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Abstract: One sustainable method of removing oil spills is the use of sorbents. In this study, aerogels
made from paper waste and crosslinking starch are investigated as sorbents. Aerogels have a
high porosity and, thus, achieve a high sorption capacity. The paper waste aerogels are compared
with aerogel samples that also contain hemp fibres as a composite. After hydrophobisation with
methyltrimethoxysilane, the maximum sorption capacity of crude oil, marine diesel oil and lubricating
oil is investigated. Aerogels made of cellulose from paper waste with starch show the highest sorption
capacity of about 50 gg−1 for all studied oils. Unfortunately, hemp fibres offer no advantage in
sorption capacity, but they do mitigate a decrease in sorption capacity with an increase in cellulose
fibre content. This could be an advantage in a possible commercial product, so that the properties do
not vary as much.

Keywords: cellulose aerogel; starch; hemp fibres; hydrophobisation; sorption capacity; crude oil;
marine diesel oil; lubricant oil

1. Introduction

Nowadays, human activities contribute significantly to environmental changes. The
more advances are made in various technical areas, the more accidents occur. This also in-
cludes oil and oil product spills caused by transport and cargo transfers to oil terminals [1].

One of the most sustainable methods of removing oil spills is the use of sorbents [2,3].
The authors investigated hydrophobised cellulose aerogels as a particularly effective sor-
bent [4–7]. In general, aerogels have a high porosity and, thus, achieve a high sorption
capacity [8]. Cellulose-based aerogels are made from a variety of materials, such as corn
straw [9], hemp [10], rice husk [11], potato tubers [12], waste paper [13], cotton [14], rice
straw [15], timber [16], etc. Plant biomass in forests is the main feedstock for cellulosic aero-
gels, while renewable resources, such as aquatic plants, grasses and agricultural residues,
are considered as an essential source of cellulosic aerogels [17]. Aerogels made from paper
waste are particularly sustainable, as the amounts of paper waste are still increasing [18,19].
The paper industry is one of the largest industries in the world [20].

Composites are prepared from at least two constituent materials. In general, fibres
in an amorphous matrix are reported, as described, for example, in [21]. A composite
of a cellulose aerogel from paper waste with fibres from office paper, cardboard, wool,
straw, algae and cellulose acetate is reported in [6]. The wool/cellulose aerogel compos-
ite exhibited higher sorption capacities for oil than “pure” cellulose aerogel. Cellulose
aerogel with cellulose acetate also showed higher sorption capacities, but it could only
be used once. Surprisingly, to the authors’ knowledge, very little literature exists about
composites of cellulose aerogels consisting of cellulose fibres and chemically untreated,
virgin fibres of hemp straw for oil spill sorbent applications. Hemp straw is an agricultural
waste product and is only described in the scientific literature in connection with thermal
insulation [22–24], where it is processed into aerogel in a sol-gel process.
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In this paper the results of the investigation of aerogels from paper waste and hemp
fibres are described, using the samples as sorbents for three kinds of oil after their hy-
drophobisation. The goal of the incorporation of hemp fibres into cellulosic aerogels is to
modify the sorption capacities of cellulosic aerogels by incorporating these materials into
the cellulosic fibres for the aerogels, without prior treatment or dissolution. In addition,
starch should be used as a sustainable cross-linker [25] which, according to [7], also leads to
a significant increase in the sorption capacity of the cellulose aerogel. The aerogel samples
are rendered hydrophobic with a silane reagent, creating an oil sorbent, characterised
by the contact angle measurements with water drops. This procedure is recommended
in the literature [26]. Density and porosity of the produced aerogels were determined.
Furthermore, it was examined whether an increase in the sorption properties of crude oil,
marine diesel and biodiesel can be measured by the additives. The results of the mechanical
property studies will be published elsewhere.

2. Materials and Methods
2.1. Materials

For the synthesis of the aerogels, cardboard waste (4.01.00 code according to EN
643:214 “Paper and board. European list of standard grades of paper and board for
recycling”) as the source of cellulose, hemp fibres of approximately 0.5 cm fibre length from
a local farmer at Klaipeda (Lithuania), and potato starch (Aloja Starkelsen Ltd., Liepaja,
Latvia) were used as raw materials. Methyltrimethoxysilan (MTMS of 98%; Sigma-Aldrich
Chemie GmbH, Taufkirchen, Germany) was used for hydrophobisation of aerogels.

For the investigation of the maximum sorption capacities, crude oil with a density of
867 kg m−3 and a dynamic viscosity of 0.0097 Pa s from SC ORLEN Lietuva (Mažeikiai,
Lithuania), marine diesel oil (MDO) with a density of 852 kg m−3 and a dynamic viscosity
of 0.0024 Pa s from JSC Gindana (Klaipėda, Lithuania) and the lubricating oil PEMCO
iDrive 105 SAE 15 w-40 with a density of 877 kg m−3 and a dynamic viscosity of 0.0038 Pa
s from JSC SCT Lubricants (Klaipėda, Lithuania) were used.

2.2. Production of the Aerogel Samples

For the control samples, cardboard was shredded up to 0.5 cm2 in size, and an amount
of 200 mL distilled water (1 wt%) was homogenised in a high beaker at 20,000 rpm for five
minutes with a disperser UltraTurrax T25 digital (IKA, stainless steel rotor/stator diameter
of 18 mm). In parallel, starch was dissolved in 20 mL hot water. The starch solution was
added to the mixture, and homogenised for about one minute. Then, the mixture was
poured into a 40 mL metal cups and refrigerated for 3 h at minus 18 ◦C. The frozen samples
were then freeze-dried in a vacuum at 0.015 hPa and a condenser temperature of minus
105 ◦C (ScanVac CoolSafe; LaboGene, Hadsten, Denmark).

The proportions of starch to cardboard per 100 mL of water can be found in Table 1.

Table 1. Material quantities of starch and cardboard for the control samples per 100 mL batch size.

Starch in (g) Water in (mL) Cardboard in (g) Water in (mL)

0.1

20

1

80
0.2 2
0.3 3
0.4 4
0.5 5

The procedure of hydrophobisation of aerogel samples follows the one described
in [7].

The aerogel samples with the hemp fibres were prepared in the same way as the
control samples described above but, instead of a pure starch solution, a mixture of starch
and hemp fibres was added as listed in Table 2.
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Table 2. Material quantities of starch, hemp fibres, and cardboard for the control samples per 100 mL
batch size.

Starch
in (g)

Hemp Fibres
in (g)

Water
in (mL)

Cardboard
in (g)

Water
in (mL)

0.05 0.05 20 1 80
0.1 0.1 20 2 80

0.15 0.15 20 3 80
0.2 0.2 20 4 80

0.25 0.25 20 5 80

The hydrophobisation of these aerogel samples follows the above-described procedure.
A total of 5 samples were produced from each aerogel group.

2.3. Investigation of the of Properties the Aerogel Samples

For the density of aerogels, the samples were weighed, and the height and diameter
were measured at several surface locations to calculate the density of the aerogels.

The porosity of aerogels is calculated as given in [6]:

Porosity =

(
1 −

(
ρs

ρt.s.

))
·100%, (1)

where ρs is the bulk density of the aerogel samples and ρt.s. is the theoretically density of the
mixtures of the starch and the cellulose and hemp fibres, and can be calculated according
to [27]:

ρt.s. =
1

wcellulose
ρcellulose

+ wstarch
ρstarch

(2)

where wcellulose and wstarch are the parts of the sum of cellulose, hemp fibres and starch in
the sample; and ρcellulose and ρstarch are the densities of the cellulose and starch, respectively.
According to the literature, the density of cellulose is 1.5 g cm−3 [28], the density of starch
is −1.45 g cm−3 [29] and the density of the hemp fibres is assumed to be that of cellulose.

The wettability of the aerogel surface was investigated by measuring the water contact
angle using the sessile drop method as described in [7].

The maximum sorption capacity of aerogels (Q) is determined using [6]:

Q =
m1 − m0

m0
, g g−1 (3)

where m0 is the weight of the aerogel before sorption in g and m1 is the weight of the
aerogel after sorption in g.

3. Results
3.1. Hydrophobicity Test Results of Aerogel Samples

The water contact angle of all samples was determined after hydrophobisation using
MTMS. The contact angles of water droplets (Figure 1) were measured at several locations
and the results were averaged. It has been observed that all cellulose aerogels have
fairly similar water contact angles, mostly around 100◦ to about 120◦ (Tables 3 and 4). A
dependence on the composition cannot be determined.

Table 3. Water drop angle determined of aerogel samples with different concentrations of waste
paper (P) and starch (K).

K0.1-P1 K0.2-P2 K0.3-P3 K0.4-P4 K0.5-P5

(115 ± 3)◦ (122 ± 4)◦ (121 ± 4)◦ (114 ± 6)◦ (109 ± 5)◦
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Figure 1. Representative photograph of a water drop on a hydrophobised aerogel made from waste
paper and starch.

Table 4. Water droplet angle determined for different concentrations of aerogel samples with waste
paper (P), starch (K), and hemp (KA) fibres.

K0.05-KA0.05-P1 K0.1-KA0.1-P2 K0.15-KA0.15-P3 K0.2-KA0.2-P4 K0.25-KA0.25-P5

(100 ± 1)◦ (114 ± 6)◦ (114 ± 6)◦ (118 ± 7)◦ (120 ± 6)◦

The maximum water contact angle was recorded at 131◦ at the two cellulose concentrations—
K0.3-P3 and K0.4-P4. The smallest water contact angle of 123◦ was recorded at the sample
K0.1-P1.

The maximum water contact angle was recorded at 131◦, again at the two cellu-
lose concentrations, namelyK0.25-KA0.25-P5, and the smallest, −100◦, also in the sample
(K0.05-KA0.05-P1).

These contact angles correspond to the values reported in [7]. In general, the contact
angles of water to the aerogel samples being higher than 90◦ means that the samples are
hydrophobic [6].

3.2. Determination of Density and Porosity of Aerogel Samples

The density and porosity of control samples from different amounts of cellulose from
cardboard waste, and the correlating amount of cross-linker starch, are shown in Figure 2.
It can be seen that the lowest density of cellulose-based aerogels using starch reached
15.209 ± 2.099 kg m−3, where both cellulose and binder concentration in the solution were
the lowest (K0.1-P1). On the other hand, the highest value was obtained in sample K0.5-P5,
with the highest cellulose and starch content −80.772 ± 6.454 kgm−3. The density increases
and porosity decreases with increasing content of cellulose. However, porosity does not
appear to decrease linearly with increasing cellulose content, just as density inversely
increases linearly.
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Figure 2. Results of testing the density and porosity of control aerogel samples with starch with
different cellulose concentrations: K—starch content in the samples, wt%; P—the amount of paper
waste in the samples, wt%.
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The non-linear decrease in porosity with increasing cellulose content could be related
to the fact that the thickness, as can be seen in the REM images in [7], forms its own network
and thus contributes to the porosity.

Figure 3 shows the densities and porosities of the aerogel samples, which also contain
hemp fibres. Again, the porosity decreases more slowly than the cellulose content from the
waste paper increases.
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Figure 3. Results of testing the density and porosity of control aerogel samples with starch with
different cellulose concentrations: K—starch content in the samples, wt%; KA—the amount of hemp
fibre in the samples, wt%; P—the amount of paper waste in the samples, wt%.

The lowest density value was obtained for the sample K0.05-KA0.05-P1 − 28.193 ± 5.481 kg m−3,
and the highest for K0.25-K0.25-P5 − 78.384 ± 12.793 kg m−3 aerogel samples. However,
compared to the control samples from Figure 2, the porosity values here are somewhat
lower. This could be explained by the additional hemp fibres. The values of the densities are
similar to the range of the values as already determined in [7]. In the literature [26,30–32], a
typical aerogel porosity ranges from 80 to 99.8 percent. Porosity varies depending on the
amounts of constituents in the sample, their density, and processing methods.

3.3. The Results of the Maximum Sorption Capacity of Aerogels

To determine the sorption capacity of aerogels for oil, 15 samples were prepared
for each different cellulose concentration. Five samples of each concentration were used
for marine diesel oil, crude oil and lubricating oil tests, respectively. Control samples
containing waste paper and starch were tested first, then samples containing additional
hemp fibres were tested.

Figure 4 shows the results of the investigation of the maximum sorption capacity of
aerogels for the sorption of marine diesel and the influence of the amount and type of the
individual additives on the sorption capacity.

As can be seen in Figure 4a, the sorption capacity of the control samples decreases from
49.73 ± 1.34 gg−1 (control samples) to 10.55 ± 0.43 gg−1, with increasing concentration of
cellulosic additives in the samples from 1 to 5% by weight. Similarly, a trend of decreasing
sorption capacity from 34.48 ± 5.62 gg−1 to 10.76 ± 1.35 gg−1 is observed in samples with
hemp fibre. Since the maximum sorption capacity of oil is related to the pore volume of
the aerogels (the larger the pore volume, the higher the maximum sorption capacity [33]),
the decreasing trend can be explained by the increased hemp fibre concentration and the
consequent lower porosity of the resulting aerogels (see also Figures 2 and 3) and, thus,
less space is available for the absorption of marine diesel oil.
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Figure 4. The results of the investigation of the maximum sorption capacity of cellulose aerogel
samples for the sorption of marine diesel oil: (a) dependence of sorption capacity on the amounts of
additives used for the production of aerogels; (b) comparison of the sorption capacity of control sam-
ples and samples with hemp fibre insertion (c,d) the influence of the amounts of individual additives
on the sorption capacity of aerogels in control samples and samples with hemp fibre, respectively.

Figure 4 shows the decrease in the maximum sorption capacity of the control samples
made from cellulose and starch. The drop of the maximum sorption capacity between 2
and 3 g cellulose content of the control samples is quite high compared to the drops before
and after. The samples with hemp fibres differ from the control samples. The maximum
sorption capacity of the first sample is similar to the sorption capacity of a sample without
additional starch and hemp fibres, as described in [4]. The drop of maximum sorption
capacity between the first aerogel samples with 1 and 2 g cellulose content is lower than that
of the corresponding control samples. When comparing the maximum sorption capacity of
the aerogel samples with hemp fibres with the control samples for marine diesel oil, the
difference in the maximum sorption capacity of about 30% is noticeable for the sample
with 1 g cellulose content. The difference is significantly smaller for the other samples in
Figure 4.

The highest values of the sorption capacity of marine diesel oil were obtained for the
control samples and the samples with hemp fibre with a 1–2 wt% concentration of cellulose
(see Figure 4b).

In Figure 4c, we see that the maximum sorption capacity of the control sample, which
consists of 1 wt% of cellulose and 0.1 wt% of starch, reached 49.73 ± 1.34 gg−1, while the
sorption capacity of the sample, which consisted of 5 wt% of cellulose and 0.5 wt% of starch,
reached 10.55 ± 0.43 gg−1 only. This is almost six times lower compared to the sample with
the lowest cellulose concentration.

Comparing the data of Figure 4c,d, the influence of the amounts of individual additives,
such as starch and hemp fibres, on the marine diesel oil sorption by aerogels could be seen.
The first series of samples consisted of 0.05 wt% of hemp fibre, 0.05 wt% of starch and
1 wt% of cellulose has maximum sorption capacity of 34.48 ± 5.62 gg−1. Meanwhile, the
last batch of samples consisted of 0.25 wt% of hemp fibre, 0.25 wt% of starch and 5 wt%
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of cellulose has sorption capacity of 10.76 ± 1.35 gg−1. Based on the porosity and density
research results (see Figures 2 and 3), it can be stated that additionally added hemp fibres
increase the density of aerogels and reduces its porosity, which leads to a decrease in the
maximum sorption capacity of marine diesel oil.

Figure 5 shows the results of the investigation of the maximum sorption capacity
of aerogels for the sorption of crude oil and the influence of the amount and type of the
individual additives on the sorption capacity.
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Figure 5. The results of the investigation of the maximum sorption capacity of cellulosic aerogel
samples for crude oil sorption: (a) dependence of sorption capacity on the amounts of additives
used for the production of aerogels; (b) comparison of the sorption capacity of control samples and
samples with hemp fibre insertion (c,d) the influence of the amounts of individual additives on the
sorption capacity of aerogels in control samples and samples with hemp fibre, respectively.

Here, too, overall and when comparing the effects of the individual components, a
behaviour similar to that of the previously described results on marine diesel oil is revealed.
The control sample of 1 g cellulose and 0.1 starch shows a similarly high maximum sorption
capacity for crude oil as for marine diesel oil. This result is consistent with the results
in [7]. The sorption values also decrease in a similar way with increasing cellulose contents
(Figure 5 as in Figure 4). However, the maximum sorption capacity when replacing half of
the starch in the aerogel sample with 1 g cellulose decreases more than in the previously
described marine diesel oil as sorbate. This could be related to the significantly more
complex composition of the crude oil. When comparing the maximum sorption capacity of
the aerogel samples with hemp fibres with the control samples for crude oil, the difference
in the maximum sorption capacity of about 53% is noticeable for the sample with 1 g
cellulose content. The difference is significantly smaller for the other samples, as shown in
Figure 5.

The highest values of the sorption capacity of marine diesel oil were obtained in the
case of marine diesel oil sorption for control samples, as well as the samples with hemp
fibre with a 1 and 2 wt% concentration of cellulose (see Figure 5b).
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Comparing the data of Figure 5c,d, it can be seen that the maximum sorption capacity
of the first series of samples, consisting of 0.05 wt% of hemp fibre, 0.05 wt% of starch and
1 wt% of cellulose, reached 26.84 ± 1.73 gg−1, and the last series of samples, consisting of
0.25 wt% of hemp fibre, 0.25 wt% of starch and 5 wt% of cellulose, reached 11.10 ± 1.37 gg−1

sorption capacity.
The results of the sorption capacity of 1 wt% of cellulose concentration aerogels with

the hemp fibre was 22% lower for crude oil sorption (26.84 ± 1.73 gg−1), than that of diesel,
−34.48 ± 5.62 gg−1. Meanwhile, 5 wt% of cellulose and hemp samples crude oil sorption
capacity was 11.11 ± 1.37 gg−1, and was similar to the marine diesel oil sorption capacity
results of 10.76 ± 1.35 gg−1.

Figure 6 shows the results of the investigation of the maximum sorption capacity of
aerogels for the sorption of lubricating oil and the influence of the amount and type of the
individual additives on the sorption capacity.
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Figure 6. The results of the investigation of the maximum sorption capacity of cellulosic aerogels
in the sorption of lubricating oil: (a) dependence of sorption capacity on the amounts of additives
used for the production of aerogels; (b) comparison of the sorption capacity of control samples and
samples with hemp fibre insertion (c,d) the influence of the amounts of individual additives on the
sorption capacity of aerogels in control samples and samples with hemp fibre, respectively.

Here, the control samples in Figure 6 show a more even drop in the maximum sorption
capacity for lubricating oil than in the previously described investigations on crude oil
and marine diesel oil. However, the maximum sorption capacity for lubricating oil in the
control sample with 1 g cellulose and 0.1 g starch is about 20% smaller (30.99 ± 6.37 gg−1)
than for the other two oils. When comparing the maximum sorption capacity of the aerogel
samples with hemp fibres with the control samples for lubricating oil, the difference in the
maximum sorption capacity of about 24% is noticeable for the sample with 1 g cellulose
content. The difference is significantly smaller for the other samples in Figure 6.
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According to the results of studying the sorption capacity of marine diesel oil and
crude oil, it can be stated that aerogels with the lowest cellulose concentration mainly
absorb marine diesel oil (34.48 ± 5.62 gg−1) and 22% less crude oil (26.83 ± 1.73 gg−1).
Meanwhile, aerogels with the highest concentration of cellulose absorb primarily marine
diesel (10.76 ± 1.35 gg−1) and nearly 32.5% less lubricating oil (7.27 ± 3.05 gg−1). This
is also related to the density and viscosity of the sorbed product, and is also confirmed
by [4,34].

4. Conclusions

It was successfully demonstrated that composite aerogel samples can be produced
from cellulose fibres with untreated hemp fibres and a crosslinking starch. The samples
have a low density and a high porosity typical for aerogels.

These samples were then successfully hydrophobised to sorb three different oils. Since
starch was introduced as sol into a paper waste slurry, it was able to form its own network,
as shown in an earlier publication by the authors. However, the maximum sorption
capacities of the composite gels are consistently lower than those for cellulose aerogel with
starch and without hemp fibres. This is probably due to the increased density and the
therefore reduced porosity caused by the hemp fibres. The maximum sorption capacity of
the cellulose aerogel with starch and hemp fibres is similar to that of a cellulose aerogel
sample without the addition of starch and hemp fibres. The hemp fibres neutralise the
increasing effect of starch, which was found in an early study of the authors. A composite
site consisting of cellulose fibres from paper waste and hemp fibres and crosslinking starch,
therefore, has no advantage over a “pure” cellulose aerogel with respect to the sorption
of oils.

It is nevertheless interesting to note that hemp makes the drop in maximum sorption
capacity for aerogels with 1 or 2 g cellulose comparatively small. A small drop in the
maximum sorption capacity could be important in a commercial product if there are
variations in the weight of the starting materials. Therefore, the authors will search for
a substitute for hemp that reduces the drop in sorption capacity similarly, but keeps the
absolute sorption capacity for cellulose aerogels at a similar or higher level as for starch
aerogel samples.
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