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Abstract: Siloxanes are among the most technologically troublesome trace compounds present in
biogas. As a result of their combustion, hard-to-remove sediments are formed, blocking biogas
energy processing devices and reducing the efficiency of biogas plants. The purpose of this study
was to help investors and designers to choose the optimal technology for the adsorptive removal of
volatile methylsiloxanes (VMSs) from biogas and to identify adsorbents worth further development.
This paper critically reviews and discusses the state-of-the-art technologies for the adsorption removal
of siloxanes from biogas, indicating potentially beneficial directions in their development and
deficiencies in the state of knowledge. The origin of VMSs in biogas, their selected physicochemical
properties, technological problems that they can cause and their typical versus limit concentrations in
biogases are presented. Both the already implemented methods of adsorptive VMSs removal from
landfill and sewage gases and the ones being under development are verified and systematized.
The parameters and effectiveness of adsorption processes are discussed, and individual adsorbents
are compared. Possible ways of regenerating spent adsorbents are evaluated and prospects for
their application are assessed. Finally, zeolite-based adsorbents—which can also be used for biogas
desulfurization—and adsorbents based on polymer resins, as being particularly active against VMSs
and most amenable to multiple regeneration, are identified.
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1. Introduction

The most troublesome trace impurities present in biogas are volatile organic silicon
compounds—siloxanes, which are oligomeric chemicals containing alternately connected silicon and
oxygen atoms. Silicon atoms are additionally linked with hydrocarbon functional groups, mainly methyl
(Table 1). In this case, considering their volatility under ambient conditions (Table 2), siloxanes are
referred to as volatile methylsiloxanes (VMSs).

The main source of VMSs in biogas are personal care products, in which VMSs, owing to their
unique characteristics such as: low surface tension, viscosity and chemical reactivity, high thermal
stability, compressibility, spreadability and hydrophobicity (Table 2), have been rapidly increasingly
used in recent years. Along with wastewater containing used cosmetics—especially shampoos, soaps,
hair sprays, antiperspirants, etc.—VMSs end up in wastewater treatment plants (WWTPs), where,
together with sediments, they get into the fermentation chambers and as a result of the elevated
temperature are released into biogas. VMSs also get into the biogas in landfills, where cosmetics
containers, together with their remains, are deposited. The growing presence of VMSs in the
environment is also due to the rapidly growing production of silicone polymers—used in medicine,
electronics and various everyday articles—for which VMSs are the basic building blocks.
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Table 1. Nomenclature and formulas of main volatile methylsiloxanes (VMSs) detected in biogases.
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Table 2. Selected physicochemical properties of VMSs found in biogas, developed according to [1].

Physical State Density, Vapor Wat.er' B(.nln:)g M.eltlr:g
o 3 Solubility, Point, °C, Point, °C
Compound at 20 °C, 101.3 kg/m?>, at Pressure, 3
KPa 25°C KPa. at 25 °C mg/dm” at at101.3 at101.3
’ 25°C kPa kPa
D3 Solid 1020 1.16 1.571 135 64
D4 Liquid 956 0.14 0.055 176 17.5
D5 Liquid 959 0.03 0.046 210 -38
D6 Liquid 967 0.003 0.005 245 -3
L2 Liquid 7641 5.613 2.881 101 -66
L3 Liquid 820 0.445 0.15 152 -80
L4 Liquid 854 0.05 0.007 195 -76
L5 Liquid 875 0.013 0.0003 232 -80
Tat20°C.

As a result of biogas combustion, a part of the VMSs are transformed into crystalline silica which
settles in the form of rough, hardly removable deposits in combustion chambers, heat exchangers,
exhaust gas catalysts and on cylinder heads, valves, spark plugs, turbine blades, etc., reducing their
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performance and increasing servicing costs and air pollutants emissions. This is currently one of
the main operational problems affecting biogas plants. The need for biogas purification from VMSs
also arises from their potential toxic and carcinogenic properties found in animal studies in recent
years. It has been shown that only a small fraction (<1%) of VMSs convert to SiO, during biogas
combustion [2]. The rest are emitted into the air, showing great potential for bioconcentration and
bioaccumulation in the environment’s various compartments [3]. In addition, microcrystalline silica
(<100 nm), which is the oxidation product of VMSs, has carcinogenic and mutagenic properties [4].

Adsorption, absorption and cooling methods have been commercially used to purify biogas from
VMSs. However, owing to the uncomplicated service, high efficiency and moderate costs of such
standard adsorbents as activated carbon and silica gel, carbon adsorption methods predominate.

The emerging methods (still under research), except for membrane and biological methods which
are not promising so far, use unconventional adsorbents based on natural and synthetic zeolites and
polymer resins.

2. VMSs Concentrations in Biogas

Most measurements of VMSs content in landfill gas (LFG) and in biogas from sewage sludge
(SG) were carried out in Germany, with a much greater spread of results found in WWTPs (from zero
to several hundred mg/m?) than in landfills (from several to several dozen mg/m?®) [5]. For such
a large data set (308 objects) the reported average total VMSs concentration of 14.9 mg/m? in SG,
seems representative. A higher average total VMSs content—24 mg/m> (mainly D4—12.5 mg/m3,
L.2—6.1 mg/m? and D5—4.7 mg/m3)—measured in LFG in Asten (Austria) was reported by Accettola and
Haberbauer [6], while in SG the average concentration amounted to 7 mg/m? (primarily D5—6.0 mg/m3
and D4—0.9 mg/m?). Even higher values for SG were indicated by Appels et al. [7]—30-50 mg/m?.
Arnold & Kajolinna [8] showed that the concentration of VMSs in biogas usually does not exceed 10 mg/m?,
although in the case of SG, peaks of up to 300-400 mg/m3 are possible. For example, 400 mg/m? was
recorded in the Trecatti WWTP in Great Britain, when the engine failed after 200 hours of operation [9].
In other tested WWTPs (Zurich, Neuburg, Saint-Truiden, Minworth) the total VMSs concentration
ranged from 16 to 59.8 mg/m?, while in landfills in Berlin, Augsburg and Vienna it ranged from 4.8 to
36.3 mg/m>. A similar maximum VMSs concentration in SG as in Trecatti (314 mg/m?) was detected by
Hepburn et al. [10]. A wide overview of VMSs concentration measurement results at Austrian, German
and Finnish landfills and WWTPs was presented by Rasi et al. [11,12]. According to their research,
in Finland the concentrations were in the range of 0.08-2.5 mg/m? for both types of biogas, i.e., significantly
below the values presented above. D5 predominated in SG (48-76%), constituting together with D4
(21-45%) over 90% of the total VMSs. The remaining 10% were: L2 (0-1%), D3 (1-4%) and L3 (0-6%).
In LFG the VMS percentages were as follows: D4 (24-72%), L2 (28-40%), D5 (3-13%) and D3 (0-7%),
i.e., VMSs characterized by higher vapor pressure and better water solubility predominated. Generally,
VMSs concentrations in biogas depend on its origin and they range widely—typically from a few to
several tens mg/m?3. In LFG, where D4 and L2 predominate, they are usually lower than in SG (Table 3).

Table 3. VMSs concentration ranges detected in biogas.

Number of

I](;;;d;f Location Objects/ Cﬁrl:lalt})’z:(lis Con;\e;l/:;a;lon, Source
8 Measurements pou
Germany 123/340 Sum of VMSs 3-25 5]
Finland 3/6 L 28
Landfill
Poland 1/7 S f VMS! 18-39 13
Gas (LFG) oan f m:zou ® [13]
Germany ND D;:—D 6+ Up to 50 [14]
Europa (6), 10/ND ! L2-1L5 + 204 [15]

Canada (4) D3-Dé6
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Table 3. Cont.

Kind of . Num.ber of Analyzed Concentration,
Biogas Location Objects/ Compounds mg/m® Source
& Measurements P
L2-14 +
Germany 308/ND D3-D5 Up to 317 5]
Biogas from
Sewage Finland 3/6 L 2-30
Sludge (SG)
Europa (9), L2-15 +
Japan (1) 10/ND P5.D6 3-127 [15]
United Kingdom 6/ND D4 + D5 12-179 [16]
1 No data.

In order to minimize the hazards associated with the use of biogas energy, biogas power generation
equipment manufacturers impose VMS level standards (Table 4).

In many cases it is necessary to remove VMSs from biogas to prevent equipment blockage and
meet the manufacturer's warranty requirements.

Table 4. VMSs concentration limits in biogas, recommended by some device manufacturers.

Application of Biogas VMS Concentration Limit, mg Si/m3 Source

Piston Engines 5-30 [10,17]
Turbines 0.1 [18]
Microturbines 0.03 [17]

Fuel Cells 0.05-0.10

Catalytic Afterburners 0.50-0.38 [19]
Stirling Engines No limit [17]
Vehicle Engines No limit [20]
Natural Gas Grid 621,102 [21]

! in Netherlands; 2 in Austria. A broader overview of the requirements for biogas quality can be found in [22,23].

3. Adsorption of VMSs Using Activated Carbon

Activated carbon is formed in the processes of carbonization and thermal or chemical-thermal
activation of such organic raw materials as fossil coals, wood and various types of organic waste.
During these processes the organic matter is partially decomposed, and volatiles are removed,
whereby the activated carbon acquires a proper porous structure. Carbonization is conducted at a
temperature of 600-800 °C. Then the carbonizate is subjected to physical activation, i.e., further thermal
treatment with steam or CO, (400-500 °C) to eliminate the remaining volatiles, or to partial gasification
at a temperature of 800-1000 °C. The alternative is chemical activation, i.e., roasting (500-900 °C) with
the addition of zinc chloride, potassium sulfide, phosphoric acid or other chemicals [24]. All these
processes lead to the formation of an extremely extensive internal structure consisting of a wide spectrum
of micropores and mesopores. As a result, a universal adsorbent with the largest specific surface
area—which can exceed 2000 m?/g—among all the known adsorbents is produced. Small activated
carbon rolls with a diameter of about 1-2 mm and a length of up to 4 mm are most often used in
gas cleaning processes. Activated carbon fibers are used less often, but they can be more effective
in removing D4 than granular activated carbon [25,26]. The feature that particularly predisposes
activated carbon to VMSs removal from biogas is its non-polar structure [27] promoting the adsorption
of non-polar or weakly polar VMSs. Larger pore volumes, more suitable for the size of VMSs molecules,
are obtained using chemical activation with H3PO, [28]. Generally, many researchers indicate that
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adsorbent pores with a diameter of 1.7-6.0 nm are most suitable for the adsorption of VMSs whose
molecule diameter is about 1 nm.

Depending on the method of activation (and/or impregnation), activated carbon can have an acidic
or basic character. According to Gong et al. [29], activated carbon activity towards VMSs increases with
the increasing pH of the bed. However, alkaline impregnation, which can be used for H,S removal,
can reduce the adsorbent's active surface area and pore volume, which, in turn, can reduce its capacity
to absorb VMSs [30].

The large diversity of activated carbon’s pores in comparison with other adsorbents is,
unfortunately, also its disadvantage, being the main cause of its low selectivity. Besides the sulfur and
chlorine compounds mentioned above, activated carbon has a high affinity for other VOCs, water steam
and hydrocarbons—CH, adsorption on activated carbon is greater than on silica gel and molecular
sieve [24]. The presence of the above compounds in biogas, competing for a place in activated carbon’s
micro- and mesopores, reduces its capacity to adsorb VMSs and directly affects the operating costs.

Activated carbon shows greater activity towards cyclic VMSs, which is connected with the changes
they undergo on its surface and the displacement of the previously adsorbed lighter linear VMSs—e.g.,
L2 and L3—by heavier and less volatile cyclic VMSs—e.g., D4 and D5—or by other high-molecular
aromatic VOCs and water vapor [31]. A way to reduce the above disadvantages is biogas pretreatment,
consisting in condensation drying—usually up to RH (relative humidity) < 50%—during which
interfering impurities and some VMSs are partly removed with the condensate.

A more serious disadvantage of activated carbon in the removal of VMSs is their transformation,
consisting in the polymerization of cyclic VMSs into less volatile, heavier and hardly desorbable
polydimethylsiloxanes [32] which block the adsorbent’s pores and prevent its effective thermal
regeneration. This process is more intense on wood-based carbons activated with phosphoric acid than
with water steam [33]. Chemical regeneration through the oxidation of the adsorbed VMSs (with O3,
H,0, or iron salts) also fails because the final reaction product is SiO, which blocks pores [33,34].

4. Adsorption of VMSs Using Silica Gel

Silica gel is obtained by polymerizing silicic acid with H,SO4 or HCl to an amorphous gel having
the molecular formula (S5iO,)-nH,O. This adsorbent is typically used in the form of beads with a
diameter of 1-5 mm. It is characterized by high porosity and a polar structure. The latter feature
endows silica gel with a special affinity for water, making it one of the most effective desiccants.
Therefore, deep drying—below 10% RH—is required in order to effectively remove VMSs from
biogas [14]. In comparison with activated carbon, silica gel is characterized by a smaller specific surface
area (350-700 m?/g) and larger pore sizes, with the predominance of mesopores, which is beneficial
for VMSs adsorption. Most researchers—e.g., [18,35,36]—indicate silica gel’s higher selectivity and
affinity for VMSs (provided that the biogas is properly dried), especially in the case of lighter chain
forms, such as L2. Since silica gel has a lower capacity to adsorb sulfur compounds, it can be more
useful for the purification of LFG which usually contains less H,S. Most researchers also indicate that
silica gel is more amenable to regeneration [14]. According to Yang [24], since silica gel’s adsorption
forces are weaker, it should be easier to thermally regenerate than activated carbon.

In recent years, besides the use of conventional silica gel, attempts have been made to modify silica gel
in order to improve its adsorption capacity and regenerability. By treating silica gel with acetic anhydride
Liu et al. [37] obtained an interesting hydrophobic silica gel modification whose adsorption capacity,
regardless of biogas humidity, amounted to 304 g/kg for L2 and to 916 g/kg for D4—much more than in the
case of activated carbons. Its regeneration was trouble-free at a relatively low temperature of 110 °C.

5. Adsorption of VMSs Using Zeolites

Natural zeolites comprise hydrated alkali metal aluminosilicate minerals with a crystalline structure,
such as modernite, chabasite, clinoptilolite, silicalite and others. Their activation is based on thermal
treatment, as a result of which they lose water and acquire an ordered internal structure with uniform
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pore sizes (hence the name “molecular sieves”), whereby, as opposed to active carbons, they become
selective adsorbents. Zeolites are also made synthetically—e.g., 3A, 4A, 5A, 10X, 13X, ZSM-5. Depending
on the ratio of silicon to aluminum atoms, they can be hydrophobic (Si/Al>10) or hydrophilic (Si/Al < 1.5).
Hydrophobic zeolites are more useful for removing nonpolar and weakly polar compounds, including
VMSs. For example, zeolite such as ZSM-5 with a high Si/Al ratio (200) [38] can be used simultaneously
for CO, and H,O removal in the biogas upgrading process and for the removal of VMSs and HjS.

Zeolites are also characterized by high mechanical and thermal resistance (up to 600 °C).
In comparison with activated carbon and silica gel, they have a comparable or slightly smaller
specific surface area (370-910 m?/g). Owing to the uniform size of their pores they can work more
efficiently if they are selected with regard to the composition of the particular biogas. Unlike silica gel,
they can simultaneously remove HyS—thanks to their alkaline nature—and their affinity for CHy is
several times lower than for activated carbon [24].

The usefulness of zeolites for removing VMSs from biogas has been confirmed by numerous
studies, e.g., [31,39,40]. Owing to their high thermal resistance they are also suitable for repeated
thermal regeneration [25].

6. Adsorption of VMSs Using Activated Alumina

As recent research has shown one of the effective VMSs adsorbents is activated alumina [41,42],
which is obtained by calcining hydrated aluminum hydroxide in the presence of oxygen at a temperature
of about 400 °C. The resulting porous, crystalline structure is characterized by a distinct predominance
of mesopores (3-7 nm) and a specific surface area of 200-250 m?/g. Further roasting (up to 800 °C)
leads to an amorphous form with a larger specific surface area amounting to 300-400 m?/g.

The synthetic adsorbent based on alumina (Al120-8h) developed by Zhong et al. [41], due to its
larger specific surface area and porosity, proved to be a better D4 adsorbent than the commercial activated
alumina. Its advantage is the possibility of effective regeneration with no apparent VMSs polymerization
effect. It should be noted, however, that due to its relatively large pores, activated alumina is better
suited for cyclic VMSs.

7. Adsorption of VMSs Using Polymer Resins

Polymer adsorbents are obtained by polymerizing monomers, i.e., styrene cross-linked with
divinylbenzene (DVB) and acrylates, in the presence of an organic solvent. Popular DVB-based
resins include XAD-2 and XAD-4 hydrophobic polymers, whereas the ones based on acrylic ester
(e.g., XAD-7) are hydrophilic [24]. Especially the former—as opposed to activated carbons and silica
gel—are well suited for the purification of moist biogas, the more so because they are non-polar.
Unfortunately, their thermal strength is low (<200 °C), which can potentially hinder the thermal
desorption of some VMSs—see boiling point in Table 2. Owing to their dense cross-linking they
are relatively stiff and mechanically strong. This also contributes to their high porosity and specific
surface area (up to 1000 m?/g). In addition to the traditional polymer adsorbents mentioned above,
in recent years new resins for VMSs adsorption have been synthesized. A particularly interesting series
of adsorbents (PDVB-VI) based on the copolymerization of divinylbenzene with 1-vinylimidazole
have been developed by Jafari et al. [43]. These adsorbents have an extremely large pore volume
and specific surface area, whereby their adsorption capacity for VMSs is very high—in the order of
2000 g/kg. In addition, they can be effectively regenerated at a relatively low temperature (~100 °C),
which indicates no polymerization of VMSs on their surface. The ease of regeneration of polymer
adsorbents has also been confirmed by other authors [44,45]. Despite such advantageous characteristics,
these adsorbents are not commercially used for gas purification due to their high price.

8. Comparison of the Adsorbents for VMSs Removal from Biogas

A comparative analysis of selected adsorbents, their effectiveness and advantageous/disadvantageous
characteristics is presented in Table 5.
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Table 5. Summary review of the adsorbents for removing VMSs from biogas.

7 of 10

Parameter/Feature Activated Carbons (AC) Silica Gels (SG) Zeolites (ZE) Activated Aluminas (AA) Polymer Resins

Typical Specific Surface 600-1600 350-700 370-910 Commercial AA: 200-250 RS1: ~940; PDVB: ~830

Area (BET), mz/g Synthetic AA (Al120-8h): ~310  PDVB-VI: 594-780
P(DVB-ACAM): ~270

Typical Average Pore 1.4-2.0 22-24 39 Commercial AA: 3-7 PDVB: 1.5-60

Diameter, nm Synthetic AA (A1120-8h): ~4

Typical Total Pore Volume, 0.4-1.1 0.2-0.4 0.2-0.5 Commercial AA: 0.3-0.4 PDVB: ~2

cm3/g Synthetic AA (Al1120-8h): 0.5 PDVB-VI: 1.2-1.8

Typical Micropore 45.4-93.7 ~50 ~70 Commercial AA: ~7 ND

Volume, %

Adsorption Capacity
Tested on Synthetic
Biogas,

Carrier Gas—Np, g/kg

Total VMSs: 155-307
L2: 10-123
D4: 36-404
D5: 47-531

Data for dry gas (RH < 10%):
Total VMSs: ~200

D4: 216-259

D5: ~100

ZE 13X: 77-276 1
ZE 8A: ~41

ZE 7ZSM-5: ~401
ZE UCT-15: ~80 1
Clinoptilolite: ~10 !

Commercial AA: ~130 !
Synthetic AA (Al120-8h): ~170 !

RS1: ~300 '2PDVB-VI:
13812370 1
P(DVB-ACAM): ~2200 !

Advantages Best tested, mastered, simple High mechanical and thermal Higher hydrophobicity Contain mainly mesopores with  High VMSs adsorption
and widely available resistance, non-flammability, and thermal resistant a diameter of 3-7 nm, an capacity (regardless of biogas
technology, easy to operation, chemical and biological inertness, compared to ACand SG,  optimal for cyclic VMSs humidity), relatively large
possibility to simultaneous higher selectivity and ability to effective thermal  adsorption, high thermal specific surface area and pore
removal of other biogas susceptibility to regeneration regeneration, better suited  resistance, relatively easy volume, usually high
impurities, i.e., sulfur and than in the case of AC, low price  for simultaneous H,S regeneration, without the hydrophobicity, ease of
chlorine compounds, relatively  of commercial SG: ~1-2 €/kg. removal and lower affinity  noticeable effect of VMSs regeneration at low
cheap adsorbent: ~2 €/kg. for CHy than in the case of ~ polymerization, relatively low  temperature (~100 °C), lack of
AC and SG, relatively low  costs. VMSs polymerization.
costs (~1-2 €/kg).
Drawbacks Low selectivity, VMSs High affinity for water and need ~ Most ZE adsorbents have  Due to the large pores, they are  Low thermal resistance,

polymerization, which blocks
pores and practically prevents
AC regeneration, risk of
ignition, necessity of biogas
drying, CHy4 adsorption higher
than for SG and some ZE.

for deep biogas drying, low
affinity to sulfur compounds (not
suitable for simultaneous biogas
desulphurization), lower specific
surface area then in the case of
AC.

pores smaller than the size
of VMSs molecules.

hardly active relative to linear
VMSs, relatively small specific
surface area.

relatively expensive (>6 €/kg).

1 Applies to D4; 2 Applies to D5.
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9. Conclusions

In general, owing to its simplicity, ease of use, low cost and availability and the possibility
of simultaneously removing other undesirable biogas components, adsorption on activated carbon
is most commonly used to remove VMSs from biogas. Considering the regeneration difficulties,
its use seems to be justified in the case of low VMSs concentrations (<1 mg/m?) or when an economic
analysis—covering the periodic replacement of the spent adsorbent and waste management—shows
the simultaneous removal of hydrogen sulfide in the same apparatus to be cost-effective. The use of
adsorption on activated carbon as the final biogas cleaning stage can be considered after the prior drying
and removal of some VMSs, e.g., by absorption using Selexol™ [46] or oils. The main disadvantage
of activated carbon in the considered application is the promotion of VMSs polymerization on its
active surface, which quickly deactivates the adsorbent and practically prevents its regeneration.
Moreover, the non-selectivity of activated carbon, due to the high diversity of its pores, results in quick
bed saturation. Together with siloxanes other volatile compounds, including halides, hydrogen sulfide,
ammonia, water vapor and even a small amount of methane, are adsorbed. All this entails additional
expenditures on biogas pretreatment (drying, dedusting, the possible removal of competing impurities,
and cooling) and frequent bed replacements. Another significant disadvantage of removing VMSs by
means of activated carbon is the displacement of the previously adsorbed lighter and more volatile
VMSs, e.g., L2, by heavier cyclic VMSs or by other VOCs. This can result in a sudden breakthrough
of the bed. Although this technology is widespread, the effects of different ways of activating and
impregnating activated carbons and of biogas composition and parameters on the efficiency of VMSs
adsorption are still poorly understood. It is also unclear what conditions favor the polymerization of
VMSs. Further research, especially on developing new methods, e.g., chemical methods (oxidation),
of regenerating spent carbon and possible ways of its environmentally safe utilization, is needed.
In the latter respect, chemically and biologically inert silica gels and zeolites, exhibiting similar VMSs
adsorption properties as activated carbons, seem safer. Moreover, they are mechanically and thermally
stronger and more easily regenerable, while their price is similar. Since in the case of silica gel it is
necessary to deep dry biogas, zeolites seem to have greater potential as they can also be used for biogas
desulphurization. They also show less affinity for methane. On the other hand, adsorbents based
on alumina and polymer resins are most amenable to regeneration. According to the latest research
results, polymer resins are particularly promising as they have the greatest potential for adsorbing
VMSs and can be easily regenerated at relatively low temperatures.
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