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ABSTRACT:  In the work presented in this article surface chemical modifi cation was applied to ramie cellulose nanocrystals 
by grafting organic acid chlorides presenting different lengths of the aliphatic chain. The objective of this 
surface chemical treatment was to enhance the nonpolar nature of the grafted nanocrystals and improve their 
dispersibility in a nonpolar polymeric matrix. The occurrence of the chemical modifi cation was evaluated 
by Fourier transform infrared (FTIR) spectroscopy, the degree of crystallinity by X-ray diffraction, and 
the morphology by scanning electron microscopy with fi eld emission gun (FEG-SEM) and atomic force 
microscopy (AFM). The morphology and crystallinity provided by different experimental methods were 
carefully compared.
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1 INTRODUCTION

The use of polysaccharide nanocrystals has 
gained  considerable attention as reinforcement in 
 nanocomposites. This interest is growing because 
of several advantages such as low density, low cost, 
renewable character, biodegradability and good 
 specifi c mechanical properties compared to the 
 traditional  reinforcement materials, e.g., glass fi ber 
[1–3]. Cellulose nanocrystals can be obtained by 
hydrolysis with sulfuric acid of the biomass, result-
ing in stable aqueous suspensions. This treatment 
dissolves away regions of low lateral order so that 
the water-insoluble, highly crystalline residue may 
be converted into a stable suspensoid by subsequent 
vigorous mechanical shearing action. The result-
ing nanocrystals occur as rod-like particles, whose 
dimensions depend on the nature of the substrate and 
hydrolysis conditions, but range in the nanometer 
scale [4]. 

However, the highly polar and hydrophilic charac-
ter of polysaccharides and hydrophobic character of 
most of the polymeric matrices result in low interfacial 

compatibility and performance of the fi nal material. 
Some strategies have been suggested in the literature 
to improve the compatibly of polysaccharide nano-
crystals with polymers [4–19].

In the present work, surface chemical modifi ca-
tion involving grafting with organic acid chlorides 
presenting different lengths of the aliphatic chain was 
applied to ramie cellulose nanocrystals. The objec-
tive of this surface chemical treatment was to enhance 
the nonpolar nature of the grafted nanocrystals and 
improve their dispersibility in a nonpolar polymeric 
matrix. The morphology of the ensuing nanopar-
ticles was characterized by microscopic observations 
and the crystallinity index was determined by X-ray 
diffraction.

2 MATERIALS AND METHODS

2.1 Materials

Ramie fi bers were obtained from Stucken Melchers 
GmbH & Co. (Germany). Sulfuric acid (95%), trie-
hylamine (TEA, 99.5%), toluene (anhydrous, 99.8%), 
acetone (99%), hexanoyl chloride, lauroyl chloride 
and stearoyl chloride (99%) were all obtained from 
Sigma-Aldrich.
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2.2  Preparation of Cellulose Nanocrystals

Ramie fi bers were fi rst cut into small pieces and 
treated with a 2% NaOH solution at 80oC for 2 hours to 
remove residual additives. Then, the ramie fi bers were 
submitted to an acid hydrolysis treatment with a 65 
wt% H2SO4 solution at 55oC for 30 min under continu-
ous stirring. The suspension was washed with water 
until neutral and dialyzed with deionized water. The 
obtained suspension was homogenized with an Ultra 
Turrax T25 homogenizer at 13,500 rpm (2–5 min) and 
then fi ltered in sintered glass No 1.

2.3   Surface Chemical Modifi cation of 
Cellulose Nanocrystals

The surface chemical modifi cation of the cellulose 
nanocrystals was performed in a round-bottomed reac-
tion fl ask under refl ux (4 hours) and constant mechani-
cal stirring in toluene medium. The toluene suspension 
was obtained using solvent exchange and centrifuga-
tion procedure (water to acetone, and then acetone 
to toluene, both four times). Ramie nanocrystals (2 g) 
were mixed with triethylamine (5 mL) and organic acid 
chloride (8 mL for hexanoyl, 10 ml for lauroyl or 13 mL 
for stearoyl chloride). Triethylamine was utilized to 
catalyze the reaction and as a complexing agent for HCl 
formed during the reaction [4]. The modifi ed nanocrys-
tals were submitted to a soxhlet extraction with acetone 
for 24 hours. The ramie cellulose nanocrystals modifi ed 
with hexanoyl chloride, lauroyl chloride and stearoyl 
chloride will be denoted as WRC6, WRC12 and WRC18, 
respectively, whereas unmodifi ed nanocrystals will be 
later on denoted as WRU.

2.4 Characterization

Fourier transform infrared spectroscopy: FTIR spectra 
were obtained on a Perkin-Elmer Paragon 1000 FTIR 
spectrometer. Both unmodifi ed and chemically modi-
fi ed ramie cellulose nanocrystals were analyzed as 
KBr pellets (1:100).

X-ray diffraction: X-ray diffraction data were 
recorded for dry nanocrystals powders and LDPE-
based nanocomposite fi lms at room temperature with 
a Siemens D500 diffractometer equipped with a CuKa 
anode (λ = 0.15406 nm).

The crystallinity index, CI (%), was calculated 
by two different methods. First, from height ratio 
between the intensity of some especifi c peaks, follow-
ing Equation 1 [20]:

 CI (%) = [(I002−Iam) / I002] × 100 (1)

where CrI expresses the relative degree of crystallin-
ity, I002 is the intensity of the 002 lattice diffraction 
at 2θ = 22.8°, and Iam is the intensity of diffraction 
at 2θ = 18°. I002 represents both crystalline and amor-
phous regions, while Iam represents only the amor-
phous part.

In the second method, the individual peaks were 
extracted from X-ray diffraction patterns by peak fi t-
ting treatment from OriginPro7 program (OriginLab), 
considering Lorentz function for each peak, and CrI 
was calculated from the ratio of the area of all crystal-
line peaks to the total area [21] 

The average thickness of cellulose crystallites 
was estimated from the X-ray diffraction patterns by 
Scherrer’s Equation 2 [22,23]: 

 Dhkl = Kl / β1/2 Cos θ (2)

where Dhkl is the crystallite dimension in the direction 
normal to the hkl lattice planes family, K is the correc-
tion factor and usually taken as 0.9, λ is the radiation 
wavelength, θ is the diffraction angle and β1/2 is the 
peak width at half maximum intensity.

Atomic force microscopy (AFM): AFM measure-
ments were performed with an AFM Multimode-VS 
System, with Nanoscope V controller. All images were 
obtained in tapping mode, using Bruker’s oxide-
hardened Si tapping mode tips (TESPD). Typical 
spring constant for these tips is 20–80 N/m, with a 
nominal radius of curvature of 15 nm. The tapping 
amplitude was less than 4 nm and tip-sample con-
tact time was minimal, so as to minimize the force 
exerted on the sample and therefore the infl uence 
of the scan on the aggregate morphology. A drop of 
diluted nanocrystal aqueous suspension, concentra-
tion of 0.5 mg/mL, was placed on an optical glass 
substrate, allowed to dry at room temperature and 
then analyzed by AFM. 

Transmission electron microscopy (TEM): Drops of cel-
lulose nanocrystal suspension were deposited on car-
bon-coated electron microscope grids and negatively 
stained with uranyl acetate solution. A Philips trans-
mission electron microscope at an acceleration voltage 
of 80 kV was used.

Scanning electron microscopy with fi eld emission gun 
(FEG-SEM): Drops of unmodifi ed and modifi ed cel-
lulose nanocrystals suspensions, concentration of 
0.5 mg/mL, in water and acetone, respectively, were 
deposited on carbon-coated electron microscope grids. 
The morphological characterization of the cellulose 
nanocrystals was performed with a SEM Zeiss Supra 
35VP using ImageJ software to extract the pore count-
ing and their radius. 
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3 RESULTS AND DISCUSSION

3.1  Characterization of Ramie Cellulose 
Nanocrystals

The rod-like nanocrystals resulting from acid hydroly-
sis of native ramie cellulose fi bers exhibit an average 
diameter of 6–8 nm and a length of about 150–250 nm 
as estimated from atomic force micrographs.

In most cases, where both the very end and the wall 
of the tip contact circular samples, the Garcia model 
[24] should be applied. The Garcia model takes into 
account the asymmetry of the tip geometry and models 
the tip apex as two sloping walls with a sphere at their 
ends. In this case, the tip radius (RT) is much less that 
the feature curvature radius (RS)(RT 〈〈 RS). In the case 
where only the very end of the tip contacts with the cir-
cular sample and tip apex are assumed to be a sphere, 
the Zenhausern model [25] can be applied to simplify 
the computation process; in this case, the tip radius is 
greater or approximately equal to the feature curvature 
radius (RT ≥ RS) The model can be expressed as [26]:

 W 2 = 16RT RS = 8RT h (3)

where W is the image width, RT the radius of the tip 
apex, RS the radius of the sample and h the sample 
(and also, the image) height (see Figure 2). 

In order to be able to judge which of the models 
mentioned above should be used for a particular case, 
a critical value RC is given by Equation 4:
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The Garcia model should be used when RS > RC, 
whilst the Zenhausern model should be used when 
RS ≤ RC. For an ordinary AFM tip with tip radius 
of 15 nm (nominal value) and angle of sloping tip 
wall, the critical value RC is calculated to be about 
9 nm, and thus meets the condition for using the 
Zenhausern model instead of the Garcia model. 
Equation 3 can be used to predict the width of a mol-
ecule for a given radius of curvature of the tip. The 
corrected results for diameter of nanowhiskers were 
RS = 6.2 ± 2.8 nm. Bendahou et al. observed similar 
results, but with nanocrystals from the rachis of the 
date palm tree [27]. Similar results were obtained 
in the analysis of transmission electron microscopy 
(TEM) micrographs.

Figure 3A shows TEM micrographs of ramie cel-
lulose nanocrystals. The length and diameter of 

Figure 1 Atomic force micrograph of ramie cellulose 
nanocrystals.

Figure 2 Illustration of lateral enlargement of AFM imaging 
in the case where only the tip radius curvature interacts with 
the sample (a) and for the case where both the tip apex and 
walls interact with the sample (b) [24].
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Figure 3 Transmission electron micrographs of ramie 
cellulose nanocrystals.
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noting that more than 50% of the nanoparticles have 
a length lower than 100 nm. Regarding their arrange-
ment in solution, it is noteworthy that because of elec-
trostatic repulsions between surface-grafted sulfate 
ester groups resulting from the sulfuric acid hydroly-
sis, the celulose whiskers repel each other and then do 
not fl occulate in water [28].

The FTIR spectra recorded for both unmodifi ed 
and chemically modifi ed ramie whiskers are shown in 
Figure 4. Compared to unmodifi ed whiskers, the spec-
tra corresponding to modifi ed cellulose nanoparticles 
display a new peak at 1737 cm-1, attributed to carbonyl 
groups. The signals at 2953, 2919 and 2850 cm-1 are 
ascribed to the presence of grafted alkane chain. The 
concomitant decrease of the magnitude of the broad 
band around 3300 cm-1 for modifi ed nanocrystals 
compared to unmodifi ed nanocrystals is attributed to 
the partial disappearance of OH groups, confi rming 
the success of the grafting reaction with organic acid 
chlorides.

Figure 5 shows FEG-SEM micrographs of cellu-
lose nanocrystals. A similar morphology is observed 
for unmodifi ed and modifi ed nanocrystals with lau-
ryl chloride in Figures 5a and 5c. Regarding their 
arrangement in suspension, it is noteworthy that 
because of electrostatic repulsions between surface-
grafted sulfate ester groups resulting from the sulfuric 
acid hydrolysis, the cellulose nanocrystals repel each 
other and then do not fl occulate in water. However, 

Figure 4 FTIR spectra (KBr pellets) of unmodifi ed ramie cellulose nanocrystals (a) and modifi ed with hexanoyl chloride (b), 
lauroyl chloride (c) and stearoyl chloride (d).
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Figure 5 FEG-SEM of unmodifi ed ramie cellulose 
nanocrystals (a) and modifi ed with hexanoyl chloride 
(b), lauroyl chloride (c) and stearoyl chloride (d).

these nanocrystals were determined by using digital 
image analysis (ImageJ) [28]. The geometric average 
length and diameter were around 134 nm ± 59 nm and 
10.8 nm ± 4.5 nm, respectively, giving rise to an aspect 
ratio of around 12. A minimum of 228 and 70 mea-
surements were used to determine the length and the 
diameter, respectively, of ramie whiskers. It is worth 
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one corresponding to the pristine sample. Even after 
chemical modifi cation, the cellulosic nanoparticles 
remain semicrystalline and display the same XRD 
patterns leading to the conclusion that the initial 
crystallinity was retained. Then, the surface chemical 
modifi cation did not alter the crystallinity of cellulose 
nanocrystals. After chemical modifi cation, a new peak 
that appears around 21° that is attributed to the crys-
tallization of grafted aliphatic chains. The crystalline 
index calculated from the Segal method gives values 
of 88.3, 85.7, 82.6 and 85.0 for unmodifi ed nanocrys-
tals, and modifi ed with C6, C12 and C18, respectively. 

By using Scherrer’s equation (Equation 2) the crys-
tal size perpendicular to the 002 planes was deter-
mined. For this, X-ray data were normalized and then 
the main peaks with the same y-axis values could be 
compared directly. Figure 7 shows the deconvoluted 
XRD data and from this the peak width at half maxi-
mum intensity (β1/2) was obtained and the crystallite 
dimension was calculated. The obtained results are 
6.2 nm, 6.3 nm, 6.1 nm and 6.3 nm for unmodifi ed cel-
lulose nanocrystals, and modifi ed with C6, C12 and 
C18, respectively. These values are very close to those 
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Figure 6 X-ray diffraction patterns for unmodifi ed ramie cellulose nanocrystals (a) and modifi ed with hexanoyl chloride (b), 
lauroyl chloride (c) and stearoyl chloride (d).

the samples shown in Figures 5b and 5d, modifi ed 
with hexanoyl chloride and stearoyl chloride, rexpec-
tively, show signifi cant changes in the morphology of 
the nanocrystals. A progressive build-up of a thermo-
plastic sleeve on the nanocrystal surface is expected. 
It is attributed to a higher degree of substitution (DS) 
for hexanoyl chloride (0.68) than for lauroyl and stea-
royl chloride, that presented values of 0.32 and 0.31, 
respectively [28]. The DS values were obtained from 
elemental analysis results. Finally, the higher length 
for stearoyl chloride, sixteen carbon atoms, in rela-
tion to lauroyl chloride, twelve carbon atoms, prob-
ably makes the difference. In Figure 5B–D, cellulose 
nanocrystals seem to be linked in larger aggregates. 
Threads linking cellulose nanoparticles are supposed 
to be composed of grafted chains.

Natural lignocellulosic fi bers are known to display 
X-ray diffraction (XRD) patterns typical of type I cel-
lulose, with the main diffraction signals at 2q values 
of 15o, 16o, 22,5o and 34o, attributed to the diffraction 
planes 101, 101 , 002 and 040, respectively. Figure 6 
shows the XRD patterns obtained for the modifi ed 
ramie cellulose nanocrystals samples as well as the 
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determined from AFM observations indicating, in this 
case, that AFM measurement is more accurate than 
TEM. 

From Figure 7 and using fi ve Lorentz crystalline 
peaks (101, 10-1, 021, 002 and 040) CI was calculated 
from the ratio of the area of all crystalline peaks to 
the total area. Values of 99.78, 97.27, 94.83 and 99.29% 
were obtained for unmodifi ed cellulose nanocrys-
tals and modifi ed with C6, C12 and C18, respec-
tively. The higher values obtained compared to those 
obtained from the Segal method can be attributed to 
the contribution of the several peaks, because in the 
Segal method only the highest peak (002) is used in 
the calculation. This excludes contributions from the 
other crystalline peaks. The increase of the 021 peak, 
attributed to aliphatic chain contribution, can also be 
observed in Figure 7. The results were found to be 
9.16, 17.21 and 29.40% for cellulose nanocrystals modi-
fi ed with C6, C12 and C18, respectively.

4 CONCLUSIONS

The surface of cellulose nanocrystals prepared by acid 
hydrolysis of ramie fi bers was chemically modifi ed 
using organic acid chloride aliphatic chains of differ-
ent sizes, namely hexanoyl chloride, lauroyl chloride 

and stearoyl chloride. The evidence of occurrence of 
chemical modifi cation was checked by FTIR. X-ray dif-
fraction analysis was used to check that the initial crys-
talline structure was preserved. The morphological 
characteristics of ramie nanocrystals were successfully 
characterized by FEG-SEM, AFM and TEM. The dif-
ferent microscopy techniques provide similar results 
regarding the morphology and geometrical dimen-
sions of the nanocrystals. However, signifi cant dif-
ferences were reported for the determination of their 
crystallinity index from X-ray diffraction patterns. The 
deconvolution method leads to much higher values 
than the Segal method.
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