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Abstract: Volatile methyl siloxanes (VMSs) as a trace impurity in biogas decreases its energy utiliza-
tion, and thus need to be removed. In this paper, a one-step hydrothermal reduction was performed
to produce three-dimensional reduced graphene oxide aerogels (rGOAs) using industrial-grade
graphene oxide (IGGO) as raw material and vitamin C (VC) as a reductant to facilitate the fabrication
of rGOAs. The synthesis of rGOAs was a simple, green, and energy-efficient process. The developed
rGOAs were characterized using the Brunauer–Emmett–Teller method, Raman spectrometry, scan-
ning electron microscopy, Fourier-transform infrared spectroscopy, X-ray diffraction measurements
and contact angle. The results obtained showed that rGOA-1 with a VC/IGGO ratio of 1/1 (m/m)
exhibited a hierarchical porous structure and super-hydrophobicity, yielding a high specific surface
area (137.9 m2 g−1) and superior water contact angle (143.8◦). The breakthrough adsorption capacity
of rGOA-1 for hexamethyldisiloxane (L2, a VMS model) was 11 times higher than that of IGGO. Low
inlet concentration and bed temperature were considered beneficial for the L2 adsorption. Inter-
estingly, rGOA-1 was less sensitive to water, and it was readily regenerated for reuse by annealing
at 80 ◦C. The rGOAs have been demonstrated to have great potential for the removal of siloxanes
from biogas.

Keywords: reduced graphene oxide aerogel; Vitamin C; hexamethyldisiloxane; siloxane; adsorption

1. Introduction

Volatile methyl siloxanes (VMSs) are products of the hydrolytic depolymerization
of silicone. In VMS molecules, silicon atoms are alternately linked to oxygen atoms
and methyl groups, exhibiting cyclic and chain structures labeled D and L, respectively
(Figure S1) [1–3]. Due to the widespread use of silicone, the VMS content in biogas origi-
nating from the digestion of organic waste substances in sewage plants, municipal landfills,
and farm fermentation tanks has recently grown quickly [4–6]. Their presence in biogas is
proven to impose significant constraints on its energy application, for example, blocking
the fan and wearing out the fenestrae of the engine, etc., which are fatal to the biogas power
equipment, substantially increasing the production cost [3]. Therefore, the VMS removal
from biogas has recently come into research focus.

There are several available methods to remove VMSs, such as adsorption, absorption,
biofiltration, and membrane filtering [7–9]. Among these techniques, adsorption has
been the most widely used method because of higher efficiency, less risk, and lower cost
than other approaches. Silica gel, activated carbons (ACs), and zeolites were applied in
adsorbing VMSs, exhibiting good activity toward the VMS capture [10–15]. However, in
the presence of moisture, the siloxane polymerization reaction occurs attributed to the
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hydroxyl groups on the surface of ACs, zeolites, and silica gel, making thermal regeneration
more difficult [16–19]. Thus, novel materials for the VMS adsorption need to be developed.

Graphene-based materials, for instance, graphene oxide (GO) and reduced graphene-
oxide aerogels (rGOAs), have attracted significant attention for adsorbent applications [20–23].
Graphene oxide is comprised of many functional groups on its edges and basal planes,
including epoxide, hydroxyl, carboxyl, and carbonyl groups [24–26]. The hydrothermal
reduction can be used to eliminate the GO functional groups, yielding rGOAs [27]. Compared
with GO, rGOAs show better performance of adsorption toward non-polar pollutants as
a consequence of their high surface area, high hydrophobicity, and low oxygen content,
suggesting great application potential of rGOAs for the VMS removal [28–31].

Up to now, a wide variety of reducing agents were studied for the preparation of
rGOAs, such as NH3·H2O, HI, Na2S, C6H4(OH)2, NaHSO3, Vitamin C (VC), etc. Among
these reductants, VC was proved to be environmentally friendly [32–35]. In this study, we
prepared rGOAs from industrial-grade multilayer graphene oxide (IGGO) using VC as a
reductant. The reduction of IGGO was achieved at a low hydrothermal temperature. The
prepared rGOAs demonstrated great potential for the VMS removal, easy recovery, and
water resistivity. To the best of our knowledge, previous reports regarding the effects of
VC on self-assembly of rGOAs in the hydrothermal reaction and their performance for the
VMS removal are rather scarce; thus, the VC-assisted fabrication of aerogels has promising
industrial applications.

2. Materials and Methods
2.1. Chemicals and Reagents

IGGO, industrial-grade, was purchased from Suzhou Hengqiu Technology Co., Ltd.
(Suzhou, China). Vitamin C (99% purity, Aladdin, China), absolute ethanol (99.9% purity,
Sairuifu Technology Co., Ltd., Tianjin, China), and deionized water were used for the
synthesis of rGOAs. L2 (hexamethyldisiloxane), 99% purity, was obtained from Aladdin
(Shanghai, China). All reagents were used directly without further purification.

2.2. Preparation of Reduced Graphene-Oxide Aerogels (rGOAs)

Aqueous suspensions of IGGO (4.0 mg mL−1) were prepared with 240 mg of IGGO
dispersing in 60 mL deionized water via ultrasonic treatment for 60 min. Briefly, 240 mg of
VC was dissolved in an IGGO suspension, and the mixed suspension was transferred to
a 100 mL Teflon reaction kettle, heated to 95 ◦C and kept 6 h, leading to the formation of
hydrogel. Then, to remove the residual agents, the hydrogel was washed with deionized
water, followed by immersing in 20% ethanol solution for 6 h. Finally, the rGOA-1 sample
was achieved by freeze-drying for 24 h with an IGGO to VC mass ratio of 1:1. To explore the
effect of VC on the rGOAs, we also prepared rGOAs with the other three IGGO to VC mass
ratios of (1:0, 1:0.5 and 1:2), and the aerogel samples were denoted as rGOA-0, rGOA-0.5,
and rGOA-2, respectively. Next, the rGOAs were ground and passed through a 100-mesh
sieve for the following experiments to maintain consistency of the experimental conditions.

2.3. Characterization

The S-4800 scanning electron microscope (SEM, Hitachi, Japan) was used to examine
the morphology of the materials. The X-ray diffraction (XRD, Bruker AXS, Karlsruhe,
Germany) was used for the structural characterization, and Raman spectra were per-
formed using a Raman spectrometer (Renishaw, NewMills, UK). The Kubo ×1000 au-
tomatic surface area and pore analyzer (Beijing Builder Co., Ltd., Beijing, China) were
used to measure the N2 adsorption-desorption isotherms at a temperature of −196 ◦C,
with 10−5 < P/P0 < 1.0. The samples were treated under vacuum at 80 ◦C for 2 h. The
BET-specific surface area (SBET) was calculated by the Brunauer–Emmett–Teller (BET)
equation. The total pore volume (Vtot) and the average pore size (Daver) were calculated
using the Barrett–Joyner–Halenda (BJH) method. The presence of functional groups on
the samples were measured by the Fourier-transform infrared spectroscopy (FTIR, Bruker
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Tensor 27, Ettlingen, Germany) in the range of 400–4000 cm−1. The water contact angle
was measured for a 3 µL water drop at room temperature using a contact angle/interface
system (JY-PHb, Jinhe Instrument Manufacturing Co., LTD, Nanjing, Jiangsu, China) to
determine the hydrophobicity of the samples. The L2 concentration was determined using
GC 9790 gas chromatography (Fuli Analytical Instrument Co., Ltd., Wenling, Zhejiang,
China) with a hydrogen flame ionization detector (GC/FID) and a 2.0 m long × 2.0 mm
I.D. stationary-phase column (GDX-102). Other detection conditions are as follows: an
oven temperature of 200 ◦C, an injector temperature of 250 ◦C, and a detector temperature
of 280 ◦C, with an N2 carrier gas flow rate of 50 mL min−1.

2.4. L2 Adsorption and Regeneration

The dynamic adsorption experiments of L2 on rGOAs were performed according to
the details reported in literature [36]. The experimental parameters, such as the mass of
rGOAs, were set to 0.10 g at 20 ◦C and the L2 inlet concentration (Cin) of 14.62 mg L−1 at a
gas flow rate of 50 mL min−1. Cout,t (the L2 concentration in the gas line after adsorbing
process) was detected via a calibrated GC-FID on the permeate side. The breakthrough
curves by plotting Cout,t/Cin versus time were used to express the experimental results. The
following quantities were adopted to denote the adsorption behavior: (i) the breakthrough
time (tB, min), defined as Cout,t/Cin = 0.05, and (ii) the breakthrough adsorption capacity
(QB, mg g−1), representing the adsorption capacity at time tB. The QB was calculated from
Equation (1) [36]:

QB =
VgCin

m

∫ tB

0

(
1−Cout,t

Cin

)
dt (1)

where m is the mass of adsorbent (g), Vg is the gas flow rate (L min−1), Cin is the inlet
concentration (mg L−1), and Cout,t is the outlet concentration (mg L−1) at adsorption time
t (min).

With Cout,t/Cin ≈ 1, the adsorbent bed reached saturation. Next, the used rGOAs
were regenerated with nitrogen blowing and heated in a water bath for 30 min at 80 ◦C.
The five times adsorption-desorption cycles were repeated in the same manner to analyze
the regenerative properties of rGOAs.

2.5. Model of the Breakthrough Curves

The Yoon–Nelson model was selected to assess the dynamic data of the experiment.
The data obtained from this model can be used to calculate the theoretical breakthrough
time (tB,th, min) and theoretical breakthrough adsorption capacity (QB,th, mg g−1). The
Equation (2) for this model is [37]:

Cout, t
Cin

=
1

1 + exp[KYN(τ − t)]
× 100% (2)

where KYN is the constant of Yoon–Nelson, τ is the time by Cout,t/Cin = 0. 5, and t is the
adsorption time (min).

The kinetic model parameters (KYN and τ) of different adsorption experiments were
obtained from the Equation (2). Then, for Cout,t/Cin = 0. 05, tB,th was obtained by the
Equation (2). After that, using the expressions of Cout,t/Cin in the Equation (2), we can
calculate the QB,th by the Equation (1) at tB,th.

3. Results
3.1. Effect of the Vitamin C (VC) Amount on Textural Properties and Hydrophobicity

Figure S2 shows digital photos of the rGOAs. The as-prepared samples exhibit
different macroscopic appearances with and without VC. When VC is added, the rGOAs
exist as a monolithic bulk with a stable cylindrical shape, as shown in Figure S2b–d. By
contrast, the rGOA-0 yields only loose black mass powder (Figure S2a). It indicates that
VC is beneficial to the fabrication of the rGOAs, yielding a three-dimensional monolithic
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porous architecture of aerogel via π–π interactions, hydrophobicity, hydrogen bonds, and
Van der Waals forces [20,31]. In addition, the amount of VC has a positive effect on the
structure and functionality of the rGOAs. To assess the textural properties of IGGO and
rGOAs, textural parameters (SBET, Vtot, Daver, and contact angle) are listed in Table 1.
As evident from Table 1, the rGOAs exhibit a significant improvement in the textural
properties, where rGOA-1 has the highest values of SBET and Vtot. For comparison, we
chose the original samples of IGGO, rGOA-0 (without VC) and rGOA-1 (with highest
specific surface area) to perform the rest of the experiments. Figure 1a,b) shows the
nitrogen adsorption-desorption isotherms and the pore size distribution of IGGO and
two representative rGOA composites (i.e., rGOA-0 and rGOA-1). As shown in Figure 1a,
from N2 adsorption–desorption isotherms, rGOA-1 presents a IUPAC type IV isotherm
with a type H3 hysteresis loop [38], suggesting the existence of an external surface and
mesopores [30]. On the other hand, IGGO and rGOA-0 have a much smaller nitrogen
adsorption volume than rGOA-1, exhibiting type III isotherms, with nearly non-porous
structure [21]. Remarkably, rGOA-1 exhibits narrower mesopores than IGGO and rGOA-0,
as shown in Figure 1b. According to the literature [30], a narrower mesoporous range is
favorable for the adsorption of L2.

Table 1. Properties of industrial-grade multilayer graphene oxide (IGGO) and reduced graphene-
oxide aerogels (rGOAs).

Adsorbent SBET (m2 g−1) V tot (cm3 g−1) Daver (nm) Contact Angle (◦)

IGGO 7.4 0.23 13.18 76.6
rGOA-0 19.1 0.39 10.30 119.9

rGOA-0.5 86.8 0.71 9.20 135.1
rGOA-1 137.9 0.88 5.08 143.8
rGOA-2 76.1 0.65 8.76 132.0
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rGOA-0, and rGOA-1.

The photos measuring contact angles are shown in Figure S3. The contact angle
measurements of the adsorbents are listed in Table 1. The hydrophobicity of the rGOAs is
stronger than that of IGGO, which might be explained by the removal of oxygen-containing
groups of IGGO upon the reduction. In addition, rGOA-1 has the highest contact angle of
143.8◦, showing super-hydrophobicity.

3.2. Scanning Electron Microscopy (SEM), X-ray Diffraction (XRD), Fourier-Transform Infrared
(FTIR), and Raman Analyses of Industrial-Grade Graphene Oxide (IGGO), rGOA-0, and rGOA-1

SEM micrographs of IGGO, rGOA-0, and rGOA-1 are shown in Figure 2. For IGGO,
they confirm a certain degree of aggregation of multilayered graphene sheets (Figure 2a,b).
For rGOA-0, a few nanosheets are stacked and entangled, exhibiting no formation of a
crosslinked structure (Figure 2c,d), perhaps due to insufficient hydrothermal
self-assembly [30]. In particular, rGOA-1 shows a rich 3D porous network structure
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(Figure 2e,f), and the pores seem to be formed with many wrinkles from the curling of
sheets [39].
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The structures of IGGO, rGOA-0, and rGOA-1 are further analyzed by XRD. The rele-
vant XRD patterns (Figure 3) exhibit an significant structural change after the hydrothermal
reduction. A typical, strong peak at 2θ = 11.6◦, is the (001) plane of IGGO, with an interlayer
spacing of 7.6 Å. This large distance of interlayer could be linked to the presence of epoxy,
hydroxyl, and carboxyl groups [40]. The (001) peak of rGOA-0 decreases, and a faint (002)
facet of graphitic carbon appears at 2θ = 25.3◦ [41]. It proves that incomplete reduction
occurs on the rGOA-0 nanosheets surface, which agrees with the SEM observations. After
the reduction process, the XRD pattern of rGOA-1 has a (002) plane at 2θ = 25.3◦, suggest-
ing ordered graphene layers and yielding a smaller interlayer spacing of 3.6 Å. It could
be claimed that due to the removal of the oxygen functionalities, C=C bonds and π–π
interactions are restored, reducing the interlayer spacing [42].
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The Raman spectra of IGGO, rGOA-0, and rGOA-1 are given in Figure 4. Two
characteristic bands, D band (1345 cm−1) and G band (1600 cm−1), represent the defects
caused by sp3-hybridized carbon atoms and the stretching vibrations by sp2 lattice carbon
atoms in the graphene sheet, respectively [20]. The ratio of the intensity of the D and
G bands (ID/IG), can be used as an important index of the lattice defect density in the
carbon structure, having a positive correlation between the ID/IG ratio and the degree of
defects [43]. The Raman spectra show that the ID/IG ratio obviously improves from 0.86 of
IGGO to 1.03 of rGOA-1. High-defect populations are found in rGOA-1 flakes, which could
be attributed to the strong reducing activity of VC, which results in the oxygen-containing
functional groups also being removed, leaving vacancies in the original positions. The 2D
bands located in the range of 2300~3100 cm−1 are also a characteristic feature of carbon
materials [21]. In the Raman spectra (Figure 4b), rGOA-0 and rGOA-1 demonstrate a wide
and up-shifted 2D peaks, indicating a structure with few layers [44].
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FTIR spectra of IGGO, rGOA-0, and rGOA-1 (Figure 5) exhibit characteristic absorp-
tion bands. The absorption band at about 3441 cm−1 is attributed to the O–H stretching
vibration of in the carboxyl groups, C–OH groups, and adsorbed-state water. It suggested
that the carboxyl group was reduced to the hydroxyl group, possibly indicating an incom-
plete reduction of the IGGO. Several distinct peaks of IGGO are observed, such as C–H (at
2927 cm−1, low-intensity stretching and bending vibrations), C=O (at 1727 cm−1, stretching
vibration of carboxyl groups), C=C (at 1600 cm−1 and 1380 cm−1, vibration of the graphene
skeleton), and C–O–C (at 1050 cm−1, stretching vibration of epoxy groups) [45,46]. After
the self-hydrothermal reduction of rGOA-0, the intensities of the peaks at 1727 cm−1 (C=O
stretching vibration) and 1050 cm−1 (C–O–C stretching vibration) are weakened to a certain
extent, illustrating that incomplete reduction takes place. Furthermore, for rGOA-1, the
C=O peak at 1727 cm−1 is absent, and the peak at 1050 cm−1 (C–O–C stretching vibra-
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tion) become very weak, indicating that the carbonyl group is completely reduced, and
nucleophilic substitution occurs between the epoxy group and VC [43].
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According to the experimental results described above, the possible working mech-
anism is suggested, as shown in Figure 6. Under hydrothermal conditions, the carboxyl
group on IGGO is reduced to the hydroxyl group by VC, and the epoxy bond dehydrates
the water molecule by nucleophilic ring-opening, restoring the C=C conjugate system.
Graphene sheets interweave with each other through hydrogen bonding and π–π stacking
to form a three-dimensional network [47,48].
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3.3. Comparison of Dynamic Adsorption Performances of rGOAs

The adsorption breakthrough curves of L2 were measured with IGGO and rGOAs at
20 ◦C, Cin of 14.62 mg L−1, and Vg of 50 mL min−1. As shown in Figure 7, the experimental
scatterplots are fitted with the curves of the Yoon–Nelson model, and model parameters
and the results of experiment are presented in Table 2. The Yoon–Nelson model showed a
high relative correlation coefficient values (R2) greater than 0.99, indicating that the model
is right for describing the dynamic adsorption behavior of L2 on the rGOAs. Therefore,
the calculated values of performance parameters (tB,th, QB,th) are similar to those (tB,
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QB) determined experimentally. In the results that follow, tB,th and QB,th are employed
to analyze and compare the adsorption capacity of the rGOAs materials. The IGGO
and rGOA-0 adsorbent beds are instantly penetrated, indicating that IGGO and rGOA-0
materials have very small L2 adsorption ability. Conversely, the breakthrough curves of
other rGOAs have a longer delayed breakthrough point, illustrating a strong adsorption
ability. Among the three rGOAs adsorbents, the order by adsorption ability is rGOA-1
> rGOA-0.5 > rGOA-2. rGOA-1 shows the highest adsorption capacity and the longest
breakthrough time, with tB,th and QB,th values of 9.66 min and 77.7 mg g−1, respectively.
Accordingly, QB,th is expected to be roughly proportional to SBET, Vtot, and contact angle
(Figure S4), which can be hypothesized that the adsorption mechanism of rGOAs on L2
may depend on hydrophobic effect and capillary condensation [21,30].
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Table 2. Adsorption parameters of different adsorbents for L2 a.

Absorbent
Experimental Model

tB
(min)

QB
(mg g−1)

tB,th
(min)

QB,th
(mg g−1) KYN

τ
(min) R2

IGGO 1.16 8.1 0.89 7.1 3.0263 1.86 0.9901
rGOA-0 1.45 10.6 1.20 9.5 2.2160 2.53 0.9942

rGOA-0.5 7.96 63.6 8.06 64.8 1.6900 9.80 0.9969
rGOA-1 9.82 80.3 9.66 77.7 2.2066 10.99 0.9985
rGOA-2 7.18 57.9 7.17 57.6 1.8042 8.80 0.9995

a m ≈ 0.10 g, Cin = 14.62 mg L−1, Vg = 50 mL min−1.

3.4. Influence of Process Conditions on Adsorption Performance of rGOA-1

Inlet concentration and bed temperature are two important process parameters affect-
ing adsorption in industrial applications [49]. Figure 8 demonstrates the parameter tB,th as
a function of Cin. The curve exhibits an exponentially descending tendency, illustrating
that a low inlet concentration is beneficial to the L2 adsorption. It is likely that these
could be owing to the increased adsorption rate at higher initial concentration. Empirical
Equation (3) obtained by regression analysis of experimental data can describe the trend of
the curve, with the correlation coefficient values (R2) greater than 0.999. This provides a
theoretical reference for industrial applications of L2 adsorption.

tB,th= 20.942 × e(−
Cin

15.725 )+1.378 (3)
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Figure 8. Effect of inlet concentration on breakthrough time.

Figure 9 shows the adsorption breakthrough curves for rGOA-1 at different bed
temperature (0–35 ◦C) by the Yoon–Nelson model, with m of 0.10 g, Cin of 14.62 mg L−1,
and Vg of 50 mL min−1, respectively. In addition, the calculated parameters (KYN, τ) by
the Yoon–Nelson model tB,th and QB,th are listed in Table 3. The bed temperature decreases
while the breakthrough time and adsorption capacity increase, which could be explained
by the hydrophobic interaction between the rGOA-1 surface and L2 molecules and the
exothermic micropore-filling adsorption of the rGOA-1 for L2 adsorbate [21,49].
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Table 3. Influence of the temperature on the adsorption of L2 over rGOA-1 a.

Temp. (◦C) tB,th (min) QB,th (mg g−1) KYN τ min R2

0 14.38 104.9 1.6164 16.20 0.9942
10 11.62 89.2 1.9491 13.13 0.9956
15 10.99 85.2 1.9861 12.47 0.9974
25 9.94 76.3 1.8750 11.51 0.9964
30 9.11 69.2 1.9730 10.60 0.9957
35 7.67 62.1 1.8436 9.27 0.9951

a m = 0.10 g, Cin = 14.62 mg L−1, Vg= 50 mL min−1.

3.5. Influence of Water on the rGOA-1 Adsorbent

It is interesting to evaluate the effect of moisture on the ability of rGOA-1 to adsorb
siloxanes, because biogas contains a certain amount of water [36]. As shown in Figure 10,
the ability of rGOA-1 to remove L2 from dry and moist gases (RH of 70%) is similar,
demonstrating that moisture does not influence the L2 removal by rGOA-1. The result
is possibly due to the preceding removal of oxygen-containing groups and cross-linking
of graphene layers through hydrogen bonding, providing many hydrophobic sites and
leading to no polymerization reaction in the presence of moisture. As evident from Table S1,
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the rGOA-1 is favorable over other kinds of adsorbents in dealing with biogas in the
presence of water. Therefore, rGOA-1 can be used to remove siloxanes from moist biogases.
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3.6. Recycling Performance of rGOA-1

The used rGOA-1 was recycled five times after regeneration by annealing at 80 ◦C
for 30 min. The experimental results are presented in Figure 11, indicating that rGOA-1
possesses good regeneration properties. From Table S2, it can be observed that compared
with other carbon materials, the regeneration of rGOA-1 can be achieved at a lower
heating temperature, and the recovery efficiency can reach 99% without other auxiliary
reagents. Although the adsorption capacity of rGOA was not high, the good regeneration
performance determines its industrial application prospects.
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Figure 11. Adsorption breakthrough curves for dry L2 of rGOA-1 in the repeated cycles.

4. Conclusions

In conclusion, hierarchically porous 3D rGOAs could be produced using a simple
one-step hydrothermal technique with VC as a reductant that assists the synthesis process.
The prepared rGOA-1 exhibited excellent properties, having the highest surface area
(137.9 m2 g−1) and a superior water contact angle (143.8◦). Furthermore, rGOA-1 also
showed the highest theoretical adsorption capacity for hexamethyldisiloxane (104.9 mg g−1)
at 0 ◦C. Moreover, low inlet concentration and bed temperature yielded better L2 adsorption
by rGOA-1. In addition, used rGOA-1 was less sensitive to the water presence, and it
exhibited good regeneration ability for multiple uses upon annealing at 80 ◦C. Therefore,
the superior performance of rGOAs suggested its great industrial application potential.
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and Vtot (b), QB,th and contact angle (c) for the five adsorbents. Table S1: Influence of the presence
of water on different adsorbents for siloxanes. Table S2: Adsorption and regeneration capacities of
different carbon materials for siloxanes.

Author Contributions: Conceptualization, Z.M. and X.M.; methodology, Z.M. and X.M.; formal
analysis: Y.Z.; investigation: Y.Z., X.H. and Z.H.; resources, Z.M.; data curation: Y.Z., X.H. and Z.H.;
writing—original draft preparation: Y.Z., and X.H.; writing—review and editing, Z.M. and X.M.;
supervision, Z.M. and X.M.; project administration: Z.M.; funding acquisition, Z.M. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Natural Science Foundation of Hebei Province, grant
number B2021205022.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article or Supplementary Materials. The
data presented in this study are available in Supplementary Materials.

Acknowledgments: The authors would like to express their gratitude to the Natural Science Foun-
dation of Hebei Province for the financial support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ajhar, M.; Travesset, M.; Yuce, S.; Melin, T. Siloxane removal from landfill and digester gas—A technology overview. Bioresour.

Technol. 2010, 101, 2913–2923. [CrossRef]
2. Nair, N.; Zhang, X.W.; Gutierrez, J.; Chen, J.; Egolfopoulos, F.; Tsotsis, T. Impact of Siloxane Impurities on the Performance of an

Engine Operating on Renewable Natural Gas. Ind. Eng. Chem. Res. 2012, 51, 15786–15795. [CrossRef]
3. de Arespacochaga, N.; Valderrama, C.; Raich-Montiu, J.; Crest, M.; Mehta, S.; Cortina, J.L. Understanding the effects of the origin,

occurrence, monitoring, control, fate and removal of siloxanes on the energetic valorization of sewage biogas-A review. Renew.
Sustain. Energy Rev. 2015, 52, 366–381. [CrossRef]

4. Santos-Clotas, E.; Cabrera-Codony, A.; Castillo, A.; Martín, M.; Poch, M.; Monclús, H. Environmental Decision Support System
for Biogas Upgrading to Feasible Fuel. Energies 2019, 12, 1546. [CrossRef]

5. Slupek, E.; Makos-Chelstowska, P.; Gebicki, J. Removal of Siloxanes from Model Biogas by Means of Deep Eutectic Solvents in
Absorption Process. Materials 2021, 14, 241. [CrossRef] [PubMed]

6. Nyamukamba, P.; Mukumba, P.; Chikukwa, E.S.; Makaka, G. Biogas Upgrading Approaches with Special Focus on Siloxane
Removal—A Review. Energies 2020, 13, 6088. [CrossRef]

7. Papurello, D.; Gandiglio, M.; Kafashan, J.; Lanzini, A. Biogas Purification: A Comparison of Adsorption Performance in D4
Siloxane Removal between Commercial Activated Carbons and Waste Wood-Derived Char Using Isotherm Equations. Processes
2019, 7, 774. [CrossRef]

8. Jafari, T.; Jiang, T.; Zhong, W.; Khakpash, N.; Deljoo, B.; Aindow, M.; Singh, P.; Suib, S.L. Modified Mesoporous Silica for Efficient
Siloxane Capture. Langmuir 2016, 32, 2369–2377. [CrossRef]

9. Bletsou, A.A.; Asimakopoulos, A.G.; Stasinakis, A.S.; Thomaidis, N.S.; Kannan, K. Mass loading and fate of linear and cyclic
siloxanes in a wastewater treatment plant in Greece. Environ. Sci. Technol. 2013, 47, 1824–1832. [CrossRef] [PubMed]

10. Gislon, P.; Galli, S.; Monteleone, G. Siloxanes removal from biogas by high surface area adsorbents. Waste Manag. 2013, 33,
2687–2693. [CrossRef]

11. Finocchio, E.; Montanari, T.; Garuti, G.; Pistarino, C.; Federici, F.; Cugino, M.; Busca, G. Purification of Biogases from Siloxanes by
Adsorption: On the Regenerability of Activated Carbon Sorbents. Energy Fuels 2009, 23, 4156–4159. [CrossRef]

12. Cabrera-Codony, A.; Gonzalez-Olmos, R.; Martin, M.J. Regeneration of siloxane-exhausted activated carbon by advanced
oxidation processes. J. Hazard. Mater. 2015, 285, 501–508. [CrossRef]

13. Jung, H.; Jurng, J. Purification of wastewater digester biogas from siloxanes via adsorption-desorption with NaOH-reformed
SiO2 adsorbent. Renew. Energy 2020, 156, 459–468. [CrossRef]

14. Meng, Z.Y.; Hou, X.F.; Liu, Y.H.; Ma, Z.C.; Shen, H.Z. Facile fabrication of iron-modified biochar as a Renewable adsorbent for
efficient siloxane (L2) removal. J. Environ. Chem. Eng. 2021, 9, 105799. [CrossRef]

15. Meng, Z.Y.; Liu, Y.H.; Ma, Z.C.; Hou, X.F. The regulation of micro/mesoporous silica gel by polyethylene imine for enhancing the
siloxane removal. Inorg. Chem. Commun. 2020, 112, 107754. [CrossRef]

https://www.mdpi.com/article/10.3390/app11188486/s1
https://www.mdpi.com/article/10.3390/app11188486/s1
http://doi.org/10.1016/j.biortech.2009.12.018
http://doi.org/10.1021/ie302751n
http://doi.org/10.1016/j.rser.2015.07.106
http://doi.org/10.3390/en12081546
http://doi.org/10.3390/ma14020241
http://www.ncbi.nlm.nih.gov/pubmed/33418968
http://doi.org/10.3390/en13226088
http://doi.org/10.3390/pr7100774
http://doi.org/10.1021/acs.langmuir.5b04357
http://doi.org/10.1021/es304369b
http://www.ncbi.nlm.nih.gov/pubmed/23320453
http://doi.org/10.1016/j.wasman.2013.08.023
http://doi.org/10.1021/ef900356n
http://doi.org/10.1016/j.jhazmat.2014.11.053
http://doi.org/10.1016/j.renene.2020.03.189
http://doi.org/10.1016/j.jece.2021.105799
http://doi.org/10.1016/j.inoche.2019.107754


Appl. Sci. 2021, 11, 8486 12 of 13

16. Tran, V.T.L.; Gélin, P.; Ferronato, C.; Mascunan, P.; Rac, V.; Chovelon, J.M.; Postole, G. Siloxane adsorption on activated carbons:
Role of the surface chemistry on sorption properties in humid atmosphere and regenerability issues. Chem. Eng. J. 2019, 371,
821–832. [CrossRef]

17. Cabrera-Codony, A.; Montes-Moran, M.A.; Sanchez-Polo, M.; Martin, M.J.; Gonzalez-Olmos, R. Biogas upgrading: Optimal
activated carbon properties for siloxane removal. Environ. Sci. Technol. 2014, 48, 7187–7195. [CrossRef]

18. Sigot, L.; Ducom, G.; Benadda, B.; Labouré, C. Adsorption of octamethylcyclotetrasiloxane on silica gel for biogas purification.
Fuel 2014, 135, 205–209. [CrossRef]

19. Sigot, L.; Ducom, G.; Germain, P. Adsorption of octamethylcyclotetrasiloxane (D4) on silica gel (SG): Retention mechanism.
Microporous Mesoporous Mater. 2015, 213, 118–124. [CrossRef]

20. Zhu, W.; Jiang, X.L.; Jiang, K.; Liu, F.J.; You, F.; Yao, C. Fabrication of Reusable Carboxymethyl Cellulose/Graphene Oxide
Composite Aerogel with Large Surface Area for Adsorption of Methylene Blue. Nanomaterials 2021, 11, 1609. [CrossRef]

21. Hou, X.F.; Zheng, Y.H.; Ma, X.L.; Liu, Y.H.; Ma, Z.C. The Effects of Hydrophobicity and Textural Properties on Hexamethyldis-
iloxane Adsorption in Reduced Graphene Oxide Aerogels. Molecules 2021, 26, 1130. [CrossRef] [PubMed]

22. Plastiras, O.E.; Deliyanni, E.; Samanidou, V. Applications of Graphene-Based Nanomaterials in Environmental Analysis. Appl.
Sci. 2021, 11, 3028. [CrossRef]

23. Yu, Z.; Wang, W.X.; Gao, H.; Liang, D.X. Properties Analysis and Preparation of Biochar–Graphene Composites Under a One-Step
Dip Coating Method in Water Treatment. Appl. Sci. 2020, 10, 3689. [CrossRef]

24. Zhu, B.W.; Zhang, Z.; Song, F.X.; Guo, Z.J.; Liu, B. Efficient Removal Of U(VI) Ions from Aqueous Solutions by Tannic
Acid/Graphene Oxide Composites. Appl. Sci. 2020, 10, 8870. [CrossRef]

25. Lusk, M.T.; Wu, D.T.; Carr, L.D. Graphene Nanoengineering and the Inverse-Stone-Thrower-Wales Defect. Phys. Rev. 2010, 81,
155444.1–155444.9. [CrossRef]

26. Hu, K.W.; Xie, X.Y.; Cerruti, M.; Szkopek, T. Controlling the Shell Formation in Hydrothermally Reduced Graphene Hydrogel.
Langmuir 2015, 31, 5545–5549. [CrossRef]

27. Hu, K.W.; Xie, X.Y.; Szkopek, T.; Cerruti, M. Understanding Hydrothermally Reduced Graphene Oxide Hydrogels: From Reaction
Products to Hydrogel Properties. Chem. Mater. 2016, 28, 1756–1768. [CrossRef]

28. Worsley, M.A.; Pauzauskie, P.J.; Olson, T.Y.; Biener, J.; Satcher, J.H., Jr.; Baumann, T.F. Synthesis of Graphene Aerogel with High
Electrical Conductivity. J. Am. Chem. Soc. 2010, 132, 14067–14069. [CrossRef]

29. Yang, Z.X.; Xing, G.J.; Hou, P.C.; Han, D. Amino acid-mediated N-doped graphene aerogels and its electrochemical properties.
Mater. Sci. Eng. B 2018, 228, 198–205. [CrossRef]

30. Zheng, Y.H.; Hou, X.F.; Liu, Y.H.; Ma, Z.C. Hexamethyldisiloxane removal from biogas using reduced graphene-oxide aerogels as
adsorbents. Renew. Energy 2021, 178, 153–161. [CrossRef]

31. Yu, L.; Wang, L.; Xu, W.C.; Chen, L.M.; Fu, M.L.; Wu, J.L.; Ye, D.Q. Adsorption of VOCs on reduced graphene oxide. J. Environ.
Sci. (China) 2018, 67, 171–178. [CrossRef]

32. Chen, W.F.; Yan, L.F. In situ self-assembly of mild chemical reduction graphene for three-dimensional architectures. Nanoscale
2011, 3, 3132–3137. [CrossRef]

33. Ai, S.; Chen, Y.X.; Liu, Y.L.; Zhang, Q.; Xiong, L.J.; Huang, H.B.; Li, L.; Yu, X.H.; Wei, L. Facile synthesis of nitrogen-doped
graphene aerogels for electrochemical detection of dopamine. Solid State Sci. 2018, 86, 6–11. [CrossRef]

34. Rahmani, Z.; Rashidi, A.M.; Kazemi, A.; Samadi, M.T.; Rahmani, A.R. N-doped reduced graphene oxide aerogel for the selective
adsorption of oil pollutants from water: Isotherm and kinetic study. J. Ind. Eng. Chem. 2018, 61, 416–426. [CrossRef]

35. Xu, P.; Gao, Q.M.; Ma, L.; Li, Z.Y.; Zhang, H.; Xiao, H.; Liang, X.; Zhang, T.F.; Tian, X.H.; Liu, C.H. A high surface area N-doped
holey graphene aerogel with low charge transfer resistance as high performance electrode of non-flammable thermostable
supercapacitors. Carbon 2019, 149, 452–461. [CrossRef]

36. Liu, Y.H.; Meng, Z.Y.; Wang, J.Y.; Dong, Y.F.; Ma, Z.C. Removal of siloxanes from biogas using acetylated silica gel as adsorbent.
Pet. Sci. 2019, 16, 920–928. [CrossRef]

37. Gao, K.Y.; Ma, M.Z.; Liu, Y.H.; Ma, Z.C. A comparative study of the removal of o-xylene from gas streams using mesoporous
silicas and their silica supported sulfuric acids. J. Hazard. Mater. 2021, 409, 124965. [CrossRef]

38. Qin, W.; Zhu, W.H.; Ma, J.; Yang, Y.Z.; Tang, B. Carbon fibers assisted 3D N-doped graphene aerogel on excellent adsorption
capacity and mechanical property. Colloids Surf. A 2021, 608, 125602. [CrossRef]

39. Sui, Z.Y.; Zhang, X.T.; Lei, Y.; Luo, Y.J. Easy and green synthesis of reduced graphite oxide-based hydrogels. Carbon 2011, 49,
4314–4321. [CrossRef]

40. Tas, M.; Altin, Y.; Celik Bedeloglu, A. Reduction of graphene oxide thin films using a stepwise thermal annealing assisted by
l-ascorbic acid. Diamond Relat. Mater. 2019, 92, 242–247. [CrossRef]

41. Trinh, T.T.P.N.X.; Quang, D.T.; Tu, T.H.; Dat, N.M.; Linh, V.N.P.; Van Cuong, L.; Nghia, L.T.T.; Loan, T.T.; Hang, P.T.;
Phuong, N.T.L.; et al. Fabrication, characterization, and adsorption capacity for cadmium ions of graphene aerogels. Synth. Met.
2019, 247, 116–123. [CrossRef]

42. Zhang, Q.Z.; Bao, N.; Wang, X.Q.; Hu, X.D.; Miao, X.H.; Chaker, M.; Ma, D.L. Advanced Fabrication of Chemically Bonded
Graphene/TiO2 Continuous Fibers with Enhanced Broadband Photocatalytic Properties and Involved Mechanisms Exploration.
Sci. Rep. 2016, 6, 38066. [CrossRef]

http://doi.org/10.1016/j.cej.2019.04.087
http://doi.org/10.1021/es501274a
http://doi.org/10.1016/j.fuel.2014.06.058
http://doi.org/10.1016/j.micromeso.2015.04.016
http://doi.org/10.3390/nano11061609
http://doi.org/10.3390/molecules26041130
http://www.ncbi.nlm.nih.gov/pubmed/33672689
http://doi.org/10.3390/app11073028
http://doi.org/10.3390/app10113689
http://doi.org/10.3390/app10248870
http://doi.org/10.1103/PhysRevB.81.155444
http://doi.org/10.1021/acs.langmuir.5b00508
http://doi.org/10.1021/acs.chemmater.5b04713
http://doi.org/10.1021/ja1072299
http://doi.org/10.1016/j.mseb.2017.11.028
http://doi.org/10.1016/j.renene.2021.06.043
http://doi.org/10.1016/j.jes.2017.08.022
http://doi.org/10.1039/c1nr10355e
http://doi.org/10.1016/j.solidstatesciences.2018.09.014
http://doi.org/10.1016/j.jiec.2017.12.041
http://doi.org/10.1016/j.carbon.2019.04.070
http://doi.org/10.1007/s12182-019-0336-4
http://doi.org/10.1016/j.jhazmat.2020.124965
http://doi.org/10.1016/j.colsurfa.2020.125602
http://doi.org/10.1016/j.carbon.2011.06.006
http://doi.org/10.1016/j.diamond.2019.01.009
http://doi.org/10.1016/j.synthmet.2018.11.020
http://doi.org/10.1038/srep38066


Appl. Sci. 2021, 11, 8486 13 of 13

43. Ren, X.H.; Guo, H.H.; Feng, J.K.; Si, P.C.; Zhang, L.; Ci, L.J. Synergic mechanism of adsorption and metal-free catalysis for phenol
degradation by N-doped graphene aerogel. Chemosphere 2018, 191, 389–399. [CrossRef]

44. Wang, B.; Han, Y.Y.; Chen, S.F.; Zhang, Y.H.; Li, J.L.; Hong, J.P. Construction of three-dimensional nitrogen-doped graphene
aerogel (NGA) supported cobalt catalysts for Fischer-Tropsch synthesis. Catal. Today 2020, 355, 10–16. [CrossRef]

45. Wan, W.C.; Zhang, F.; Yu, S.; Zhang, R.Y.; Zhou, Y. Hydrothermal formation of graphene aerogel for oil sorption: The role of
reducing agent, reaction time and temperature. New J. Chem. 2016, 40, 3040–3046. [CrossRef]

46. Go, S.H.; Kim, H.; Yu, J.; You, N.H.; Ku, B.C.; Kim, Y.K. Synergistic effect of UV and l-ascorbic acid on the reduction of graphene
oxide: Reduction kinetics and quantum chemical simulations. Solid State Sci. 2018, 84, 120–125. [CrossRef]

47. De Silva, K.K.H.; Huang, H.H.; Yoshimura, M. Progress of reduction of graphene oxide by ascorbic acid. Appl. Surf. Sci. 2018, 447,
338–346. [CrossRef]

48. Gao, J.; Liu, F.; Liu, Y.L.; Ma, N.; Wang, Z.Q.; Zhang, X. Environment-Friendly Method To Produce Graphene That Employs
Vitamin C and Amino Acid. Chem. Mater. 2010, 22, 2213–2218. [CrossRef]

49. Meng, Z.Y.; Liu, Y.H.; Li, X.; Ma, Z.C. Removal of siloxane (L2) from biogas using methyl-functionalised silica gel as adsorbent.
Chem. Eng. J. 2020, 389, 124440. [CrossRef]

http://doi.org/10.1016/j.chemosphere.2017.10.076
http://doi.org/10.1016/j.cattod.2019.03.009
http://doi.org/10.1039/C5NJ03086B
http://doi.org/10.1016/j.solidstatesciences.2018.09.001
http://doi.org/10.1016/j.apsusc.2018.03.243
http://doi.org/10.1021/cm902635j
http://doi.org/10.1016/j.cej.2020.124440

	Introduction 
	Materials and Methods 
	Chemicals and Reagents 
	Preparation of Reduced Graphene-Oxide Aerogels (rGOAs) 
	Characterization 
	L2 Adsorption and Regeneration 
	Model of the Breakthrough Curves 

	Results 
	Effect of the Vitamin C (VC) Amount on Textural Properties and Hydrophobicity 
	Scanning Electron Microscopy (SEM), X-ray Diffraction (XRD), Fourier-Transform Infrared (FTIR), and Raman Analyses of Industrial-Grade Graphene Oxide (IGGO), rGOA-0, and rGOA-1 
	Comparison of Dynamic Adsorption Performances of rGOAs 
	Influence of Process Conditions on Adsorption Performance of rGOA-1 
	Influence of Water on the rGOA-1 Adsorbent 
	Recycling Performance of rGOA-1 

	Conclusions 
	References

