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Abstract In this paper, we studied the hydrophobization

of TEMPO-oxidized cellulose gel (TOCgel) by covalent

coupling of long carbon chains via esterification and ami-

dation processes. In this context, amidation process was

achieved by covalent coupling of stearylamine (SA) on the

carboxyl moieties of TOCgel using carbodiimide and hy-

droxysuccimide as catalyst and amidation agent. In paral-

lel, esterification process was realized by grafting of alkyl

ketene dimer (AKD) on the hydroxyl groups of TOCgel in

the presence of 1-methylimidazole as a promoter. The

grafting state of the final products obtained under hetero-

geneous conditions was confirmed by fourier transform

infrared spectroscopy (FTIR), X-ray photoelectron spec-

troscopy (XPS), thermogravimetric analysis (TGA), trans-

mission and scanning electron microscopy, and contact

angle measurement (CAM). The hydrophobic behavior of

the obtained products was discussed based on the results of

CAM and absorption rate of water drop in their film sur-

face. FTIR and XPS results indicated the formation of

amide bonding for the SA-g-TOCgel (amidation), and b-

keto ester linkages for the AKD-g-TOCgel (esterification).

As confirmed by CAM, the both chemical treatments

enhanced the transition hydrophilic/hydrophobic behavior

of the TOCgel fibers. It appeared also that CA values of

grafted samples showed a slightly greater hydrophobicity

of AKD-g-TOCgel (115� ± 2�) relatively to SA-g-TOCgel

(102� ± 2�). However, the absorption rate of water drop

seems to be relatively faster for AKD-g-TOCgel than for

SA-g-TOCgel. Indeed, the water resistance of amidation

product could be due to the high graft efficiency obtained

(46.3 %) in comparison with that of the esterification

product (30 %). In parallel, this result was confirmed by

the dispersion test of modified TOCgels in hexane solvent

which indicated clearly the high stable dispersion of SA-g-

TOCgel obtained through the amidation process. More-

over, TGA result demonstrated that the thermal stability

was found to be slightly higher for SA-g-TOCgel than for

AKD-g-TOCgel. Finally, the excellent hydrophobic prop-

erties of modified TOCgel material could be suitable to be

used as reinforcement for nonpolar polymer matrices in

industrial applications.

Introduction

In recent years, the use of cellulose nanofibers presents a

great potential as a nanosized reinforcements for a large

number of industrial applications ranging from fluids with

specific rheological properties to the processing of nano-

composites [1, 2]. It includes also the reinforcement of

composite materials, tissue engineering scaffolds, moist-

ening masks for cosmetic applications, thickening agents,

rheology modifiers, and adsorbents, paper reinforcement

[3]. Because cellulose is an abundant, renewable, and

biodegradable resource and having good mechanical

properties, it is advantageous to utilize cellulosic nanofi-

bers as reinforcement in such biocomposites in order to

improve their thermal, optical, and mechanical properties

even at relatively low filler contents [4, 5]. In fact, cellulose

is part of an architectural edifice complex which varies
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with the organism, the individual cellulose chains are

associated by hydrogen bonds into nanofibers having

diameters between 2 and 20 nm and lengths ranging from

100 nm to several micrometers depending on their bio-

logical origin [19]. Different types of cellulose nanofibers

have been produced by other physical and chemical treat-

ments of cellulose fibers. Sulfuric acid hydrolysis is known

to produce cellulose nanowhiskers [20]. Powerful fibrilla-

tion using grinding [21], and homogenizing [22] devices

were also reported to produce cellulose nanofibers. The

advantage of the TEMPO oxidation process versus other

techniques in the preparation of nanocellulose is due to

several parameters. First, mechanical treatment requires a

large amount of energy, and the resulting products consist

mainly of bundles of microfibrils, and it is not possible to

separate individual cellulose microfibrils. Second, the acid

hydrolytic treatment can depolymerise the cellulose chains

to yield a dramatic decrease in the microfibrils length and

width which is not advantageous, since it damages the

structure of the microfibrils [23]. For these reasons, we

investigated the potential of the TEMPO oxidation method.

It is known to introduce carboxylate moieties on the cel-

lulose structure in order to improve chemical modification

of cellulose nanofibers through the presence of carboxylate

groups created by the TEMPO oxidation, and to preserve

the micrometric length of the cellulose nanofibers

(including both the crystalline and amorphous domains).

Despite the advantageous of the TEMPO-oxidized nano-

cellulose as reinforcement material, there are some limi-

tations. The most important restraint is the poor

compatibility between the hydrophilic nanofiber and the

hydrophobic polymer matrix [6, 7]. Hence, the fiber-matrix

interface is usually the weakest point in a biocomposite,

which makes the performance of the final composite lim-

ited by fiber pull-out rather than fiber break [6]. Thus, the

full strength of the cellulose nanofiber as reinforcing

material is not utilized, the optimal properties of the bio-

composites are not obtained, and the full commercial

potential is, therefore, not achieved. In order to overcome

this problem, and consequently to improve the interfacial

adhesion in the final composite, the hydrophilic character

of cellulose nanofibers should be modified to make it more

compatible with nonpolar matrices.

Over the last decades, surface modification (i.e., hy-

drophobization) of different celluloses has been accom-

plished via both chemical and physical modification using

low-molecular-weight compounds and polymers [8–10].

Some of the chemical approaches involved the use of ring

opening polymerization [11, 12], the atom transfer radical

polymerization [13, 14], and also the use of the bifunc-

tionnal bridge [15–17] onto the surface of the cellulose

fibers. Furthermore, some chemical processes such as acid

chloride, anhydrides, silanes, or isocyanates have been

used in the grafting of small molecules onto the surface of

cellulose nanocrystals NCC and cellulose nanofibrillated

NFC [18]. However, only few work has been reported on

the chemical hydrophobization onto the surface of

TEMPO-oxidized nanocellulose. At the same time, the

effectiveness of these chemical treatments in the hydro-

phobic behavior of the modified cellulose nanofibers is still

poorly investigated.

Indeed, the target of our work was to investigate the

grafting state of two sizing agents on the TEMPO-oxidized

cellulose gel (TOCgel) through (i) the amidation with an

alkylamine (SA) and (ii) the esterification with an alkyl

ketene dimer (AKD) under heterogeneous conditions and

using the same weight ratio of TOCgel/sizing agent (1:1

w/w). A comparison based on the obtained hydrophobic

properties of final modified TOCgel will be discussed.

Experimental section

Materials

Stearylamine SA (C18, 99 %), alkyl ketene dimer AKD

(mixture of stearic and palmitic acids, 60–40 % by weight),

N-ethyl-N0-(3-dimethylaminopropyl) carbodiimide hydro-

chloride (EDAC), N-hydroxysuccinimide (NHS), sodium

bromide (NaBr), sodium hypochlorite (NaOCl), and

4-acetamido-TEMPO (2,2,6,6-tetramethylpiperidin-1-oxyl)

were purchased from Sigma Aldrich and used as received.

A commercial never-dried bleached kraft wood pulp was

used as the cellulose sample for the production of TOCgel

through the TEMPO-mediated oxidation and mechanical

treatments. Analytical grade chemicals and solvents were

always used as received without further purification.

Production of TEMPO-oxidized cellulose gel

In the first step, the oxidation of native cellulose fibers was

carried out by the TEMPO-mediated oxidation system [24]

and conducted in a 45L flow-through sonoreactor (semi-

continuous mode) with a nominal input power capacity of

2000 W (262 W/L, 12300 W/m2), according to the pro-

cedure described [25, 26]. The sonoreactor is commercially

available from Ultrasonic Power Corporation (USA) and is

made from 316L stainless steel. Before oxidation, 400 g of

dried bleached pulp was pre-soaked for 1 day in 40 l of

deionized water at room temperature. The soaked pulp was

disintegrated for 10 min in a laboratory disintegrator to

obtain a uniform fiber suspension of about 1 % consis-

tency. To the cellulose suspension, we added 9.2 g of

4-acetamido-TEMPO and 25 g of sodium bromide. A

solution of NaOCl (3.1 mmol/g) was added dropwise to the

mixture at room temperature under gentle agitation during
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the first 30 min. The pH was maintained at 10.5 by adding

0.5 M NaOH. After the pH was stabilized, the reaction was

stopped after 90 min by adding 1 l of H2O2 (1 %), and the

pH was adjusted to 7 by adding 0.5 M NaOH or HCl as

required. The TEMPO-oxidized product was filtered,

washed thoroughly with deionized water, and stored at

4 �C. Then, the carboxylate content of the TEMPO-oxi-

dized cellulose was determined using an electrical con-

ductivity titration method [24], and it was equal to

*1150 mmol/kg. The obtained carboxylate celluloses

were used to make the oxidized nanocellulose gel.

In the second step, TEMPO-oxidized cellulose gel

(TOCgel nanofibers) was prepared by high shear dispersion

of oxidized pulp in a wet colloid milling apparatus (MK

2000/4) from IKA Works, Inc. (USA). Briefly, the oxidized

pulp suspension (2L) was pumped from an agitated tank

between a conical rotor and a stator in the MK mill. In this

work, the mill was operated in closed loop for a given

amount of time (1 h) under the optimized operating con-

ditions : The normal operating conditions of this laboratory

setup were: 3 % consistency, 0.073 mm gap, 200 ml/min

recirculation rate, 25 �C, and pH 7 [25]. Moreover, car-

boxylate groups created on the cellulose microfibrils by the

TEMPO-mediated oxidation have anionic charges in water.

These charges include electrostatic repulsions between the

microfibrils which consequently help the disintegration

process and contribute to the formation of individual

microfibrils [27].

Hydrophobization of TOCgel

Stearylamine grafted TOCgel (amidation process)

In order to perform the amidation reaction between the

stearylamine and TOCgel nanofibers, we used the NHS/

EDC-mediated coupling procedure developed in previous

researches with minor modifications [28–30]. Briefly,

TOCgel (0.5 g) was pre-swelled in 100 ml of deionized

water at room temperature. NHS (3.10-3 mol) and EDC

(3.10-3 mol) were dissolved in deionized water, added to

the above suspension, and mixed under moderate magnetic

stirring. The mixture was continually stirred at room tem-

perature for 30 min, while keeping the pH at 5 by adding

0.5 M NaOH and/or HCl. After that, 0.5 g of SA solution

(pre-dissolved in ethanol) was added, and the pH of the

mixture was adjusted to 8. The reaction was still under

stirring at room temperature for 3 h.

The obtained suspension was then washed two times

with deionized water, two times with HCl 0.1 M (proton-

ation of residual carboxylate groups), two times with eth-

anol (to remove the unreacted SA), one time with

deionized water, and finally dialyzed in deionized water to

remove excess EDAC, NHS, and by-product urea by

changing the surrounding water every 5 h. The resulted SA

grafted TOCgel suspension was freeze dried and stored to

be characterized by different techniques.

Alkyl ketene dimer grafted TOCgel (esterification process)

In the esterification treatment, freeze dried TOCgel

nanofibers (0.5 g) were pre-swelled in 100 ml of DMAC

solvent preheated at 70 �C and stirred for 20 min. 2 ml of

MEI (promoter agent) was slowly added to the mixture and

still stirred for 1 h. To the reaction medium, 0.5 g of AKD

was added and the mixture was stirred at 70 �C for 3 h.

Then, the mixture was cooled to room temperature, washed

two times with toluene, three times with ethanol, two times

with deionized water to remove excess AKD and all by-

products. The resulted AKD grafted TOCgel was dried at

ambient air and stored to be characterized by different

techniques.

Characterization

Fourier transform infrared spectrometry (FTIR)

FTIR spectra were collected using a PerkinElmer 2000

Fourier transform infrared (FT-IR) spectrometer in trans-

mission mode. 1 mg of dried sample and 100 mg crystal-

line KBr were ground together using an alumina mortar

and pestle and pressed to form discs. A total of 16 scans

were taken per sample with a resolution of 4 cm-1

(4000–400 cm-1).

Transmission electron microscopy (TEM)

Transmission electron microscopy images of our samples

were recorded using a Philips EM 208S microscope oper-

ating at 80 kV. Drops of the sample suspensions (in water)

were deposited onto glow-discharged carbon-coated elec-

tron microscopy grids, and the excess liquid was absorbed

by a piece of filter paper. In order to distinguish the details

of samples, a drop of 2 % uranyl acetate negative stain was

added before drying. The excess liquid was wiped off, and

the remaining film of stain was allowed to dry and kept for

observation with TEM.

Scanning electron microscopy (SEM)

The SEM images of typical samples were obtained with a

JEOL JSM-5500 Scanning Electron Microscope. Samples

were gold coated using an Instrumental Scientific Instru-

ment PS-2 coating unit. The SEM operating voltage was at

15.0 kV.
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Thermogravimetric analysis (TGA)

Thermal stability analysis (TGA and DTGA) of the sam-

ples was carried out in a Perkin-Elmer (Pyris Diamond)

Thermoanalyzer. Samples of pure and modified TOCgel

were heated in open platinum pans from 50 to 575 �C,

under a nitrogen atmosphere, at a heating rate of 5 �C/min.

Then, samples were heated from 575 to 950 �C under air at

a heating rate of 15 �C/min.

X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy measurements were

performed with a Kratos Ultra electron spectrometer

(Kratos Analytical) using a monochromatic AlK halphai
X-ray source (k = 1486.6 eV) with a power of 225 W, at a

take-off angle of 90� relative to the sample surface. The

low-resolution survey scans were taken with a 1 eV step

and 160 eV analyzer pass energy. High resolution spectra

were taken with a 0.1 eV step and 40 eV analyzer pass

energy. The analysis area was less than 1 mm2 and mea-

surements were taken at two different locations on each of

the touching faces of pure and modified TOCgel samples

surface. The overall spectrum was shifted to ensure that the

C–C/C–H contribution to the C1s signal occurred at

285.0 eV. The collected data were analyzed using Vision

software version 2.1.3 and CASA XPS version 2.3.

Contact angle measurements (CAM)

Contact angle measurements have been carried out on pellet

sample before and after treatment in order to determine the

change in wettability. The water sessile drop CAM were

carried out on our substrates using an FTA4000Microdrop

instrument (First Ten Angstrons, USA) equipped with a

CCD camera. All measurements were performed eight

times for each sample.

Results and discussion

The TOCgel (up to 90 % nanofibers) used in this study was

obtained by selective TEMPO oxidation of primary alcohol

groups of wood-cellulose fibers, and followed by a

mechanical treatment (defibrillation) [24, 25]. Compared to

native cellulose fibers, TOCgel seems to be an innovative

nano and bio-material due to the contribution of both the

crystalline and amorphous domains present in the structure

as illustrated in Fig. 1. The crystalline domain maintained

in the structure of cellulose derivative (i.e., TOCgel) could

contribute to enhancing the mechanical behavior of com-

posite materials. At the same time, carboxyl (COOH) and

hydroxyl (OH) moieties mostly in the amorphous domain

make TOCgel highly reactive and consequently improve

the covalent linkage during the chemical modification.

In order to render hydrophobic the TOCgel material,

these nanofibers were chemically modified by covalent

coupling of long carbon chains onto their surface via

esterification (O–C=O/alkyl ketene dimer) and amidation

(HN–C=O/stearylamine) processes.

In the present work, the efficiency of TOCgel grafting

via the both chemical treatments has been presented, then

the hydrophobic behavior of the former grafted TOCgels

(SA-g-TOCgel and AKD-g-TOCgel) has been investigated

in order to compare the final properties of resulting hy-

drophobized TOCgel fibers.

FTIR and XPS results

Grafting of stearylamine (SA-g-TOCgel)

In the first part of this work, amidation reaction was per-

formed between carboxylate moieties of TOCgel and

amine groups of stearylamine using carbodiimide and hy-

droxysuccimide as catalyst and amidation agent. As men-

tioned in Fig. 2, FTIR spectra of TOCgel show a large

band at 1600–1630 cm-1 corresponding to C=O band of

carboxylate groups (1610 cm-1) and OH bending of

adsorbed water (1635 cm-1), which confirms the oxidation

state of native cellulose [28] and the hydrophilic behavior

of the TEMPO-oxidized cellulose gel, respectively [31].

After grafting, the success of the amidation was clearly

confirmed by the disappearance of carboxylate groups, and

the emergence of amide bonding namely amide I at

1645 cm-1 (C=O stretching) and amide II at 1545 cm-1

(C–N stretching and N–H deformation) [28, 29, 32]. In

addition, a substantial increase of the bands at 2860–2940

and 1460 cm-1 corresponding to asymmetric and sym-

metric –CH2– stretches from long carbon chains of stea-

rylamine was also observed. After grafting, the strong

decrease of the peak associated to the vibration of adsorbed

Fig. 1 Schematic illustration of amorphous and crystalline domains

in TEMPO-oxidized cellulose gel fibers
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water (1635 cm-1) could explain the hydrophobic behavior

of the SA-g-TOCgel.

To further prove the grafting of SA chains on TOCgel,

X-ray photoelectron spectroscopic study has been used.

XPS spectra, shown in Fig. 3, obtained on TOCgel and SA-

g-TOCgel surfaces were used to determine the relative C,

N, and O content. XPS survey spectra of modified TOCgel

show three main peaks, one at 400 eV corresponding to N

1s, one peak at 532 eV corresponding to O 1s, and one

peak at 285 eV corresponding to C 1s. The histogram

shown in Fig. 3 summarizes the variation in the percentage

of atoms of different elements found on the TOCgel sur-

face before and after grafting. The analysis of the corre-

sponding data shows the increase of the nitrogen content

from 0 % for the pure TOCgel to up to 3.11 % upon

grafting of SA on TOCgel. Furthermore, the decrease in

O/C ratio (from 0.56 to 0.3) following the grafting can be

attributed to the presence of long aliphatic chains from SA

molecules on the one hand, and to the partial removal of

oxygen during the formation of the amide bond between

COOH of the TOCgel and NH2 moieties of the SA on the

other hand [32, 33]. Moreover, high resolution scans of the

XPS spectra of C 1 s and N1 s levels with their respective

deconvolutions were also obtained in order to obtain more

XPS informations. As shown in Fig. 4a and b, the C 1s

XPS spectrum of pure TOCgel can be decomposed into

four main components centered at 285.0, 286.7, 288.2, and

289.5 eV. According to the literature [32, 34–36], these

moieties were attributed to C1 (C–C/C–H), C2 (C–O), C3

(O–C–O/C=O), and C4 (O–C=O), respectively. Figure 4a

and b showed that the intensity of C1 (C–C/C–H) increases

strongly from around 27–55 % for TOCgel and SA-g-

TOCgel, respectively. Of course, this is the consequence of

the strong impact of the long aliphatic chains grafted onto

the TOCgel surface. At the same time, the decrease of the

C2 component after grafting could be attributed to the

elimination of hydroxyl groups of TOCgel during the

amidation reaction with the amino group of SA molecules.

The shifted value of the binding energy of the C4 com-

ponent from 289.5 eV (pure TOCgel) to 288.8 eV (after

amidation) could be attributed to the presence of covalent

bonding (C–N) between the SA molecules and the TOCgel

surface. In addition, the occurrence of this amid bound was

clearly confirmed in the N 1s spectra as shown in Fig. 4c,

with a binding energy of *399.98 eV. Thus, XPS results

clearly confirm the presence of SA chains onto the TOCgel

surface.

Grafting of alkyl ketene dimer (AKD-g-TOCgel)

In the second part of this work, esterification reaction was

performed between hydroxyl groups of TOCgel and lac-

tone rings of alkyl ketene dimer using 1-methylimidazole

as a promoter. As can be seen from the FTIR spectra of

TOCgel and AKD-g-TOCgel (Fig. 5), a characteristic band

assigned to b-keto ester (around 1704 cm-1) has appeared

after esterification indicating that the lactone ring of AKD

reacted with hydroxyl groups of TOCgel [37]. Moreover,

FTIR spectra also showed the C–H stretching vibration of

CH2 at 2850–2930; 1465 and 725 cm-1 indicated the

presence of long carbon chains in the molecular structure

of the grafted sample. Furthermore, the characteristic

absorption peaks at 1060 and 898 cm-1 of AKD-g-TOCgel

suggested that the molecular structure of the oxidized

cellulose did not alter during the reaction in DMAC sol-

vent. In addition, the fact that there was no absorption peak

of lactone ring at 1840 cm-1 could confirm the removal of

unreacted AKD from the final product. Similar to the above

results (i.e., amidation), XPS analysis was also used in

Fig. 2 FTIR spectra of pure TOCgel before and after amidation with

SA molecules

Fig. 3 XPS survey spectra and the corresponding atomic percent

values for pure TOCgel and SA-g-TOCgel

2836 J Mater Sci (2014) 49:2832–2843
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order to confirm the grafting state of the long aliphatic

chains of AKD onto the TOCgel surface. Figure 6a shows

the XPS survey spectra for TOCgel before and after cou-

pling with AKD. As shown in the survey spectra, Carbon

and Oxygen are the predominant species and they occur at

285 and *533 eV, respectively. However, the most

important change was observed for the O/C ratio which

decreased from 0.56 for TOCgel to up to 0.21 upon

grafting. The decrease in O/C ratio was a clear indication

of the attachment of AKD chains on the surface of TOCgel.

Of course, this result could be explained by the grafting of

long carbon chains of AKD onto the TOCgel surface [33,

38]. At the same time, this result has been confirmed via

the high resolution scans of the XPS spectra of C 1s as

showed in Fig. 6b. As shown here, the C 1s XPS spectrum

of pure TOCgel gives four peaks (C1, C2, C3, and C4) for

TOCgel before and after grafting which is in accordance

with most data of the literature [34–36]. The intensity of

C1 (C–C/C–H) increases strongly from around 27 to 63 %

for TOCgel and AKD-g-TOCgel, respectively. This is the

consequence of the strong impact of the long aliphatic

chains grafted onto the TOCgel surface. Regarding the

covalent coupling between AKD (lactone ring) and TOC-

gel (hydroxyl and/or carboxyl moieties), the esterification

was supposed to be occurred with hydroxyl groups of

cellulose nanofibers. In this context, the carboxyl amount

remains almost unchanged even after grafting. However,

the decreasing in the intensity of C2 (C–O) from 55 to

31 % as a result of covalent coupling between OH groups

of TOCgel and lactone rings of AKD is evidenced by the

presence of a discernible band of b-keto ester at 1704 cm-1

in FTIR experiment. In addition, the slight increase of the

intensity of C4 (O–C=O) could be assigned to the

Fig. 4 High resolution

spectrum of C 1 s for pure

TOCgel and SA-modified

TOCgel (a, b); and of N 1 s for

SA-gTOCgel (c)

Fig. 5 FTIR spectra of pure TOCgel before and after esterification

with AKD molecules
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contribution of the free carboxyl groups of TOCgel

(unreacted) and the ester bonds formed after grafting.

Efficiency of TOCgel grafting via the esterification

and amidation processes

In order to quantify the grafting state of TOCgel through

the both chemical treatments, the graft efficiency of the

corresponding modified products was determined.

Referring to Lasseuguette et al. [28], the coupling yield

of the amidation product was calculated from (i) the degree

of oxidation of the TOCgel before (DO1) and after (DO2)

coupling with SA molecules and (ii) the degree of coupling

(DC) using the electric conductivity titration method and

according to the following equation:

Coupling Yield ð%Þ ¼ DC

DO1

� �
� 100 ð1Þ

where DC = DO1-DO2

The coupling yield of the SA-g-TOCgel was calculated

to be about 85 % which indicates that 85 % of the total

amount of carboxyl moieties of TOCgel was covalently

coupled with SA molecules.

In this work, the graft efficiency (in term of weight

percentage) was calculated using the gravimetric method

[39, 40] and was about 46.3 % (w/w) according to the

following equation:

Graft efficiencyð%Þ ¼ mðSAÞ
m(SA) + m(TOCgel)

� �
� 100

ð2Þ

At the same time, the graft efficiency of AKD-g-TOCgel

was determined by gravimetric measurements and

according to the following equation:

Graft efficiencyð%Þ ¼ mðAKDÞ
m(AKD) + m(TOCgel)

� �
� 100

ð3Þ

where m(AKD) (or m(SA)) and m(TOCgel) correspond to the

mass of the grafted AKD (or SA) and TOCgel, respec-

tively. The corresponding graft efficiency was calculated to

be about 30 % (w/w).

TEM images

In order to investigate the effect of the chemical treatment

on the morphology and the individualization state of

TOCgel fibers, TEM micrographs of our samples were

carried out. As showed in Fig. 7, TEM images of TOCgel

nanofibers before and after grafting demonstrate that the

grafted samples appear to be more entangled than that of

pure TOCgel. This result could be attributed to the low

surface energy of grafted nanofibers, and consequently to

the reduction of their affinity toward the water molecules.

Moreover, such result explains the hydrophobic behavior

of the final products. The observed entanglement appears to

be more pronounced in the SA-g-TOCgel than that of

AKD-g-TOCgel which suggested that the amidation pro-

cess is significantly more effective than the esterification.

Using image processing software, the comparison between

the fiber width in pure TOCgel (*3 nm) and hydrophob-

ized TOCgel (*4 and 8 nm for SA and AKD treatments,

respectively) indicates a slightly increasing of the nanofiber

width after grafting. According to earlier published TEM

micrographs, this result can be attributed to the adsorbed

layers of the hydrophobization agent onto the cellulose

nanofiber [28, 33]. In addition, this increase seems to be

more important in the case of AKD treatment due to the

presence of two long carbon chains in its structure (C14/

C16). One can also notice from all micrographs that the

morphology of TOCgel nanofibers did not destroyed upon

grafting.

Thermogravimetric analysis

The thermogravimetric curves of pure TOCgel before and

after grafting are presented in Fig. 8. Both materials con-

tain a few layers of moisture, which were eliminated at

110 �C.

Fig. 6 XPS survey spectra and the corresponding atomic percent

values (a) and the high resolution spectrum of C 1s (b) for pure

TOCgel and AKD-g-TOCgel
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As shown in the thermogram curve, pure TOCgel

appears to be decomposed between 250 and 293 �C where

the corresponding weight loss was attributed to the

destruction of the crystalline region of the cellulose nano-

fiber and decomposition of amorphous region into a

monomer of D-glucopyranose and followed by the major

thermal-oxidative degradation of polymer chains from

580 �C [41]. In comparison with TG curves of the both SA

and AKD grafted TOCgel; results indicate that the hydro-

phobized TOCgel exhibits higher thermal stability than

pure TOCgel which can be clearly highlighted by the

ability of the long carbon chains to be organized at the

surface to protect TOCgel nanofibers [33]. The covalent

coupling between TOCgel and hydrophobized agents (SA

or AKD molecules) could explain the shift observed in the

thermal degradation temperature of TOCgel from 293 to

316 and 356 �C for AKD-g-TOCgel and SA-g-TOCgel,

respectively. The enhanced thermal stability of TOCgel

appears to be more pronounced for SA-g-TOCgel than that

for AKD-g-TOCgel which, could be explained by the high

graft efficiency of amidation process as determined in the

paragraph 3.2.

Our results also indicated an increase in the TOCgel

hydrophobicity after grafting, as shown in the zoom box in

Fig. 8 (zoom) by the decrease of the typical moisture loss

around 110 �C (more pronounced for SA-g-TOCgel),

suggesting negligible water adsorption, compared with that

of the pure TOCgel [42]. This later was confirmed in the

FTIR spectra of grafted TOCgel by the strong decrease of

the peak associated to the vibration of adsorbed water at

1635 cm-1. Thus, the thermal stability of the composite

seems to be clearly increased by the presence of long ali-

phatic chains grafted onto the fibers surface.

Study of the hydrophobic behavior of grafted TOCgel

samples

As presented above in our results, XPS and FTIR spectra

confirm clearly the grafting state of TOCgel via chemical

treatments with SA and AKD molecules. The graft effi-

ciency was calculated to be about 46.3 and 30 % for SA-g-

TOCgel and AKD-g-TOCgel, respectively. At the same

time, TEM micrographs demonstrate that the cellulose

nanofibers did not altered after grafting.

In this context, it seems to be interesting to point out the

hydrophobic behavior of the grafted TOCgel comparing to

pure TOCgel. In this context, CAM were performed with

water. The high hydrophilic character of pure TOCgel (rich

in OH and COOH groups) is well demonstrated by the low

contact angle (41� ± 2�) and the corresponding very fast

absorption of water drop as indicated in Figs. 9 and 10a,

respectively. As shown in Fig. 9, contact angle values of

grafted TOCgel are higher than those of the pure TOCgel.

Of course, this transition hydrophilic/hydrophobic is

ascribed to the nonpolar alkyl chains in the substituents

introduced into TOCgel nanofibers. However, this transi-

tion seems to be more pronounced for AKD treatment

(115� ± 2�) than for SA treatment (102� ± 2�) during the

first 30 s of the deposition of the water drop as

Fig. 7 Transmission electron micrographs of pure TOCgel before and after grafting with SA and AKD molecules

Fig. 8 Thermogravimetric TG curves of pure TOCgel and their

corresponding modified samples
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demonstrated in Fig. 10a. Moreover, the loss of hydro-

phobicity of the both modified TOCgel fibers was also

followed by measurement of the decrease in contact angle

value of a water drop deposited on the fibers as a function

of time. As can be seen from this result, the contact angle

decreased progressively versus time, and the absorption of

water drop by the fibers appears to be slow for SA-g-

TOCgel than for AKD-g-TOCgel. The slightly greater

contact angles for the AKD-g-TOCgel may be explained

by the higher surface roughness of the pellet sample. Fur-

thermore, the granular feature of AKD-g-TOCgel surface

showed in Fig. 10b gives an additional roughness to its

surface and consequently, contributes to the increase of its

contact angle value. Moreover, the water absorption phe-

nomenon observed for the both modified TOCgel fibers

versus time, suggesting that a sufficient number of residual

polar groups (i.e., –OH, COOH) had been regenerated

under it and thus facilitated its capillary penetration.

However, the higher absorption rate of water drop into the

fibrous network of AKD-g-TOCgel more than of SA-g-

TOCgel (even after 30 s) could be explained by (i) the

higher graft efficiency (*46.3 %) which indicates the

protective role of long aliphatic chains even well organized

onto the cellulose nanofibers in the former SA-g-TOCgel

and (ii) the grafting of colloidal microparticles of AKD on

TOCgel fibers which could hinder the diffusion of other

AKD molecules into the bulk of the materials, and con-

sequently contribute to a low graft efficiency (*30 %) for

the AKD-g-TOCgel. This result was confirmed by the

dispersion test of modified TOCgel in non-polar solvent

like hexane as showed in Figs. 11 and 12. As can be seen

from these pictures, pure TOCgel is unstable in hexane and

a flocculation phenomenon was observed. After chemical

modification, SA-g-TOCgel fibers seem to be homoge-

neously dispersed (stable) in the hexane solution that

becomes turbid after the migration of the long alkyl chains

into the nonpolar phase. However, the dispersion of AKD-

g-TOCgel fibers appears to be less stable in hexane solu-

tion which could be explained by the low graft efficiency of

the esterification process. Based on the above comparative

Fig. 9 Contact angles values for pure TOCgel before and after chemical hydrophobization

Fig. 10 Contact angle versus

time performed with water for

pure and grafted TOCgel (a);

SEM micrograph of AKD-g-

TOCgel showing the granular

features of AKD microparticles

(b)
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study between the both chemical treatments, several

assumptions can be proposed: (i) The dimensions of dis-

persed colloidal AKD particles (about 1 lm) could affect

their accessibility toward the hydroxyl groups of TOCgel

nanofibers and consequently, hinder the diffusion of other

AKD particles to be grafted into the bulk of the material.

This explanation could be responsible to the low graft

efficiency of the AKD-g-TOCgel. In addition, AKD is

supposed to react with the hydroxyl moieties of the

TOCgel. However, the hydrogen bonds in the TOCgel

fibrous network could impede in some case, the occurrence

of the esterification process between the lactone rings of

AKD and the cellulose nanofibers. (ii) In the amidation

process, carboxylate moieties of TOCgel are totally

accessible to form amide bonds with amine groups of SA

molecules. In addition, the smaller size of SA in compar-

ison with that of AKD particles could facilitate the diffu-

sion of SA chains toward the bulk of TOCgel network and

explain the high graft efficiency of the amidation reaction.

Despite all, work is in progress in order to investigate

quantitatively the chemical effect of ester bonds versus

amide bonds on the chemical stability of modified cellulose

fibers.

Thanks to the good hydrophobic behavior of our mod-

ified materials, it seems interesting to point out the possi-

bility to get a superhydrophobic surface with these SA or

AKD modified cellulose nanofibers. Recently, the creation

of superhydrophobic, self-cleaning, cellulose-fiber-based

materials will have potential applications in the textile

industry and packaging area [3]. In our presented result,

CAM were realized on pellet sample (compressed fibers)

having a smooth surface. This is advantageous in the

comparison of the CA values between SA and AKD

modified TOCgel.

In this context, CAM were tested directly on freeze

dried films of SA-g-TOCgel (rough surface), and the sur-

face wettability of these substrates has been assessed by a

series of CAM versus time. Figure 11 showed clearly a

transition to a stable superhydrophobic surface (around

150�) which indicates the strong effect of the roughness on

the contact angle according to the Cassie–Baxter equation

[43]. Moreover, this superhydrophobicity could be attrib-

uted to the association of the fraction of air trapped in the

rough surface of porous SA-g-TOCgel and usage of low

surface energy coating.

Conclusions

In conclusion, stearylamine and alkyl ketene dimer were

successfully grafted onto the surface of TOCgel nanofibers

via the formation of amide and b-keto ester bonds,

respectively, under heterogeneous conditions. Covalent

coupling onto the TOCgel surface was clearly confirmed

by XPS, FTIR, TEM, and CAM. In addition, the graft

efficiency of the final product was determined to be about

46.3 % (w/w) for SA-modified TOCgel and 30 % (w/w)

for AKD-g-TOCgel which suggested a high efficiency of

the amidation versus the esterification in the chemical

modification of oxidized cellulose nanofibres. This result

appears to be advantageous to explain the high water

resistance of SA-g-TOCgel comparing to that of AKD-g-

TOCgel. Based on the TEM images, the nanofibrillar

structure of the TOCgel was preserved after the both

chemical treatments. Results showed also that the thermal

stability of TOCgel was enhanced after grafting and

appeared to be more pronounced for the SA-g-TOCgel

which could be explained by the higher graft efficiency of

SA molecules well organized onto nanofibers surface. In

addition, the possibility to obtain a superhydrophobic

TOCgel surface (*150�) was discussed based on the sur-

face roughness of the modified TOCgel. The excellent

hydrophobic properties of the modified TOCgel materiel

could be suitable to be used as reinforcement for nonpolar

polymer matrices for several applications. Work is in

progress in order to investigate quantitatively the chemical
Fig. 12 Evolution of contact angle versus time for smooth and rough

hydrophobized TOCgel surfaces

Fig. 11 Dispersion tests of samples in hexane solvent
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effect of ester bonds versus amide bonds on the efficiency

and chemical stability of hydrophobic cellulose nanofibers.
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