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Abstract Aerogels from biodegradable and renew-

able sources such as cellulose, for example, have

become a promising alternative to separate oil from

water. However, surface treatments are necessary to

provide hydrophobic characteristics to the sorbents.

This study aims to evaluate the chemical treatment of

cellulose nanofibers (CNFs) with methyltrimethoxysi-

lane (MTMS), in order to obtain hydrophobic sorbents

to be used in the removal of oil spills from aquatic

environments. CNFs were obtained from cellulose

pulp waste by mechanical grinding, with a fiber

diameter ranging from 40 to 66 nm. Four different

chemical treatment methodologies were tested. The

treatment of CNFs with MTMS using mechanical

stirring at 500 rpm for 1 h, at 70 �C for 2 h, followed

by freeze drying was the most effective one to obtain

hydrophobic CNF aerogels. The samples presented a

contact angle with water of 133.51�, sorption capacity
in heterogeneous medium of 16.78 g g-1, and oil

removal efficiency of 87.9%.

Keywords Cellulose nanofiber (CNF) � Aerogel �
Organosilane � Freeze drying � Oil sorption

Introduction

According to the Yearbook of the National Petroleum

Agency, Brazil has 154 oil exploration wells in marine

waters, which corresponds to approximately 96% of a

total of 31 billion barrels of Brazilian oil reserves. The

increase in the exploration of this commodity requires

transportation, which also increases the risk of oil

spills. In this context, it is important to develop ways to
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contain and mitigate the effects of water pollution

caused by oil spills (ANP 2015).

Aiming to overcome this issue, several methods

have been proposed to treat oil contamination in

water, as follows: sorption processes, coagulation,

flocculation, electrocoagulation, chemical degrada-

tion, gravimetric separation, filtration processes,

coalescence (depth filtration) and combustion (Wahi

et al. 2013; Liu et al. 2014). Sorption processes are

widely used for oil spill removal from water. This

technique presents advantages over the aforemen-

tioned methods, such as its simple application, high,

quickly and effective sorption capacity, good selec-

tivity, low density and possibility to be obtained from

renewable sources (Ibrahim et al. 2009; Liu et al.

2014). Recently, sorbent materials derived from

cellulose fibers have become a viable alternative to

synthetic sorbent materials.

Cellulose is the most abundant biopolymer in the

world, with global reserves of up to 7.5 9 1010 tons,

totaling about 40% of the plant biomass (Chen et al.

2011; Jia et al. 2014). The production of cellulose in

Brazil presents an average annual growth of 7.5%,

having reached the fourth position in the world

rankings in 2008, with 16.5 million tons produced in

2014. Brazil is currently the largest producer of short

fiber cellulose (IBÁ 2015).

Cellulose (C6H10O5)n is a long-chain polymeric

polysaccharide of glucopyranoses with repeating units

linked by b-1,4 glycosidic bonds (Taipale et al. 2010;

Abdul Khalil et al. 2012; Song et al. 2014). The van

der Waals and intermolecular hydrogen bonds in

cellulose promote the parallel stacking of the chains,

and so they aggregate to form small fibrils with

diameter ranging from 5 to 50 nm and several

micrometers in length. In this context, one can obtain

cellulose nanofibers (CNF) through top-down pro-

cesses from cellulose fibers that have already under-

gone bleaching and delignifying steps solely by

mechanical processes such as high pressure homog-

enization, microfluidization or grinding (Zimmer-

mann et al. 2016). CNFs have diameters of less than

100 nm and lengths of several microns. According to

Nakagaito et al. (2013) the greater number of exposed

hydroxyl groups available for bonding due to the

nanoscale morphology in CNFs produces much

enhanced bonding forces. Because of their reduced

size and theoretical high surface area, CNFs make a

promising starting material for sorbents.

Sorbent materials from cellulose fibers can sorb

liquids in large quantities; however, they present a

hydrophilic character. To modify this characteristic

and turn these materials into hydrophobic ones, it is

necessary to perform a suitable treatment to obtain a

material with ability of adsorbing oil in aquatic

environments. The hydrophilic character of cellulose

can be altered by using coupling agents that react with

the hydroxyl groups present on the fiber surface. The

most cited processes to achieve this modification

include the use of organosilanes (Cervin et al. 2012;

Zhang et al. 2014; Jin et al. 2015). Tarrés et al. (2016)

prepared aerogels from three types of CNF obtained

by TEMPO oxidation, enzymatic hydrolysis and

mechanical pulping. The hydrophobization of CNF

was done by addition of alkyl ketene dimer (AKD) and

the CNFs were subsequently freeze dried. Zhang et al.

(2014) obtained nanocellulose through homogeniza-

tion processes and produced sponges prepared by

freeze-drying CNF-based aqueous suspensions con-

taining MTMS as a silylating agent. In this case, only

one silylation process without the use of heat was

performed. At a 1.5% (wt%) CNF content, the

aerogels displayed adsorption values of approximately

50 g g-1 with motor oil (Shell Rimula Oil 30) and up

to 102 g g-1 with chloroform in heterogeneous media.

Some of the published studies in this area also focus

on obtaining cellulose aerogels by using solvents for

gelation. Gavillon and Budtova (2008) obtained

aerogels from cellulose in aqueous medium with

sodium hydroxide, and dried the aerogels by super-

critical drying with CO2. Nguyen et al. (2014)

obtained aerogels from recycled cellulose fibers

dispersed in NaOH/urea by sonication, freeze-drying

and then vapor deposition of organosilanes.

To the best of the authors’ knowledge, there is little

literature related to the development of aerogels

produced from CNFs without a previous gelation

process. As such, the novelty of this work is the

development of hydrophobic CNF aerogels obtained

from bleached cellulose pulp residues by mechanical

grinding only, and to chemically treat them with

organosilanes. According to Xie et al. (2010), in most

cases, organosilanes undergo a chemical reaction with

cellulose fibers at high temperatures. As such, it is

important to test several parameters in silylation

processes. Four silylation methodologies were tested,

with varying temperature and agitation, to evaluate the

influence of these conditions in the silylation of the
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aerogels with MTMS. The chemical composition,

morphology, contact angle measurements and sorp-

tion capacity in aqueous, oil and heterogeneous media

were evaluated.

Materials and methods

Materials

Dried cellulose plates of Eucalyptus sp. species were

provided by Celulose Riograndense (RS, Brazil).

Acetic acid P.A was provided by Neon and

methyltrimethoxysilane (MTMS) 98% purity was

purchased from Sigma-Aldrich. All reagents were

used as received without purification.

For the sorption experiments, the SAE 20W50

motor oil provided by Ipiranga Petrochemical was

used, with a viscosity of 64 cSt, density (20–40 �C) of
0.88 g cm-3, classified as medium oil according to

ASTM F726-12.

Methods

Obtainment of the CNFs suspension

The CNFs suspension was obtained by mechanical

fibrillation. The cellulose plate was ground in a grinder

(Masuko Sangyo-MKCA6-2J) for 5 h with recircula-

tion to obtain a homogeneous suspension with a

concentration of 3% (w/v) in water (Zanini et al.

2016). Figure 1 illustrates the fibrillation process.

Cellulose fibers are forced to pass between the silicon

carbide discs, and one of the discs rotates and the other

remains static with grooves on the surface.

Chemical treatment with organosilane

The CNFs suspension was filtered through a vacuum

system. The pH of permeate was then adjusted to 3 by

adding acetic acid under magnetic stirring for 5 min.

Subsequently, 2% in mass of MTMS was added to this

solution under magnetic stirring. The pH adjusting

process is necessary to promote the hydrolyzation of

the MTMS, and to form the silanol groups that will

later react with the cellulose nanofibers. According to

Xie et al. (2010), cellulose is not reactive to many

chemicals, and the OH groups are many times not

accessible. Generally, the hydrolysis of organosilanes

under acidic pH conditions favors the formation of

more reactive silanol groups as well as the retardation

of their condensation rate, which makes them avail-

able to react with the OH groups of the fibers, or to

condensate over the fiber surface.

The resulting solutions were added dropwise slowly

into the MTMS supernatant filtration. Four method-

ologies for the chemical treatment of CNFs suspension

were tested, adapted from Zhang et al. (2014) and

Nguyen et al. (2014), as shown in Fig. 2.

Triplicates of the samples obtained in the chemical

treatment were weighted (30 g) and placed in metallic

molds of approximately 45 mm in diameter and

25 mm in height, to proceed to freeze drying. The

samples were frozen at -80 �C with liquid nitrogen

and transferred to a vacuum chamber for the freeze

drying process (Lio Top—L 101).

Sample characterization

The modification on the aerogels surface was inves-

tigated by FTIR (Nicolet IS10, Thermo Scientific).

Each spectrum was obtained by performing 32 scans

by attenuated total reflection (ATR). The wavenumber

range analyzed was 400 to 4000 cm-1.

Fast sorption tests in homogeneous medium were

performed as adapted from ASTM F726-12. The

samples were obtained with a diameter of

43.7 ± 0.25 mm and a thickness of 17.9 ± 0.54 mm.

The aerogels weremaintained in a roomwith controlled

temperature of 23 ± 4 �C prior to the test. The samples

were weighed and placed in homogeneous media

(either water or oil) for 15 ± 0.5 min. After that, the

aerogels were vertically removed from the media and

were drained for 30 ± 2 s, and then weighed. Tripli-

cates were performed. The sorption capacity results

were calculated according to Eq. (1), and the results

were expressed as quantity of absorbed oil by mass of

the absorbent material.

CA =
mf � mi

mi

ð1Þ

where CA = sorption capacity (g/g), mi = initial

mass (g), mf = final mass (g).

The contact angle measurement was obtained

through the sessile drop method, in distilled water,

with an approximate droplet volume of 5 lL. The
samples were placed on a glass slide, at 25 ± 2 �C and

relative humidity of 60 ± 5%. Three droplets of water
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were placed on the top of the samples. The pictures

were recorded every 5 min for 30 min. The images

were analyzed with the Surftens software.

The sorption test on heterogeneous medium (oil and

water) was performed based on the amount of oil

absorbed by the sample in the quickly sorption test on

homogeneous (oil) medium. The previously estimated

quantity of oil, based on the fast sorption test in

homogeneous medium (oil), was added to a Petri dish

with 200 mL of distilled water. After that, the aerogels

were put in the heterogeneous medium for

15 ± 0.5 min. The sorbent was removed from the

Fig. 1 Representation of

the mechanical grinding and

freeze drying processes used

to obtain the CNF aerogels

Fig. 2 Fluxogram of the chemical treatment and different agitation and temperatures used in the four methodologies
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oil in a vertical orientation with a clip, leaving it to

drain for 30 ± 2 s and weighed according to the

ASTM F726-12 standard adaptation. The assays were

performed in 3 samples and the amount of oil adsorbed

is given by Eq. (1). This method was adapted from

adapted from Zhang et al. (2014) and Nguyen et al.

(2014).

Scanning electron microscopy with field emission

gun (FEG-SEM-MIRA 3, Tescan) was used for

morphological characterization of the aerogel and

measurement of the fiber diameters.

Results and discussion

Obtaining the CNF suspension

The mechanical fibrillation of cellulose yielded an

homogeneous suspension which was white and

opaque in color (Fig. 3), a common characteristic of

nanofibrillated cellulose suspensions.

The contact of the fibers with the grooves on the

surface of the stones, combined with repeated cyclical

tensions and centrifugal forces, results in fiber fibril-

lation (Abe et al. 2007; Kalia et al. 2014). According to

Siró and Plackett (2010), the strong shear forces cause

the breakage of the hydrogen bonds present in the

structure of the cell walls of the cellulose, which also

contributes to the obtainment of fibrils in the nano-

metric scale, yielding an opaque gel.

Fourier transform infrared spectroscopy (FTIR)

The chemical alterations on the surface of the samples

were evaluated, and Fig. 4 shows the FTIR spectra

obtained for all samples. The main peaks and bands for

cellulose and silanes were highlighted.

All samples display the common peaks for cellu-

lose. The band at 3343 cm-1 is related to the

stretching vibration of O–H bonds of the hydroxyl

groups of cellulose and absorbed water. The peak at

2885 cm-1 represents the C–H stretching vibration,

and the band at 1421 cm-1 represents the symmetrical

bending of the CH2 groups of cellulose. The

absorbance peak at 1160 cm-1 is due to the anti-

symmetrical deformation of the C–O–C bond of

cellulose. The peak at 1311 cm-1 corresponds to the

symmetrical bending of the C–H and C–O groups, and

between 1030 and 1025 cm-1 is related to the C–O

deformation at C6 in cellulose, (Popescu et al. 2009;

De Rosa et al. 2011; Chen et al. 2015; Lavoratti et al.

2016). After the MTMS treatment, some peaks and

bands related to silane were identified in Sample 4 as

follows: at 1270 cm-1, related to the bending of the

C–H bonding of the methyl groups; between 970 and

850 cm-1, corresponding to the stretching vibration of

the Si–OH bonding in the silane groups; and between

830 and 730 cm-1 (m(Si–C)), related to the stretching

vibration of the Si–C or the Si–O bonds (Ozmen et al.

2007; Zhang et al. 2014).

Fig. 3 Visual aspect of the CNF gel obtained by mechanical

grinding

Fig. 4 FTIR spectra of the neat cellulose plate, the four samples

obtained through each silylation methodology, and the MTMS

silane
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No changes in the intensity of the 3343 cm-1 band

were visible. This happens due to the fact that the

organosilanes do not react with all of the hydroxyl

groups present in the material. This behavior was also

observed by Sai et al. (2015).

Sorption tests in homogeneous medium (water)

Sorption tests were performed in aqueous medium and

four samples, one for each silane deposition methodol-

ogy,were tested. The absorption capacities of the samples

were 29.833 ± 0.089 g g-1; 29.995 ± 0.078 g g-1;

28.807 ± 0.064 g.g-1 and 0.250 ± 0.013 g g-1 for

Samples 1, 2 3 and 4, respectively. Samples 1, 2 and 3

showed great affinity with water, namely, they presented

a hydrophilic character. This denotes that the method-

ologies used were not efficient. Sample 4, on the other

hand, absorbed only a fraction of water compared to the

other samples, which evidences a low affinity with water.

In chemical treatments, both the stirring methods

(magnetic or mechanical) and the temperature (70 �C
for 2 h) influenced in the silylation process. The

mechanical stirring coupled with the increase in

temperature favored the coupling of MTMS on the

fibers in the suspension, allowing Sample 4 to absorb

less water, while Samples 1, 2 and 3 absorbed more

than 28 times its own weight in water. According to

Xie et al. (2010), heating promotes the condensation of

free silanol groups, which results in the formation of

polysiloxane layers on the fibers’ surface, which

reduces the surface energy (Cervin et al. 2012), and

the entangled polysiloxane networks in the cell walls.

In addition to that, according to Hubbe et al. (2008),

the reaction of the silanol groups of MTMS with the

hydroxyl groups of cellulose occurs in the presence of

humidity and temperature.

Figure 5 illustrates the results obtained with this

silanization method. Droplets of oil and water were

placed on the top of the Sample 4, and the behavior of

Samples 1, 2 and 3 and Sample 4 in water is also

shown.

Sample 4 displayed the capacity to repel water and

to absorb oil, thus confirming its hydrophobic charac-

ter that can also be observed in the Supplementary

material 1. This characteristic allows the low water

absorption in the separation of oil in aqueous medium,

preventing the collapse of the microstructure of the

material due to water absorption. It also displays more

efficiency when absorbing oil in a single cycle,

facilitating the separation process (Annunciado et al.

2005; Likon et al. 2013).

The chemical treatment with MTMS provides

oleophilic and hydrophobic properties to the nanocel-

lulose aerogels. According to Xie et al. (2010),

reactive silanol groups are physically absorbed by

hydroxyl groups of cellulose though hydrogen bonds.

These groups also react with each other to form Si–O–

Si and Si–O–C bonds, promoting the hydrophobiza-

tion of the aerogel surface (Xie et al. 2010). This is one

of the possibilities that may have occurred in this

study, as evidenced by the modifications in the CNF

surface reported in the FTIR results, where it is

observed that the peaks and bands related to the

stretching vibration of the MTMS functional groups

appeared.

Contact angle measurement

Figure 6 shows the contact angle measurement test for

Sample 4, which was the only sample that displayed a

degree of hydrophobicity and surface modification, as

shown in the FTIR spectra and Fig. 4. The contact

angle measurement on the aerogel surface, in this case,

is defined as the angle between the solid surface and

the tangent of the liquid phase on the interface of the

solid phase. The contact angle measurements were not

possible to be done for Samples 1, 2 and 3, due to their

immediate absorption of the water droplets.

The contact angle obtained for this sample 4 was

133.51� ± 1.89�. This value is close to that found by

Nguyen et al. (2014) for hydrophobic aerogels

obtained by vapor deposition of MTMS. The authors

obtained a value of 135.20�. Zhang et al. (2014)

obtained a value of 136� for nanocellulose aerogels.

The angle of 1368 ± 28 using trimethylchlorosilane

(TMCS) was also found by Jin et al. (2015), but the

authors used the vapor deposition process. With

another type of reagent (AKD—2 wt%), Tarrés et al.

(2016) reported an angle of approximately 1208.
In theory, the higher are the values of the contact

angle, the higher is the affinity of aerogels to oils, thus

indicating more efficiency and more hydrophobicity,

facilitating the initial stages of oil sorption. These

results are in accordance with the water sorption tests.

Since the silanol functional groups are present on the

surface of the fiber, hydrophobicity is expected, thus

the contact angles are high (Wu et al. 2013). It is also

noted that, after 30 min, the contact angle remains
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almost unchanged. This is yet another evidence of the

hydrophobicity and stability of the aerogels obtained,

which may be an advantage to the potential applica-

tion of these materials for oil/water separation

processes.

The contact angle of water with the aerogel is

associated with the functionalization of the hydroxyl

groups by MTMS. According to Cunha et al. (2010),

the hydrophobic character of a material can be

evaluated by the contact angle of a droplet of water

on a surface, and when the contact angle is higher than

90�, one can classify the material as hydrophobic.

Based on these results and in combination with the

FTIR analysis and the identification of bands at

1270 cm-1, at 900 cm-1 and at 776 cm-1, and the

sorption tests in water medium, Sample 4 was the only

one that showed hydrophobic characteristics. Because

of that, the morphology and the sorption tests in oil and

oil/water medium were only conducted for Sample 4,

since Samples 1, 2 and 3 displayed hydrophilic

tendencies.

Sorption tests in homogeneous medium (oil)

The maximum sorption capacity of Sample 4 in

homogeneous oil medium was measured, in the

absence of water. A maximum oil sorption capacity

of 17.844 ± 1,294 g g-1 was obtained. Figure 7a

illustrates the tests at different times up until 15 min.

The adherence of oil to the surface of aerogels

occurs mainly due to the van der Waals and

intramolecular interaction forces. Because of the

chemical compatibility between the oil and the aerogel

surface, it is possible to overcome the minimum

energy required for the oil to be absorbed. In addition

to that, the existence of capillary forces on the oil due

to the interaction of the fiber with the oil, as well as the

presence of small pores in the structure of the aerogels,

are essential to provide better sorption capacity

(Rengasamy et al. 2011). Also, the surface roughness

plays an important role in the sorption process,

avoiding the leakage of the absorbed oil (Wang et al.

2013; Wu et al. 2013).

Fig. 5 Water and oil

droplet on hydrophobic

nanocellulose aerogel

(a) and the behavior of the

Samples 1, 2 and 3 (b) and
Sample 4 (c) in water

Fig. 6 Contact angle

measurements for Sample 4

from t = 0 to t = 30 min
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The sorption values found in this study are close to

those found by Nguyen et al. (2014), who obtained a

value of 18 g g-1 in homogeneous medium (oil) for

cellulose aerogels composed by 2% cellulose dis-

persed in 1.9% NaOH and 10% urea.

Sorption tests in heterogeneous medium

(water/oil)

Sorption tests in heterogeneousmediumwere performed

to evaluate the absorption of oil in water by the treated

aerogels. Figure 7b displays the sorption tests to differ-

ent times up until 15 min. Visually, it can be observed

that the aerogel in Sample 4 has a high affinity for oil, as

evidenced by the little oil residue seen at t = 15 min.

The total sorption in heterogeneous medium for Sample

4 was 16.782 ± 0.311 g g-1. In these tests, the water

uptake was not considered due to the fact that the values

obtained for sorption in aqueous medium (0.250 g g-1)

were lower than those of the standard deviation

calculated in the results for sorption in heterogeneous

media. The efficiency of the process was calculated

through the percentage of weight gained by the sample

and the percent oil in water. A value of 87.9% was

found. In contrast, using the vapor deposition process,

Jin et al. (2015) achieved a sorption of organic solvents

and oils between 12 and 22 times the aerogel weight.

Sorption processes of sorbent fibrous materials

happens due to their macro and microporous struc-

tures, as well as the inter and intra-fiber interactions of

the materials (Abdullah et al. 2010). According to

Tansel and Pascual (2011), this process occurs in three

main steps: the diffusion of the oil molecules onto the

surface of the materials, the retention of the oil due to

capillary forces and the accumulation of the oil into

the porous structure.

According to Cervin et al. (2012), the hydrophobic

coating provides the aerogel the ability to float in

water, as well as the capability to absorb non-polar

liquids. The depth of the chemical treatments is

efficient to turn the aerogels permanently hydropho-

bic, evidenced by the fact that the aerogels studied

kept floating on the water surface, even though not all

the oil had been absorbed.

Scanning electron microscopy with field emission

gun (FEG-SEM)

Figure 8 shows the micrographs of the aerogels from

Sample 4. In Fig. 8a, it is possible to see the lamellar

Fig. 7 Sorption capacity tests from t = 0 to t = 15 min: in homogeneous medium (oil) (a); in heterogeneous medium (oil/water) (b)
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structure of the aerogel, which is typical of the freeze

drying process, as explained in detail by Zimmermann

et al. (2016). The freezing of the samples close to

-80 �C prevents part of the agglomeration of the

fibers. Still, fibers with diameters in the range of 40 to

66 nm were obtained (Fig. 8b), as well as a few fibers

in the micrometric scale. Even though some agglom-

eration occurred, freeze drying can be an effective

drying technique when it comes to maintaining fibers

in nanoscale after drying.

Li et al. (2015) obtained CNF aerogels from freeze-

drying with a rigid, entangled network of nanofibers.

This provides aerogel formation with fibrillated mor-

phology. According to Arboleda et al. (2013), in the

freeze drying process, the solvent is removed by

sublimation under high vacuum, and so voids similar

to pores are created in the aerogel structure. The

cellulose chains are joined by intra and intermolecular

hydrogen bonds and van der Waals forces, forming

nanofibers that have diameters in the nanometer and

micrometer scale and length in micrometer scale

(Pääkkö et al. 2008; Missoum et al. 2013).

Drying processes for nanocelluloses have to be

chosen accordingly to avoid the densification of the

samples due to the capillary tensions and due to the

inter and intramolecular forces of the cellulose chains

(Pour et al. 2015; Sim et al. 2015). In freeze drying,

after the freezing of the samples, the nucleation and

crystal growth processes take place, and after the ice

has been sublimated, lamellar structure with a few

nanofibers (Javadi et al. 2013; Zimmermann et al.

2016). According to Kettunen et al. (2011), freeze

drying aerogels obtained from native cellulose

nanofibers usually present structures that differ in

pore size and micro and nanometric scale. The

surface roughness provided by this process also plays

an important role in its sorption efficiency, increasing

the adhesion of the oil to the fiber surface, as well as

increasing the surface area of the aerogels (Wang

et al. 2013).

Conclusions

In the present study, freeze drying hydrophobic

nanocellulose aerogels were obtained through one of

four methodologies initially tested. Method 4, with 2%

MTMS, mechanical stirring at 500 rpm and oven

drying for 2 h at 70 �Cwas efficient to yield oleophilic

aerogels. The mechanical fibrillation and subsequent

freeze drying processes were successful, and nanos-

tructured, lamellar aerogels were obtained. The

hydrophobic aerogel absorbed up to 16 times its own

weight of oil in aqueous medium, with an efficiency of

approximately 88% in oil removal. As such, nanocel-

lulose aerogels may be a viable alternative to

commonly used absorbents in the removal and con-

tainment of oil spills in marine waters.

Fig. 8 FEG-SEM micrographs of Sample 4: lamellar structure (a) and nanofiber detail (b)
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