz et  al. 2012). A typical tire com-
pound is made by dispersing fillers in a polymeric 
matrix, followed by the addition of processing aids, 
vulcanizing agents, and antidegradants. The addition 
of fillers primarily serves as a reinforcing agent and 
makes up roughly 28% of the tire compound (Rodgers 
and Waddell 2013; Danon and Görgens 2015), mak-
ing them a crucial part of the tire industry. Carbon 
black and silica are the typical fillers used in the tire 
industry. Carbon black has been the preferred filler for 
decades, ensuring very interesting properties (Chol-
lakup et al. 2021). However, due to the environmental 
concerns associated with carbon black and increas-
ing regulations promoting the reduction of petro-
leum-derived materials, silica gradually became the 
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dominant component. Currently, tire compounds are 
prepared with dual fillers, comprising carbon black 
and silica. Since silica fillers are difficult to disperse 
in rubber matrixes, several types of highly dispersible 
silica have been developed. Their capabilities are still 
being explored to further reduce the use of carbon 
black. The silica production process is quite intensive, 
both mechanically and thermally, requiring a consid-
erable amount of acids that generate a large amount 
of chemical waste (Haus et  al. 2012; Fernandesa 
et  al. 2018). Silica and carbon black both have rela-
tively high densities, a fact that does not favor fuel 
efficiency (Bai and Li 2009). Going back to nature 
and identifying alternative materials that are widely 
available, light-weight, inexpensive, biodegradable, 
and renewable is a new priority and has evolved into 
a promising research area. In this context, the use of 
bio-based materials such as cellulose nanocrystals 
as a possible replacement of conventional fillers in 
rubber compounds would promote environmentally 
friendly tires.

roCellulose nanocrystals (CNCs), as well as cellu-
lose nanofibers (CNFs), and nanocellulose (NC) are 
different terminologies that describe cellulose with 
various dimensions in the nanometer range. Several 
reviews about CNC extraction have been published 
(Habibi et al. 2010; Klemm et al. 2011; Moon et al. 
2011; Ummartyotin and Manuspiya 2015; Jorfi and 
Foster 2015; Kim et al. 2015; Michelin et al. 2020). 
The production of CNCs can be carried out enzymati-
cally or chemically using different types of enzymes 
and acids. In most cases, a combination of different 
acids is used to selectively hydrolyze the amorphous 
part of the fibers to obtain the nanocrystals. Sulfu-
ric acid is by far the most widely used acid (Rajini-
priya et  al. 2018) to produce cellulose nanocrystals. 
The use of sulfuric acid for the hydrolysis gener-
ates, on the CNC surface, sulfate half-ester groups 
that confer colloidal stability to CNC suspensions 
(Eyley and Thielemans 2014). The role of these sul-
fate half-esters is important when CNCs are further 
processed for different applications (Colombo et  al. 
2015; Zoppe et  al. 2015; Zoia et  al. 2020; Llàcer 
Navarro et al. 2021). For example, it has been found 
that sulfate half-esters affect the thermal stability of 
CNCs (Roman and Winter 2004; Vanderfleet et  al. 
2019). Their presence has been suggested to pro-
mote dehydration reactions (Tang and Neill 2007). 
This latter aspect poses a challenge when CNCs are 

used for composites (Dufresne 2012, 2017), where 
the processing could require high temperatures, such 
as melt mixing (Gan et  al. 2020). Although several 
publications are showing improved thermal prop-
erties of CNCs exposing higher levels of sulfate 
groups (Voronova et al. 2013; Zhao et al. 2015), fur-
ther studies are necessary to understand their effect 
on other performances. Beside concerns regarding 
the thermal stability of CNCs, the partial consump-
tion of the hydroxyl groups by the sulfate esters, at 
which coupling reactions take place during compos-
ite processing, could influence the surface chemistry 
of CNCs, affecting as such the final performances of 
the composite (Lin and Dufresne 2014). Additionally, 
the interactions between the filler and the rubber are 
probably influenced as well (Cao et  al. 2013). The 
properties of CNCs at different sulfate half-ester con-
centrations have been studied by applying desulfation 
or sulfation reactions (Jordan et  al. 2019); however, 
the impact of gradually changing amounts of sulfate 
esters on CNC surfaces has not been investigated on 
composites.

In this work, cellulose nanocrystals were gradu-
ally desulfated with an aqueous NaOH solution. The 
partially desulfated CNCs exhibiting different con-
centrations of sulfate half-esters were used to make 
a composite with natural rubber using silanes as a 
compatibilising agent. The mechanical properties 
conferred to the composites at various concentrations 
of sulfate esters were compared with a solely silica-
reinforced compound as a reference.

Materials and methods

Materials

A water suspension of cellulose nanocrystals 
(11.5–12.5% (w/w)) was purchased from CelluForce 
(Canada). Highly dispersible silica Ultrasil VN3 was 
obtained from Evonik (Germany), soluble sulphur 
and N-cyclohexyl-2-benzothiazylsulfenamide (CBS) 
from Zolfoindustria (Italy), zinc oxide (ZnO) from 
Zincolossidi (Italy), stearic acid from Sogis (Italy), 
and 2,2,4-trimethyl-1,2-dihydroquinoline (TMQ) 
from Sovchem (UK). N-(1,3-Dimethylbutyl)-N’-phe-
nyl-p-phenylenediamine (6PPD) was obtained from 
Eastman (US). Von Bundt (Thailand) supplied high-
ammonia natural rubber latex with solid contents of 
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60% (w/w). Sodium hydroxide (NaOH), acetic acid, 
bis(triethoxysilylpropyl)disulfide (TESPD), and 
3-aminopropyltriethoxysilane (APS) were purchased 
from Merck Sigma-Aldrich (Germany).

Desulfation procedure

The desulfation procedure followed the method 
described by Hasani et  al. (Hasani et  al. 2008) with 
little modification. The procedure has been optimized 
at small scale (1  g of CNCs), before a large-scale 
reaction was performed twice for composite prepara-
tion. In brief, an equal amount of freeze-dried CNCs 
(20 g) was dispersed in 300 mL of water with sodium 
hydroxide (NaOH) at concentrations of 0.3, 0.6, and 
1.2 M. The various samples were stirred while being 
heated in an oil bath at 65 °C for 3 h. Thereafter, the 
reaction was stopped by pouring cold water into the 
reaction mixture. The work-up was achieved by dia-
lyzing for several days until a neutral pH of the wash-
ings was obtained. The suspension was removed 
from the dialysis tubes and transferred to a beaker to 
be concentrated. All samples were concentrated at 
100 °C until the samples attained a 9–10% (w/w) for 
co-precipitation.

Preparation of composites

CNC suspensions were mixed with natural rubber 
latex to prepare a series of 30 PHR (parts per hun-
dred rubber) masterbatch composites. The mixtures 
were continuously stirred for several minutes until 
good homogeneity was achieved. Coagulation was 
then achieved by the dropwise addition of acetic acid. 
The CNC/NR coagulates were chopped into small 
pieces, soaked in water overnight, and dried in an 
oven at 40  °C until constant weight. The final com-
pounds were made by melt mixing the coagulates in 
a Brabender internal mixer (chamber volume 50 mL, 
0.9 fill factor) with the addition of processing aids, 
coupling and vulcanizing agents. While compounds 
made of CNCs were coagulated with natural rubber, 
the reference (S-TESPD) compounds were prepared 
by compounding silica, dried natural rubber, and 
other materials provided in the recipe. All the com-
pounding procedures were performed twice. The reci-
pes are reported in Table 1, while the mixing proce-
dure is reported in Table 2.

Characterizations of CNCs

Particle sizes and surface charges of desulfated CNCs 
were estimated by dynamic light scattering and zeta 
potential measurements, respectively. Both meas-
urements were conducted on a Malvern Zetasizer, 
Malvern (UK), at a scattering angle of 90°. The data 
were calculated as the average of three measure-
ments, with each measurement being comprised of 
30–50 sub-runs. The elemental content before and 
after desulfation was estimated by elemental analy-
sis using a CHNS/O Series II analyser from Perki-
nElmer (US) and cysteine as a calibration standard. 
The crystalline arrangements within CNCs were stud-
ied with an X`Pert PRO diffractometer from PANa-
lytical Company, using Cu Kα (1.54 Å) as an X-ray 
source. The operating voltage and the current were 
kept at 40 kV and 30 mA, respectively. Fourier Trans-
form Infrared Spectroscopy with Attenuated Total 
Reflectance (FTIR-ATR) was used to record spectra 
on a Nicolet iS10 IR spectrometer, Thermo Scientific 
(US) equipped with a diamond ATR Smart device, 
applying 32 scans, covering a wavenumber range of 
4000 –800  cm− 1, with a resolution of 1  cm− 1). Sur-
face morphology and dimensions were investigated 
by Field Emission Scanning Electron Microscopy 
(FESEM). The samples were prepared for this by 
dispersing a small amount of CNCs in ethanol and 
sonicating the suspension for 15 min. A drop of the 
suspension was then placed on a silicon substrate and 

Table 1   Formulation recipes for reference silica compounds 
with TESPD silane (S-TESPD), and desulfated CNC com-
pounds prepared with TESPD silane (CNC-TESPD) and APS 
silanes (CNC-APS)

*PHR – parts per hundred rubber

Materials (PHR) S-TESPD CNC-TESPD CNC-APS

Natural rubber (NR) 100
Silica 30
NR/CNC masterbatch 130 130
TESPD 2.4 2.4
APS 2.4
Sulphur 2 2 2
Zinc oxide 5 5 5
Stearic acid 2 2 2
CBS 2 2 2
TMQ 1 1 1
6PPD 1.5 1.5 1.5
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dried in the air. The FESEM analysis was performed 
using a Zeiss UltraPlus FESEM, Zeiss (Germany), 
operating at 5.0 kV and a working distance between 
3.5 and 4 mm. To overcome the drawback of the non-
conductive nature of CNCs, a 5–7 nm layer of carbon 
was spattered on the surface before image acquisition. 
Thermal Gravimetric analysis (TGA) was performed 
using a Mettler Toledo TGA1 instrument, Mettler 
Toledo (US). A few milligrams of the sample were 
placed in an open crucible pan and heated from 30 to 
600 °C in a nitrogen atmosphere with a flow rate of 
50 mL/min while the heating rate was 20 °C/min.

Characterization of rubber compounds

The vulcanization kinetics of the compounds were 
recorded using a Moving Die Rheometer RPA 2000, 
Alpha Technologies (US). The measurements were 
performed at a temperature of 150  °C, at a pres-
sure of 4.3  bar, and with a rotor frequency of 1  Hz 
for a run time of 30 min. From the measurement, the 
minimum (ML) and maximum torque (MH), their 
difference (ΔM), scorch time (TS2), cure rate index 
(CRI), and optimum cure time (T90) were deter-
mined. Dynamic mechanical analyses of both unvul-
canized and vulcanized compounds were performed 
using the Rubber Process Analyzer RPA 2000, Alpha 
Technologies (US), working in the shear stress mode. 
The strain sweep measurements were performed from 
1 to 100% strain at 70  °C and a frequency of 1 Hz. 
Vulcanized samples were pressed into 2  mm-thick 
sheets by a two-roll mill and vulcanized in a hydrau-
lic press under a pressure of 4.3 bars at 150  °C for 
30  min. The vulcanized samples were conditioned 
in the measuring environment for 24  h. Samples 
for tensile mechanical analyses were prepared by 

die-cutting the vulcanized sheets into five dumbbell-
shaped specimens of standard dimensions. The meas-
urements were performed according to ISO 37 and 
UNI 6065 standards by using a Zwick/Roell tensile 
testing machine (Italy). The stress-strain curves were 
recorded by progressive straining of the samples. The 
reported data represent the mean and the standard 
errors resulting from three independent analyses.

Results and discussions

Characterizations of CNCs

Table  3 presents the findings of characteriza-
tions demonstrating the characteristics of cellulose 
nanocrystals before and after desulfation reactions at 
a large scale, using 20 g of CNCs.

Table 3, column 1, reports the dimensions of pris-
tine CNCs and CNCs treated with NaOH at various 
concentrations, measured by dynamic light scattering 
(DLS). The DLS method estimates the hydrodynamic 
diameter of spherical particles undergoing Brown-
ian motion. The diameter of spherical particles does 

Table 2   Mixing procedure 
for references and CNC 
compounds

Mixing stage Time (min) Temperature 
(°C)

Activity

Step 1 0 130 Load CNC/NR masterbatches or rub-
ber and silica filler

2 Add silanes
6 Add stearic acid
7 Unload

Step 2 0 60 Load masterbatches step 1
1 Add sulphur, CBS, TMQ, 6PPD, ZnO
3 Unload

Table 3   Particle size, zeta potential, sulfur content, and crys-
tallinity index of pristine cellulose nanocrystals (CNCs) and 
CNCs desulfated using aqueous NaOH at 0.3, 0.6, and 1.2 M 
concentrations

Sample Size (nm) Zeta potential (−
mV)

Sulfur (%) CI (%)

CNC 105 ± 10 − 50.9 ± 2.3 2.05 86.3
0.3 198 ± 19 − 35.5 ± 1.5 1.86 83.4
0.6 240 ± 22 − 32.1 ± 1.4 1.71 77.8
1.2 260 ± 23 − 27.7 ± 1.7 1.66 72.2
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not accurately correlate to the rod-like structure of 
CNCs due to the geometric differences. Therefore, 
the estimations made with DLS are observed to be 
around half as long as those made with SEM, TEM, 
and AFM and are meant to be used for comparative 
analyses (Boluk and Danumah 2014). The size of the 
CNC particles before desulfation was estimated to 
be 105  nm, but after treatment with soda solutions 
of increasing concentration during the desulfation 
process, the diameters grew, reaching a particle size 
of 260 nm at a soda concentration of 1.2 M (sample 
1.2). This increase is in contrast to literature reports 
(Lin and Dufresne 2014) and can be explained by 
possible aggregation phenomena of the particles due 
to the removal of the sulfate groups.

CNCs produced with sulfuric acid maintain good 
colloidal stability in suspension due to the electro-
static repulsion of the negative surface sulfate half-
ester groups. The zeta potential (Table 3, column 2) 
shows a clear trend. CNC suspensions before desulfa-
tion measured up to − 50.9 mV. Similarly high zeta 
potentials of CNC suspensions have been reported 
elsewhere for the sulphuric acid hydrolysis of filter 
paper with − 52 to − 58 mV (Boluk and Danumah 
2014) and − 78.3 mV obtained from the sulphuric 
acid hydrolysis of microfibrillated cellulose (Börjes-
son et  al. 2018). The sample with the lowest zeta 
potential in this work results from the treatment with 
1.2 M sodium hydroxide. This implies that more sul-
fate half-esters were removed from the surface of the 
particles, lowering consequently the zeta potential 
(Lin and Dufresne 2014). For suspensions stabilized 
by electrostatic repulsions, the minimum zeta poten-
tial required to maintain colloidal stability is ± 30 mV 
(Jacobs and Müller 2002); however, large zeta poten-
tials do not always guarantee stability as agglomera-
tion can occur due to van der Waals-type attractive 
forces (Bhattacharjee 2016; Beyene et al. 2018). The 
colloidal stability obtained at the higher level of des-
ulfation was, however, considered sufficient for com-
posite preparation through co-precipitation.

Elemental analysis and conductometric titration 
are widely used methods employed to determine the 
amount of grafted sulfate groups (Gu et  al. 2013), 
with the first method resulting in higher total sulfur 
concentrations than the second (Dong et  al. 1998). 
The sulfate half-ester content of the various desul-
fated CNCs was estimated in this work by elemental 
analysis. The data are presented in Table  3, column 

3. Sulfur content was 2.05% before desulfation and 
decreased to 1.66% for sample 1.2. The trend reported 
in Table 3 is a consequence of desulfation and is in 
agreement with the zeta potential analyses and lit-
erature reports (Lin and Dufresne 2014). For dec-
ades, mercerization by treating cellulose with sodium 
hydroxide has been used in the textile industry to 
swell cellulose, and it has been adopted to activate 
cellulose for further reactions (Dinand et  al. 2002; 
Mansikkamäki et  al. 2007; Duchemin 2015). These 
conditions could not be applied in this work since the 
original morphology and structure of the surfaces of 
CNCs had to be maintained after desulfation reac-
tions. Therefore, the alkaline conditions were selected 
in order to avoid the transformation of cellulose type 
I to type II (Lin and Dufresne 2014). X-ray diffrac-
tion was used to confirm morphological integrity and 
study the impact of the treatment on the crystallin-
ity of the fibers. The results are shown in Fig. 1. The 
crystalline peaks of the various samples were found 
along the 2θ planes of 12.3, 14.9, 16.5, 20.5, 22.7 and 
34.5°. Peaks observed at 2θ = 14.9, 16.5, 22.7, and 
34.5° correspond to the planes of (1 0), (1 1 0), (2 
0 0) and (0 0 4) of the cellulose Iβ; peaks observed 
at 12.3 and 20.5° correspond to cellulose II (Cheng 
et al. 2011; Gong et al. 2017), which is more stable 
than native cellulose I and is typical of commercial 
CNCs having portions of both type I and type II. As 
seen in the various peaks, the impact of the desulfa-
tion process led to a limited conversion of the mate-
rial to cellulose II. 

The crystallinity index of the various samples was 
estimated by the deconvolutional method (Figure S1) 
using a Gaussian distribution to deduce the ratio of 
the crystalline regions to the amorphous ones (Park 
et al. 2010; Rambo and Ferreira 2015; Rongpipi et al. 
2019; Yao et al. 2020). As shown in Table 3, column 
4, the crystallinity index decreased from 86.3% for 
pristine CNCs (86.3%) to 72.2% for sample 1.2, and 
it was concluded that the NaOH treatment partially 
affected the crystallinity of CNCs. To further prove 
the reliability of the gradiented desulfation treatments 
for CNCs, FTIR-ATR spectra were acquired for all 
samples. Figure 1, on the right, shows FT-IR spectra 
(1150–900 cm−1) with a band at 1033 cm−1 attribut-
able to the stretching vibration of sulfate half-ester 
groups (Lin and Dufresne 2014). In comparison with 
pristine cellulose nanocrystals, the intensity of this 
peak gradually decreased from sample 0.3 to sample 
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1.2, indicating a decrease in the gradient contents of 
sulfate groups on the surface of the CNC samples. 
Derivative and thermogravimetric analyses of cel-
lulose nanocrystals before and after desulfation are 
presented in Fig.  2. The onset of weight loss at the 
first stage was attributed to possible adsorbed water 
and organics and reached a maximum at 42  °C for 

all samples except sample 1.2 (57 °C). The evolution 
of the degradation at the second stage showed simi-
lar degradation kinetics starting around 250 °C. This 
stage is recognized to be related to the sulfate half-
ester hydrolysis (Roman and Winter 2004; Börjes-
son et  al. 2018; Gan et  al. 2020). By increasing the 
NaOH concentration for the treatments, the intensity 

0      5      10    15     20    25     30    35    40     45    50 
2 Theta

1.2

0.6

0.3

CNC

1150           1100              1050             1000              950
Wavenumber (cm-1)
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-

1033 cm-1

1.2
0.6
0.3
CNC

Fig. 1   X-ray diffraction patterns and FT-IR spectra (1150–900 cm-1) of pristine cellulose nanocrystals (CNCs) and CNCs desulfated 
using aqueous NaOH at 0.3, 0.6, and 1.2 M concentrations

Fig. 2   Thermogravimetric and derivative curves of pristine cellulose nanocrystals (CNCs) and CNCs desulfated using aqueous 
NaOH at 0.3, 0.6, and 1.2 M concentrations



Cellulose	

1 3
Vol.: (0123456789)

of the peak related to the second stage decreased, 
in agreement with the removal of superficial sulfate 
half-esters.

The morphology of pristine and desulfated cel-
lulose nanocrystals was additionally studied with 
scanning electron microscopy imaging (Fig. 3). Pris-
tine cellulose nanocrystals are rod- or needle-like in 
shape, and the fibers maintain a three-dimensional 
network. Desulfated CNCs still largely have a rod-like 
shape, although there are some noticeable changes.

Samples were prepared at the same concentra-
tion ranges; however, sample 1.2 showed more CNC 
aggregation, causing them to appear as fused par-
ticles. Despite the large extent of the desulfation in 
this sample, the morphology of the pristine CNCs 
was maintained. The other desulfated samples show 
strands of CNC particles with minimal aggregations.

Characterization of rubber compounds

Vulcanization properties

Vulcanization studies were conducted on the com-
pounds made with pristine cellulose nanocrystals and 
the samples treated at different NaOH concentrations 
to evaluate the effect of the sulfate half-esters on the 
vulcanization properties. The various rubber com-
pounds were prepared using APS and TESPD silanes 
as compatibilizers, and the vulcanization kinetics 
were studied at 150 °C. Table 4 reports the vulcani-
zation properties compared to the silica compound 
as a technological reference. The data reported are 
the average of two experiments with their respective 
standard deviations. The vulcanization trends were 
heavily influenced by the compatibilising silanes. 
APS samples showed an early optimum curing time 
and higher cure rate index (CRI) compared with 
TESPD compatibilized compounds, due to the accel-
erating effect of APS on sulfur curing (Mostoni et al. 
2021).

Fig. 3   SEM images of 
pristine cellulose nanocrys-
tals (CNCs) and CNCs 
desulfated using aqueous 
NaOH at 0.3, 0.6, and 
1.2 M concentration

CNC CNC 0.3

CNC 0.6 CNC 1.2

200 nm200 nm

200 nm 200 nm
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In this regard, the different amounts of sulfate 
groups present on the CNC surfaces had a minimal 
influence on the vulcanization process (TS2, T90, 
and CRI) when compounded with APS, as the prop-
erties of sample 1.2 were similar to those of the 
other samples. Significant differences were observed 
on the torque values ML, indicative of the physi-
cal interactions on the compound, and MH, indica-
tive of the cross-linking density. APS compatibilized 
compounds containing CNCs that were treated with 
aqueous NaOH exhibited lower torque values due 
to the reduction of the cross-linking during the vul-
canization process as a consequence of the removal 
of sulfate groups. In this case, the possible interaction 
between the sulfate group of CNCs and the amine 
group of APS could play an important role during the 
surface functionalization.

The compounds compatibilized with TESPD 
silanes showed a similar trend: the kinetic rate slightly 
increased with the decrease in sulfate groups. Inter-
estingly, an opposite trend with respect to APS was 
observed regarding the torque values ML and MH. 
The use of NaOH-treated CNCs led to similar or even 
higher values compared to the use of pristine CNCs 
for the TESPD compatibilized compounds. This was 
probably due to the increased availability of hydroxyl 
groups on the CNC surface as a consequence of the 
desulfation reaction, which provided more active sites 
for the coupling reaction with the TESPD silanes and 
more efficient filler-rubber interactions. Compara-
tively, the pristine and desulfated CNC compounds 
showed better vulcanization properties compared to 
the reference silica compound. Despite minimal dif-
ferences in the vulcanization kinetics between the 
pristine and desulfated CNCs, the sulfate groups were 
not observed to play a remarkable role on the curing 

kinetics. In general, the results have shown that des-
ulfation treatment of CNCs with aqueous NaOH at 
concentrations below 1.2  M would not significantly 
interfere with the vulcanization kinetics. The previ-
ous observation of acidic groups interfering with the 
vulcanization mechanism (Yasir et al. 2015) was not 
confirmed.

Dynamic mechanical properties

The dynamic mechanical analyses of the CNC/rub-
ber compounds were performed in shear stress mode 
after vulcanization. The reinforcement of the pristine 
and desulfated cellulose nanocrystals was studied and 
compared with silica-reinforced compounds, and the 
results are shown in Table 5. For the APS silanized 
compounds, the storage modulus of the compound 
reinforced with pristine cellulose nanocrystals was 
30% higher than that found for the reference silica. 
This reinforcing effect is a result of the inherent stiff-
ness and reinforcing morphology of the cellulose 
nanocrystals. A high Payne effect, measured as the 
difference between the low and high strain modu-
lus, ΔG’, and a high tangent delta (tanδ) value, were 
detected. The Payne effect is indicative of the filler 
network breakdown, while the tanδ displays the syn-
ergistic effect of the elastic and inelastic portions of 
the compounds. Extremely high tanδ values are gen-
erally related to high rolling resistance and higher fuel 
consumption; values that tend towards zero are desir-
able. The use of desulfated CNCs caused a reduction 
in the storage modulus G’0 when compared to the use 
of pristine CNCs, while G’∞ was only marginally 
affected. The low G’0 and relatively high G’∞ at low 
half-ester sulfate group content highlighted the role of 
the CNCs in the compounds. The rod-like structure of 

Table 4   Vulcanization kinetics of pristine and desulfated CNC-containing compounds compatibilized with APS and TESPD silanes. 
A silica compound compatibilized with TESPD is used as reference

Parameter APS compatibilized compounds TESPD compatibilized compounds

CNC 0.3 0.6 1.2 Silica CNC 0.3 0.6 1.2

TS2 (min) 3.1 ± 0.3 2.9 ± 0.2 2.8 ± 0.3 2.5 ± 0.2 9.7 ± 0.4 8.5 ± 0.7 5.3 ± 1.2 5.1 ± 0.6 5.4 ± 0.4
T90 (min) 5.6 ± 0.7 5.4 ± 0.6 5.3 ± 0.7 4.7 ± 0.9 15.7 ± 2.0 14.3 ± 1.2 9.5 ± 1.0 9.3 ± 1.0 9.5 ± 0.8
CRI (min− 1) 39.7 ± 5.0 40.8 ± 3.1 40.0 ± 3.0 45.5 ± 3.2 20.0 ± 1.5 17.1 ± 2.1 24.0 ± 2.0 29.9 ± 1.9 24.3 ± 1.7
ML (dNm) 2.3 ± 0.2 1.9 ± 0.2 2.1 ± 0.1 1.8 ± 0.2 1.6 ± 0.1 1.7 ± 0.2 1.6 ± 0.2 1.9 ± 0.2 1.6 ± 0.1
MH (dNm) 19.0 ± 2.0 15.5 ± 1.5 15.4 ± 1.5 15.5 ± 2.0 12.3 ± 1.2 14.4 ± 1.5 15.1 ± 2.3 15.7 ± 1.1 14.2 ± 1.4
ΔM (dNm) 16.7 ±1.7 13.5 ± 1.8 13.2 ± 1.3 13.7 ± 1.1 10.7 ± 1.0 12.6 ± 1.0 13.5 ± 1.6 13.8 ± 1.1 12.6 ± 2.0
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CNCs contributed to a strong filler-filler network that 
was rigid enough to resist deformation at low cyclic 
solicitations. The relatively high storage modulus 
G’∞ at low sulfate ester groups has been partly attrib-
uted to the increased availability of hydroxyl groups 
resulting from the desulfation process, and partly to 
more efficient filler-rubber interactions. The improved 
interactions between desulfated CNCs and rubber 
matrix most likely reduced the breakdown of the 
filler network. As a result, the Payne effect and tanδ 
values were lower compared to the pristine cellulose 
nanocrystals and more similar to the technological 
silica reference.

The storage modulus of the compounds compati-
bilized with TESPD silanes also showed a similar 
trend. The higher storage modulus was observed with 
pristine CNCs. After treatment with aqueous NaOH, 
the storage modulus G’0 decreased roughly with 
increasing NaOH concentrations. This could also be 
explained by the reduction of filler-filler interactions 
promoted by the high polar sulfate groups. Again, it 
was possible to observe the same trend for the Payne 
effect and tanδ values. When compared to the pre-
pared silica compound, CNC compounds compatibi-
lized with TESPD exhibited higher tanδ values with 
respect to desulfated CNC compounds compatibilized 
with TESPD. The effect, however, appeared less pro-
nounced when compared with the APS compatibiliza-
tion series, where the possible interaction between the 
sulfate groups of CNCs and the amine groups of the 
APS generated a remarkable effect.

Tensile properties

The tensile properties of pristine and desulfated CNC 
compounds prepared with APS and TESPD are pre-
sented in Table  6, along with data for a compound 

containing silica as a technological reference. The 
tensile properties of the CNC compounds showed 
remarkable properties, always higher than the refer-
ence silica. The unmodified CNC reference com-
pounds, i.e., both the APS and the TESPD com-
patibilized samples, show high stiffness but reduced 
properties at break. In particular, the compounds 
compatibilized with APS were unable to be stressed 
up to 300% and the tensile strength was poor. This 
could be a result of brittleness in the compounds. A 
300% stress is vital for tire testing and applications, 
and the brittleness of this compound may not be suit-
able. As already highlighted, it is possible that elec-
trostatic interactions between sulfate groups and the 
amine moieties in APS-silanized compounds con-
tribute to such stiffness. It is known that not all the 
immobility of polymeric chains is caused by covalent 
bonds. This type of interaction can cause restrictions 
in polymer chains, thereby making them tend towards 
a glassy behavior (Fukahori 2005; Montes et al. 2010; 
Choi and Ko 2014).

Considering the need to improve the tensile 
strength of CNC compounds, the partial removal of 
half-sulfate esters seemed to be a promising approach: 
samples 0.3 and 0.6 presented the best properties at 
break. Those data were also indicative of a good filler 
dispersion, assured by a relatively good colloidal sta-
bility, as highlighted in Table 3. Incorporating CNCs 
treated with a 1.2  M aqueous NaOH solution made 
the compound brittle again, and it could be hypoth-
esized that the filler aggregation phenomenon became 
more important and detrimental. Despite the ben-
efits associated with the reduction of sulfate esters, 
it seemed that a threshold existed for the degree of 
desulfation to be useful. For TESPD silanized com-
pounds, the tensile strength of desulfated compounds 
showed more constant values. This also alluded to a 

Table 5   Storage moduli of pristine and desulfated CNC compounds compatibilized with APS and TESPD silanes. A silica com-
pound compatibilized with TESPD is used as a reference

Parameter APS compatibilized compounds TESPD compatibilized compounds

CNC 0.3 0.6 1.2 Silica CNC 0.3 0.6 1.2

G′0(kPa) 1430 ± 118 1100 ± 99 1120 ± 101 1054 ± 95 1075 ± 97 1330 ± 120 1075 ± 97 1160 ± 104 975 ± 92
G′∞(kPa) 869 ± 74 770 ± 69 798 ± 72 800 ± 78 705 ± 62 816 ± 73 751 ± 74 752 ± 67 693 ± 71
ΔG’ (kPa) 561 330 322 254 370 514 324 408 282
tanδ0 0.030 0.029 0.030 0.021 0.033 0.052 0.037 0.036 0.026
tanδ∞ 0.062 0.061 0.059 0.055 0.048 0.058 0.06 0.065 0.055
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generally improved filler-matrix interaction brought 
about by the desulfation. The values from 10 to 300% 
elongation and elongation at break were also noticed 
to be higher than the referenced silica, and these sam-
ples showed a combination of properties of being 
strong, stiff, and tough.

Conclusions

Cellulose nanocrystals are widely produced with 
sulphuric acid, which grafts on the surface sulfate 
half-ester groups. Pristine CNC compounds showed 
outstanding mechanical properties, even if some 
parameters, such as tanδ, indicated a high rolling 
resistance. The objective of this study was to inves-
tigate how the content of sulfate half-ester groups 
exposed on the surface of CNCs affects the mechani-
cal properties of CNC/natural rubber composites. 
Through the regulation of reactant ratios and subse-
quent desulfation, gradually changing contents of sul-
fate groups can be achieved on the surface of CNCs. 
Composites were prepared with the various desul-
fated CNCs and compatibilized with APS and TESPD 
silanes. The properties of the composites were rela-
tively indicative of the degree of desulfation. The 
highly desulfated samples showed a reduction in crys-
tallinity; however, it was observed that the removal 
of the sulfate groups provided some improvements 
in the compound’s mechanical properties, especially 

the tensile strengths. The main advantages were 
observed in the tanδ values, which clearly indicated 
that desulfated CNC compounds are characterized by 
lower rolling resistance. This indicates that cellulose 
nanocrystals or other forms of cellulose fiber pro-
duced with a lower amount of sulfate groups on the 
surface could lead to better and more tailored com-
pound properties.
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Table 6   Tensile properties of pristine and desulfated CNC compounds compatibilized with APS and TESPD silanes. A silica com-
pound compatibilized with TESPD is used as a reference

Parameter APS compatibilized compounds TESPD compatibilized compounds

CNC 0.3 0.6 1.2 Silica CNC 0.3 0.6 1.2

10%  stress 
(MPa)

0.71 ± 0.04 0.48 ± 0.02 0.51 ± 0.03 0.48 ± 0.02 0.38 ± 0.03 0.68 ± 0.02 0.48 ± 0.03 0.54 ± 0.03 0.47 ± 0.03

50% stress 
(MPa)

3.30 ± 0.2 1.63 ± 0.1 1.79 ± 0.1 1.84 ± 0.2 1.08 ± 0.1 2.57 ± 0.3 1.58 ± 0.2 1.73 ± 0.2 1.64 ± 0.2

100% stress 
(MPa)

7.76 ± 0.4 3.60 ± 0.2 3.71 ± 0.2 4.34 ± 0.3 1.91 ± 0.2 5.54 ± 0.3 3.29 ± 0.2 3.44 ± 0.2 3.59 ± 0.2

300% stress 
(MPa)

– 14.93 ± 0.8 15.66 ± 0.8 – 10.02 ± 0.6 15.87 ± 0.8 13.07 ± 0.7 12.98 ± 0.7 13.87 ± 0.7

Elongation at 
break (%)

157 ± 8 354 ± 18 398 ± 20 269 ± 14 387 ± 20 352 ± 18 395 ± 20 413 ± 21 349 ± 18

Tensile 
strength 
(MPa)

12.3 ± 0.6 19.5 ± 1.0 22.5 ± 1.1 13.9 ± 0.7 16.2 ± 0.9 17.9 ± 0.9 18.1 ± 0.9 20.1 ± 1.0 17.2 ± 0.8
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included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/.
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