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In this work, the hydrophobic lignin nanoparticles (LNP) were synthesized by a synchronous modification of
silanization and fluorination process. Thermogravimetric analyser, fourier-transform-infrared-spectroscopy, X-
ray photoelectron spectroscopy and transmission electron microscopy were used to confirm the surface modified
LNP (m-LNP). The maximum degradation temperature of m-LNP was 85 °C higher than that of origin LNP. Then
the bio-based PLA foams were prepared via freezing-dry method by impregnating various amount of m-LNP. The
results showed that a high hydrophobicity (141° of contact angle) and porosity structure (94% of porosity) were
constructed when the m-LNP content increased to 6 wt% (PLA-6L). Afterwards, the absorption capacities of the
PLA composite foams towards various oil/organic solvents are measured. The composite foams reached their
saturated adsorption capacity in quite short time and exhibited good recyclability due to the two factors: high
hydrophobicity and high porosity. Thus, the bio-based PLA/m-LNP composite foams could be used as the eco-
benign and efficient absorbents for petroleum leakage, oil spills and toxic organic solvents in water contami-

nation field.

1. Introduction

Water contamination arising from petroleum leakage, oil spills and
toxic organic solvents discharge has become a strong global concern. In
response, many porous materials have been developed as absorbents
including inorganic nanowire membranes [1,2], activated carbon [3],
zeolites [4], carbon nanotubes [5], graphene [6], organic polyurethane
foam [7] and olefin resin [8]. However, most of the existing absorbent
materials still maintained some ineluctable drawbacks such as high-cost,
complicated fabrication procedures and difficulty of discarding etc.
More importantly, the absorbents are generally chemically stable and
non-biodegradable, which may cause new environment problem if
mishandling. There is therefore a high demand for producing
eco-friendly, low-cost and high absorption capacity sorbents from
biopolymers.

Using the biodegradable biomass to produce absorbents with higher
oil sorption capacity is one of the wise ways [9]. These biomass mate-
rials include cellulose [10] and chitosan/chitin [11]. As the second most
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abundant biopolymer, lignin has also been considered as a promising
absorbent material for the oil/organic solvents removal, ascribing to its
3D aromatic structure consisting of hydrophobic phenyl propane skel-
eton and oxygen-contained branches. For example, Wang et al. [12]
prepared lignin based xerogel by a sol-gel process and ambient pressure
drying method after dissocyanate modification. Interestingly, the lignin
xerogel not only presented excellent self-cleaning and super hydropho-
bicity ability, but also possessed high potential applications capacity as
absorbent materials. Based on these finding, they subsequently devel-
oped a high-hydrophobic, ultralight and super oleophilic sponges based
on lignin-melamine sponges, which consisted of an interconnected
network with high porosity and low density (6.4 mg cm™>). The results
demonstrated that these sponges are quite suitable for applications in
oil-water separation, as the sponge skeleton has a hydrophobic carbon
coating surface. Consequently, this sponge showed excellent oil ab-
sorption behavior such as good recyclability and oil absorption capacity
up to 99 v% of its own volume [13]. In the cases of polymer impregnated
with lignin as the absorbents, Yoshida et al. [8] studied the influence of
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lignin concentration, which acted as the functional filler, on the crude
oil sorption capacity in polyurethane foam (PUF). Although the incor-
poration of lignin showed decreased effects on the thermal stability and
less hydrophobicity for the polyurethane foam, all the composite foams
showed an enhancement in the oil absorption capacity, and the PUF
with 10 wt% exhibited an improvement in capacity around 35.5% in
comparison with PUF sample. Similarly, Chen et al. [6] also fabricated a
compressive and fire-resistant graphene aerogel incorporated with
various amount of lignin, which can be used for different toxic organic
solvents. While increasing the lignin loading equal to graphene, the
absorption capacity was improved significantly more than 200 times,
which was much higher than that of pure graphene aerogel (91 times).
They proposed that the addition of lignin would contribute better dis-
tribution of porous structure of the aerogels, making it more favorable in
absorption for oil/organic solvents. However, most of these cases
seldom investigate the effects of lignin modification on the absorption
capacity.

In summary, high hydrophobic and well-distributed porous structure
would contribute to enhancing the absorption capacity for the absor-
bent. Inspired from the former works, we therefore proposed the
impregnation of lignin nanoparticles into the bio-degradable polymer,
which is considered to be a promising and eco-friendly approach to
efficiently absorb oil/organic solvents. In this work, we are attempting
to construct the bio-based poly (lactic acid) PLA foam with high hy-
drophobicity and well-distributed porous structure, via a green and
facile modification of lignin nanoparticles combined with freezing-dry
method. Afterwards, the absorption capacities of various oil/organic
solvents are measured. The effects of both modified lignin and foam
structure on the absorption capacity will be well discussed. This work
may pay the way to develop a fully biodegradable absorbent for the oil/
organic contaminant.

2. Experimental section
2.1. Materials

Poly (lactic acid) (PLA 3001D, M,, = 150,000 Da, density = 1.24
g/cm®) was supplied from Natureworks, USA. Lignin nanoparticles
(LNP) were prepared referring our previous work [14]. 1H,1H,2H,
2H-perfluorooctyltriethoxysilane (FS, 98%), 3-(2-Aminoethylamino)
-propyltrimethoxysilane (AS, 98%) and all the chemicals/organic sol-
vents were purchased from Sinopharm Chemical Reagent Co., Ltd.

2.2. Modification of LNP and preparation of PLA hybrid foams

Modification of LNP was carried out through a wet chemical process
in a deionized water solution where 1 wt% concentration of well-
dispersed LNP was vigorously mixed with two different functional si-
lanes, FS (0.6 v/v%) and AS (0.9 v/v%) for 8 h at room temperature,
according to Ref. [15]. Before use, the modified LNP (m-LNP) was sol-
vent exchanged to 1, 4-dioxane (1 wt%) by an extraction filtration
process.

PLA foams impregnating with m-LNP was prepared according to the
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following procedures (Scheme 1). Firstly, 2.0 g of PLA was diluted in 1,
4-dioxane, and then various amount of m-LNP was added into the PLA
solution to form well-dispersed mixture. Afterwards, the mixture solu-
tion was frozen at —20 °C in the refrigerator for overnight. Finally, the
PLA hybrid foams with different amount of m-LNP were obtained by a
freezing dry process [16]. It should be noted that the 1, 4-dioxane sol-
vent could be recycled.

2.3. Characterizations of m-LNP and PLA foams

The thermal stability of m-LNP was investigated through a ther-
mogravimetric analyser (TGA, Q500 TA instrument). The specimen
around 5 mg was heated from 30 to 800 °C at 20 °C/min under Ns. The
chemical states of m-LNP were examined using fourier transform
infrared spectroscopy (FTIR, Nicolet 6700) with a resolution of 4 cm™!
using an attenuated total reflection (ATR) method. X-ray photoelectron
spectroscopy (XPS) instrument (Shimadzu/Kratos, Ltd., Japan) equip-
ped with a Mg Ka X-ray source was operated at 150 W. The morphology
of LNP and m-LNP was also implemented by means of transmission
electron microscopy (TEM, JEM-2100plus) [17].

The density of PLA hybrid foams was calculated by a mass/volume
ratio method. The wettability of the foams was evaluated by water
contact angle (WCA) via the Contact angle instrument (FTA 1000, USA)
under static condition. The porous morphology of the PLA hybrid foams
was observed via a Hitachi S-4800 Scanning Electron Microscope (SEM).

For the oil/organic solvent absorption measurements, Sudan Red 4/
toluene mixture was used to simulate the leaked oil, then one piece of
foam sample (same weight) was put into a 25 mL beaker containing 2 mL
Sudan Red 4/toluene mixture on water surface and allowed to absorb at
room temperature, the absorption time was recorded. The absorption for
various organic solvents (n-hexane, toluene, waste peanut oil, ethyl
acetate and conductive oil) were measured by immersed the foam
samples into the solvent for 10 s, and then the absorption capacity of the
sample was calculated with the following equation: Weight gain (Q) =
(W—Wp)/Wp x 100%, where Wy and W, are the sample weight before
and after absorption, respectively. Alternatively, the absorption cycles
were also measured using toluene as the absorbate and 5 cycles were
tested.

3. Results and discussion
3.1. Characterizations of m-LNP

The variation in FTIR spectral features between unmodified and
modified LNP is depicted in Fig. 1. The characteristic peaks between
1150 and 1000 cm ! in the m-LNP are corresponding to the various
stretching modes of Si-O-C and Si—O-Si vibration. Meanwhile, the
variation at these characteristic peaks could also be responsible to the
various stretching modes of —~CFg and —CF3 such as 1121, 1145 emtin
the modified LNP [15]. In the carbonyl/carboxyl region, the band at
1705-1720 cm™!, originating from conjugated carbonyl-carboxyl
stretching, disappeared and its shoulder bands 1660 cm™! intensified
that can be associated with the unconjugated carbonyl/carboxyl
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Scheme 1. The preparation process of PLA composite foams.
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Fig. 1. The full FTIR spectra of AS, FS, LNP and m-LNP.

stretching [18]. Namely the unconjugated carbonyl/carboxyl stretching
of carbonyl/carboxyl was enhanced, while the conjugated carbon-
yl/carboxyl stretching was weakened. The band at 830 cm ™!, which was
associated with the C-H out-of-plane vibrations in position 2, 5 and 6 of
Guaiacyl units, also changed. Lignin is an amphipathic polymer con-
sisting of both hydrophilic groups (-OH and ~COOH) and hydrophobic
skeleton (aromatic moieties) [14,19]. Therefore, these results imply the
variation in its chemical signature, which highlighted lowing the surface
energy of LNP, turning to more hydrophobic structure [20].

Fig. 2a showed the XPS spectra of m-LNP. Compared with LNP (see
SI), the new emerging F and Si demonstrated the successful modification
of LNP. The fitting data of core level of C 1s, O 1s, N 1s, F 1s and Si 2s
spectra peak area regions for the m-LNP spectra are available in Fig. S1.
The chemical bonds of the fluorine groups were examined in detail from
the high-resolution carbon C 1s. Three different lignin carbons (C-C/
C-0/0-C=0) as well as two fluorine atoms at 292 and 294 eV (—CF,
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and —CF3) could be observed in m-LNP sample [15,21]. The thermal
stability of LNP and m-LNP were investigated by TGA and the results are
presented in Fig. 2b. The maximum degradation temperature of m-LNP
was registered at 455 °C, while the LNP was only 370 °C, i.e. an 85 °C
enhancement was recorded. Meanwhile, the weight residue at 800 °C of
m-LNP was 42.5 wt%, which was 4.3 wt% higher than that of LNP. The
higher pyrolysis temperature for the m-LNP can be ascribed to the
introduction of Si-O bonds, which will enhance the lignin skeleton
stability due to the formation of Si-O-C networks [22]. These results
indicated that the silanization modification combined with fluorination
of LNP was beneficial to prominently improve the thermal behavior of
lignin. Fig. 2c and d showed the morphology of the LNP and m-LNP. The
lignin nanoparticles elucidate a typical spherical morphology and the
diameter is around 35 nm, as reported in our previous work [14]. As
expected, the modified lignin particles have larger diameter (around 60
nm). The precipitation of m-LNP in the inserted image also confirmed
the variation of LNP morphology. Meanwhile, the edge became more
blurry after the modification. Thus, all the above results highlight the
favoring silanization and fluorination modification.

3.2. Hydrophobicity and density of PLA hybrid foams

Fig. 3 exhibited various PLA foam samples and their physical pa-
rameters. The density of the PLA foam was approx. 0.085 g/cm®, high-
lighting the typical light-weight foam, which were steadily floated on
the leaves of the Scindapsus sureus. When increasing the m-LNP loading,
the density decreased slightly to 0.076 g/cm>. The porosity of the foams
is defined as 1—p/pg, where p and py are the density of the porous ar-
chitectures and relevant solid PLA, respectively. In other words, the
porosity increased from 93.0% to 94.0% when 6 wt% of m-LNP was
impregnated. Loading m-LNP into PLA could reduce the degree of
shrinkage and collapsing during freeze-drying, which was probably due
to the introduction of the rigid aromatic skeleton of m-LNP. It is obvious
that with increasing the m-LNP content, the hydrophobic of the foam
was significantly enhanced, as the water contact angle of PLA-6L sample
increased from 124.8° (neat PLA) up to 141°. Actually, the high
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Fig. 2. A) XPS spetrum of m-LNP; b) TGA and DTG of LNP and m-LNP; c¢) and d) TEM images of LNP and m-LNP.
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Fig. 3. The density and wettability of PLA hybrid foam samples.

hydrophobic surface could be built after the proper treatment through
different fluoroalkyl silane compounds to reduce the wettability [23].
The fluorinated LNP, as the low surface energy molecule, will construct
more organized surface structure by minimizing the interaction energy
with water during freezing-dry, leading to a highly hydrophobic surface
[15]. Meanwhile, as more m-LNP was added, the porous walls had more
m-LNP deposited on them and since m-LNP is more hydrophobic than
PLA, resulting in a higher hydrophobicity [24]. Generally, the samples
with large water contact angle would absorb more oil/organic solvent
with higher adsorption rate [16,25]. Actually, in real application, a
super hydrophobicity surface is unnecessary for the oil/organic solvents
adsorption, and a high hydrophobicity and oleophilicity properties are
enough. In other words, the fluorinated foams could collect a wide range
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of oil/organic solvents with excellent absorption capacities, which
exceeded most pure polymer-based foams/aerogels [26]. The thermal
stability of the studied foams was also available in Fig. S2, and the
addition of m-LNP obvious delayed the thermo-decomposition of PLA.

3.3. Morphology of PLA foams

The pore structure is the key to influence the mechanical (free-
standing) and absorption properties for the foam samples. To ascertain
the pore diameter and its distribution parameter, around 100 pores in
the SEM images of each specimen are analyzed by an ImageJ software.
The average pore diameter (d,,) and its distribution parameter (¢) were
then determined through the following equation:

N
4y =T ™
i nid;

S ni(ind; — Ind,)’
L (2)
Do

ne =

where n; and d; represent the pore number and diameter, respectively. ¢
is set as 1 in case of mono-dispersity in this work [27]. The thickness (t)
of foam cell was also calculated. Fig. 4 exhibits the SEM morphology of
various PLA foam samples at different scale, and the dy, ¢ and t were
inserted in the images. It is clear that with increasing the m-LNP content
to 6 wt%, the dy and o decreased from 47 pm to 1.6-32 pm and 1.2,
while t declined from 7.6 pm to only the one-third value (2.5 pm),
respectively. These results mean that PLA foam impregnating with
m-LNP have higher porosity than pure PLA, which will contributed to
accelerating the oil/organic solvents absorption capacity [24].

3.4. Oil/organic solvent absorption

Fig. 5a demonstrates the absorption rate of various PLA composite
foams when absorbing Sudan Red 4/toluene mixture. As expected, with
impregnating the m-LNP, the absorption rate was accelerated. It needs
10.1s to absorb completely the oil for pure PLA foam, while it only needs
6.1 and 4.8s for PLA-3L and PLA-6L samples. Since m-LNP was added,
the porous walls had more m-LNP deposited on them and a higher hy-
drophobic structure was constructed, consequently leading to higher
rate of oil/organic solvents absorption by the porous structure [24]. In

Fig. 4. SEM morphology images of various PLA foam samples (a, a’: PLA; b, b’: PLA-3L; ¢, ¢’: PLA-6L).
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Fig. 5. The absorption rate of Sudan Red 4/toluene mixture for various PLA foams (a); the absorption capacity (b) and cycles (c) of the representative PLA-3L sample.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

the meanwhile, the lower density and favorable porosity for the com-
posite foams will also contribute the higher absorption rate. This result
was in accordance with the above discussion. Due to the small difference
in absorption rate between two composite foams, the porous PLA-3L
foam sample was utilized in the subsequent absorption experiments.

Fig. 5b and c showed the absorption capacity and cycles of the
representative PLA-3L sample, and the absorption cycles for the n-hex-
ane and ethyl acetate have been also added in Fig. S3. It is well-known
that the absorption capacity relies on the density of the oil/organic
solvents [28]. The Q values for the various oil/organic solvents after
absorbing 10 s are in the order: conductive oil (Q: 13.3, density: 1.022
g/cme') > peanut 0il (12.8, 0.915) > ethyl acetate (9.5, 0.902) > toluene
(9.2, 0.866) > n-hexane (8.1, 0.66). Thus, this order is in accordance
with the density of the oil/organic solvents, and similar results were also
reported in other porous absorbents [24,29]. The absorption capacity
for all the selective solvents almost reached their respective saturated
adsorption capacity at such short time, which was ascribed to two fac-
tors: the high hydrophobicity and high porosity, as confirmed above. In
other words, the absorption is based on surface structure of the pore cell
and the void volume in the porous materials.

Recyclability is an significant assessment criteria for oil/organic
solvents absorption in practical application [19]. Herein, the toluene
was chosen as the absorbate. After 5 evaporation—adsorption cycles, the
PLA-3L foam sample still maintains more than 91.0% of its original
capacity, indicating favorable recyclability behavior. The toluene could
gently enter and left the foam without destroying the porous structure,
which significantly improves its cycling capacity.

4. Conclusions

In this study, the hydrophobic lignin nanoparticles were first syn-
thesized via a synchronous modification of silanization and fluorination

process. Then the bio-based PLA foams for oil/organic solvents ab-
sorption application were prepared via freezing-dry method by
impregnating various amount of m-LNP. The impregnation of m-LNP
improved the thermal stability of PLA foams due to the formation of
Si-O-C networks in lignin skeleton, which possesses higher pyrolysis
enthalpy than that of C-O bond. Simultaneously, the m-LNP also
contributed higher hydrophobic surface and high porosity of the
resulting composite foams. As a consequent, the composite foam will
accelerate the absorption rate and reach the saturated adsorption ca-
pacity in quite short time, meanwhile exhibiting good recyclability,
which is significant in practical application. This work may pay the way
to develop a fully biodegradable absorbent for the oil/organic
contaminant.
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