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Abstract The present study reports a simple method

to control the mechanical and surface properties of

cellulose fiber networks and to protect them from

humidity, without altering their initial morphology. This

is achieved by dip coating the fiber networks in solutions

containing different amounts of ethyl cyanoacrylate

monomer (ECA). Under ambient humidity and due to

the presence of the -OH groups of the cellulose, the ECA

polymerizes around each individual cellulosic fiber

forming a thin poly(ethyl cyanoacrylate) (PECA) shell.

PECA was found to interact with the cellulose surface

via hydrogen bonding as evidenced by Fourier trans-

form infrared spectroscopy and thermogravimetric

analysis measurements. The detailed surface character-

ization reveals that only 3.5 wt% of ECA in solution is

sufficient to form compact PECA cladding around every

cellulose fiber. After the proposed treatment the cellu-

lose sheets become hydrophobic, well protected from

the environmental humidity and with increased Young’s

modulus.
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Introduction

Paper is most commonly used in writing and printing

support, made of a felt of cellulose fibers, held together

by hydrogen bonds and sizing agents. Due to its

abundance and low cost, use of cellulosic sheets in

other applications such as packaging, electronics,

sensors, medicine and so forth have become an

attractive alternative to multifunctional materials

(Barud et al. 2012; Kim et al. 2006; Zhenwen et al.

2011; Liang et al. 2012). In order to expand the uses of

cellulose sheets, it is important to overcome the

limitation of the hygroscopic properties of the cellu-

lose, which lead to water absorption by the fibers and

to the subsequent physical degradation of the material.

For this reason, several approaches of surface modi-

fication of cellulosic fibers have been developed such

as sizing, polymer grafting, cold plasma treatment, etc.

(Li et al. 2010, 2012; Shen and Parker 2001; Zhang

et al. 2007; Mukhopadhyay and Fangueiro 2009;

Vaswani et al. 2005; Navarro et al. 2009;
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Samyn et al. 2011; Bongiovanni et al. 2011) in order to

reduce their hydrophilic character and/or to improve

their mechanical properties (Levy et al. 2002;

Trombetta et al. 2005; Ye et al. 2009; Piantanida

et al. 2006; Abdelmouleh et al. 2005; Deslandes et al.

1998). However, some of these methods have certain

practical limitations because of one or more of the

following reasons: They can be highly complex or/and

expensive multi-step processes; they are not applied at

the post-production stage; non-biodegradable, syn-

thetic polymers are used posing environmental con-

cerns; and finally, they modify the tactile sense and/or

physical appearance of the final product. However,

our group (Bayer et al. 2011; Fragouli et al. 2012) has

recently demonstrated an approach to circumvent all

of these drawbacks by applying a novel, simple and

one-step method to obtain water-resistant multifunc-

tional cellulose sheets by infusing them with ethyl

cyanoacrylate (ECA) monomer solutions with or

without functional micro/nano particles. Subsequent

in situ polymerization of ECA monomer on the surface

of the cellulose fibers forms a waterproof barrier

around each fiber, which entraps the functional

particles providing to the cellulose sheets their func-

tionalities. This is a novel method which takes

advantage of the adhesive property of cyanoacrylates.

In fact, cyanoacrylate monomers are extensively used

as tissue adhesives for the closure of skin wounds

(Oowaki et al. 2000; Reece et al. 2001), and this

property originates from the rapid polymerization that

the cyanoacrylate undergoes by a nucleophilic attack

reaction (Klemarczyk 2001) upon initiation by com-

monly occurring initiators such as moisture or free

-OH groups on the surfaces at room temperature

(Vauthier et al. 2003).

In this paper, we elucidate the type of interactions

taking place between the cellulose fibers and the ECA

monomer and we explain how the functional groups of

cellulose initiate and affect the polymerization. The

influence of the poly(ethyl cyanoacrylate) (PECA)

cladding on the surface, thermal, and mechanical

properties of the cellulose fiber networks is studied in

detail, revealing the appropriate initial concentration

of the ECA monomer solution needed for the full

coverage and protection of each cellulosic fiber. We

prove that the proposed treatment mechanically rein-

forces the cellulose sheets while their enhanced

mechanical properties are fully preserved under dif-

ferent environmental humidity.

Materials and methods

Materials

Whatman Type-1 cellulose sheets of 45 lm thickness

were used in all experiments unless otherwise noted.

This product is chemically pure and free from silicones

or other additives. No chemical or physical pretreatment

was applied to the cellulose sheets before the experi-

ments. Ethyl cyanoacrylate (CH2=C(CN)CO2Et) mono-

mer and reagent grade toluene were purchased from

Sigma-Aldrich and used as received.

Humidity conditioning and treatment with ECA

Before treatment with ECA, rectangular samples of

Whatman paper (25 mm of length, 10 mm of width

and approximately 0.045 mm thick) were conditioned

under 80 % relative humidity (RH) for 4 days. At the

end of this period the samples were dip coated with

ECA solutions. To do this, different amounts of ECA

were dissolved in toluene and vigorously mixed to

obtain a wide range of different concentrations of ECA

in solution. In particular ECA solutions of 1.0, 2.0, 3.5,

5.0, 10.0 and 15.0 wt% in toluene were prepared for

dip coating.

For mechanical measurements using dynamic

mechanical analysis, the following treatment proce-

dure was followed: cellulose sheets were conditioned

for 4 days in two different RH chambers (11 and 80 %

RH) controlled by saturated salt solutions at 25 �C

before being dipped into ECA solutions for 15 s and

left to dry under ambient conditions. Afterwards the

treated cellulose sheets were stored for 4 days under

11 or 80 % RH conditions before measurements. Pure

PECA was prepared by drop casting ECA solution on

silicon wafers under ambient humidity condition.

Fourier transform infrared spectroscopy (FTIR) and

thermogravimetric analysis (TGA) measurement of

pure PECA were made on cross linked film samples

obtained by peeling them off the silicon wafer

substrates.

Characterization

Square samples (approximately 0.045 mm thick,

25 mm of length and 25 mm of width) were cut from

the treated sheets to measure static water contact angle

(WCA) (3 lL of water droplets) using a contact angle
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goniometer (Kruss, Germany). The microscopy

images of treated and untreated cellulose sheets were

acquired by a polarized optical microscope (Carl

Zeiss, Axio Scope A1) equipped with a digital camera

and image processing software.

The mechanical properties of treated and untreated

cellulose sheets were measured by a dynamic mechan-

ical analyzer (DMA), T.A. Instruments, model 2980,

with controlled force mode, using the clamp of tension

film. The samples were approximately 10 mm wide,

0.045 mm thick, and the length between the clamps

was measured by the DMA instrument. The set of

experimental parameters used was: preload force,

0.005 N; isothermal, at 25 �C; soak time, 1.0 min;

force ramp rate, 1 N.min-1 and upper force limit,

18.00 N. Five measurements were conducted for each

sample, and the results were averaged to obtain a mean

value.

The decomposition of the paper samples were

investigated by means of thermogravimetric analysis

using a Mettler Toledo thermogravimetic/differential

scanning calorimetry (TGA/DSC). Measurements

were performed on 3–5 mg paper samples in an

aluminum pan at a heating rate of 10 �C/min, from 30

to 600 �C in nitrogen atmosphere in order to determine

the thermal stability of the cellulosic materials, as a

function of ECA treatment. The weight loss (TG

curve) and its first derivative (DTG curve) were

recorded simultaneously as a function of time/

temperature.

X-ray photoelectron spectroscopy (XPS) measure-

ments were conducted by a Specs Lab2 electron

spectrometer equipped with a monochromatic X-ray

source set at 1,253 eV and with a Phoibos analyzer Has

3500 (Hemispherical Energy Analyzer). The applied

voltage of the MgKa X-ray source was 13 kV and the

applied current 15 mA. The pressure in the analysis

chamber was approximately 7 9 10-9 mbar. Large

area lens mode was used for both wide and narrow

scans. For the wide scan, the energy pass was 90 eV,

the energy step was 0.5 eV and the scan number was 1.

For the narrow high resolution scans, the energy pass

was 30 eV the energy step was 0.2 eV and the scan

number was 10. The spectra were then analyzed using

CasaXPS software.

The surface chemistry of the cellulose sheets was

investigated by FTIR measurements in the

4,000–400 cm-1 spectral range using a Bruker Equi-

nox 70 FT-IR apparatus in transmission mode at a

resolution of 4 cm-1. All samples were stored at 80 %

RH before the FTIR analysis.

Results and discussions

After the dipping of the cellulosic sheets in the

monomer solution, and during the air-drying step, the

ECA polymerizes due to the presence of adsorbed

ambient humidity on the fibers’ surface (Tomlinson

et al. 2006; Zhang et al. 2011), and due to the presence

of the—OH groups of the cellulose, which act as

polymerization initiators as well as terminators to the

carbanionic propagating ends (Han et al. 2008). In

fact, the C=C double bond in ECA can be polarized in

the presence of nucleophiles (water or carbanion) to

form carbanions. In our previous works (Bayer et al.

2011; Fragouli et al. 2012), it was shown that the

in situ generated PECA on cellulose fibers forms a

cladding around each individual fiber and not an

overall coating on the cellulose sheet. In fact, as shown

in the polarized optical microscopy images of the

untreated cellulose sheets (Fig. 1a) and sheets treated

with 15.0 wt% of ECA in toluene solution (Fig. 1b),

the overall fibers’ morphology appears unaltered after

treatment.

In order to understand whether or not any physi-

cochemical interactions take place between the cellu-

lose fiber surfaces and the PECA polymer, FTIR data

were acquired from untreated and ECA treated

cellulose fibers as shown in Fig. 2. Specifically,

Fig. 2a shows the FTIR spectrum of the raw

(untreated) cellulose paper, where all the characteris-

tic absorption bands of cellulose is observed. In

particular, the broad absorption band in the range of

3,700–3,100 cm-1 is attributed to the stretching of

H-bonded –OH groups; the C–H stretching is observed

at 2,800–3,000 cm-1 (Wang et al. 2007), and the peak

at 1,615 cm-1 corresponds to the bending band of the

adsorbed water (Cao and Tan 2004). Finally, the bands

located in the region of 950–1,200 cm-1 are mainly

due to C–O stretching modes in alcoholic C–OH

moieties together with those of the intra and extra-

cyclic C–O groups (Oh et al. 2005; Salmén and

Bergström 2009). On the other hand, the FTIR

spectrum of pure PECA (obtained from films depos-

ited on silicon wafers) is shown in Fig. 2e, and is

similar to previously reported studies (Zhai et al. 2009;

Han et al. 2008; Arias et al. 2001). In fact, the
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characteristic absorption bands for the carbonyl C=O

ester (1,746 cm-1), C:N groups (2,250 cm-1) and

C–H (2,890–3,050 cm-1) are proofs of the polymer-

ization of the ECA monomer (Tomlinson et al. 2006).

When cellulose sheets are treated with the ECA

monomer solutions, the functional groups of both the

cellulose and PECA can be identified in the FTIR

spectra (Fig. 2b, c, d). In particular, it is observed that

the stretching vibration of hydroxyl and carbonyl

bands of the treated cellulose sheets shift towards

higher wavenumbers compared to the neat polymers.

For instance, the shift in the –OH and carbonyl group

bands of cellulose sheet modified with 15.0 wt% of

ECA in toluene was measured to be approximately 20

and 6 cm-1, respectively. These shifts in bands

indicate intermolecular interactions between cellulose

and PECA. In fact, hydrogen-bonding interaction

between carbonyl groups of PECA and hydroxyl

group of cellulose would affect the local electron

density and change the stretching vibration frequency

of both groups and can give a rise to a shift (Kamińska

and Sionkowska 1996; Chen et al. 2008). It is worth

noting that pure PECA was polymerized under

ambient humidity conditions while PECA deposited

on the cellulose fibers was polymerized due to the

presence of adsorbed ambient humidity on the fibers’

Fig. 1 Optical micrographs of a untreated and b treated cellulose fiber networks with 15.0 wt% ECA monomer in toluene
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Fig. 2 FTIR spectra of a cellulose; cellulose treated with b 2.0 wt%, c 10.0 wt%, d 15.0 wt% of ECA in toluene; e PECA
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surface and due to the presence of the –OH groups of

the cellulose. This difference in PECA polymerization

can be related to the shift of carbonyl band toward

higher wavenumbers compared to that of neat PECA.

In addition, since these shifts are towards higher

wavenumbers, interactions between the functional

groups of PECA and cellulose through hydrogen

bonding are weaker than the chain–chain interaction

within the pure cellulose and pure PECA, respectively

(Marechal and Chanzy 2000).

Thermogravimetric analysis further reveals the

existence of interactions between the cellulose fibers

and the PECA shell. The treated cellulose sheets show

two different steps of degradation, as seen in the DTG

curves of Fig. 3 by one peak appearing below 180 �C

and another one around 345 �C. The first peak is

assigned to the decomposition of PECA and the

second one is due to the degradation of the cellulose

fibers as shown by the curves of the pure PECA and of

the untreated cellulose of Fig. 3, respectively. Indeed,

the decomposition of the pure cellulose fibers occurs at

348 �C and that of PECA at 192 �C. As the ECA

concentration in the solutions used for the cellulose

treatment increases, the thermal signal related to the

PECA degradation shifts towards higher temperatures

(165 �C for 2.0 wt%, 170 �C for 10 wt% and 172 �C

for 15 wt%) approaching the one for pure PECA,

while the decomposition temperature of the cellulose

fibers decreases (346 �C for 2.0 wt%, 343 �C for

10.0 wt% and 342 �C for 15.0 wt%) deviating from

pure cellulose. This slight negative effect on the

thermal stability of the cellulose after the ECA

treatment can be attributed to the weakening of the

inter-chain interactions of the fibers most likely due to

the induced hydrogen bonding with the PECA, as

previously discussed in the FTIR section.

However, the shift in PECA degradation tempera-

ture deposited on cellulose fibers towards the degra-

dation temperature of the neat one when the ECA

content is increased can be explained by the resulting

thicker PECA cladding around the cellulose fibers. In

fact, in such a case the initiation of ECA polymeri-

zation gets less affected by the hydroxyl groups of

cellulose fibers, while it is more affected by the

ambient humidity conditions, as in the case of the bulk

PECA polymerized on silicon wafer.

In order to better understand the PECA shell

formation on cellulose fibers as a function of the

concentration of initial ECA solution, XPS

measurements were conducted, which help us to

quantitatively study the chemistry of the outermost

fiber surfaces. Figure 4a shows the wide scan XPS

results of pure cellulose and of cellulose fiber

networks treated with toluene solutions of ECA with

concentrations ranging from 1.0 to 15.0 wt%. In all

spectra, the carbon (C) and oxygen (O) peaks are

present since these are characteristic species for both

PECA and cellulose.

However the nitrogen peak (N), characteristic for

the PECA polymer, appears only in the treated

cellulose sheets at 399.5 eV, proving, together with

the C1 s narrow scan analysis (see Figure S1 in the

part 1 of Supporting information), the presence of

PECA on the cellulose fiber surfaces. Most impor-

tantly, the amount of PECA indicated by the N content

increases as the weight percent of ECA in the solution

increases. In fact, as shown in Fig. 4b, the % N and the

ratio (N/C) increase substantially with increasing ECA

content before reaching a plateau at 3.5 wt% of ECA.

This indirectly indicates that the specific concentration

is sufficient to form a full, compact PECA coating on

the fibers. Indeed as the XPS signal derives from the

outermost layers of the fibers of thickness of few tens

of nanometers, as soon as the PECA covers all the

underlying cellulose fibers, the signal is expected to

remain unaltered.

This observation is macroscopically confirmed by

the wettability study of the treated cellulose sheets.

Specifically, Fig. 5 shows the WCA measurements of

the treated cellulose sheets as a function of ECA

monomer content in the initial toluene solutions. As

seen, the intrinsically water absorbing cellulose sheets

become waterproof after the ECA treatment, while as

the monomer amount increases, the fibers become
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more hydrophobic. In fact, from 0 to 2.0 wt% ECA

treatment, the WCA increases linearly, while between

2.0 and 3.5 wt% the slope of the increase changes

before reaching a plateau above 3.5 wt%. The WCA

value at the plateau is around 125�. Below this

concentration, the amount of ECA seems to be

insufficient to form a full, compact PECA cladding

around each individual fiber, allowing water to

penetrate into exposed surface areas of hygroscopic

cellulose resulting in lower WCAs. This remarkable

enhancement in treated cellulose fibers’ hydrophobic-

ity can be explained by the interaction which takes

place between the two polymers. As previously

mentioned in the FTIR section, this interaction occurs

between the functional hydrophilic group of cellulose

(O–H) and/or the adsorbed humidity, and the carbonyl

group of PECA, leading to the reduction of the number

of hydroxyl groups present on the surface of the

treated cellulose sheets, hence increasing the static

WCAs. This is in accordance with Bayer et al. (2011)

who also obtained waterproof PECA treated cellulose

fibers. However, in that case the application of the

ECA solutions to the cellulose fibers was different, and

for this reason there are differences in the measured

WCAs between these two studies on the treated fibers

for a given ECA concentration, designating that the

way the ECA treatment is applied on the cellulosic

sheets plays an important role on the final hydropho-

bicity. In particular, direct drop casting ECA solutions

with the same concentration, on the cellulose sheets

did not display such high WCAs compared to the

present results where the application is done by dip

coating. The comparison with the data obtained using

the drop casting method is commented in the support-

ing information (part 2).

In addition to the significantly increased hydropho-

bicity, it is also possible to control the mechanical

properties of the cellulose sheets using the ECA

treatment. In particular, Fig. 6 displays the evolution

of the tensile modulus as a function of the ECA

treatment. As expected, the modulus of untreated

cellulose sheet (0 wt% ECA) stored at low humidity

(11 % RH) is higher than the one stored at high

humidity (80 % RH) conditions, since the increase of

the water content in the cellulose fiber sheet due to

increased humidity results in the deterioration of the

mechanical properties, suggesting a plasticizing effect

of moisture on cellulose fibers (Spence et al. 2010).

In order to better evaluate the moisture effects on

the mechanical properties of the PECA treated cellu-

lose sheets, the samples which were stored at 11 or

80 % RH before ECA treatment were conditioned at

the same RH conditions after ECA treatment, prior to
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the DMA measurements. As Fig. 6 clearly demon-

strates, independently from the humidity storage

conditions, the modulus of all the treated cellulose

sheets shows an increase with increasing ECA

concentration until about 3.5 wt%. After this concen-

tration the modulus reaches a plateau, remaining

practically constant at the maximum tensile modulus.

The initial increase in Young modulus indicates that

the mechanical properties of the sheets are dominated

by the properties of the PECA layer which covers each

fiber, prevailing over the reduction of the inter-chain

interaction between the cellulose fibers due to the

induced hydrogen bonding with the PECA. The

stabilization of the Young modulus values for ECA

concentration in the toluene solution above 3.5 wt% is

another proof of the formation of a complete, homo-

geneous PECA layer around each cellulose fiber above

this concentration, as previously demonstrated by the

XPS and WCA analysis.

Figure 6 also reveals the protection that the formed

PECA cladding around the cellulose fibers provides

against the water uptake. In fact, the modulus value

1,169 MPa, of cellulose samples stored at 11 % RH

before treatment, reaches 1,717 MPa when the sam-

ples treated with solutions of ECA content greater than

3.5 wt%, get transferred to low humidity conditions

(11 % RH) (black line). This value appears only

slightly decreased, 1,640 MPa, when the treated

samples are conditioned at high humidity (80 % RH)

(red dashed line). For the sheets treated with solutions

of ECA content smaller than 3.5 wt% or for the

untreated sheets, the differences in the modulus are

much higher between the samples conditioned at low

and high humidity environment. Such results indicate

that when the PECA covers the cellulose fibers

partially (B3.5 wt% ECA) the moisture can still

penetrate into the fiber network and act as a plasticizer.

On the other hand, the RH conditioning after the full

coverage of the cellulose fibers with PECA cladding

([3.5 wt% ECA) seem to have a minimal effect on the

mechanical properties of the cellulose sheets, demon-

strating the effective protection of the treated material

by the moisture.

The behavior of the cellulose samples stored at high

RH content of 80 % before their coverage with PECA

(modulus 990 MPa) is very similar. In fact we can

observe minimal differences in their Young modulus,

when their conditioning after treatment with solutions

of[3.5 wt% ECA content, occurs at low (1,349 MPa)

or high (1,320 MPa) RH (blue dashed and green line,

respectively). Also in this case the differences are

enhanced but slightly for the samples treated with

solutions of B3.5 wt% ECA concentration. These

differences are smaller than those observed for the

corresponding samples stored at low RH environment

prior to treatment. This is probably due to the fact that

the high humidity on the fibers would induce better

ECA polymerization and thus more compact clad-

dings also for low ECA concentrations. In summary,

ECA treatment along with humidity conditioning

allows fabrication of treated cellulosic sheets with

tunable mechanical modulus. Such modified cellulosic

sheets can withstand sudden changes in humidity

conditions rendering them more suitable for prolonged

environmental applications.

Conclusions

A simple, inexpensive and single-step method is

demonstrated in order to control the mechanical

properties, and render cellulose sheets moisture resis-

tant. By dip coating cellulose sheets in ECA monomer

solutions and allowing polymerization of the mono-

mer under ambient conditions on the fiber surfaces,

highly moisture and mechanically resistant cellulosic

sheets were obtained. The process does not alter the

overall micromorphology of the cellulose fibers and

hence the initial appearance of the cellulose sheets.
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Detailed XPS, wetting (contact angle) and mechanical

analyses revealed that the optimum ECA concentra-

tion in toluene needed to fully cover each individual

cellulose fiber is 3.5 wt%, while FTIR and TGA

studies specified the physicochemical interactions

between the polymer and cellulose fibers. Due to its

low cost, biocompatibility and biodegradability as

well as its minimal impact on the appearance and

morphology of the treated sheets, the present work is

considered as a novel and attractive alternative to

other proposed methods.

References

Abdelmouleh M, Boufi S, Belgacem MN, Dufresne A, Gandini

A (2005) Modification of cellulose fibers with functional-

ized silanes: effect of the fiber treatment on the mechanical

performances of cellulose–thermoset composites. J Appl

Polym Sci 98(3):974–984
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