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Abstract
Our paper discusses the issue of biogas desulfurization with adsorbents. The authors investigated biogas
in terms of the relationship between anaerobic digestion substrates and a chemical composition of the product. Based on the literature review, each group of adsorbents and their representatives was examined, with
special attention paid to carbon and mineral adsorbents. The authors analyzed the desulfurization process
using in particular activated carbon, oxide adsorbents, and zeolites.
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Introduction
A gas mixture produced during anaerobic digestion
has considerable potential as an alternative energy source.
Unfortunately, currently it can be used only on site due to
its contamination by gaseous pollutants such as CO2, H2S,
water vapor, etc., whose presence prevents transferring
and transporting this renewable fuel. On the other hand,
biogas purified and enriched with methane can be used as
a fuel for domestic uses, automobiles, and for electricity
generation [1]. Hence, there is a need and necessity for
biogas desulfurization and purification in order to increase
its possible applications.
Removal of H2S from biogas is critical to successful
applications of gasification techniques, mainly due to
possible future operation problems such as corrosion of
pipes, turbines, or other transmission units.
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Desulfurization of biogas is also an important issue
in solving environmental problems like global warming
and acid rain [2].
This paper presents characteristics of biogas in terms
of its chemical composition and discusses the process
of its desulfurization using adsorption methods.

Biogas and its Characteristics
Biogas is a product of anaerobic digestion of organic
matter of various origin. It is used as a renewable energy
source and also a renewable fuel that can be used in fuel
cells [3]. Chemically, biogas is a mixture of gases such
as methane, CO2, H2S, water vapor, and others [4-6].
A biogas composition varies depending on the origin of
the raw materials [7], as shown in Table 1 [8].
Bocci et al. [5] determined a general chemical biogas
composition regardless of origin. The contents of methane, carbon dioxide, water vapor, halogenated hydrocarbons, and nitrogen relative to oxygen is, respectively,
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Table 1. Biogas composition for different substrates of anaerobic digestion [8].
Component

Unit

CH4
CO2
N2

% vol

O2
H2O

% vol (in 40ºC)

H2S
NH3
Aromatic compounds
Organic halogenated or
fluoroorganic compounds
ns- not studied

mg/m3

Domestic
waste

Sludge from wastewater treatment plants

Agricultural waste

Waste from the
agro-food industry

50 – 60

60 – 75

60 – 75

68

34 – 38

19 – 33

19 – 33

26

0–5

0–1

0–1

ns

0–1

< 0,5

< 0,5

ns

6

6

6

6

100 – 900

1000 – 4000

3000 –
10,000

100

ns

ns

50 – 100

400

0 – 200

ns

ns

ns

100 - 800

ns

ns

ns

50-80%, 30-50%, 2-7%, 1-5%, and 0-10% by volume.
Hydrogen sulfide and ammonia contents are suitably in
the range of 0-4,000 ppmv and 100-2,000 ppmv (parts per
million by volume, at the standard temperature and pressure this means “moles per million, by volume”). The authors [5] also include volatile organic compounds (VOCs)
and siloxanes, for which the value is 5-300 mg/Nm3 and
0-50 mg/Nm3, respectively.
Methane is the most valuable component of biogas
while the other gaseous substances are considered to be
contaminants; they do not improve the energy potential
of biogas, and additionally they are corrosive. Biogas
produced in agricultural biogas plants generally contains
significant amounts of H2S and other volatile sulfur
compounds. Biogas, accumulated at landfills packed with
of unsorted municipal waste, comprise more halogenated
hydrocarbons compared to biogas from other sources, due
to waste plastics. Siloxanes used in production of cosmetics
and detergents are found in sewage sludge, but since they
do not undergo anaerobic digestion they are found both in
biogas and the digested sludge [9]. If a renewable fuel is
produced from animal waste the final gas mixture is rich
in ammonia. The presence of different contaminants in
biogas reduces its calorific value. Therefore, the calorific
value of the crude biogas is significantly lower than that
of natural gas or a compressed natural gas used as a motor
fuel compressed natural gas (CNG) [10].
Since biogas is mainly used for electricity or heat
production, such applications have to be preceded by
removal of H2S and moisture; as corrosive agents, they
both have a negative impact on operation and a lifespan of
power equipment. To broaden the possible use of biogas,
it has to be purified or treated so as to match a natural
gas quality. The purification processes remove all gaseous
contaminants using special treatment techniques, e.g.,
adsorption, while during the treatment process biogas is
mixed with another gas of superior energy parameters and
a higher purity, e.g., propane-butane or natural gas. This
new gas mixture is less contaminated than the original

biogas [10, 11]. Brudniak et al. [12] identified four ways
to increase the calorific value of biogas: enrichment,
purification, drying, and deodorization. The first process
reduces the amount of CO2, increasing the CH4/CO2 ratio
[5, 12]. Purification is based mainly on desulfurization,
while moisture and odorous substances are removed during
drying and deodorization [3, 12]. The purified biogas can
be supplied to gas networks or used as an energy source in
gas engines and fuel cells [10, 11, 13].

Methods of Biogas Desulfurization
Desulfurization of biogas involves the removal of
a H2S from a gas mixture (as a corrosive substance that
can damage gas engines) [14]. Contamination of biogas
with H2S can be controlled at various stages of biogas
production, beginning from raw materials, an anaerobic
digestion process, and finally biogas desulfurization [15].
The biogas desulfurization methods include: biological
[16, 17] and catalytic oxidation, a method with bog iron
ore, a wet method, and adsorption techniques. Jędrczak
[18] discussed other methods of H2S removal from
biogas, based on: dosing of ferrous chloride to a digestion
chamber, dosing air to biogas, absorption of chemicals
binding H2S in solutions, absorption-oxidation processes,
biological methods with bio-filters, and adsorption on
activated carbon and alkaline iron oxide beds. Sisani et
al. [7] divided the most frequently used desulfurization
methods on wet/dry processes and membrane processes.
A dose of iron chloride in a digestion chamber results
in bonding of H2S into insoluble iron sulfide, and therefore
the produced biogas contains only trace amounts of
H2S. This method is used for high H2S concentrations
and allows us to lower them to a concentration of
100 mg/m3 of biogas. The advantages of this method
also include low investment and operating costs, easy
monitoring, and application at high H2S concentrations in
biogas [18].
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Another method involves dosing of air to a biogas
system. This way biological oxidation of H2S to elemental
sulfur takes place [18]. The process engages Thiobacillus
bacteria that utilize CO2 (biogas contaminant) as a carbon
source. Air is supplied to gas and then they pass through
an active biofilm. This method not only purifies biogas,
but also enriches it, lowering the CO2 concentration. The
H2S content in biogas can be reduced down to a range of
30-150 mg/m3 (reduction by 80-99%). When using this
method, it should be noted that a biogas mixture with
an air content of 6-12% becomes explosive. Jędrczak
[18] stated that a gas mixture was highly corrosive for
construction elements; he also emphasized the advantages
of this method, such as low investment and operating
costs and the possibility of remote process control and
monitoring. Nemati et al. [16] conducted a comprehensive
literature review on Thiobacillus ferrooxidans used for
biogas desulfurization. The bacteria are chemoautotrophic
bacteria that are capable of biological oxidation of ferrous
irons in a sulfuric acid solution. The iron sulfate (III)
solution absorbs H2S, which is then oxidized to elemental
sulfur. Another product of the reaction is ferric sulfate (II),
which is recycled for biological re-oxidation.
Biological methods based on biofiltration in filter beds
result in an almost complete (98-99.5%) removal of sulfur
compounds from the gas mixture [19]. The products of
microbial oxidation of H2S in filters are elemental sulfur
(aprox. 75%) and sulfates (aprox. 25%). The concentration
of H2S in biogas after desulfurization is below 20 mg
H2S/m3 [18].
Wet methods, based on absorption of H2S in the
specific solutions, take place in scrubbers and involve
elution of H2S from biogas with a working fluid; the
solutions include water, NaOH aqueous solution, and
ferric chloride solution, as well as aqueous solutions of
alkanolamines. It should be pointed out that the application
of the wet methods is limited by the amount of H2S in
raw biogas. For example, absorption in a caustic soda
solution is cost-effective (economically justified) at biogas
production from 50 to 1,200 m3n/h and the H2S content in
the product within the range of 0.05-1.5%. One of the big
disadvantages of the method is waste; working solutions
cannot be regenerated and have to be discharged as waste
products. H2S reacts with NaOH and forms sodium
hydrosulfide or sodium sulfide, and because the method
is not selective CO2 is bound as sodium bicarbonate.
Selective removal of H2S is possible using tertiary amines
solutions, e.g., triethanolamines [18].
The high removal of H2S from biogas (over 99%)
is possible with an absorption-oxidation method of
desulfurization [18]. The process is carried out in a contact
reactor where absorbent, usually an aqueous solution of
chelate complex of iron (III), is in contact with a sulfurized
biogas. The desulfurization product is a colloidal sulfur
(removed from the system) and an iron chelate solution
(II), which after oxidation with atmospheric oxygen
is recycled to a contact chamber. Jędrczak [18] shows
the high efficiency of ethylenediaminetetraacetic acid
(EDTA) used in this type of process. Absorption-oxidation
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methods can be used for biogas loads from 200 to 2,500
m3n/h.
The last group of methods used for desulfurization of
biogas are adsorption methods, which will be discussed in
the next section.
It should be emphasized that when high concentrations
of H2S in biogas are observed and high efficiency of
desulfurization methods is required removal of H2S in the
filter chambers is not sufficient. In such situations, external
methods of H2S removal from biogas are recommended,
e.g., chemical and physical-chemical precipitation,
scrubbing or absorption. However, they are associated
with use of some specific chemicals and generation of
waste that had to be further processed [17]. Selection
of a biogas desulfurization method depends on type of
substrate, anaerobic digestion conditions, H2S content,
and a site location, which is particularly important when
using filter beds, which require more surface area.

Sorbents Used for Biogas Desulfurization
Adsorbents are porous solids with a highly developed
surface area available for adsorption. They are used for
separation of liquid/gas mixtures and for removal of air
and water pollutants, regardless of their concentrations.
Adsorbents have different surface properties, such as
surface layer structure and its irregularity, or presence
of functional groups and heteroatoms. Also, their porous
structure has different features such as size and shape of
pores and a function of a pore volume distribution by the
average diameter [20].
A main feature of adsorbents is pore size, which
determines their possible application. It has been classified
by the International Union of Pure and Applied Chemistry,
based on differences in adsorption ability. According to
the classification, the following groups were identified:
micropores, mesopores, and macropores [21]. Their
characteristics are shown in Fig. 1.
Fig. 2 presents a breakdown of the most commonly
used adsorbents on carbon, mineral-carbon and mineral
adsorbents [13, 19].
Activated carbon and its modified structures are
the main carbonaceous adsorbents. The materials have
an extensive and diverse pore system and show a high
selectivity toward adsorbed substances. Activated carbon
is obtained from natural raw materials such as wood, peat,
coal, lignite, coke, lignin, seeds, fruits, and others [22]. Its
chemical composition includes elemental carbon followed
by oxygen, sulfur, nitrogen, and hydrogen; their percent
content is shown in Table 2.
Activated carbon can be produced in a single stage or
a two-stage process. In the first method, there is chemical
activation of a mixture composed of a carbon substrate
and an activating agent in the form of salt, acid, or hydroxide. In the second one, at first carbonation is carried out
and a microcrystalline structure of adsorbent is developed.
Then, the physical-chemical activation of the char with an
oxidizing gaseous medium, e.g., water vapor, CO2 takes
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place, as well as partial gasification of a carbonaceous material. Carrott et al. [22] produced activated carbon membranes from bark. The carbonization process was carried
out in a horizontal tube furnace in a stream of dry nitrogen.
The flow rate of the gas was 85 cm3/min, while the heating temperature was increased by 8°C/min up to 700 and
800°C. Carbonation was carried out for 30 minutes. The
process yield was 24% in both cases. The activation process was carried out in a nitrogen stream for two hours at
450°C. An adsorbent of a membrane structure with a micropore width of about 1 µm was obtained; the total micropore volume was 0.14 cm3/g. Choma et al. [23] developed microporous carbon adsorbents from waste Kevlar®
fibers; the process consisted of two stages: carbonization
and activation with KOH. The final product was powdered
activated carbons with a total pore volume of 1.54 cm3/g
and the maximum specific surface area of 2,660 m2/g [23].

Fig. 1. Pore characteristic according to the IUPAC classification
[20, 21].

Fig. 2. The most popular adsorbents.
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Table 2. Composition of activated carbon (element content
percentage).
Chemical element

Percentage share [%]

C

85 – 95

O

6–7

S

1

N

0,5

H

0,5

Activated carbon is one of the most versatile adsorbents
with a high removal efficiency and low application costs
due to its possible multiple use and possible recovery [13,
24].
The carbonaceous adsorbents are often subjected to
modification by carbochemical processing to produce
adsorbent for a specific application [7]. Matos et al. [25]
used activated carbon modified with titanium oxide in a
photocatalytic degradation of phenol in water. Table 3
presents different types of adsorbents, methods for their
modification, specific surface areas, and the amount of
adsorbed contaminants.
Matos et al. [25] demonstrated that modification of
activated carbon structures increases the adsorbent surface
area but does not always result in better adsorption of
contaminants.
Hernández et al. [6] conducted desulfurization
and dehalogenation of a landfill biogas in an ambient
temperature, as a part of the European project BIO H2
Power. The authors used the activated carbon-based
adsorbents with the trade names of ROZ3 and RB4W.
The adsorbents were modified with ZnO nanoparticles.
This way a material composed of 10% ZnO/ROZ3 was
obtained, which showed a higher H2S adsorption capacity
than ROZ3. It can be explained by the presence of ZnO
nanoparticles, well-dispersed on the surface of activated
carbon. The use of two adsorbent beds in series RB4W
+ ZnO/ROZ3 enabled efficient desulfurization and
dehalogenation of biogas, with a higher removal of
halogenated hydrocarbons of a high molecular weight.
The solution proposed by Hernández et al. helped to
reduce the contaminants below 1 ppmv, while maintaining
a high desulfurization efficiency (> 99%) [6].
In the case of the oxide adsorbents the most commonly
used are oxides of such metals as Al, Fe, Mn, Co, Cu, and
Zn, depending on their acid-base properties [7, 26]. They
have a well-developed surface of high porosity and good
mechanical strength, and are highly temperature resistant.
Alumina Al2O3 has good thermal stability and dielectric
properties as well as being resistant to corrosion and
oxidation. It comes in different crystallographic forms. Also,
silica is used as an adsorbent, usually after impregnation
by CuO and ZnO. Mesoporous silica is used as a carrier of
metals and metal oxides due to its structure with available
pores of a uniform size and a high surface area; it enables a
selective adsorption of contaminants [7, 27].
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Table 3. Characteristics of a phenol photodegradation in water using a solution of TiO2 (Cm = 10-3mol/L) with modified carbon adsorbents
(mg TiO2/mg AC* = 50/10) [25].
Type of carbon adsorbent

Modification

BET** surface area (m2/g)

The amount of adsorbed phenol
(µmol)

No (only TiO2)

No

50

1,7

No

780

13,4

KNO3 washing

1170

10,3

KOH washing

830

12,8

No

1240

6,2

Vacuum at 250ºC

1010

4,7

KOH washing

1330

5,8

In H3PO4, in 450ºC

1300

2,4

In CO2, in 800ºC

640

10,1

In H2O, in 800ºC

420

5,9

In H3PO4, in 450ºC

1000

3,5

In CO2, in 800ºC

520

5,7

In H2O, in 800ºC

450

4,2

AC-Merck

AC-Purocarbon

AC-Apamate

AC-Algarrobo
*AC – Activated carbon

**BET - Brunauer–Emmett–Teller

The following absorbents may serve as examples:
NiO-CeO2/Al2O3-SiO2, which shows high efficiency of
H2S adsorption and is used for desulfurization of Jet-A
kerosene at ambient conditions [28] as well as the commercial ZnO/SBA-15 and Mn-Cu/SBA-1 [27]. Also, manganese oxide with molybdenum added may be used during
desulfurization processes [27]. In the temperature range of
400-1000°C it has the highest initial rate of H2S removal,
compared with oxides of Cu, Zn, Mn, Fe, V, Mo, W, Co,
Ca, Sr, and Ba. The reaction end product MnS becomes
completely regenerated at 700°C in the presence of water
vapor or a concentrated mixture of oxygen and nitrogen.
The addition of molybdenum to manganese oxide results
in an increased efficiency of adsorption of sulfur compounds [27].
Oxide adsorbents such as ZnO and ZnO/CuO were
also used by Kienberger et al. [29], who have carried
out the desulfurization process of tar at 350ºC. The authors demonstrated a high desulfurization efficiency using
ZnO/CuO, wherein the concentration of H2S was at the
ppb (parts per billion, µg/L) level. Desulfurization with
ZnO resulted in H2S concentrations of approx. 3.5 ppm
(parts per million, mg/L) throughout the analysis, while
in the case of ZnO/CuO such a concentration of H2S was
reached after 95 hours [29].
Desulfurization with oxide adsorbents was also carried
out by de Arespacochaga et al. [3]. The process of biogas
purification had three stages. In the first step, the H2S adsorption on regenerable iron-based adsorbents took place.
Then biogas was dried and finally adsorption on activated
carbon was carried out to remove residual trace impurities such as siloxanes, and aliphatic and aromatic hydrocarbons. The efficiency of desulfurization was over 99%,

and the H2S concentration was below 0.5 ppm; the adsorption capacity was 21% by weight, as determined by the
authors. An adsorption mechanism led to oxidation of H2S
rather to elemental sulfur and gypsum, then to crystalline
iron sulfide, which would explain the poor regeneration
of adsorbent (48-60%). According to the proposed method, application of a three-stage biogas purification system
could help to increase the yield of fuel cell projects powered by such biogas [3].
Hussain et al. [30] carried out biogas desulfurization
using a mesoporous silica impregnated with zinc oxide
in an amount of 10, 15, and 20 wt%. The impregnation
was carried out using a dry method, otherwise known as a
capillary method (incipient wetness impregnation, or IWI),
with the following commercial silica adsorbents: MCM41, KIT-6, SBA-15-spherical (SBA-15-S) and SBA-15
Fibrous (SBA -15-F). All silica adsorbents with 15% of
ZnO by weight showed a higher adsorption capacity than
the adsorbents with 10 and 20 wt% ZnO. Comparing the
results for the materials with 10 and 15% of ZnO it may
be argued that a better adsorption efficiency is related to
a higher content of small zinc oxide particles on a silica
surface. A decrease of an adsorption capacity at a higher
ZnO content (20 wt%) can be explained by larger particles
formed as a result of agglomeration of dispersed forms.
The authors also showed that SBA-15 and SBA-F-15-S
impregnated with ZnO showed a higher desulfurization
efficiency than the impregnated MCM-41 and KIT-6,
as well as the activated carbon-based adsorbent, ROZ3.
Hussain et al. in their studies obtained biogas with H2S
concentrations below 1 ppmv and a desulfurization
efficiency over 99%, at ambient temperature [30]. Also,
silica xerogels can be used in biogas desulfurization
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processes after their modification with amino groups,
triamines (TRI), or polyethyleneimines (PEI) [31].
Aluminosilicates of alkali metals or alkaline earth
metals (i.e., zeolite) are also used as adsorbents. They
are not so efficient in H2S adsorption as unmodified and
modified carbon adsorbents, therefore modification of
the zeolite structure is frequently used to increase its
adsorption capacity. They are usually modified by metal
ions or metal oxides, in particular copper and zinc. Metals
may be incorporated into a zeolite structure by, e.g., the
ion exchange process [7, 32]. A low H2S adsorption on
zeolites (less than 0.1 mg/g) was confirmed in the studies
conducted by Sisani et al. [7]. The authors compared
the H2S concentrations adsorbed on several commercial
adsorbents such as activated carbons (RGM1, RBAA1
Ultra DS and RB1), ATZ zeolite, alumina Galipur S,
and sepiolite. The results are shown in Fig. 3. The best
adsorption performance at 30ºC was observed for
activated carbons (Cads up to 27.15 mg/g), while at natural
adsorbents – zeolite and sepiolite – the concentrations of
the adsorbed H2S were below 0.1 mg/g.
Hernández et al. [13] compared biogas desulfurization
efficiencies of six commercial adsorbents: activated
carbon impregnated with copper and chromium salts
(RGM-3), zeolite 13X, molecular sieves Sylobead 522
and Sylobead 534, and two metal oxides. Fig. 4 shows the
biogas desulfurization efficiency as reported by Hernández
et al.
The highest desulfurization efficiency was observed
on activated carbon, while the lowest was on the
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molecular sieve Sylobead 522. Hernández et al. [33] also
demonstrated superiority of carbonaceous adsorbents while
studying adsorption of various volatile sulfur compounds
in a gas mixture, with methane as the main component.
The authors [33] used the same adsorbents as in [13], and
showed that the adsorption capacity of sulfur compounds
was different as well as the process efficiency; some of the
test materials adsorbed contaminants in a selective way.
Activated carbons were adsorbents that purified the gas
mixture from virtually all sulfur compounds even at room
temperature. They showed a high adsorption capacity due
to a large surface area and a uniform distribution of pores:
micro, meso, and macro [33].
Micoli et al. [32] conducted desulfurization of biogas
supplied to fuel cells. The authors used zeolites modified
by ion exchange and impregnated with copper and zinc
ions, and for comparison activated carbons impregnated
with KOH, NaOH, and Na2CO3 solutions. It should be
emphasized that Micoli et al. took notice of the adsorbent
operation time before H2S appeared in the purified gas
stream. In the case of zeolites, all modified and impregnated
samples showed better results than the original zeolite
samples (two times longer adsorbent operation time
– 300 min.) The most effective was zeolite modified with
copper ions during the ion exchange process; its operation
time was much longer (more than 600 minutes) than the
others at an H2S concentration of 0.5 ppm. Much better
results were obtained for activated carbon. The best effects
were observed for activated carbon impregnated with
Na2CO3, which adsorbed more H2S and was in operation
for more than 1,400 minutes, while the other activated
carbons could be operated for about 1,000 min. The
studies carried out by Micoli et al. [32] confirmed a better
performance of carbonaceous adsorbents if compared to
zeolites. It should be noted, however, that the adsorption
efficiency of sulfur compounds decreases significantly if
there is water vapor in a gas mixture [34].

Conclusions

Fig. 3. Characteristics of commercial adsorbents of H2S [7].

Fig. 4. Biogas desulfurization efficiency of different commercial
adsorbents [13].

Desulfurization of biogas is a key process that allows
broadening of its use. There are numerous methods of
H2S removal, such as, i.e., adsorption techniques that
reduce the H2S content below 1 ppmv while maintaining
the process efficiency above 99%. Carbon, mineral, and
mineral-carbon materials are used as adsorbents. The
highest desulfurization efficiency is observed on activated
carbons and their modified forms. However, it should be
noted that H2S removal on activated carbon decreases
significantly when steam is present in a gas mixture. The
adsorption capacity for the specific oxide adsorbents ranks
above 20% by weight. However, in the case of zeolites a
low desulfurization efficiency is reported, which can be
increased by modification of surface silicates. It should be
emphasized that biogas desulfurization with adsorbents is
effective in the case of low H2S content in the gas mixture.
Therefore, for agricultural biogas desulfurization is usually
carried out in a different way, e.g. using biological methods.
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Additionally, the application of adsorption techniques for
desulfurization results in removal of CO2 and halogenated
hydrocarbons from biogas. The method significantly
improves its performance and energy potential, strongly
confirming the benefits of adsorption methods.
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