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Abstract This work investigates reinforcing

poly(lactic acid) (PLA) nanocomposites using triazine

derivative-grafted cellulose nanocrystals (CNCs). A

hydrophobic triazine derivative was synthesized and

applied to modify CNCs to improve their thermal

stability and diminish the hydrophilicity of the

nanoparticles. CNCs before and after modification

were used to reinforce PLA nanocomposites by a hot

compression process. The results of thermogravimet-

ric analysis indicated that the initial thermal decom-

position temperature of modified nanocrystals was

improved by approximately 100 �C compared to the

original CNCs. That is, the thermal stability of

modified cellulose nanocrystals was improved due to

the shielding effect of CNCs by a hydrophobic

aliphatic amine layer on the surface of the nanopar-

ticles. The results of dynamic contact angle measure-

ments revealed a decrease of hydrophilicity of the

modified CNCs. The results from scanning electron

microscopy and a UV–Vis spectrophotometer

revealed that the compatibility between the modified

nanocrystals and the PLA was improved. Finally, the

results of tensile tests indicated a significant improve-

ment in terms of breaking strength and elongation at

the break point.

Keywords Cellulose nanocrystals � Triazine
derivative � Thermal stability � Compatibility �
Poly(lactic acid) nanocomposites

Introduction

In the last few years, biodegradable composites have

been investigated and considered as an ideal type of

product in order to replace nondegradable petroleum-

based materials (Jonoobi et al. 2010; Kowalczyk et al.

2011; Zhang et al. 2015). Polylactic acid (PLA) is one

of the most suitable matrix materials for such

biocomposites because of its relatively low cost,

biocompatibility, processibility, and eco-friendly nat-

ure (Rasal et al. 2010; Singhvi and Gokhale 2013;

Arrieta et al. 2014; Fortunati et al. 2015; Zhang et al.

2015). However, it has some drawbacks, which limit

its use in certain applications (Yu et al. 2010; Yee et al.

2016). Although its tensile strength and elastic mod-

ulus are comparable to poly(ethylene terephthalate),

one major disadvantage of PLA is its brittleness

(Nakagaito et al. 2009; Rasal and Hirt 2009). There-

fore, it is essential to find appropriate fillers to increase
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the toughness of PLA materials in order to expand

their application.

Cellulose nanocrystals (CNCs) have aroused much

attention due to their biocompatibility, biodegradabil-

ity, light weight, nano-scale effects, low cost, high

specific strength and modulus (138 GPa of Young’s

modulus and 1.7 GPa of tensile strength), unique

morphology, and relatively reactive surface (Azouz

et al. 2012; Lin et al. 2012; Habibi et al. 2008; Liu et al.

2015). They have been widely studied as reinforcing

agents in different kinds of nanocomposites, such as

poly(e-caprolactone) (Zoppe et al. 2009; Lonnberg

et al. 2011; Mi et al. 2014; Stroganov et al. 2015), PLA

(Goffin et al. 2011; Salmieri et al. 2014; Kamal and

Khoshkava 2015; Bagheriasl et al. 2016), and poly-

styrene (PS) (Wang et al. 2008; Zhang et al. 2013;

Huan et al. 2015), etc. The preparation of CNCs based

on sulfuric acid hydrolysis is considered to be the most

mainstream approach. Negatively charged sulfate

esters are introduced on the surface of the obtained

CNCs when using sulfuric acid as a hydrolyzing agent.

The charged sulfate esters can promote the dispersion

of the CNCs in water because like charges repel each

other. However, the thermal stability of the nanopar-

ticles is diminished by the sulfate esters, which is

attributed to their catalytic nature (Roman and Winter

2004; Abraham et al. 2016). The inferior thermal

stability of CNCs limits its use because most poly-

meric composites are processed at temperatures close

to 200 �C or above (Lin and Dufresne 2013). In

addition, CNCs present obvious hydrophilicity

because of a large amount of hydroxyl groups on their

surface, which limits the compatibility between

hydrophilic CNCs and a hydrophobic polymeric

matrix (Habibi et al. 2010; Bagheriasl et al. 2015;

Morelli et al. 2016). Therefore, there are two chal-

lenges to overcome in the preparation of nanocom-

posites reinforced by CNCs: the inferior thermal

stability and the poor compatibility with nonpolar

materials.

There are a large number of reactive hydroxyl

groups on the surface of CNCs, which can react with

different active groups, such as carboxyl, epoxy, and

siloxane, etc. In order to improve the thermal stability

and hydrophobicity of CNCs, different chemical and

physical modification strategies have been attempted

(Eyley and Thielemans 2014), such as solubilization

using a third component as compatibilizer (Pracella

et al. 2014; M-UI Haque et al. 2017), esterification

(Braun and Dorgan 2009; Sobkowicz et al. 2009),

oxidation (Shimizu et al. 2013, 2014a, b), polymer

grafting (Ljungberg et al. 2005; Roy et al. 2005;

Morandi et al. 2009; Goffin et al. 2012), etc. The

resulting nanocrystals show good dispersion abilities

in organic solvents and excellent thermal stability. The

goal of these methods was to introduce hydrophobic

groups on the surface of the CNCs to replace the

hydrophilic hydroxyl groups.

Triazine is an important intermediate in the dye and

pharmaceutical industries. There are three reactive

chlorine groups in the chemical structure of 2,4,6-

trichloro-1,3,5-triazine (TCT). In this study, a triazine

derivative was synthesized through the reaction

between TCT and hexylamine (HA), and then the

derivative was introduced on the surface of the CNCs.

As shown in Scheme 1, one of the chlorine groups

reacted with the hydroxyl groups on the surface of the

CNCs, and the second chlorine groups reacted with the

amino groups of aliphatic amine. The hydrophilicity of

the nanoparticals was diminished and the thermal

stability of the CNCs was improved because of the

hydrophobic aliphatic chains covering their surface.

Experimental

Materials

Cotton, hydrochloric acid, sulfuric acid, acetone,

toluene, tetrahydrofuran (THF), sodium hydroxide

(NaOH), sodium bicarbonate and HA were purchased

from Sinopharm Chemical Reagent; TCT was

obtained from TCI Shanghai; hexylamine was sup-

plied by J&K Scientific; and PLA with

Mw = 100,000 g/mol was provided by Shanghai

Yisheng Industry.

Preparation of cellulose nanocrystals

According to our previous article (Yin et al. 2016),

cellulose nanocrystals were fabricated from cotton

using sulfuric acid hydrolysis. In brief, about 10 g of

cotton was mixed with 200 mL of sulfuric acid

aqueous solution (64 wt%) in a three-neck flask,

which was equipped with a stirrer, thermometer and

condenser. The reactive mixture was stirred for 1 h at

45 �C for hydrolysis, then about 200 mL of cold water

(about 0 �C) was poured into the obtained suspension
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to stop the reaction. Subsequently, the suspension was

centrifuged at 10,000 rpm until it had no obvious

stratification and existed as a kind of homogeneous

suspension. The CNCs powders were received after

dialysis against deionized water until the pH of the

water reached a value of 7.0 and after freeze-drying.

Synthesis of triazine derivative

The triazine derivative was synthesized as follows:

first, 7.38 g of triazine and a balanced amount of

acetone were added to a 250-mL three-neck round-

bottom flask. Then, 4.86 g of HA was added dropwise

into the above solution and the reaction was carried out

at 0–5 �C for 8 h. The pH of the solution was adjusted

to around 10 using 10 wt% NaOH solution. Finally,

the triazine derivative, which has been named TCT–

HA, was obtained after the solution was filtered,

washed with 0.1 mol/L hydrochloric acid, 0.1 mol/L

sodium bicarbonate and distilled water, and recrystal-

lized using toluene (Pearlman and Banks 1948). 13C

NMR: (153.19, 150.76, 148.94, triazine part), (14.76,

23.32, 26.81, 29.77, 32.34, 45.70, HA portion).

Modification of cellulose nanocrystals

with triazine derivative

The grafting reaction of the TCT–HA onto cellulose

nanocrystals was performed as follows: Briefly, 0.5 g

of CNCs was swollen in NaOH solution in a 100-mL

three-neck round-bottom flask and stirred at pH = 10

for 30 min. Then, 0.690 g of TCT–HA dissolved in

THF was added dropwise into the flask and the

reaction was performed at 40 �C for 4 h. The triazine

derivative-grafted cellulose nanocrystals (CNC–

TCT–HA) was obtained after the solution was filtered,

washed with THF using Soxhlet extraction, washed

with distilled water and freeze-dried.

Preparation of nanocomposites

PLA nanocomposites reinforced with pure and mod-

ified CNCs were fabricated by hot compression. The

process was carried out at 170 �C for 10 min under

40 MPa pressure. The PLA matrix and CNCs were

pre-mixed by dry mixing the powders of the compo-

nents. Then, the mixed powders were transferred into

Scheme 1 The

modification of CNCs using

TCT and aliphatic amine
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molds followed by hot-pressing. CNCs before and

after modification were utilized to reinforce the PLA

matrix, which were marked as PLA/CNC and PLA/

CNC–TCT–HA, respectively. The loading levels of

CNC–TCT–HA by weight of the PLA matrix were 1,

2, 3, 4 and 5 wt%.

Characterization

Transmission electron microscopy (TEM) was per-

formed on a JEM-2100 electron microscope operating

at an acceleration voltage of 80 kV to characterize the

morphology and distribution of the cellulose nanocrys-

tals. A drop (5 lL) of a diluted suspension of CNCs

was deposited on a copper grid and then stained with

phosphotungstic acid (1 wt%) to improve the contrast.

The synthesis of the TCT derivative and the

modification of the CNCs were characterized by a

Bruker 400 M, colid-state 13C NMR, and Fourier

transform infrared spectroscopy (FT-IR). The samples

were prepared by the KBr pellet method. The resolu-

tion of the spectrometer was 4 cm-1, the wave number

range was 400–4000 cm-1, and the samples were

scanned 30 times.

The grafting efficiency (GE%) of TCT–HA grafted

on the surface of CNCs was determined using a

Quanta 200 (FEI) electron microscope equipped with

an energy dispersive X-ray (EDX) system. The

carbon, oxygen, sulfur, nitrogen and chlorine elements

content of CNC–TCT–HA were measured. The GE%

was calculated according to Eq 1:

GE% � CTCT�HA þ 1� GE%ð Þ � CCNC

¼ CCNC�TCT�HA ð1Þ

where C is the relative nitrogen content of the sample.

The thermal degradation of the CNCs was analyzed

using a thermal analyzer TGA/SDTA851e under nitro-

gen flow.About 5 mg of dried sampleswere heated from

30 to 600 �C at a heating rate of 10 �C/min.

Contact angle measurement was performed to inves-

tigate the hydrophilicity of the CNCs before and after

modification, which was performed at room temperature

using a DSA25S-Kruss contact angle measuring device.

CNCs before and after modification were compacted

under 20 MPa to obtain sampleswith smooth surfaces. A

small drop of water (2 lL) was placed on the surface of
the samples. Then, the contact angle was calculated

using a sessile drop contact angle system.

The homogeneity of the PLA composites was

observed using scanning electron microscopy (SEM)

(su1510 device; Hitachi Zosen) at 30 kV. The trans-

mittance of the nanocomposite films was measured

using a UV–Vis spectrophotometer at wavelengths

from 400 to 800 nm. The morphology of the PLA

composites was further studied using atomic force

microscopy (AFM) from Bruker. The equipment was

operated in tapping mode in air at room temperature

with a scan rate of 1 Hz and a scan angle of 0�. Thin
sections of the PLA composites were obtained using a

cryo-ultramicrotome. The topography, amplitude and

phase images were all recorded simultaneously.

Thermostable PS composites were analyzed by a

differential scanning calorimeter (DSC). In order to

eliminate thermal history, the samples were scanned

from 30 to 200 �C at a heating rate of 10 �C/min, and

maintained at 200 �C for 5 min, then cooled to 30 �C
at a rate of 20 �C/min and maintained for 5 min.

Finally, the samples were scanned from 30 to 200 �C
at a heating rate of 10 �C/min.

The mechanical properties of the PLA composites

were investigated through tensile measurements using

a universal material experiment machine. The samples

were thin rectangular films with dimensions of about

100 9 20 9 0.5 mm. The drawing speed was 2 mm/

min. The drawing experiments were carried out 5

times for each sample in order to to avoid the inherent

uncertainty in the tensile testing experiments for the

thin samples used in the research.

Results and discussion

As shown in Fig. 1, TEM was performed to observe

the morphology and dimensions of the cellulose

nanocrystals. Rod-like nanoparticles were separated

Fig. 1 TEM images of a CNCs; and b CNC–TCT–HA
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from cotton using sulfuric acid hydrolysis. The size of

the nanoparticles was about 200 nm in length and

about 10 nm in width, which corresponds with the

previous literature (Lin et al. 2012). According to the

TEM images, agglomerations of nanoparticles were

obvious because of the hydrogen bonding formed

between the hydroxyl groups on the surface of the

CNCs. Compared with the original CNCs, agglomer-

ation of the TCT–HA-grafted CNCs was significantly

decreased. It is worth nothing that the morphology of

the modified CNCs was not seriously destroyed.

FT-IR was performed to analyze the synthesis of

the triazine derivative and the chemical grafting of the

CNCs. As shown in Fig. 2a, b, compared with TCT,

the spectrum of the triazine derivative displayed the

characteristic absorption bands of the -NH stretching

at 3256 cm-1, bands C=N at 1561 cm-1 and

1410 cm-1, and C–Cl stretching at 798 cm-1, corre-

sponding to the absorption peaks of triazine. The

presence of HA was proved by the –CH2 and –CH3

framework stretching at 2926 and 2854 cm-1. 13C

NMR was recorded to further analyze the chemical

structure of TCT–HA (Fig. 3). The signals at 153.19,

150.76, 148.94 ppm corresponded to triazine, while

the signals at d = 14.76, 23.32, 26.81, 29.77, 32.34,

and 45.70 ppm were assigned to the carbons on the

hexylamine at C1, C2, C3, C4, C5 and C6, respec-

tively. This indicated the successful synthesis of the

triazine derivative.

Figure 2c, d presents the FT-IR spectra of CNCs

and TCT–HA-grafted CNCs. The spectrum of TCT–

HA-grafted CNCs not only showed all of the charac-

teristic absorption peaks of CNCs, but also presented

the absorption bands of TCT–HA, such as –CH2

stretching located at 2854 cm-1, C=N stretching at

1562 cm-1 and C–Cl stretching situated at 799 cm-1.

This revealed that the CNCs were successfully grafted

with TCT–HA. The successful grafting of TCT–HA

on the CNCs surface was further proven using 13C

NMR, as shown in Fig. 4. The signals at d = 105.83,

71.50, 73.03, 75.20, 89.21 and 65.33 ppm were

assigned to the carbons on the glucose ring at C1,

C2, C3, C4, C5 and C6, respectively. The signals at

152.52 and 150.22 ppm corresponded to triazine. The
13C NMR spectrum of CNC-g-PSt also showed signals

at d = 14.35, 22.67, 26.51, 29.29, 31.91, and

45.31 ppm corresponding to the carbons on the HA

at C10, C11, C12, C13, C14 and C15, respectively.

This indicated that the CNCs surface was successfully

grafted by the triazine derivative. Figure 5 shows the

Fig. 2 FT-IR spectra of a TCT; b TCT-HA; c CNC–TCT–HA;
and d CNCs

Fig. 3 13C NMR spectra of TCT–BA

Fig. 4 13C NMR spectra of CNC–TCT–BA
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element composition of pure CNCs and CNCs mod-

ified by TCT–HA. According to Eq. 1, the GE% of

TCT–HA grafted on the surface of CNCs was 12.28%.

Figure 6 presents the thermal stability of CNCs

before and after modification. It is obvious that the

original CNCs presented a stepwise degradation

behavior, which involved three processes. This corre-

sponds with the previous literature (Roman and

Winter 2004). The degradation processes started

below 100 �C for both of the samples were attributed

to the evaporation of adsorbed water. The degradation

of the original CNCs between 200 and 400 �C
presented two processes. The lower temperature

degradation process corresponds to the degradation

of the amorphous regions, where the material is more

accessible and more highly sulfated, whereas the

higher temperature degradation process relates to the

breakdown of the unsulfated crystalline interior.

Compared with the unmodified CNCs, the thermal

stability of the CNCs modified with TCT–HA was

significantly improved at about 100 �C because of the

shielding effect of the sulfate groups.

Fig. 5 EDX spectra of a CNCs; and b CNC–TCT–HA

Fig. 6 a Curves of TGA of CNCs and CNC–TCT–HA; b DTG curves of CNCs and CNC–TCT–HA

Fig. 7 Dynamic contact angle curves of CNCs and CNCs

modified by TCT-HA
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In order to analyze the hydrophilicity of the CNCs

before and after modification, contact angle measure-

ments were performed, as shown in Fig. 7. It is clear

that the CNCs presented a hydrophilic character,

which led to inferior compatibility between the CNCs

and the polymeric matrix. The contact angle of the

modified CNCs was increased by approximately 50�.
This result revealed that the nanoparticles modified

with TCT–HA became more hydrophobic than the

original CNCs, which was attributed to the hydropho-

bic hexylamine chains on the surface of the CNCs.

SEM of the fracture surfaces of the composites

further revealed the compatibility between the CNCs

and the polymeric matrix. As shown in Fig. 8, serious

heterogeneity was observed in all samples with

unmodified CNCs because of their aggregation. Black

Fig. 8 SEM images for a PLA; b PLA/1% CNC; c PLA/2% CNC; d PLA/3% CNC; e PLA/4% CNC; f PLA/5% CNC; g PLA/1%

CNC–TCT–HA; h PLA/2% CNC–TCT–HA; i PLA/3% CNC–TCT–HA; j PLA/4% CNC–TCT–HA; k PLA/5% CNC–TCT–HA
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spots (indicated by a yellow arrow and circles in

Fig. 8c, e) appeared in the composites with unmod-

ified CNCs, which was attributed to the carbonization

and degradation of the nanocrystals during the hot-

pressing. Significantly, no black spots were observed

in the PLA composites reinforced with the modified

CNCs, which revealed the improved thermal stability

of the modified CNCs corresponding to the results of

TGA. Compared with the composites with unmodified

CNCs, the modified CNCs dispersed homogeneously

in the PLA matrix when the addition of nanoparticles

was less than 3 wt%. The SEM images demonstrated a

heterogeneous dispersion (white blocks in Fig. 8d–f)

of nanoparticles when the additions of CNCs were

more than 3 wt% because of the aggregation of the

CNCs. To further reveal the dispersion of the modified

CNCs in the PLA matrix, the morphology of the PLA

composites reinforced with TCT–HA-grafted CNCs

was recorded using AFM, as shown in Fig. 9. The

topography, phase and amplitude of PLA/2%TCT–

HA–CNC were all recorded simultaneously. The

modified nanoparticles were 178 nm in length, which

corresponded to the results of the TEM examination

(Fig. 1). AFM images of PLA/TCT–HA–CNC also

revealed the slight agglomerations at the surface of the

PLA composites, corresponding to the SEM images.

Although slight heterogeneities were present in the

samples with 1 and 2% CNCs, the properties of the

omposites were not seriously affected because of the

uniform dispersion and low filler content.

UV–Vis transmittance spectra of the pure PLA and

PLA composites reinforced with modified CNCs are

shown in Fig. 10. The transmittance of the PLA

composites declined sharply with the addition of pure

CNCs, which was attributed to their aggregation and

thermal degradation. Compared with PLA/CNC, the

transmittance of PLA reinforced with TCT–HA-

modified CNCs was maintained above 50% when

the nanoparticle addition was less than 2 wt%, which

indicated that the modified nanopartices dispersed in

the PLA matrix homogeneously. These results corre-

sponded to the SEM images.

Fig. 9 AFM images of thin sections of PLA/2%TCT–HA–CNC composites
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DSC was performed to analyze the thermal prop-

erties of the PLA composites after their preparation

through hot-pressing. The effect of interactions

between the nanofillers and the PLA, and the

dispersion of CNCs in the matrix can be indicated

using DSC. As shown in Fig. 11, the glass transition

temperature (Tg) of the composites decreased with the

introduction of the CNCs, a result ascribed to the

Fig. 11 DSC curves of PLA/CNC and PLA/CNC–TCT–HA

composites

Fig. 12 Mechanical properties in terms of breaking strength

and elongation at the break point for a PLA/CNC and b PLA/

CNC–TCT–HA

Fig. 10 Transmittance curves for a PLA/CNC and b PLA/CNC–TCT–HA
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incompatibility and weak interfacial interaction

between the nanoparticles and the PLA matrix.

Compared with PLA/CNC, the Tg of composites

reinforced with TCT–HA-grafted CNCs was almost

the same as that of the PLA matrix. It is obvious that

the cold crystallization temperature (Tcc) of PLA/CNC

was lower than those of the PLA/CNC–TCT–HA

composite, indicating that the unmodified CNCs

acting as nucleating agents induced faster crystalliza-

tion of the PLA. Double melting peaks were observed

for the PLA/2%CNC and PLA/5%CNC composites,

which was attributed to the imperfections in the

crystals formed when the nuclei density was high,

which occasioned the melting and re-crystallization of

the imperfect crystals. For PLA/CNC–TCT–HA, the

Tg and Tcc were maintained and no double melting

peaks were seen, which indicated the good compati-

bility between the PLA matrix and the CNCs

nanofillers.

As shown in Fig. 12, mechanical properties in

terms of breaking strength and elongation at the break

point were examined to reveal the reinforcement of the

modified CNCs for the PLA composites. The values of

all measured tensile properties are listed in Table 1,

fromwhich it can be seen that the pure PLAmatrix had

fragile properties, which limits its application in many

fields. The breaking strength of the PLA composites

increased with the addition of unmodified CNCs,

which was attributed to their intrinsic mechanical

properties. The elongation at the break point of PLA/

CNC decreased because of the inferior compatibility

between the PLA matrix and the unmodified CNCs.

Compared with the pure PLA matrix and PLA/CNC,

the breaking strength and elongation at the break point

of the PLA composites reinforced with modified

CNCs were improved, which was ascribed to the

interfacial interaction between the PLA and the

nanoparticles. However, it is worth nothing that the

improvement of mechanical properties was weakened

when the addition of CNCs was over 3 wt% because of

the stress concentration on the interface between the

CNCs and the PLAmatrix. The compatibility between

the TCT–HA-grafted CNCs and the polymeric matrix

was improved in comparison with the unmodified

CNCs. The results of tensile measurements revealed

that the mechanical properties of the PLA composites

reinforced with TCT–HA-grafted CNCs were

improved to some extent.

Conclusions

A triazine derivative was successfully synthesized and

innovatively grafted onto the surface of cellulose

nanocrystals. The thermal stability of the modified

CNCs was improved by 100 �C and the hydrophilicity

of the modified nanoparticles declined at the same

time. Compared with pure CNCs, the modified

nanoparticles dispersed in the PLA matrix homoge-

neously. Therefore, the thermal properties of the PLA

composites reinforced with the modified CNCs were

improved and the transmittance of the PLA/CNC–

TCT–HA composites was maintained. The results of

tensile measurements revealed that the mechanical

properties of the PLA composites reinforced with

TCT–HA-grafted CNCs were improved. Neverthe-

less, a better result may be achieved by using a fatty

amine with longer molecular chains to synthesis the

Table 1 Tensile properties

of the PLA matrix and PLA

composites with CNCs

before and after

modification

Sample Stress at break (MPa) Elongation at break (%) (MPa)

PLA 25.06 ± 2.4 1.93 ± 0.6

PLA/1% CNC 49.98 ± 1.8 1.90 ± 0.4

PLA/2% CNC 47.92 ± 1.4 1.89 ± 0.3

PLA/3% CNC 46.26 ± 1.3 1.93 ± 0.5

PLA/4% CNC 41.00 ± 1.7 1.79 ± 0.4

PLA/5% CNC 36.49 ± 2.5 1.57 ± 0.6

PLA/1% CNC-TCT-HA 48.28 ± 0.9 3.10 ± 0.5

PLA/2% CNC–TCT–HA 48.06 ± 1.2 3.19 ± 0.7

PLA/3% CNC–TCT–HA 41.90 ± 1.8 2.74 ± 0.5

PLA/4% CNC–TCT–HA 44.07 ± 1.6 3.00 ± 0.6

PLA/5% CNC–TCT–HA 36.11 ± 2.4 2.43 ± 0.7
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TCT derivative and to modify CNCs, and all these

studies will be presented in the future work.
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