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ABSTRACT

Biogas generated during anaerobic digestion in sewage plants contains a wide spectrum of trace im-
purities. Siloxanes are the most hazardous pollutants and its removal is mandatory for most energy
applications. The most widely used technology is adsorption onto activated carbon (AC) despite the high
operating costs. In this context, the use of biotechnologies to abate biogas pollutants could assist
extending the lifetime of the AC filters. The present work evaluated at lab-scale the potentialities of
implementing a biotrickling filter (BTF) before the adsorption technology. Moreover, the use of ACs with
different characteristics and price was evaluated considering their selectivity towards siloxane over
volatile organic compounds (VOCs). The pre-treatment of biogas in a BTF capable of eliminating VOCs
like limonene increased significantly the adsorbent performance, reaching 690 m> L~ of biogas treated
per bed volume by a phosphoric-activated carbon, a six-fold increase in the performance of currently
used materials in adsorption treatment. In terms of cost, a steam-activated coal-based with a major
mesoporosity contribution implied the lowest operating costs reaching 2.3 € (1000 m>geated)” . Coupling
BTF with adsorption into this same AC resulted in lower annual costs than adsorption alone due to the

frequent replacements required when biogas was not pre-polished.

© 2020 Published by Elsevier Ltd.

1. Introduction

Anaerobic digestion has proved to be one of the most suitable
processes to treat the high amounts of sludge generated in waste-
water treatment plants (WWTP). The biological digestion of organic
matter in the absence of O, leads to the generation of biogas,
mainly composed by CH4 (35—70%) and CO, (15—50%) [1], which,
depending on the upgrading process undergone, can be used as fuel
to produce heat or electricity, injected into the gas grid or used as a
vehicle fuel. Despite other by-product gases like H,S, N or NHs,
biogas also contains aromatic hydrocarbons, alkanes and alkenes,
halogenated compounds and volatile methyl siloxanes [2,3].

Siloxanes are a group of polymeric organic silicones with
Si—0-Si linkages composing either linear or cyclic molecules. They
are widely used in many industrial and commercial applications
given their water repelling properties, low surface tension, thermal
conductivity and high flexibility as well as resistance to tempera-
ture [4]. A broad spectrum of commercial products and applications
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contain siloxanes as in cosmetic and hygiene products, car waxes
and fuel additives. Eventually, many of these products directly or
indirectly reach WWTPs or landfills, and siloxanes are volatilized
into biogas. Since the production of sources of siloxanes have been
increasing in the last years so has their occurrence in biogases.

Siloxanes are present as trace compounds in biogas at concen-
trations up to 120 mg m> [5], particularly octamethylcyclote-
trasiloxane (D4) and decamethylcyclopentasiloxane (D5) are
among the most common siloxanes in biogas. Depending on the
final use of biogas, upgrading processes will be required prior to the
energy conversion system (ECS) [6]. Besides H,S, siloxane abate-
ment is mandatory in most biogas applications due to the forma-
tion of abrasive SiO, that originates from the combustion of
siloxanes that inhibit heat conduction and lubrication in the con-
version engines. Thus, ECS manufacturers strive to limit the con-
centration of siloxanes up to 0.03 mg mg 3 [7] to improve energy
applications. Siloxanes concentration are also regulated for gas grid
injection, which depends on the national regulations.

The most advanced technique for siloxane abatement is
adsorption onto porous materials, specially activated carbons (AC),
given the high efficiencies achieved. It is known that activated
carbons with higher pore volume show better adsorption capacities
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[8,9]. However, an issue that has been scarcely addressed by the
scientific community is the competition between compounds
during adsorption, given the fact that most of the published papers
report on the adsorption of single pollutants. In previous research
[10], the competitive adsorption in activated carbon of siloxanes
with other volatile organic compounds (VOC) present in biogas was
investigated. From that work it was concluded that the porous
features were responsible of VOCs and siloxanes uptake: carbons
presenting small-size microporous distribution were more favor-
able for the adsorption of toluene and limonene whereas carbons
that displayed a higher contribution of wider micropores and
mesopores were more suitable for siloxane uptake. The phosphoric
acid activated carbons showed the largest pore volumes and
widths, which led to higher uptakes of siloxanes D4 and D5.
However, the reiterated replacement of the carbon bed and its
waste disposal are the main drawbacks of this technology which
increment the operating expenses (OPEX).

The application of biotechnologies such as biotrickling filtration
(BTF) has been widely explored reaching high elimination capac-
ities for many gaseous pollutants [11—14]. Moreover, they have
demonstrated to be not only technically and economically conve-
nient but also environmentally friendly [15]. When it comes to
biological removal processes, the biodegradation of siloxanes has
been distrusted for many years [16], although research on this topic
has increased and proved the contrary [17,18,37]. More recently, the
use of isolated bacterial species was investigated towards siloxane
removal identifying Methylibium sp. as a promising siloxane
degrader [19]. However, when moving towards siloxane biodeg-
radation in BTFs, mass transfer limitations have been identified as
the main challenge to efficiently remove such pollutants [20,21].
The empty bed residence time (EBRT) of the gas in biotrickling
filtration is a key parameter to adjust the removal efficiency
together with the design of the reactors. In this regard, Santos-
Clotas et al. (2019) [22] reported a positive correlation between
the removal efficiency of siloxane D5 and the EBRT in a labs-scale
anoxic BTF, removing a maximum 37% at 14.5 min of residence
time with inert lava rock as packing material. The same BTF was
operated at a short EBRT (2 min) with activated carbon as packing
media, resulting in a similar performance to that obtained at
14.5 min with lava rock.

In general terms, longer EBRTs tend to enhance the transference
of low-soluble gaseous pollutants to the liquid media, therefore
higher biodegradation performances are accomplished. Neverthe-
less, the EBRT is strongly correlated to the reactor size, so increasing
this parameter leads to larger bioreactor sizes and space re-
quirements, which entails incremented capital expenses [23].

The possibility of coupling biotrickling filtration with adsorption
onto activated carbon has been economically evaluated in the field
of odor treatment and compared with other biological technologies
as well as their physical/chemical counterparts [24]. Estrada et al.
(2012) estimated at 2.7 € (m>/h)~! as the operating costs of an
hybrid technology coupling BTF with AC for odor abatement, while
the operating costs of AC as the only treatment were almost three
times above the costs of the hybrid alternative [25]. It is necessary
to note that the removal efficiencies reported for odor abatement in
BTFs so far are well above the efficiencies reported for siloxanes in
biogas. However, no reports are found in the literature addressing
the convenience of coupling technologies for the siloxane issue in
biogas valorization.

The objective of the present work is to investigate the feasibility
of coupling biotechnologies, particularly BTF, to adsorption onto
activated carbon for siloxane abatement in biogas purification.
Competitive adsorption of siloxanes with other biogas impurities,
and/or partial removal in a BTF will be evaluated in pursuance of
decreasing the operational costs associated with the frequent

replacement of exhausted activated carbon and disposal of the
spent waste generated.

2. Materials and methods
2.1. Adsorption experiments

2.1.1. Activated carbons

The adsorbents used in this work were commercial activated
carbons with different precursor materials and activating agents.
The samples were exhaustively characterized in a previous work
[10] and the main physical and chemical properties are summa-
rized in Table 1.

2.1.2. Target compounds and gas concentration

Target compounds for adsorption tests were selected based on
their occurrence in biogas, including siloxanes and volatile organic
compounds. Papadias et al. (2011) set up an exhaustive database of
common impurities found in biogas from different sources (i.e.
digesters and landfills) reaching three hundred species classified in
several categories according to their chemical nature [26]. Among
the most characteristic categories hexane was chosen from the
class of alkanes, limonene from the cyclic hydrocarbons, toluene
from aromatic hydrocarbons, and D4 and D5 as the most repre-
sentative siloxanes. Their main physicochemical properties are
shown in Table 2.

Liquid reagents with purities above 95% for D4, D5, toluene,
limonene and hexane were purchased from Sigma Aldrich (USA).
All target compounds were placed in a sealed-vial, weighted in an
analytical balance (XSR105 Mettler Toledo) and mixed in an orbital
shaker at 200 rpm during 1 h to guarantee homogeneity. The
generation of a multicomponent test-gas was achieved through a
syringe pump (Pump 33, Harvard Apparatus) to infuse the liquid
mixture of the target compounds to a N5 flow of 210 mL STP min~!
set accurately using a mass flow controller (MC Series, Alicat Sci-
entific). The gaseous concentration of each compound was adjusted
by the infusion ratio in order to stablish four scenarios according to
the concentrations reported in Table 3. The concentrations in the
test gas were higher than those found in real biogases, shown in
Table 2, in order to obtain the breakthrough of the carbon beds in
accelerated experimental times, as well as simplified analytical
procedures.

The concentration of each compound was continuously
measured by a gas chromatograph equipped with a flame ioniza-
tion detector (GC/FID CP3800, Varian), with a capillary column
FactorFour CP8860 (Varian) and a 1-mL loop automatic injection
system.

2.1.3. Breakthrough curves
As-received carbon samples were ground and sieved to
212—425 pm of particle size to carry out multicomponent dynamic

Table 1

Main properties and textural characteristics of the ACs.
Material AC1 AC2 AC3
Precursor material Anthracite Coal Lignocellulose
Activation Steam Steam H5PO4
Density [kg m 3] 356 332 340
Sger [m? g7 909 1250 1737
Vr[em? g 1] 0.42 0.65 0.91
Vinicro [cm® g~ 1]° 0.26 0.23 0.29
Vineso [cm? g7 1]¢ 0.05 0.16 0.25

2 Obtained from N, adsorption isotherms at relative pressure P/Pg 0.99.
b Obtained from applying Dubinin-Radushkevich method to CO, adsorption data.
¢ Obtained from N, adsorption data by applying the 2D-NLDFT-HS model.
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Physicochemical properties of each compound and average concentrations found in anaerobic digester biogas.

Compound Molecular formula Molecular weight [g mol~] Boiling point [°C] Pyap at 25 °C (mm Hg) Concentration range [mg m—3]*
Hexane CeHia 86.2 86 153.0 88—381

Toluene C;Hg 92.1 111 284 4-25

Limonene CioHi6 136.2 179 2.1 54-272

D4 CgH24S5i404 296.6 175 1.1 9-244

D5 C10H30Si505 3708 210 0.2 25-275

2 In anaerobic digester biogas reported in Ref. [26].

Table 3

Concentration of each target compound on the test gas for the different scenarios considered.

Compound Scenario A [mg m~3] Scenario B [mg m~3] Scenario C [mg m~3] Scenario D [mg m~3]
Hexane 2520 + 41 0 714 + 27 703 + 16

Toluene 164 + 4 0 0 0

Limonene 1713 + 31 0 0 0

D4 431 + 15 430 + 22 377 £ 19 236 + 11

D5 765 + 21 765 + 29 673 + 25 528 + 44

adsorption experiments at room temperature (25 + 2 °C). A mass of
250 mg of AC was packed in a glass fixed-bed column (internal
diameter of 7 mm) for each test. Bed heights ranged between 7 and
10 mm depending on the packing density of the material. A sche-
matic of the adsorption experiments is shown in Fig. S1.
Multicomponent dynamic adsorption tests were carried out
according to the scenarios described in Table 3 by triplicate. Each
adsorption experiment was operated until the compounds’ outlet
concentration matched the inlet concentration and breakthrough
curves were obtained by plotting the C()/Co against time. The
adsorption capacity of each activated carbon for every target
compound (x/M) was calculated following Equation (1);

ts

%:% (Cots _ th)dt) (1)

0

where x/M is the adsorption capacity for each target compound
(mg g ), Co the inlet target concentrations and C(y) the outlet
concentration (mg m~3) at a given time, t, is the bed exhaustion
time (s), w the mass of carbon (g) and Q is the inlet flow (m> s ).

In real applications the adsorption capacity is generally reported
in terms of adsorbent volume, which considers the quantity of
adsorbent that fits the AC vessel. Therefore, for comparing the
adsorbent materials regardless the bed size, the bed volume (BV)
treated was calculated following Equation (2);

_Vw

(2)

where V,, is the volume of gas treated and Vg the volume of the
adsorbent bed. Adsorption capacities and bed volumes treated
were calculated until D5 reached 90% breakthrough (i.e. Cy/
Co = 0.9).

2.2. Economic evaluation

A WWTP generating a biogas flowrate of 1000 m> h~! con-
taining average concentrations of VOCs (hexane, toluene and
limonene) and siloxanes (D4 and D5) was considered as model
plant to assess the capital (CAPEX) and operation costs (OPEX) of
siloxane removal. Both CAPEX and OPEX calculations were esti-
mated according to the literature revision [24,27]. Capital in-
vestments were annualized for a 10-year period to calculate the
total annual costs.

In order to estimate the economic data for the adsorption filter
in a more realistic scenario, adsorption breakthrough curves were
performed for two case-studies at concentrations closer to real
biogases. In Case 1 adsorption was the only treatment given to
biogas, therefore VOCs and siloxanes were present as in Scenario A
though concentration of the target compounds was reduced up to
10 times. Similarly, in Case 2a the concentration of the target pol-
lutants was also reduced except for limonene and toluene that were
not present due to its hypothetic removal in a pre-treatment step in
a BTF operating at 1.5 min of EBRT. The final concentration for the
target pollutants in each case-study for conducting the adsorption
tests is described in Table 4.

For the case-study coupling BTF and adsorption onto activated
carbons, the volume of the biotrickling filters was calculated
following Equation (3) according to the flowrate and EBRT set for
Case 2a (1.5 min) and Case 2b (14 min).

V =F x EBRT (3)

where V is the reactor volume (m?), F the biogas flowrate (m> h~1)
and EBRT is the empty bed residence time (h). Moreover, the scale-
up of a larger bioreactor was calculated following the rule of six-
tenths as in Equation (4) [28].

Co=Ca (573) (a)

where C refers to the equipment costs (€) and V to the volume of
the reactors (m?3). o is the scale coefficient, which can vary from 0.3
to 0.9 in a wide range of equipment [28].

For the adsorption filter, the economic data referring to opera-
tional costs was estimated taking into account (i) the bed volumes
at D4 breakthrough (>5 mg Si m~3) obtained from the break-
through curves, (ii) the density (in Table 1) and (iii) price of each
material. The CAPEX for the adsorption unit was estimated

Table 4
Parameters set for the economic evaluation in the two case-studies.
Case 1 Case 2a
Impurity concentration [mg m~3]  Hexane 3287 +£225 1353 x17.2
Toluene 213 +15 0
Limonene 177.1+132 O
D4 472 + 44 49.7 + 4.7
D5 1262 +149 943 +123
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according to literature [29]. The price for the ACs was stablished at
2,4 and 6 € kg~ for AC1, AC2 and AC3 respectively, according to
personal communications with the corresponding manufacturers.

3. Results
3.1. Competitive adsorption

A set of experiments was performed to evaluate the perfor-
mance of three ACs on the adsorption of cyclic siloxanes D4 and D5
in competition with limonene, toluene and hexane. Breakthrough
curves are presented in Fig. 1A depicting the concentration ratio of
each compound between the inlet and outlet of the adsorption
column (C)/Co) along with the experimental time. Solid horizontal
lines represent feed concentration, which indicates that the outlet
matches the inlet concentration (Cy) = Cp) therefore the adsorbent
bed is exhausted.

Scenario A (S-A) corresponded to the worst-case scenario where
siloxanes and VOCs presented the highest concentrations in com-
parison with the rest of scenarios (Table 3). In all the carbons tested
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(Fig. 1A) the first compound to break through was hexane, showing
a steep profile in every case. Even being the highest concentrated
compound (2520 mg m3), the low molecular weight and size of
hexane (Table 2) made this component the hardest to adsorb.
Furthermore, the breakthrough curves showed an overshot, where
the outlet concentration exceeded the inlet concentration (Cy)/
Co > 1). This roll-up effect demonstrated that hexane was weakly
adsorbed and even displaced by the other molecules in the mixture
that depicted stronger affinities for the adsorbent material.

When it comes to the rest of compounds, the lowest porous-
developed AC1 (Fig. 1A-) behaved differently than AC2 and AC3
(Figs. 1A-2 and A-3, respectively); breakthrough of siloxanes as well
as toluene and limonene occurred almost simultaneously after
70—80 min of adsorption test. Complete exhaustion of the material
(i.e. Cpy/Co = 1) did not occur after 230 min. Limonene and D5
resulted the most strongly adsorbed compounds displacing both
toluene and D4 as shown in competitive breakthrough curves.
However, limonene was the last compound to reach its initial
concentration though it could not roll the adsorbed D5 out from the
porous sites.

3.0

2.0 A

Ci/Co

0.5 A
B-1

200 300 400 500
Time [min]

0.0 +——r
0 100

35

1.5 A
1.0
0.5 A
0.0
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B-2
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400 600 800
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D
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Fig. 1. Breakthrough curves corresponding to scenarios A and B (titled by the letter A and B, respectively) and each activated carbon (denoted by the number after the scenario

letter).
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Fig. 2. Distribution of the adsorbed target pollutants in S-A for all materials tested at D4 breakthrough (BT), D5 BT and bed exhaustion (BE).

In the contrary, breakthrough of target compounds in AC2 and
AC3 was not simultaneous and followed the order:
hexane > toluene > D4 = limonene > D5, being more spaced out in
AC3. Pore size distribution of these materials, where mesoporosity
contribution is notable, led to higher adsorption of the bulkiest
siloxane D5 rolling out the rest of compounds including limonene.
Exhaustion of these materials occurred after 480 and 620 min of
adsorption test for AC2 and AC3, respectively. Similar competitive
behaviors were reported by Cabrera-Codony et al. (2018) who also
found strong affinities of siloxane D5 in similar commercial carbons,
and correlated its adsorption capacity to the pore volume [10].

The adsorption uptake of each compound was calculated at i) D4
breakthrough (BT), ii) D5 breakthrough, and iii) bed exhaustion
(BE). In contemplation of Fig. 2, the amounts of each compound
adsorbed at different experimental times is compared. The hexane
and toluene remaining at D4 breakthrough were completely rolled
out at bed exhaustion for all the carbons tested, while D4 uptake
was successively reduced because of the displacement caused by
limonene and D5. According to what is observed in the break-
through curves, limonene was displaced by D5 only in AC2 and AC3
while the amount adsorbed increased until bed exhaustion for AC1.
Limonene uptake in AC3 was reduced from 2.5 mmol g~' at D4
breakthrough to 1.8 mmol g~ ! at bed exhaustion, while D5 uptake
increased from 0.4 up to 0.9 mmol g~ ! at the same time. Thus, AC2
and AC3 are more suitable for siloxane adsorption than AC1 due to
the larger pore size development that favored a major adsorption of
siloxanes. In order to compare the performance of the activated
carbons, the bed volumes were calculated, as it is a parameter
frequently used in adsorption applications and indicates de volume
of (bio)gas treated per adsorbent bed volume. The bed volumes
treated at the time of the first siloxane breakthrough (D4 C)/
Co = 0.05) were 23.9 and 35.5 m> L™, for AC2 and AC3 respectively
(Fig. 3).

In general terms, the odor-causing compound limonene depic-
ted strong affinities with the adsorbent materials indicating high
competence for the porosity of ACs. Such competition effect
entailed lower adsorption capacities for siloxanes, whose removal
from biogas is mandatory for its valorization.

At the opposite side, experiments without VOCs were performed
corresponding to scenario B (S—B) to get further insights in the
competence of siloxanes for the adsorption sites in each activated
carbon (Fig. 1B). Thus, adsorption tests of D4 and D5 in complete
absence of VOCs were run to determine the maximum siloxane
uptake and the performance decay caused by the presence of VOCs.

A similar competitive behavior was obtained for the three ma-
terials regardless the absence of VOCs, although experimental
times were remarkably longer than those obtained in S-A. More
precisely, a simultaneous breakthrough of D4 and D5 occurred for
ACT1 after 180 min of adsorption test, which is more than 2 times the
breakthrough of siloxanes in S-A. It needs to be highlighted that D4
in this case was not rolled out, which indicates that D4 displace-
ment in S-A was likely caused by limonene. For AC2 and AC3 D5
depicted the strongest affinity displacing D4 from the porous sites.
A similar competitive behavior between D4 and D5 was reported by
Matsui and Imamura (2010) in activated carbons with Sggr ranging
1000—1800 m? g~ ! [31]. Bed exhaustion did not happen after ca.
1000 and 1400 min for AC2 and AC3, respectively. The bed volumes
of gas treated at D4 breakthrough were much higher than in S-A,
reaching 64.8, 139.2 and 186.1 m> L™, for AC1, AC2 and AC3,
respectively, indicating a five-fold increase in the case of AC3 when
comparing both scenarios.

It was observed earlier in S-A that toluene and hexane seemed
to have a low impact upon siloxane adsorption, as shown in Fig. 2,
given the fact that they were completely displaced at bed exhaus-
tion by the bulkiest siloxane D5 or limonene. In this sense, limo-
nene was expected to significantly influence the performance of the
adsorbent beds towards siloxane removal. This fact was also sug-
gested by Papadias et al. (2011) that modelled the adsorption
behavior of several VOC mixtures and siloxanes. They reported that
terpenes such as limonene were strongly adsorbed in similar acti-
vated carbons to the AC1 studied herein. Moreover, increasing their
concentration (among other parameters) led to reducing the time
for siloxane D4 to break through, thus requiring an earlier bed
replacement [26]. The aforementioned authors also noted that
hexane could negatively affect siloxane adsorption according to the
theoretical models from single-compound adsorption isotherms. In
this sense, scenarios C and D (S—C and S-D, respectively) were
devoted to assess the influence of siloxane concentration in the
feed gas as well as the presence of hexane. For this purpose, toluene
and limonene were removed from the feed gas and the concen-
tration of both D4 and D5 was reduced in S-D as indicated in
Table 3.

In the adsorption curves of scenario C (Fig. 4C), the profile shape
of the compounds was similar to those in S-A, though the absence
of limonene in the test gas drastically extended the experimental
time in the adsorption tests in comparison with S-A. In terms of bed
volumes, this led to an increase in the BV treated for all the
adsorbent materials; breakthrough of D4 increased up to 64.5 in
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Fig. 3. Bed volumes treated at D4 breakthrough and bed exhaustion for each AC and scenario tested.

AC1, 121.7 in AC2 and 1811 m® L~! in AC3 (Fig. 3). Furthermore,
without limonene in the inlet gas D5 happened to be the compound
with highest affinity in AC2 and AC3 and the responsible for the
roll-up phenomena towards D4 and hexane, as expected from the
breakthrough curves in S—B. The bed volumes obtained in this
scenario did not significantly diverge from those obtained in S—B
(with only siloxanes), pointing out that hexane did not much
interfere in siloxanes’ adsorption. These results are in disagreement
with [26] who stated that hexane was the alkane with the greatest
effect on the adsorption capacity for D4 according to model
predictions.

Finally, S-D represented the scenario with the lowest concen-
tration of siloxanes (236 and 528 mg m > for D4 and D5, respec-
tively). The curves depicted in Fig. 4D revealed a significant
decrease in the slope after the breakthrough because of the
adsorption kinetics slow down due to the lower inlet concentra-
tion. Thus, the adsorption experiments were further extended up to
exceeding the 2000 min in the case of AC3 (Figs. 4D-3) to reach bed
exhaustion, which occurred at 450 m> L~! of BV treated, which was
1.2 and 2.5 times higher than the BV treated in S—C and S-A,
respectively. Therefore, decreasing the siloxane concentration
entailed longer experimental times, which in practical applications
would lead to postponing the media replacement and decreasing
the related operational costs.

3.2. Technologies coupling: an economic approach

Adsorption onto AC without biogas pre-polishing is the most
common practice in real facilities. The activated carbon denoted as
AC1 is currently being used in a WWTP for siloxane removal from
sewage biogas, while AC2 and AC3 are commercially available for
other applications. Activated carbon is commonly replaced by fresh
adsorbent when the carbon material is saturated in a lead-lag
configuration.

According to the literature, summarized in Table 5, the three
VOCs used in the present study have been efficiently removed
through BTFs at short EBRTs [14,32]. However, the abatement of
poorly soluble VOCs such as hexane and siloxanes can be hindered
due to mass transfer limitations [11,20]. More recently, the co-
treatment of VOCs and siloxanes in an anoxic BTF was investigated
resulting in a complete abatement of VOCs like toluene and limo-
nene as well as moderate removal efficiencies for siloxanes [22].

In the present study, VOCs like the terpene limonene appeared

to cause a significant impact upon siloxane adsorption by
decreasing adsorption capacities towards them and therefore the
bed volumes of gas treated were accordingly reduced as well.
Nevertheless, biotrickling filtration is a promising technology for
gas treatment applications and has been proofed capable of elim-
inating the VOCs herein studied. Thus, the possibility to couple both
technologies is suggested an alternative solution to purify biogas in
a more efficient and sustainable way.

In order to evaluate the performance of each activated carbon in
more rational conditions, dynamic adsorption experiments were
performed by reducing the concentration of the target compounds
to values resembling real biogases. In this sense, two case studies
were suggested (in Table 4) according to the treatment line fol-
lowed for biogas purification. The resulting breakthrough curves
are shown in Fig. 5A in terms of silicon concentration in the outlet
of the column for each AC and both case studies. A concentration of
5 mg Si m—> was considered as a model value within the siloxane
tolerance range of different energy conversion systems [6] and was
set for calculating the bed volumes and so consider the bed
replacement, which is represented in Fig. 5B.

The steam-activated AC1 was the material that depicted the
earliest siloxane breakthrough despite the absence of VOCs in Case
2a, where the performance of adsorption was duplicated in com-
parison with Case 1 (Fig. 5B). On the other hand, AC2 and AC3
demonstrated higher bed volumes (265 and 370 m> L™, respec-
tively) than AC1 in Case 1 up to a three-fold increase. Moreover,
when VOCs were removed in a BTF (Case 2a), specially limonene,
the adsorption performance in terms of bed volumes was further
increased up to 584 and 690 m> L~! for AC2 and AC3, respectively.

In contemplation of the adsorption results in both case-studies,
a pretreatment of biogas in a BTF for the removal of VOCs, clearly
increased the bed volumes treated with all the materials tested.
Moreover, if biogas was pretreated and AC3 was used instead of AC1
(AC1 in Case 1 vs AC3 in Case 2a), the durability of the material
would be extended up to almost six times. This remarkable
lengthening of the material lifespan would induce savings in the
operating costs of the adsorption technology, due to a reduced
frequency in the replacement of the carbon as well as the exhausted
material deposition.

Overall, the competitive trends observed between siloxanes and
VOCs in both case-studies followed a similar pattern to the
behavior observed in the accelerated adsorption tests with high
concentrations (Figs. 1 and 4). However, low concentrated
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Fig. 4. Breakthrough curves corresponding to scenarios C and D (titled by the letter C and D, respectively) and each activated carbon (denoted by the number after the scenario
letter).

Table 5
Literature revision regarding biotrickling filters for the removal of VOCs and siloxanes.
Biotrickling filter operating conditions Target Concentration [mg Removal Ref.
pollutants ~ m3] efficiencies [%]
Lab-scale aerobic BTF packed with lava rock inoculated with P. aeruginosa. Counter-current. EBRT 3.3—13.2 min D4 50 48—-74 [33]
Lab-scale aerobic and anaerobic BTF packed with cattle bone and lava rock inoculated with activated sludge. D4 45 10-43 [20]
Counter-current. EBRT 5—-19.5 min
Lab-scale anoxic BTF packed with lava rock and activated carbon. Inoculum WWTP sludge. Counter-current. D4 54 15 [34]
EBRT 2—14.5 min D5 102 45
Hexane 375 43
Toluene 24 100
Limonene 220 100
Lab-scale aerobic BTF packed with polyurethane foam cubes and inoculated with WWTP sludge. Counter- Toluene 0.82 >95 [35]
current. EBRT 4—43 s Hexane 0.75 >80
Lab-scale anaerobic BTF packed with lava rock inoculated with WWTP activated sludge. Counter-current. Limonene  8-109 >80 [32]
Lab-scale anoxic BTF packed with Kaldnes rings and inoculated with WWTP sludge. Counter-current. EBRT 1.3 Toluene 500 >90 [12]

—16 min.
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Fig. 5. (A) Breakthrough curves obtained for the activated carbons in Case 1 (C1) and Case 2a (C2), and (B) bed volumes of biogas treated at D4 breakthrough (>5 mg Si m~3).

adsorption tests were necessary to determine the bed volumes of
gas treated for each material so that a proper estimation of the
operating costs could be carried out.

A comparative economic evaluation of the operational costs of
adsorption using each activated carbon was performed considering
the bed volumes treated upon siloxane breakthrough in each case-
study, and according to the prices of the materials provided by the
suppliers (ranging 2—6 € kg~ ). The steam-activated AC1, which is
currently used in the studied WWTP, displayed the highest costs
reaching 5.93 € (1000 m°ireated)” " in case 1. When biological pre-
treatment was regarded, in Case 2a, adsorption costs drastically
decreased for the three materials. According to their adsorption
performance and material price, the lowest operating costs esti-
mated were obtained by the steam-activated AC2 in Case 2a
reaching 2.27 € (1000 m>reated)” -

The economic feasibility of polishing the biogas in a BTF prior to
the adsorption unit was also explored by taking into account not
only the operating costs of the carbon filter but also the CAPEX and
OPEX of the technologies involved in each case-study (Fig. 6).

Regarding the CAPEX of activated carbon technology, the
adsorption unit was considered to be equal for all scenarios at 1400
€ year~ !, which is within the range of the capital costs of adsorp-
tion units published elsewhere [36]. The annual OPEX was calcu-
lated according to the costs estimated from the breakthrough

curves, which ranged from <20000 € year~! (in Case 2a with AC2)
to >50000 € year— ! (in Case 1 with AC1).

On the other hand, the costs associated with the implementa-
tion of a pre-polishing step in a BTF was evaluated in Case 2a. Since
the literature points out an incremented siloxane removal effi-
ciency by increasing the EBRT in this type of bioreactors [20,22], the
capital costs of this technology were estimated for a BTF operating
at a short (1.5 min, Case 2a) and long EBRT (14.5 min, Case 2b). The
annual capital costs obtained were ca. 4100 and 15600 € year~! for
Case 2a and Case 2b, respectively, considering a 10-year annual-
ization. A higher residence time in the BTF leads to higher reactor
volumes for treating the same flowrate, hence the greater costs
obtained in Case 2b. CAPEX of BTF was higher than for the
adsorption unit, which is in agreement with other reports [7].
Contrarily to the OPEX of the AC filter, the BTF presented signifi-
cantly lower operating costs, especially when compared with Case
2b. This remarkable difference is mainly due to the packing mate-
rial replacement and disposal as a hazardous waste. Activated
carbon filters require not only frequent replacement of the satu-
rated material but also its disposal as hazardous waste. In contrast,
the packing material in BTFs are much cheaper and have longer
lifespans than porous activated carbons.

Overall, the highest total annual costs were obtained in the case-
study treating a mixture of siloxanes and VOCs (i.e. Case 1). The
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Fig. 6. Total annual costs estimated for the treatment of biogas in the case studies for each activated carbon.
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competition of VOCs for the porous sites of the adsorbent material
led to reduced BVs and thus more frequent replacement of satu-
rated material, which could be translated into higher operating
costs. Even though supplementary costs arise in Case 2a and 2b
linked to the pre-treatment of biogas in a BTF, the total annual costs
in these case-studies were below the costs in Case 1, specially in
Case 2a, suggesting that the implementation of a BTF for polishing
biogas from VOCs was economically feasible. Moreover, the lowest
annual costs were obtained for the steam AC2 in S—B (26600 €
year~!), indicating that Case 2a using such material was the most
feasible scenario.

4. Conclusions

The present work investigates the performance of three acti-
vated carbons on the adsorption of siloxanes at different concen-
trations in competence with VOCs aiming to evaluate the beneficial
use of biological technologies for biogas purification. In this sense,
the absence of terpenes such as limonene in biogas, due to its
abatement in a biotrickling filter, led to an extended lifespan of the
activated carbon, while using mesoporous carbons reduced the
operational costs of the adsorption despite their higher market
price.

Moreover, the economic approach on the technologies coupling
confirmed the beneficial economic aspect of biotrickling filtration
implementation to abate VOCs. The coal-based steam-AC (AC2)
resulted in the material depicting the lowest operating costs, which
decreased from 5.1 (in Case 1) to 2.3 € (1000 m>yeated)”! in the
case-study representing a pre-treated biogas in a BTF. Even
contemplating both the CAPEX and OPEX of a BTF, the total annual
costs were much lower when biogas was pre-polished from VOCs
in a BTF than treating biogas entirely in an adsorption filter.
Therefore, the installation of a BTF operating at short EBRTs prior to
an activated carbon filter with a mesoporous adsorbent, such as
AC2, as the adsorbent material would imply savings in the total
annual costs by halving them due to the lengthening of the lifespan
of the adsorbent as well a less frequent disposal as hazardous
waste.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

CRediT authorship contribution statement

Eric Santos-Clotas: Investigation, Writing - original draft. Alba
Cabrera-Codony: Methodology, Visualization, Writing - review &
editing. Maria J. Martin: Project administration, Funding acquisi-
tion, Supervision, Writing - review & editing.

Acknowledgements

The research leading to these results has received funding from
the European Union’s Horizon 2020 research and innovation pro-
gramme under the Marie Sktodowska-Curie grant agreement No
712949 (TECNIOspring PLUS) and from the Agency for Business
Competitiveness of the Government of Catalonia (TECSPR16-1-
0045). This work was also funded by MINECO — Spain (CTQ2014-
53718-R) co-founded by FEDER and the University of Girona
(MPCUdG2016/137). E.S—C. thanks Universitat de Girona for his
predoctoral grants (IFUdG_2015_51). LEQUIA has been recognized
as consolidated research group by the Catalan Government (2017-
SGR-1552).

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.renene.2020.02.026.

References

[1] Q. Zhang, ]. Hu, DJJ. Lee, Biogas from anaerobic digestion processes: research
updates, Renew. Energy 98 (2016) 108—119, https://doi.org/10.1016/
j.renene.2016.02.029.

S. Rasi, J. Lanteld, J. Rintala, Trace compounds affecting biogas energy uti-

lisation - a review, Energy Convers. Manag. 52 (2011) 3369—3375, https://

doi.org/10.1016/j.enconman.2011.07.005.

[3] M. Schweigkofler, R. Niessner, Determination of siloxanes and VOC in landfill
gas and sewage gas by canister sampling and GC-MS/AES analysis, Environ.
Sci. Technol. 33 (1999) 3680—3685, https://doi.org/10.1021/es9902569.

[4] T. Dudzina, N. Von Goetz, C. Bogdal, JW.H. Biesterbos, K. Hungerbiihler,

Concentrations of cyclic volatile methylsiloxanes in European cosmetics and

personal care products: prerequisite for human and environmental exposure

assessment, Environ. Int. 62 (2014) 86—94, https://doi.org/10.1016/
j.envint.2013.10.002.

S. Rasi, Biogas Composition and Upgrading to Biomethane Saija Rasi Biogas

Composition and Upgrading to Biomethane, 2009, 978-951-39-3607-5.

E. Santos-Clotas, A. Cabrera-Codony, A. Castillo, M.J. Martin, M. Poch,

H. Monclts, E. Santos-Clotas, A. Cabrera-Codony, A. Castillo, M.J. Martin,

M. Poch, H. Monclds, Environmental decision support system for biogas

upgrading to feasible fuel, Energies 12 (2019) 1546, https://doi.org/10.3390/

en12081546.

[7] N. de Arespacochaga, C. Valderrama, ]. Raich-Montiu, M. Crest, S. Mehta,

J.L. Cortina, 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. 52 (2015) 366—381, https://
doi.org/10.1016/j.rser.2015.07.106.

A. Cabrera-Codony, M.A. Montes-Moran, M. Sinchez-Polo, M. Martin,

R. Gonzalez-Olmos, Biogas upgrading: optimal activated carbon properties for

siloxane removal, Environ. Sci. Technol. 48 (2014), https://doi.org/10.1021/

es501274a.

E. Santos-Clotas, A. Cabrera-Codony, B. Ruiz, E. Fuente, M.J. Martin, Sewage

biogas efficient purification by means of lignocellulosic waste-based activated

carbons, Bioresour. Technol. 275 (2019) 207—215, https://doi.org/10.1016/
j.biortech.2018.12.060.

[10] A. Cabrera-Codony, E. Santos-Clotas, C.O. Ania, M.]. Martin, Competitive
siloxane adsorption in multicomponent gas streams for biogas upgrading,
Chem. Eng. J. 344 (2018), https://doi.org/10.1016/j.cej.2018.03.131.

[11] R. Munoz, S. Arriaga, S. Herndndez, B. Guieysse, S. Revah, Enhanced hexane
biodegradation in a two phase partitioning bioreactor: overcoming pollutant
transport limitations, Process Biochem. 41 (2006) 1614—1619, https://doi.org/
10.1016/j.procbio.2006.03.007.

[12] R. Munoz, T.S.0. Souza, L. Glittmann, R. Pérez, G. Quijano, Biological anoxic
treatment of O2-free VOC emissions from the petrochemical industry: a proof
of concept study, J. Hazard Mater. 260 (2013) 442—450, https://doi.org/
10.1016/j.jhazmat.2013.05.051.

[13] L. Akmirza, C. Pascual, A. Carvajal, R. Pérez, R. Munoz, R. Lebrero, Anoxic
biodegradation of BTEX in a biotrickling filter, Sci. Total Environ. 587—588
(2017) 457—-465, https://doi.org/10.1016/j.scitotenv.2017.02.130.

[14] R. Lebrero, E. Rodriguez, J.M. Estrada, P.A. Garcia-Encina, R. Munoz, Odor
abatement in biotrickling filters: effect of the EBRT on methyl mercaptan and
hydrophobic VOCs removal, Bioresour. Technol. 109 (2012) 38—45, https://
doi.org/10.1016/j.biortech.2012.01.052.

[15] A.M. Montebello, M. Mora, LR. Lépez, T. Bezerra, X. Gamisans, ]. Lafuente,
M. Baeza, D. Gabriel, Aerobic desulfurization of biogas by acidic biotrickling
filtration in a randomly packed reactor, ]. Hazard Mater. 280 (2014) 200—208,
https://doi.org/10.1016/j.jhazmat.2014.07.075.

[16] R.Dewil, L. Appels, J. Baeyens, Energy use of biogas hampered by the presence
of siloxanes, Energy Convers. Manag. 47 (2006) 1711—1722, https://doi.org/
10.1016/j.enconman.2005.10.016.

[17] C.L. Sabourin, J.C. Carpenter, T.K. Leib, ]J.L. Spivack, Biodegradation of dime-
thylsilanediol in soils, Appl. Environ. Microbiol. 62 (1996) 4352—4360.

[18] R.G. Lehmann, S. Varaprath, R.B. Annelin, J.L. Arndt, Degradation of silicone
polymer in a variety of soils, Environ. Toxicol. Chem. 14 (1995) 1299—1305,
https://doi.org/10.1002/etc.5620140806.

[19] E. Boada, E. Santos-Clotas, S. Bertran, A. Cabrera-Codony, F. Gich, M.J. Martin,
L. Ba, Potential Use of Methylibium Sp. As a Biodegradation Tool in Organo-
silicon and Volatile Compounds Removal for Biogas Upgrading, 2020, p. 240,
https://doi.org/10.1016/j.chemosphere.2019.124908.

[20] S.C. Popat, M.a. Deshusses, Biological removal of siloxanes from landfill and
digester gases: opportunities and challenges, Environ. Sci. Technol. 42 (2008)
8510—8515, https://doi.org/10.1021/es801320w.

[21] F. Accettola, G.M. Guebitz, R. Schoeftner, Siloxane removal from biogas by
biofiltration: biodegradation studies, Clean Technol, Environ. Pol. 10 (2008)
211-218, https://doi.org/10.1007/s10098-007-0141-4.

[22] E. Santos-Clotas, A. Cabrera-Codony, E. Boada, F. Gich, M.]. Martin, Efficient
removal of siloxanes and volatile organic compounds from sewage biogas by

2

[5

[6

(8

[9


https://doi.org/10.1016/j.renene.2020.02.026
https://doi.org/10.1016/j.renene.2016.02.029
https://doi.org/10.1016/j.renene.2016.02.029
https://doi.org/10.1016/j.enconman.2011.07.005
https://doi.org/10.1016/j.enconman.2011.07.005
https://doi.org/10.1021/es9902569
https://doi.org/10.1016/j.envint.2013.10.002
https://doi.org/10.1016/j.envint.2013.10.002
http://refhub.elsevier.com/S0960-1481(20)30212-3/sref5
http://refhub.elsevier.com/S0960-1481(20)30212-3/sref5
https://doi.org/10.3390/en12081546
https://doi.org/10.3390/en12081546
https://doi.org/10.1016/j.rser.2015.07.106
https://doi.org/10.1016/j.rser.2015.07.106
https://doi.org/10.1021/es501274a
https://doi.org/10.1021/es501274a
https://doi.org/10.1016/j.biortech.2018.12.060
https://doi.org/10.1016/j.biortech.2018.12.060
https://doi.org/10.1016/j.cej.2018.03.131
https://doi.org/10.1016/j.procbio.2006.03.007
https://doi.org/10.1016/j.procbio.2006.03.007
https://doi.org/10.1016/j.jhazmat.2013.05.051
https://doi.org/10.1016/j.jhazmat.2013.05.051
https://doi.org/10.1016/j.scitotenv.2017.02.130
https://doi.org/10.1016/j.biortech.2012.01.052
https://doi.org/10.1016/j.biortech.2012.01.052
https://doi.org/10.1016/j.jhazmat.2014.07.075
https://doi.org/10.1016/j.enconman.2005.10.016
https://doi.org/10.1016/j.enconman.2005.10.016
http://refhub.elsevier.com/S0960-1481(20)30212-3/sref17
http://refhub.elsevier.com/S0960-1481(20)30212-3/sref17
http://refhub.elsevier.com/S0960-1481(20)30212-3/sref17
https://doi.org/10.1002/etc.5620140806
https://doi.org/10.1016/j.chemosphere.2019.124908
https://doi.org/10.1021/es801320w
https://doi.org/10.1007/s10098-007-0141-4

(23]

E. Santos-Clotas et al. / Renewable Energy 153 (2020) 314—323

an anoxic biotrickling filter supplemented with activated carbon, Bioresour.
Technol. (2019) 122136, https://doi.org/10.1016/j.biortech.2019.122136.

M. Mirmohammadi, R. Bayat, H. Keshavarzi Shirazi, S. Sotoudeheian, Effect of
empty bed residence time on biotrickling filter performance: case study-
triethylamine, Int. J. Environ. Sci. Technol. 11 (2014) 183—190, https://doi.org/
10.1007/s13762-013-0382-1.

[24] J.M. Estrada, NJ.R.B. Kraakman, R. Munoz, R. Lebrero, A comparative analysis

of odour treatment technologies in wastewater treatment plants, Environ. Sci.
Technol. 45 (2011) 1100—1106, https://doi.org/10.1021/es103478;.

[25] J.M. Estrada, N.J.R. (Bart) Kraakman, R. Lebrero, R. Munoz, A sensitivity anal-

[26]

ysis of process design parameters, commodity prices and robustness on the
economics of odour abatement technologies, Biotechnol. Adv. 30 (2012)
1354—-1363, https://doi.org/10.1016/j.biotechadv.2012.02.010.

D. Papadias, S. Ahmed, R. Kumar, Fuel quality issues in stationary fuel cell
systems. http://www1.eere.energy.gov/hydrogenandfuelcells/pdfs/fuel_
quality_stationary_fuel_cells.pdf, 2011.

[27] J.M. Estrada, N.J.R. (Bart) Kraakman, R. Lebrero, R. Munoz, A sensitivity anal-

(28]

(29]

ysis of process design parameters, commodity prices and robustness on the
economics of odour abatement technologies, Biotechnol. Adv. 30 (2012)
1354—1363, https://doi.org/10.1016/j.biotechadv.2012.02.010.

M.A. Tribe, R.L.W. Alpine, Scale economies and the “0.6 rule, Eng. Costs Prod.
Econ. 10 (1986) 271—278, https://doi.org/10.1016/0167-188X(86)90053-4.

R. Munoz, L. Meier, 1. Diaz, D. Jeison, A review on the state-of-the-art of
physical/chemical and biological technologies for biogas upgrading, Rev. En-
viron. Sci. Biotechnol. 14 (2015) 727—759, https://doi.org/10.1007/s11157-

[31]

[32]

[33]

[34]

[35]

[36]

[37]

323

015-9379-1.

T. Matsui, S. Imamura, Removal of siloxane from digestion gas of sewage
sludge, Bioresour. Technol. 101 (2010) S29-S32, https://doi.org/10.1016/
j.biortech.2009.05.037.

F. Hosoglu, M.W. Fitch, Abatement of synthetic landfill gas including limonene
by biotrickling filter and membrane biofiltration, J. Environ. Sci. Heal. - Part A
Toxic/Hazard. Subst. Environ. Eng. 47 (2012) 1065—1072, https://doi.org/
10.1080/10934529.2012.667338.

Y. Li, W. Zhang, ]. Xu, Siloxanes removal from biogas by a lab-scale biotrickling
filter inoculated with Pseudomonas aeruginosa S240, ]J. Hazard Mater. 275
(2014) 175—184, https://doi.org/10.1016/j.jhazmat.2014.05.008.

J. Wang, W. Zhang, J. Xu, Y. Li, X. Xu, Octamethylcyclotetrasiloxane removal
using an isolated bacterial strain in the biotrickling filter, Biochem. Eng. ]. 91
(2014) 4652, https://doi.org/10.1016/j.bej.2014.07.003.

R. Lebrero, A.C. Gondim, R. Pérez, P.A. Garcia-Encina, R. Munoz, Comparative
assessment of a biofilter, a biotrickling filter and a hollow fiber membrane
bioreactor for odor treatment in wastewater treatment plants, Water Res. 49
(2014) 339-350, https://doi.org/10.1016/j.watres.2013.09.055.

M. Arnold, VTT RESEARCH NOTES 2496 Reduction and Monitoring of Biogas
Trace Compounds, 2006. http://www.vtt.fi/publications/index.jsp.

E. Santos-Clotas, A. Cabrera-Codony, J. Comas, M.J. Martin, Biogas purification
through membrane bioreactors: Experimental study on siloxane separation
and biodegradation, Separ. Purif. Technol. 238 (2020), 116440, https://doi.org/
10.1016/j.seppur.2019.116440.


https://doi.org/10.1016/j.biortech.2019.122136
https://doi.org/10.1007/s13762-013-0382-1
https://doi.org/10.1007/s13762-013-0382-1
https://doi.org/10.1021/es103478j
https://doi.org/10.1016/j.biotechadv.2012.02.010
http://www1.eere.energy.gov/hydrogenandfuelcells/pdfs/fuel_quality_stationary_fuel_cells.pdf
http://www1.eere.energy.gov/hydrogenandfuelcells/pdfs/fuel_quality_stationary_fuel_cells.pdf
https://doi.org/10.1016/j.biotechadv.2012.02.010
https://doi.org/10.1016/0167-188X(86)90053-4
https://doi.org/10.1007/s11157-015-9379-1
https://doi.org/10.1007/s11157-015-9379-1
https://doi.org/10.1016/j.biortech.2009.05.037
https://doi.org/10.1016/j.biortech.2009.05.037
https://doi.org/10.1080/10934529.2012.667338
https://doi.org/10.1080/10934529.2012.667338
https://doi.org/10.1016/j.jhazmat.2014.05.008
https://doi.org/10.1016/j.bej.2014.07.003
https://doi.org/10.1016/j.watres.2013.09.055
http://www.vtt.fi/publications/index.jsp
https://doi.org/10.1016/j.seppur.2019.116440
https://doi.org/10.1016/j.seppur.2019.116440

	Coupling adsorption with biotechnologies for siloxane abatement from biogas
	1. Introduction
	2. Materials and methods
	2.1. Adsorption experiments
	2.1.1. Activated carbons
	2.1.2. Target compounds and gas concentration
	2.1.3. Breakthrough curves

	2.2. Economic evaluation

	3. Results
	3.1. Competitive adsorption
	3.2. Technologies coupling: an economic approach

	4. Conclusions
	Declaration of competing interest
	CRediT authorship contribution statement
	Acknowledgements
	Appendix A. Supplementary data
	References


