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ABSTRACT: A highly hydrophobic and oleophilic chitin sponge was synthesized, for the
first time, via a freeze-dried method and then by using a thermal chemical vapor deposition
of methyltrichlorosilane (MTCS) at different relative humidity. Fourier-transform infrared,
energy-dispersive X-ray spectra, and scanning electron microscopy confirmed that the
silanization occurred on the pore wall surface of the chitin sponge. The MTCS-coated
chitin sponge had interconnected open-cell structures with the average pore size from 20
to 50 μm, and the MTCS nanofilaments immobilized on the chitin matrix, leading to the
high hydrophobicity, as a result of the existence of a solid/air composite rough surface.
Cyclic compression test indicated that the hydrophobic chitin sponges exhibited excellent
elasticity and high mechanical durability. The sponges could efficiently collect organics
both on the surface and bottom from the water with the highest 58 times of their own
weight absorption capacities through the combination of the particular wettability and
great porosity. Furthermore, the biodegradation kinetics of the chitin sponge forecasted
that the chitin could be completely biodegraded within 32 days by the microorganisms in
the soil. This work provided a new pathway to prepare the chitin-based materials for highly effective removal of oil from water,
showing potential application in the pollutant remediation field.

KEYWORDS: chitin sponge, surface modification, high hydrophobicity, solid/air surface, oil absorption and separation,
biodegradability

■ INTRODUCTION

With the development of industry and society, more environ-
mental problems such as the water pollution resulting from oil
spillage, industrial discharge of organic solvents, and heavy
metal ions have emerged as a critical worldwide issue, imposing
severe environmental and ecological damage.1−7 To address
this challenge, many efforts have been proposed for oil spill
remediation, such as dispersants,8,9 solidifiers,10 absorb-
ents,11−15 and controlled burning. Among these techniques,
the approach of using three-dimensional (3D) porous
absorbents is promising and attractive because it can not only
remove these chemicals but also can reclaim them.6,16−18 Oil
absorbents used in oil spill cleanup should meet several criteria,
including high oil sorption capacity, selective oil/water
separation, fast oil sorption, low density, cheap, environ-
mentally friendly and reusability.4,19,20 During recent years, a
wide range of novel and advanced absorbent materials
possessing hydrophobic surfaces and interconnected macro-
porous structure with excellent absorption performance have
been developed for the recovery and separation of organic
pollutants from water. Among these materials, synthetic
polymers including polyurethane (PU),6,21 polyvinyl-alcohol
formaldehyde (PVF),22 and polyvinylidene fluoride (PVDF),23

and inorganic materials, such as carbon soot,24 carbon
nanofibril sponges,2,14 vaterite particles,25 carbon aerogels,26,27

and graphene sponges,28 have been demonstrated to be highly
efficient. However, because of the high cost and complicated

fabrication procedures the large-scale fabrication of such
functional materials for wide applications is very difficult.29

Moreover, almost none of these materials is biodegradable,
which would lead to the white pollution.30 Thus, the
exploitation of novel, robust, safe, and environmentally friendly
materials produced from the most abundant natural polymers
such as cellulose, chitin and starch, for the applications has
become extremely urgent.
Recently, many researches have focused on the development

of the sustainable absorbent materials based on natural
products. Cellulose and chitin are the abundant nature
polymers in the earth. A large amount of cellulose-based
sponges have been developed as high effective oil absorbents
with attractive additional properties such as renewability, good
mechanical properties, low density, high porosity, and environ-
mentally friendly.19,31−34 However, to the best of our
knowledge, chitin as the oil/water separation materials has
been reported scarcely due to its difficult dissolution in most
common solvent for further processing. In the previous work,
we have successfully dissolve chitin in NaOH/urea aqueous by
using freezing (−30 °C)/thawing cycles to fabricate transparent
chitin solution, from which the chitin films35 and micro-
spheres36 have been constructed. Moreover, the chitin-based
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materials have been proved to be the excellent adsorbents for
many organic hazardous pollutants37,38 owing to the extensive
existence of the acetyl amino groups, which can trap many
organic substances.
Here, we attempted to construct a chitin sponge from the

chitin solution in NaOH/urea aqueous system to be employed
as oil−water separation absorbents. The existence of both
hydrophilic hydroxyls and acetyl amino group and hydrophobic
pyranose rings on the chitin molecules, resulting in amphilicity
of the chitin-based materials, leading to the uptake of both
polar and nonpolar liquids. Chemical vapor deposition (CVD)
of organosilane has become a facile process for controlling the
surface chemistry to tune the hydrophobicity of hydrophilic
surfaces.29,39−41 Silanes with hydrolyzable group (halogen or
alkoxide) can be hydrolyzed into silanols, and then condensate
with each other or the hydroxyl groups on the surface of
solidmartrix.32 In present work, for the first time, the
hydrophobic and oleophilic chitin sponges were constructed
via a facile synthesis and simple thermal CVD process of
organosilane on their surface. The hydrophobic chitin sponge
exhibited many remarkable properties, including very low
density, high porosity, good mechanical properties and
excellent oil absorption performance (see Table 1). Especially,

the chitin sponges can be easily recycled, even after discarded in
the river, lake or ocean, they could be biodegraded or digested
as the forage for the fish or animal, showing the great
significance for environmental protection.42

■ EXPERIMENTAL SECTION
Materials. Chitin powder was purchased from Golden-Shell

Biochemical Co. Ltd. (Zhejiang, China). The chitin powder was
purified by NaOH (5 wt %) and HCl (7% HCl) aqueous to remove
the residual protein and minernal as a proedure described previously.35

The chitin powder was soaked in 5 wt % NaOH, 7 wt % HCl and 5 wt
%NaOH for 10h, 24h and 24h in order, respectively. And after every
time treatment by the NaOH (5 wt %) or HCl (7 wt %) aqueous, the
chitin powder was washed with the distilled water until the pH was 7.
At last, the chitin powder was dried in the oven at 60 °C for 24h. The
chitin was dissolved in LiCl/DMAc with a concentration of 5% (w/v)
and the weight-average molecular weight (Mw) was determined to be
53.4 × 105 in by dynamic light scattering (DLS, ALV/GGS-8F, ALV,
Germany). All of the chemical reagents were purchased from
commercial sources in China, and were of analytical-grade.
Preparation of Chitin Hydrogels. The chitin hydrogels were

prepared according to the procedure described by our previous
work.43 Briefly, 22g NaOH and 8g urea were dissolved in 170g distilled
water to obtain the solvent, and then 2 g chitin powder was dispersed
in 98 g NaOH/urea aqueous solution (11 wt % NaOH/4% urea).
After the freezing (−30 °C for 4 h)/ thawing (at room temperature)
cycles for twice, transparent 2 wt % chitin solution was obtained. The
chitin solution was centrifuged at 7200 rmp for 15 min at 0 °C to
remove the bubbles and a few of impurities. Subsequently, 6 mL of

cross-linker of epichlorohydrin (ECH) was dropwised into 100 g of
the chitin solution within 30 min and stirred at 0 °C for 1.5 h to obtain
a homogeneous solution, which was then kept at 25 °C for 4 h to
transform into a hydrogel. Finally, the hydrogels were immersed in
distilled water for 3 days to remove any residues.

Preparation of Hydrophobic Chitin Sponges. The chitin
hydrogel was cut into appropriate size of pieces, and precooled in a 4
°C refrigerator for 12 h to avert macroscopic fracture in the following
violent freezing step. Subsequently, the precooled chitin hydrogel was
frozen in a −80 °C refrigerator for 5h followed by the freeze-dried at a
condenser temperature of −45 °C under vacuum (0.025 mbar) for 48h
to produce the sponges. A thermal chemical vapor deposition (CVD)
technique was used to modify the surface of the chitin sponges to give
a hydrophobic properties to the chitin sponge. A small desiccators with
chitin sponges were equilibrated for 24 h in a bigger desiccators with
different relative humidity (RH 35%- 65%) at ambient temperature as
shown in Figure S1 in the Supporting Information. The RH in the
desiccators were controlled by the saturated solution of MgCl2 (RH
34%), K2CO3 (RH 43%) and NaBr (RH 65%). The coating of the
chitin sponge was initiated once the 500 μL methyltrichlorosilane was
transferred into the inside desiccators. The desiccators was kept at 50
°C for 12 h with the cover closed, then under vacuum at 50 °C for 1 h
with the cover open. Subsequently, another 500 μL MTCS was added
into the desiccators and it was kept in an oven at 50 °C for another 12
h. The surface-treated chitin sponges were kept in a vacuum oven at 50
°C under vacuum for more than 1 h to remove the residual silane and
the byproduct (HCl).

Characterization. The mass and volume was identified to calculate
the densities of the sponges. PerkinElmer Fourier-transform infrared
(FT-IR) spectrometer (model 1600, Perkin−Elmer Co. USA) was
used to investigate the FT-IR spectra of the samples. with the KBr-disk
method. The morphologies of surface and crosssection of the chitin
sponges was observed on a field emission scanning electron
microscopy FESEM (SEM, SIRION TMP, FEI) with an accelerating
voltage of 5 kV. The chitin sponge was sputtered with gold before
observation. Two μL water was dropped onto the surface of the
sponges on a Data Physics instrument (OCA20) with a dynamic mode
to investigate the contact angle. The porosity was calculated by eqs 1,
2, and 3 in the Supporting Information.32 Compression testing was
conducted on a universal testing machine (CMT6350, Shenzhen
SANS Test Machine Co., Ltd., Shenzhen, China) fitted with a 200 N
load at compression rate of 10% strain min−1. The size of the tested
samples for compression was cylinder (30 mm for diameter, 10 mm
for height). Before the test, a 0.01N power was preloaded on the
sponge.

All tests for oil removal were performed at 25 °C. The MTCS-
coated sponges were weighted (W0), and then introduced into the
mixture of various types of oils (or organic solvents) and water with
1:1 volume ratio. The volume of the absorbents was 1.5 cm × 1.5 cm
× 1.5 cm cube. The weight of absorbents was monitored at decided
time interval. The oil/organics swollen sponges were removed from
the mixture at certain intervals, and the soaked sponges were weighed
after the sponge surface was wiped with a filter paper to remove excess
oil (or organic solvents)/water on the surface. The mass absorption
capacity (Qt) at time was calculated from the mass by

= −Q W W W( )/t t 0 0 (1)

Where W0 and Wt are the weights of the chitin sponges before and
after absorption at time t, respectively. The absorption process was
very fast and generally reached equilibrium within a few minutes. So,
the saturated mass absorption capacity (Qs) was measured after the
absorbents were immersed into the different oil (or organic solvents)/
water mixture for 20 min. The every surface of the sponge cube was
tested as the contact surface of the sponge to the oil. And the results
were almost the same, indicating the different contact surface did not
affect the oil adsorption performance. Then the volume-based
absorption capacity was calculated by

ρ ρ=V V m m/ ( / )/( )oil s oil s s oil (2)

Table 1. Physical Properties and Si Content of the Uncoated
and Coated Chitin Sponges

sample
density
(kg m−3) porosity %

Si content relative atomic %
by EDX

uncoated sponge 20.1 98.59 0
coated sponge-RH
34%

21.2 98.50 0.68

coated sponge-RH
43%

22.7 98.39 0.89

coated sponge-
RH65%

24.3 98.26 1.27
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Where ρs and ρoil is the density of the chitin sponges and the oils,
respectively.
To study the reusability, the oil/orgnic swollen chitin sponges was

rinsed for 10 min with 75 mL of toluene for 3 times. Subsequently, the
chitin sponges were vacuum-dried at 65 °C for 8 h and then weighed.
To perform the biodegradation test, the chtiin sponges (2 cm × 2

cm × 0.5 cm) enclosed in a nylon fabric (500 meshes) were buried at
8 cm depth in natural soil in a 30 L pail. The mean parameter of the
soil was 23 °C,20%, 6.8 for temperature, moisture, and pH,
respectively. The degraded pieces of sponges were removed one by
one, cleaned carefully with water, and then freezing-dried for 2 days.
The degraded sponge samples from the buring time of 2 to 25 days
were characterized with SEM and the mass change for the degradation
kinetics, respectively. The 3-day intervals were choosed to investigated
the weight loss of the chitin spongs.

■ RESULTS AND DISCUSSION

Structure and Hydrophobicity of the MTCS-Coated
Chitin Sponge. From the chitin solution dissolved in the
NaOH/urea aqueous system at low temperature, the chitin
hydrogels were fabricated according to the method previously
reported in our laboratory43 as shown in Figure S2 in the
Supporting Information. The chitin sponges were successfully
prepared from its hydrogels using freeze-drying methods. The
resulting chitin sponge remained 94% of its initial volume with

the appropriate processing way To fabricate hydrophobic
sponges, we performed a simple thermal chemical vapor
deposition of MTCS in a gaseous phase to modify the hydroxyl
groups on the porous surface of the sponges. The structure and
morphology of the chitin sponges before and after MTCS
treatment was investigated by SEM measurements. Figure 1a−d
shows the surface of the unmodified and modified chitin
sponges. The similar highly porous microstructures with
uniform pore sizes (typically 20−50 μm) displayed on the
surface, confirming that the mild reactions modified with
MTCS changed hardly the original structure and morphology
of the chitin sponges. Interestingly, the pore on the surface of
the chitin sponge was found to be oriented. It could be
explained by the orient growth of the ice crystallization from
the outside of the sponge (every face of the chitin sponge) to
inside. As a result, on the every surface of the chitin sponge,
they exhibited the same orientation from outside to inside (see
another surface in Figure S3 in the Supporting Information).
After modified, a relatively denser silicone nanofilaments
appeared on the surface of the pore wall of the chitin sponge
(Figure 1f−h, j−l), compared with the smooth surface of the
unmodified chitin sponge (Figure 1e, i). Interestingly, a relative
higher humidity (RH 43%, 65%) led to the formation of
organosilane spherical particles on the pore wall surface of the

Figure 1. SEM images of the top surfaces of the chitin sponges: (a, e, (i) uncoated chitin sponge; coated chitin sponges under RH = (b, f, j) 34%, (c,
g, k) 43%, and (d, h, l) 65%, (e−l) are the magnification image of the pore wall of chitin sponge; insets in a, b, c, d corresponding to pictures taken
during water contact angle measurement.

Scheme 1. Scheme to Describe the Reaction of Methyltrichlorosilane with the Hyroxyl Groups on the Surface of Chitin Sponge
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sponge and some much larger polysiloxane nanofiber in the
holes of sponge as shown in Figure 1g, h, k, l and Figure S4 in
the Supporting Information, respectively. A describing of the
MTCS-coated process on the chitin sponge is proposed in
Scheme 1. The formation mechanism for the coated chitin
could be ascribed to the hydrolysis of MTCS, and to perform
the following reaction with other silanols or the isolated
hydroxyl groups on the surface of chitin sponge, leading to the
remaining of the large amount of acetyl amino groups, similar
to that reported in literatures.39,44 The relatively large amount
of water in the air led to a more rapid hydrolysis of MTCS,
resulting in the formation of a string-like aggregation of the
organosilane (Figure S4c, d in the Supporting Information).
Thus, the silicone nanofilaments appeared on the surface of the
chitin pore wall. As shown in the inset of Figure 1a, the water
droplet penetrated completely into the sponge within 60 s,
namely none of the corresponding static contact angle,
indicating the hydrophilic surface of the pristine chitin sponge.
On the contrary, the modified chitin sponges displayed
remarkably higher water contact angles of 145° ± 0.7°, 146°
± 0.8°, and 148 o ± 0.7°, as shown in insets of Figure 1b−d,
respectively. This demonstrated that the silicone nanofilaments
immobilized on the surface of the chitin sponge led to the
enhancement of the hydrophobicity. The SEM images of the
cross-section for the chitin sponge before and after MTCS
treatment are shown in Figure 2. All the sponges exhibited a
highly porous structure (20−50 μm) with an inherent 3D-
interconnected network, as shown in Figure 2a−d. Their
morphology and pore size of cross-section were similar to that
of the surface of the chitin sponges (see Figure 1). Noticeably,
small-sized MTCS nanofilaments (with diameter of 15−50 nm)
could even grow uniformly deeply and imbedded onto the pore
wall surface of chitin sponge and their density and diameter
increased with an increase of relative humidity, leading to the
hydrophobic chitin sponges (Figure 2j, k, l and Figure S5 in the
Supporting Information). Moreover, some larger nanofilaments
could also be observed in the pores, as shown in Figure S6 in
the Supporting Information. This result could be ascribed to
(1) the rapid diffusion of the reactive precursors in the gas
phase and (2) interconnected inherent porous structure of
chitin sponge, enabling MTCS to permeate through the sponge
skeleton. It was noted that the blocked pores inside the
modified sponges could not be observed, because only the pore
wall surface was modified, as shown in Figure 2. Therefore, the
MTCS coated chitin sponges had high hydrophobicity and
permeability. In view of the results in Figures 1 and 2, the high
hydrophobicity of the modified sponges was caused by the

introduction of the hydrophobic silicone and construction of
the nanofilaments on the chitin surface. Particularly, the nano-
and microinterspaces between the MTCS nanofilaments could
trap abundant air, resulting in a solid/air composite rough
surface, leading to the high water contact angles.45−47 As a
result of the combination of the characteristics with the
properties of the immediate transport of gas and liquid in the
sponge through the open-pore 3D network structure, the
MTCS coated chitin sponges would benefit the rapid uptake of
oil.

Interface Interaction between Chitin and MTCS
Nanofilaments. Energy-dispersive X-ray (EDX) spectra was
also performed to investigate the silanization on the surface of
the chitin sponges. Figure 3 shows the EDX spectrum of the
surface of the uncoated and coated chitin sponges. The
unmodified chitin sponge displayed the carbon and oxygen, and
no silicon or nitrogen peaks, indicating the much lower
intensity of N, compared with carbon and oxygen. After
silanization, the carbon, oxygen, chlorine and silicon appeared

Figure 2. SEM images of the cross-section and enlarged view of pore wall surface of the chitin sponges: (a, e) uncoated chitin sponge; MTCS-coated
chitin sponges under RH = (b, f) 34%, (c, g) 43%, and (d, h) 65%.

Figure 3. EDX spectra of the surface of the chitin sponges: (a)
uncoated and (b) coated under = RH 43%.
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in the EDX spectrum of the MTCS coated chitin sponge. The
relative silicon atomic percentage calculated by element anglysis
was 0.89 (RH 43%). The silicon content increased to 1.27%
with further increase of RH to 65% (Figure S7, silicon content
= 0.68 for RH 34%), owing to the more hydrolysis of MTCS as
shown in Table 1. Moreover, the cross-section exhibited
relatively low silicon content (0.47 for RH 34%, 0.53 for RH
43%, and 0.71 for RH 65%), as a result of the relatively low
density of MTCS compared with the surface as shown in Figure
S8 in the Supporting Information. The silanization of the chitin
sponges was further confirmed by FTIR analysis as shown in
Figure 4. The amide band I and II at around 1660 and 1560

cm−1 of the chitin sponges before and after modification
revealed that the acetyl amino groups were not modified. The
vibrations of Si−O−Si band at 781 cm−1 and C−Si asymmetric
stretching band at 1273 cm−1 in C−Si−O units of the MTCS-
coated sponge were determined.32,48 It is not hard to imagine
that the mechanical stability of the porous polysiloxane coatings
on the sponge could be greatly enhanced by the cross-linked
Si−O−Si bond, which would be beneficial for hydrophobicity
maintenance in practical application. As shown in Figure 4, the
stretching vibrations of hydroxyl groups of the MTCS-coated
chitin sponge was broadened and shifted to 3419 cm−1

compared with that of the unmodified chitin sponge at 3429
cm−1. The results indicated that the strong interaction occurred
between the hydroxyl groups of chitin and organosilane,
accompanying with the covalent bonds between them (as
shown in Scheme 1). Therefore, the stability of the coated
organosilane on the chitin surface and the interface interaction
of the two components were enhanced significantly.
For the practical application, the mechanical properties of

these materials are important. Figure 5a shows the cyclic
compression stress−strain curves of the MTCS-coated chitin
sponges at maximum strains (ε) of 35, 50, and 65%, in which
MTCS-coated chitin sponges recovered 92%, 86% and 81% of
their original thickness after unloading at each strain,
respectively (see Figure S9 in the Supporting Information).
Hysteresis loops of the curves appeared, indicating the
dissipation of mechanical energy due to friction between
flowing air and the sponge skeleton. The cyclic stress−strain
curves of the MTCS-coated sponges confirmed that the
hydrophobic sponges could be compressed to large strains (ε
= 35−65%) at relatively low stresses (9 KPa to 26 KPa) (Figure

Figure 4. FTIR spectra of uncoated and MTCS-coated (RH 43%)
chitin sponges.

Figure 5. Compressive stress−strain curves of the MTCS-coated subjected to different compressive strains: (a) 35, 50, and 65%. Cyclic stress−strain
curves of the chitin sponge (RH 43%) subjected to a compressive strain of (b) 35, (c) 50, and (d) 65% over 10 compression cycles.
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5b−d), indicating that it was an elastic material. Moreover, after
10 loading/unloading cycles, the shape and compressive stress
of the coated chitin sponges did not undergo a violent change
and maintained 71−87% (see Figure S9 in the Supporting
Information) of its original thickness and around 81% of the
original strength value (Figure 5b−d). This result indicated that
though the modified chitin sponge could not retain their shape
completely within a large deformation, it could still recover
most volume (>70%) and thus kept its relatively high porosity,
which would lead to its stable high absorption capacity even
under the scour of organic solvent. The good compressive
durability is very important for the practical application of
chitin sponges.
Surface Wettability of the Sponges. Figure 6 shows the

surface wettability of the chitin sponge. Obviously, the chitin

sponge with the silicone nanofilaments displayed significantly
hydrophobic surface. In Figure 6a, b, droplets of water and
pump oil were successively deposited on the top surface of the
unmodified and modified chitin sponges, and the pump oil
immediately penetrated into the chitin strong, whereas water
remained at the surface, confirming the perfect combining of
the hydrophobicity and oleophilicity of the chitin sponge
(Figure 6b). On the other hand, both water and pump oil could
easily penetrate into the unmodified chitin sponge(Figure 6a),
showing amphiphilic characteristic. After being transferred to
the surface of water, the unmodified chitin sponge immediately
absorbed water and sank within a short time due to its open-
pore 3D porous structure and hydrophilicity. On the contrary,
the MTCS-coated chitin sponge floated on water resulting from
its lightweight, hydrophobicity, and water-repellent feature
(Figure 6c). To further illustrate the water-repellent behavior of
the hydrophobic chitin sponge, we have recorded the contact
process between the substrates and water droplet, as shown in
Figure 6d−g. The water droplet (2 μL) suspending on the
syringe can be hardly pulled down to the surface even when the
droplet was squeezed, suggesting good hydrophobicity with a
low water adhesion. The unique wettability of the coated chitin
sponge toward water and oil indicated the great potential
application in oil/water separation field.
Oil Absorption Performances. The high porosity,

hydrophobicity, oleophilicity, and robust stability can make
the MTCS-coated chitin sponges a wonderful candidate for the

rapid removal of various oils and organic solvents from water.
Figure 7 shows the selective oil absorption properties of the

MTCS-coated sponge by an experiment, in which pump oil and
chloroform were dropped at the surface and bottom of water,
respectively. Thus, the MTCS-modified chitin sponge was
introduced to contact with the organic and rapidly removed
both the floated oil-red dyed pump oil and sank chloroform
completely within 30 s with clear water left (Movies 1 and 2 in
the Supporting Information). Moreover, its mechanical
integrity was altered hardly, and the material could still be
used to further remove pump oil or chloroform. The absorption
performance of the MTCS-coated chitin sponges for different
oils and organic solvents was investigated. Figure 8 shows the
oil absorption capacity, kinetic and recyclability of the MTCS
coated chitin sponges. The mass-based absorption capacities for
the oils were 29 to 58 times of its own weight (Figure 8a),
which were comparable with those of other polymer-based
absorbents (as shown in Table S1 in the Supporting
Information). Noticeably, the aerogels usually have nanoporous
structure, however, our material was sponge with macroporous
structure, which was more facile for their large-scale production
than the aerogels. Moreover, our chitin sponges have excellent
strength, biodegradability, safety, and durability. The good oil/
solvent absorption capability of the MTCS-coated chitin
sponge was attributed to the uniform oleophilic and hydro-
phobic silane nanofilaments coating on the highly porous
structure surface of the chitin surface. Furthermore, the
volume-based absorption capacities of the MTCS-coated chitin
sponges reached up to around 90% (Figure 8b), indicating that
almost all of the volume was crammed by the oil/organic. The
oil absorption kinetics is another important parameter to
identify the quality of absorbents. The solvents could rapidly
penetrate into the interconnected pore structure of the porous
absorbents and as a result, it could absorb the organic to
equilibrium within a few minutes. The absorption kinetic curves
of the sponges in various organic media (take the chloroform,
gasoline oil, hexane, pump oil, silicon oil and toluene as the
models) are shown in Figure 8c. In low viscosity organics such
as chloroform, gasoline oil, hexane, and toluene, the MTCS-
coated chitin sponges could absorb to equilibrium within 8 min.
However, in oils with higher viscosity, such as pump oil and
silicon oil, it took at least 13 min to equilibrium. Owing to the
lower diffusion of the high viscosity oil molecules in the pore
channel of the MTCS-coated chitin sponge, the solvation of the
network and swelling in the oil was relatively slower compared
with the low viscosity oil.22 The results indicated that the

Figure 6. Pump oil and water were colored red (Oil Red) and blue
(Neolan Blau dye) and then spotted on the surface of (a) uncoated
chitin sponge and (b) coated chitin sponge (RH 43%); (c) coated
chitin sponge (RH 43% )floated on water while pristine chitin sponge
sank into water; (d−g) snapshots of the process of the substrates
contact the water droplets.

Figure 7. Removal of a red-colored pump oil and chloroform from
surface and bottom of water with the MTCS-coated chitin sponge
(RH 43%).
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MTCS-coated chitin sponge could rapidly and efficiently
absorb the organics or oil. The water content in the MTCS-

coated chitin sponge was further analyzed by a moisture
balance. The results indicated that there was extremely small

Figure 8. (a) Mass-based and (b) volume-based absorption capacities of the MTCS-coated chitin sponge for the measurements of oils and nonpolar
solvents; (c) absorption kinetic curve and (d) repeated mass-based absorption capacity of the MTCS-coated chitin sponge (RH = 43%) for
chloroform, gasoline oil, toluene, pump oil, silicon oil, and hexane, respectively.

Figure 9. SEM images of chitin sponge surface degraded for (a) 2, (b) 6, and (c) 15 days; and (d) degradation time dependence of weight loss for
the chitin sponge in soil at 23 ◦C.
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amount of water (0.3−0.4% of its own weight), confirming
excellent water repellency of the MTCS-coated chitin sponge.
These results proven that the MTCS-coated chitin sponge had
an excellent selective absorption to many kinds of oil or organic
solvents. The reusability is a significant feature for practical
applications. The sponge was rinsed with toluene, subsequently
vacuum-dried at 65 °C, and then recycled it for oil absorption.
Even after 10 repetitions, the absorption capacities decreased
slightly to 93% of its initial value, indicating a highly stable
absorption performance and good recyclability (Figure 8d).
Therefore, the MTCS-coated chitin sponges possessed
excellent hydrophobicity, recyclability and durability. They
not only could absorb and separate the nonpolar organic from
the water quickly, and but also could be reused efficiently with
high frequency, showing great potential in fights against the
large-scale pollution of the oil or organic spillage in the river,
lake, or ocean.
Biodegradation Properties. It is worth noting that chitin

can be biodegraded in soil, and serves as a plant growth
regulator to promote plant growth even after it has been
discarded.49 Moreover, because of its nontoxicity and digestion
in many animals, they will not harm the animals even when
they eat the chitin sponge by accident.50 Figure 9 shows the
SEM images of the biodegraded chitin sponges for (a) 2, (b) 6,
and (c) 15 days. Fungal mycelia appeared rapidly on the surface
of the biodegraded chitin sponge after 2 days (Figure 9a),
compared with the original chitin sponge (Figure 1a). After
buried in the soil for 15 days, the surface was covered with large
amount of fungal mycelia, and part of the pore wall of the chitin
sponge subsided, as well as the significantly biodegraded broken
fragments appeared (Figure 9c). This result indicated that the
chitin was attacked and digested by the microorganisms and
thus was gradually biodegraded in the soil. Furthermore, it
could be forecasted from the extrapolation of the plot for the
biodegradable kinetics of the chitin sponge (Figure 9d) that the
chitin could be completely biodegraded within 32 days in the
soil. Interestingly, the MTCS-coated chitin sponge exhibited a
higher degradation rate, and became into small species in 6
days, leading to the difficulty for the measurement, thus the
data was not shown. The chitin was the predominant
component in the modified chitin sponge, so the biodegrada-
tion of the chitin sponge could reflect that of the silane-
modified one. Therefore, the chitin sponges constructed from
the renewable resource via “green” process had excellent
biodegradability, showing promising applications.

■ CONCLUSIONS
Hydrophobic and oleophilic chitin sponges with ultralow
densities (<25 kg m−3) and acetyl amino groups were created
successfully via a simple and environmentally friendly freeze-
drying method and then treated with a thermal chemical vapor
deposition of methyltrichlorosilan. The silane nanofilaments
were fixed on the pore wall surface of the chitin sponge through
the strong interface interaction and covalent bonds on the
chitin sponge surface. The MTCS nanofilaments immobilized
on the chitin surface constructed the nano- and micro-
interspaces, resulting in a solid/air composite rough surface,
leading to the high hydrophobicity. The MTCS-coated chitin
sponge not only rapidly (within 5 min) efficiently absorbed a
wide range of oils and nonpolar organic solvents from the
surface and bottom of the polluted water, but also exhibited
excellent recyclability with at least 10 times. The open-cell 3D-
interconnected macroporous structure, relatively high mechan-

ical properties, and oleophobic but hydrophobic surface of the
MTCS-coated chitin sponges led to their highly effective
removal of oil from water. The chitin sponge was safe and
stable, and exhibited excellent biodegradabilities. Therefore, the
coated chitin sponge materials would be important for the
environmental pollutants remediation.
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