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Abstract: The utilisation of activated porous carbon (APC) for the removal of volatile methyl siloxane
(VMS) has attracted significant research attention. However, the development of materials with high
adsorption capacity remains a challenge. In this study, we successfully developed a high-specific-
surface-area (2551 m2 g−1) APC material with a large porous texture (1.30 cm3 g−1) using coconut
shell waste and NaOH as the activating agent. The performance of the APC material in the removal
of hexamethyldisiloxane (L2) was evaluated using a fixed-bed dynamic adsorption setup. Notably, at
0 ◦C, the APC demonstrated a remarkable L2 removal ability, achieving a breakthrough adsorption
capacity of 898.6 mg g−1. By increasing the inlet concentration of L2 and decreasing the temperature
appropriately, the L2 adsorption capacity could be further improved. One advantage of APCs is
their simple recycling process, which allows for sustained adsorption performance even after five
consecutive cycles of adsorption and desorption. Therefore, the prepared APC material holds great
promise as an efficient adsorbent for the removal of VMS.

Keywords: activated porous carbon; coconut shell; NaOH activation; hexamethyldisiloxane; adsorption

1. Introduction

The anaerobic degradation of organic matter results in biogas, a combustible gas. This
is produced in landfills and wastewater treatment plants [1]. Methane (CH4) accounts
for approximately 50–70% of biogas composition [2]. In addition to methane, biogas also
contains carbon dioxide (CO2), hydrogen sulfide (H2S), ammonia (NH3), halogenated
compounds and volatile methyl siloxane (VMS) [3]. A significant limitation of biogas
applications is the presence of VMS. Due to its conversion into microcrystalline silica
during combustion, it causes damage to biogas-energy processing equipment, resulting in
decreased performance and higher operational costs [4–6]. Thus, VMS must be removed in
order for biogas to be used.

VMS can be removed from biogas environments using various methods, including
adsorption [7–9], absorption [10], cryogenics [11], biological and membrane separation [12].
Adsorption has become one of the most widely investigated and effective methods of
removing VMS due to its high efficiency, economic feasibility, and ease of operation [13].
An adsorbent is key to the practical adsorption process; its intrinsic/surface structures
mainly determine the adsorption capacity of VMS. The adsorption process is primarily
affected by the adsorbent’s surface area and total pore volume [14]. Ideally, an absorbent
for removing VMS should have a high adsorption capacity and the ability to easily be
regenerated [7]. Because of their large specific surface area and well-developed pores,
activated porous carbons (APCs) are attractive candidates [15]. For example, Gislon et al.
investigated the dynamic adsorbed amounts of hexamethyldisiloxane (L2) on several
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activated carbons [16]. Wang et al. compared the adsorbed properties of L2 on three
carbons with various textural structures, including granular activated carbon, mesoporous
carbon and activated carbon fiber [17]. In previous research, feedstocks such as fossil fuels,
synthetic polymers, and biomass can be used to prepare APCs [18]. In addition to being
competitive, cost-effective, eco-friendly, renewable, and rich in volatile matter, biomass
is also environmentally friendly [19]. Consequently, various agricultural and industrial
biomass wastes are commonly used as precursors for APCs, including wood [20], grass [21],
corn stover [22], olive stones [23], almond shells [24,25], and coconut shells [26].

In contrast to many discarded industrial and agricultural products, coconut shells have
several attractive characteristics that can be used to prepare APCs, including a high level of
fixed carbon and high cracking pressure [27]. The preparation of coconut shell–based APCs
can be achieved by various methods, including acid activation [28], alkali activation [29],
and metal salt activation [30]. Several studies have reported that siloxane adsorption
on activated carbon is directly proportional to its surface area, micro-mesopore volume
and the basic groups on the surface [3,31,32]; therefore, NaOH modification methods are
preferred to obtain APC. Furthermore, it is worth noting that this specific type of APC is
anticipated to exhibit excellent VMS adsorption abilities due to its exceptional micropores
and mesopores. These additional pore structures, in addition to the basic sites provided by
NaOH, contribute to their superior adsorption performance.

The present study presents a series of NaOH-modified APCs prepared using varying
amounts of NaOH. The APC material achieved a notable specific surface area of 2551 m2 g−1

and a substantial total pore volume of 1.3 cm3 g−1. Using L2 as a model compound and
coconut shell waste as inexpensive raw material, the VMS-removal performances of syn-
thesised APCs were evaluated using a fixed-bed dynamic adsorption setup. The obtained
APC demonstrated an exceptional adsorption performance for L2. Batch experiments
were conducted to evaluate the factors influencing the removal performance, including the
initial concentration of L2 and the adsorption temperature. Moreover, the structure–activity
relationship and regeneration capacity of the best APC adsorbent were investigated to
assess the stability and practical applicability of the APC.

2. Results
2.1. Yield of APCs

Table 1 shows the APC–x yields. Increasing the amount of NaOH led to a decrease in
yield. This observation can be explained by small-molecule elimination reactions between
the char and NaOH. According to Equations (1)–(3) [33], the NaOH activation results in
the release of a large number of gases (H2, CO2, and CO) that result a reduction in weight
and the formation of abundant micropores in the APCs. As shown in Equation (4), excess
NaOH will likely promote a strong gasification reaction, which destroys the walls between
the pores and dramatically reduces the specific surface area [27,33].

6 NaOH + 2 C→ 2 Na + 2 Na2CO3 + 3 H2 (1)

Na2CO3 → Na2O + CO2 (2)

2 Na + CO2 → Na2O + CO (3)

4 NaOH + C→ 4 Na + CO2 + 2 H2O (4)

Table 1. An analysis of the APC yields.

Samples APC–0 APC–1 APC–2 APC–3 APC–4 APC–5

Yield (%) 90.00 85.05 57.85 40.19 38.76 34.95
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2.2. Basic Characterisation of APC–0 and APC–4

Using a scanning electron microscope (SEM), APC–0 and APC–4 were examined
morphologically (Figure 1a–d). APC–0 contains irregular and rough particles with fissures.
Meanwhile, the APC–4 surface appears to have more cavities caused by NaOH activation
during char pyrolysis at 750 ◦C. Two broad peaks are visible at 23◦ and 43◦ in powder
X–ray diffraction (XRD) patterns (Figure 1e), which correspond to the (002) and (100) planes
of the APC [29]. The (002) peak reflects the disordered structure of non-graphitic carbon,
and the (100) peak indicates the sp2-hybridised arrangement of graphite structure [34].
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Figure 1. SEM images (a–d), XRD patterns (e), Raman spectra (f) and FTIR spectra (g) of APC–0
and APC–4.

As a result of the NaOH activation, the APC–4 (002) peak disappeared, and the (100)
peak intensity was diminished, indicating an increase in structural disorder in APCs [35].
Further confirmation of this observation was provided by Raman spectra characterisation,
as shown in Figure 1f. APC–4 showed an ID/IG value (i.e., the ratio of the D and G peak inten-
sities) of 1.02, which was higher than APC–0 (0.80), indicating a lower degree of graphitisation
and a more disordered sp2-bonded carbon structure of APC–4 than APC–0 [36].

APC–0 and APC–4 showed significant differences in the composition of intrinsic
elements (Table 2) and surface functional groups (Figure 1g). Based on intrinsic composition,
APC–4 contains significantly more carbon than APC–0. In contrast, oxygen, nitrogen and
hydrogen contents decreased. Despite this, their FTIR spectra showed that the APC–4
surface exhibited more oxygen-containing groups, particularly basic groups, than the
APC–0 surface. As shown in the APC–0 spectrum, a variety of characteristic absorption
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bands can be observed, including –OH stretching vibrations (3433 cm–1); low-intensity
stretching vibrations from C–H (2928 cm–1); C–O–C stretching vibrations (1098 cm–1);
–(CH2)n stretching vibrations (728 cm–1) and out-of-plane angular deformation vibrations
of aromatic rings (573 cm–1) [26,37]. As a result of the activation with NaOH, the –OH
stretching vibrations in APC–4 are significantly stronger, indicating an increase in the
number of –OH functional groups. The peak at 2928 cm−1 did not appear, indicating
widespread hydrogen removal during the activation process. However, a new peak at
1609 cm−1 is attributed to the axial deformation of carbonyl (C=O) groups [30]. The peaks at
1216 and 1024 cm−1 can be assigned to C–O stretching in the carboxyl group [27]. The bands
at 488 cm–1 can be due to out-of-plane angular deformations of aromatic rings. NaOH
activation results in an increase in the basic group that is easily adsorbable for siloxane.

Table 2. Elemental contents of APC–0 and APC–4.

Samples APC–0 APC–4

Content,
wt.%

C 76.82 82.82
O 21.30 16.06
H 1.50 1.01
N 0.35 0.08
S 0.03 0.03

2.3. Effect of NaOH on the Textural Properties of APCs

Figure 2 illustrates the N2 adsorption–desorption isotherms and size distribution
profiles of the APCs. Based on the experimental data, Table 3 presents their textural
parameters, including the specific surface area (SBET), total pore volume (Vtot), micropore
volume (Vmicro), mesopore volume (Vmeso) and average pore size (Daver). These six APCs
exhibit a type I isotherm with steeply rising lines at low relative pressures (P/P0 < 0.05),
followed by a saturation plateau, suggesting that they are predominantly micropores and a
few are mesopores [31]. Figure 2b shows that the pore of the APCs is mainly distributed in
the range of 0.5 nm–4 nm. Abundant micropores and mesopores allow for the diffusion of
L2 in pores [17]. Due to NaOH activation and elimination reactions, the micropores of the
APC–x (x: 1–5) were slightly enlarged, as evidenced by the Daver values of the six APCs,
which lie in the range of 0.88–1.22 nm.
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Table 3. The textural properties of APCs.

Samples SBET (m2 g−1) V tot (cm3 g−1) Vmicro (cm3 g−1) Vmeso (cm3 g−1) a Daver (nm)

APC–0 319 0.14 0.12 0.02 0.88
APC–1 988 0.56 0.56 / 1.12
APC–2 1595 0.87 0.78 0.09 1.09
APC–3 1669 1.02 0.73 0.29 1.22
APC–4 2551 1.30 1.11 0.19 1.02
APC–5 2192 1.18 0.98 0.2 1.08

a Mesopore volume equals the total pore volume minus the micropore volume.

Furthermore, NaOH activation also significantly increased the number of micropores,
increasing SBET, Vtot and Vmicro values in the order APC–0, APC–1, APC–2, APC–3 and
APC–4. This trend is contrary to that of APC–4, as the parameter values (SBET, Vtot and
Vmicro) of APC–5 are lower than those of APC–4 due to the vigorous gasification reaction
promoted by excess NaOH, as already described. APC–x materials (APC–3, APC–4 and
APC–5) show a mesoporous structure as a subordinate feature. A certain value of Vmeso
can only be observed at high ratios of wtNaOH:wtchar.

2.4. The Dynamic Adsorption Behaviour of APCs

Under the conditions of Cin of 83.82 mg L−1, Vg of 50 mL min−1 and a bed temperature
of 20 ◦C, the breakthrough adsorption curves of L2 for each APC were experimentally
determined. Figure 3 depicts corresponding fitted trajectories based on the dose–response
model. Table 4 summarises the adsorption performance indicators and calculated model
parameters. The results demonstrated that: (1) The L2 breakthrough adsorption curve for
each APC was S-shaped and exhibited the three stages of plateau–penetration–equilibrium
over time, consistent with typical gas–solid adsorption processes. (2) The dose–response
model equation can describe these dynamic adsorption data well (correlation coefficient
R2 > 0.99). It was demonstrated that the dose–response model was highly suitable for
describing the dynamic adsorption process of L2 in the bed filled with APCs, as the
theoretical metrics tB,th, QB,th and Qm,th were very close to the corresponding experimental
values (tB, QB and Qm). (3) APC–4 exhibited the longest breakthrough time and the highest
adsorption capacity, with tB,th, QB,th and Qm,th values of 50.26 min, 815.5 mg g−1 and
894.7 mg g−1, respectively. The performance of the different APCs for L2 adsorption could
be ranked as follows: APC–4 > APC–5 > APC–3 > APC–2 > APC–1 > APC–0. This result
indicates that NaOH activation significantly improves the L2 adsorption performance of
the APCs; the amount of NaOH used increased until it corresponded to APC–4 and then
decreased, with the highest value of 815.5 mg g−1 for QB,th. (4) A correlation analysis
was conducted for QB,th with each SBET, Vtot, Vmicro and Vmeso separately for the APCs
to identify the main significant factors influencing L2 adsorption capacity, as shown in
Figure 4a–d. SBET, Vtot, and Vmicro, as well as Vmeso, showed positive correlations with
QB,th. Based on the results, R2 values for the QB,th—SBET, QB,th—Vtot, QB,th—Vmicro and
QB,th—Vmeso were determined to be 0.9653, 0.9673, 0.9165 and 0.6679, respectively. The
larger the R2, the more linear the relationship. Accordingly, SBET, Vtot and Vmicro had the
greatest impact on the removal of L2. The SBET and Vtot of the APCs largely depend on the
abundance of micropores in their structures, so the adsorption of L2 on the APCs should
follow the micropore filling [38].
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2.5. Effect of Process Conditions on Adsorption

Using the optimised APC–4, the effects of Cin and T on the L2-adsorption performance
were evaluated while other conditions remained unchanged. It can be seen from Figure 5a
that the value of tB,th decreased exponentially with the increase in Cin, indicating that the
lower inlet concentration was conducive to removing L2. Based on a regression analysis
of the experimental data, empirical Equation (5) was developed to describe the functional
relationship of this changing trajectory. This equation can therefore be used to predict the
breakthrough duration of L2 on APC–4, making it more useful for industrial applications.
In Figure 5b, the experimental breakthrough curves obtained at different bed temperatures
(0–70 ◦C) are shown with their dose–response model fitted trajectories; adsorbent mass,
inlet concentration, and gas flow rate were kept constant at 0.25 g, 83.82 mg L−1, and
50 mL min−1, respectively. In addition, Table 5 lists the calculated model parameters and
the theoretical metrics (tB,th, QB,th and Qm,th) based on the experimental data. There was a
decrease in tB,th and QB,th values with increasing bed temperature, indicating that the L2
adsorption process in the APC–4-filled bed was exothermic [3].

tB,th = 49.81 + 516.87× e−
Cin

11.67 (5)
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Table 5. Adsorption parameters of APC–4 for L2 at different temperatures.

Term Value tB,th/
min

QB,th/
mg g−1

Qm,th/
mg g−1 q0 a R2

T/◦C

0 53.90 898.6 998.0 1.0205 28.52 0.9979
20 50.26 815.5 894.7 0.9397 30.26 0.9981
40 46.93 782.4 839.8 0.8596 37.55 0.9987
55 40.26 671.4 755.9 0.7717 24.02 0.9982
70 40.16 671.9 722.5 0.7371 37.99 0.9994

2.6. Assessment of Regeneration Capacity

When evaluating the quality of an adsorbent, it is also important to consider the stable
regeneration capacity of the adsorbent in addition to its adsorption capacity [8]. Therefore,
repeated regeneration experiments were performed using saturated L2 APC–4 by heating
it at 100 ◦C for 100 min, then reusing it as an adsorbent for L2 adsorption at the same
conditions at a Cin of 83.82 mg L−1, Vg of 50 mL min−1 and bed temperature of 20 ◦C.
Figure 6 presents each cycle’s QB,th and tB,th values. The QB,th and tB,th of the regenerated
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APC–4 decreased slightly compared to the QB,th and tB,th of fresh APC–4, indicating that
it is stable and recyclable. According to the observed results, the APC–4, as prepared,
could be regenerated under normal pressure and at a lower heating temperature with a
regeneration rate exceeding 94%.
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2.7. Performance Comparison between APC and AC

The performance comparison between APC-4 and ACs is listed in Table 6. It can be
observed that compared with other activated carbon materials, the raw material of the
APC–4 is a waste coconut shell, which is more economical and environmentally friendly.
NaOH modification can provide an alkaline active site and improve the specific surface
area of the APC–4 and the adsorption capacity of L2. The regeneration of APC–4 can
be achieved at a lower heating temperature, and the recovery efficiency can reach 94%
without other auxiliary reagents. These superior performances of the APC–4 determine its
industrial application prospects.

Table 6. Carbon materials with different performances for siloxanes.

Adsorbent Origin Impregnant SBET, m2 g−1 Adsorbed
Gas Qm, mg g−1 Regeneration

Method RE a, % Reference

Activated
carbons

NORIT
RGM1

CuII and
CrVI salts

/ D3 878 Heating at
100–200 ◦C 50 [39]

Activated
carbons Commercial Virgin, acid 1100 L2 100

Four-step
heating

treatment at
160 ◦C

70–80 [16]

Activated
carbons Wood H3PO4 2142 D4 526

By the
oxidation

with H2O2
and O3

40–92 [40]

APC–4 Coconut
shells NaOH 2551 L2 894.7 Heating at

100 ◦C 94 This work

a Regeneration efficiency (RE) after 1 cycle.

3. Materials and Methods
3.1. Materials and Chemicals

The coconut shell was received from Zhaoqing Chenxing Agriculture Co., Ltd. (Zhao-
qing, China). Analytical grade sodium hydroxide (NaOH) was obtained from Tianjin
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Yongda Chemical Reagent Co., Ltd. (Tianjin, China). An in-house water deioniser pro-
vided deionised (DI) water used in the experiments. Hexamethyldisiloxane (L2; 99%) was
obtained from Aladdin, Shanghai, China.

3.2. Preparation of APCs

In a horizontal quartz boat, coconut shells with a particle size less than 425 µm dried
at 120 ◦C for 2.0 h were introduced and heated in a furnace under N2 atmosphere at
10 ◦C min−1, ranging from room temperature to 450 ◦C, and kept at this temperature for
2 h. The obtained char was mixed with NaOH pellets at ratios of 1:1, 2:1, 3:1, 4:1 and 5:1
(wtNaOH:wtchar) and ground in an agate mortar for 30 min.

The mixture was placed in a horizontal quartz boat at the center of the furnace under
an N2 flow (100 cm3 min−1), heated at 10 ◦C min−1 to 750 ◦C and maintained at this
temperature for 1 h. The cooled product was washed several times with DI water until it
became neutral to remove activating agent residues and any other inorganic species that
may have formed. In the following step, APCs were dried at 110 ◦C for 4 h, gently crushed
and sieved to obtain a grain size of less than 0.15 mm before being sealed in a desiccator
and stored for further use. The materials obtained after this process were designated as
APC–x, where x corresponds to the weight ratio of NaOH to char. APC yield was calculated
using the following Equation (6).

Yield (%) =
wc

wo
× 100 (6)

where wc is the dry weight of final APC (g) and wo is the dry weight of char (g).

3.3. Experiments on the Adsorption of L2

APC–x was evaluated using a fixed-bed dynamic adsorption setup to remove L2. All
specific manipulations were conducted following our previous research [32]. For each test,
0.25 g of the dried APC was used at 20 ◦C and a gas flow rate of 50 mL min−1. In this
case, the concentration of L2 at the inlet was 83.82 mg L−1. The system reaches adsorption
saturation when the outlet concentration (Cout,t) equals the inlet concentration (Cin). The
corresponding breakthrough curve was obtained by plotting the change curve of Cout,t/Cin
with t, and the adsorbent’s adsorption performance was assessed. Three metrics were used
to evaluate the adsorption performance of the adsorbent: (I) Breakthrough time tB (min), i.e.,
the time when Cout,t/Cin ≈ 5%; (II) The breakthrough adsorption capacity QB (mg g−1), i.e.,
the adsorption capacity of the adsorbent for L2 at tB; (III) The saturated adsorption capacity
Qm (mg g−1), i.e., the adsorption capacity of the adsorbent for L2 when Cout,t/Cin ≈ 100%.
Generally, QB and Qm are calculated using the following Equation (7).

Qt =
VgCin

m

∫ t

0

(
1− Cout,t

Cin

)
dt (7)

Vg is the flow rate of L2 gas (L min−1); m is the mass of the adsorbent (g); Cin is the
inlet concentration at 0 min (mg L−1); Cout,t is the outlet concentration (mg L−1).

3.4. Breakthrough Curve Model

The dose–response model was used to simulate the measured dynamic data to inves-
tigate the adsorbent’s removal performance for L2. Adsorption breakthrough curves are
often described using this model, which can be represented by the following Equation (8).

Cout,t

Cin
= 1− 1

1+
(

Cin×Vg×t
q0×m

)a (8)

where q0 and a are the dose–response constants of the model, t is the adsorption time (min),
and m is the mass of the adsorbent (g). By substituting the above parameters into the
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equation, the theoretical breakthrough time (tB,th) can be calculated at a Cout,t/Cin ≈ 5%,
and by substituting the obtained tB,th into Equation (7), QB,th and Qm,th can be calculated.

3.5. Regeneration of Spent APCs

Five consecutive adsorption–desorption cycles were performed to determine the
potential reusability of the APC–x. Spent APC–4 was purged with N2 at 100 ◦C for 100 min,
cooled to room temperature, and then adsorption was performed again.

3.6. Characterisation

Images were taken using a field emission scanning electron microscope (FE–SEM,
S4800, Hitachi, Chiyoda City, Japan). X–ray diffraction (XRD) was carried out using a
D8 Advance X–ray diffractometer equipped with Cu Kα radiation (λ = 0.154 nm, Bruker,
Bremen, Germany). Raman spectra were recorded using a Raman spectrometer (XploRA
PLUS, Horiba, Kyoto, Japan) with a 514 nm laser. Using KBr pellets, Fourier-transform
infrared (FTIR) spectra were recorded on an IRTracer-100 spectrometer (Shimadzu, Nagoya,
Japan) in the 4000–400 cm−1 region. N2 adsorption–desorption isotherms of APCs were
measured at 77 K using a Kubo × 1000 surface area and pore-size analyser (Beijing Builder
Co., Ltd., Beijing, China). The specific surface area and pore volume were obtained through
the Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH) models. Pore size
distribution was determined through the Non-Local Density Functional Theory (NLDFT)
model. The concentration of L2 in the gas stream was determined using a gas chromatogra-
phy system equipped with a flame ionisation detector (GC–FID, GC9790, Fuli Analytical
Instrument Co., Ltd., Wenling, Zhejiang, China).

4. Conclusions

Using the NaOH activation method, micro-mesoporous activated porous carbons
(APCs) with excellent L2-adsorption capacities were prepared from coconut shell waste.
According to the characterisation results, NaOH activation increased the structural disorder
and surface basic groups of the APCs. Their textural properties were significantly improved,
with the APC–4 having the highest SBET of 2551 m2 g−1, Vtot of 1.30 cm3 g−1 and Vmicro of
1.11 cm3 g−1. Dynamic adsorption testing showed that each APC’s L2 breakthrough adsorp-
tion curve was S-shaped and could be satisfactorily described by a dose–response model.
As a result of NaOH activation, the L2 adsorption performance of the APCs was greatly
improved, with the APC–4 having the highest tB,th of 53.90 min, QB,th of 898.6 mg g−1 and
Qm,th of 998.0 mg g−1 at 0 ◦C. There was a high positive correlation among three groups of
QB,th—SBET, QB,th—Vtot, and QB,th—Vmicro for the prepared APC series, indicating that the
L2 adsorption mechanism followed micropore filling. After five adsorption–desorption
cycles, the spent adsorbent maintained more than 94% regeneration efficiency. Finally,
when compared to other activated carbon materials, due to the environmentally friendly
performance of biomass, a simple preparation and regeneration method, and outstanding
adsorption and regeneration capacities, APC is a promising adsorbent for removing volatile
siloxane from biogas.
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