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Abstract The surface grafting of cellulose nanocrys-

tals (CNC) is a valuable tool to increase opportunities

for their application. This work had several goals

designed to improve CNC: reduction of hornification,

increased re-dispersibility after CNC drying, and

tuning of the surface graft to enhance the adsorption

of particular molecules. To achieve this, the CNC

surfaces were modified chemically with aromatic

surface grafts using widely employed methods: the

creation of urethane linkages, silylation and esterifi-

cation. Even a low degree of grafting sufficed to

increase water contact angles to as much as 96�. The
analysis of water sorption isotherms showed that at

high water activities, capillary condensation could be

suppressed and hysteresis was decreased. This indi-

cates that hornification was significantly suppressed.

However, although the contact angles increased, the

water sorption isotherms were changed only slightly

because of reduced hysteresis. The grafts were not able

to shield the surface from water vapour sorption. A

comparison of the sorption isotherms of anisole and

cyclohexane, sorbates with a similar surface area,

showed that the sorption of anisole was three times

higher than that of cyclohexane. The specific sorption

of aromatic molecules was achieved and the most

efficient methodology was the esterification of CNC

with carboxylic acids containing a flexible linker

between the aromatic moiety and ester bond.

Keywords Cellulose nanowhiskers � Chemical

surface modification �Water sorption �Organic vapour
sorption � GAB model

Introduction

Cellulose nanocrystals (CNC) obtained by the acid

hydrolysis of microcrystalline cellulose (MCC) can be

used in a broad range of applications; in addition to

their functional properties, they also have the benefits

of being biobased, non-toxic and biodegradable (Mar-

iano et al. 2014; Rodrigues et al. 2014; Wu and Zhang

2014). The advantages of the non-porous structure,

large surface area, low density, high aspect ratio and

high tensile strength of CNC have been already

exploited in different domains, such as controlled drug

delivery systems, the encapsulation and delivery of

molecules of technological interest (essential oils,
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Université Grenoble Alpes, LGP2, F-38000 Grenoble,

France
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fertilizers, etc.), the depollution of aqueous environ-

ments (Lam et al. 2012), water treatment (Carpenter

et al. 2015), and the development of bionanocompos-

ites (Habibi 2014; Mariano et al. 2014).

The abundance of hydroxyl groups on the CNC

surface generates surface reactivity that can be utilized

to tailor surface properties (Habibi et al. 2010). There

are several examples of their use to develop absorbents

for water depollution. Alila et al. (2011) grafted stearic

acid by esterification on starch nanocrystals in order to

remove aromatic compounds from water. These

nanocrystals displayed a high affinity for xylene and

quinoline. The modification of oxidized CNC surfaces

with C16 surfactants produced the co-adsorption of

2-naphthol (Alila et al. 2005). The grafting of cellulose

fibres with different amino derivatives resulted in an

improvement of up to 800 % in the adsorptive capacity

of aromatic organic compounds (Alila and Boufi

2009), and grafting polystyrene onto CNC enhanced

the adsorption of 1,2,4-trichlorobenzene fromwater by

20 % (Morandi et al. 2009). An interesting study was

published by Korhonen et al. (2011) who developed a

hydrophobic, floating nanocellulose aerogel for the

purification of water by oil adsorption. With respect to

the development of bionanocomposites, CNC surface

grafting is of great importance to ensuring the

compatibility of CNC with hydrophobic polymer

matrices (Mariano et al. 2014) and the re-dispersibility

of dried CNC powders. Primary CNC, like MCC,

suffer irreversible aggregation due to strong hydrogen

bonding between the particles once they are dried

(Eyley and Thielemans 2014). For example, hornifi-

cation following the drying ofMCC is amajor problem

encountered in the formulation of pharmaceutical

excipients (Kachrimanis et al. 2006). Surface grafting

to reduce inter-particle hydrogen bonding is one of the

solutions to this problem (Habibi et al. 2010). More-

over, the advantage of using surface grafted CNC to

improve the mechanical and barrier properties of

bionanocomposites has been demonstrated by a num-

ber of authors (Ambrosio-Martin et al. 2015; Espino-

Perez et al. 2013, 2016a; Follain et al. 2013; Fortunati

et al. 2013). The reason suggested for the enhanced

barrier properties of the materials was an improved

distribution of the nanocrystals inside the polymer,

allowing for higher tortuosity effects.

Based on these results, the rationale for the present

work was to develop grafted CNC surfaces that could

fulfil the functions of an absorbent of a specific class of

volatile molecules, facilitate the re-dispersibility of

dried powders and enhance the compatibility of CNC

with polymer matrices. For this purpose, aromatic

surface grafts were chosen in order to permit electro-

static p–p interactions with volatile molecules bearing

aromatic functions.

The hydrophobic behaviour of an aromatic surface

graft might possibly be used to enhance compatibility

with polymer matrices. For example, the widely

employed biobased polymer polylactide displays

strong affinity for aromatic molecules (Salazar et al.

2014). Working with molecules bearing aromatic

moieties is also relevant to their applications, as they

are largely present in undesirable environmental

pollutants or, on the contrary, can be used positively

in the food and fragrance industries. In both cases, it

would be useful to be able to reversibly sorb volatile

molecules in/on solid substrates. In the first case, this

would enable the creation of reversible absorbents for

the decontamination of polluted environments, while

in the second case, controlled release systems could be

developed (Lemahieu et al. 2011). The use of mate-

rials with strong barrier properties against aromatic

volatile compounds for packaging systems is also an

effective means of protecting the quality of packaged

goods. Indeed, it has been suggested that reversible

absorbents distributed inside polymer materials might

be a way to obtain strong barrier properties (Clemen-

son et al. 2010; Fang et al. 2012; Hanson et al.

2012).

The approach adopted for this work was to study the

impact of the CNC grafting method and the chemical

structure of the surface graft on the physisorption of

water and volatile organic molecules. To achieve this,

CNC were grafted using three widely employed routes

for surface grafting, namely the formation of a urethane

linkage, esterification and silylation. The physical and

chemical characteristics of the different powders were

analysed. To determine the absorbent capacity of the

grafted CNC powders, the sorption isotherms of water,

anisole and cyclohexanewere recorded.Water sorption

isotherms could provide information on the moisture

sensitivity of CNC samples, while anisole (4-methoxy

benzene) and cyclohexane are volatile organic com-

pounds with a similar surface area, anisole being a non-

toxic aromatic compound. By comparing the sorption

isotherms of anisole and cyclohexane, it would be

possible to conclude as to the specific sorption of

aromatic molecules in aromatic surface grafts.
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Experimental section

Materials

Microcrystalline cellulose (MCC) AVICEL� PH-101

was acquired from Sigma-Aldrich (France) and used

as the raw reference material for the production of

cellulose nanocrystals (CNC). Octadecyl isocyanate

(ICN.Od), phenyl isocyanate (ICN.Ph), phenyl butyl

isocyanate (ICN.PhBut), phenylacetic acid (PhAA),

hydrocinnamic acid (BzAA), trimethoxy(phenyl)si-

lane (TMPS), dibutyltin dilaurate, anisole and cyclo-

hexane were obtained from Aldrich (France).

Sulphuric acid ([95wt), chloroform, acetone and

ethanol were purchased from Chimie-Plus.

Production of cellulose nanocrystals

Cellulose nanocrystals were prepared by the acid

hydrolysis of bleached microcrystalline cellulose,

adapting the optimized protocol described by Bon-

deson et al. (2006). MCC at a concentration of 7.1 wt%

was dispersed in water. Sulphuric acid was added

slowly to reach a concentration of 64 wt%. The acid

hydrolysis of MCC was carried out at 44 �C for

130 min under mechanical stirring. The excess of

sulphuric acid was removed by the application of

water exchange/centrifugation cycles and the suspen-

sion was dialysed in deionized water for 1 week. The

system was homogenized using an Ultra-Turrax T25

homogenizer (France) and subjected to an ultrasound

source (Branson 250 sonifier). Finally, the CNC

suspension was neutralized and a drop of chloroform

was added in order to prevent microbial development.

Chemical modification of cellulose nanocrystals

Figure 1 shows the chemical structure of the func-

tionalised CNC. The following grafting methods were

used:

Carboxylic acids (phenylacetic acid, hydrocinnamic

acid)

The esterification of CNC with carboxylic acids was

achieved using the recently described SolReact

method (Espino-Perez et al. 2014). A CNC suspension

(10 wt%, pH 4.3) was subjected to ultrasound

treatment for 3 min. The CNC suspension was then

placed in an oil bath at 130 �C inside a balloon flask

mounted with a closed distillation system. After

10 min., ten equivalents (according to the CNC dry

weight) of carboxylic acid were added and the reaction

mixture was agitated for 20 h under continuous water

removal by distillation. The reaction work up con-

sisted in removing unreacted carboxylic acids by

dispersion–centrifugation cycles with ethanol. In the

remainder of this paper, CNC grafted with pheny-

lacetic acid is abbreviated as CNC-g-PhAA and that

grafted with hydroxycinnamic acid as CNC-g-BzAA.

Alkoxysilane (trimethyl(phenyl)silane)

A variant of the SolReact method was used for the

silylation of CNC with trimethyl(phenyl)silane

(TMPS) (Espino-Perez et al. 2016b). CNC (1.6 wt%)

were dispersed in the ethanol/water/acetic acid solvent

mixture (80/16/4 wt%). The suspension was subjected

twice to ultrasound treatment for 2 min. Ten equiva-

lents of TMPS (according to the CNC dry weight)

were added and the TMPS was left to hydrolyse and

absorb to the CNC surface for 2 h at 25 �C under

mechanical stirring. The pH was then adjusted to 7

with NaOH. The CNC/TMPS suspension was dec-

anted into a balloon flask mounted with a distillation

system and placed in an oil bath at 120 �C. After the
total evaporation of ethanol and water, the reaction

was continued for 3 h. Ungrafted and condensed

TMPS was removed by dispersion–centrifugation

cycles with water, ethanol and acetone. Finally, the

CNC-g-TMPS suspension in acetone was subjected to

ultrasound treatment before storage.

Isocyanates (octadecyl, phenyl and phenyl butyl)

CNC were grafted according to a protocol adapted

from (Siqueira et al. 2010). CNC were suspended in

dry toluene after the acetone/chloroform/toluene sol-

vent exchange sequence. Ten equivalents of iso-

cyanate were added according to the hydroxyl groups

available at the surface of the cellulose nanoparticles

(*10 wt%). The reaction was carried out under

nitrogen atmosphere at 110 �C using dibutyltin dilau-

rate as the catalyst. The reaction mixture work up

consisted in centrifugation/dispersion cycles to

remove amines and unreacted isocyanates. Finally,

the suspensions of CNC grafted with octadecyl

isocyanate (CNC-g-ICN.Od), phenyl isocyanate

Cellulose (2016) 23:2955–2970 2957
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(CNC-g-ICN.Ph) and phenyl isocyanate (CNC-g-

ICN.PhBut) were stored in chloroform.

Environmental scanning electron microscopy (ESEM)

Environmental electron microscopy at different RH

of CNC and CNC-g-BzAA was carried out using a

FEI Quanta 200 microscope at 7 Torr, 8.5 kV, spot

size 4.5, and with a Gaseous Secondary Electron

Detector (GSED). The samples were dispersed on

carbon tape. The initial conditions were set at 20 �C
and 40 % RH. The samples were equilibrated for at

least 10 min. The temperature was then lowered to

9 �C at the same water vapour pressure in order to

create an atmosphere at 80 % RH. The samples were

equilibrated for 10 min and images were captured

regularly during this time.

Characterisation of cellulose nanocrystals

Sample preparation

Preparation of the powders for analysis consisted in

drying CNC suspensions at room temperature for

24 h. The CNC powders were ground manually for

15 min with the using a porcelain mortar and stored at

25 �C in a desiccator over P2O5.

Scanning electron microscopy (SEM)

CNC were characterized by field emission scanning

electron microscopy (FE-SEM), using the FEI Quanta

200 model with an accelerating voltage of 12.5 kV.

The samples were fixed on a substrate with carbon tape

and coated with a thin gold layer. Digital image

nnn

nnn
R’ = H, CH3 or TMPS

CNC-g-ICN.Od CNC-g-ICN.PhBut CNC-g-ICN.Ph

CNC-g-TMPS CNC-g-PhAA CNC-g-BzAA

R’R’

Fig. 1 Chemical structure of CNC grafted with octadecyl

isocyanate (CNC-g-ICN.Od), phenyl isocyanate (CNC-g-

ICN.Ph), phenyl butyl isocyanate (CNC-g-ICN.PhBut),

trimethyl(phenyl)silane (CNC-g-TMPS), phenylacetic acid

(CNC-g-PhAA) and hydroxycinnamic acid (CNC-g-BzAA).

Atom colour nomenclature: red oxygen, light blue carbon, light

grey hydrogen, dark blue nitrogen, dark grey silicon. (Color

figure online)
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analysis (ImageJ Software) was used to measure the

dimensions of the nanoparticles, with an average of at

least 50 measurements being carried out.

X-ray diffraction (XRD)

X-ray analyses were performed using a Panalytical

X’Pert Pro MPD-Ray diffractometer equipped with an

X’celerator detector and operated with Ni-filtered Cu,

Ka radiation (k = 1.54 Å) generated at a voltage of

45 kV and current of 40 mA, with scanning from 5� to
60�. The CNC crystallinity index was evaluated using

the Buschle-Diller and Zeronian equation, as follows:

Ic ¼ 1� I1

I2
ð1Þ

where I1 is the intensity at the minimum (2h = 18.8�)
and I2 is the intensity associated with the crystalline

region of cellulose (2h = 22.7�). All analyses were

performed at least twice.

Elemental analysis

Elemental analysis was carried out by the CNRS

(National Centre for Scientific Research) Central

Analytical Laboratory (Vernaison, France). Carbon,

oxygen and silicon contents were measured for

unmodified and modified CNC. The precision of these

measurements is usually higher than the standard

deviation and is commonly taken to be a maximum of

±0.2 %.

Contact angle measurements

The dynamic behaviour of the contact angle for a drop

of deionised water (purified by a Micropore system)

on the surface of a film of unmodified CNC, and on

pressed pastilles of modified CNC, was measured for

one minute before absorption of the water into the

sample. A DataPhysics contact angle instrument

equipped with a CCD camera was used and enabled

determination of the contact angle at equilibrium, with

a precision of ±1�. The kinetic of its evolution was

followed for a few tens of milliseconds after deposi-

tion of the drop by capturing up to 1000 images per

second. Each reported value is the average of at least

triplicate measurements.

Surface area and porosity

The specific surface area of the powders was

obtained from a BET analysis of N2 adsorption

isotherms using a Sorptomatic system (Thermo

Electron Corporation). The specific surface area of

powders was estimated by applying the Brunauer-

Emmet-Teller (BET) equation within the 0.05 B P/

P0 B 0.30 intervals of relative pressure and using a

value of 16.2 Å2 for the cross-sectional area of

molecular N2. A non-linear regression using the

least-squares method was performed to fit the interval

data in the experimental isotherms (Sorptomatic

Advanced Data Processing).

Differential scanning calorimetry

Micro-DSC III (Setaram, Caluire-France) was used to

measure the heat of immersion of the CNC powders in

water, anisole and cyclohexane at 25 �C. A two-

compartment Setaram batch mixing cell was used,

where the solvent can be loaded into the upper

compartment and the powder into the lower one. A

bar mounted with a mixing element separates the two

compartments. Manual turning of the bar opens the

upper compartment and floats the powder with the

solvent while mixing both. A quantity of 125 ± 2 mg

of the solvent was placed in the upper compartment of

the reference cell and sample cell using a micro

syringe, and 10 ± 0.5 mg of CNC were placed in the

lower compartment of the sample cell. Both cells were

placed in the l-DSC to await stabilization of the heat

flow. The opening and mixing operation was first

performed in the reference cell (50 spins for 25 s);

after stabilisation of the baseline the same mixing

operation was carried out in the sample cell. The heat

flow signal recorded for the reference cell was

subtracted from that recorded for the sample cell.

Each measurement was repeated at least four times.

Aroma and water vapour sorption on cellulose

nanocrystal powders

Water vapour sorption

Water sorption on unmodified and modified CNC was

performed using a Dynamic Vapour Sorption (DVS)

apparatus (Surface Measurement Systems Ltd.,

Cellulose (2016) 23:2955–2970 2959
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London, UK). MCC samples were also analysed. For

each run, about 10 mg of CNC powder previously

conditioned in a desiccator over P2O5 were analysed.

Sorption isotherms and hysteresis loops were recorded

at 25 �C during gradual increases/decreases in relative

humidity (RH) from 0 to 90 %. Mass equilibrium was

determined from the percentage change in mass with

respect to time (dm/dt\ 0.002 mg/min.). The water

sorption values for each sample were the average of at

least two measurements. Experimental error was

estimated at ±5 %. Hysteresis was calculated as the

mass difference between sorption and desorption mass

uptake at a given activity.

Anisole and cyclohexane adsorption

The adsorption isotherms of anisole and cyclohexane

were measured at 40 �C and 0 % RH using an

electronic microbalance (Intelligent Gravimetric

Analyser 002, Hiden Isochema Ltd, Warrington,

UK) with a sensitivity of 0.2 lg. Powder samples

(approximately 6 mg) were suspended in a stainless

steel capsule. The microbalance itself was maintained

at 50 �C to ensure stability during the weight

measurements and prevent solvent condensation.

Before recording the isotherms, the samples were

purged in the microbalance for 24 h at 10-5 mbar

(10-3 Pa) to remove all volatile compounds sorbed on

the powders or present in the chamber. Aroma activity

(activity = p/psat) was determined by controlling the

partial pressure (p) of anisole or cyclohexane in the

measurement chamber using a pressure transducer

(Baratron�, MKS Instruments, Wilmington, MA,

USA) linked to a tank with a vapour phase saturated

in anisole or cyclohexane (psat(anisole) =

11.48804 mbar, psat(cyclohexane) = 247.76 mbar).

Adsorption equilibrium was determined with dm/

dt\ 1 % or after 5 h of measurement. To estimate the

uncertainty of measurements, analyses of anisole

sorption to CNC-BzAA were carried out in triplicate

and the standard deviation was calculated as being

16 %. The measurement of anisole and cyclohexane

sorption in other samples was performed in duplicate

and variance was within the 15 % range. Because of

the long measurement times and the number of

samples, the measurement campaign lasted for one

year; it is therefore likely that an ageing effect of the

samples might explain the broad dispersion of the

values measured.

Analysis of water vapour and anisole sorption

isotherms using the GAB model

A number of models have been used to describe the

sorption isotherms of cellulose (one example can be

found in the article by Kachrimanis et al. 2006). The

models most widely used are the Brunauer-Emmett-

Teller (BET) isotherm, the Guggenheim, Anderson

and De Boer (GAB) isotherm, the Young and Nielson

model, Parallel Exponential Kinetics (PEK), the Park

model or New Dual-Mode Sorption. Preliminary

analysis of the curves showed that in the present case

the GAB model was most appropriate to describe our

experimental data. GAB was therefore fitted to the

sorption branch between 0.05 and 0.6 of water activity,

using non-linear regression.

The GAB model derives from the physical adsorp-

tion theories advanced by Langmuir and Brunauer-

Emmett-Teller (BET), and was derived and modified

between 1946 and 1966 by Guggenheim, Anderson

and De Boer (Van Den Berg 1984). This model has

mainly been used to analyse food materials, pharma-

ceutical powders and biopolymer films, because of its

broader range of applications when compared to the

BET-Eq. (0.05\ aw\ 0.8) (Agrawal et al. 2004;

Andrade et al. 2011; Follain et al. 2013; Volkova

et al. 2012). It assumes localized physical multilayer

sorption with no lateral interactions. The first layer of

sorbed molecules covers the surface unevenly and is

tightly bound in a monolayer. Subsequent layers

display increasingly bulk-like properties. To account

for changing properties in the outer sorbate layers, a

constant K was introduced into the original BET

equation, to yield the GAB equation:

X

Xm

¼ C � K � as
1� K � asð Þ � 1þ C � 1ð Þ � K � asð Þ ; ð2Þ

where as is the sorbate activity, X the grams of sorbate

per gram of solid, and Xm is the monolayer capacity.

The constant C is almost enthalpic in nature and

accounts for the strength of sorbate binding to the

primary binding sites. C is higher than unity as the

sorbate in the monolayer is more stable than in the bulk

(Timmermann 2003).K contains an important entropic

part and corrects the properties of the multilayers with

respect to the bulk liquid, thus defining the upswing of

the sorption isotherm in the higher activity range.

However, this should not be confused with the

properties in the third sorption stage at as[ 0.85. Its
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value is typically smaller than unity, because mole-

cules in the upper GAB layers have higher standard

chemical potential than the liquid. K increases with

stronger interactions between sorbate and sorbent

(Timmermann 2003). When it approaches unity, there

is almost no distinction between GAB layers and the

liquid. In that case, the outer GAB layers are less

structured in multilayers and more similar to the

characteristics of the bulk liquid (Quirijns et al. 2005).

The specific surface areas (S) of the different

samples were calculated from the monolayer values

using the equation described by (Portugal et al. 2010):

S ¼ Xm

NA � Am

M
; ð3Þ

whereNA isAvogadro’s number,Am the cross-section of

the sorbate (H2O = 0.125 nm2, anisole = 1.36 nm2,

cyclohexane 1.25 nm2), andM the molar mass.

Results and discussion

Physicochemical characterisation

of functionalised CNC

Table 1 shows the characteristics of the MCC and

unmodified and modified CNC. The geometry of CNC

did not change significantly from before to after

grafting, except for CNC-g-TMPS. The degree of

sample crystallinity was determined from X-Ray

diffractograms using the peak height method (Park

et al. 2010; Sèbe et al. 2012), taking account of the

signals located at 15.7� and 22.5� which are charac-

teristic of cellulose I. Unmodified CNC has a higher

crystallinity index than MCC because of removal of

the amorphous fraction. After surface grafting with

ICN.Ph and ICN.PhBut, the crystallinity index fell

markedly due to peeling or swelling of the surface

layers because of the use of toluene at a high

temperature as the reaction solvent. Surface swelling

was also observed in the case of TMPS grafting. The

TMPS grafting procedure yielded condensation of the

siloxane structures at the CNC surface (Espino-Perez

et al. 2016b), which was observed macroscopically

from the formation of aggregates in chloroform. SEM

analysis of the larger CNC dimensions supported this

hypothesis (Table 1). Chemical modification with

carboxylic acid appeared to be the best way to

maintain a high crystallinity index for CNC.

The degree of substitution (shown in Table 1) was

calculated from elementary analysis according to:

DS ¼ CAGU � Xc � AGU
Xc � graft � Cgraft

ð4Þ

where XC is the fraction content of carbon in the

sample, CAGU and AGU are the carbon mass and total

mass of an anhydroglucose unit, and Cgraft and graft

are the carbon mass and total mass of the grafted

molecule, respectively. The grafting of TMPS yields a

high degree of substitution, which is linked to

condensation of the siloxane moieties at the surface

(Espino-Perez et al. 2016b).

The analysis of liquid/solid interactions showed

that although the DS was low, the water contact angle

was greatly increased. Some differences were

observed, depending on the surface graft used. In the

case of CNC-g-ICN.Od, the contact angle was high

even if the DS was equal to or lower than that of the

aromatic molecules. The long isocyanate chain appar-

ently gave rise to a more hydrophobic contact angle,

which was almost equal to that of CNC-g-TMPS,

having a shell with a three-dimensional siloxane

network (Espino-Perez et al. 2016b).

The specific surface area values (Table 1) obtained

for nitrogen sorption using the BET analysis showed

that CNC had a higher surface area when compared to

the literature values of MCC. The order of magnitude

of the specific surface area was consistent with

literature values. Lu and Hsieh (2010) measured

13.362 ± 0.034 m2/g for CNC obtained from filter

paper and 27.625 m2/g for CNC obtained from rice

straw (Lu and Hsieh 2012). The measured specific

surface area was much lower than the one expected

from geometrical measurements CNC. For example,

Dufresne (2003) announced a geometrical specific

surface area of 170 m2/g for CNC from tunicate. This

difference might be explained by the aggregation of

CNC in the powders through hydrogen bonding. The

surface grafting can reduce aggregation, which might

be the reason of the larger specific surface areas of the

chemically modified CNC (Table 1).

Liquid/solid interactions between water or organic

solvents and nanocellulose

The energy properties of the immersion of water,

anisole and cyclohexane in grafted CNC were
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determined by differential scanning microcalorimetry.

The enthalpy obtained by the present procedure

(referred to below as the enthalpy of immersion) took

account of the successive steps of (ad)sorption,

wetting, and (in the case of cellulose) probably

swelling of the amorphous phase as well (Douillard

and Malandrini 1999). The enthalpies of immersion

thus measured are presented in Table 2, which shows

that the order of magnitude of enthalpy was close to

what might have been expected for wetting enthalpy,

because the samples were not outgassed before

measurement which most probably left residual water

on the CNC surface. For example, the wetting

enthalpy of MCC (Avicel) by water was measured at

-3.7 J/g (Douillard and Malandrini 1999), while the

immersion enthalpy of Avicel (of approximately

-3 J/g) was measured using a comparable method

by Roskar and Kmetec (2005). The exothermic

immersion enthalpy of CNC in water can easily be

explained by the high contact angles and hence the

high surface energy of CNC, because of polar

interactions and hydrogen bonding. The immersion

of CNC in anisole and cyclohexane has positive

enthalpy; in the case of cyclohexane, thus suggests a

lower interaction energy, as explained by (Parida et al.

2006). Some studies have focused on the wetting of

hydrophobic powders (Hansford et al. 1980) or

organomodified nanoclays (Dekany et al. 1986) by

organic solvents, and it has been shown that positive

immersion/wetting enthalpy suggests an entropy

driven process (Hansford et al. 1980), while in the

case of organomodified clays, endothermic swelling

enthalpy is indicative of the process (Dekany et al.

1986). In our work, the aromatic surface graft we

measured reduced the water/CNC surface interaction.

However, a comparison of the immersion enthalpies of

anisole and cyclohexane for grafted and neat CNC

showed that although there was an absolute difference

between the two molecules, in both cases CNC-g-

BzAA displayed enthalpy that was approximately

0.5 J/g lower. In other words, no difference could be

determined as a function of the chemical nature of the

immersion liquid.

The contact angle values (Table 1) predicted better

re-dispersion properties for grafted CNC. The aggre-

gation of CNC in the dry state, due to hydrogen

bonding between hydroxyls at the crystal surface, is a

known problem that affects the storage and use of

CNC in different fields, such as polymer additives. At

present, CNC are generally shipped in an aqueous

suspension that cannot readily be used in polymer

Table 1 Physicaochemical characteristics of MCC, CNC and grafted CNC

Sample Length, diameter v (%) DS Contact angle (�) S N2 (m
2 g-1)

MCC 135, 46 mm 74 0 ND 1.8a, 1.0b

CNC 155, 17 nm 84c 0 57 22

CNC-g-ICN.Od 176, 9 nm 73 3 95 84

CNC-g-ICN.Ph ND 65 3 96 64

CNC-g-ICN.PhBut ND 69 2 83 78

CNC-g-TMPS 367, 62 nm 61d 7d 94 32

CNC-g-PhAA 131, 10 nm 77c 5c 75 52

CNC-g-BzAA 145, 13 nm 76c 3c 73 126

DS degree of substitution of 10 AGU moieties, v crystallinity index, S(N2) specific surface area from the N2 isotherm
a Published by Portugal et al. (2010)
b Published by Kocherbitov et al. (2008)
c Published by Espino-Perez et al. (2014)
d Communicated by Espino-Perez et al. (2016b) using the same methodology

Table 2 Mixing temperaturess for CNC and CNC-g-BzAA

with water, cyclohexane and anisole

Sample Enthalpy of immersion (J g-1)

Water Anisole Cyclohexane

CNC -0.23 ± 0.05 1.22 ± 0.12 1.78 ± 0.09

CNC-g-BzAA 1.14 ± 0.06 0.70 ± 0.13 1.29 ± 0.17
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processes where dispersion of the CNC in either an

organic solvent or a polymer melt is required. Figure 2

shows the re-dispersion of dried CNC and grafted

CNC (with BzAA) in acetone after storage under

ambient conditions. It can be seen that grafting greatly

enhanced the dispersion of grafted CNC, while neat

CNC remained aggregated and precipitated

instantaneously.

Vapour/solid interactions between water

or organic vapours and nanocellulose

Water sorption on surface grafted CNC

Figure 3a shows typical water sorption isotherms for

the blank MCC and CNC samples, both of which

displayed classic Type II sigmoidal sorption iso-

therms. Sorption behaviour may be related to surface

area, crystallinity, porosity and the availability of

hydroxyl groups on the surface. Both sorption

isotherms are superposed in the low water activity

range, a result that was also obtained by Belbekhouche

et al. (2011) who worked on sisal CNC and MCC.

According to Mihranyan et al. (2004), water sorption

at low activities (\0.75) is determined by the

crystallinity index of cellulose. The difference of

approximately 10 % in the crystallinity index, and the

difference in particle size (Table 1) apparently had no

impact on sorption in the present case. However, at

high water activities (aw[ 0.6), CNC took up much

more water than MCC. This was not observed by

Belbekhouche et al. 2011 who worked on MCC and

CNC films, unlike our study in powders. The water

adsorption of CNC increased by up to 170 % mass

gain at aw = 0.9, while the mass of MCC increased

only by 12 %. The reason for this weight gain could be

capillary condensation, a phenomenon already

observed in some cases during the analysis of MCC

powders (Mihranyan et al. 2004). Figure 3a also

shows the water sorption on CNC-g-BzAA, where the

supposed phenomenon of capillary condensation was

suppressed. In order to obtain more details on this

phenomenon, the volume of CNC granules and CNC-

g-BzAA at different RH were monitored using envi-

ronmental SEM. The resulting images are shown in

Fig. 4, which clearly shows the swelling of CNC

granules at 80 % RH (Fig. 4b) versus 40 % RH

(Fig. 4a). Hysteresis of the sorption/desorption cycle

is generally observed in porous structures. Figure 3a

shows the hysteresis phenomenon in water sorption

curves. The hysteresis curve for CNC-g-BzAA is

representative of the shape seen for all grafted CNC.

Percentage hysteresis is quantified in Fig. 3b. The

hysteresis of CNC and MCC could be classified as

type H3 (Sing 1985) which predicts the presence of

plate-like structures, clearly describes the shape of

cellulose whiskers and the occurrence of macropores

inside aggregated nanocrystals (Fig. 4). Macropores

allow the quite rapid desorption of condensed water.

Some authors have suggested that MCC might also

possess a degree of microporosity due to flaws in the

microfibril structure (Kocherbitov et al. 2008). Water

can penetrate by diffusion into even closed pores, but

desorption would be much delayed. Under a vacuum,

the ‘‘boiling’’ of MCC powders was observed, thus

supporting this hypothesis (Kocherbitov et al. 2008).

Kachrimanis et al. (2006) suggested that the hysteresis

of water sorption isotherms at high water activities is

caused by the creation of novel sorption sites inside de

MCC structure, due to swelling of the amorphous

phase. Mihranyan et al. (2004) found that hysteresis

was higher in MCC with a lower crystallinity index,

which supports the hypothesised influence of the

amorphous phase. Here, a comparison of the data in

Table 1 and Fig. 3b shows no correlation between the

two quantities. Suppression of the water sorption

hysteresis of grafted CNC was thus linked to the

presence of the surface graft. Figures 4c, d show the

Grafted CNCNeat CNC

Fig. 2 Neat CNC and CNC-g-BzAA dispersed in acetone after

drying
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results of an environmental SEM analysis of CNC-g-

BzAA powders at different RH. No changes in size

were observed. The practical consequence of struc-

tural changes and hysteresis is the hornification of

cellulose powders. The surface swelling of the pow-

ders due to water uptake can cause aggregation and

closure of the pores in the granules. This causes

problems in terms of storage and dispersion. The

chemical surface modification was efficient in pre-

venting capillary condensation in the cellulose struc-

tures, decreasing the hysteresis of sorption isotherms

and decreasing of the granule swelling. These effects

help protecting against hornification. Indeed, Fig. 2

shows the re-dispersability of grafted CNC in acetone.

Fig. 3 Characteristics of the water sorption of microcrystalline

cellulose (MCC), cellulose nanocrystals (CNC) and grafted

CNC. a Water sorption of neat cellulose structures by

comparison with grafted CNC, and the corresponding hysteresis

loops. The insert shows the results regarding primary CNC on a

different ordinate. b Percentage hysteresis of the whole sample

set. Note that the hysteresis of CNC at water activity 0.7 is off

the scale (29 %). c, d Water sorption isotherms of grafted CNC

compared with neat CNC. Dashed lines show the sorption

isotherm fit obtained using the GAB model
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Furthermore, grafted CNC lost its film-forming capac-

ity after drying. GAB parameters relative to the heat of

adsorption on the monolayer and upper layer, Xm,

C and K, were calculated by fitting the GAB equation

(Eq. 2) to the experimental sorption data relative to

MCC and modified and unmodified CNC. These

parameters are shown in Table 3, and the correspond-

ing GAB isotherms in Fig. 3c, d (dashed lines). No

differences were observed between the Xm values,

except they were somewhat lower for CNC-g-ICN.Od

and CNC-g-TMPS. Both grafts were apparently more

effective in shielding the CNC from water penetration,

probably because of high hydrophobicity (ICN.Od)

and the creation of a condensed siloxane network

(TMPS). It may seem surprising that the Xm of grafted

CNC did not differ significantly from that of MCC,

although macroscopic hydrophobicity, as measured by

the contact angle and immersion studies, was very

different. According to Young’s theory, the contact

angle is dependent on three interfacial tensions, where

the fluid/solid contribution is also determined by

interaction of the fluid with itself. The relationship

between sorption and wettability is however not

straightforward, and novel modelling work has

revealed that the contact angle only plays a secondary

role in determining the condensation pressure of

water, while adsorption energy has a primary influence

(Factorovich et al. 2014). The properties of water in

the monolayer differ from those in the bulk, where the

enthalpy of the sorbate is higher than that of the liquid.

Molecules are absorbed locally in the monolayer

without lateral interactions (Quirijns et al. 2005).

Furthermore, the GAB model can predict incomplete

surface coverage in the monolayer due to jamming of

the molecules at the surface (Pradas et al. 2004). The

C values for MCC and CNC were higher than those of

the grafted CNC. This indicated a weaker interaction

between the surface and water in the monolayer,

because the surface grafts reduced the accessibility of

hydroxyl groups.

The specific surface calculated from water sorption

was higher than that obtained by N2 sorption, thus

100 µm 100 µm

100 µm 100 µm

(a) (b)

(c) (d)

Fig. 4 Scanning electron microscopy (SEM) of CNC at

a 20 �C, aw = 0.40, 10 min. and b 9 �C, aw = 0.80, 10 min.;

of CNC-g-BzAA at c 20 �C, aw = 0.40, 10 min. and d 9 �C,

aw = 0.80, 10 min. The dashed white line represents the

contour of the granules at 40 % RH. This has been sketched to

facilitate the comparison
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demonstrating the ability of water to swell cellulose

structures and penetrate the interstices of the sample

(Portugal et al. 2010). TheK values of the grafted CNC

did not differ markedly from those of neat CNC, thus

reflecting the observation that in the lower and middle

ranges of water activity, the water sorption isotherms

were only slightly affected.

Interaction of anisole and cyclohexane with CNC

and grafted CNC

The idea behind this work was to develop CNC surface

grafts that could suppress the hornification of CNC,

facilitate its re-dispersibility and create specific inter-

actions with volatile molecules containing aromatic

functions. The impact of the chemical structure of the

CNC surface graft on the anisole and cyclohexane

sorption isotherm was therefore studied. Figure 5

plots the anisole and cyclohexane adsorption iso-

therms of unmodified and modified CNC. All

isotherms were of type II and could be modelled using

the GAB equation (Eq. 2). The model parameters are

shown in Table 3. As expected, all grafted CNC took

up more anisole than the blank sample. The lowest

monolayer capacity was seen for CNC-g-TMPS.

Interestingly, this sample also displayed the highest

C value. Our interpretation is that the TMPS network

offered a small accessible surface for anisole sorption

and did not permit anisole penetration due to swelling.

However, once anisole could sorb, a strong interaction

between aromatic rings yielded an energetically very

stable monolayer. Another interesting result con-

cerned the comparison of different isocyanate grafts.

The monolayer capacity of CNC-g-ICN.PhBut was

lower than for the other two samples, even though it

had the lowest grafting density (DS = 2; Table 1).

Anisole was nevertheless strongly bound in the

monolayer (high C value) and the system approached

the properties of the bulk in the outer GAB layers (high

K value). On the other hand, anisole seemed to be able

to sorb in larger quantities in the aliphatic layer of

CNC-g-ICN.Od, but the monolayer was less

stable (lower C), while the GAB layers were relatively

more structured (low K values). This hints at a positive

impact of p–p interactions on sorption, which were

clearly absent following sorption in the layer of the

aliphatic graft. During a completely different exper-

iment, Alia et al. (Alila et al. 2011) showed that it was

possible to use starch nanocrystals modified by stearic

acid to remove aromatic pollutants from water, but

unfortunately they did not supply the DS in their

paper. They cited the work of Thielemans et al. (2006),

who measured a DS of approximately 2.6 (calculated

from their data), and found a distance of approxi-

mately 0.75 nm between grafted aliphatic chains,

which was sufficient to enable the diffusion of

Table 3 GAB parameters of the sorption isotherms of water vapour, anisole and cyclohexane and specific surface areas for MCC

and neat and grafted CNC

Sample v
(%)

DS Water vapour S H2O

(m2 g-1)

Anisole S

Anisole

(m2 g-1)

Cyclohexane S

Cyclohexane

(m2 g-1)Xm C K Xm C K Xm C K

MCC 74 0 0.034 6.1 0.82 147 ND ND ND ND ND ND ND ND

CNC 84 0 0.031 6.1 0.98 134 0.012 7.9 0.98 94 0.0073 2.4 0.79 68

CNC-g-ICN.Od 73 3 0.029 5.3 0.81 125 0.039 8.2 0.77 304 ND ND ND ND

CNC-g-ICN.Ph 65 3 0.037 8.2 0.84 151 0.038 11.2 0.85 297 ND ND ND ND

CNC-g-

ICN.PhBut

69 2 0.036 4.6 0.85 156 0.028 12.4 0.93 219 ND ND ND ND

CNC-g-TMPS 61 7 0.028 5.0 0.86 121 0.025 25.9 0.88 195 ND ND ND ND

CNC-g-PhAA 77 5 0.034 3.9 0.88 147 0.067 5.7 0.74 523 0.025 3.7 0.79 233

CNC-g-BzAA 76 3 0.031 3.4 0.94 134 0.112 5.5 0.75 894 0.047 3.7 0.85 437

R2[ 0.997 for all samples, * GAB model calculated for activities aw B 0.6

For the sake of clarity the CNC crystallinity and substitution degrees are shown, repeating the data in Table 1

DS degree of substitution of 10 AGU moieties, v crystallinity index, S specific surface area calculated from the different isotherms,

Xm monolayer value of the GAB model, C, K GAB constants, ND not determined
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2-naphthol between stearate chains. The same mech-

anism may have accounted here for the high mono-

layer value of CNC-g-ICN.Od.

The comparison between aromatic molecules

grafted with ester or urethane linkages also produced

some interesting results. In the case of esterified

molecules, the monolayer capacity almost doubled or

tripled (Table 3), while the stability of anisole in the

monolayer (C value) decreased. The K value was also

low, which signified structured multilayers. It was

apparent that these systems, and especially the more

flexible CNC-g-BzAA system, permitted a higher

uptake through swelling of the surface graft layers.

The specific surface of CNC measured with anisole

was smaller than that measured with water. In contrast,

the S(anisole) of grafted CNC was higher then

S(water). This result tended to confirm this swelling

of the surface graft layer. However, it is necessary to

achieve more accurate modelling of the surface

properties or measurement of the fluorescence prop-

erties of the p-stacks in order to clarify the interpre-

tation of this swollen surface structure. Confirmation

of the importance of the aromatic structure to the

sorption properties of the graft CNC was obtained

from the sorption experiment with cyclohexane

(Fig. 5b). This was performed on the CNC samples

displaying the highest anisole uptake. A comparison of

the isotherms of cyclohexane and anisole clearly

showed the lower sorption of cyclohexane. The

monolayer values and C constants of the cyclohexane

isotherms were lower (Table 3), thus evidencing that

fewer molecules were sorbed and GAB monolayers

were less stabilized. The probed specific surface was

consequently also lower than that of anisole, but

higher compared to water. It was therefore possible to

swell the surface graft layers with cyclohexane. Based

on these data, we concluded that the grafting we

describe offers an opportunity to selectively sorb

aromatic molecules with CNC through the design of

the surface graft. In the case of anisole, the creation of

an ester linkage seems most favourable, and the

structure of the surface graft needs to contain a flexible

linker.

Figure 6 shows the hysteresis loops of the anisole

and cyclohexane isotherms. Hysteresis could be

classified as H4, indicating a mesoporous structure

and swelling of the CNC (probably localized in the

surface layer). The hysteresis loops of the anisole

sorption isotherm were of greater amplitude than those

of the cyclohexane sorption isotherm, which was

compatible with the fact that less surface layer

swelling was detected when cyclohexane was used

as a probe. In both cases, hysteresis was negligible at

low activities, which showed that the sorption was

reversible and confirmed the possibility to create

reusable absorbents.

Fig. 5 Anisole (a) and cyclohexane (b) sorption isotherms for unmodified andmodified CNC.Dashed lines show the sorption isotherm

fit obtained using the GAB model. The experimental error was estimated at ±16 %
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Conclusion

The aim of this work was to use CNC surface

modifications in order to multiply the functionalities

offered by CNC to host materials. The opportunities

we identified regarding surface grafting were an

increased compatibility with host polymers, reduced

hornification, increased re-dispersability after drying,

and an absorbent capacity for depollution or the

controlled release of volatile molecules. An aromatic

model system was chosen to obtain proof of concept

because volatile molecules bearing aromatic functions

have applicative importance in the aroma and fra-

grance industry. Furthermore, numerous environmen-

tal pollutants also bear aromatic moieties. It was

shown that the use of aromatic surface grafts conferred

a macroscopically hydrophobic, water-repellent char-

acter to CNC, while the water vapour sorption

isotherms were only slightly affected. Hornification

could be decreased and re-dispersability in organic

solvents increased. The aromatic surface grafts were

able to take up reversibly large quantities of the

volatile aromatic compound anisole, where most

probably swelling of the surface layer occurred. The

non-aromatic compound cyclohexane was much less

well sorbed. A comparison of different grafting

techniques and surface graft structures showed that

esterification of the CNC surface with carboxylic acids

bearing a flexible linker chain afforded the highest

sorption capacity.

In terms of perspectives, the grafted CNC powders

will now be included in a polymer host matrix in order

to probe the compatibility and study the impact of the

CNC surface layer on polymer barrier properties.
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