
Vol.:(0123456789)1 3

Journal of Porous Materials (2021) 28:1881–1894 
https://doi.org/10.1007/s10934-021-01129-6

A high lignin‑content, ultralight, and hydrophobic aerogel 
for oil‑water separation: preparation and characterization

Yanbin Yi1 · Pansheng Liu1 · Nana Zhang1 · Magdi Elamin Gibril1   · Fangong Kong1,2 · Shoujuan Wang1

Accepted: 16 July 2021 / Published online: 27 July 2021 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract
This work was aimed to beneficiate biomass waste (lignin) to prepare a low-cost, ultralight, and high absorbent lignin-based 
aerogel via a facile and environmentally-friendly method that entailed blending of modified lignin with amine (LA) under 
high shear with polyvinyl alcohol (PVA) solution and followed by a freeze-drying process. Methyltriethoxy silicon (MTMS) 
was used as a silanization agent to improve the hydrophobicity of LA-PVA aerogel via chemical vapor deposition (CVD) 
reaction. The chemical and physical properties of the aerogel were then investigated using several characterization techniques 
such as Fourier transform infrared (FTIR) spectroscopy, elemental analysis, proton nuclear magnetic resonance (HNMR) 
spectroscopy, X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), and thermogravimetric analy-
sis. The hydrophobicity of the aerogels was satisfactory due to the formation of polysiloxane on the surface. The absorption 
capacity of oil and the organic solvent was varied between 2 and 12 times. The recycling experiments showed that after ten 
consecutive cycles, the separation efficiency was still above 90%, indicating a high recoverability. This was in addition to 
its other unique properties such as low density (0.1150 g/cm3), high porosity (88%), and satisfactory hydrophobicity (143°). 
Therefore, and based on the exceptional properties of the aerogel in terms of its reusability, oil/water separation efficiency, 
and mechanical properties render them ideal materials for application in oily wastewater treatment.
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1  Introduction

In recent years, frequent oil spills in the process of oil extrac-
tion and transportation, and the discharge of oily wastewater 
from the industry have become one of the huge environmen-
tal problems facing the world [1]. As a result, oil-water sepa-
ration materials and technologies have very important scien-
tific significance and application prospects in environmental 
governance and energy recovery [2]. Among the different 

conventional methods for removing oil and organic contami-
nants from wastewater, the adsorbent method is considered 
the most cost-effective and environmentally friendly method 
that does not cause secondary pollution [3]. Currently, com-
monly used adsorbents include activated carbon [4], zeolite 
[5], wood fiber [6], polyurethane foam [7, 8], and olefin resin 
[9, 10]. However, most of these traditional adsorbents have 
several disadvantages such as low absorption, environmental 
incompatibility, long degradation cycles, high cost, and poor 
recyclability [11].

Aerogels are characterized by their lowest density, high 
porosity, solid material, and high absorption capacity [12]. 
They have been considered as good adsorbent materials for 
removing oil spills and attracted widespread scientific interest 
in this regard [13]. In recent years, aerogels based on carbon 
nanotubes and graphene have been developed for oil-water 
separation, with high absorption capacity and good recycla-
bility [14, 15]. However, complex manufacturing technolo-
gies and expensive equipment are limiting their applications 
[16]. Nowadays, aerogels derived from biomass materials have 
attracted closer attention due to their renewability, low cost, 
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abundance, and low toxicity to humans. However, the prepara-
tion of aerogels from these materials is complex, expensive, 
and needs special solvents [17].

Lignin is one of the natural polymers that characteristic 
with a rigid, hyperbranched macromolecular structure com-
posed of three different types of phenol units [18]. Currently, 
More than 1.5 billion tonnes of lignin have been generated 
annually as byproducts in pulp industries [19, 20]. Therefore 
it is imperative to find out facile methods and new technolo-
gies for lignin valorization. Unfortunately, due to the com-
plexity of chemical structure and heterogeneity, lignin has not 
been utilized to its full potential [21]. Based on its chemical 
structure, lignin has been chemically modified for different 
purposes [22]. It has been modified and utilized as a hydropho-
bic agent [23] and natural crosslinker [24] to prepare silicone 
elastomers [25].

In this context, there are many reports have shown that 
lignin is a promising bio-phenolic for aerogel synthesis [11, 
26–30]. For example, lignin was blended with melamine [31], 
cellulose [32], polypropylene [33, 34], and with carbon [35] to 
prepare oil absorbant aerogels. However, lignin aerogels are 
suffered from rigidity, a poor adhesive of lignin molecules, and 
low comprehensive strength and recoverability.

This work aimed to prepare lignin-based composite aero-
gels for oil-water separation. Lignin was modified through 
the Mannich reaction to enhance its chemical reactivity to 
interaction with polyvinyl alcohol (PVA) which is used as the 
substrate and adhesive. PVA is an important component in 
the aerogel composition where its abundant hydroxyl groups 
serve as active sites for the aerogel formation. Moreover, PVA 
has been used widely as adhesive materials and to prepare 
PVA-based aerogels which have potential use in biomedical 
and environmental applications due to it being non-toxic, low 
cost, and easy to be fabricated [36–40]. However, the hydro-
philicity of PVA aerogels hinders its application in oil-water 
separation [41]. Aerogels of LA and PVA mixture, in a ratio of 
1.5:1 respectively, were prepared by freeze-drying technique. 
To increase the hydrophobicity, the aerogel was modified with 
MTMS. Fourier transform infrared (FTIR) spectroscopy, ele-
mental analysis, proton nuclear magnetic resonance (1H NMR) 
spectroscopy, thermogravimetric analysis (TGA), X-ray pho-
toelectron spectroscopy, scanning electron microscopy (SEM) 
techniques were used to characterize the chemical structure 
and morphology of the prepared aerogel. The oil-water sepa-
ration efficiency and repeatability were determined through 
the detection of the water contact angle to study the oil-water 
separation effect.

2 � Materials and methods

2.1 � Materials

Alkali lignin (AL) was purchased from Shanghai Tixiai 
Chemical Industry Development Co., Ltd. Formaldehyde, 
diethylenetriamine (DETA), polyvinyl alcohol 1799 (PVA), 
methyl trimethoxy silicon (MTMS), and heptane, were pur-
chased from Shanghai Macklin Biotechnology Co., Ltd. Iso-
propanol and petroleum ether, were purchased from Tianjin 
Fuyu Fine Chemical Co., Ltd. Toluene, chloroform, and 
kerosene were purchased from Yantai Far East Fine Chemi-
cal Co., Ltd.

2.2 � Amination of alkali lignin

Mannich reaction was applied to modify the alkali lignin 
[42]. 10 g of alkali lignin was dissolved into 490 g of dis-
tilled water under magnetic stirring in a three-necked flask 
pre-equipped pH meter and a thermometer. DETA was 
added dropwise at room temperature in different ratios (1:1, 
1:2, and 1:3), under stirring, and pH (9–11). The pH was 
adjusted using a 0.5M HCL solution and 0.5M NaOH solu-
tion. 10 g of formaldehyde solution (37%) was added slowly 
to the mixture. After that, the temperature was increased to 
50 °C, and the reaction was continued for 4 h under stirring. 
The mixture of reactants was poured into an excess of iso-
propanol to remove the unreacted DETA and precipitate the 
LA. The precipitated lignin was dried at room temperature 
for 24 h followed by drying in an oven at 40 °C (overnight).

2.3 � Preparation of LA‑PVA composite aerogel

Firstly, 2 wt% of PVA was prepared by dissolving 2 g of 
PVA in 98 g of deionized water at 95 °C and under constant 
and continuous stirring (500 r/min). In the next step, 3 g of 
the LA was added to the PVA solution under vigorous stir-
ring until LA was dissolved and mixed well till a homoge-
neous mixture was obtained. To complete the reaction, the 
mixture was kept at 70 oC for 3 under low stirring. There-
after, the mixture was cooled down to room temperature, 
frozen at − 20 for 24 h, and then subsequently freeze-dried 
at a condenser temperature of − 70 °C under vacuum for 48 
h to obtain LA-PVA aerogel.

2.4 � Preparation of hydrophobic composite aerogel

The hydrophobicity of LA-PVA composites aerogel was 
enhanced by silanization reaction via chemical vapor depo-
sition (CVD) method. typically, 1.5 mL MTMS was was 
placed with LA-PVA in a reactant bottle. Thereafter, the 
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reactant bottle was tightly sealed and placed in an oven at 
80 °C for 12 h. The silanated aerogel (LA-PVA-MTMS) 
was taken out and placed in a vacuum oven for 24 h at 60 
°C to remove the unreacted silane. The obtained aerogels 
were kept in a plastic container for characterization and 
application.

2.5 � Characterizations

2.5.1 � Elemental analysis

The elemental analysis of lignin, LA, composite aerogel, 
and silanized modified aerogel was carried out by Germany 
(ELEMENTARY Vario EL cube). After drying the sam-
ple, an appropriate amount (2mg) of the sample for carbon, 
hydrogen, oxygen, and nitrogen elements were used for 
elemental content analysis.

2.5.2 � Fourier transform infrared (FTIR)

Use the tableting method for lignin and LA. The sample is 
mixed with a certain amount of potassium bromide (sample: 
KBr = 1:100), the mixture is crushed in-ground agate, and 
then moved to a tablet machine to make a transparent sheet. 
The composite aerogel and the salinized composite aerogel 
were detected using solid infrared probes. The FTIR spectra 
of samples were recorded on FTIR spectroscopy of Bruker 
(VERTEX70 FTIR, Karlsruhe, Germany).

2.5.3 � Proton nuclear magnetic resonance (1H NMR 
analysis)

Lignin and LA samples were dried at 60 °C for 24 h and then 
were dissolved in DMSO-d6 with the assistant of sonication. 
The HNMR spectra of the samples were carried out with 
nuclear magnetic resonance (German Bruker).

2.5.4 � X‑ray Photoelectron spectrometer analysis (XPS)

After drying the sample, grind it into a fine powder with an 
agate mortar, then spread it evenly on the aluminum foil, and 
use a tablet machine to smooth it. The content of each ele-
ment was analyzed by an X-ray photoelectron spectrometer 
(ESCALAB250Xi, Thermo Fisher Scientific, USA).

2.5.5 � Thermogravimetric analysis (TGA)

The thermogravimetric analysis of the samples was carried 
out by TA thermogravimetric analyzer (TGA Q50 Califor-
nia, USA). The sample was heated from 30 to 800 °C at a 
rate of 10 °C per minute.

2.5.6 � Mechanical performance analysis

The mechanical properties of the samples are analyzed 
by the texture analyzer (Stable Micro Systems, TA.XT 
Express-C, UK). Measure the sample’s compressive strain 
at 30%, 40%, and 50%.

2.5.7 � Density and porosity

The density (ρ) of aerogel was calculated using the fol-
lowing formula:

where ρ represents the density of aerogel (g·cm−3), m is 
the weight of the aerogel (gram), D is the diameter of the 
cross-section of aerogels (centimeter) and H is the height 
of the aerogel (centimeter).

The porosity of samples was measured by the liquid 
displacement method. Absolute ethanol was used as the 
displacement liquid since it causes no swelling or shrink-
age when permeating through samples. The freeze-dried 
samples were immersed in ethanol for 24 h and weighed 
after the removal of excess ethanol [43]. The porosity of 
the aerogels was calculated according to the following 
equation:

Whereas W1 and W2 represent the weights of the sam-
ples after and before immersion in ethanol, ρ is the density 
of ethanol and V is the volume of the samples.

2.5.8 � Scanning electron microscope (SEM)

The apparent morphology of the samples was observed 
with a scanning electron microscope at an acceleration 
voltage of 15 kV. The samples were coated with gold- for 
5 min before being tested.

2.5.9 � Absorption capacity of oil and organic solvents

The absorption capacity of LA-PVA-MTMs aerogel was 
measured by immersing the aerogel in different kinds of 
solvents (including methylbenzene, petroleum ether, kero-
sene, n-heptane, trichloromethane, and soybean oil) for a 
specific time and then taken out to measure the weight of 
aerogel filled with liquids. The absorption capacity of oil and 
organic solvents was calculated by the following equation:

ρ =
4m

�D2H

Porosity(%) =
W1 −W2

�V
× 100%

Q = (m−m0)∕m0 × 100%
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where Q, m, and m0 represent the oil absorption capac-
ity of the aerogel (g/g), the weight of aerogel after absorp-
tion (gram), and the weight of aerogel before absorption 
(gram). Each test was repeated three times to obtain an 
average value.

2.5.10 � Water contact angle

The hydrophobicity of the aerogels was determined by using 
a water contact angle analyzer (OCA50, Dataphysics, Ger-
many). In the static contact measurement, a water drop of 
about 2 µL was injected on the surface of the sample through 
the injection system of the tester. The water contact angle for 
aerogels was investigated using a high-resolution video col-
lection system and analyzed with image analysis software.

2.5.11 � Oil‑water separation efficiency

The separation efficiency (R%), was calculated by the equa-
tion [44]:

where Cp is oil content in water after one-time separation 
and Ci is the oil content in the original oil/water mixture.

2.5.12 � Reusability

To evaluate the reusability of the samples we performed 10 
consecutive cycles of absorption and desorption. The satu-
rated sample was immersed in 200 mL of absolute ethanol at 
70 °C for 0.5 h. The oil was completely dissolved in ethanol, 
and then it was separated from the resulting mixture using 
vacuum distillation.

3 � Results and discussion

3.1 � Amination of the lignin (LA)

The amination of the alkali lignin was carried out according 
to the method reported by Teng et al. [45], under alkaline 
conditions (Scheme 1) using DETA. Modified lignin (LA) 

R(%) =
(

1 − Cp∕ Ci

)

× 100%

was characterized by elemental analysis, FTIR, 1H NMR, 
and XPS.

The elemental analysis was used to determine the nitro-
gen content of the LA and the results are placed in Table 1. It 
was found that the nitrogen content of LA was significantly 
increased as compared with that of lignin, this is ascribed 
to the chemical structure of DETA. Also, it was observed 
that the amount of DETA to lignin in the mixture affected 
the nitrogen content of the LA; when they were mixed in 
the ratio of 1:1, the nitrogen content of LA was increased 
up to 5%, and beyond that, there was a slight increase in the 
nitrogen content of LA. This phenomenon may be attrib-
uted to the near saturation of the active sites of the phenol 
structure of lignin [46]. The results are in good agreement 
with those reported in the previous literature [47, 48]. The 
results revealed that the highest nitrogen content (5.85%) 
was obtained in LA from 1:2, which was a little higher than 
LA from 1:1. However, the ratio 1:1 was selected for the 
preparation of LA in this work.

It was posted that lignin is a biomaterial and its products 
can degrade by the microorganisms in the soil in case their 
C/N ratio was lower than 20 [49]. Thus, the C/N ratios of 
as-prepared LA were calculated from the elemental analysis 
data to evaluate their biodegradable as shown in Table 1. 
The result displayed that the C/N ratios of all the LA were 
lower than 20, and were ranged between 6.07 and 12.1, that 
showing the LA possessed excellent biodegradability.

The chemical structural and functional groups of the 
lignin (L) and LA were examined by the FTIR spectra, and 
the obtained results are shown in Fig. 1a. It is obliviously 
that both curves are exhibited typical absorption peaks of 
lignin, for example, the peak at 3435 cm−1 attributed to the 
hydroxyl groups in both aliphatic and phenolic structures. 
while the peaks at 2936 cm−1 and 2837 cm −1 ascribed to 
the C–H asymmetrical stretching and vibrations in methyl 

Scheme 1   Schematic represen-
tations of the chemical reactions 
of amination of lignin with 
DETA

Table 1   Elemental analysis results of Alkali Lignin and LA

N(%) C(%) H(%) O(%) C/N

Alkaline Lignin 0.13 51.28 4.43 31.38 —
LA(1:1) 5.10 55.46 6.84 29.77 10.875
LA(1:2) 5.85 56.05 5.80 26.50 9.581
LA(1:3) 4.96 54.72 7.76 27.04 11.032
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and methylene structures, respectively. And also, the peaks 
at 1600 cm−1 and 1512 cm−1 are assigned to the aromatic 
skeletal stretching vibrations. The peaks at 1459 cm−1 and 
834 cm−1 ascribed to C-H bending and vibrations, respec-
tively [47]. After modification, there are some changes in the 
intensity of these peaks were observed in the FTIR spectrum 
of these LA. For example, the intensity of peaks at 2936 
cm−1 and 2837 cm−1 originating from the C–H stretching 
vibrations in methyl and methylene structures became widen 
after modification [48]. Besides, the intensity of the peaks 
associated with C–H vibrations from the aromatic skeleton 
of lignin at 1600 cm−1 1512 cm−1,1459 cm−1, and 834 cm−1, 
were decreased significantly in the spectra of LA. this is due 
to the Mannich reaction takes place at the aromatic region of 
lignin. Worth mention, one of the most important changes in 
the LA spectrum is the presence of a new peak (shoulder) at 
1605 cm−1, which ascribed to the N–H bending vibrations of 
the primary amine structure (–NH2) [47]. It has been noting 
that the peaks at 1268 cm−1, 1215 cm−1, and at1123 cm−1 
which are ascribed to the guaiacyl, syringyl, and ether bond 
in the lignin structure, were not changed this suggesting that 
the main structure of lignin (phenolic part) wasn’t destroyed 
during Mannich reaction. These results are comparable with 
the previously reported data [42]. Hence, these changes in 
the LA spectrum give strong evidence of introducing the 
amine group into lignin as proposed in Scheme 1.

1H NMR analysis was performed to study the chemical 
structure and also provides more evidence about the suc-
cessful introduction of amine groups. As shown in Fig. 1b, 
the HNMR spectrum of L showed obvious intensity sig-
nals of the aromatic proton at 6–8 ppm. Subsequently, in 

the HNMR spectrum of LA, these signals were reduced 
dramatically which implies that DETA had successfully 
reacted with the aromatic ring of lignin according to the 
Mannich reaction [50]. Besides, the new signals at 2–3 
ppm, assigned to the proton of the amine group, appeared 
in the spectrum of LA [51]. Besides, some new signals 
at 2–3 ppm, assigned to the proton of the amine group, 
appeared in the spectrum of LA [41]. Fortunately, these 
changes are consistent with FTIR results and it gives 
another evidence of a succession of modification.

To further verify the success of the amination of lignin, 
the XPS analysis was applied for the elemental and chemi-
cal composition and the findings shown in Fig. 1c. The 
XPS spectrum of L showed distinct peaks for carbon (C1s 
at 284.8 eV) and oxygen (O1s at 530.7) this is due to the 
lignin is mainly composed of carbon, oxygen, and hydro-
gen. Compared to the XPS spectrum of L, the XPS spec-
trum of LA showed the same peaks with some differences 
in their intensity. Furthermore, a new peak was observed at 
398.4 eV, which ascribed to the binding energy of nitrogen 
(N1s) [50]. The appearance of this peak indicates that the 
interaction between lignin and DETA was done success-
fully. Comparison of high-resolution C1s of XPS spectra, 
Fig. 1d and e, showed that the spectrum of LA exhibited a 
new peak at 285.3 eV which is ascribed to the C–N group 
originated from the interaction between lignin and DETA 
[52].

Arguably, the elemental analysis, FTIR, HMNR, and XPS 
are consistent and agreed that the amine groups were intro-
duced successfully to lignin molecules, this modification 
will enhance the biodegradability and chemical reactivity 

Fig. 1   The FTIR spectra (a), HNMR spectra (b) XPS spectra (c), and the C1s high-resolution diagrams (d) and (e) of Lignin and LA
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of lignin which interact with PVA easily via strong equiva-
lent bonds.

3.2 � Characterization of composite aerogel

FTIR and XPS were used to explore the functional groups 
and chemical structure of the synthesized aerogels. While 
SEM was applied to study their morphologies, and TGA to 
explore their thermal stability.

The elemental composition and content of the differ-
ent aerogel surfaces were determined and are presented in 
Table 2, corresponding to the results of the XPS spectra. 
Compared with pure PVA aerogels, LA-PVA aerogels have 
new elements introduced, which are derived from the amino 
groups introduced in the process of aminating lignin. And 
the aerogel of LA-PVA-MTMS after silanization has a sili-
con content of 14.01%, which makes the aerogel prepared 
by us have a good hydrophobic effect and shows a wide 
range of applications in the application of oil-water separa-
tion prospect.

The morphologies of the LA-PVA, and LA-PVA-MTMS 
aerogels before and were observed via SEM images. As 
shown in Fig. 2a, b the SEM revealed that both LA-PVA 
(Fig. 2a) and LA-PVA-MTMS (Fig. 2b) aerogels were pos-
sessed high porous structures. These porous structures are 
attributed to the removed water through the frozen-drying 
process. this porous leads to enlarging the specific surface 
area of aerogels and boosts their adsorption performance 
[41]. Nevertheless, under high magnification, as shown in 

Fig. 2a, b, the surface morphology of LA-PVA was rela-
tively smoother, whereas the surface morphology of the LA-
PVA-MTMS aerogel showed some roughness (flakes) due 
to the presence of MTMS, which influences the wettability 
of the aerogel. Importantly, the 3D structure of as-prepared 
aerogel with a large number of porous and tunnel structures 
can cause the action of the capillary force and increase the 
specific surface area made it easy for oil to enter the aerogels 
i.e. promoting adsorption effeciancy [53].

The density and porosity of PVA, LA-PVA, and LA-
PVA-MTMS aerogels were investigated, and the results are 
shown in Table 3. The density of the aerogels produced in 
this work classified as low density which was ranged from 
0.0011 to ~ 0.5 g/cm−3 [54]. As it appears, the density of 
PVA aerogel is 0.0275g/cm-1, and the porosity was 96.55%. 
The LA-PVA aerogel prepared by us has a density of 0.0813 
g/cm-1 and a porosity of 88.73%. This is due to the introduc-
tion of lignin groups in aerogel lead to increase density and 
reduced porosity [55]. Notably, the LA-PVA-MTMS exhib-
ited low density(0.0813 g/cm3) which was tiny higher than 
those were mentioned in the literature of the ultralight aero-
gels, including the carbon/PVA aerogel (0.03 g/cm3) [38], 
cellulose/PVA aerogel (0.013 g/cm3) [56], boron nitrite/
PVA aerogel (0.06 g/cm3) [41], and graphene-oxide/PVA 
hybrid aerogel (0.2 g/cm3) [57]. On other hand, after silani-
zation with MTMS, the porosity of LA-PVA-MTMS was 
slightly decreased from 88.73% (LA-PVA) to 87.54%, this 
may be caused by the introduction of silane. Therefore, the 

Table 2   Elemental analysis results of PVA, LA-PVA, and LA

Sample C(%) O(%) N(%) Si(%)

PVA 67.75 31.42 – –
LA-PVA 51.95 31.47 3.22 –
LA-PVA-MTMS 49.77 27.46 3.17 14.01

Fig. 2   The SEM image of LA-
PVA (a) and LA-PVA-MTMS 
(b) aerogels

Table 3   Density and porosity of PVA, LA-PVA, and LA-PVA-
MTMS aerogels

Aerogel Density(g/cm-3) Porosity (%)

PVA 0.0275 96.55
LA-PVA 0.0813 88.73
LA-PVA-MTMS 0.1150 87.54
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as-prepared aerogel, with a highly porous structure and low 
density, is expected to exhibit high oil absorption capacity. 
Interestingly, this bio-based aerogel could be easily scaled 
up for commercial production because of its facile and inex-
pensive synthesis method

The surface chemical composition of aerogels was veri-
fied by XPS analysis. As seen in the XPS plots of PVA, 
LA-PVA, and LA-PVA-MTMS (Fig. 3a–c.), all the spectra 
are shown peaks of binding energy at 286.6 and 533.2 eV 
which are ascribed to the C1s and O1s respectively [58]. 
Subsequently, in the XPS spectra of LA-PVA and LA-PVA-
MTMS, the intensity of these peaks was some-changed, and 
new peaks were observed, these changes due to the chemical 
composition of lignin and MTMS [59]. The most important 
change was the appearance of new binding energy at 397.8 
eV which is attributed to N1s in LA-PVA and LA-PVA-
MTMS spectra, which confirm the existence of LA in the 
aerogels [50]. Importantly, the LA-PVA-MTMS spectrum 
showed new peaks at 149 and 100 eV, which are ascribed 
to the Si 2s and Si 2p, respectively [59]. This suggests that 
MTMS was attached to the LA-PVA aerogel successfully. 
Besides, there was a clear decrement of the O1s intensity of 
PVA after blended with LA which indicating that the inter-
action between PVA and LA was achieved as presupposed.

Furthermore, high-resolution elemental scans of C1s 
were used to confirm the interaction between LA, PVA, and 
MTMS. from the XPS high-resolution elemental scans of 
C1s, PVA (Fig 3 PVA) showed two carbon features at 283.7 

eV (for CH2) and 286.6 eV (for CH–OH). After blending 
with LA, the intensity of the CH-OH was decreased signifi-
cantly (Fig. 3 (LA-PVA)). This is referring to the fact that 
"in case of hydroxyl groups of PVA is chemically involved 
in the irreversible reaction, the intensity of C1s (CH–OH) 
should be decreased clearly" [60]. Thus, arguably the inter-
action between PVA and LA was happening through a sim-
ple condensation reaction as proposed in Scheme 2a.

To further investigate the chemical structure of aerogels 
was investigated with FTIR, and the results are shown in 
Fig. 4a. The spectrum of pure PVA showed the main char-
acteristic peaks of PVA at 3475, 2922, 1296, and 1072 
cm−1 which ascribed to O–H (stretching vibration of the 
hydroxyl group), CH2 (asymmetric stretching vibration), 
CH3, and C–O bonds respectively. While the peaks at 1728 
and 1635 cm−1 associated with the C=O and C=C stretching 
of acetate respectively [61]. For LA-PVA aerogel (Fig 4a), 
the FTIR spectrum showed that peaks of hydroxyl groups 
of PVA at 3450 cm−1 shift to lower wavenumber 3380 cm−1 
due to the formation of hydrogen bonds between OH of PVA 
and N-H and OH of LA. The spectra of LA-PVA-MTMS 
showed new peaks at 1275 and 775 cm−1 correspondings 
to the Si–CH3 bending vibration and the Si-O-Si stretching 
vibration respectively [62]. Also, the peak at 2922 cm−1 of 
(CH) stretching increased in intensity and shifts to a higher 
wavenumber and became broader after introducing MTMS. 
These changes are confirming the interaction between the 
LA-PVA and MTMS.

Fig. 3   The XPS spectra of PVA (a), LA-PVA (b), and LA-PVA-MTMS(c) aerogels, and the C1s high-resolution diagrams of PVA (d), LA-PVA 
(e), and LA-PVA-MTMS (f), aerogels, respectively
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Scheme 2   Schematic represen-
tations of the chemical reactions 
of; a modified alkali lignin with 
PVA (LA-PVA aerogel), and 
b Silanization modification of 
LA-PVA aerogel with MTMS 
(LA-PVA-MTMS aerogel)

Fig. 4   The FTIR spectra a, TGA and DTGA spectra (b, c), and d) of PVA, LA-PVA, and LA-PVA-MTMS aerogels, respectively
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Fig. 4b–d shows the TGA curves of the aerogels (PVA, 
LA-PVA, and LA-PVA-MTMS). As it is seen, all curves 
showed that the weight loss was divided into three main 
stages. At the first stage which is consists of the evaporation 
of the water, the aerogels were lost weight by 7 wt%. Subse-
quently, with the addition of the MTMS the fraction of loss 
in weight was decreased to 4 wt % this is due to the mois-
ture/water content of the aerogel was reduced i.e. become 
more hydrophobic. The second stage of thermal degradation 
associates with water evaporation, chain scission, and the 
thermal-cracking reaction of the backbone of polymers (i.e. 
PVA, LA, and MTMS). The weight loss fraction underwent 
showed notable decrease reaching up to 61.5 wt%, and the 
temperature of the maximums weight loss, at this stage, was 
observed at 344 °C, 362°C, and 390 °C, for the PVA, LA-
PVA, and LA-PVA-MTMS aerogels, respectively [63]. The 
increasing of maximum degradation temperature explained 
by the adding of LA and MTMS promoted the thermal sta-
bility of aerogels i.e. both have heat resistant properties. At 
the last stage, further degradation of the residual polymers 
to form carbon materials. The weight losses (TGA fraction) 
showed smaller changes under the increasing temperature. 
At the end of the process, the residuals quantity of the aero-
gels was increased significantly from 1 wt % in the case of 
PVA aerogel to 21 wt% and 44.5 wt% in the case of LA-PVA 
and LA-PVA-MTMS, respectively. This is due to the influ-
ence of LA and MTMS. The above finding out suggests that 
introducing MTMS to LA-PVA aerogel causing significant 
enhancement for the thermal property of the aerogel, and it 
could be used efficiently as a precursor to producing carbon 
aerogel [64].

To investigate the mechanical properties of the prepared 
aerogels, the compressive stress and strain, and their cyclic 
compression behaviors were measured (Fig.5). As shown in 
Fig. 5a, PVA aerogel, before blending with lignin, has low 
very elasticity properties, and it was deformed permanently 
when the compression strain was over 30%. The LA-PVA 
and LA-PVA-MTMS aerogels showed that they can both 

be compressed by more than 50% because of their high 
porosity. However, the resilience of LA-PVA and LA-PVA-
MTMS aerogel has been improved to a certain extent, while 
their mechanical properties significantly improved (Fig. 5b 
and c). Under 50% compressive strain, the maximum com-
pressive stress of LA-PVA aerogel reaches 310 KPa, while 
the maximum pressure of LA-PVA-MTMS aerogel reached 
373 KPa. The enhancement of compression stress refer-
ring to the interior structure of aerogels and the interaction 
between LA, PVA, and MTMS [65]. These results are in 
agreement with the results reported by Zheng et al. [56]. 
Notably, the aerogels completely recovered their original 
shape with no mechanical failure after being subjected to 
50% strain. Generally, the excellent mechanical property of 
aerogel makes it suitable for broad application prospects in 
the field of wastewater separation.

3.3 � Absorption capacity of oil and organic solvents

Currently, scientists have an extensive research interest in 
polymer aerogels with high porosity. which has many advan-
tages such as high specific surface area and high absorption 
performance, when it has compared to other polymer-car-
riers [66].

The absorption capacity oil/chemical and the oil-water 
separation performance of the LA- PVA-MTMS aerogel 
were investigated. As known, organic solvents are the main 
resources of water pollution that threaten the ecosystem as 
well as the health of humans. Herein, soybean oil and some 
organic solvents (including, methylbenzene, petroleum ether, 
kerosene, n-heptane, and trichloromethane), were selected 
as targeted organic pollutants. The results of oil and organic 
solvent absorption capacity of the LA-PVA-MTMS are 
shown in Fig 6. The as-prepared aerogel exhibited satisfac-
tory absorption capacity for oil and some organic solvents as 
pointed in figure a, which could be as high as 2–11 times its 
weight. On the contrary, the absorption capacity of LA-PVA-
MTMS was a little less than those prepared from blending 

Fig. 5   Mechanical properties of the PVA (a), LA-PVA (b), and LA-PVA-MTMS (c) aerogels, respectively
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PVA with nanocellulose [56], boron nitrite nano-sheet [41], 
carbon nanotube [38], and graphene [67]. However, these 
aerogels are limited for industrial applications due to the 
high cost and complicate of their synthesis. Hence, the LA-
PVA-MTMS could be used as an alternative, cheap, and 
sustainable absorbent material for oily wastewater treatment.

3.4 � Surface wettability composite aerogel

To measure the hydrophobic properties of aerogels, the 
water contact angle test was conducted. As known, when 
the water contact angle is less than 90°, the material is clas-
sified as a hydrophilic material, and when the water con-
tact angle is greater than 90°, the material is classified as a 
hydrophobic material.

As shown in Fig. 7a, b, the water contact angle of the LA-
PVA aerogel was 0°, and after modification with MTMS, 

the water contact angle of the LA-PVA-MTMS aerogel was 
143°, which is an expression of high hydrophobicity. Also 
the Fig. 7c, d, we can observe that the drop of the colored 
water with methylene blue was completely absorbed by 
unmodified aerogel. Subsequently, after modification with 
MTMS, the droplets of water has stayed on the surface of 
the aerogel with a spherical shape and 143° of contact angle. 
This observation indicating that the hydrophobic aerogel was 
achieved successfully. Interestingly, as shown in Fig. 7e, 
the LA-PVA-MTMS aerogel exhibited high hydrophobicity 
under different pH values (pH 1, 7, 13). These results are 
demonstrating that the prepared aerogel has excellent sepa-
ration performance under a wide range of pH, this is due to 
the good interaction between the aerogel’s elements, high 
chemical durability of the aerogel’s components, as well 
as to rough surface structure. Additionally, Fig. 7f shows 
that water forms droplets on the surface of the modified 
aerogel, and kerosene (stained with Sudan III) is quickly 
and completely absorbed. The result shows that the surface 
silanized modified composite aerogel is hydrophobic and 
could be effectively used for oil-water separation. Com-
pare to the previous studies, the LA-PVA-MTMS exhibits 
an average of WCA up to 143°, which is higher than most 
of the reported hydrophobic nanocellulose/PVA aerogels, 
such as PVA/nanocellulose/Fe2O3 [68], PVA/boron nitride, 
PVA/nanofibers of bacterial cellulose [69], which prepared 
expensively. In general, the prepared aerogel exhibited a low 
density, high porosity, high-hydrophobicity, low-cost, and 
corrosion resistance, so it has expected to absorb oil and 
organic solvents from water effectively.

3.5 � Performance of oil/water separation

The oil spill has caused serious pollution of the water envi-
ronment, and the treatment of oil and organic contami-
nants in the water has aroused great research interest and 

Fig. 6   The absorption capacities for various oils and organic solvents

Fig. 7   The water contact angle 
of LA-PVA (a) and LA-PVA-
MTMS (b) aerogels; The water 
absorption of the LA-PVA and 
LA-PVA-MTMS aerogels, (c) 
and (d) respectively; Absorp-
tion behavior of the LA-PVA-
MTMS in different aqueous 
solutions (e); and A absorption 
behavior of the LA-PVA-
MTMS aerogel (water and oil 
were colored by methylene blue 
and Sudan 3, respectively) (f)
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commercial interest among scholars. As shown in Fig.8a–h, 
dyed kerosene or trichloromethane with Sudan III was added 
into a beaker filled with water to form two lyres, and then the 
LA-PVA-MTMS composite aerogel was added. The dyed 
kerosene was absorbed totally within one minute and a clear 
solution (water) was left in the beaker. The results show that 
the modified LA-PVA-MTMS aerogel has a good adsorption 
capacity for oil and organic solvents as was assumed before.

To further demonstrate the absorption ability of LA-
PVA-MTMS, the absorption test of aerogel for the mixture 
of water with oil and different kinds of organic solvents 
was performed to evaluate its separation efficiency. As 
shown in Fig.8a, the LA-PVA-MTMS aerogel showed 
high separation efficiency by up to 94%. This is due to 

the LA-PVA-MTMS has a high surface area and a large 
number of macroporous and microporous structures, which 
provides a basis for the application in oil-water separation 
[70].

As an important criterion for practical application, the 
recyclability of LA-PVA-MTMS aerogel should be seri-
ously considered. Take toluene as a representative for 
absorption and explore its absorption cycle performance. 
As shown in Fig. 9b, after ten cycles of testing, the separa-
tion efficiency of LA-PVA-MTMS composite aerogel has 
been reduced to a certain extent, but it can still reach more 
than 90%, indicating that this composite aerogel has good 
performance. A certain decrease in separation efficiency 
was observed, this is maybe due to a certain residue of 
toluene during the desorption process.

Fig. 8   a–h Oil absorption 
process of the LA-PVA-MTMS 
aerogel.

Fig. 9.   The separation efficiency of different greases (a), Toluene recyclability test (b) of LA-PVA-MTMS aerogel, respectively
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4 � Conclusion

The successful fabrication of non-polluting, biodegrad-
able, and environmentally friendly material, using a simple 
strategy may offer a model for the designing and prepara-
tion of novel materials for oil/water separation. Therefore, 
in this work, a facile method for fabricating lignin-based 
aerogels was established by cross-linking LA with PVA 
followed by modification with MTMS. Benefiting from 
the large porosity and low density of the aerogels, the 
prepared aerogel showed some unique properties such 
as low density (0.1150 g/cm3), high porosity (88%), high 
hydrophobicity (143°), while maintaining its free-standing 
characteristics and high mechanical properties. Attributing 
to its porous structure, the aerogel showed a relatively high 
absorption capacity to various oils and chemical solvents, 
and it possessed excellent separation efficiency reached 
up to 94% in the absorption of selective oil from water in 
a wide range of pH. In addition to that, it exhibited good 
reusability (10 times). Therefore, based on the exceptional 
properties of the aerogel in terms of reusability, and oil/
water separation efficiency, render them as ideal bio-based 
materials for the treatment of industrial wastewater (or 
oily water).
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