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Abstract In this study, low density and high porosity

aerogels were produced through freeze drying of

cellulose nanofiber (CNF) dispersions with 0.6, 0.9

and 1.2 wt% concentration and modified via chemical

vapor deposition (CVD) of hexadecyltrimethoxylan

(HDTMS) to absorb and remove oil and organic

pollutants from the water. Aergels were evaluated by

density and porosity measurement, BET analysis,

scanning electron microscopy, contact angle, oil

absorption capacity and mechanical tests. The densi-

ties of unmodified and modified aerogels were in the

range of 8.0–13.8 and 11–17.5 mg cm-3, respec-

tively. The porosities of aerogels, before and after

modification, were 99.1–99.5 and 98.8–99.3%,

respectively. The porous structure formation via

successful self assembling of CNF was also evidenced

by the scanning electron microscopy images. All of

the modified aerogels, regardless of the initial CNF

concentration, had contact angle values greater than

90� and were classified as hydrophobic materials. The

0.6% sample revealed the highest adsorption capac-

ities of 78.8 and 162.4 g g-1 for motor and cooking

oils, respectively and the 1.2% aerogel exhibited the

maximum values of stress and Young’s modulus in

compression test. The results of this investigation

indicated that ultra-light, hydrophob and superab-

sorbent materials based on chemically modified cel-

lulosic aerogels with this type of silanated material

were successfully produced.
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Introduction

With the off-shore petroleum industry growth and the

necessity of marine oil transportation, water pollution

caused by the oil spillage has become one of the most

important threats to the marine ecosystem (Feng et al.

2015). Aiming to solve the oil-leakage problems,

several methods have been suggested (Feng et al.

2015). Commonly used methods can be mainly

categorized into three groups: chemical, biological

and physical methods. Dispersion, in situ burning, and

solidification are considered to be chemical methods

which are costly, complicated and not environment-

friendly. Use of microorganisms to degrade oil

hydrocarbons in the biological methods is effective

but time consuming, and its effectiveness is influenced

by pH, temperature, oxygen content, organic species,

etc. In physical methods, skimmers and booms are

often used to corral the oil, but their efficiency for oil

removal is limited (Feng et al. 2015; Wang et al.

2012). In recent years, physical absorption has

attracted much attention for the oil spill cleanup

issues, because of its low energy consumption, low

cost and also, facile operation (Feng et al. 2015). The

sorbents can be classified as: (1) inorganic minerals

(for example, exfoliated graphite, vermiculite, flyash,

diatomite, etc.) have low oil absorption capacity; (2)

synthetic organic sorbents (i.e., polypropylene, poly-

urethane, etc.) have a high affinity to oil, but because

of their low degradation rate, they create waste after

use; and (3) natual organic materials (such as rice and

coconut husk, chitosan, cotton, kapok fiber, sawdust,

sugar cane bagasse, wool, etc.) (Feng et al. 2015;

Nguyen et al. 2013). Most of these materials have

some limitations such as high cost, low oil sorption

capacity, poor reusability and inadequate buoyancy

(Wang et al. 2012). Therefore, it is of significance to

search for finding new environmental friendly adsor-

bents with low price and high capacity of oil

absorption and is a good choice to eliminate oil spills

(Nguyen et al. 2013). Aerogels are the world’s lowest-

density solids, which consist of 99.8% air by volume

but are also extremely rigid with the ability of bearing

load many times their own (Nguyen et al. 2013).

Aerogels can be potentially used for various applica-

tions including electrical conductive, supercapacitors,

energy storage, gas sensors, detectors, catalysis sup-

ports, thermal and acoustic insulation, cell culture

templates, drug carriers and absorbents (Jiang and

Hsieh 2014b; Zhai et al. 2016). Currently, silica-based

aerogels are the most widely used due to their low

density (4–500 mg cm-3), high porosity (up to 99%),

and large surface area (100–1000 m2 g-1) but a

typical problem of their inherent fragility has limited

their use in applications where mechanical strength is

needed (Yang and Cranston et al. 2014). Arogels made

of synthetic or natural polymers are suggested to

overcome the brittleness challenge because polymers

have generally less brittleness, more flexiblity, and

superior processability (Yang and Cranston 2014).

Compared to synthetic polymers from petrochemical

resources, cellulose, the most naturally renewable

resource with high aspect ratio, specific surface and

mechanical performance has been regarded as a most

promising alternative (Jian et al. 2014). Cellulose

aerogel has received attention due to its low density,

fine flexibility, high porosity, and strong absorptive

capacity (Jian et al. 2014; Laitinen et al. 2017). The

aim of this work was fabrication, characterization and
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investigating the oil absorption properties of aerogels

from modified cellulose nanofiber with hexade-

cyltrimethoxysilane (HDTMS) via chemical vapor

deposition (CVD) approach. Efforts have been made

to modify aerogels based on cellulose nano-fibers by

chemical vaporization of silane materials and some

literature on the characteristics of modified CNF-

based aerogels via CVD of methytrimethoxysilane

(MTMS) for the oil separation from water have been

published (Feng et al. 2015) but to the best of our

knowledge, there is no documented study in consid-

ering the CNF aerogel modification with this kind of

silane containing material. The longer the alkyl chain

of hexadecyl (16 carbon atoms) compared to methyl

(one carbon atom), the more hydrophobic the polymer

becomes and higher capacity of oil adsorption is

achieved.

Experimental sections

Materials

Cellulose nanofibers (CNF), as a white gel with fiber

diameters less than 100 nm and produced by passing

the water slurry of 1 wt% canola straw fibers through a

MKCA6–3 grinder (Masuko Sangyo, Kawaguchi,

Japan) at 1500 rpm, were purchased from Nano Novin

Polymer Company (Sari, Iran). HDTMS was supplied

by Sigma–Aldrich Inc. (St. Louis, MO, USA). Motor

and cooking (Sunflower) oils were provided by Beh

Tam Co. (Saveh, Iran) and Ladan Talaei Co. (Tehran,

Iran), respectively.

Methods

Atomic force microscopy (AFM)

Atomic force microscope (Veeco Metrology Inc.,

Santa Barbara, CA) was used to study the morphology

of cellulose nanofibers. Sample for AFM analysis was

prepared by dropping a diluted suspension of cellulose

nanofibers (one drop) onto freshly cleaved mica

followed by drying at room temperature. Conse-

quently, the sample was imaged in tapping mode and

height and amplitude images were collected.

Aerogels preparation

Aerogels were prepared using a slight modification of

previously described procedures (Cervin et al. 2012).

CNF dispersions with different concentrations of

nanofibers (0.6, 0.9 and 1.2 wt%) were prepared by

diluting a 2.4 wt% CNF gel with deionized water. The

resulting dispersions were continuously stirred at

room temperature (23 ± 1 �C) for 30 min using a

VWR magnetic stirrer (West Chester, PA, USA),

followed by freezing in liquid nitrogen. To control the

freezing rate and consequently, the properties of

prepared aerogel, a Teflon mold was mounted on a

cylindrical metal base of copper with 100 mm height

and 30 mm diameter. The diluted and homogenized

dispersion was poured in the mold, then, the assembly

was placed in a polystyren box and surrounded with

liquid nitrogen. The frozen samples were then trans-

ferred to a freeze dryer (Christ ALPHA 2–4 LD plus)

and kept frozen during drying at a pressure of

approximately 4 9 10-5 bar, which was typically

lasted for 2 days.

Density and porosity of CNF aerogels

The porosity of aerogel was calculated as:

Porosity ð%Þ ¼ qc � qa
qc

� �
� 100% ð1Þ

where qc and qa are the bulk density of cellulose taken
as 1.5 g cm-3 and the density of aerogel, respectively.

To calculate the aerogel density (qa = mass/volume),

the mass and dimensions (diameter and height) of each

cylindrical CNF aerogel were measured using a digital

balance and caliper with 0.1 mg and 0.01 mm accu-

racy, respectively.

Development of the hydrophobic cellulose

aerogels

A piece of the aerogel was placed in a 500 mL glass

bottle. A total of 3 mL of HDTMS was inserted in

another 10 mL glass bottle. The smaller glass bottle

containing HDTMS was placed inside the above-

mentioned 500 mL bottle. This ‘‘bottle-in-bottle’’

setup was designed in order to prevent direct contact

of the aerogel with HDTMS. Finally, the bigger bottle
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was sealed with a cap and placed in an oven at 155 �C
for 1 h. Unreacted silanes were removed by keeping

the aerogel in a LVO-2040 vacuum drying oven

(Daihan Labtech., India) until the pressure reached

0.03 mbar or less. Figure 1 is a schematic represen-

tation of aerogel preparation and modification and

Fig. 2 shows scheme of the chemical reaction between

CNF and HDTMS, respectively.

Morphology characterization

The specimens were fixed on a metal stub and

metallized with a 50 nm thick gold layer using a

Cressington 208HR High Resolution Sputter Coater.

The morphology was examined using a scanning

electron microscope (SEM) (XL30-Philips-Nether-

lands) with an acceleration voltage of 10 kV.

Brunauer–Emmett–Teller (BET) analysis

The pore characteristics were investigated by N2

adsorption–desorption measurements at - 196 �C
using an accelerated surface area and porosimetry

system (3H- 2000PS2 unit, Beishide Instrument S&T

Co., Ltd.). Each sample (approximately 0.055 g) was

degassed at 70 �C overnight and then at 115 �C for

4 h, followed by BET analysis at - 196 �C. The

specific surface area was determined by the BET and

Langmuir (LAN) methods from the linear region of

the isotherms in the relative pressure (P/P0) range of

0–0.40. Pore size distributions were obtained from the

desorption branch of the isotherms by the method of

Barrett–Joyner–Halenda (BJH). The total pore vol-

umes were estimated from the amount of N2 adsorbed

at P/P0 = 0.98.

Compression test

The compression test was carried out on a Universal

Testing Machine (SMT-20, SANTAM Co., Iran)

mounted with a 60 N load cell and supported with

STM-Controller software. The stress–strain curves of

cylindrical sample with 19 mm diameter and 13 mm

height were obtained at room temperature at a cross-

head speed of 1 mm.min-1.

FTIR spectra of CNF aerogels

The chemical structure of cellulose aerogel was

investigated and compared with modified samples

using Jasco ATR-FT/IR 4200 (Jasco Inc., Easton, MD

Corp., Tokyo, Japan) in the range of 4000–400 cm-1

in KBr pellets with a resolution of 4 cm-1.

X-ray diffraction

The structural and phase analysis of the samples was

investigated by using an X-ray diffractometer (Philips

PW 3040/60 Xpert Pro) with CuKa radiation (wave-

length = 1.5405 Å) in the step-scan mode (2h = 5�–
30�). The crystallinity index of cellulose (CIr), was

calculated based on the reflected intensity data

following the empirical method described by Segal

et al. (1959):

CIr ð%Þ ¼ ½ðI200 � IamÞ=I200� � 100 ð2Þ

where I200 is the peak intensity for both the amorphous

and crystalline fractions of cellulose I and Iam is the

peak intensity corresponding to the amorphous

fraction.

Fig. 1 A schematic representation of aerogel preparation and modification
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Surface wettability

The water contact angle (WCA) was measured by

using a video contact angle system (Tensio, CA-ES10,

Ezdiad Bardasht. Fars, Iran) to investigate the water

repellency of the aerogels modified with HDTMS.

During the test, the water droplets with an approxi-

mate volume of 5 lL were dispensed drop by drop

onto the surface of the samples. The contact angle

values were determined using Drop Shape Analysis

(DSA) software. Various measurements were per-

formed at different positions of the aerogel surface,

and the average values obtained from various mea-

surements were reported.

Oil adsorption capacity

To assess the oil absorption capability of the HDTMS-

modified aerogel, cooking and motor oils were used.

To implement the test, the HDTMS modified aerogels

(with diameter of 35 mm and thickness of 15 mm)

were weighted (Winitial) and immersed in 50 g oil at

10, 25, 40 and 60 �C for 1 h to ensure a swelling

equilibrium. After the impregnation, the aerogels were

slowly lifted up from the cotainer using a stainless

steel mesh basket. The excessive oil was drained in air

for 30 s and residual oil on the surface of the samples

was wiped with filter paper. The samples weight was

recorded after the test (Wfinal) and the absorption

capacity (g g-1), defined as the weight of absorbed

substances per unit weight of initial CNF aerogel, was

determined aacording to Eq. (3):

Q ¼ Wfinal �Winitial

Winitial

ð3Þ

where Wfinal and Winitial are the weights of samples

after and before adsorption, respectively.

Statistical analysis

All data were subjected to Analysis of Variance

(ANOVA) and differences between mean scores were

evaluated by Duncan’s Multiple Range Test. The

SPSS statistic program (Version 21.0) was used for

data analysis.

Results and discussion

AFM

Figure 3 illustrates the AFM images of the extracted

nanofibers, indicating that the entangled network of

nanofibers was obtained. The nanofibers diameters

were measured using image analyzer and the results

showed that the diameter of the nanofiber was less than

100 nm and they had several micrometers in length.

Morphology characterization

To dry the samples without destructing their struc-

tures, freeze drying technique was applied. In this

method, the specimens are frozen and the surrounding

pressure is reduced to allow the frozen water in the

samples to sublimate directly from the solid phase to

the gas phase, which creates a minimum of force on

the pore walls of the aerogels, preventing the porous

structure from collapsing. The relative size of these

pores and the formation of a specific feature depend

O

OH OH
n

O

* O Si OR

X

O

-2 ROH

SiRO OR

X

OR

n

O

O

OHOH

OH

Fig. 2 Chemical reaction between CNF and HDTMS. (Reproduced with permission from Bordeanu et al. 2010)
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not only on the nature of the solvent, concentration of

the solution, and the characteristics of starting material

but also on different freezing conditions applied to the

suspension (Dash et al. 2012). The faster cooling rate

results in the finer structure. On the other hand in case

of slow cooling or with a more concentrated solution,

the microstructure is noticeably scaled up (Dash et al.

2012). In each case, the cellulose nanofibers were

frozen at a constant cooling rate starting from room

temperature via the procedure described in the section

of aerogel preparation.

Figure 4 shows the surface morphology of unmod-

ified and modified aerogels. As can be seen, all the

samples have a highly porous structure consisting of a

network of interconnected uniform cellulose fibers,

indicating that CNFs were successfully self-assembled

via hydrogen bonding to form a three dimensional

porous network. With increasing the CNF concentra-

tion, the aerogel structure became more compact and

more tightly cross-linked. A comparison between the

SEM images of unmodified and modified aerogels

with 1.2% CNF loading reveals the effect of modifi-

cation on the samples morphology. The denser

structure of the modified specimen can be due to the

applied thermal stress during its modification stage as

well as the condensation through the placement of the

HDTMS between the cellulose nanofiber chains.

Density and porosity

Table 1 represent the densities and porosities obtained

for both unmodified and modified aerogels. The

average density of the aerogels ranges from 8.0 to

13.8 mg cm-3 for unmodified aerogel and

11–17.5 mg cm-3 for modified one as a function of

cellulose nanofiber concentration. As expected, the

bulk densities of the samples increased with increase

in CNF loading. These values were consistent with

(Feng et al. 2015) and even lower (Nguyen et al. 2014;

Wan et al. 2015) than densities reported for other

cellulose aerogels. Their low density can cause them

to be balanced on a dandelion without deforming the

fluffy seed heads (Fig. 5).

Average porosity of unmodified and modified

aerogels changes within the range of 99.1–99.5 and

98.8–99.3%, respectively. The porosity of the samples

Fig. 3 AFM image of

cellulose nanofibers

suspension
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decreases with the increase of CNF concentration.

Feng et al. (2015) reported lower values of porosity

(97.2–98.1%) for aerogels with CNF loadings of 1 and

0.75 wt%, respectively.

Specific area and pore structure

The pore diameter distributions of 0.6, 0.9 and 1.2%

CNF were evaluated and are shown in Fig. 6. The

aerogels had pore diameters of about 10–300 Å,

indicating that the materials possibly contain micro-

pores (\ 20 Å) and mesopores (20–500 Å), and

synergistic effects of hierarchical and multiscale pore

structures offer potential advantages for the adsorption

of adsorbates with various dimensions (Fig. 7).

Table 2 represents the detailed experimental results

of total pore and micropore volumes, as two frequently

derived properties from a nitrogen adsorption iso-

therm, and the specific surface area (as) of the

aerogels, determined by BET and LAN methods.

Lower values of total and micropore volumes were

reported in several literature (Heath and Thielemans

2010; Jian et al. 2014; Wan et al. 2015). Also, the

values of surface area agree well with or higher than

those reported in similar studies (Cervin et al. 2012;

Heath and Thielemans 2010; Jian et al. 2014; Wan

et al. 2015; Zhai et al. 2016). As expected, the BET

Fig. 4 SEM images of the modified CNF aerogels with different initial CNF concentration (top, left) 0.6%, (top, right) 0.9%, and

(bottom, left) 1.2% and (bottom, right) unmodified CNF aerogel

Table 1 Density and porosity of unmodified and modified aerogel

CNF concentration (%) Density (mg cm-3) Porosity (%)

Unmodified aerogel Modified aerogel Unmodified aerogel Modified aerogel

0.6 8.0a 11.0a 99.5a 99.3a

0.9 10.3b 13.7b 99.3b 99.1b

1.2 13.8c 17.5c 99.1c 98.8c

Different lowercase letters in the same column show the significant difference (P\ 0.05)

123

Cellulose (2018) 25:4695–4710 4701



surface area was higher compared to the LAN surface

area because the Langmuir isotherm assumes mono-

layer adsorption, while the BET isotherm is based on

the concept of multilayer adsorption. As can be seen,

different from the trend of cellulose nanofibers content

in the original hydrogel, the specific surface area

decreased as CNF concentration increased. Besides,

the specific area was negatively associated with the

bulk density (Table 1), and the aerogel with a higher

bulk density conversely had a relatively lower specific

surface area. Generally, it is concluded that for a

certain quality of porous materials, the samples with

more micro-nano pore structures probabely display

higher volume and specific surface area and conse-

quently lower density.

In accordance with the SEM images, unmodified

aerogels have a more open and porous structure that

can lead to higher values of specific surface area (as,

BET as, LAN) and total pore volume and a similar

explanation can be presented to justify the results of

BET analysis.

Fig. 5 Photograph of a lightweight aerogel (prepared from a

0.6% CNF suspension) standing on the top of a dandelion flower

Fig. 6 Pore size distributions of modified aerogel with different initial CNF concentration a 0.6%, b 0.9%, c 1.2% and d unmodified

aerogel with 1.2% CNF concentration

Fig. 7 Stress–strain curves of modified aerogels
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Compression test

The mechanical characteristics of NFC aerogels with

three various densities (10.96, 13.72 and

17.53 mg cm3) were investigated. Stress versus strain

curves of the aerogels are presented in Fig. 8. The

compressive stress–strain curves of all three aerogels

showed 3 stages: a linear elastic region, a non-linear

plastic deformation plateau, and then a dramatic stress

increase at low, medium and high strain, respectively

(Feng et al. 2015). In fiber based materials, the main

deformation is primarily attributed to the bending, or

even collapsing, of the pores, indicating that the

compression resistance originates from physical cross-

links and hydrogen bonds. At a high strain, the aerogel

deformation appears to be mainly as a result of

bending or damage of the mesopores whereby the

covalent bonds are compressed or broken and due to

the densification of the porous structure, the walls of

the pores begin to touch each other and form the load-

bearing parts (Yang and Cranston 2014).

The mechanical property data are summarized in

Table 3. The aerogels from higher starting concentra-

tions of CNF exhibited higher stress at the same

compressive strain compared to aerogels prepared

from low starting concentrations. Also, the Young’s

modulus increased with the increase in aerogel

densities, indicating better elastic characteristics of

those materials containing smaller pores and conse-

quently more closely spaced pore walls. The data for

other aerogels were collected from the literature and

are included in Table 3. The relatively low values of

maximum compressive stress and Young’s modulus of

the aerogels can be attributed to their ultralow

densities and high porosities.

FTIR spectra

The spectrum of unmodified aerogel (Fig. 8) was in

accordance with previous work (Paralikar et al. 2008).

The broad peak at 3500–3000 cm-1 was attributed to

hydroxyl groups. The low intensity peak at 2900 cm-1

corresponded to C–H symmetrical stretching. The

peak at 1640 cm-1 was assigned to the bending mode

of the absorbed water. The peaks at 1433 and

1363 cm-1 were due to CH2 and C–H bending. The

peaks at* 1160 and* 1110 cm-1 were likely due to

C–O–C asymmetric stretching of the glycosidic ring

and the peaks at around 1060 cm-1 probably arised

from ring and side group vibrations (Fan et al. 2012).

A peak at 706 cm21 was associated with the out of

plane bending of C–O–H. Some peaks related to silane

were identified in modified specimen as follows:

1285 cm-1, which were possibly related to the

bending of the C–H bonding of the –CH3 groups;

and between 820 and 800 cm-1 (m(Si–C)), attributed

to the stretching vibration of the Si–O or Si–C or the

bonds (Ozmen et al. 2007; Zhang et al. 2014).

XRD analysis

The X-ray diffraction of cellulose nanofibers, which is

roughly dependent on periodic arrays of atoms, are

conducted for many purposes such as delineation of

the H-bond, refinement of atomic positions and

determination of the crystallinity degree (French

2014). The X-ray diffraction method has the capability

to study the crystallinity of raw cellulosic materials

and derivatives. Therefore, X-ray diffraction can be

used to investigate the effect of the chemical modi-

fications on crystalline regions of cellulose. Generally,

the three crystalline peaks can be detected for

Table 2 Specific surface area (BET and LAN) and pore volume (total and micro) of aerogels with different initial CNF

concentrations

Aerogel CNF initial

concentration (%)

as, BET

(m2 g-1)

as, LAN

(m2 g-1)

Total pore volume

(cm3 g-1)

Micropore volume

(cm3 g-1)

Modified 0.6 297.74a 795.55a 0.77a 0.48a

0.9 270.21b 766.33b 0.70b 0.48a

1.2 261.91c 671.80c 0.69b 0.48a

Unmodified 1.2 299.98d 1046.13d 0.89c 0.48a

Different lowercase letters in the same column show the significant difference (P\ 0.05)

123

Cellulose (2018) 25:4695–4710 4703



Fig. 8 FTIR spectra of unmodified and modified aerogels

Table 3 Maximum stress and Young’s modulus and of NFC aerogels

Density

mg cm-3
Strength

(kPa)

Young modulus

(kPa)

References

Cellulose nanocibers aerogel 10.96a 30.49a 36.13a The present study

13.72b 54.75b 64.88b

17.53c 72.09c 85.44c

Recycled cellulose aerogel modified with

methyltrimethoxysilane

40 11 Nguyen et al. (2014)

Nanofibrillated cellulose aerogel 14 3.20 34.9 Sehaqui et al. (2011)

29 24.4 199

50 69 1030

105 238 2800

Cellulose nanofibrills aerogdel 8.1 25.3 54.4 Jiang and Hsieh et al.

(2014a)

Chemically cross linked cellulose nanocrystal

aerogels

5.6–21.7 8.9–20.5 Yang and Cranston et al.

(2014)

Different lowercase letters in the same column show the significant difference (P\ 0.05)
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cellulose I which are (110) at 2h = 14.9�, (110) at

2h = 16.6� and (200) at 2h = 22.7�. It is noted that

various samples such as partially mercerized fibers

could have more than one crystal form (cellulose I and

II), and it is essential not to undertake that only one

form exists in their diffraction patterns (French 2014).

In addition, it is believed that the cellulose is partly

amorphous and crystalline in molecular structure. The

X-ray diffraction patterns of the unmodified and

modified cellulose nanofiber aerogels are shown in

Fig. 9. The results showed that the unmodified aerogel

had a higher degree of crystallinity than the modified

(modified by silane group) ones. The crystallinity

value of the unmodified CNF aerogel was 60%while it

was 48% for modified sample. This phenomenon

probably is attributed to the fact that HDTMS is free of

crystalline domains, so by its addition to the aerogel

structure, the quota of crystalline to the total crys-

talline and amorphous portions of aerogel decreases

which consequently results in a lower degree of

crystallinity. In addition, the results revealed that the

X-ray diffraction patterns of the CNF aerogel did not

change after the chemical modification. The results

clearly illustrated that the used chemicals could not

change the cellulose structure and the changes and

swelling took place only on the surfaces and the

amorphous area of the nanofibers.

Surface wettability

To determine the effect of the modification on the

hydrophobicity of the aerogel, water contact angle was

measured. The unmodified aerogels immediately

absorbed the water droplets (Fig. 10a) because of

abundant pore structures and their inherent

hydrophilicity and they did not exhibit a measurable

contact angle. On the contrary, the water drops stayed

on the surface of modified aerogels with high WCA of

* 121� to * 139� (Fig. 11, Table 4), revealing their

hydrophobicity or lipophilicity. When the contact

angle is higher than 90�, the material is classified as

hydrophobic.

The volume of the material used for aerogel

modification was the same. Therefore, by increasing

the initial cellulose nanofiber concentration in the

aerogel, the proportion of the hydrophobic HDTMS to

the hydrophilic cellulose nanofibers is reduced, result-

ing in the reduced contact angle at higher CNF

loading.

The obtained values were in accordance with

previous research on WCA of modified cellulose

aerogels with various silane containing materials, such

as trimethylchlorosilane (Jian et al. 2014) and

methyltrimethoxysilane (Nguyen et al. 2014). Floating

of HDTMS modified cellulose aerogel on the water

(Fig. 10b) unlike unmodified samples (Fig. 10c), the

necessity of exerting an external pressure for its

immersion into the water (Fig. 10d) and quick

immersion into the motor and cooking oils without

any pressure (Fig. 10e, f) further confirmed its

hydrophobicity. The extraordinary hydrophobic per-

formance of the modified cellulose aerogel could be

used in effective oil/water separation. HDTMS mod-

ified aerogels, because of their low density, high

porosity and surface hydrophobicity, maybe an ideal

candidate for the oils and organic solvents removal

from water.

Oil adsorption capacity

Because the oil spill accidents lead to serious pollution

of the environment and also, energy waste, the oil

removal from water has attracted considerable aca-

demic and commercial interest (Xue et al. 2014; Yu

et al. 2015). Typical strategies for accidental oil spills

remediation include emulsification using dispersants,

absorption using natural or synthetic adsorbent mate-

rials, and controlled burning of surface oil (Yu et al.

2015). The low density, sponge-like aerogels with

superhydrophobic and superoleophilic properties are aFig. 9 X-ray diffractogram of unmodified and modified

aerogels
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potential candidate for the organic pollutants removal

from water (Yu et al. 2015).

Sorption processes of sorbent fibrous materials

occur because of their micro and macroporous

structures, and also the inter and intra-fiber interac-

tions of the materials (Abdullah et al. 2010; Zanini

et al. 2017). According to Tansel and Pascual (2011),

this process occurs in 3 main steps: (1) the oil

(b) (c) (d) (f)

(a)

(e)

Fig. 10 a Water droplet (colored with bromothymol blue)

adsorbed by unmodified CNF aerogel. b A HDTMS modified

CNF aerogel with three colored water drops on the surface

floating on the water. c Behavior of the unmodified CNF aerogel

in water. d Immersion of modified cellulose aerogel into the

water by exerting an external pressure. e, f Behavior of the

cellulose aerogel in motor and cooking oil. (Color figure online)

Fig. 11 Water contact angles on the hydrophobic CNF aerogel a 0.6%, b 0.9%, c 1.2%
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molecules diffusion onto the materials surface, (2) the

oil retention due to capillary forces and (3) the oil

accumulation into the porous structure (Tansel and

Pascual et al. 2011; Zanini et al. 2017).

The oil adherence to the aerogels surface happens

mainly due to the intramolecular interaction and van

derWaals forces. The chemical compatibility between

the aerogel surface and the oil offers the possibility of

overcoming the minimum energy needed for the oil to

be absorbed (Zanini et al. 2017). In addition to that, the

pore morphology (the presence of small pores in the

aerogels structure) and the existence of capillary

forces on the oil due to the fiber-oil interaction are

considered as essential factors for a higher adsorption

capacity (Rengasamy et al. 2011; Zanini et al. 2017).

Furthermore, the surface roughness is a key factor in

the sorption process and prevents the leakage of the

absorbed oil (Wang et al. 2013; Wu et al. 2013; Zanini

et al. 2017). It is well-known that the absorption

process of oils by the absorbents is controlled via the

oil viscosity too. The temperature has an effect on the

oil viscosity and consequently, oil absorption capa-

bility of the HDTMS-modified cellulose nanofiber

aerogel.

In accordance with the reported results by Zanini

et al. (2017), at low temperature (10 �C), the oil

formed a gel with a high viscosity value of about

637 cP (Fig. 12), preventing the oil diffusion into the

aerogel pores and causing a low absorption capacity.

An increase in the testing temperature from 10 to 25,

40, and 60 �C and consequent decrease in the oil

viscosity (from * 637 to * 32 cP for motor oil and

from 81 to 16 cP for cooking oil) caused easier and

faster diffusion of the oil into the porous aerogel

network. However, the sharp reduction in the oil

viscosity at 60 �C led to a poor adherence of the oil to

the pore walls, and consequently, more oil drainage.

The highest capacity of oil absorption was achieved at

25–40 �C, at which the low oil viscosity value

facilitated the oil penetration into the aerogel pores

while is high enough for the oil retention in the aerogel

structure (Zanini et al. 2017). So, in this study, the

results obtained at 25 �C were recorded and summa-

rized in Table 5 and data related to the lower and

higher temperatures are not shown. As can be seen,

0.6% CNF aerogel, with large specific surface areas

adsorbed more oil than that of 0.9 and 1.2% CNF

aerogel.

These values were higher than those of some

commercially available adsorbents such as activated

carbon (\ 5 g g-1), raw nonwoven polypropylene

(15 g g-1), silica aerogels (16 g g-1), cotton fiber (ca.

30 g g-1), and most of the cellulose aerogels modified

with diffierent silane containing materials (Table 4)

and comparable with those reported for other absor-

bents from synthetic polymers (14–57 g g-1), cellu-

lose fibers (20–50 g g-1), chitin sponges

(29–58 g g-1), carbon aerogels made from cellulose

(29–192 g g-1), and polyurethane foams (40 g g-1),

but lower than those for graphene and carbon nanotube

aerogels (200–743 g g-1) (Zhou et al. 2016).

Figure 13 shows the first minutes of the motor and

cooking oils sorption processes, respectively. It is seen

that the material easily absorbs cooking oil and also,

the absorption process of motor oil proceeded within

5 min, indicating the high oil affinity of the absorbent.

The lower adsorption rate of motor oil can be

attributed to its higher viscosity.

Oil absorbing–squeezing circulation behavior of

the aerogels was investigated. In the 1st cycle, a clean

aerogel was used for immersion. However, a small

portion of the oil sticks to the aerogel and a decrease in

Fig. 12 Motor and cooking oil viscosity as a function of

temperature

Table 4 Water contact angle (WCA) of chemically modified

aerogels

Initial CNF concentration (%) WCA (�)

0.6 138.9a

0.9 126.7b

1.2 121.1b

Different lowercase letters in the same column show the

significant difference (P\ 0.05)
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the oil absorption capacity for the 2nd cycle is

expected. From the sequential oil adsorption and

regeneration tests, it was revealed that the aerogel

behavior was stable even after 20 adsorption cycles

(data not shown here) and there was only a negligible

decrease compared to the 1st run. As a result, the

prepared aerogels are highly worthy of being

employed several times without considerable loss in

their efficiency, demonstrating their superior

reusability.

Conclusion

Repeated leaks and increased organic pollutants cause

several damages to the environment and ecosystem. A

low density material with highly porous structure was

fabricated by the freeze-drying of cellulose nanofiber

dispersions for the effective separation of non-polar

from polar liquids. This high porosity was an advan-

tage for their application as an absorbent but a

disadvantage for their mechanical properties including

Young’s modulus and maximum compressive stress.

In order to render the ultralight and porous materials

hydrophobic with a high water contact angle, they

were exposed to vapor phase deposition of hexadec-

cyltrimethoxysilane. After modification, two various

oils (cooking and motor) were quickly and reversibly

absorbed by the aerogels. It was found that the initial

CNF concentration significantly affects the oil absorp-

tion capability of the modified CNF aerogels and the

0.6 wt% concentration results in the maximum values

of motor and cooking oil adsorption, approximately 79

and 162 g g-1, respectively, surpassing commercial

Table 5 Motor and cooking oil adsorption capacity

Concentration (%) Temperature (�C) Oil adsorption capacity (g g-1) References

Motor oil Cooking oil

Cellulose nanofibrills aerogel modified with hexadecyltrimethoxysilane The present study

0.6 Room temperature 78.8a 162.4a

0.9 69.1b 140.2b

1.2 55.7c 94.6c

5w50 motor oil Singer machine oil Feng et al. (2015)

Recycled cellulose aerogel modified with methyltrimethoxysilane and kymene

0.5 25 62.6 59.3

50 64.9 61.0

70 59.2 58.2

0.75 25 48.1 46.1

50 53.8 48.8

70 46.3 47.6

1 25 45.9 40.4

50 46.5 43.1

70 46.2 42.4

Wheat, bamboo, filter and cotton cellulose aerogel modified with methyltrichlorosilane Wan et al. (2015)

2 Room temperature Waste motor oil

13.5–20.6

Recycled cellulose aerogel coated with methyltrimethoxysilane Nguyen et al. (2013)

2 25 RB crude oil TGT crude oil RD crude oil

18.4 18.5 20.5

Cellulose aerogel modifieied with trimethylcholorosilane Jian et al. (2014)

Motor oil

18.7

Different lowercase letters in the same column show the significant difference (P\ 0.05)
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oil adsorbent sheets and also, many of other CNF

aerogels reported to date. The better performance of

HDTMS-modified aerogels in terms of higher oil

adsorption capacity can be attributed to the longer

alkyl chain of hexadecyl compared to methyl. As such,

this modified aerogels can be introduced as a viable

alternative to commonly used absorbents in the

removal of oil spills from oily waste water.

140 s60 s 100 s0 s

180 s 200 s 240 s 300 s

0 s 24 s12 s 18 s

30 s 36 s 42 s

Fig. 13 Oil absorption process of the aerogel with 0.6% of the initial CNF concentration: (top) Motor oil, (bottom) Cooking oil

123

Cellulose (2018) 25:4695–4710 4709



Acknowledgments This article was the result of M.Sc.

dissertation approved by the University of Shahreza. The

authors wish to acknowledge to the Iranian National Science

Foundation for the financial support Research Project #

92043921.

References

Abdullah M, Rahmah AU, Man Z (2010) Physicochemical and

sorption characteristics of Malaysian Ceiba pentandra (L.)

Gaertn. as a natural oil sorbent. J Hazard Mater

177(1):683–691

Bordeanu N, Eyholzer C, Zimmermann T (2010) Surface

modified cellulose nanofibrils. EP2196478 A1, Patent

Cervin NT, Aulin C, Larsson PT, Wågberg L (2012) Ultra
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