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Abstract: The growing global energy demand requires the continuous development and optimization
of the production of alternative energy sources. According to the circular economy approach, waste
conversion into biogas and biomethane represent an interesting energy source. The input into the
distribution network and energy conversion systems of biomethane requires quality monitoring and
the use of cleaning up systems. Therefore, there is a need to constantly invest in the development of
sampling and analysis systems that save time, costs, and materials. The purpose of this study was to
use activated porous carbon fiber (APCF), an extremely versatile material for sampling and analysis
by thermal desorption, to show the advantages it has over the adsorbents traditionally used for
siloxane monitoring. Siloxanes are among the contaminating compounds that are mainly present in
biogas and biomethane, and if not removed sufficiently, they endanger the quality and use of the gas.
These are highly harmful compounds since during combustion, they produce quartz particles that
are abrasive to the surfaces of the materials involved in the energy production process. In addition,
siloxanes directly hinder the energy properties of biomethane during combustion, due to their radical
scavenger properties. In this work, the efficiency of APCF tube was evaluated by comparing it
with common multilayer tube thought sampling and analyzing siloxanes in lab scale and in real
scale (biogas plant). Thermal desorption analysis coupled with GC-MS for the determination of
siloxanes showed that the use of APCF allows to obtain better performance. This allows to deduce
that APCF is an innovative material for the establishment of a better sampling and analysis method
than the current ones, enabling better results to be achieved in the process of monitoring fuel quality
in biomethane production and storage facilities.

Keywords: pollutant monitoring; activated porous carbon fiber; biomethane quality

1. Introduction

Siloxanes are a class of organometallic compounds characterized by Si-O-Si structure
with organic radicals bound to Si including methyl, ethyl, and other functional organic
groups. To date, their annual production worldwide is estimated at over two million
tons [1]. Such high demand on the market is due to some of their peculiar characteristics
such as solubility in water and in many organic solvents, high thermal stability, and
low viscosity and flammability [2]. Siloxanes usually present in biogas are man-made
compounds containing silicon and oxygen with organic side groups (methyl groups), called
methylsiloxanes [3].

Biodegradable and relatively non-toxic compounds, they are used in various industrial
processes and are generally added to consumer products, such as detergents, shampoos,
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cosmetics, care products (i.e., creams, lipsticks, and deodorants), sealants, paper coatings,
and textiles, and are often also used as food additives [4]. This means that siloxanes
are abundant in the sewage sludge and consequently lead to the contamination of the
biogas and biomethane produced. The level of siloxane is worthy of technical concerns for
subsequent damage to combustion engines [5]. The siloxanes in the gas are not reactive
or corrosive as such, but they are transformed into hard microcrystalline silica, which has
properties like those of glass and leads to abrasive phenomena in the combustion chamber
of the engine. They also form a paint coating on all engine surfaces in contact with the
oil and, therefore, can alter the finish of the oil retention surface of the cylinder coatings.
Such a problem is clear in biogas-powered spark-ignition engines, whose high speeds and
working temperatures accentuate these issues [6-8]. Biomethane can also be used in fuel
cells and again, silicon compounds also have a poisoning effect on the anodic side of the
solid oxide fuel cell and can form a scale on the surface of devices such as turbines, thereby
reducing their working efficiency [6,8].

Cyclic siloxanes are designated with the letter D, whereas the linear compounds are
designated with the letter L or with the M-nomenclature and are named according to the
number of Si atoms present in their molecular structure [6].

The siloxanes in biogas are mainly represented by volatile methylsiloxanes (VMS),
such as hexamethylcyclotrisiloxane (D3), octamethylciclotetrasiloxane (D4), decamethylcy-
clopentasiloxane (D5), dodecamethylcyclohexasiloxane (D6), hexamethyldisiloxane (L2),
and octamethyltrisiloxane (L3) [9-14]. They have relatively low molecular weights, about
450, and are oily colorless liquids at ambient temperature, except for D3, which is a solid.
Generally, their higher vapor pressure values suggest that they volatilize earlier, in contrast
with the lower vapor pressure of D6 that remain in sludge [15,16]. These observations could
explain the lower content of L2, L3, D3, and D6 in biogas, respective to D4 and D5 [11], that
are most dominant in biogas (the main chemical-physical characteristics of the siloxanes
tested in this paper are summarized in Table 1). Their impact on environment organisms’
health is related to growth of pollution because of their physical properties [17-20]. Indeed,
for example, during biogas combustion, the presence of siloxanes produces silicon dioxide
particles causing abrasion and erosion of equipment reducing the process efficiency [21,22].
Their presence can cause corrosion that leads to the wearing out of metallic parts of ap-
pliances and engines and a slight deposition in engines cause scaling and damage to
the application equipment [23]. Their trace concentrations have been demonstrated to
damage gas processing plant because of their oxidation to fine and silica particles during
combustion [24]. To ensure tolerance for the engine, including the use of highly corrosion-
resistant materials may be an expedient, but the high cost of such materials limits their
use [23].Therefore, it is prudent to eliminate contaminants before it is used in engines. The
chemical reactions of VMSs oxidation, where the final product is silicon oxide (IV), are [3]:

1. C881302H24 +16 02 —3 8102 +8 C02 +12 HQO (linear VMS—L3)
2. Cy0Si505H30 + 20 Oy — 5 Si0; + 10 CO; + 15 HyO (cyclic VMS—DS5)
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Table 1. Main chemical-physical characteristics of the siloxanes D4, D5, D6 [3].
Abbreviation D4 D5 D6
Name Octamethylcyclo-Tetrasiloxan Decamethylcyclo-Pentasiloxane Docli_tleg::slielt;;):rclzclo-
~J S Lo
/SI—O\ / O/D‘ \Si_ \ /o/ \s'\/"
| [~ \ e |
Structure \S & A I\ / o] s
/ ot N ?\ N J N\
I\ /5.__0 / \O_Si/

/ \ N\
Molecular Formula CgH404Siy4 C10H3005Si5 C12H3606Sig
Physical Properties Liquid, colorless, oily, odorless Liquid, oily Liquid, colorless, faint odor
Molecular weight (Da) 296.61 370.80 44493
Boiling point (°C) 175.5 210 245
Melting point (°C) 17.5 7.5 -3
Water solubility (mg/Lw 23 °C) 0.056 0.017 0.005
Molar Volume (g/cm? at 20 °C) 309.2 386.5 463.8
Density (g/cm?) at 20 °C 0.953 0.955 0.959
Critical T (°C) 313.35 346.05 382.25
Critical P (atm) 13.2 11.5 12.9
Critical V (m?/kmol) 979.0 1216.0 1493.1

The importance of monitoring siloxanes has increased contemporary to the growth
of the biogas-to-energy purposes, and its analysis is necessary for the cleaning process
before the combustion of biogas [25], even if they are among the most difficult trace com-
pounds to identify and determine. According to Khan M.U. et al., in biogas, the siloxanes
concentration is generally between 0 and 40 mg/m?> [26] even if in other studies, their
concentrations are estimated to beabout 60 mg/ m?3 [11,27]. However, in accordance with
Piechota [28], the limit of silicon content (Si) for biogas used in the CHP units is <2 mg/m?
and for VMS in biomethane injected to gas grids is 0.05 = 0.02 mg/m?. At present, there is
no standard method for the analysis of volatile siloxanes in a gaseous matrix [18]. Several
authors have studied this regulatory condition, having no relevant response. For siloxane
analysis in biogas, Hagmann et al. [21] used the method with GC-MS, gas chromatography
coupled with mass spectrometry, and Huppmann et al. [12] used gas chromatography
coupled with flame ionization detection (GC-FID). Most commercially available removal
methods are based on adsorption aiming at removing corrosive compounds. To extract
siloxanes from biogas, the same materials as XAD resins, activated carbon, polyurethane
foam, and tetradecane were tested and for siloxanes sampling, Schweigkofler and Niessner
used vacuumized stainless steel canisters [15]. The most common and efficient sampling
and analysis techniques include sampling canisters, Tedlar® bags, sorption tubes, and
impingers [29]. Several approaches in the literature have involved the use of solid sorbents
designed as a siloxane trap [30] subsequently shipped for extraction and analyzed by
gas chromatography (GC) coupled with flame ionization detector (FID), atomic emission
detector (GC-AED), or mass spectrometer (GC-MS) [10,21,22,30,31]. There is a fair number
of studies on the feasibility of different filter and adsorption materials, such as activated
carbon, aluminum oxide, ion exchange resins, natural clay minerals, silica gel, molecule
sieves, and zeolites [6,16,32,33]. A field-proven technology exists for activated carbon and
silica gel which has good affinity to siloxane, but the drawback for purification has low
affinity to sulphureous compounds [32]. Some studies include the use of membranes,
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scrubbing with organic solvents, chelate and polymers solutions, and cryogenic processes.
The risk for contaminant breakthrough with activated carbon filtration [4] has enhanced the
development of siloxane cleaner processes [34]. Biogas purification has a relevant impact on
the economic and energy efficiency of a biogas production facility. Linked to such reasons,
the aim of this work is the monitoring and analysis of siloxanes in biogas and biomethane
by experimenting, as a sampling and analysis technique, the use of an innovative material:
Activated Porous Carbon Fiber (APCF). To the best of the authors” knowledge, there are
no literature studies on the use of activated porous carbon fibers for siloxanes monitoring
in biogas and biomethane. An interesting study curried out by Piechota [3] compared
four different techniques for sampling siloxanes and subsequently determined in GC/MS:
impinger, micro-impinger, TedlarBag, and active-carbon (AC) tube were used. In the cited
paper, impinger and micro impinger yielded better results than using activated carbon
tubes. Although the use of AC tubes may seem like a similar process to the one tested in
this paper, there are substantial differences between AC and APCF. The first is granular
and has a surface area usually of about 1000 m? /g while the second is fibrous and has a
surface area of 2000 m?/g. In addition, solvents were used in order to chemically desorb
tubes, while in this study thermal desorption was applied. This has resulted in costs and
materials savings and in less sample manipulation. This paper shows how the use of APCF
with thermal desorption technique coupled to GC-MS represents a step forward compared
to the adsorbents currently on the market in terms of precision and accuracy of analysis.
This study represents an innovative approach and lays the foundation for future research
in this area, comparing this technique and its several advantages with other techniques
tested in the literature.

2. Materials and Methods
2.1. Instrumental Apparatus

The tests were conducted in the LASER-B laboratory of CREA-IT (Monterotondo,
Rome). A thermal desorber TD-100xr (Markes) coupled to a GC-MS system (Agilent GC
7890A and MS/MS 7000) was used for the analysis. These parameters were optimized
for analytes studied starting from those used in previous work for the analysis of volatile
compounds in TD-GC/MS [35]. The optimized parameters used are summarized in Table 2.

Table 2. Parameters used for thermal desorption-gas chromatography-mass spectrometry (TD-GC-MS).

Operative Parameters

Desorption time 10 min
Desorption flow 60 mL min™
TD Desorption temperature 365 °C
Focusing trap temperature —15°C
Focusing trap desorption temperature 370 °C
Carrier gas He
Column DB 502.2
Flow 1.2 mL min™
GC mode constant flow
GC/MS Oven ramp 35°C (5 min) + 5 °C min™! to 230 °C (5 min)
Ton source EI
Inlet temperature 200 °C
MS source temperature 230 °C
Transfer line Temperature 240 °C
MS mode Full Scan 35450 m/z

2.2. Sampling Tubes and Focusing Trap: Assembling and Test

The tubes were assembled using standard empty stainless-steel tubes (Labtech s.r.1.
(Rome, Italy) packed with APCF (Labtech s.r.l., characteristics are shown in Table 3). The
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APCF used had a surface development of 2000 m? g™! and a quantity of 0.180 & 0.007 g
was used for each tube.

Table 3. Characteristics of adsorbent material used.

Carbon Fiber Continent (%) Fiber Diameter (um)  Specific Surface Area (m? g™) Density (g cm™)

ACPF!

100

10 ~2000 0.095

1 APCF: Activated porous carbon fiber.

After the tubes packing phase with APCF, a conditioning phase is needed. Such a
phase has the aim of eliminating extraneous compounds adsorbed on APCF during tubes
production, storage, and packing. Conditioning was carried out via a helium flow at 100 mL
min~! per 3 h at 400 °C. Subsequently, tubes were sealed with the special caps in brass and nut
in Teflon (Swagelok Company, Solon, Oh, USA) and stored inside hermetic containers also
containing a vial of adsorbent material to protect them from contaminants during storage.

To produce the focusing trap, an empty trap (cold trap “empty”, Markes) was used.
Manufacturers recommend, during packing, using a 0.5 cm section of quartz wool on top of
the cold trap (to prevent the adsorbent material from penetrating inside the heated valve)
and the adsorbent bed does not exceed 6 cm. With these parameters, the focusing trap was
packed with 0.048 £ 0.001 g of APCF (Labtech). Once conditioned, it was introduced inside
the thermal desorber, sealing tests were conducted and passed.

To assess tube and focusing trap efficiency both in the adsorption and desorption
phases, a double type of test was performed.

Scanning electron microscopy was performed by Supra 25 (Zeiss, Oberkochen, Ger-
many) to determine samples morphology. The samples were coated with 10 nm of conduc-
tive material (gold) to prevent charge buildup on specimen surface. The metal was applied
in a controlled manner by a sputter coater (Automatic Sputter Coater, Agar Scientific,
Stansted, UK).

2.2.1. Adsorption Phase

APCF tubes were sampled with different concentrations of siloxanes standard solution
(Ultra Scientific Italia) composed by octamethylcyclotetrasiloxane (D4), decamethylcyclote-
trasiloxane (D5), and dodecamethylcyclotetrasiloxane (D6) (as already mentioned, three of
the most common contaminants in biogas and biomethane) and subsequently desorbed. In
this phase, a rather wide and high concentration range of standard solution was adsorbed
on APCF tubes (up to 50 ng). Even if it is an excessive concentration for the usually sam-
pled quantities on real plant (between 50 mL and 1000 mL), such concentrations allow to
evaluate the solidity of the proposed method even under extreme conditions. During the
tube desorption phase (when the analytes are eluted from the sampling tube and focused
on the focusing trap), a “backup tube” was placed downstream of the system on the trap
vent output. This sampling aimed to evaluate the efficiency of “entrapment” of the focusing
trap. In fact, if the analytes taken from the tube could not be collected quantitatively on
the focusing trap or had to be transported away for breakthrough effect, they would be
expelled from the trap vent output and then sampled from the backup tube (Figure 1).
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Figure 1. Operating diagram of the thermodesorber. The gas carrier flows to desorb the analytes
from the tube (on the left) and focus them on the focusing trap (in light blue). The carrier is then
ejected from the trap vent output.

2.2.2. Desorption Phase

After the tube desorb phase, the cold trap was desorbed three consecutive times. All
the sampled analytes were detected only in the first race, while the subsequent desorbing
showed no cold trap “memory effect” (the phenomenon that if the focusing trap does not
completely desorb, it continues to show previously adsorbed analytes). APCF tubes were
also desorbed three times to evaluate the memory effect.

The calibration lines for the D4, D5, and D6 were subsequently produced with a
lower concentration range and more coherence with those usually found in biogas and
biomethane for the sampled volumes. Five calibration points were interpolated with
quantities of 1, 2, 3, 5, and 6 ng on each APCF tube.

2.3. Biogas Sampling

In order to assess the APCF packed tubes behavior, such devices were compared with
commercial multi-layer tubes packed with a combination of graphite granular carbons
(Carbograph 1TD and Carboxen 1003) during a sampling campaign on a biogas production
plant. Sampling was carried out through appropriate sampling points (biogas conduit
derivations with small quarter-inch flanges) interfaced with adsorbent sampling tubes.
Active samples were made, that is using a suction pump and a flow meter placed in series
to control the sampled volume. Sampling was carried out on different days and the same
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methodology was applied: three tubes of the same type with different volumes (50, 100,
and 300 mL) were sampled from the sampling point with a sample rate of 50 mL min 1.
For a further comparison of the different materials tested, the results obtained were used
to calculate and compared total volatile silicon (TVS) in accordance with the Equation (1)
edited by Paolini et al. [4]:
AWs; m; 1

1% 2’ MW; @
where Cg; is total volatile silicon concentration, AWj; is the atomic weight of Si (28.0855 Da),
V is the sampled volume, m; and MW; are the measured amount of the individual siloxane
and its molecular weight, respectively, and 7; is the number of Si atoms of the individual
siloxane.

Csi

3. Results and Discussion
3.1. APCF Efficiency in Thermal Desorption

Based on the tests conducted to evaluate the efficiency of APCF as an adsorbent
material for the analysis of siloxanes, the material was proven to be extremely performing.
Specifically, for almost all concentrations of tested standards, the tube and focusing trap
desorption was completely quantitative and did not give rise to residues between one
desorption and the next. In addition, the backup tubes always produced lower results
than the LOD which demonstrates the adsorbent capacity of the focusing trap in APCFE.
The sampling at higher standard quantities (50 ng) was the only exception. In this case,
the second desorption of the tube showed traces of the analytes, but the backup tube still
showed lower results than the LOD. Chromatograms are shown in Figure 2, whereas the
areas obtained in the first and second desorption and their memory effect in percentage are
reported in Table 4. It is good to keep in mind that these are extremely high concentrations
for real sampling which is usually based on volumes of hundreds of mL for thermal
desorption tubes and therefore hardly reaches 50 ng or even more. However, the memory
effects are all less than 10% of the sample and it is sufficient to expect to lengthen the
desorption time of the tube and focusing trap on the operating parameters to overcome
this problem.

+TIC Scan Silox 50ng splitless d

23.8

3682753 - 29 894
2381312 35113
Sl ‘,f\ 988541
| - = “-EWA—L__‘_____,__,_W—H/\.__._________,A__

g

& +TIC Scan Silox 50ng spliless SEC DES.d

*29753 -84
101303 82325

+TIC Scan TrapVentTube 50ng splitless d

245

%

285

%

25 Fi 275 . 2] 235 ) 295 E) 305 El 315 o 375 ) 335 £ 345 % 385
Counts vs. Acquisition Time (min)
Figure 2. Chromatogram comparison of test at 50 ng. (Above) The first desorption with the three
peaks D4, D5, and D6. In the (middle), the residue in the second desorption. (bottom) The result of
the backup tube.
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Table 4. Areas of D4, D5, and D6 peaks in the first and second desorption and their memory effect in

percentage.
I Desorption Test IT Desorption Test Residue % Backup Tube
D4 3,682,753 110,353 3.0 <LOD
D5 2,351,312 101,303 43 <LOD
Dé 988,541 82,925 8.4 <LOD

Calibration lines calculated by dot interpolation gave R? values equal to 0.93647 for
D4, 0.92882 for D5, and 0.97896 for D6. Calibration line images are shown in Figures 3-5. A
higher accuracy was observed for D6, while in other cases, a small deviation of the points
from the calibration line was observed for points at lower concentration. The lines obtained

were satisfied with a high R? and consequently it is assumed that the results have a high
degree of precision and accuracy.

otetrasiloxane, octamethyl- - 5 Levels, 5 Levels Used, 5 Points, 5 Points Used, 0 GCs
]y =123821 528117 ~ % + 112332 406602

R"2 =053846346
Type:Linear, Origininclude, Weight: None

0402 0 02040608 1 1214 1618 2 22 24 26 28 3 32 34 36 38 4 42 44 46 42 5 52 54 56 58 6 62
Cencentration (ng)

Figure 3. Calibration line for D4.

Cyclopentasiloxane, decamethyl- - 5 Levels, 5 Levels Used, 5 Points, 5 Poinis Used, 0 QCs
8 10354y =124222 524400 " + 102248 655035
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27 Type:Linear, Origininclude, Weight None
:

F
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74
6.5
[
.5+
5

454
44
35
34
251
24
154
14
05
04
-0.5+

0402 0 02040608 1 12141618 2 22 24 26 28 3 32 34 36 38 4 42 44 46 48 5 52 54 56 58 6 62
Concentration (ng)

Figure 4. Calibration line for D5.
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Cyclohexasiloxane, dodecamethyl- - 5 Levels, 5 Levels Used. 5 Points. 5 Points Used, 0 QCs
y =42556.854483 7 x + 23570.202928

g x105

Faspan

2.8
2.6

R"2 = 0.97896431
Type:Linear, Origininclude, Weight:None

0402 0 02040608 1 12 14 1618 2 22 24 2628 3 32 34 36 38 4 42 44 46 48 5 52 54 56 58 6 62
Ceoncentration (ng)

Figure 5. Calibration line for D6.

3.2. Biogas Sampling
The sampling on biogas plant produced the results shown in Table 5.

Table 5. Biogas sampling results: comparison between APCF and standard tube (ng mL~1).

APCF D4 D5 D6
Average 0.182 0.488 0.101
Standard Deviation 0.030 0.083 0.009

Multilayers Tube D4 D5 D6
Average 0.076 0.035 0.120
Standard Deviation 0.010 0.034 0.112

It may be not excluded that differences in concentrations could be due to the fact that
samplings with standard tubes and APCF were conducted on different days. Moreover,
this could also be the consequence of the fact that the standard tubes were desorbed at a
temperature of 320 °C unlike the APCF tubes, which were desorbed at 365 °C temperature
to avoid disturbing the material. In fact, if the structure and composition of the adsorbent is
not affected, higher temperatures allow better quantitative desorption and such phenomena
could be the cause of the higher concentrations that lead to a more indicative result of the
nature of biogas/biomethane. In any case, it is quite evident that sampling and analysis
with APCF had a vastly greater accuracy of the result, with much lower standard deviations
than tests conducted with standard multilayer tubes.

TVS concentration calculated in accordance with Equation (1) with APCF and tra-
ditional multilayers tube was 0.292 and 0.0875 mg/Nm?, respectively. Although both
are below the limit of 2 mg/m?3 reported in the introduction and related to CHP plants,
there is a significant difference between the two calculated results, which demonstrates the
importance of using an effective sampling and analysis device.

3.3. SEM Analysis

Figure 6 shows the morphological analysis of APCF with a magnification range
between 1 and 58 K x. It is evident that the surface of each fiber is sprayed with porous
beds rich in macropores within which it is highly probable that there are additional meso
and micro pore burrows, typical structure of activated carbons materials.
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Mag= 1.03KX . EHT = 15.39 kV
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Figure 6. Cont.
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Figure 6. APCF morphological analysis with a magnification range between 1 and 58 K x.

The results obtained show that APCF is an adsorbent material with a greater porosity
and surface development than the common materials used for thermal desorption. In
fact, comparing such product with other materials commonly used for the production of
thermo-desorption tubes on the market (Tenax, granular activated carbon, etc.), it shows
an extremely higher surface area (=22000 m? g~!) which allows to have a high adsorption
capacity. Furthermore APCEF, as all activated carbon fibers, have the advantage over
granular materials that they can be packaged more evenly in the sampling tubes, thus
avoiding the presence of preferential routes for analytes during sampling and under-time
analysis. It also resists higher temperatures than other commonly used materials, which
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allows it to provide superior performance during thermal desorption. Without reducing
adsorption function, it can be easily regenerated so that it can be reused several times [36].
To the best knowledge of the authors, similar works do not exist in the literature, as the
material investigated is innovative. It would be useful to broaden the field of research to
other types of siloxanes (such as linear siloxanes) or to other biogas contaminants (such as
VOCs) that can be sampled and analyzed by thermal desorption.

4. Conclusions

An innovative adsorbent material APCF was tested for its use in biogas sampling and
in thermal desorption analysis. Specifically, it was applied to the analysis of VMS (volatile
methyl siloxanes) which are among the contaminants that require greater attention during
the production and use of biogas and biomethane. Such material is particularly versatile
for tubing and focusing traps for thermal desorption and was proven to be optimal using a
standard composed of octamethylciclotetrasiloxane (D4), decamethylcyclopentasiloxane
(D5), and dodecamethylcyclohexasiloxane (D6). Then the tests conducted on real biogas
production plant comparing tubes in APCF and classic multilayers tubes (Carbograph 1TD
+ Carboxen 1003) showed that APCF provides better results with lower standard deviations
when compared to others even with extremely different sampling volumes (50, 100, and
300 mL). APCF being a fiber allows to pack the tubes more homogenously for sampling
than the current activated granular carbons, and it is also able to withstand higher T. All
this results in a superior adsorption/desorption capacity and, as shown in the results,
to more precise and accurate analytical data, both in lab scales with standards and in a
real scale with biogas plant-conducted sampling. It is clear that APCF is an interesting
adsorbent material for a more accurate monitoring and analysis of biogas and biomethane
contaminants and potentially a wide range of volatile compounds.

Specific and Practical Suggestions

The use of APCF allows to obtain more reliable data, it has been observed how samples
at different volumes have little influence on the final analytical data (low standard deviation
compared) to traditional tubes. The adsorbent material is water-resistant, like all adsorbent
tubes. It is therefore useful to sample downstream of a water removal system or to counter-
flow the tube immediately after sampling with air (the so-called backflush). Siloxanes are
very stable compounds, therefore after sampling there are no particular storage conditions of
the sampled tube. However, it is possible that in case the sampling and analysis is extended
to other more reactive analytes (e.g., VOC), sampled tubes at low T should be retained and
analyses should be carried out within one week of the date of sampling.

Author Contributions: Conceptualization, E.P. and E.G.; methodology, E.P. and B.V.; software, A.P.;
validation, B.V. and M.C.; formal analysis, B.V.,, M.T., and M.C.; investigation, P.B. and E.G.; data
curation, B.V. and M.C.; writing—original draft preparation, E.P. and A.P,; writing—review and
editing, P.A.; supervision, project administration, EG. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported by the Italian Ministry of Agricultural, Food, Forestry Policies
(MiPAAF) under the AGROENER (D.D. n. 26329, 1 April 2016) and AgriDigit (D.M. 33396/7305/2017)
project.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: All data will be made available on request.

Acknowledgments: The authors are grateful to Massimiliano Papi of the Department of Neuroscience
of the Catholic University of the Sacred Heart and the University Polyclinic Foundation A. Gemelli
for the support received in morphological analysis. The authors are grateful to Eligio Sebastiani
Labtech s.r.1 for providing the new APCF packing material.

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



Int. |. Environ. Res. Public Health 2022, 19, 10890 13 of 14

References

1. Nriagu, J. Encyclopedia of Environmental Health; Elsevier: Amsterdam, The Netherlands, 2019.

2. Gaj, K,; Pakuluk, A. Volatile Methyl Siloxanes as Potential Hazardous Air Pollutants. Pol. |. Environ. Stud. 2015, 24, 937-943.
[CrossRef]

3. Piechota, G. Siloxanes in Biogas: Approaches of Sampling Procedure and GC-MS Method Determination. Molecules 2021, 26, 1953.
[CrossRef] [PubMed]

4. Paolini, V,; Petracchini, F; Carnevale, M.; Gallucci, F; Perilli, M.; Esposito, G.; Segreto, M.; Occulti, L.G.; Scaglione, D.; Ianniello,
A.; et al. Characterisation and Cleaning of Biogas from Sewage Sludge for Biomethane Production. . Environ. Manag. 2018, 217,
288-296. [CrossRef] [PubMed]

5. Torre, M.; Borin, D.; Segreto, M.; Tomassetti, L.; Paolini, V.; Petracchini, F; Paris, E.; Gallucci, F,; Scaglione, D. Siloxanes
Concentration and Removal in Biomethane from Sewage Sludge. In Proceedings of the European Biomass Conference and
Exhibition Proceedings, Bologna, Italy, 27 May 2019.

6. Arnold, M. Reduction and Monitoring of Biogas Trace Compounds. VTT Tied. Res. Notes 2009, 2496, 27.

7. Braganga, I.; Sanchez-Soberén, F; Pantuzza, G.F.; Alves, A.; Ratola, N. Impurities in Biogas: Analytical Strategies, Occurrence,
Effects and Removal Technologies. Biomass Bioenergy 2020, 143, 105878. [CrossRef]

8. Bak, C.U,; Lim, CJ,; Lee, ].G.; Kim, Y.D.; Kim, W.S. Removal of Sulfur Compounds and Siloxanes by Physical and Chemical
Sorption. Sep. Purif. Technol. 2019, 209, 542-549. [CrossRef]

9. Latimer, HK.; Kamens, RM.; Chandra, G. The Atmospheric Partitioning of Decamethylcyclopentasiloxane (D5) and 1-
Hydroxynonamethylcyclopentasiloxane (D4TOH) on Different Types of Atmospheric Particles. Chemosphere 1998, 36, 2401-2414.
[CrossRef]

10. Wheless, E.; Pierce, J. Siloxanes in Landfill and Digester Gas Update. SCS Engineers. Environmental Consultants and Contractors.
2004, p. 10. Available online: https:/ /www.scsengineers.com/scs-white-papers/siloxanes-in-landfill-and-digester-gas-update /
(accessed on 28 August 2022).

11.  Monteith, H.; Yajima, K.; Andrews, D.; Steel, P. Assessing Feasibility of Direct Drive Technology for Energy Recovery from
Digester Biogas. Proc. Water Environ. Fed. 2014, 2006, 3517-3540. [CrossRef]

12. Huppmann, R.; Lohoff, HW.; Schroder, H.F. Cyclic Siloxanes in the Biological Waste Water Treatment Process—Determination,
Quantification and Possibilities of Elimination. Fresenius’ J. Anal. Chem. 1996, 354, 66-71. [CrossRef]

13. Varaprath, S.; Frye, C.L.; Hamelink, J. Aqueous Solubility of Permethylsiloxanes (Silicones). Environ. Toxicol. Chem. 1996, 15,
1263-1265. [CrossRef]

14. Kochetkov, A.; Smith, J.S.; Ravikrishna, R.; Valsaraj, K.T.; Thibodeaux, L.J. Air-Water Partition Constants for Volatile Methyl
Siloxanes. Environ. Toxicol. Chem. 2001, 20, 2184-2188. [CrossRef] [PubMed]

15. Dewil, R.; Appels, L.; Baeyens, ]. Energy Use of Biogas Hampered by the Presence of Siloxanes. Energy Convers. Manag. 2006, 47,
1711-1722. [CrossRef]

16. Appels, L.; Baeyens, J.; Degreve, J.; Dewil, R. Principles and Potential of the Anaerobic Digestion of Waste-Activated Sludge. Prog.
Energy Combust. Sci. 2008, 34, 755-781. [CrossRef]

17.  Brooke, D.N.; Brooke, M.].; Gray, D.; Robertson, S.; Crookes, M.; Gray, D.; Robertson, S. Environmental Risk Assessment Report:
Octamethylcyclotetrasiloxane; Environmental Agency: Bristol, UK, 2009.

18.  Van Egmond, R.; Sparham, C.; Hastie, C.; Gore, D.; Chowdhury, N. Monitoring and Modelling of Siloxanes in a Sewage Treatment
Plant in the UK. Chemosphere 2013, 93, 757-765. [CrossRef] [PubMed]

19. Howard, PH.; Muir, D.C.G. Identifying New Persistent and Bioaccumulative Organics among Chemicals in Commerce. Environ.
Sci. Technol. 2010, 44, 2277-2285. [CrossRef] [PubMed]

20. Kierkegaard, A.; McLachlan, M.S. Determination of Decamethylcyclopentasiloxane in Air Using Commercial Solid Phase
Extraction Cartridges. J. Chromatogr. A 2010, 1217, 3557-3560. [CrossRef]

21. Hagmann, M.; Heimbrand, E.; Hentschel, P. Determination of Siloxanes in Biogas from Landfills and Sewage Treatment Plants.
SOFW J. 2002, 128, 3-7.

22.  Schweigkofler, M.; Niessner, R. Determination of Siloxanes and VOC in Landfill Gas and Sewage Gas by Canister Sampling and
GC-MS/ AES Analysis. Environ. Sci. Technol. 1999, 33, 3680-3685. [CrossRef]

23. Muluy, E.; M’Arimi, M.M.; Ramkat, R.C. A Review of Recent Developments in Application of Low Cost Natural Materials in
Purification and Upgrade of Biogas. Renew. Sustain. Energy Rev. 2021, 145, 111081. [CrossRef]

24. Soreanu, G.; Béland, M.; Falletta, P.; Edmonson, K.; Svoboda, L.; Al-Jamal, M.; Seto, P. Approaches Concerning Siloxane Removal
from Biogas—A Review. Can. Biosyst. Eng. 2011, 53, 8.1-8.18.

25.  Arnold, M,; Kajolinna, T. Development of On-Line Measurement Techniques for Siloxanes and Other Trace Compounds in Biogas.
Waste Manag. 2010, 30, 1011-1017. [CrossRef] [PubMed]

26. Khan, M.U; Lee, ].T.E.; Bashir, M.A; Dissanayake, P.D.; Ok, Y.S.; Tong, Y.W.; Shariati, M.A.; Wu, S.; Ahring, B.K. Current Status of
Biogas Upgrading for Direct Biomethane Use: A Review. Renew. Sustain. Energy Rev. 2021, 149, 111343. [CrossRef]

27. Hagmann, M.; Hesse, E.; Hentschel, P.; Bauer, T. Purification of Biogas—Removal of Volatile Silicones. In Proceedings of the
Sardinia 2001, Eighth International Waste Management and Landfill Symposium, Sardinia, Italy, 1-5 October 2001.

28. Piechota, G. Biogas/Biomethane Quality and Requirements for Combined Heat and Power (CHP) Units/Gas Grids with a Special

Focus on Siloxanes-a Short Review. Sustain. Chem. Eng. 2021, 3, 1-10. [CrossRef]



Int. |. Environ. Res. Public Health 2022, 19, 10890 14 of 14

29.

30.

31.

32.

33.

34.
35.

36.

Niemann, M. Characterization of Si Compounds in Landfill Gas. In Proceedings of the Solid Waste Association of North America’s
20th Annual Landfill Gas Symposium, Monterey, CA, USA, 25-27 March 1997.

Saeed, S.; Kao, S.; Graening, G. Determination of Siloxanes in Air Using Methanol-Filled Impingers and Analyzed by Gas
Chromatography/Mass Spectrometry (GC/MS). In Proceedings of the 1st Annual GTI Natural Gas Technologies Conference,
Orlando, FL, USA, 10 September 2002.

Brymer, D.A; Ogle, L.D.; Jones, C.J.; Lewis, D.L. Viability of Using SUMMA Polished Canisters for the Collection and Storage of
Parts per Billion by Volume Level Volatile Organics. Environ. Sci. Technol. 1996, 30, 188-195. [CrossRef]

Lampe, S. Assessment of Fuel Gas Cleanup Systems for Waste Gas Fueled Power Generation; EPRI (Electric Power Research Institute):
Palo Alto, CA, USA, 2006; Volume 3.

Seo, D.-C.; Yun, S.; Kim, M.-].; Oh, I.-K.; And, S.-S.S.; Chun, S.-K. Experimental Study on the Removal of Siloxane from Landfill
Gas by Adsorption. Proc. Sard. Margherita Di Pula 2007, 1, 1-7.

Rossol, D.; Schmelz, K.G. Siloxane Im Faulgas. GWF Wasser Abwasser 2005, 146, 55-61.

Paris, E.; Carnevale, M.; Vincenti, B.; Palma, A.; Guerriero, E.; Borello, D.; Gallucci, F. Evaluation of VOCs Emitted from Biomass
Combustion in a Small CHP Plant: Difference between Dry and Wet Poplar Woodchips. Molecules 2022, 27, 955. [CrossRef]
Saha, D.; Grappe, H.A. Adsorption Properties of Activated Carbon Fibers. In Activated Carbon Fiber and Textiles; Woodhead
Publishing: Sawston, UK, 2017.



