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Preface to ”“Advances in Biogas Desulfurization”

The environmental impacts of non-renewable energies and crude oil depletion have increased
the use of biogas. Biogas is a renewable energy source produced under anaerobic conditions by the
degradation of organic matter. However, before its valorization, it needs to be desulfurized (H»S
removal) and/or upgraded (CO, removal). The main biogas uses are heat and power production,
injection into the natural gas grid, fuel for solid oxide fuel cells, biogas reforming, and vehicle fuel.
In all these applications, biogas needs to be desulfurized because H,S causes corrosion and sulfur
oxides emissions during biogas combustion.

In the last 15 years, the number of desulfurization technologies have increased and their
performance has improved. However, shortcomings remain, such as elemental sulfur accumulation
avoidance (packed bed bioreactors) and its separation (suspension biomass bioreactors). In addition,
these technologies need to be extended to demonstration and industrial scales. This Special Issue
shows some advances in biogas desulfurization.

Velasco et al. (Desulfurization of Biogas from a Closed Landfill under Acidic Conditions
Deploying an Iron-Redox Biological Process) removed H»S using a system composed of an absorption
bubble column and a biotrickling filter.

Almenglo et al. (Application of Response Surface Methodology for HoS Removal from Biogas
by a Pilot Anoxic Biotrickling Filter) studied and modeled Hj,S removal using an anoxic biotrickling
filter.

Tayar et al. (Evaluation of Biogas Biodesulfurization Using Different Packing Materials)
researched the effect of four packing materials for an anoxic biotrickling filter.

Okoro and Sun (A Systematic Qualitative and Economic-Based Quantitative Review of
Alternative Strategies) reviewed the current state of biogas desulfurization technologies and the
annual operation and annualized capital cost per unit of volume.

Le Borgne and Baquerizo (Microbial Ecology of Biofiltration Units Used for the Desulfurization
of Biogas) reviewed the microbial ecology of biofiltration units. The main characteristics of
sulfur-oxidizing chemotrophic bacteria are presented.

As the Guest Editor, I hope that the readership will find the information published in this Special
Issue about biogas desulfurization useful. Finally, I would like to thank the effort contributed by all
the authors, the publisher and the reviewers that allowed this book to be published.

Martin Ramirez

Special Issue Editor
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Abstract: This Special Issue contains three articles and two reviews. The biological reactors used in
the studies were fed with real biogas from Landfill or STPs. One research article concerns the use of
a pilot scale plant with a combined process with a chemical and biological system. The other two
studies concern anoxic biotrickling filters, with one study focused on the study of variable operation
and its optimization through the response surface methodology, and the other focused on the
selection of packing material. The reviews concern the current state of biogas desulfurization
technologies, including an economic analysis, and the microbial ecology in biofiltration units. This
Issue highlights some of the most relevant aspects about biogas desulfurization.

Keywords: hydrogen sulfide; biogas; desulfurization; biotrickling filter; anoxic; response surface
methodology; microbial ecology; sulfur-oxidizing bacteria; packing material; anaerobic digestion

1. Introduction

This Special Issue contains the invited submissions to a Special Issue of ChemEngineering on the
topic “Advanced Biogas Desulfurization” [1-5]. Three research articles [1-3] and two reviews [4,5]
have been published. Biogas is a renewable energy source produced by the biodegradation of organic
matter under anaerobic conditions. The use of renewable energies is increasing due to global
warming and the increasing price of fossil fuels. However, biogas needs to be desulfurized prior to
use. The biogas composition mainly depends on the feedstock (sludge from sewage treatment plants
(STPs), waste from the agri-food industry, the organic fraction of municipal solid waste, livestock
manure, etc.), with the main components being methane (45%-75%) and carbon dioxide (20%—-50%).
However, hydrogen sulfide (H2S) leads to corrosion and the combustion of non-desulfurized biogas
produces the emission of SOx in flue gases. The H2S concentration can range from a few ppmv (0.5—
700 ppmv in landfill gas) up to more than 30,000 ppmv in the plant’s pulp-making process; and biogas
flow rates can be in the range from several hundred cubic meters per hour (usually in STPs) to several
thousand cubic meters per hour (usually in landfills). The applications of biogas are also wide-
ranging, with the most common being burning in motors to produce electricity or electricity and heat.
However, biogas can also be used as a fuel for solid oxide fuel cells or for hydrogen production by
biogas reforming. Moreover, in the case of upgrading (CO2 removal) biogas can be injected into the
natural gas grid or used as fuel for vehicles. This wide range of biogas flow rates, H2S concentrations,
types of applications and purification requirements, as well as biogas sources, results in a wide
variety of technologies, which can be subdivided into those that involve physicochemical phenomena
and those that involve biological processes.

This Special Issue aims to bring together the scientific/technical advances on physicochemical
and/or biological processes for biogas desulfurization. Biogas desulfurization is considered to be
essential by many stakeholders (biogas producers, suppliers of biogas upgrading devices, gas traders,
researchers, etc.) around the world, as the importance of biogas desulfurization to allow its
valorization is well understood.
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2. Brief Overview of the Contributions to This Special Issue

Velasco et al. [1] carried out the desulfurization of landfill biogas (‘Prados de la Montafia’,
Mexico) at the pilot scale by a combined process involving chemical and biological treatments. In this
study, an Absorption Bubble Column (ABC) was used in which HzS was absorbed and oxidized to
elemental sulfur by ferric sulfate. A biotrickling filter (BTF) was employed for ferric sulfate
regeneration (oxidation of Fe? produced in the ABC to Fe¥) by an enriched acidophilic mineral-
oxidizing bacteria consortium (AMOB). The first reported application of an iron-based process and
biological regeneration was reported in 1984 by Barium Chemical Ltd. and this approach is known
as the Bio-SR process using Acidithiobacillus ferrooxidans and a jet-scrubber for HzS oxidation. Since
then, numerous configurations have been published, but the main drawbacks are related to the
elemental sulfur separation and jarosite formation. Jarosite helps to develop the biofilm growth but
it reduces the amount of Fe?* and, therefore, its formation must be controlled, usually by controlling
the pH. The effect of no pH control and no forced convection of air on the iron oxidation rates and
H:S removal were studied. In this study, removal efficiencies (REs) higher than 99.5% were achieved
for HzS concentrations in the range 120250 ppmv (Empty Bed Residence Time (EBRT) of 4.5 min in
the ABC). The system was successfully operated for around seven months with minimal energy input
and a metastable operation the zone between 2FeOH? and Fe?. However, elemental sulfur was
accumulated on the packed bed of the BTF and this was not recovered in the settler due to its colloidal
nature.

Almenglo et al. [2] studied the H2S removal from biogas produced in an STP (‘Bahia Gaditana’,
Cadiz, Spain) by an anoxic BTF at the pilot scale (packed bed volume of 0.167 m?). The effect of the
biogas flow rate, trickling liquid velocity (TLV) and nitrate concentration on the H>S RE and
elimination capacity (EC) were studied using a full factorial design (3°). Anoxic biofiltration is a
promising technology for biogas desulfurization because it avoids biogas dilution and reduces the
risk of explosion when compared to aerobic BTFs. In fact, in the past seven years, there has been a
significant increase in the number of published studies in this area. In this study, the highest H.S RE
values were obtained at a TLV of 15.27 m h1, with RE values of 99.53, 97.65 and 92.13% for EBRT's of
600, 200 and 120 s, respectively. Therefore, the maximum and critical ECs were 158.83 gS m=h! (RE
92.13%) and 34.93 g5 m= h™' (RE 99.53%), respectively. Higher values can be found in the literature
for laboratory scale systems with a higher height:diameter ratio, but this pilot plant was one of the
first anoxic BTFs to be installed in an STP, thus demonstrating the feasibility of this technology under
real operating conditions (fluctuations in the biogas composition, weather, etc.). Moreover,
experimental data were adjusted using Ottengraf’s model, which allows the HaS concentration along
the bed to be predicted in a simple way. In contrast, dynamic models have been published previously
by the same authors and this provided a better understanding of the process—although these models
are more complex and are seldom used.

Tayar et al. [3] studied different packing materials for an anoxic BTF (packed bed volume of 3
L). One of the main drawbacks of BTFs, both aerobic and anoxic, is the clogging of the packed bed.
Clogging can be caused by the accumulation of elemental sulfur and/or biomass growth. However,
in most cases it is due to elemental sulfur accumulation, since the biofilm growth rate is low. It can
be seen from the literature that elemental sulfur production can be controlled by increasing the
electron acceptor feed (nitrate, nitrite or oxygen) but sulfur formation is unavoidable. In this respect,
the selection of the packing material is critical as it will affect the amount of sulfur and biomass that
can attach to the packing in the bed. In this study, four packing materials were tested: strips of
polyvinyl chloride (PVC), polyethylene terephthalate (PET), polytetrafluoroethylene (Teflon®) and
open-pore polyurethane foam (OPUF). PVC was chosen due to the high concentration of biomass,
although it was lower than for OPUF, and its low cost. The BTF performance showed high H-S
removal (95.72%) and EC (98 g5 m= h), with values similar to those obtained in previous studies
carried out with OPUF. Therefore, PVC could be a potential low-cost packing material for use in
BTFs.

Okoro and Sun [4] submitted an interesting review about the current state of biogas
desulfurization technologies: physicochemical, biological, in situ, and post-biogas desulfurization
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strategies. Moreover, a review of the annual operation and annualized capital cost per unit volume
was carried out. To perform a cost analysis is a challenging undertaking and there are very few
published studies. Biogas stakeholders could make decisions about the best technology based on
these results. However, there are numerous factors that make the comparison complex: lack of data
from companies, differences between studies (scale, source of biogas, etc.), location in different
countries, supplies (prices of electricity, chemicals, etc.), etc. In this review, the authors carried out a
thorough review; for instance, studies from member countries of the OECD and uncertainties about
the 50%—150% variation in the cost were considered. The study shows that in situ chemical dosing is
the cheapest biogas desulfurization technique, although limitations were identified in terms of the
system control costs and environmental impact due to the continuous chemical supply. Moreover,
the integration of several technologies could be of interest to reduce the weaknesses of each
desulfurization strategy.

Le Borgne and Baquerizo [5] present a review on the microbial ecology of biofiltration units for
biogas desulfurization. Moreover, a review of the biofiltration technologies is included: conventional
biofilter, BTF and bioscrubbers. Biological H2S oxidation can be carried out under aerobic or anoxic
conditions. Therefore, the main chemotrophic Sulfur Oxidizing Bacteria (SOB) will depend on the
final electron acceptor. The review shows the microbial ecology in aerobic and anoxic BTFs through
molecular techniques such as fingerprint methods (PCR-DGGE, T-RFLP), fluorescence in situ
hybridization (FISH), or next generation sequencing technologies (450-pyrosequencing or Illumina
platforms). As one would expect, the environmental conditions had a direct impact on the diversity
of bacterial communities and their structure and dynamics. However, not enough is currently known
about the role of the main populations in these bioreactors.

3. Gaps in Biogas Desulfurization

In the past 15 years, there have been significant advances in the development of biological
desulfurization processes. However, there are still shortcomings that require further investigation.
To my mind, one of the main issues is the formation of elemental sulfur in bioreactors with packing
material, such as BTFs, although there has been a significant advance in the increase of the oxygen
mass transfer in aerobic bioreactors, such as aerobic BTFs. In the case of anoxic bioreactors, it is
possible to feed the system with high nitrate or nitrite concentrations, although this entails a
significant cost (environmental and economic) in terms of the use of chemical compounds. However,
the feasibility of feeding nitrified effluent from ammonium-rich wastewater has been demonstrated,
thus avoiding the above impact. In any case, elemental sulfur formation is unavoidable and further
research is needed to prevent its accumulation. A possible solution would be the use of suspended
biomass bioreactors, in which clogging would be avoided. In these bioreactors, a new issue would be
the separation of elemental sulfur in an economic way.

Another important gap is to determine the role of the key populations to avoid operational
outages in the bioreactors. Likewise, progress can be made in the control systems by improving the
mathematical model using the latest advances in microsensors. A microsensor has been developed
to measure pH and Oz profiles in the biofilm and, in this respect, it would be interesting to develop
new microsensors to measure sulfide, nitrate and nitrite profiles.

A high priority area is the scaling-up of desulfurization technologies to the demonstration or
industrial scales. Many of these systems have only reached the pilot scale, so it is necessary to develop
larger plants in order to obtain long-term operational data, to determine the operational limits and to
evaluate economic and environmental impacts. In this regard, some studies have already been carried
out, but they are very scarce, and greater effort is needed in this direction. In other cases, such as
aerobic BTFs, all of this information is available and a better dissemination in companies is necessary
in order to increase the number of industrial plants. All of this information will allow the evaluation
of these technologies and enable the installation of new plants. It is also necessary to reduce the gas
residence time in order to design smaller equipment, minimize energy consumption and integrate
desulfurization systems in plants to avoid the consumption of chemical reagents. Finally, it would be
interesting to look for new biological processes for biogas revalorization. For instance, other value-
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added products could be obtained from the methane and carbon dioxide present in the biogas that
can be integrated into the biological desulfurization processes.
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Abstract: Desulfurization processes play an important role in the use of biogas in the emerging market
of renewable energy. In this study, an iron-redox biological process was evaluated at bench scale and
pilot scale to remove hydrogen sulfide (H,S) from biogas. The pilot scale system performance was
assessed with real biogas emitted from a closed landfill to determine the desulfurization capacity under
outdoor conditions. The system consisted of an Absorption Bubble Column (ABC) and a Biotrickling
Filter (BTF) with useful volumes of 3 L and 47 L, respectively. An acidophilic mineral-oxidizing
bacterial consortium immobilized in polyurethane foam was utilized to regenerate Fe(IlI) ion, which
in turn accomplished the continuous H,S removal from inlet biogas. The H,S removal efficiencies
were higher than 99.5% when H,S inlet concentrations were 120-250 ppmv, yielding a treated biogas
with H,S < 2 ppmv. The ferrous iron oxidation rate (0.31 g-L™"-h~!) attained when the system was
operating in natural air convection mode showed that the BTF can operate without pumping air.
A brief analysis of the system and the economic aspects are briefly analyzed.

Keywords: biogas; hydrogen sulfide; removal process

1. Introduction

The use of biogas from municipal landfills to obtain energy (electricity generation) is a growing
trend worldwide as part of the quest for clean energy alternatives to the traditional fossil fuels [1].
Landfill biogas is produced by the anaerobic digestion of organic wastes, and its composition
depends on the type and age of digested organic matter. Typically, landfill biogas is composed of
methane (CHy) 50% v, carbon dioxide (CO,) 45% v, alkanes/alkenes (C;Hg—C15Hz4) 0.1-85.3 mg:m~3,
chlorides (CCl4~C,HCl3) 0.14-4.52 mg-m ™2, mercury compounds (CHzHg—~(CH;3)2Hg) 1-91 pg m=3,
siloxanes 1-17 mg-m~3, volatile organic compounds (VOCs) (benzenes, isopropyl benzene, halogenated
compounds) 5-85 mg~m_3 and hydrogen sulfide 0.005-2% v [2]. The H,S content depends on the
composition and age of the waste disposed in the landfill besides the protein content in organic
waste [3,4].

Hydrogen sulfide must be removed from biogas due to technical problems related to corrosion
in pipes, pumps, engines, gas storage tanks and electric power plants, as well as the fact of it being
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a potential pollutant when it is combusted, producing sulfur dioxide (SO,) [3]. This gas is further
oxidized, which promotes acid rain containing sulfuric acid (H,SOy) [5]. Additionally, it causes a bad
odor at very low concentrations due to its low odor threshold (1 ppbv) [6].

The final use of biogas, composition and flow variability, concentration of H,S, and the absolute
quantity of HS to be removed define the requirements of the desulfurization technique to be
deployed [4]. To remove the H,S content in a biogas stream, there are several physicochemical
technologies with good removal efficiencies (> 99%) [3]. LO-CAT® technology is an example of a
physicochemical technology that has been applied in more than 120 plants around the world [7].
The removal mechanism is based on a series of chemical reactions of HyS with iron chelating agents
under slightly alkaline conditions [8,9]. The products, after the chemical H,S removal, are elemental
sulfur and ferrous ion, the former being recovered by sedimentation, while ferrous ion is continuously
oxidized into ferric ion using an inlet air stream [7]. Moreover, under acid conditions (pH < 2) the
chemical H,S reactions with ferric ions can be carried out without chelating agents because iron
(both Fe(Il) and Fe(IIl)) remain soluble without sulfide iron precipitation; however, under acidic
conditions, the oxidation rate of ferrous ion by molecular oxygen is slow [7]. Certain bacteria,
such as Acidithiobacillus ferrooxidans, play an important role in increasing the rate of ferrous iron
oxidation into ferric iron. Meruane and Vargas [10] showed that at a low pH (pH < 5), the rate of
bacterial oxidation of ferrous iron is about 10* times larger than the corresponding rate of chemical
oxidation. This result indicates that acidophilic iron-oxidizing bacteria, such as A. ferrooxidans, are a
promising microorganism for usage in desulfurization processes, regenerating Fe(III) biologically [7].
In combination with physicochemical oxidation, A. ferrooxidans can act as catalyst of reoxidation of
ferrous ions to achieve the removal of H,S from biogas with lower operational and environmental
costs compared with a sole physicochemical technology [9]. Nowadays, biological desulfurization
treatments have gained attention due to the achieved removal efficiencies (> 99%) and are competitive
with physicochemical methods. Some documented examples of biodesulfurization processes, including
biological ferric ion regeneration, are biofilters, biotrickling filters, Biogas Cleaner®, Biopuric®, DMT
filter® LO-CAT® and SulFerox® among others [4,7,11-13]. However, challenges remain in the scaling
up of these technologies in terms of the consumption of chelated iron, pH control, and overall economic
balance of the process [14].

The aim of this work was to present the experimental performance of an on-site chemical-biological
desulfurization system removing H,S from biogas generated at a closed landfill. The effects of no pH
control and no forced convection of air on the iron oxidation rates and H,S removal were evaluated.

2. Materials and Methods

2.1. Microorganisms

An enriched acidophilic mineral-oxidizing bacterial consortium (AMOB), obtained from the
sediments and soil of an acid mine drainage in Taxco Guerrero Mexico, was used as inoculum for
the biological oxidation of the ferric ion. The AMOB was grown in medium 9K [15] containing
(g'L71): 3.0 (NHy), SOy, 0.5 MgSO4-7H,0, 0.5 K,HPOy, 0.1 KC, 0.01 Ca(NO;); and 44.8 FeSO,-7H,0
(corresponding to 9.9 g Fe(1I) L™1); the pH was adjusted to 1.6 with HySOj.

2.2. Prototype Experimental System

The prototype system was previously tested in lab conditions, feeding controlled H,S
concentrations in defined air flow rates, which were made by mixing fresh air with a controlled
flow of pure HjS. Further details can be found elsewhere [9].

Figure 1 shows the prototype system installed in the closed landfill “Prados de la Montafia” in
the western part of Mexico City. The landfill was closed in 1992; however, it continues to produce
biogas, and further details can be found elsewhere [16]. The prototype system was connected to
a venting-outlet of the landfill through a peristatic pump that supplied the sour gas at a flow of
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960 L-d~!. The prototype experimental system called Hybrid System at Pilot Scale (HSPS) consisted of
two columns: an absorption bubble column (ABC) and a biotrickling filter (BTF) with useful volumes
of 3L and 47 L, respectively, and interconnected by a recycled aqueous stream. The 960 L-d~! of sour
biogas were fed at the bottom of the ABC co-currently with a 777 L-d~! stream of 9K medium coming
from the bottom of the BTFE. The desulfurized biogas stream obtained from the top of the ABC was
captured for a posterior composition analysis. The BTF was packed with polyurethane foam (EDT,
Germany) with a specific area of 600 m?-m~3, a density of 35 kg:-m~2 and a porosity of 0.97. The BTF
was inoculated with the aforementioned AMOB. To keep aerobic conditions in the BTF, either a forced
or a natural convective flow of air was implemented by pumping air at a flow of 82,000 L-d ! to the
BTF or just by keeping two air vents at extreme opposed sides of the BTF open, respectively. The forced
and natural convective airflow tests allowed for the evaluation of the re oxidizing rates of ferrous
ions with a minimum input of energy for aeration. The 9K medium was trickled from the top of the
BTF with a flow of 3740 L-d~!. The pH was maintained at 1.2 without an automatic control, and the
temperature oscillated between 5 and 30 °C due to the outdoor conditions prevailing in Mexico City.
The water evaporation was compensated daily with fresh water, while the 9K medium was renewed
every 3 months. The HSPS was operated continuously for around 7 months.
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Figure 1. Desulfurization Hybrid System at Pilot Scale (HSPS) installed on a landfill cover.

The Fe(III) ion regeneration rate in the BTF was evaluated under a batch operation, with an initial
Fe(IT) concentration of around 4.5 L-d~! under the continuous recycling of the 9K aqueous medium at
the conditions described above.

The predominance zones diagrams for the stable iron and sulfur species with water under the
experimental conditions were calculated with the software HSC Chemistry® Version 4.1 (Qutokumpu
Research Oy, Pori, Finland). The software computes the predominance zones in the pH vs.
Oxidation-Reduction Potential (ORP) graph (also called Pourbaix diagram) at equilibrium. The software
inputs are the total molal sulfur and iron concentrations in the aqueous phase contained in the HSPS,
as well as the system conditions (temperature and pressure).
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2.3. Analytical Methods

During the operation of the desulfurization system, the gas phase H,S concentrations were
continuously measured using an Odalog sensor with a range of 1-1000 ppm (App-Tek, distributed by
Detection Instruments, Phoenix, AZ), which included a temperature sensor. In the aqueous phase,
the total iron concentration in the 9K recycling medium was measured by titration with potassium
dichromate and barium diphenylamine-sulfonate according to the method reported by Vogel [17].
Samples were collected from the bottom of the BTF and in the ABC. The ORP was measured with
a polished platinum probe, using an Ag/AgCl electrode as a reference (EW-27018-40, Cole Parmer,
Vernon Hills, IL, USA). The dissolved oxygen (DO) was monitored through a polarographic probe
(Hanna Instruments, Woonsocket, RI, USA), and both ORP and DO were recorded online by means of
a personal computer.

3. Results and Discussion

3.1. Oxidation of Ferrous Iron in the BTF

Figure 2A shows the depletion of Fe(Il) in the culture medium under continuous forced air
supply to the BTF. In this experiment, the Fe(Il) oxidation rate was around 8.16 g-L."!-d~!, which,
compared with the value of 0.19 g-L1-h™! reported by Daoud and Karamanev [18], it shows that
ferrous iron-oxidizing bacteria consortia used in our study have an adequate response to the reactor
fixed conditions (pH, nutrients, airstream, flow recirculation, etc.). Moreover, Figure 2B shows that
Fe(II) oxidation in the BTF was effective both under air forced convection (initial 250 min of experiment)
and under the natural convection mode (final 130 min). The ferrous iron oxidation rate was calculated
as 7.44 g-'L-1.d7! in the natural convection mode, being similar to the rate obtained with the forced
air convection (9.12 g~L_1~d_1). These results suggested that the BTF can operate under a natural
convection mode to accomplish the biological oxidation of Fe(II). The dissolved oxygen concentration
in the trickling liquid remained constant around 0.0065 g-L~! for both assays, confirming that for this
BTF the oxygen mass transfer did not limit the Fe(II) biological oxidation.
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Figure 2. Biological oxidation of Fe(Il) to Fe(IIl) in (A) the forced convection mode (black squares:
assay 1, black circles: assay 2) and (B) the forced/natural convection mode (black squares: mixed assay).

3.2. Removal of H,S in the Prototype Hybrid System under Lab Conditions

During the lab assays, Figure 3A,B show the results of the H,S elimination capacity at inlet
concentrations of 500 and 1000 ppmv respectively fed to the prototype hybrid system operated at the
natural air convection mode for 120 h.
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Figure 3. The removal efficiency of H;S at inlet concentrations of (A) 500 ppmv and (B) 1000 ppmv.
Red circles: % removal efficiency; black circles: outlet H,S concentration.

The results show that the outlet gaseous H,S concentrations decrease through time and that this
is sustained due to the continuous chemical reaction of H,S with Fe(III) and the subsequent biological
oxidation of Fe(Il) into Fe(IIl). After the first 20 h, the average elimination capacity of H,S was 99% for
both 500 and 1000 ppmv of H,S. Ho et al. [19] reported H,S removal efficiencies of around 82% under
similar gaseous residence times (4 min), from inlet H,S concentrations of 1500 ppmv using ferric iron
concentration between 9 and 11 g-L~!. These authors report that A. ferrooxidans CP9 registered a high
iron tolerance, up to 20 g-L_l. In our study, the pH between 1.6 to 2.0 at all times indicated conditions
where the ferric ion precipitation is minimized [7], allowing iron ions to be continuously recycled to
react with H,S in the ABC and with O, in the BTE.

In our study, an average Fe(II) oxidation of 7.44 g~L‘1 -d~!was estimated, showing that the biological
system provided a sufficient ferric iron regeneration for the stable and efficient H,S elimination from
landfill gas. In comparison, recent reports show Fe(Il) oxidation rates of 2.0 g-L™1-d "1 and 7.2 g-L1-d !
in batch and 161 g-L~1-d~! in continuous systems [11-13]. This data was important for establishing the
optimal operating parameters to scale up the hybrid system. Regarding the distribution of the iron
species, a Pourbaix diagram of the system sulfur-iron-water was computed. This diagram considered
the total iron concentration in the aqueous phase of the prototype system (4.5 g-L ™!, 8.00 x 1072 M) and
the maximum dissolved sulfur concentration (2.17 x 107> M), estimated from both the H,S aqueous
solubility and average concentration close to 200 ppmv in the closed landfill vent, at an average
temperature of 30 °C. The predominance zones diagram is shown in Figure 4. It can be seen that,
theoretically, the Fe(Ill) ion is stable at a very narrow zone delimited by very specific conditions of
ORP above +0.55 V and a pH below 0.5. However, when H;S is absorbed in an aqueous solution at
an acidic pH below 4.5, it reacts with 2FeOH?+, producing elemental sulfur (8%, 2Fe** and water,
as was recently described [20-22]. In our studly, it is likely that this mechanism predominates under
the conditions of our experimentation. This metastable zone is marked with a red circle on Figure 4.
In our process, uncontrolled pH showed an average value of 1.8, while the mean ORP value was close
to +0.5 V. Other studies reported that the optimum absorption rate of H;S in ferric iron solutions
occurs at pH 2.2 and that the absorption rate at pH 1.6 is expected to be approximately 50% lower [23].
In spite of this, we demonstrated satisfactory absorption H,S rates with no need of extra equipment
and reactants for the pH control.



ChemEngineering 2019, 3, 71

02 |_F e 92_(—:)

E(A/AZCl) (Volts) Fe- §-H20 - Systemat 20.00 C
| —'-"_Il_'_'_l _r__l_'l__l'_l_rr_l_'l__|_
08 Fet+3a) | 1. i | 4
4 FeOHHZa] |
0s | \l\ HFeO2@y--.. | ]
04 | - ]
| Fe(#22) |
02 N | B
" I %
i
|
|

04 L 4
06 |— e
|
08 <HFp 02y —.
SV -
| A0, il
‘12 i L 1 i i I L i L 1 i L 1
0 2 4 6 8 10 12 14
c:D and Settings\4dministrador Escritorio\FE § 20grad.iep »H
ELEMENTS Molality Pressure
Fe 8.000E-02 1.000E+00
s 2170E05 1.000E+00

Figure 4. Predominance diagram zones at a total iron concentration of 8.00 x 1072 M, total sulfur
concentration of 2.17 x 10~ M, and total pressure of 1 atm.

3.3. Performance of the Hybrid System at Pilot Scale (HSPS) in the Landfill

Figure 5 shows the inlet H,S concentration and removal efficiency obtained during 50 d of
operation of the HSPS installed in the closed landfill, where biogas contained a H,S concentration
between 120 to 250 ppmv. The results showed that the HSPS achieved an H,S removal of up to 99.5%
during the 50 d of sour biogas feeding. This removal efficiency guaranteed that H,S in the treated biogas
was below 2 ppmv. The pH and ORP values of the solution remained relatively constant around 2.0
and +0.5 V, respectively, as it was measured continuously during one week (see Figure 6B). In addition,
no negative effect was registered on the biological process due to the exposition to outdoor conditions
prevailing in the landfill, i.e., a diurnal temperature variation of 15 and 30 °C during the period of
evaluation. The high H,S removal efficiencies registered by the HSPS in the landfill were expected,
as the concentration of H;S in the sour biogas coming from the landfill and assayed during the lab
evaluation stage never exceeded 500 ppmv, as shown in Figure 2A. De La Rosa et al. [24] mentioned
that the biogas produced in this site contained small amounts of N, O,, NH3, Hy, CO, and traces of
toxic substances (VOCs, mercaptans, gaseous mercury). In this respect, Zhang et al. [25] indicated that
iron-oxidizing bacteria such as A. ferrooxidans can tolerate diverse organic compounds and metal ions
within a certain concentration, which permitted survival and growth in extreme environments such
as metal mines, coal mines, and sewage treatment plants. The good performance of the pilot plant
in the landfill, registered during the on-site evaluation, showed the robustness of the combination of
chemical and biological processes under the operational conditions here described. It is important to
mention that the HSPS required minimum operational services, i.e., no aeration (natural convection)
nor any pH or temperature control.
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Figure 5. Performance of the HSPS in the landfill. H;S inlet (O) and removal efficiency (@®).

The inlet concentration of H,S and the profile of the temperature of the biogas fed to the HSPS
during the first week (Figure 6) showed that periodic variation of both parameters occurred through
time. In addition, Figure 6 shows a decrease in the H,S concentration in the biogas coming from
the landfill, especially during the rainy season, probably due to the increment of moisture inside the
landfill, which may cause a disequilibrium of the H;S partition between gas and liquid in the landfill.
However, these environmental factors do not affect the efficiency of the hybrid system, in particular
the temperature variation, which can cause a negative effect on the biological activity.
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Figure 6. (A) The inlet concentration of H»S and temperature profile; (B) the pH and Oxidation-Reduction
Potential (ORP) profile of the aqueous solution in the HSPS, during the first week of November 2011.
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Sulfate concentrations of around 10 g-L™! were detected after one month of continuous operation
of the HSPS on the landfill, probably as a result of the ability of these bacteria to oxidize sulfide
species [6] to obtain energy. We did not recover any elemental sulfur in the settler due to its colloidal
property, so the produced elemental sulfur accumulated in the BTE. This characteristic might signify
an important advantage for the system in removing an excessive accumulation of elemental sulfur in
the packed bed of the BTF, where a temporal interruption of the feeding of sour biogas can promote
the consumption of this solid sulfur.

The HSPS operation under the aforementioned conditions needed 0.472 kW for its operation,
corresponding mainly to the pumps consumption. However, the energy generation by burning
960 L-d~! of biogas was calculated at 0.181 kW (considering a calorific value of 4.5 kWh per m® of
treated biogas). This energetic analysis would indicate that under the present operational conditions the
implementation of this technology is not energetically feasible using grid electricity to supply the system.
Moreover, this analysis indicates that this biogas purification process would start to be energetically
feasible when treating biogas flows greater than 2400 L-d~1. In this scenario, the implementation of
alternative energy sources such as solar and wind would allow to make this energetic balance positive.
Besides, the desulfurization of biogas remains important, keeping in mind that reducing methane
emissions to the atmosphere might be accomplished by the combustion of desulfurized biogas, which
can further aid the combustion equipment lifespan while also producing clean energy.

4. Conclusions

The prototype deployed for the desulfurization of biogas emitted from a closed landfill at the
pilot scale demonstrated comparable desulfurization capacities with other biological desulfurization
processes; with the added advantage of requiring a minimal energy input. A metastable operation
zone between the 2FeOH?* and Fe?* was identified, considering the pH and ORP reached during the
continuous desulfurization of sour biogas emitted from the closed landfill Prados de la Montafia in
Mexico City. The capacity of treatment and then its energetic feasibility could be improved by finding
the limits of treatment without increasing the operational energy consumption.
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Abstract: In this study, a pilot biotrickling filter (BTF) was installed in a wastewater treatment plant to
treat real biogas. The biogas flow rate was between 1 and 5 m3-h~! with an H,S inlet load (IL) between
35.1and 172.4 gS'm~3-h~1. The effects of the biogas flow rate, trickling liquid velocity (TLV) and nitrate
concentration on the outlet H,S concentration and elimination capacity (EC) were studied using a
full factorial design (3%). Moreover, the results were adjusted using Ottengraf’s model. The most
influential factors in the empirical model were the TLV and H,S IL, whereas the nitrate concentration
had less influence. The statistical results showed high predictability and good correlation between
models and the experimental results. The R-squared was 95.77% and 99.63% for the ‘C model’ and
the ‘EC model’, respectively. The models allowed the maximum H,S IL (between 66.72 and 119.75
gS'm~>-h~1) to be determined for biogas use in a combustion engine (inlet H,S concentration between
72 and 359 ppmy). The ‘C model’ was more sensitive to TLV (-0.1579 (gS~m‘3)/(m-h‘1)) in the same way
the “EC model’ was also more sensitive to TLV (4.3303 (gS~m_3)/(m~h"1)). The results were successfully
fitted to Ottengraf’s model with a first-order kinetic limitation (R-squared above 0.92).

Keywords: hydrogen sulfide; anoxic biotrickling filter; biogas; Ottengraf’s model; open polyurethane
foam; response surface methodology

1. Introduction

Biogas, due to methane high combustion enthalpy, can be considered as an important renewable
energy source. Nowadays, international laws such as the Directive of the European Parliament
2009/28/EC (April 23, 2009) recognize biogas as a source of vital energy that can reduce the European
Union’s energy dependence. The aim of this directive is to increase consumption of renewable energy
by 2020 by at least 20%. The longer-term goal is to achieve net-zero greenhouse emissions by 2050 and
it will be necessary to increase investment in clean and energy-efficient technologies by 2.8% of Gross
Domestic Product (GDP) (or around € 520-575 billion annually) [1]. Hydrogen sulfide (H,S) is one
of the biggest pollutants in biogas. Therefore, it is necessary to reduce the generation of H,S in the
digester and/or reduce its concentration for most uses of biogas. Apart from its harmful effects on
health, the presence of H;S in biogas is not desirable because it is a corrosive gas. Desulfurization of
biogas can be carried out by physical-chemical or biological processes. Physical-chemical processes
have been commonly used but biological ones have proven to be a good competitor from economic
and environmental points of view [2].

In biological processes the most widely used and studied microorganisms belong to the group of
bacterial chemotrophic species, which use reduced sulfur compounds as an energy source and use
oxygen (aerobic) or nitrate/nitrite (anoxic) as electron acceptors [3,4]. The biodesulfurization of biogas
involves the use of technologies that facilitate appropriate contact between the gas and the liquid.

ChemEngineering 2019, 3, 66 15 www.mdpi.com/journal/chemengineering
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There are several advantages in the use of anoxic biotrickling filters (BTFs) over aerobic ones, and these
include reducing the risk of explosion, no dilution of biogas, and a lower limitation in the transfer of
matter for nitrate when compared to the necessary oxygen absorption [5,6]. In contrast, the cost and
availability of large amounts of nitrate can be limiting for the application of anoxic systems. Although
ammonia-rich wastewater could be nitrified and used, Zeng et al. [3] used a biogas digestion slurry
after nitrification to feed a BTF to achieve stable operation.

The H,S inlet load (IL) in BTFs is an important parameter in the design of this type of equipment.
The IL and the elimination capacity (EC) describe the performance of the BTFs with respect to the
removal efficiency (RE) of the contaminant and allow the design of the system, depending on the
biogas flow rate that needs to be treated and the inlet H,S concentration. Values for a critical EC of
between 100 and 130 gS'm~3-h~! and a maximum EC between 140 and 280 gS'm~3-h~! have been
reported for both aerobic and anoxic biotrickling filters [5,7].

A model can be applied to relate input variables (pollutant inlet concentration, gas flow, electron
acceptor concentration, etc.) and design variables (specific surface area of the support, equipment
dimensioning, etc.) with the outputs (concentration of the pollutant at the outlet, production of
biological reaction products, consumption of reagents, etc.). Empirical models (black box models)
are characterized by a high predictive power, but their parameters lack physical significance [8].
They are based on statistically significant relationships between the input and output variables.
Stationary-state models have been used to describe biofilters since the early 1980s [9-11]. Anoxic BTFs
have been described by empirical [12,13] and dynamic [14,15] models. For instance, Soreanu et al. [13]
proposed a second-order empirical model using a central composite design (CCD) and the biogas
flow rate and the H)S concentration as input variables, with the H,S RE obtained as a response
variable. Almenglo et al. [15] developed a model that considered the most relevant phenomena such
as advection, absorption, diffusion and biodegration. Dynamic models provide a better understanding
of the process, but their complexity means that they are seldom used for BTFs.

The aim of the work described here was to study the effects of gas (F) and liquid (F) flow rates
and nitrate concentration ([N-NO;37]) along the packed bed on the outlet H,S concentration and the EC.
Two empirical models were proposed to describe the outlet H,S concentration and the EC. Moreover,
the H,S concentrations were measured along the bed and fitted using Ottengraf’s model [9].

2. Materials and Methods

2.1. Experimental Set-up

An anoxic BTF at pilot scale (Figure 1) was installed in the wastewater treatment plant (WWTP)
‘Bahia Gaditana’ (San Fernando, Spain) and it was fed with biogas from one of their sludge anaerobic
digesters. The internal diameter was 0.5 m and the bed height was 0.85 m. The BTF was packed with
open-pore polyurethane foam cubes (800 units, 25 kg:m =3, 600 m?-m~2) (Filtren TM25450, Recticel
Iberica, Spain). The recirculation medium pH was kept at 7.4 and the temperature at 30 °C.

The nitrate feeding was done in batch mode and automatized by oxide reduction potential (ORP)
(setpoint of —365 mV) [16]: when nitrate was exhausted a fixed liquid volume (25 L) was purged, then
a nitrate solution (500 gNaNO3~L’1) was added to the recirculation medium and finally treated water
from the WWTP was added to get a working volume. The nitrate depletion time (NDT) was the time
between nitrate feedings, i.e., the time in which microorganisms consumed the nitrate added. NDT
was dependent of IL and maximum nitrate concentration reached in the nitrate feeding cycle. The
volume of the nitrate solution added was modified in concordance to maintain an NDT between 3 and
4 h. This volume ranged in a linear manner between 0.14 and 0.7 L for an H,S IL between 33.3 and 177
¢S'm~3-h~!. During the nitrate depletion time the H,S concentrations in the outlet stream and along
the bed height (0.2, 0.4, 0.6 and 0.8 m) were measured every 30 min, and samples of the recirculation
medium were taken for nitrate, nitrite and sulfate measurement. Further information about the system

16



ChemEngineering 2019, 3, 66

can be found elsewhere [15,16]. A schematic representation of the experimental set-up is provided in
Figure 2.

L= PURGE

TORCH |‘
ANAEROBIC
DIGESTER

WATER

HOT WATER

Figure 2. Experimental set-up. GSP—Gas Sampling Port; LSP—Liquid Sampling Port. 1: Biotrickling
filter; 2: biogas compressor; 3: rotameters (3.1: biogas and 3.2 liquid); 4: Cryostat Bath; 5: pumps (5.1
NaNOj3; 5.2 NaOH; 5.3 recirculation pump).

The Hj,S concentration in the biogas stream was measured using a gas chromatograph with a
thermal conductivity detector (GC-450, Bruker, Germany) and a specific gas sensor (GAsBadge®Pro,
Industrial Scientific, USA) was used for H,S concentrations below 500 ppmy. Sulfate, nitrite and
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nitrate were measured by a turbidimetric method (4-500-S042~ E), a colorimetric method (45000-NO,~
B) and by an ultraviolet method (4500-NO3~ B), respectively [17].

2.2. Experimental Design

A response surface model from a full factorial three-level three-factor design (3%) was developed
including two replicates at the central point. 3% design allows us to obtain a second-order polynomial
using only three levels [18,19]. The three factors were gas flow rate (Fg), liquid flow rate (F;) and
nitrate concentration. The levels of the factor studied, and the values calculated for H,S IL (Equation
(1)), trickling liquid velocity (TLV) (Equation (2)) and empty bed residence time (EBRT) (Equation (3))
are provided in Table 1.

L= F76~[H25]i (1)
TLV = %, )
EBRT = % ®)

EC = IL-RE, 4)

RE = —[st[géizs]”, 5)

where IL is the inlet load (gS~m_3 h71), V is the bed volume (m3), [H,S]; is the inlet H,S concentration
(gS-m"3), [H,S], is the outlet H,S concentration (gS-m‘3), RE is the removal efficiency, EC is the
elimination capacity, TLV is the trickling liquid velocity (m-h~'), EBRT is the empty bed residence time
(s) and A is the cross-sectional area of the bed (m?).

Table 1. Levels of the factor tested in the experimental design (3%).

Levels of Factors

Factor
1) 0) (+1)
Fg (m®h™1) 1 3 5
Fr (m3h1) 1 2 3
[N-NO3~] (mg-L™1) 14+1.1 353 £2.4 70.5 +10.2
IL' (gSm3h1) 351+15 109.1 +11.7 172.4 + 3.4
TLV 2 (mh™1) 5.09 10.18 15.27
EBRT ! (s) 600 200 120

1 Values calculated for Fg values of 1,2, and 5 m3h, respectively, 2 Values calculated for F; values of 1,2 and 3
m>h~!, respectively.

The experimental results were fitted with two empirical models. The first model, the concentration
model (‘C model’), fitted the outlet H,S concentration as a response variable. The second model,
the elimination capacity model (‘EC model’), fitted the EC as a response variable. In both models
the independent variables were TLV, the H,S IL and the nitrate concentration (factors from Table 1).
Instead of Fg, HyS IL was chosen because the IL included the effect of the inlet H,S concentration
(Equation (1)). In addition, TLV was used rather than F; because it allows a comparison with other
BTFs. In both cases a second-order polynomial model was used to predict the outlet H,S concentration
and the EC values. The data were analyzed using Statgraphics® Centurion XVIII (v.18.1.10).

2.3. Ottengraf’s Model

Ottengraf’s model [9,20] describes the concentration of pollutants in biofilters for steady-state
processes. The analytical solution of the model was obtained in three ideal situations:
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1.  There is no diffusion limitation and the biofilm is fully active, and hence the conversion rate
is controlled by a zero-order reaction rate. The solution is described by Equation (6). Kj is a
pseudo zero-order rate (grm~>-s71) and is proportional to the zero-order reaction rate constant
(ko, Equation (7)).

2. There is diffusion limitation and therefore the mass transfer rate to the biofilm is insufficient
compared to biological substrate utilization rate. The solution is described by Equation (8).

3. There is no diffusion limitation and the biofilm is fully active, and hence the conversion rate is
controlled by a first-order reaction rate. The solution is described by Equation (6). K is a pseudo
first-order rate constant (s) (Equation (10)) and is proportional to the first-order rate constant

(k1, Equation (10)).
[H2S] Ko-H
=1- , 6
[HZS}O [H25}0'UG ©
With, Ky = 6-As-kg, 7)
2
[H2S] _H Ag-Ky-D’ ®)
[H»S], Ug \ 2:[HaS]ym5 |’
[H2S] ( H-Kq )
= exp| — , 9
[HzS]O m-Ug ©)
With, K3 = Ag:D’/6-¢p-tanh¢, and ¢ = 6 k1 /D’ (10)

where, H is the height of the tower (m), [H,S]j is the inlet concentration (g-m~3), Ug is the superficial
gas velocity (m-s71), Ag is the specific area (m2-m™3), § is the biofilm thickness (m), m is the distribution

coefficient at equilibrium (m = Gg/Cr) and D is the effective diffusion coefficient (m?-s71).
3. Results and Discussion

3.1. Empirical Model

The sulfate and nitrite concentrations were almost constant during the experiments; the sulfate
concentrationwas 8.9 + 1.6 gS—SO4~L‘1 and nitrite concentration was between 0.1 and 10 mgN-NO;~ L6
The H;,S RE obtained during the experimentation carried out to obtain the empirical model is shown
in Figure 3.

Fg=1(m*h™") Fg=3(m*h™) Fg=5(m*h™")
100 Q} - o 100
RYPNRRREN = 1) @ o
R R
oog . e
98 ....,. %0 g B
& -
& .o
= e R
= 96 z 80 e £
[ < e
wl 1} -
[+ -
o ® 2 T
3
& F =1 m*h! & F=tm*h? & & F=tm*h?!
92 4 60 oA 60T Cp o3
@ F 2 m*h @ F=2m’h L <@ F=2m™h
o F=3m*h" o F=3mhT ol F=3mthT
20 50 50
o 50 100 150 o 100 200 300 0 100 200 300
[N-NOJ (g m™) [N-NOJ (g m™) [N-NOJ (g m™®)

Figure 3. Removal efficiency (RE) versus nitrate concentrations at different biogas (F) and recirculation
(Fp) flow rates.

As expected, a high H,S RE was found at low F¢ (lower H,S IL). Therefore, the best results were
for an F¢ of 1 m3-h~!, where the H,S IL was 35.1 + 1.5 gS~rn’3-h’l and the RE between 97.3 and 99.5%.
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Under these conditions, the effects of the nitrate concentration and TLV were negligible. However,
at higher biogas flow rates the decrease in the nitrate concentration led to a lower H,S RE. In anoxic
biofiltration nitrate (or nitrite) is the electron acceptor, so its concentration must be a significant factor
on the BTF performance, and this is even more important considering that the use of a nitrate feed
controlled by ORP [16] leads to a decrease in the nitrate concentration until depletion.

The RE versus the TLV values for the three F; (EBRT of 600, 200 and 120 s) are listed in Table 2.
When the nitrate concentration was not limiting, the TLV effect on H,S RE was only notable for an Fg
equal to or greater than 3 m3h! (ie. for HySIL of 109.1 + 11.7 and 172.4 + 3.4 gS~m‘3-h‘1). Thus,
for an F¢ of 3 m3-h~1, the H,S was between 84.7 and 97.6% and for 5 m*-h™! the range was between
79.3 and 92.1%. The improvement observed could be explained by various effects: a higher wetted
area [21], an increase in the hold-up liquid (6.4, 8.5 and 10.6 L for 5.1, 10.2 and 15.3 m-h~1) and a higher
area in contact with the flowing liquid, as proposed by Almenglo et al. [15].

Table 2. Removal efficiencies at different trickling liquid velocity (TLVs) and empty bed residence time

(EBRT).
TLV (m-h-1) EBRT (5) '
600 200 120
5.09 99.39 84.73 79.31
10.18 99.24 93.08 83.06
1527 99.53 97.65 92.13

1 The H,S ILs were 35.1+1.5, 109.1+11.7 and 172.4+3.4 gS‘m~3>-h~!, for 600, 200 and 120 s, respectively.

Consequently, the influence of the nitrate concentration in the recirculating liquid on the Hp,S RE
was dependent of two factors: the HyS IL and the TLV. A higher TLV level supplies a higher nitrate
availability in the biofilm. TLV has usually been kept constant in anoxic BTFs between 10 [22] and
15 [23] m*h~1, but for a high H,S IL it would be interesting to study the effect of this parameter. As in
aerobic BTFs, where TLV is a key operational variable, in aerobic BTFs the regulation of TLV improves
the oxygen mass transfer along the packed bed [24]. Fernandez et al. [6] studied the effect of the TLV
(2-20.5 mh~1) on H,S RE in an anoxic BTF, for H,S ILs from 93 to 201 gS-'m~>-h~!, packed with open
pore polyurethane foam (the same support material as used in this study). It was found that there was
no discernable influence for TLV values higher than 5 m-h~! for H,S IL values below 157 gS-m~3-h~1.
However, at an H,S IL of 201 gS~m‘3~h‘1 it was observed that TLV values below 15 m-h~! produced a
significant decrease in the H,S RE from 92 to 85% at 4.5 m-h™!. On using polypropylene Pall rings [25]
the optimal TLV was also 15 m-h™! at high H,S IL (>201 gS'm~3-h~1) although TLV did not have any
effect at low H,S IL (< 78.4 gS~m’3~h’l). Zeng et al. [3] studied the effect of TLV between 2.63 an
9.47 m-h™! (H,S IL < 86.92 gS-m‘3-h‘1) and achieved an efficient removal of H,S for the lowest TLV,
probably due to the larger height-diameter (H/D) ratio (10.9) and the higher EBRT (342 s). A high H/D
ratio and a low EBRT improve the gas-liquid mass transfer [26] but increase the installation cost due to
the higher pressure drop [27] and the higher volume of the packed bed.

The statistical results for the ‘C model’ show the significance and high predictability of the regression
model. The R-squared was 95.77%, the residual standard deviation was 0.1784 and the mean absolute
error was 0.1224. The Durbin-Watson statistic was 1.00088 (p-value = 0.0001) and this shows a possible
autocorrelation in the sample with a significance level of 5.0%. Moreover, the plot of residual versus
predicted values (Figure 4a) does not show any patterns and we can assume a good correlation between
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the model prediction and the experimental results. The second-order polynomial model fitted with
calibration data is represented by Equation (11).

CG s = —0.27436 + 0.0203426-TLV + 0.0203127-IL - 0.00935431-[N-NO; |
~0.00120525-TLV?2 - 0.000824025-TLV-IL + 0.000411032
“TLV-[N-NO; | + 0.00000476214-IL? — 0.0000513469-1L

[N-NO3] + 0.0000617476 [N-NO3 |
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Figure 4. Analysis for the ‘C model”: Residual versus predicted (a) and Pareto chart (b).

As can be seen in Figure 4b, the most influential factor on the outlet H,S concentration was the
H,S IL (p-value 2.26:107%). Moreover, the TLV and nitrate concentration had a negative effect on the
outlet H,S concentration with p-values of 5.26:1071 and 5.34-107, respectively. It is interesting to note
that the interaction AB (IL and TLV) was significant (p-value 1.18:107°) and therefore the effect of one
variable depended on the value of another. This behavior can be seen in Figure 3, where the TLV had
an effect on the RE at high H,S IL but not at low ones.

The response surface for the ‘C model” is shown in Figure 5. The model can be used to predict
the factor limits to achieve a desired H;S outlet concentration. Depending on the combustion engine
company, the inlet H,S limit is in the range 100-500 mg-Nm~2 (72-359 ppmy at 25 °C) [28]. Therefore,
for a nitrate concentration of 35.5 mgN—NO3’~L’1 and TLV of 15.27 m h™! the maximum H,S IL would
be 66.72 and 119.75 gS'm~>-h~! for outlet H,S concentrations of 72 and 359 ppmy, respectively.

The statistical results for the ‘EC model’ show a higher significance and predictability of the
regression model when compared with the ‘C model’. The R-squared was 99.63%, the residual standard
deviation was 2.545 and the mean absolute error was 1.646. The Durbin-Watson statistic was 1.7041
(p-value = 0.0626), although the p-value was higher than 5% there were no traces of autocorrelation—as
verified by checking the residual plot (Figure 6a). The second-order polynomial model fitted with
calibration data is represented by Equation (12).

EC = 11.0413 - 230638 TLV -+ 0.844035-IL + 0.172511:[N-NO; |
+0.090618-TLV? + 0.0225828 TLV"IL — 0.00947479-TLV
|N-NO3 | - 000231493112 + 0.00184907-L- | N-NO; |

2
—~0.00194474[N-NOj |

(12)

As can be seen in Figure 6b, the most influential factor on the EC was the H,S IL (p-value 1.81-10728).
Moreover, the TLV and nitrate concentration had a positive effect on the EC with p-values of 2.37-1071
and 1.38-1075, respectively. In this case, the interactions AB (IL and TLV) and BC (IL and nitrate
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concentration) and the quadratic term (BB or IL2) were more significant than the nitrate concentration.

Therefore, H,S IL and TLV had a greater effect on the EC than the nitrate concentration.

- -
1.4 gN-NOj L 1.4 gN-NO; L -,
o3 o
wn -
25 =12
3 1 £
-3
o ] §
o g 25
T =
14
< 1249 150 8
B g 100
I 50 100 150
m-| 3 -1
(mh7) 1L (gs-m3hT) IL (gs-m™3h")
i . 42
35.3 gN-NO L™ 35.3 gN-NO; L™
o o 2
(1] - =
25 = 12 2
3 1 £ 15 3
" ] "
£ o ~ 8 T
o
o 14 12 %0 50 6 ‘ 3
B 4 P
S 50 100 150
m-| 3.1
(mh7) 1L (gs-m™hT) IL (g8-m™3h") !
75.5 gN-NO L™ 75.5 gN-NO L™
‘:-.' 3 A14
(] -
25 =12 05
3 1 10
“ 3
= 0 ~ 8
o
14
o 12 4, 150 6
B g o 100 0
— 50 100 150
m- B |
(mh™) 1L (gs-m3hT) IL (gs-m3hT)
Figure 5. Response surfaces for the ‘C model’.
a
o B: IL .
4 AT —
& ° &
2 o % @ BB 4 i
@ 9
20 i) By o AB
=1 = o o) BC
2 o %4 ¢ e .
-2 g C: [NOyY
-4 cc 4
Al
-6 =
® AC
8 :
50 100 150 0 20 4n o0 RO
predicted EC (g8 m™® h) Standardized effect

Figure 6. Analysis for the ‘elimination capacity (EC) model”:

(@

(b)

Residual versus predicted (a) and Pareto
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The response surface for the ‘EC model’ is shown in Figure 7. As expected, for high H,S IL
(>109.1 + 11.7 gSm~>-h~!) or high biogas flow rate (Fg > 3 m®>h~!1) an increase in EC was observed
when the nitrate concentration and TLV were increased.
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Figure 7. Response surface for the “EC model’.

A sensitivity analysis was performed by calculating the partial derivative in both models [29]. The
maximum and minimum values for the variation of estimated variables corresponding to each factor
are provided in Table 3. For the ‘C model’ the maximum negative effect corresponded to a TLV of -0.1579
(g8'm~3)/(mh~1) and the maximum positive effect was for an HyS IL of 0.0177 (gS'm~3)/(gS-m~3-h~1).
However for the ‘EC model’” the maximum effects were due to TLV values of ~1.252 (g8-m~3)/(m-h™1)
and 4.3303 (gS-m~3)/(m-h~1).

Table 3. Sensitivity analysis.

‘C Model’ ‘EC Model
Factor
Maximum Minimum Maximum Minimum
TLV 0.0078 -0.1579 4.3303 -1.252
IL 0.0177 0.0045 1.1553 0.1657
[N-NO3~] 0.0038 -0.159 0.4363 -0.1801

3.2. Ottengraf’s Model

The concentration profiles along the bed height were analyzed using Ottengraf’s model, without
nitrate concentration limitations, for H,S IL values between 33 and 176 gS'm~3-h~! and TLV values
between 5.09 and 15.27 m'h~!. The linear adjustments are provided in Table 4 according to the following
simplifications: controlled by zero-order diffusion, zero-order kinetic and first-order kinetic. The
behavior of the concentration profile for 5.09 m-h~! and 130 and 170 g8-m~3-h~! could be explained
using a zero-order simplification for diffusion or kinetic. However, for all other conditions the
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first-order kinetic simplification can be applied. The kinetic constant was in the range between 0.0025
and 0.0092s7".

Table 4. Adjustments using Ottengraf’s model.

IL TLV Zero-Order Diffusion Zero-Order Kinetic First-Order Kinetic
Sm~>h7) - (mh) e k) 2 ks e K6
36 5.09 0.62 0.0018 0.3 0.012 0.95 0.008
35 10.18 0.57 0.0018 0.26 0.012 0.92 0.0087
33 15.27 0.52 0.0018 0.22 0.011 0.93 0.0092
130 5.09 0.95 0.0011 0.94 0.011 0.93 0.0031
108 10.18 0.91 0.0012 0.82 0.01 0.93 0.0036
104 15.27 0.93 0.0014 0.77 0.01 0.96 0.0057
170 5.09 0.97 0.0009 0.96 0.0079 0.96 0.0025
176 10.18 0.88 0.001 0.79 0.0091 0.93 0.0029
167 15.27 0.86 0.0011 0.74 0.0092 0.95 0.0034

To our knowledge, Ottengraf’s model has not be applied to biogas desulfurization, although
studies on H,S removal from air have been modeled using Ottengraf’s model [30-33].

Jin et al. [32] found that the zero-order kinetic limitation described the outlet H,S concentration
(TLV of 0.62 m-h~! and a maximum H,S IL around 30 gS'm~3-h~!). Oyarzin et al. [30] applied
zero-order diffusion equations for an inlet H»S concentration below Ks (Monod saturation constant)
and zero-order kinetic equation and inlet concentration above Ks. The microbial kinetic of the
biotrickling filter presented in this work can be described by a Haldane model [15], with an affinity
constant for sulfide (Ks) of 8.4 g5 m~ and a gas concentration in equilibrium of 1.28 gS-m~. This
concentration is considerably lower than the minimum inlet concentration employed in this work
(5.55 gS~m‘3). Therefore, the study was carried out at an inlet HpS concentration higher than Ks with a
first-order kinetic as obtained by Oyarzun et al. [30].

4. Conclusions

The influence of the nitrate concentration was dependent on TLV and H,S IL, with its influence
increasing for lower TLV and higher H,S IL. The empirical models obtained by the response surface
methodology for the factorial design of three factors at three levels (3%) were able to predict the outlet
H;,S concentration and the EC with a R-squared of 95.77% and 99.63% without autocorrelation. The
most influential factors on the outlet H,S concentration and EC were the H,S IL and TLV, with the
nitrate concentration being less significant. For biogas use in a CHP system the maximum H,S IL
should be between 66.72 and 119.75 gSm~3-h~! (TLV of 15.27 m-h~! and nitrate concentration of
35.5 mgN-NO; ~-L~1). Moreover, Ottengraf’s model was applied successfully considering a first-order
kinetic limitation simplification with an R-squared above 0.92.
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Abstract: The packing material selection for a bioreactor is an important factor to consider, since
the characteristics of this material can directly affect the performance of the bioprocess, as well as
the investment costs. Different types of low cost packing materials were studied in columns to
reduce the initial and operational costs of biogas biodesulfurization. The most prominent (PVC
pieces from construction pipes) was applied in a bench-scale biotrickling filter to remove the H,S
of the biogas from a real sewage treatment plant in Brazil, responsible for 90 thousand inhabitants.
At the optimal experimental condition, the reactor presented a Removal Efficiency (RE) of up to
95.72% and Elimination Capacity (EC) of 98 g5-m~3-h~!, similar to open pore polyurethane foam,
the traditional material widely used for H,S removal. These results demonstrated the high potential
of application of this packing material in a full scale considering the robustness of the system filled
with this support, even when submitted to high sulfide concentration, fluctuations in H»S content in
biogas, and temperature variations.

Keywords: packing material; PVC; open-pore polyurethane foam; PET; Teflon; biotrickling filter;
hydrogen sulfide elimination; H,S

1. Introduction

Biogas, generated in wastewater treatment plants, typically composed of methane (CHy), carbon
dioxide (CO;y), and traces of hydrogen sulfide (H;S), is often burned in flares to minimize its
contribution to the greenhouse effect [1]. However, in the current global scenario, its commercial value
has been increasing due to its high-energy content. The use of this versatile and renewable energy
source can bring high cost savings [2]. A limiting factor for the use of this biogas is the wide variety
of contaminants present in its composition, such as sulfur compounds, siloxanes, hydrocarbons, and
halogenated organic compounds, of which H,S is the most harmful for energy conversion equipment,
due to its corrosive character.

Bed clogging is one of the biggest problems of biotrickling filters, being caused by solid
accumulation (biomass and elemental sulfur), and limiting high treatment rates [3]. Problems with
elemental sulfur accumulation have been observed since one of the first works described for H,S
removal from biogas in a biotrickling filter (under aerobic conditions) [4]. Due to this, a wide variety
of packing materials has been studied in order to overcome this problem and improve the biofilter
performance; among them are open pore polyurethane foam (OPUF), polyester fibers, pall rings,
porous lava rock, activated carbon, glass beads, and perlite. On the other hand, the choice of the
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packing material is also related to the economic viability of the biofilters, since materials with a
low purchase cost and low pressure drop (low resistance to gas flow) can significantly decrease the
operating cost. In this point of view, the use of low-cost packing materials such as expanded schist
(inorganic) and cellular concrete waste was also studied for biogas biodesulfurization [5].

In biotrickling filters, the gas flow passes through an inert packing material to which the
microbial community attaches. Considering that different types of forces (electrostatic and hydrophobic
interactions, and covalent and partial covalent bond formation, among others), are involved in the
microbial attachment to a packing material [6], the material surface properties can implicate in different
biofilm formation, resulting in different performance of bioreactors. Therefore, the characteristics of
the packing material play an important role in the sulfide elimination from biogas (Table 1) and some
factors should be observed to choose the best support material:

(a) High surface area for biofilm growth and mass transfer;
(b) Hydrophobicity;

(¢) Mechanical, chemical, and biological resistance;

(d) Low pressure drop, especially considering pilot operation

Table 1. Packing material characteristics.

Packing Material Specific Surface Area (m®>-m™3)  Density (kg:m~3)  Porosity (%) Reference
Lava rocks 200 + 50 - - [71
Plastic fibers 650 + 50 - - 71
Open pore polyurethane foam 600 35 97 [8]
Polypropylene pall rings 320 110 88 [9]
Metallic Pall rings 515 520 - [10]
Honeycomb 620 - 88 [11]

Open pore polyurethane foam is a commercial packing material developed especially for
biotrickling filtration [12]. Although conventional polyurethane foam is hydrophobic, its properties are
extensive and can vary due to the starting molecules and reaction conditions of manufacture [13].
According to Lisiecki et al. [14], open pore polyurethane foam (TM25450) is formed by thermal
compression of conventional foam which leads the cell walls to collapse. The advantages of OPUF are
its high porosity, suitable pore size, low density, high specific surface area and reasonable resistance to
compaction [8].

The first works carried out using OPUF were developed to treat odorous air. Gabriel et al. [8]
proposed the use of OPUF foam as packing support based on the successful results obtained by
Loy etal. [15].

Under anoxic conditions, Fernandez et al. [16] developed one of the first works using OPUF cubes
(8 cm®), obtaining a critical EC of 60 gS-H,S-m™3-h~! (empty bed residence time (EBRT) of 240 s).
Using the same system (packed bed volume of 2.375 L), Montebello et al. [17] showed the simultaneous
removal of HpS and methylmercaptan (CH3SH) from biogas to be feasible, however, loads higher
than 100 gS-H,S-m~3-h~! negatively affected the CH3SH removal due to competition. The maximum
elimination capacity achieved was 140 gS-HpS-m~3-h 1.

Fernandez et al. [18] operated a laboratory scale biotrickling filter for 620 days and demonstrated
that the optimal conditions were: Sulfate concentration below 33 g-Lfl, pH between 7.3-7.5,
temperature of 30 °C, and trickling liquid velocity (TLV) higher than 4.6 m-h~'. Higher critical
elimination capacity was observed under a nitrate programmed feeding regime (130 g5-m—3-h~!, RE
99%, EBRT 2.4 min) when compared to a manual feeding regime (99.8 gS-m—3-h~!, RE < 99%, EBRT
3.4 min). The maximum elimination capacity was 170 g8-m~3-h~! for both regimes. Comparatively,
Guerrero and Bevilaqua [19] observed optimum temperatures between 31-42 °C and EBRTs from 2.9 to
6.2 min for H,S removal from the biogas generated from an up flow anaerobic sludge blanket reactor
(UASB) at the wastewater treatment plant of a brewery.
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On the other hand, for a pilot-scale biotrickling filter, Almenglo et al. [20] observed the
best performance under counter-current flow, achieving a maximum elimination capacity of
140 g8m~3-h~!. Almenglo et al. [21] recommended some important guidelines to startup the
biotrickling filter in order to avoid sulfide accumulation in the early stages of reactor operation:
An inlet load (IL) around 100 gS-m~3-h~! and pH of 6.8 to decrease the solubility of the sulfide.

Pall rings are widely used in chemical scrubbers due to their high free volume, low-pressure
drop values, and uniform gas-liquid contact. Due to these characteristics, it is possible to transform
conventional scrubbers into biotrickling filters just carrying out microorganism’s immobilization.
Polypropylene Pall rings have low specific surface area when compared with open pore polyurethane
foam and other packing materials (Table 1), however, according to Fernandez et al. (2013), this
characteristic can minimize the pressure loss due to biomass and sulfur accumulation. Pall rings are a
hydrophobic packing material [22].

The conversion from scrubber to biotrickling filter was first applied to air pollution control;
however, in recent decades, the use of Pall rings as packing material has extended to biotrickling
filters for HpS removal from biogas. Under aerobic conditions, Tomas et al. [23] achieved a maximum
elimination capacity of 170 gS-HpS-m~3-h~! in a full-scale biotrickling filter (gas contact time of 180's,
pH 2.6-2.7). The biofilter was composed of four modular sections with an inner diameter of 1.4 m
and height of 8 m. Montebello et al. [10] operated a biotrickling filter packed with metallic Pall rings
for approximately two years, treating synthetic biogas with a 2000 ppmv H,S concentration. Under
neutral pH, the maximum and critical EC were approximately 100 g5-m~3-h~! and under oxygen
appropriate load it was possible to minimize the elemental sulfur formation. This behavior was not
observed under acidic pH. In addition, under acidic pH, deterioration of the packing material was
observed. Under anoxic conditions, Ferndndez et al. [9] achieved 99% H,S removal efficiency under
inlet loads lower than 120 gS-m~3-h~! in an anoxic biotrickling filter (working volume of 2.4 L), using
controlled nitrate feeding by oxidize-reduction potential (ORP).

Lépez et al [24] studied the main parameters involved in the oxygen mass transfer efficiency in
an aerobic biotrickling filter, in order to reduce the elemental sulfur production under high HS loads.
The trickling liquid velocity and co-current flow showed to be better to manipulate when compared to
air supply flow rate and counter current flow mode, increasing 10% the EC and 9% the selectivity to
sulfate as product of the H,S oxidation under 283.8 gS-H25~m*3~h*1. Lopez et al [25] also used the
feedforward control through the trickling liquid velocity and observed a reduction of 68.4% of the
maximum outlet H,S concentration and the sulfate selectivity improved 100.6 & 5.0%. A biotrickling
filter packed with Pall rings was used by Lépez et al. [26] to develop, calibrate, and validate a dynamic
model to describe the main processes involved in the H,S removal from biogas (high loads). The model
was capable to predict the biotrickling operation, besides being able to describe the main products of
the H,S oxidation.

Other packing materials have been used under aerobic conditions. Montebello et al. [27] evaluated
the performance of a biotrickling filter packed with HD-QPAC (volume of 2.15 L) under IL from 51
to 215 gH,S'm3-h~! and observed a maximum elimination capacity of 201 gH,S‘m~3-h~! and
maximum RE of 100% (EBRT of 180 s). The decrease in the O, /H,S ratio resulted in an increase in S°
production. Fortuny et al. [28] also used HD-QPAC as packing material in a biotrickling filter (total
volume of 2 L). An important effect of the EBRT on the RE was observed when the EBRT decreased
from 120's (97.7 4 0.3%) to 30 s (39.7 £ 0.9%).

Qiu and Deshusses [11] showed a promising alternative to the use of conventional packing material.
The authors evaluated the use of 3D-printed honeycomb monolith, composed of 19 hexagonal channels,
in order to reduce bed-clogging problems under high H,S concentration through the presence of
connected and straight channels. The elimination capacity exceeded 120 g8-m—3-h~! at an H,S/O, ratio
of 1:2. Elemental sulfur was obtained as the predominant end-product, with accumulation in the bed.
However, the bed pigging was shown to be efficient for removing elemental sulfur and excess biomass.
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Vikromvarasiri et al. [29] studied a biotrickling filter filled with random packing media (working
volume of 1 L) and inoculated with Halothiobacillus neapolitanus NTV01 (HIN), isolated from activated
sludge. Air was supplied as the final electron acceptor. Different operational parameters were
compared under short-term and long-term operation. The relationship between IL and EC was higher
in the long-term (0.931) when compared to short-time operation (0.915). The maximum elimination
capacity obtained was 78.57 gHpS-m~3-h~! for an IL of 85.25 gH,S-m3-h~1.

Recently, Jaber et al. [5] proposed the use of a biofilter packed with expanded schist (inorganic)
and cellular concrete waste (recycled mineral waste), low cost materials, to treat H,S from biogas.
Both materials demonstrated low pressure drops, which is very desirable. The maximum elimination
capacity obtained for the expanded schist was 30.3 g-m~3-h~! and 25.2 g-m~3-h~! for the cellular
concrete waste.

In recent decades, some studies have been carried out to demonstrate the viability of retrofitting
existing chemical scrubbers to full-scale biotrickling filters for H,S control. Gabriel et al. [8] and
Gabriel and Deshusses [30] demonstrated that biotrickling filters can replace chemical scrubbers
successfully, being safe and economical. Nevertheless, Gabriel et al. [8] estimated that the expenditure
on packing material is approximately $500-1000/ m3, representing a large percentage of the costs.
Tomas et al. [23] compared the investment costs involved in H,S removal using chemical and biological
treatment and showed an investment of $52,000 for the biological treatment (including reactor, blower,
pump, and packing material) compared to $8700 for the chemical oxidation treatment. This evidence
reinforces the need to search for new packing materials aimed at reducing investment costs. Recently,
Cano et al. [31] compared the life cycle of different technologies such as aerobic biotrickling filtration,
anoxic biotrickling filtration, caustic chemical scrubbing and absorption on impregnated activated
carbon, and it was included the analyses of the capital expenditures. The results showed that a
biotrickling filter made with fiberglass reinforced plastic (total volume 10 m3, packing bed volume
5.3 m3, diameter 0.9 m) can cost €17,090, compared to €5224 of a scrubber made of the same material
(total volume 1.7 m3, packing bed volume 1.1 m3, diameter 0.7 m).

In this work, the immobilization of biomass on different low-cost packing materials, such as, PET,
PVC and Teflon, was studied and the material that showed the best thiosulfate removal efficiency
(PVC) was evaluated in a biotrickling filter for H,S removal from real biogas. The effects of the EBRT,
temperature and IL were studied.

2. Materials and Methods

2.1. Inoculum and Packing Material

The anaerobic sludge used in this work was obtained from the Matao Sewage Treatment Plant
(Sao Paulo, Brazil).

Strips of Polyvinyl Chloride (PVC) obtained from Tigre® building pipes (Ref. 10121744
from manufacturer, Tigre, Brazil), Polyethylene Terephtalate (PET) from common soda bottle,
Polytetrafluoroethylene (Teﬂ0n®, Teflon, Brazil) dowels cut into strips and OPUF (Filtren TM25450,
Recticel Iberica, Spain) were used in order to evaluate the potential of low-cost carrier materials
(Figure 1) for the immobilization of sulfur-oxidizing microorganism. The surface area of each packing
material was analyzed based on the Brunauer, Emmett and Teller theory by the Center for Materials
Characterization and Development (Ufscar, Sao Carlos, Brazil) (Table 2).

Table 2. Packing material characteristics [32].

Material Surface Area (m?.g—")
PVC 0.432
PET 0.443
Teflon 0.909
OPUF 6.694
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Figure 1. Packing materials: (a) PVC; (b) PET; (c) Teflon®; (d) OPUE.
2.2. Experimental Set-Up of Laboratory-Columns Packed with Different Low Cost Materials

Four glass columns (active height of 280 mm, inner diameter of 60 mm, and working volume of
792 mL) packed with PVC, PET, Teflon and OPUF (Figure 2) were inoculated with 120 mL of anaerobic
sludge and 120 mL of culture medium DSMZ 113, which has thiosulfate as a substrate, nitrate as the
final electron acceptor, and bicarbonate as an inorganic carbon source. The thiosulfate consumption
was monitored and after substrate depletion, 50% of the trickling solution was drawn off and fresh
DSMZ 113 medium was added in the following 9 cycles. Different initial concentrations of thiosulfate
(2.5, 5.0 and 10 g-[S-5,0327]-L 1) were applied. The system was operated under batch mode for
130 days (total of 10 cycles) at pH 7.0 by adding NaOH, temperature 35 °C and trickling medium at a
flow rate of 500 mL-h~!. The immobilized biomass was determined as gram of protein per gram of
dry support sampled in the end of the experiment.

o=

Figure 2. Experimental system: (A) Glass columns packed with different support materials; (B) water
bath that maintained the temperature of the trickling medium at 35 °C; and (C) four-channel
peristaltic pump.

2.3. Experimental Set-Up of a Laboratory-Scale Biotrickling Filter

The H»S elimination from the biogas produced by a Sewage Treatment Plant (Matao, Sao Paulo,
Brazil) was performed using a laboratory-scale biotrickling filter made of glass (active height of
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456 mm, inner diameter of 93 mm and working volume bed of 3 L) filled with PVC pieces (Figure 3),
obtained from construction pipes, as packing material. The experiments were carried out for 111 days
with continuous biogas supply from the up flow anaerobic sludge blanket reactor (UASB).

Water container
Vacuum pump £
Flow meter

Biotrickling filter

280 mm

Recirculating nutrient pump
Thermal bath system
Recirculating nutrient flow meter
pH controller

© o N0~ LN

NaOH container

456 mm

Biogas/H2S

385 mm

1 6 9

Figure 3. Representation of the biotrickling filter, adapted from Guerrero and Bevilaqua [19].

The first step of reactor operation consisted of inoculation and biofilm development providing
H;S containing biogas as the energy source (1246 4 305 ppmv). Biofilm development was achieved
after 43 days of operation and the degree of immobilization was determined by the stability of the
substrate consumption [33]. The effects of the parameters, inlet load (from 8 to 108 gS-m~3-h~1), empty
bed residency time (4.8, 2.4, 1.6 min), and temperature (from 24 to 40 °C), were studied in the following
68 days of operation.

2.4. Analytical Techniques

The H,S concentration in the gas phase was measured using GasAlertMicro 5 Series—BW
Technologies. The thiosulfate determination was carried out by an iodometric method [34]. Sulfate
concentration was determined using a turbidimetric method and nitrate and nitrite concentrations
were analyzed by an ultraviolet spectrophometric method and a colorimetric method, respectively [35].
The amount of biomass immobilized on the packing material was estimated via determining protein
by Lowry method [35].

3. Results and Discussion

3.1. Evaluation of Low-Cost Packing Materials

All four packing material tested showed similar thiosulfate RE (between 82 and 86%) at the end
of first cycle of rector operation. However, at the end of the last cycles, PVC (96.67%) and PET (96.43%)
presented better results compared to Teflon (25.37%), which suffered bed compaction. Additionally,
the RE obtained using PVC and PET almost reached the value obtained for OPUF (99.17%). On the
other hand, the biomass protein quantification showed that the mass of protein per mass of support
material was very similar for PVC (14.9 mg-g~1) and Teflon (14.87 mg-g~!) (Figure 4), however, as
mentioned before, Teflon became compacted during the experiment. PET had a lower amount of
protein (8.40 mg-g ') and all support materials presented lower biomass protein when compared with
open-pore polyurethane foam (26.59 mg-g~1).
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Figure 4. Thiosulfate Removal efficiency and biomass immobilized on the packing material after 10 cycles.

The cost to fill the working volume of the columns were: OPUF ($0.67 dollar), PVC ($0.21 dollar),
PET ($0.0 dollar because it was from cycling residue) and Teflon ($0.36 dollar). Comparing the results,
it was possible to suppose that PVC could provide better robustness to the system than PET, in case of
adverse conditions, and other important factor is the cost of the PVC, 42% cheaper than Teflon and
69% cheaper than OPUF. For this reason, it was selected as packing material for the next experiment
using a biotrickling filter to treat real biogas in bench scale.

3.2. Biotrickling Filter Operation

During the first 70 days of operation (including the inoculation and biofilm development step)
the EBRT applied was 4.8 min and the inlet load provided to the reactor was 15.5 4 3.09 gS-m~3-h 1.
In these conditions a removal efficiency (RE) of 80.06 £ 13.81% was observed (Figure 5), lower than
experiments with lower EBRTs of 2.4 min (RE = 71.89 & 14.33%; IL = 39.9 gS'm—3-h~!) and 1.6 min
(RE = 89.83 & 14.97%; 57.9 gS-m~3-h~1). These results reflected the impact of the biofilm development
step to elimination capacity in this operating condition, showing that, after stabilization, the biotrickling
filter was capable of achieving a better RE even with a lower retention time. After stabilization, the
system showed a high RE despite the low EBRT (1.6 min) and high H,S concentration (1832 +
295 ppmv), demonstrating that this bioreactor requires good biofilm development to achieve high EC
in a real treatment which presents fluctuations over time.

The elimination capacity of the system obtained under different EBRTs was very high (Figure 6)
reaching 84.4 g¢S-m~3-h~! (RE = 99%) at an EBRT of 1.6 min. The results obtained with this support
material were comparable with results found in the literature for the most common materials used,
such as OPUF [18,36] and Pall rings [9], demonstrating that it has potential for larger scale application.
As stated previously, using OPUF, Fernandez et al. [18] obtained a critical elimination capacity of
130 gS'm~3-h~! at an EBRT of 2.4 min. In the present work, the critical EC was not obtained due to
system limitations, but the results were promising considering that PVC has the advantage of being
a low-cost material, increasing the biotrickling filter economic viability. The points with different
behavior (Figure 6) probably occurred due to H,S inlet load fluctuations, since the biogas supplied
in the system was obtained from a real sewage treatment plant from a city with approximately
90 thousand inhabitants. Therefore, the system, in this dimension of operation, was not robust
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enough to absorb these variations. Additionally, the three points (marked with arrows) with the
lowest elimination capacity (two in 2.4 min and one in 1.6 min of EBRT) was affected by the weather
which reached 39 °C in the first case and 27 °C in the second case, destabilizing the process due to
temperature sensitivity.
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Figure 5. Removal efficiency and inlet and outlet loads during 111 days of biotrickling filter operation.
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The temperature effect was analyzed in the first 70 days of operation and as shown in Figure 7a,
all ranges of temperatures presented Inlet Loads between 8 and 23 gS-m~3-h~! and also reached ECs
higher than 14 gS-m~3-h~! in the operational conditions. It is important to emphasize that despite
presenting similar EC behavior for all temperature ranges, the highest RE and lowest variations were
obtained for temperatures from 35.5 to 36.7 °C, and temperatures outside this range presented both
high distancing from the 100% line and more variations, showing that the system may be outside its
optimal condition. This is an important factor for biological H,S removal systems and the optimum
obtained was 36 4= 0.7 °C in which the RE observed was 95.72 £ 4.50%. Temperature ranges from 30.0
to 35.2 °C presented REs of 76.31 + 13.92% and temperatures higher than 36.7 °C demonstrated a RE
of 83.50 & 21.65% (Figure 7b).
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Figure 7. Effect of temperature on the (a) elimination capacity and (b) removal efficiency. The data
include inter-quartile deviations and medians (larger box), (0) average values, (x) outliers and (-)
maximum (upper whisker) and minimum (lower whisker) limits of non-discrepant values.

The results obtained using PVC pieces, as an alternative support, presented similar removal
efficiency when compared to commercial supports. Table 3 shows a comparison of operation
parameters and results from the present work with another study using the same reactor filled
with OPUF as support material [19]. It is possible to observe that, for most of the operating time, the
biotrickling filter packed with OPUF was operated under low IL and the biotrickling filter with PVC
under high IL and despite this, the latter reached similar RE. As a comparison, the system with PVC
when submitted to lower IL (12.82 4 2.47 g5-m~3-h~1) at an EBRT of 1.6 min showed an RE of 87.18%.
Other alternative support materials such as “Raschig Ceramic Rings”, presented a lower RE (75%)
under similar operational conditions [37].

Table 3. Comparison of results from different parameters in a biotrickling filter packed with PVC

pieces and OPUF.
Parameter PVC Pieces Present Study OPUF [18]
Energy source for immobilization H,S from biogas NayS,03-5H,O0
Nitrate concentration
(g:N-NO;—-L1) 0.25-8.0 0.25-2.0
EBRT (min) 1.6,2.4 and 4.8 1.6,2.9 and 6.2
TLV (m-h~1) 8-11 44,74 and 11
Temperature (°C) 24-40 22-47
H;,S Inlet Load (gS-m’3~h’]) 8-108 2-16
Elimination Capacity (g8-m~3-h~1) 84.4 14
- o 95.72 (IL = 67.38 £ 17.74 gSm~>h~1), 98 (IL=6.13 + 049 gSm>h~1,
Removal Efficiency (%) EBRT = 1.6 min) EBRT = 2.9 min)
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The IL applied to the PVC system was from 4 to 6.75 times higher than that applied to the OPUF
system, providing conditions to reach 84.4 gS-m~3-h~! of EC, 6 times higher than the EC obtained
using OPUF under lower IL. Although under optimal conditions, both PVC and OPUF reached RE
values higher than 95%, what is remarkable is that PVC presented this RE even under an IL 137 times
higher than OPUF. Both systems, even in the small dimensions studied, demonstrated robustness
with high elimination capacity under real industrial conditions, which means seasonal differences in
temperature, operation problems, and not controlling the H,S concentration coming from the treatment
plant. It is worth highlighting PVC as an alternative packing material for potential application in larger
scales, reducing the initial process costs, which has a high impact considering the amount of packing
material required for higher inlet load from real industrial sources

4. Conclusions

The use of biotrickling filtration as a biological technology for biogas biodesulfurization is
consolidated as an effective and promising alternative. Nevertheless, the cost savings for the
application of this technology, especially in developing countries, is a concern for researchers in order
to make it accessible to a greater number of companies. The challenge is to find a packing material
with the necessary features for this operation. In a comparative study in columns utilizing four
different packing materials, strips of Polyvinyl Chloride (PVC) presented similar efficiency to OPUF,
a recognized packing material for decontamination of gases. PVC-biotrickling filter was compared
with OPUF- biotrickling filter. Although both had the same dimensions, each filter was assembled in a
different place; the PVC-biotrickling filter was coupled to an output of HyS from a Sewage Treatment
Plant (Matao, Sao Paulo, Brazil) and the other coupled to a wastewater treatment plant of a brewery.
Both biotrickling filters presented high elimination capacity; however, the PVC-biotrickling filter was
submitted to more aggressive conditions, such as higher IL and temperature variations, maintaining
good performance throughout operation time. Thus, PVC can be stated as a potential low-cost packing
material for decontamination of industrial gases containing H,S in a biotrickling filter system.
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Abstract: The desulphurisation of biogas for hydrogen sulphide (H,S) removal constitutes a significant
challenge in the area of biogas research. This is because the retention of H,S in biogas presents negative
consequences on human health and equipment durability. The negative impacts are reflective of the
potentially fatal and corrosive consequences reported when biogas containing H5S is inhaled and
employed as a boiler biofuel, respectively. Recognising the importance of producing H,S-free biogas,
this paper explores the current state of research in the area of desulphurisation of biogas. In the
present paper, physical-chemical, biological, in-situ, and post-biogas desulphurisation strategies
were extensively reviewed as the basis for providing a qualitative comparison of the strategies.
Additionally, a review of the costing data combined with an analysis of the inherent data uncertainties
due underlying estimation assumptions have also been undertaken to provide a basis for quantitative
comparison of the desulphurisation strategies. It is anticipated that the combination of the qualitative
and quantitative comparison approaches employed in assessing the desulphurisation strategies
reviewed in the present paper will aid in future decisions involving the selection of the preferred
biogas desulphurisation strategy to satisfy specific economic and performance-related targets.

Keywords: desulphurisation; biogas; in-situ biogas desulphurisation; anaerobic digestion;
post-biogas desulphurisation

1. Introduction: Hydrogen Sulphide (H,S) Formation During Anaerobic Digestion and Its Effect
on Biogas Utilisation

Bioenergy recovery from biomass resources may be achieved via the employment of several
biomass conversion pathways [1,2]. A review of literatures, however, highlights an upsurge in
the application of anaerobic digestion (AD) technologies in recent times [3,4]. This observation
may be reflective of the strategic preference of this conversion pathway due to its capability to
facilitate a simultaneous management of high moisture organic waste streams while also generating
bioenergy in the form of biogas at a reduced cost [2,5]. The biogas product is typically composed
of carbon dioxide (CO;) and biomethane (CH,) which are present in volumetric percentages of
30-40% and 60-70%, respectively [6]. However, although AD technologies for biogas production
can be employed in the conversion of a multitude of organic streams to biogas under the action of
suitable microbes, the degradation of sulphur containing organics, i.e., proteins, and the reduction
of anionic species, i.e.,, SO4>~, will result in the associated generation of hydrogen sulphide (H,S)
together with the biomethane [7,8]. The H,S product may be formed during the anaerobic digestion
process via macromolecules undergoing transformations either via an assimilatory pathway or a
dissimilatory pathway [9]. These pathways lead to the conversion of sulphur containing compounds
(SCC) either to soluble sulphides (HS™), which is a precursor to H,S formation, or the consumption
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of SCC for biosynthesis of amino acids (cysteine and methionine), considered fundamental for
intracellular adenosine-5-phosphosulphate activation within the microbes [9,10]. In some cases,
however, assimilatory reduction of sulphate ions is achieved via so-called ‘trophic reactions’, thus
leading to direct H,S formation [9-11]. According to Mackie et al., [9], bacteria capable of assimilatory
sulphate reduction are ubiquitous in digestion substrates, with notable examples belonging to the
genera of Veillonella, Megasphaera, and Enterobacteria. On the other hand, the transformation of sulphur
containing macromolecules via the dissimilatory pathway always results in bisulfide (HS™) formation
rather than the characteristic amino acid production of the assimilatory pathway [9]. Notable examples
of microbes capable of sulphur reduction via HS™ formation include neutrophilic Desulfotomaculum
solfataricum and Desulfotomaculum thermosapovorans [12,13]. Microbes of Desulfotomaculum solfataricum
and Desulfotomaculum thermosapovorans are capable of thriving under temperature conditions as high
as 60 °C and 50 °C, respectively [12,13]. The formation of HS™ via the dissimilatory pathway occurs via
the reduction of inorganic and organic sulphur forms (i.e., sulphates) present in the organic feedstock,
which occurs as illustrated by the following example equations [9,14,15];

CH3COO™ + 8042_ +H" - HS™+4H,0 1)
_ 3 2 3. _ _ 1
CyH5COO™ + ZSO4 - ‘IHS + CH3COO™ + HCO3™ + ZH 2)
_ 7 PR S 7 11 _
CH5COO™ + 60,7 + ;H' — {HS™+ 3HCO™ + 1H' + JOH 3)
_ 1 o 1. . S
C3H,COO™ + ESO4 - EHS + 2C,H5COO™ + EH 4)
_ 5 o1 5 R . _
C3H,COO™ + 5904 + EHZO - iHS + 4HCO;3™ + ZH + ZOH 5)

Equations (1)-(5) illustrate the formation of soluble sulphides (HS™) via reactions involving
intermediate products of the anaerobic digestion (AD) of acetates (Equation (1)), propionates
(Equations (2) and (3)), and butyrates (Equations (4) and (5)). This shows that sulphate reducers
will outcompete with methanogens because they have better affinities for acetate and Hj [16].
Examples of microbes capable of dissimilatory sulphur reductions are organotrophic mesophilic
isolated strains of Deltaproteobacteria with some Archaea (Archaeoglobus fulgidus) [17]. It is important to
state that dissimilatory sulphate reductions are enzymologically distinct from the assimilatory sulphate
reductions. This is because dissimilatory sulphur reductions can only occur under the action of bacteria
capable of consuming specific compounds of sulphates, sulphites, or thiosulphates, as opposed to
assimulatory sulphur reductions, which are applicable to all sulphur-containing macromolecules [18].

Equations (1)-(5) highlights the formation of soluble sulphides (HS™) within the digester, which
may be converted to dissolved H,S as follows;

H,S & HY + HS™ (6)

where the concentrations of the species of HS™ and H,S in the aqueous phase are determined using the
Henderson-Hasselbach, relationship as follows [19];
[HS”]

Loglom = pH + Log; K, (7)
where [HS™] denotes the concentration of bisulphide ions present in the substrate in molar (M), and
[H2S] denotes the concentration of dissolved H,S, present in the substrate, in molar (M), pH is the pH
level of the substrate, K, denotes the first ionisation constant of H,S, specified to be 9.1 x 1078 [20].
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Using Equations (6) and (7) above, it can be shown that the concentrations of H,S and HS™ within
the digester are continually in competition, as the pH within the digester changes from 1 to 14, as
highlighted in Figure 1.
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Figure 1. Illustrating the variation of concentrations of dissolved hydrogen sulphide (H,S) and bisulfide
(HS™) in an aqueous solution with pH of the digester.

The importance of the H,S content of biogas is reinforced by the possibility of generating biogas
with H,S concentrations of about 18,000 mg/m3 (~1.32% v/v) [7,8]. High H,S concentration in biogas
is undesirable, since there is a risk of H,S release (during biogas collection and transfer) which may
lead to pulmonary oedema in humans at concentrations higher than ~400 mg/m3 (~ 0.029% v/v) [21].
Furthermore, the utilisation of biogas containing H,S as a biofuel for combined heat and power
generation also has the potential of leading to the corrosion of engines and the rapid degradation of
engine lube oil [22]. The combustion of biogas containing H,S also leads to the formation of sulphur
dioxide (SO,), via the reaction presented in Equation (1) [22,23].

2H,S + 30, — 250, + 2H,0 )

SO, is a precursor for acid rain formation that is responsible for several negative impacts on
the environment, such as the destruction of agricultural vegetation and pollution of the surrounding
aquatic environment [22,23]. It is also possible for the formation of H,SO,, which is a strongly corrosive
acid that may be formed when H,S reacts with water, leading to corrosive effects on equipment [24].
It is therefore necessary to ensure that the H,S content in biogas is minimised, thus limiting the
occurrence of the negative effects discussed above. Indeed, the European committee of standards
specifies that the preferred biogas product for use as biofuel should have a H,S concentration of
<20 mg/m? (= 0.0015% v/v) [25]. The biogas composition must be ascertained prior to its utilisation,
with appropriate strategies employed to limit the H»S content of biogas and facilitate the generation of
"H,S-free’ biogas.

The present study will therefore provide a qualitative review of major desulphurisation
technologies while also incorporating a quantitative dimension to the comparison of these technologies.
The importance of this review is reinforced by the absence of publications that provide an exhaustive
review of all major technologies integrated with simplified quantitative economic considerations.

2. Methodology Employed

In this present study, an initial qualitative review of the alternative desulphurisation technologies
was undertaken via a structured approach which incorporates several steps, namely, relevant study
identification, screening of existing study contributions, and the analysis of previously reported
data as a basis for establishing logical review conclusions. These steps are identified as crucial
requirements in achieving a systematic review of any subject matter [26]. The comparison of alternative
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desulphurisation technologies was achieved through a rigorous consideration of relevant journal
papers and books available from the institute for scientific information (ISI) web of knowledge database.
Numerous searches were conducted using key phrases such as ‘desulphurisation of biogas” and
“technologies for H,S removal’ to enable an efficient web-search for relevant publications.

After qualitative reviews of the different biogas desulphurisation strategies were concluded,
comparative quantitative assessments were undertaken to aid future decisions with respect to the
selection of the preferred desulphurisation strategy. Quantitative assessments were undertaken by
comparing estimated unit desulphurisation costs. In undertaking a quantitative analysis of the different
desulphurisation technologies, difficulties associated with obtaining costing data for the different
desulphurisation technologies in a unified manner were appreciated. In other words, it may be
difficult to truly represent economic differences for data obtained from different sources. This is a
common challenge when comparisons of processes are undertaken based on economic data obtained
from the literature, with Ref. [27] employing economic data published in the European Union as an
approach to reduce possible interpretational discrepancies. The quantitative review in the present
paper therefore sought to utilise data, obtained based on studies undertaken in the member countries
of the organisation for economic co-operation and development (OECD). Thus, while a comprehensive
unification of the costing data obtained from different countries may be difficult, it is expected that the
cost estimates and the conclusions reached may give an overall impression of the most economically
favourable desulphurisation technology. In an attempt to further improve the applicability of the
costing estimates obtained, the results were assessed via an incorporation of uncertainties for 50%
to 150% variations in the annual operating cost and the annualised capital costs. The inclusion of
uncertainty considerations is discussed further in Section 2.2 below.

Based on literature obtained costing data, the unit desulphurisation cost, U, in US $/m> of biogas

was therefore calculated as follows;
U, — C201€/ + Paoig ©)
2019

where Cyg19 and Pyp;9 are the annualised capital cost and the annual operating cost in US $, and V539
is the volume of biogas desulphurised in the year of 2019. In the present study it was assumed that all
desulphurisation technologies are capable of operating for 7200 h per year. The methods employed in
estimating the annualised capital cost and the annual operating cost components are discussed in the
subsequent subsections.

2.1. Annual Operating and Annualised Capital Cost per Unit Volume Cost

Depending on data availability, several methods were employed in estimating the annualised
capital cost and annual operating cost. In one approach, the capital cost per unit volume of biogas
desulphurised, ¢, in US $/m? and operating cost per unit volume of biogas desulphurised, p, in US
$/m3 were available in the literature and thus utilised as a basis for estimating the annualised capital
cost, C;, in US §, in the ith year and the annual operating cost, P;, in US $, in the ith year as follows:

cv=C; (10)

po =P; (11)

where v specifies the biogas desulphurisation capacity in m?.

To reflect possible effects of inflation, the annualised capital cost in the present year of 2019 (C59;9)
was estimated from the calculated annualised capital cost for the reference year of i (C;), using the
chemical engineering plant cost (CEPCI) index as follows [28];

Cao19 = C;

[CEPC12019 ] 12)

CEPCI;

42



ChemEngineering 2019, 3, 76

where CEPClyp9 was specified as 603.1 [29], which is the mean value reported for the year 2018, as the
authors had no access to the CEPCI value for the year 2019 at the time of drafting this manuscript.
The value of the CEPCI; employed will be determined by the reference year, i, from whence the data
was obtained.

In another approach, the purchase costs for equipment employed in the desulphurisation
technologies were available in the literature. The equipment purchase costs were employed in
calculating necessary costing inputs for the estimation of the inside battery costs (ISBL) and the
investment cost as follows [30,31];

n
ISBLi,vref = fLZ COSta,vref (13)
a

Tioref = 2.05 X ISBL; gref (14)

where the Cost, ,rf denotes the purchase cost of the ath equipment in the desulphurisation system
of reference capacity, vref in m?, ISBL; yyef is the inside battery cost in US $ for the year, i, and for the
desulphurisation system of reference capacity, vref in m3, f1 is the Lang factor specified as 2.47; 2.05 is
the conversion factor of ISBL; vy to the total investment cost, T yrer in US $ estimated for the year, 7, for
the desulphurisation system of reference capacity, vref in m3 [30,31];
The annualised capital cost in US $ for year i, for biogas desulphurisation system, with reference
capacity, vref in m3, and denoted by Ci,oref was subsequently estimated as follows [28];
N
(1+))"x 1] (15)

Cioref = Ti,vref[m

where 7 is the plant lifespan assumed to be 10 years and j is the discount rate assumed to be 10%.
The calculation of the annualised capital cost estimate for a different capacity, v in m?, from the
annualised capital cost for the reference gas capacity, vref in m?, was achieved as follows [32];

k
0
Ci= Ci,mf(@) (16)

where C; is the annualised capital cost for a desulphurisation plant with a capacity of v, in m?, Cioref is
the annualised capital cost for a plant with a reference capacity vref, in m?, and k is the scaling factor
specified as 0.7 [32]. All estimates in Equation (16) are for the year i.

To account for inflation considerations, annualised capital cost in the present year of 2019 (Cz0;9)
was estimated using the CEPCI, as described in Equation (12). During the course of the review of
the economic performances of the alternative desulphurisation technologies, a basis of 1000 m3/h of
H,S containing biogas (also called sour biogas) has been assumed to be available. It has also been
assumed that operating costing estimates obtained from the literature did not change significantly
over the years. In addition to the aforementioned assumptions, it is important to recognise that the
economic assessments of competing desulphurisation technologies are strongly influenced by peculiar
properties (i.e., temperature, H,S concentration) of the biogas product [33]. This clearly implies that
any conclusions based on the economic assessments, are largely indicative, and capable of serving
only as a guide to support decisions regarding the applicability of the desulphurisation technologies
in practice.

2.2. A Consideration of the Inherent Uncertainties in the Costing Data

Due to the limitations of the economic approach discussed in Section 2.1 above, the applicability
of the economic assessment results was tested by assessing uncertainties in the unit desulphurisation
cost U.. The uncertainties in the unit desulphurisation cost U. were estimated for the different
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desulphurisation technologies for 50% to 150% variations in the annual operating cost and the
annualised capital costs. Investigations into uncertainties in the U, estimates for the different
desulphurisation technologies were achieved via Monte Carlo simulations that employ randomised
sequences of estimates to numerically determine its probability density according to the probability
density function, defined as follows [28];
S
Fx) = e 7)

where x represents the values of the U, for different values of annual operating cost, annualised capital
cost, interest rate, and the project lifetime, i represents the mean value of U,, and ¢ represents the
standard deviation of U..

This approach has been employed in a previous study [28], where the area under the curve of f(x)
for the interval (a,b) specifies the probability, §, of U, existing within that interval (a,b) and is calculated
using the probability density function as follows [28];

b
Bla<x<b) = ff(x)dx (18)

In the present study, 1000 different combinations of the annual operating cost and annualised
capital cost estimates have been generated using Minitab ®V17 (Minitab, LEAD Technologies, Inc.,
Charlotte, NC, USA) to reduce computational time. To aid an easy comparison of the results obtained
for the different desulphurisation technologies investigated, a box and whisker plot was utilized, rather
than a probability distribution plot, for each individual technology.

3. Qualitative Review of the Strategies for Biogas Desulphurisation

In this section, major desulphurisation technologies have been qualitatively reviewed.
The technologies have been categorised into major classifications of physical-chemical desulphurisation
strategies and biotechnological desulphurisation strategies. These classifications are discussed in
subsequent subsections.

3.1. Physical-Chemical Desulphurisation Methods

Physical-chemical desulphurisation methods typically involve technologies that employ
physical or chemical phenomena in preventing or limiting the formation of H,S during anaerobic
digestion processes.

3.1.1. In-Situ Chemical Precipitation

The in-situ chemical precipitation desulphurisation strategy refers to approaches that are localised
within the digester and that can limit the conversion of dissolved sulphides in the digester to H,S
via their conversion to insolubles within the digester [34,35]. The formation of insolubles is achieved
via the dosing of the digester using chemicals that are capable of converting dissolved sulphides
to either insoluble metallic sulphide compounds or insoluble elemental sulphur [35,36]. Generally
speaking, divalent (Fe?") and trivalent (Fe?*) iron salts are the most commonly employed chemicals
to enable the precipitation of sulphides [37]. These salts include chlorides of Fe** and Fe?*, iron (III)
oxide-hydroxide (FeOOH), and iron (III) hydroxide (Fe (OH)3) [34,38]. The precipitation of sulphides
occurs via reactions as follows [34,38];

FeCl, +HS™ +H' — FeS + 2HCI (19)

FeCl; 4+ 2HS™ +H*' — FeS + 3HCI +S (20)
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2FeOOH + 3HS™ +3H" — 2FeS + S + 4H,0 (21)
2Fe(OH), +3HS™ + 3H™ — 2FeS + S + 6H,0 (22)

According to SevernWye [39], the chemical dosing desulphurisation approach for sulphite
precipitation using salts of Fe?" and Fe>* constitutes an easy approach that can be readily retrofitted
to existing plants, such that handling and monitoring concerns are minimal. However, while the
method is clearly straightforward, the employment of chemicals to aid sulphide precipitation suggests
a constant dosing requirement if the desulphurisation process is to be sustained. The need therefore
arises for the introduction of auxiliary equipment, such as pumps, to maintain a chemical supply, thus
increasing the number of unit operations [40]. Furthermore, although it is possible to approximate the
mass of Fe ions (either Fe?* or Fe3*) employed in dosing the substrate for sulphide precipitation using
empirical relations, such as Equation (23) [41], there still exist significant difficulties in controlling the
actual degree of desulphurisation that can be achieved [39].

Fe=p

M H,S AH,S
Mze [(szzS Vs”bs””’“) +( 1000 szSVbiDg“s)] (23)

where Fe represents the iron ions supplied in g/d, H,S denotes the total mass of dissolved H,S in g/m°,
ft2s denotes the mass fraction of total dissolved sulphur present as dissolved H,S, AH,S denotes the
mass of HyS that is removed from the biogas in ppmv, Vg,psirate represents feed rate of the substrate
in m3/d, Viiogas denotes the biogas flowrate in m/d, pr2s denotes the density of H,S in g/L under
prevailing conditions of temperature and pressure, M, represents the molecular mass of iron in gmole,
Ms; denotes the molecular mass of sulphur in gmole, and  denotes the correction factor introduced to
account for over dosing, since the iron ions may react with other organics, such as phosphates, that
may be present in the system. The  value may range from 1.7 to 5 [41].

The challenge of the need for sustained chemical dosing may be responsible for the prevalence of
technological applications on small scale operations [42], with a few studies (i.e., the study of [43])
exploring the technology on a large scale. In addition to the need for a sustained supply of chemicals for
sulphide oxidation, recent studies have also shown that dosing of substrates with salts of Fe?>* and Fe>*
may impede the bioavailability of useful phosphates, thus hindering the ability of micro-organisms to
metabolise organic substrates for biomethane formation [44,45]. Indeed, in the studies undertaken by
Al-Imarah et al. [45] and Ofverstrom et al. [46], volumetric biomethane (and net biogas) reductions
of 20% and 30%, respectively, were observed when substrate was dosed with salts of Fe?* and Fe?*
compared to the volume of biogas produced in the absence of substrate chemical dosing. Another
possible limitation to the utilisation iron salts for sulphide removal is the risk of system clogging due
to the accumulation of precipitated metallic sulphides along the piping line [47].

3.1.2. Absorption Technologies

This approach involves the direct interaction of biogas with water or the direct interaction of biogas
with suitable organic solvents via conventional gas-liquid contactors (packed bed or spray towers) [48].
Such interactions will enable the physical absorption of H,S by water or the chemical conversion of HpS
to elemental sulphur or metal sulphide, depending on the organic solvent utilised [48]. The physical
absorption of H,S using water is also called water scrubbing and is based on the physical effect of
dissolving gases in liquids, more so, H,S is significantly more soluble than biomethane under similar
conditions [49]. For instance, the solubility of biomethane and the solubility of H,S at a temperature of
20 °C are reported to be 0.023 g/kg of water and 3.78 g/kg of water, respectively [50]. While the physical
absorption desulphurisation approach is a cheap technique that can enable the generation of energy
dense biogas characterised with a biomethane content greater than 97% v/v, some issues associated with
unwanted microbial growth on the surface of packing material have been reported [51]. These issues
of microbial growth may lead to reduced flexibility toward compositional variability of the biogas

45



ChemEngineering 2019, 3, 76

input and significant water consumption, moreso if the absorption efficiency is to be sustained [51].
As stated briefly above, in addition to the use of water, physical absorption may be achieved using
other organic solvents, such as the dimethyl ether of polyethylene glycol (commercially known as
Selexol), which has a general formula of CH30(C,H,O)nCHjs (n = 2 to 9) [48,52]. This dimethyl ether
of polyethylene glycol has been reported to show an enhanced affinity for H,S (five times compared to
water) [48,52]. The higher solubility of H,S in the organic solvent of Selexol suggests that a reduced
mass of Selexol will be required compared to the mass of water required for an equivalent absorption
efficiency. The utilisation of solvents to enable the absorption of H,S via its solubility may be loosely
referred to as physical absorption. In other cases, chemicals are employed to enhance the removal
of H,S from biogas via the so-called chemical absorption. In other words, the functionality of such
chemical absorbers is not solely dependent on the physically solubility of H,S in the solvent, but
also on the oxidation of S72 to S or conversion to sulphide salts via chemical reactions. The use of
several chemical reagents as H,S absorbers have been reported in the literatures, such as NaOH, FeCl,,
Fe®*/MgO, Fe (OH);, Fe**/CuSOy, and Fe**/ ethylene diamine tetra-acetic acid (EDTA) [48]. It should
be immediately clear that after the initial dissolution of H,S gas in the chemical reaction solution,
oxidation of H,S in the solution of chemical reagents of FeCl, and Fe(OH); for appropriate iron salt
precipitate formation occurs according to the reaction equations previously described in Section 3.1.1
above. According to [53], the utilisation of NaOH in chemical absorption constitutes one of the oldest
approaches employed in H,S removal from biogas, with the associated formation of either Na,S or
NaHS in accordance with the following reaction equations;

H,S 4+ 2NaOH — NajS + H,O (24)

HbS + NaOH — NaHS + H,0O (25)

The utilisation of the chemical absorber of Fe3*/EDTA (Fe?* to EDTA ratio ranging from 0.909
to 0.5) enables H,S removal via its oxidation to elemental sulphur [54]. Since the formation of
elemental sulphur is encouraged, the utilisation of chelates to enable H,S removal is considered a more
environmentally favourable approach compared to the utilisation of simple chemical absorbers that
produce metallic sulphides [55]. This process of H,S removal is also known as the oxidative absorption
process [56]. EDTA is a chelant that performs the function of preventing the formation of insoluble iron
compounds without impeding the ability of iron to undergo reduction during the desulphurisation
process and oxidation during the regeneration process as follows [54];

H,S + 2Fe** /JEDTA™ — S 4 2H™ + 2Fe?* /JEDTA™" (26)
with the regeneration of the chelant occurring as follows;
O, + 4Fe?* JEDTA™ + 2H,0 — 4Fe*t /EDTA"™ 4 40H~ (27)

where ‘n’ represents the charge of the chelant anion. Oxidative absorption processes using chelates
occur at conditions of moderate temperatures of 20-60 °C, atmospheric pressure condition (1 atm), and
pH conditions ranging from 4-8 [54]. Most importantly, the capacity to directly regenerate the chelant
coupled with an enhanced H;S (chemical) absorption attainable suggests that lower masses of the
chelate will be required, compared to the masses, required when chemicals such as NaOH, discussed
earlier above, are employed.

In conclusion, H,S removal from biogas via absorption process have been demonstrated to present
removal efficiencies of 99% and 98% on lab-scale and pilot scale operations, respectively, with a
strong argument for its industrial application, since a scaled up absorption process presents a removal
efficiency of as high as 97% [57,58].
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3.1.3. Adsorption Technologies

The employment of adsorption technologies for the desulphurisation of biogas are sometimes
classified based on the nature of the adsorption forces employed in the desulphurisation process [59,60].
Adsorption processes typically occur at conditions of high pressures ranging from 2 to 7 bar and
temperatures of about 70 °C [61]. In general terms, adsorption may be classified as either physisorption
or chemisorption processes, with their major differences summarised in Table 1.

Table 1. Major differences between physisorption and chemisorption [62,63].

Differentiating Parameter Physisorption Chemisorption
Van der Waals forces bond the adsorbate Stronger covalent forces are employed
Bondine forces and absorbent with the adsorbate leading to perturbation of the molecular
& molecule retaining its gas phase electronic electronic structure of the adsorbate
structure. molecule
The enthalpy change during the The enthalpy change during the
Adsorption heat adsorption process is usually low and adsorption process is usually high and
ranges from 30 to 40 kJ-mol~1. ranges from 80 to 800 kJ-mol 1.
Adsorption layers Multi-layer adsorption typically occurs. Monolayer adsorption typically occurs.

Varies with the specific adsorbate and
Temperature requirement adsorbent employed with low
temperatures considered as favourable.

Higher temperatures considered
favourable.

Irreversible as new compounds are

Kinetics Itis a reversible process. formed at the adsorbent surface.

In the context of the present review interest, the adsorbate is H,S gas, while the adsorbent may
be a solid such as activated carbon, impregnated activated carbon, zeolites, or an iron oxide-based
material [64]. Activated carbon is commonly employed as the preferred adsorbent because it is a highly
porous material with a high adsorption capacity and is reported as being efficient in the removal of
low concentrations of H,S from biogas via the physisorption process [65]. When an adsorbent such as
activated carbon is treated or impregnated using a suitable basic solution, such as NaOH and KOH, the
adsorption capacity of the activated carbon is further enhanced, since additional sulphide oxidation
processes are occurring via the formation of sulphide salts according to reactions previously described
in Section 3.1.1 above. Some studies have employed other chemicals such as CdSO, for adsorbent
‘impregnation’ to facilitate H,S removal as follows [66];

CdSO, + HaS — CdS + HS0, ©8)

Another useful adsorbent is zeolite. Zeolites have been employed in previous studies, with
adsorption hypothesised to be achieved via chemisorption in the form of reactions occurring between
cations present in the zeolite structure and H;S as follows;

H,S + C"*(Z) — HZ + C™* (HS) (29)

where C™ represents the positively charged cations such as K*, Ca?*, Mg?*, and Na* present in the
zeolite (Z) structure.

Zeolites have however been reported as presenting a poorer H,S removal performance than
alternative adsorbents, such as activated carbon, under moderate temperatures of 30 °C, although its
performance increases significantly after steam treatment [67]. Other studies have demonstrated the
possibility of enhancing the H,S adsorption properties of Zeolites via the addition of atoms of Cu and
Zn which can present as d-block metal cations [68]. The improved H,S adsorption performance of
zeolites after steam treatment is hypothesised to be due to the additional chemisorption processes as
steam treatment encourages the controlled oxidation of metals, leading to the formation of thin metallic
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oxides [69]. These additional chemisorption processes are due to the reaction that occurs between the
cationic basic oxides and H,S as follows [69];

H,S + C"TO?™ — H,0 + CMF 8> (30)

Enhanced adsorption of H,S after atom substitution with Cu?* and Zn?* is largely due to the
stronger interaction with HyS due to the improved stability of resulting CuS and ZnS [68]. Additional
effects of increases in the spaces present within the zeolite cages due to the introduction of a divalent
metallic ion may further improve the adsorption capacity of zeolites for polar molecules, but present
minimal favourable effects on the adsorption of H,S [68]. The introduction of an appropriate divalent
metallic ion may be achieved via ion exchange, pores necking, or prior to an initial adsorption of polar
molecules [67]. According to Wang [70], the utilisation of the adsorbent of iron oxide (Fe;O3) is one of
the oldest techniques employed in the desulphurisation of dry H;S. Iron oxide adsorbents are capable
of HyS removal via chemisorption reactions that result in the formation of insoluble iron sulphides as
follows [70];

H28+%F8203 d H20+%FQZS3 (31)

It is also possible to employ iron (III) hydroxide as an adsorbent for biogas desulphurisation

as follows;
3H,S + ZFe(OH)S — 6H,0 + FepSs (32)

In both cases discussed above, the resulting iron sulphides can be oxidised to enable the formation
of elemental sulphur and the regeneration of the iron oxide adsorbent as follows [71];

1 1 1
EOZ + §F6253 - S+§F6203 (33)

This oxidation of the resulting iron sulphides would however result in clogging issues in the
adsorbent system due to large masses of elemental sulphur produced, causing the need for the
intermittent replacement of the adsorption media [70].

According to [72], adsorbents employed in desulphurisation are typically selected based on their
adsorption capacity for H,S, the kinetics of the adsorption process, the durability as reflected by the
mechanical properties, stability of chemical properties, and the multi-functionality of removing other
contaminants, such as NHj3, from biogas. Additionally, H,S removal from biogas via adsorption
has been reported to be quite effective since H,S content of gas can be reduced to low residual
concentrations of <1 ppm [73]. This desulphurisation strategy is currently employed mainly in
small scale operations [74], possibly due to the high specific cost. Furthermore, previous work has
also highlighted challenges associated with competitive adsorption between CO, and H,S biogas
components, such that the performance of the adsorbent with respect to H,S removal from biogas is
diminished by the presence of CO; in biogas [75]. This is due to the CO, and H,S biogas components
competing for the same adsorption sites [75].

3.2. Biotechnological Desulphurisation Strategies

These strategies combine innovative technologies and the sulphide oxidative capacities of specific
micro-organisms are mainly in-situ microaeration and biofiltration technologies. These technologies
are discussed further in subsequent subsections.

3.2.1. In-Situ Microaeration Desulphurisation

As the name implies, it may be intuitively deduced that this technology serves to limit H,S
formation via the incorporation of technologies for aeration of the digester headspace [47,76].
The potential for unwanted H,S generation during anaerobic digestion processes may be reduced via
the oxidation of soluble sulphides in the substrate, with oxidation aided by the presence of sulphur
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oxidising bacteria, and small volumes of oxygen (or air) [41,77,78]. The introduction of small doses of
air at levels of <1 L of O, per 1 L of substrate, 1-10 L per 1 L of substrate, and >10 L per 1 L of substrate
specify the conditions for micro, limited, and full aeration [42]. Some examples of bacteria capable
of encouraging the oxidation of H;S in the presence of molecular oxygen include Acidithiobacillus
thiooxidans, Thiomonas intermedia, and Thiomonas perometabolis [79]. It was suggested in previous
studies that microaeration integrated both chemical and biological reactions for H,S removal [80,81].
Microaeration enables the oxidation of H,S present in both the gaseous and aqueous phase to elemental
sulphur [82]. According to [83], while elemental sulphur is widely reported as the common sulphide
oxidation product, the final product of the microaeration desulphurisation process is largely dependent
on the prevailing H,S to oxygen mole ratio. Reactions highlighting the reaction for producing different
sulphide oxidation products (S or/and S0,4%7) are as follows [83];

HzS-‘r%Oz — S+ HyO (34)
S+ H20+§—)Oz - 5042_ +2H" (35)
H,S + 20, — SO4> +2H™" (36)

Other studies also highlight the possibility of the oxidation of dissolved sulphide to generate
thiosulphates as follows [84,85];

2HS™ 4 20, — $,05% + H,0 (37)

This method is established to be highly efficient, since previous studies have reported the possibility
of achieving H,S removal efficiencies of greater than 99% when operated on a laboratory scale [77].
Long-term large-scale systems have also been reported to present high H,S removal efficiencies of up to
90%, thus clearly highlighting the functionality of this technology under industrial scenarios [86]. While
recognising the high desulphurisation efficiencies attainable via the in-situ microaeration approach, it
is possible that oxygen introduction may present negative effects on the methanogenic activity of some
microbes [42,87,88]. Additionally, further oxidation of elemental sulphur may lead to the production
of sulphates, which may also inhibit methanogenic activity [89]. It must be stated that microaeration
has additional drawbacks associated with the risk of clogging of oxygen supply pipes with elemental
sulphur from the partial oxidation of soluble substrates [42]. Additionally, sulfuric acid formation due
to H,S oxidation in the presence of water vapour may lead to associated corrosion problems within the
digester [90].

In an attempt to overcome the aforementioned challenges associated with in-situ microaeration
desulphurisation strategy, recent investigations have explored the possibility of introducing a membrane
to separate the biogas from the oxygen supply pipes [91,92]. In the studies presented in Ref. [91]
and Ref. [92], it was demonstrated that it was possible to utilise an internal silicone membrane and a
polyvinylidene fluoride membrane to prevent the clogging problems while maintaining high sulphide
removal efficiency of 96% and 99.99%, respectively. These challenges may also be limited by the
utilisation of a compartment, distinct from the anaerobic digestion vessel, where the microaeration
process for HyS oxidation is taking place [93].

3.2.2. Biofiltration Technologies

Biofiltration technologies employed in the removal of H,S from biogas include biotrickling filters
(BTFs), biofilters (BFs), and bioscrubbers (BS). Biotrickling filters (BTFs) are bioreactors that employ
chemically inert packing materials used in immobilising micro-organisms that are capable of sulphide
oxidation while also localising wet organic materials as a nutrient source for microorganisms, thus
forming a so-called ‘filter bed” [94,95]. These microbes grow as biofilms on the packing materials
within the filter bed [96]. Given that biofilm formation occurs on the packing material, the packing
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material that best supports microbial growth must be selected. Typically, the best packing materials
are materials that have large surface areas relative to their bulk volumes, such as plastic fibres,
honeycomb, or open pore polyurethane foam, which are characterised by specific surface areas greater
than 600 m~! [97-99]. Larger surface areas are important since it encourages microbial growth [100].
Other useful properties of packing materials include hydrophobicity and its resistance to degradation
from mechanical, chemical, or biological attacks [99]. Additionally, it is important that the moisture
content of the filter bed is maintained either by spraying the filter bed with water or by ensuring that
a high enough humid gas flow is maintained [101]. BTFs are particularly effective in the removal
of H;S, since they support diverse bacteria populations [102]. This may be the basis of its ability to
remove other contaminants such as NHj3, volatile organic compounds (VOCs), and odours with great
efficiency [103,104].

The operation of BTFs involves the passing of the contaminated biogas through the wet filter
bed over which an aqueous phase is continuously trickled [95]. The passage of the contaminated
biogas thorough the wet filter bed enables the dissolution of H,S gas contaminant to the aqueous
phase, followed by the diffusion of the dissolved HjS to the biofilm containing the microbes [105].
The dissolved H,S is subjected to microbial action, leading to its oxidation to elemental sulphur or
sulphates [105]. This BTF technology may be considered as a mature technology which has been
shown to present high H,S removal efficiencies of >99% when employed on bench, pilot, and full-scale
operations [106-108].

It is important to note that there is a simpler configuration of the BTF called the biofilter [109].
Simple block diagrams to highlight the difference between the BTF and the simpler biofilter are
presented in Figure 2. Figure 2 clearly shows that a biofilter [B] differs from the BTF [A] in terms of the
movement of nutrient solution, since the nutrient solution is only occasionally replenished compared to
the BTFs, where there is a sustained tricking of nutrient laden water for enhanced nutrient circulation
within the filter bed [110]. Generally speaking, biofilters constitute an interesting technology that has
been explored in previous studies as bench scale [111] and pilot scale operations [112], with large-scale
biofilters expected to lead to further improvements in the economic performance [41].
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dissolved in

water |'-]].|.~;r

Biogas ——»|

Although Figure 2 highlights the configurational simplicity of the biofilter compared to the BTF,
biofilters have the major drawback of presenting poor performances, largely due to poor microbial
density in the filter beds [109]. Poor microbial density may be a result of reduced access to nutrients by
the microbes. Issues of filter bed clogging are, however, common in biofilters and BTFs, suggesting the
need for regular cleaning operations [109]. In an attempt to mitigate the aforementioned limitations,
biofilter technologies have been developed that exhibit properties similar to biotrickling filters such that
water nutrient solution addition, although not continuously available, is supplied intermittently at a
higher frequency [113]. There is also some interest in the possibility of utilising sulphur oxidising fungi
rather than sulphur oxidising bacteria, since fungi present a higher resistance to acids and low moisture
conditions, compared to bacterial biofilms [113]. Bioscrubbers constitute another useful technology
that has been shown to be quite effective when employed in pilot scale operations [114]. However,
while there are currently a significant number of installations of large-scale biotrickling filters and
biofilters globally, the installations of large-scale bioscrubbers constitute the dominant biofilteration
technology in small niche markets [113]. The bioscrubbers are able to facilitate the separation of
the unwanted H,S present in the biogas via the incorporation of an initial absorption stage for the
dissolution of H;S gas, followed by the biological treatment of the resulting H,S containing solution
using a reactor containing a suitable microbial population [115,116]. The incorporation of these two
stages of H,S absorption and biological sulphide oxidation is highlighted in Figure 3.
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Figure 3. Simple illustration of a bioscrubber highlighting the two steps of initial H,S absorption
followed by H,S oxidation.
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The absorption of H,S biogas can be achieved using a suitable solvent (i.e., alkaline solution) and
technologies such as a spray empty column, a packed column, or a venturi scrubber [117]. The oxidation
of the dissolved sulphide is achieved under the action of relevant sulphide oxidising bacteria that
oxidises HjS to either produce S and/or SO,42~ [117]. General speaking, autotropic sulphur oxidising
bacteria are typically photoautotrophs or chemolithotrophs [118], and may be employed in BTF, BE,
and BS technologies. Due to the importance of photoautotropes, further discussions regarding these
sulphur oxidising bacteria have been presented in a stand-alone section below.

Chemolithotrophs, on the other hand, are able to oxidise the sulphides using oxygen (i.e., aerobic
species) as electron acceptors and as presented in microaeration discussions above, or nitrate and
nitrite (anaerobic species) as electron acceptors. Discussions with respect to the sulphur oxidising
bacteria capable of utilising oxygen as electron acceptors have already been discussed in the in-situ
microaeration section above, thus will not be discussed further to avoid repetition.

Sulphide oxidising bacteria that employ nitrates (NO3 ™) or nitrites (NO, ™) present in the filter
bed and absorption column of the BTFs or BFs and BS, respectively, as electron acceptors belong to a
family of colourless sulphide-oxidising bacteria [119]. These microbes are sometimes referred to as
autotropic denitrifies [119] and may include morphologically distinct microbes such as Thiobacillus
denitrificans [120] and Thiomicrospira denitrificans [121]. The autotropic denitrifies are present in highly
diverse ecosystems such as soils, sediments, and hydrothermal vents [122]. The oxidation of dissolved
sulphides using nitrates or nitrites as electron acceptors may lead to the formation of elemental sulphur
or sulphate and nitrite or nitrogen, depending on the sulphide to nitrates or sulphide to nitrites mole
ratio, as illustrated in reaction equations as follows [119,123];

S~ 4 1.6NO;~ + 1.6H" — SO42~ + 0.8N; + 0.8H,O (38)
S27 4 04NO;™ +24H" — S + 0.2N, + 1.2H,0 (39)
§2~ 4+ NO3;~ +2HT - S+NO,™ + H,0 (40)

S2~ 4 4NO;3~ — SO42 +4NO,~ (41)

HS™ + 0.25NO;~ + 1.5H" — S+0.25NH,;+ + 0.75H,0 (42)

Further oxidation of elemental sulphur and thiosulphides may also occur in the presence of
nitrates to produce sulphates as follows [119];

S+1.2NO5™ 4 0.4H,0 — SO, + 0.6N, + 0.8H " (43)

$,05% + 1.6NO3 ™~ + 0.2H,0 — 2504%~ + 0.8N + 0.4H™ (44)

A notable study that employed autotropic denitrifies in achieving the desulphurisation of biogas
is presented in Ref. [97] where BTFs employed nitrate-rich effluent of sequencing batch reactor as
both the bacteria source and the nutrient solution. The SBR effluent was also used as the source of
microorganisms for the inoculation. Another study presented in Ref. [124] also investigated H,S
removal using an anoxic BTF, which was operated using synthetic wastewater as the nitrate source.
Another study undertaken in Ref. [125] not only tested the effectiveness of H,S removal in an anoxic
biotrickling filter, but also demonstrated that the composition of the microbial community varied for
different HpS and NO3 ™ loads. Generally speaking, the employment of biological agents in facilitating
the oxidation of sulphides as in the case with in-situ microaeration, BTF and BF can intuitively be
considered a more environmentally friendly approach compared to the in-situ chemical dosing strategy
discussed above, since all inputs occur in nature with no chemicals employed. It is the view of the
authors of the present paper that the major issues associated with employing biological desulphurisation
strategies may include the problems of microbe recovery, microbial culturing, and sustained microbial
growth via temperature and pH control. Bioscrubbers have the advantages of having improved
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predictability, reliability, and pH control, with reduced clogging issues compared to the BTFs and
biofilters [116]. Bioscrubbers are, however, characterised by lower abatement efficiencies, a more
complicated start up, and waste sludge disposal issues [116,126]. The biotechnological approaches
discussed so far have been demonstrated to be a sufficient and competitive treatment technology for
biogas conditioning when compared to physical-chemical technologies [94,95,127].

3.2.3. Phototrophic Sulphur Oxidation

In addition to the chemolithotrophic sulphur oxidising bacteria discussed in Section 3.2.2 above,
some previous studies have also demonstrated the possibility of employing phototrophic bacteria
to oxidise sulphides to elemental sulphur and sulphates [128,129]. These phototrophic bacteria may
be incorporated in the biotechnologies discussed above. The bacteria have the capability to oxidise
sulphides to elemental sulphur and sulphate in the presence of light, CO,, and necessary nutrients,
with the intensity of the light required dependent on the concentration of sulphides to be oxidised [129].
The relationship between the concentration of the H,S oxidised and light intensity is aptly highlighted
using the van Niel curve as presented in Figure 4.

Region 1
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Figure 4. The van Niel curve (adapted from [130]).

Biological desulphurisation via phototropic bacteria activity for H»S removal occurs according to
the general equation below [128,129];
Light
2H,S + CO, = 254 CH,O + HyO (45)
Under conditions of constant high light intensity and low sulphide concentration, previous studies
suggested that biological desulphurisation may lead to the formation of sulphates as follows [128,129];

Ligh
H,S + 2CO; + 2H,0 8 80,2~ + 2CH,0 + H,0 (46)

In Equations (45) and (46), CO, functions as the electron acceptor (oxidising agent). According to
Pokorna and Zabranska [131], commonly used phototrophic bacteria employed in desulphurisation
include the sulphide-oxidizing green bacteria (genera of Chlorobium and Chromatium) and the
sulphide-oxidizing purple bacteria (genera of Allochromatium, Chromatium, Thioalkalicoccus). Itis important
to reiterate that although this desulphurisation strategy achieves the oxidation of dissolved sulphides in
the absence of oxygen, some of these microbes have the capability for biological desulphurisation even
when molecular oxygen is present [132]. While recognising that there are a multitude of bacteria capable
of oxidising dissolved sulphides, such that each bacterial genera is characterised by unique physiological
and biological characteristics, the present review will provide a brief summary of some commonalities
and differences between different sulphur oxidising bacteria. A brief summary of some characteristics
of sulphur oxidising bacteria has been provided, since an extensive investigation of sulphur oxidising
physiology bacteria does not constitute an objective of this review paper. Some notable characteristics of
some sulphur oxidising bacteria are therefore summarised in Table 2.

53



ChemEngineering 2019, 3, 76

[1F1'0%1'ce1]

*3[qeIISap parapIsu0d JyS1| woxy uondsjord
yim ‘sarprys snoraard ur pajrodar usaq sey

SanISULYUT JYSI[ MO] UT UIAS UOTIGIYUI-0J0Y ]

‘eLIa)ORq
ordind ayy Aq yuewarmbar AS1ous
ToySry 10§ paou ayy SunySiysy WS
Jo sypBuspaem Ia310ys armbar Loy,
“Jy811 axmbaz ospe sy sydonojoyd
are erayeq mydns oding

"1-S z_w suojoyd [owrt Gz'p> JO [2A9]
y31[ e 1opun Surarams jo ajqeded aq
03 pajrodai st ypIYM saprotajovqoavyyd
1n1qo.40]1D) ST eLIa)deq uaard
ay st apdwrexa a[qejou y Y31 Mo|
03 suonjeydepe [eads aaey Aayy aaey
Qours ewajoeq mydms ofdind ueyy
1311 Jo sypBusfesem 193u0] grosqe
KoYy, 81 axmbar snyy sydonooyd
are erdyeq anydns usarn)

asuodsar Jy3r|

[6c1-ce1611]

(suvorfiagiuap vadsosonuonyJ ')
swistue3I0 S[HowW-uou
se }s1xo os[e Aewr A9y, “UOHRIUAOU0D
ua3Axo 1oySy jo suordar 0 uonerdrur ur
sysisse AJ[Iqow sy se (v0ju18Sag ‘suvorfiijiuap
SnJj1ovqoI ], “*9°T) SWSTULRSIO SNOJUSWIR[L
‘amow aq Aewr Aoy, ‘syuewdidojoyd
JO 9dUSE AU} 0} ANP SSI[ANO[OD PAIIPISUOD
Aqreord4y are sydonjoyyrowayd ay

‘Juasard jou are SOUIOSOIOTYD
pue sapdrsaa sed ‘Afreord A1
‘payera8eyy are errayoeq apdind 3son

- Seuusjue dnayIuisojoyd,
se 9AI19S Jey) pue juasard
os[e are saxa[durod awosoIoy D)
“Kouefong pasueyus 105 afqrsuodsar
pue juasaid are SIPISIA ser)
“eLIa}oeq

12313 snojusure[y SurprS 10 usaId
S[OW-UOU JI9}Io aIe PLI9}OR( UaID)

A3oro1s4Y g

[perect]

‘SuvoyiiIuap
pa1dS0401011 ] SE YONS sa1dads dIqoraeue a°T)
s1ayLIuap drdonoine pa[ed oSy ‘uoneIausd
AZ313u9 10§ sapixo uaonru Sursn spunodurod
mydins dorue8rour 9zIpIxo osfe Ae]Al
(ds vogn183ag se yons sarads
s1qorae) A31ous Sunerousd ‘uaSLxo Sursn
spunoduoo mydins sruedrour aziprxo Aey

U0 ePIXO

ST eIA SajeIpA0qIEed 0} IPIXOIP

uoqIed Jo UoIsIaAu0d drdonojoyd
ay SuroSiapun jo ajqeded ospy

‘uoT}EPIX0 GCH Y} BIA SajeIpAyoqIed

0} 9PIXOTP UOGIed SADNPIY

Kemyyed uoneprxo apryding

EERICREIEN |

« sydonjoyrjourayy

endjdeq mydmg apdmg

enpeg mydmng usarn

sydoxjoneojoy g

end)deg SursipixQ myding

sanradorg awog

“Apnys yuasard oy ur pazapisuod errajoeq Surstprxo mydns jo sanradord a[qejou awos jo Arewrwng ‘g d[qer,

54



ChemEngineering 2019, 3, 76

“de19.0 03 pud) sydonoyyrowayd dqoIaeue pue dIGOIdE JO SONSLINORILYD L

[¥e1]

‘Juasqe are syuswdrdojoy g

Juasaxd
are q pue e jo s[iAydooryooriajoeg

Juasaxd
are o pue ‘p 0 jo s[iAydororyoorrajoeg

(am3onys
ur sagueyd JySI[s ajensny[r 0}
s1933]) 8 pue o'p’o'qe sadAy
jo swirog [[Aydoroyporaoeg

[esT-151°¢91]

*S92INOS U0GIEd
Se uoqIed d1uesIo snouadoxa Jo syunowe
[[ews dSI[IN 0} d[qe 9q OS[e AL SW0g
-9Ad (ura1e)) ayeydsoydrpasomqrr saanonpar
Ay} era paaaryde Aredrd4y st uonexy (0D

‘uonexy ¢ ut pakordurs Aresrd4y st
924D (wreysseq -Uosuag-urafe)) pajfed
osye) ayeydsoyd asojuad aanonparay ],

PPA (VOLY)
PR JIJAXOqIeILI} SARONPAI AU}
e1A pasanye A[reordAy st uonexy ¢OD

Kemyyed uonexy Z0D

[0S1-871°9%1]

(/8w 0geT<~"9'T) SUOTIRIIUIIUOD
aprydms ySny A104 aje1a103 jJou op Aoy

‘A[reuzajur pasipixo are saprydns
asnedaq Afadrey errayoeq mydins
o1dind 03 o1x0) pazopISu0d a1e (AL
01-¢) suonenuaduod aprydms ySry

“A[TR[N][20B1}Xd SINIIO UOHEPIXO
oprydins asnedaq ApSrey st Sy, AW
01— 03 dn jo uonnjos ur saprydns
JO SUOTIEIIUDIU0D ST I0J 9DULIS0}
Y81y e jiqryxe erejoed mydns usarn)

aouera[o} apryding

[zv1-¥911€1]

[Tem (22 3y unpim mydins jo
98e10)S 9Y) Paje)I[IOL] SA[ONDLA [RUIAUT 918
*(ds voym88ag “a1) aydins st ssew 120 A1p Jo
9,0¢ 031 dn “sased awos uy mydms [eyuswed
JO UOTJR[NWNDOE TRIN{[PORIUL Uk 9 ALW 19 ],

“Aprenoenxa
mydpns [eyuawaya j1sodap 03
Ayniqeded ayy aaey osye vaidsopoiiony ]
‘vardsopoy.iolpp] ‘vardsoporyioryjo0q
se yons ewajoeq mydmns sjdind
ay jo sawads awog ‘sajeydns se
S[[90 Y} WOIJ PISLI[AI pue PAsIPIXO
1oyyany st anydns oy, ‘surejoxd
£q parensdeous st pue sapnaed
eotrayds se Afrenyoenur pajyisodap
Aqreord4y st anyding reyusurarg

-ayeydns 0y
Aa91dwiod pasipixo aq Aeur sanqor3
mydms remyeoenxa ‘ayensqns
ayy ur pajardap are saprydns
ayy J1 ‘surayoxd £q uonyensdeous
Aue jo vo15 ‘A[TR[N[EORNXD
paisodap st anydns reyuswerg

Amqerreae myding

[epr'cr1’ectzet]

*SUOTJRIJUIIU0D UISAX0 MOT Surunsuod
jo orqeded (suvoyfiigiuap snjjovqoiy ],
*3°1) sarads awos Yym (suvoyiijiuap
vadsoionuony . “+a°1) saye31[qo Anjosqe
se Js1xa Aew eL1jorq SSA[I0[0d IO *(d1qoIae
are ds voojdony ], pue ds vojp8Sag “a°T) 1S1X000
ued aprydns pue uaS4x0 Jo suoHeIUAIU0d
MO] IDYM S2UOZ JIqOIdeUE pUk dDIqOIde
U99.M}9q DRJIDUT [} 1€ PIASI[LI0] Ud}JO
are £ay) snip “uaBAxo uo Juapuadap are swog

(9ane)[NOR)) UASAXO TR[NdI[OW
Jo douasaxd ay) ur aATAINS ULD)

saqoraeue 9ed1[qo S

dueIa0) UBAXD

EERICREIEN |

e« sydonjoyrjouray)

endjdeq mydmg apdmg

enpeg mydmng usarn

sydoxjoneojoy g

end)deg SursipixQ myding

sanradorg sawog

Ju0D "7 AqEL

55



ChemEngineering 2019, 3, 76

4. Quantitative Analysis of the Desulphurisation Alternatives

A review of literatures provides some costing input that would be valuable in undertaking
economic assessments and uncertainty analysis of the alternative desulphurisation technologies.
The literature obtained costing input are summarised in Tables 3 and 4. Since the data presented in
Tables 3 and 4 are obtained for the year 2015 and 2011, the associated CEPCl,(s), discussed earlier in
Section 2 above, are specified as 556.8 [29] and 585.7 [155], respectively.

Table 3. Literature obtained equipment purchase cost and operating cost for desulphurisation processes
of in-situ chemical dosing and in-situ microaeration desulphurisation approach [32].

Desulphurisation Method 2 Total Operating Cost (US $/y) © Equipment Purchase Cost (US $)
In-situ chemical dosing 12,684.672 0d
In-situ microaeration 3850.704 ¢ 25,184.7 ¢

a157.3 m3/h of biogas; b Cost data based on estimates for the year 2015 with currency conversion of 1€ to US $1.12;
Mean costing data values for oxygen concentrations of 100%, 95%, and ~21% v/v; ¢ The chemicals were specified to
be supplied together with the substrate feed at a rate of 1.8 mole Fe per mole of S removed, thus additional supply
pathways (separate pipes) were deemed unnecessary.

Table 4. Literature obtained economic data for desulphurisation processes of chelating iron scrubbing,
bioscrubbers, biofilter, biotrickling filters, absorption, and adsorption technologies [41].

e Capital Cost per Unit Gas Operating Cost per Unit Gas
Desulphurisation Method V(l;lume (USP$ perm3) ? pVolumge (Us $pper m?3) 2

Chelating iron P 0.170 0.070
Bioscrubbers 0.160 0.020
Biofilter 0.090 0.030
Biotrickling filters © 1.480 0.010
Absorber 4 2.334 0.018
Adsorption 1.200 0.009

@ Absorber using chelation iron; b Cost data based on estimates for the year 2011 with currency conversion of 1€ to
US $1.12; < Mean data for biotrickling filters; ¢ Mean data for simple absorbers using NaOH as absorbing solution.

The obtained unit cost (L) incurred in desulphurising a unit volume of biogas for the competing
desulphurisation technologies discussed earlier above have been determined using methods described
in Section 2, with results summarised in Table 5. In the present study, distinctions have not
been made between the bacterial forms (denitrifying i.e., Thiobacillus denitrificans, Thiomicrospira
denitrificans, or phototrophic) identified as capable of facilitating the biological oxidation of dissolved
sulphides [120-122] using biotechnologies of BTFs, BFs, and BS, as discussed earlier above. Also, a
generic adsorption desulphurisation process has been specified to simplify the analysis. Given that the
purity of the oxygen source for desulphurisation via in-situ micro aeration may vary in terms of the
purity of the oxygen supplied (i.e., ranging from 100% oxygen to air contain oxygen), the mean values
of costing data for the in-situ microaeration desulphurisation technology utilising 100% of O, (v/v),
95% of O, (v/v) and air (~21% v/v) [32] as electron donors have been employed as the representative
data for simplicity. Employing the literature obtained economic data presented in Tables 3 and 4 the
estimated annualised capital cost, annual operating cost, and the unit desulphurisation cost for the
competing desulphurisation technologies are presented in Tables 5 and 6.
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Table 5. Estimated ISBL cost, investment cost, annualised capital cost, and total operating cost for
desulphurisation processes of in-situ chemical dosing and microaeration.

Investment

ISBL Investment Cost, Annualised Unit
... _Annual Cost for New . s
Desulphunsatlolb eratin Cost-Reference  for Reference Biogas Capacity  Capital Cost Cleaning
Method Coft s $%a Capacity Biogas Capacity in fo% Year ZPOIS y for Year Cost (US
(Us$) b Year 2015 (US $) © s $ 4 2019 (US$)  $/m3-biogas)
In-situ
chemical 72,000 0 0 0 0 0.0100
dosing
In-situ
. . 24,488 69,670.95 142,825.46 521,309.35 9189.517 0.0161
microaeration

2 Operating cost estimate per year for desulphurisation of biogas at capacity of 1000 m>/h for a system operating for
7200 h/y; ® Inside battery limit (ISBL) cost estimate for desulphurisation of biogas at feed rate of 157.3 m%/h, year
2015 assuming a year operation duration of 7200 h; © Total investment cost estimate for desulphurisation of biogas
at feed rate of 157.3 m®/h, year 2015 assuming a year operation duration of 7200 h; ¢ Total investment cost estimate
for desulphurisation of biogas at feed rate of 1000 m%/h, year 2015 assuming a year operation duration of 7200 h.

Table 6. Estimated annualised capital cost, annual operating cost and unit desulphurisation cost for
desulphurisation technologies of the use of chelating irons, bioscrubbers, biofilters, biotrickling filters,
adsorption, and absorption methods.

Desulphurisation Annualised Capital Annual Operating Cost ~ Unit Desulphurisation
Method Cost (US $) 2 a Cost (US $/m?)

Chelating iron 1,260,362.64 504,000 0.245
Bioscrubbers 1,186,223.66 144,000 0.185
Biofilter 667,250.81 216,000 0.123
Biotrickling filters 10,972,568.89 72,000 1.534
Absorption 17,304,037.70 129,600 2.421
Adsorption 8,896,677.48 64,800 1.245

@ Estimated for year 2019.

It is immediately clear from Tables 5 and 6 that biogas desulphurisation via in-situ oxidation
of dissolved sulphides via in-situ chemical dosing, for the base case scenario, constitutes the
cheapest desulphurisation strategy. However, recognising the risk of variations in the estimated unit
desulphurisation cost due to uncertainties in the underlying assumptions incorporated in estimating
the annualised capital and operation cost, Monte Carlo simulations have been undertaken, as discussed
in Section 2 above. The results are presented in Figure 5.

Figure 5 shows the unit costs for different desulphurisation technologies investigated in the
present study. It shows that the unit desulphurisation cost associated with in-situ chemical dosing (CD)
and microaeration (MA) approaches are estimated to be the cheapest and second cheapest approaches,
with their estimated median unit desulphurisation costs of US $0.01/m> and US $0.015/m?, the unit costs
of which range between US $0.003/m> and US $0.004/m3, respectively. The low unit desulphurisation
of CD is consistent with a previous study where reduced capital, maintenance, and repair costs were
identified as significant advantages of the CD approach compared to other ‘post-digestion’ biogas
scrubbing desulphurisation approaches [156]. It must however be emphasised that, as stated earlier,
the introduction of chemicals into the digester to minimise H,S formation may also present negative
effects on microbial activity, leading to diminishing biogas yields. In addition to possible challenges
of diminished microbial activities due to the introduction of chemicals to the digester, there may
be additional environmental costs associated with the disposal of the resulting sludge containing
Fe?* and Fe* compounds in surrounding land. This is because although iron (i.e., Fe?* and Fe3*)
constitutes an essential nutrient for plants, excessive amounts in soil may have toxic effects on plants
due to its accumulation within plant cells [157]. The higher cost of the MA desulphurisation method
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compared to the CD method may be due to the additional cost associated with the purchase of auxiliary
technologies, such as pumps for oxygen and air supply. Additionally, some studies have suggested the
possibility of negative effects on biogas yields, due to the deterioration of the methanogenic activity of
obligatory microbes necessary for biomethane production [42,87,88]. The possibility of these negative
effects was however contradicted in studies presented in [158-160]. These contradictory observations
suggest that the negative effect on biogas yields may depend on several factors, such as the level of
oxygen tolerance by the methanogens present and the nature of the sludge substrate (i.e., granular
or flocculent) [42]. This is because the sludge type may also influence the level of exposure of the
methanogens to oxygen [42].
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Figure 5. The unit desulphurisation cost distribution for technologies investigated in this paper.
The mean unit desulphurisation cost of the desulphurisation technologies were investigated and their
associated standard deviation are also presented. These values have been estimated for 50% to 150%
changes in the estimated operating cost and capital cost components.

Figure 5 also shows that the traditional absorption desulphurisation strategy using NaOH
constitutes the most expensive desulphurisation strategy, with a median unit cost of US $2.38/m?,
which is about 10 times the cost of H,S absorption using the chelating iron, which presents an estimated
median unit cost of US $0.244/m>. This high cost may explain why this approach is, at present, rarely
employed as a viable desulphurisation strategy [53]. In addition to the high cost of traditional absorbers
using NaOH, a high technical requirement is necessary to handle the caustic (NaOH) solution and
manage associated secondary pollution challenges, since NaOH is typically not regenerated from its
NayS and NaHS reaction products. The unit desulphurisation cost of the adsorption system is estimated
as the third most expensive desulphurisation strategy with a median cost of US $1.231/m?. The high
unit desulphurisation cost estimated may be due to the cost incurred from the regular replacement of
adsorbents as a result of clogging issues. This unit cost may be the reason for its preferred utilisation
in desulphurisation operations when the concentration of the H,S in the biogas is relatively low [73].
Interestingly, Figure 5 also shows significant overlap the unit desulphurisation costs of the adsorption
and biotrickling filter technologies. This overlap is emphasised when it is observed that the highest
possible cost (the whiskers) using the adsorption system of US $1.842/m> exceeds the median cost using
the adsorption system of US $1.52/m3. This observation may suggest a close competition between
the desulphurisation strategies of adsorption and biotrickling filter technologies based on strictly
economic measures.
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A comparison of the unit desulphurisation costs using biotrickling filters (BTFs), biofilters (BFs)
and bioscrubbers (BS) shows that the BF system is the cheapest desulphurisation strategy. This
observation is not unexpected since BF presents a simple design, composed of a fixed bed, equipped
with cheap bedding materials and easily acquired microbes. On the other hand, the high median unit
cost estimated as US $1.52/m? for desulphurisation operations using biotrickling filters may be reflective
of the additional cost required to sustain nutrient supply via the use of auxiliary trickling systems.

Noteworthy Considerations

As a note of caution, it is crucial to recognise that although the present study has presented the
in-situ chemical dosing desulphurisation strategy as the most economically favorable approach, as
illustrated by its low median unit desulphurisation cost of US $0.01/m3, several factors may impede its
global acceptance. Some of these factors may include challenges of maintaining a supply of chemicals
to the digester if the H,S oxidation process is to be sustained, possible negative effects on the biogas
potential, and the risk of potentially negative environmental outcomes from the disposal of the sludge
residues containing insoluble metallic precipitates (i.e., FeS). Logic may however suggest that this
desulphurisation approach will be preferred when a small-scale desulphurisation operation requiring
high rates of production of H,S-free biogas is necessary. In such a small-scale operation, the associated
chemical cost and unfavourable environmental implications may not be considered significant enough
to discourage its application. In other cases, the peculiar properties of the biogas being desulphurised
may influence the selection of the appropriate technology to be employed. For instance, for cases
involving the desulphurisation of biogas containing low concentrations of H,S, it may be more
practical to implement the desulphurisation process using adsorbents. Also, in the absence of sufficient
headspace in the digester, it is not uncommon for the utilisation of biotrickling filters to be preferred to
the utilisation of in-situ microaeration, even though biotrickling filters constitute a more expensive
approach [15].

Beyond economics, performance, and environmental impact considerations, another factor that
may be considered in the selection of the appropriate desulphurisation technology to be employed
may be their life cycle impacts, as investigated in the study of [161]. Clearly, therefore, the selection of
the appropriate desulphurisation strategy may depend on not only a consideration of the economic
performance of the different strategies, but also their respective capabilities to satisfy peculiar design
concerns, such as environmental and desulphurisation efficiency performances. It may therefore be
prudent to incorporate some form of decision support system, as proposed in Ref. [162], more so if the
comparative economic performances of the desulphurisation technologies do not constitute the only
design selection criterion.

In another approach, the integration of several desulphurisation strategies may be preferable to
the use of a single desulphurisation approach, since such an integration will facilitate the incorporation
of strengths while limiting the weaknesses of the component desulphurisation strategies of the different
strategies. For instance, the utilisation of an iron sponge composed of Fe;O3 for chemical oxidation of
HS™ and inoculated with thiobacteria for biological oxidation of H,S may serve to reduce the mass of
metallic precipitates generated, while also ensuring that the desulphurisation process is achieved in a
short time.

5. Conclusions

Recognising the negative implications of high H,S content in biogas on human health,
environmental outcomes, and energy equipment durability, existing desulphurisation strategies
were qualitatively and quantitative reviewed. Preliminary work based on data obtained from the
literatures suggested that the in-situ chemical dosing approach constituted the cheapest biogas
desulphurisation technique, even after underlying uncertainties in the estimates were incorporated.
Concerns are however raised with respect to system control costs and environmental costs, more so
as continued supply of chemicals may be required for sustained desulphurisation and secondary
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pollution generation concerns, respectively. Finally, recognising that each desulphurisation approach
considered may present different advantages and disadvantages, the integration of several technologies
was proposed as an approach to counter the individual weaknesses of desulphurisation strategies,
while also combining their strengths.
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Abstract: Bacterial communities” composition, activity and robustness determines the effectiveness of
biofiltration units for the desulfurization of biogas. It is therefore important to get a better understanding
of the bacterial communities that coexist in biofiltration units under different operational conditions for
the removal of HjS, the main reduced sulfur compound to eliminate in biogas. This review presents
the main characteristics of sulfur-oxidizing chemotrophic bacteria that are the base of the biological
transformation of H)S to innocuous products in biofilters. A survey of the existing biofiltration
technologies in relation to H,S elimination is then presented followed by a review of the microbial
ecology studies performed to date on biotrickling filter units for the treatment of H;S in biogas under
aerobic and anoxic conditions.

Keywords: biogas; desulfurization; hydrogen sulfide; sulfur-oxidizing bacteria; biofiltration; biotrickling
filters; anoxic biofiltration; autotrophic denitrification; microbial ecology; molecular techniques

1. Introduction

Biogas is a promising renewable energy source that could contribute to regional economic growth
due to its indigenous local-based production together with reduced greenhouse gas emissions [1].
Biogas can be used for heat and electricity generation, and after an upgrading process, as a natural gas
substitute or as transportation fuel. Biogas is obtained from the decomposition of urban, industrial,
animal or agricultural organic wastes under anaerobic conditions, a process called anaerobic digestion
(AD) [2].

Biogas is a mixture typically composed of methane (CHy) (50-75%) and carbon dioxide (CO,)
(25-50%) along with hydrogen sulfide (H,S), ammonia (NHj3), aromatic, organochlorinated or
organofluorated compounds and water vapor [3]. It contains H)S at significant concentrations
ranging from 0.005 to 2% (v/v) (50-20,000 ppmv) depending on the raw material used and the
conditions of the AD process [4] (Table 1).

Biogas upgrading refers to the removal of CO,, H,S, H,O and other trace contaminants such
as siloxanes, halocarbons, O, and Nj. The type of upgrading process depends on the final use of
biogas [5]. The removal of H,S, the most significant reduced sulfur compound in biogas, is necessary
for environmental, technical and health reasons. The combustion of non-desulfurized biogas leads to
the emission of SOx that are precursors of acid rain and the presence of H,S provokes the corrosion
of combustion engines. Moreover, this gas emits a very unpleasant rotten-egg like odor which is
detectable at very low concentrations (0.00047 ppmv) [6] and is highly toxic at concentrations of
50 ppmv and lethal at 300 ppmv [7]. H,S inhibits cellular respiration after entering the bloodstream
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where it binds to and inhibits the cytochrome C oxidase in complex IV, the terminal enzymatic complex
of the mitochondrial respiratory chain, leading to pulmonary paralysis, sudden collapse and death [7].

Table 1. H,S content in biogas produced by anaerobic digestion (AD) of different wastes. Adapted

from [2].
Biogas From H,S (ppm)
Wastewater AD plants 0-4000
Household waste 72-648
Agrifood industry 288
Agricultural waste 2160-7200
Landfill sites 0-100
Natural gas ¥ 1.1-5.9

$ Although it is not produced by AD, the H,S content of natural gas is shown for comparison.

Several physical/chemical and biological technologies are available for H,S removal (desulfurization).
Physicochemical technologies including absorption, adsorption, chemical oxidation and membrane
separation have been traditionally used for desulfurization. However, most of these technologies are
characterized by the intensive use of energy and chemicals with the associated increase in operational
costs and environmental impact due to the generation of emissions and hazardous by-products that
must be treated and disposed of [5,8]. These characteristics have led to an intensification of the research
on biological alternatives for biogas desulfurization.

Biological technologies (biotechnologies) operate at low temperatures and pressures and are
based on the ability of certain microorganisms (i.e., sulfur-oxidizing bacteria, SOBs) to oxidize H,S
to innocuous products such as elemental sulfur (S°) and sulfate (SO4%7) in the presence of O, or
nitrate (NO3 ™) as the final electron acceptor (see Section 2). Biological desulfurization processes have
become more popular due to their advantages compared to conventional technologies, including low
energy requirements, the generation of harmless by-products and low investment and operation costs.
The final products are non-hazardous: SO42~ can be directly discharged to receiving water bodies
while S can be separated and recovered to be used as a raw material for industrial and agricultural
purposes [9].

The biological removal of H,S in biogas has been conducted in gas-phase biological filter reactors
(biofilters) and in algal-bacterial photobioreactors using the O, photosynthetically produced by
microalgae or, in situ, in the headspace of AD vessels through the injection of micro-quantities of O,
to stimulate the growth and activity of SOBs [5]. However, the main bioprocess employed has been
biofiltration due to its high H,S removal efficiencies, up to 99-100% depending on the concentration of
H,S at the inlet, and experience in full-scale implementation for waste gas treatment [10]. The objective
of this review was to gather and discuss the current knowledge on microbial ecology in biofiltration
units used for the removal of H,S from biogas. Microbial ecology is the study of microorganisms in
their natural environment and how microorganisms interact with each other and with the environment.
The two main components of microbial ecology are biodiversity and microbial activity studies [11].

The novelty of this review article is to focus on microbial aspects of biogas desulfurization and
depict the specific biofiltration technologies that could be used to treat high and variable loads of H,S
in biogas during extended periods of time, considering that the treated biogas is used in different
applications after desulfurization. Such conditions are different from those found in the classical
applications of biofiltration technologies for odor control in wastewater treatment plants (WWTPs) or
other industrial processes.

The biological sulfur cycle is briefly presented, and the main characteristics of SOBs related to
biofiltration are then reviewed with emphasis on their morphological and physiological diversity
and metabolic versatility. The molecular techniques that have been used to characterize bacterial
communities in biofilters are then briefly presented followed by a review on the current knowledge
on microbial communities in biofiltration units used for biogas desulfurization under aerobic and
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anoxic conditions. The present article is the first presenting a review on the microbial ecology aspects
of biogas desulfurization.

2. The Biological Sulfur Cycle and the Sulfur-Oxidizing Bacteria

Sulfur is the tenth most abundant element in the Earth’s crust [12]. It is mainly found in the
lithosphere, hydrosphere and atmosphere, in terrestrial and deep-sea hot springs, volcanic areas, mines,
caves, seawater, in the form of sulfides (H,S, HS™ and $?7), sulfate minerals (gypsum, CaSQOy), sulfide
minerals (pyrite, FeS,), S° and SO42~ [12,13]. Human activities have impacted directly or indirectly by
increasing the atmospheric emissions of sulfur in the form of H,S (eutrophic marshes, sewage systems,
several industries) and SOx (burning of fossil fuels) [13]. Sulfur is also important in the biosphere
where it is incorporated into amino acids and proteins, hormones, lipids and vitamins. Biomass,
which includes living and dead organic matter, constitutes a minor, but actively cycled, reservoir of
sulfur [12].

Figure 1 shows a simplified version of the biological sulfur cycle and sulfur reservoirs, and
highlights the importance of microorganisms, especially prokaryotes, in the cycling of inorganic
sulfur compounds.

Organic
sulfur
(R-SH)

Assimilatory
sulfate reduction

Mineralization

Dissimilatory
sulfate reduction

Sulfur gases (SOx)
SO,% in solution
(seawater), in minerals
(Cas0,) and adsorbed
on clays

Biological oxidation
with 0, or NO;

Sulfur gases (H,S)
Sulfidic minerals (FeS,)

P

Dissimilatory
sulfur reduction

Prokaryotes
— Bacteria: Gram positive. a, p, 7, &
proteobacteria. Acidithiobacillia. Chloroflexi.

Deinococcus-Thermus. Cyanobacteria.
Aquificales. Archaea: Sulfolobales.

Figure 1. Sulfur reservoirs and the biological sulfur cycle. Adapted from [13].

50,2 is the fully oxidized species of sulfur. It is reduced and assimilated by plants, fungi and
bacteria to form amino acids and proteins (organic sulfur) that later become part of the sulfur-containing
amino acids for humans and other animals. The decomposition of proteins during the mineralization
of organic matter leads to the release of H,S that reenters the cycle. H,S is also produced by
sulfate-reduction in anoxic habitats where sulfate-reducing bacteria (SRB) use SO4>" as the terminal
electron acceptor for the oxidation of organic matter. This process is an anaerobic respiration, similar
to aerobic respiration in which Oy is used as the terminal electron acceptor, producing H,O instead
of H,S as the metabolic by-product. SRB use SO~ to generate energy in the cell, not to synthesize
organosulfur compounds that become part of the cell material. In this sense, sulfate-reduction is a
dissimilatory process. In the presence of SO42~ in biogas production processes, SRB can outcompete
methanogenic bacteria for acetate and hydrogen (H;), which are common substrates for both groups of
bacteria, leading to the production of HpS [14].
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H,S is a source of electrons for chemolithotrophic prokaryotes under aerobic and anaerobic
conditions, and for phototrophic bacteria under strict anaerobic conditions when light is present.
The phototrophic oxidation of sulfur is performed by green and purple sulfur bacteria. These bacteria
incorporate carbon in the form of CO, or organic compounds using light energy, but instead of
oxidizing H,O to O, (oxygenic photosynthesis) they oxidize H,S to S” and S° to SO42~ (anoxygenic
photosynthesis). Dissimilative SOBs are chemolithotrophs that oxidize inorganic reduced sulfur
compounds such as H,S and S°, using these compounds as electron donors for energy generation (ATP),
typically with O, as the electron acceptor (aerobic respiration). Aerobic heterotrophic bacteria and
fungi oxidize sulfur to thiosulfate or sulfate; however, the heterotrophic sulfur oxidation pathway has
not been clearly elucidated yet [12] and even though fungi have been used in biofiltration applications,
their application has mainly been for the elimination of volatile organic compounds (VOCs) [15].
More detailed information on sulfate-reduction and phototrophic or chemolithotrophic sulfur oxidation
can be found elsewhere [11,16].

Figure 2 presents a brief summary of microbial trophic types and how cells convert carbon, energy
and electrons to precursor metabolites, ATP, reducing power and new cell material. Dissimilatory
sulfate-reduction, chemolithotrophic and phototrophic sulfur oxidation are forms of metabolism that
only members of the domains Bacteria and Archaea can perform.

Energy source
= Chemoorganotroph - organic molecules
= Chemolithotroph —inorganic molecules \
ATP
Carbon source
= Autotroph - CO, /\
. —

Heterotroph — organic molecules %4 M d
i _ ; onomers an

] m:ﬁis €0a and oreanic {( Precurs.or other building Macromolecules
\ metabolites
N blocks

S
Electron source S~o o
= Lithotroph —inorganic molecules T~< Cells

= Organotroph — organic moleculess —— Reducing power (NADPH)

Figure 2. Microbial nutritional categories. Adapted from [17].

Chemolithotrophic SOBs are found in many natural and engineered environments where the
sulfur cycle is active such as in marine sediments, sulfur springs, hydrothermal systems, sewage
systems, anaerobic digesters and mines [18-21]. SOBs have been found in 2.5 billon year old fossils,
prior to the Great Oxidation Event, when H,S was an abundant energy source for microbial life [22].
H,S is not toxic to these bacteria because their respiratory oxidase cytochrome bd is resistant to H,S
inhibition [23]. These bacteria are the base of the removal of H,S from gases and airstreams by
biofiltration and other environmental biotechnologies that have been extensively reviewed [10,24-26].

Currently, chemolithoautotrophic SOBs are the most predominant bacteria used for the
biodegradation of H,S [10,25,26] due to their versatility to operate in a wide range of environmental
conditions (e.g., pH and temperature), low nutrients requirements, high sulfide tolerance, and slower
growth rates than heterotrophs thus leading to less biomass accumulation. SOBs are morphologically,
physiologically, phylogenetically and metabolically diverse.

For instance, some Sulfurimonas species (Epsilonproteobacteria) have a small cell size (0.66 X 2.1 um)
while Thiomargarita (Gammaproteobacteria), with an average cell diameter of 750 pum, is the largest
bacterium discovered to date [27,28]. Thiothrix (Gammaproteobacteria) forms ensheathed filamentous
multicellular structures that form rosettes under certain environmental conditions [29].

Thiobacillus sp. (Betaproteobacteria) and related genera (Halothiobacillus) are the best-studied
chemolithotrophic SOBs and are known as the colorless sulfur bacteria in contrast to the phototrophic
green and purple sulfur bacteria. The oxidation of H,S and S° to SO42~ by Thiobacillus leads to
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the production of sulfuric acid (H,SOj) that acidifies the medium. Thus, many Thiobacillus species
are acidophilic. The most acidophilic SOB, Acidithiobacillus thiooxidans, is typically found in acid
mine drainage and corroded concrete (refer to Section 4). Haloalkaliphilic SOBs, Thioalkalivibrio and
Thioalkalimicrobium sp. (Gammaproteobacteria) have been isolated from soda lakes and thrive at high pH
(7.5 t0 10.5) and high salt concentrations (1.5-4.3 M total Na*) [30].

Many SOB species deposit the S° produced by the oxidation of H,S in intracellular or extracellular
granules for later use as an electron donor when H;S is depleted. Bacterial sulfur globules show clear
difference in the speciation of sulfur depending on the type of SOB, reflecting possible ecological
and physiological properties [31]. Thiomargarita namibiensis forms intracellular sulfur rings and
Acidithiobacillus thiooxidans extracellular polythionates.

Most SOBs are aerobic, however, some species of Thiobacillus, Sulfurimonas or Thioalkalivibrio,
among others, can grow anaerobically with nitrate (NO37) or nitrite (NO, ) as the electron acceptor.
NO;™ is sequentially reduced to NO,~, nitric oxide (NO), nitrous oxide (N2O) and nitrogen gas (Ny),
depending on the bacterial species and environmental conditions (refer to Section 3) [32]. This process
is known as sulfur-oxidizing autotrophic denitrification. Most SOBs are obligate chemolithotrophs and
can only use inorganic compounds as electron donors. Some SOBs are facultative chemolithotrophs and
can grow either lithotrophically (autotrophs) or organotrophically. Bacteria that can simultaneously
assimilate carbon CO, and organic sources are called mixotrophs (see Figure 2), for example Thiothrix
sp. (refer to Section 4) [16].

No universal mechanism or pathway exists for sulfur oxidation in prokaryotes. Table 2 shows
examples of the set of genes involved in sulfur oxidation in selected chemolithotrophic SOBs related
to biofiltration applications. SOBs differ in the set of sulfur oxidation genes they contain, although
some genes, but not all of them, are repeatedly found in different SOB species [33]. Well-studied
examples include the complex SOx enzymatic system that catalyzes the oxidation of H,S and S° to
SO4%~ while the DSR system is related to the formation of sulfur globules and the SQR enzyme to
the oxidation of H,S to S° [18]. Interestingly, some genes are found both in anaerobic and aerobic
photo- and chemotrophic SOBs [18,33]. Some SOBs form symbiotic intra- or extracellular associations
with marine invertebrates [34]. The deep-sea clams Calyptogena spp., which are found clustered near
hydrothermal vents, harbor symbiotic chemolithoautotrophic SOBs in their gills” epithelial cells. These
clams accumulate sulfide from the environment into their blood through their highly vascularized,
muscular foot. The sulfide is transported via the blood to the gills where SOBs oxidize this reduced
sulfur compound using it as an energy source for autotrophic growth and providing fixed carbon for
the eukaryotic host. It has been shown that, in Calyptogena, key enzymes from five different sulfur
oxidation pathways are equally expressed under three different environmental conditions (aerobic
and semioxic) indicating that all pathways may function simultaneously to support intracellular
endosymbiotic life [35]. This may be an advantage in an environment where the H,S concentration
rapidly fluctuates. No other reports are found concerning the expression of sulfur oxidation genes
under different environmental conditions.

Table 2. Physiological characteristics and sulfur oxidation genes of some selected chemolithotrophic
sulfur-oxidizing bacteria (SOBs). Adapted from [18].

SOB Optimum pH Range  Anaerobic/Aerobic  Sulfur Oxidation Genes or Enzymes
Thiobacillus denitrificans 6.8-7.4 AN/AE sqr, fcc, sox without soxCD, dsr, apr
Acidithiobacillus spp. 225 ANJAE * tet, o, sqr, Sd‘;’ofggf” sox without
Thioalkalivibrio 9-10 AN/AE fee, sox without soxCD, hdr, dsr &
Sulfurimonas denitrificans 7 AN/AE sox, sqr *

* Acidithiobacillus thiooxidans is only aerobic, taken from reference [36]. & Taken from references [37,38]. # Taken from
reference [39].
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3. Biofiltration Technologies

Since HjS content in biogas may reach values up to 7000 ppmv, biological technologies should
be able to withstand high and variable H;S loads for extended periods of time. In the last few years,
different biotechnologies addressing H,S abatement in biogas and industrial waste gases have been
proposed based on the activity of chemolithotrophic SOBs. In the case of large-scale application,
most of them have been used for odor control in WWTPs and industrial processes. These waste gases
are typically characterized by high flow rates and low contaminant concentrations that make them
amenable to biological treatment [40].

Biological oxidation of HjS using O, as the electron acceptor for the growth of colorless
chemotrophic SOBs has been extensively reviewed [41]. Thiobacillus species together with Sulfolobus,
Thiovulum, Thiothrix and Thiospira have been identified as representative genera [26]. The stoichiometry
of H,S oxidation reactions by chemolithotrophic SOBs in the presence of O, are as follows:

H,S+050, —» S H,O (—209.4 kJ/reaction; O,/H,S = 0.5) 1)
§% +1.50, + H,O — SO, 2 + 2H* (—587 kJ/reaction; O,/H,S = 1.5) 2)
H,S + 20, — SO, 2 + 2H* (=798.2 kJ/reaction; O,/H,S = 2.0) 3)

S0 is an intermediate compound formed under O,-limited conditions, yielding less energy than
the complete oxidation to S042~. The O,/H,S ratio will affect the final products obtained. Values
slightly higher than the stoichiometry value, typically around 0.7, will lead to the formation of S0 as
the main final product, while ratios >1 will result in the significant formation of S04 [26].

Biological oxidation of H,S can be also performed under anoxic conditions using oxidized
forms of nitrogen (NO3~ or NO, ™) as the terminal electron acceptor instead of O, for the growth
of autotrophic denitrifying SOBs. Some representative species are found in the following genera:
Thiobacillus, Thiomicrospira and Thiosphaera [32,42—-44]. Although most of the autotrophic denitrifying
SOBs are facultative (e.g., the final electron acceptors can be O, or NO3;7/NO,~), some strict
anaerobes (e.g., Sulfurimonas denitrificans) have been reported [39,45]. In autotrophic denitrification
coupled to sulfur oxidation, NO3~ and/or NO, ™ are converted to Nj through the following steps
NO;™—NO,;,” ->NO—-N,0—Nj as described for traditional heterotrophic denitrification. Thiobacillus
denitrificans, Paracoccus versutus and Sulfurimonas denitrificans can perform complete denitrification
leading to the formation of N while other species like Thiobacillus thioparus and Thiobacillus delicatus
only reduce NO3 ™~ to NO, ™ [41,46]. Similarly to aerobic sulfur oxidation, the N/S ratio also affects the
final products obtained [25,47]:

2" +04NO;” +24H* - 8" + 02N, + 1.2 H,0 (191.0 kJ/reaction; N/S = 0.4) (4)
§?~ +NO;~ +2H"— S + NO,™ + H,0 (130.4 kJ/reaction; N/S=1)  (5)
§2~ + 1.6 NO3;~ + 1.6 HY — S0,> + 0.8 N, + 0.8 H,O (—743.9 KJ/reaction; N/S = 1.6)  (6)
S~ + 4NO;~ - SO,2 +4NO,~ (—62.7 KJ/reaction; N/S =4)  (7)

27 +0.67NO, ™ +2.67H" — 8° + 0.33 N, + 1.33 H,O (—240.3 KJ/reaction)  (8)

§27 +2.67NO,~ +2.67 H" — SO42~ + 1.33 N, + 1.33 H,0 (=920.3 KJ/reaction)  (9)

As for aerobic sulfur oxidation, either S° or SO,2~ will be formed depending on the NJ/S ratio.
NOj3™~ can be reduced to either NO,™ or N,. At a N/S ratio of 1.6, a complete oxidation of H,S
and reduction of NO;~ to N, could be achieved with the highest energy yield [26]. However,
the formation of S® and NO,™ is frequently observed as the oxidation and reduction processes do not
evolve to completion [10]. When N/S < 0.4, the end products are SY and N, [47-49], If nitrates are
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stoichiometrically in excess (N/S > 4), the final products are nitrites, which accumulate and may also
be used as electron acceptors [48,49].

Currently, the desulfurization of both biogas and industrial gas streams is mainly conducted in
one of these bioreactors configurations: conventional biofilter, biotrickling filter (BTF) and suspended
growth bioscrubber (Figure 3).
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Figure 3. Biofiltration unit configurations: (a) Biofilter; (b) biotrickling filter (BTF); (c) Bioscrubber.

In biofilter and BTF systems, the contaminated gas stream is passed through a packed bed where
the SOBs are immobilized in a biofilm. In conventional biofilters (Figure 3a), the packed bed is
only periodically spread with water (or eventually nutrients) while in BTFs (Figure 3b) the packed
bed is continuously trickled with a nutrient solution. The process is complex and involves several
simultaneous physical, chemical and biological interactions. In conventional biofilters the pollutant
(here HjS) is transferred by absorption into the biofilm where diffusion and sulfur oxidation take
place releasing S° or SO4>~ (Figure 4). In BTFs, the difference is the presence of a continuous liquid
phase that the pollutant first has to transfer into before transferring to the biofilm. Bioscrubbers are
two-stage systems that consist of a gas scrubber and a biological reactor (Figure 3c). The H,S is first
transferred from the gas phase to an alkaline aqueous phase in an absorption column (gas scrubber)
and then the resulting aqueous stream, containing the dissolved H,S, is directed towards an agitated
bioreactor where the H,S is put into contact with SOBs (biological reactor). Thus, in bioscrubbers,
the SOBs develop their activity in a stirred liquid while in biofilters and BTFs, the bioreaction takes
place in a biofilm. The absorption and the biological oxidation reaction are physically separated in
conventional bioscrubbers.
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Figure 4. Schematic representation of the complex interactions that take place in biofilters.
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Conventional biofilters have the simplest configuration. They have been used in large-scale gas
applications for the control of H,S and other odorous emissions from WWTPs and other industries [40].
The main benefits are the low operation cost, low-energy and chemical requirements, as well as high
removal effciencies (REs), usually above 99% [50].

In conventional biofilters, the terminal electron acceptor is O, from the air since there is no
continuously circulating liquid which could provide a constant supply of NO3~ or NO, ™~ as electron
acceptors. Natural organic materials have normally been preferred for packing conventional biofilters
(i.e., compost, peat, wood bark and soil among others) since they provide large specific areas with
high porosity, low pressure loss, lightweight, low-cost, buffering and water-retaining capacity, intrinsic
nutrient content as well as the presence of indigenous microbial consortia [51,52].

The drawbacks of conventional biofilters, especially under long-term operation, are (a) the
accumulation of biomass and S” which may lead to bed clogging episodes (i.e., the reduction of
inter-particle void space) causing preferential flow in the biofilter bed and pressure drop with the
consequent reduction of the available mass transfer area; (b) acidification of the packing material
due to the generation of S0,%~ which leads to the formation of HySO,, especially at the inlet area
where the H,S concentration and oxidation rate are higher, which may decrease the pH to values <1
causing inhibition of the microbial activity and decrease in the mass transfer rate into the biofilm;
(c) compaction and degradation of the packing material provoking a reduction of media porosity and
buffering capacity [53-57].

Conventional biofilters do not seem to be the most suitable technology for biogas desulfurization.
The production of acid may result in the degradation of the packing material and the formation
of small particles of degradation products contributing to bed clogging while, on the other hand,
the accumulation of S” may also result in biofilter clogging [58], the main drawback of conventional
biofilters, as mentioned above.

BTFs are a more sophisticated and controlled variation of conventional biofilters in which the
aqueous phase is continuously trickled over the packed bed. Continuous trickling provides a better
buffering capacity than in conventional biofilters and avoids excessive acidification in the packing bed
through the continuous washout of S04~ [59]. However, continuous nutrients supply and operation
under higher loading rates than in conventional biofilters usually result in clogging caused by biomass
growth and S0 accumulation, both leading an increase in back pressure, bed channeling, formation
of anaerobic zones and a decrease in RE [60,61]. Therefore, the control of biomass growth and S0
accumulation arise as crucial operating parameters in BTFs. Different strategies have been used for
limiting biomass overgrowth including the control of air supply to promote the oxidation of sulfide
to SO,427, the use of appropriate packing materials, the application of biomass predators, periodical
bed backwashing and the control of nutrient supply [26,61]. Increasing the quantity of injected air
results in higher O, levels favoring the formation of SO,2~ thus alleviating the clogging problem
due to S° accumulation [26]. However, this strategy reduces the off-gas quality and increases the risks
of explosion. Optimizing the flow rate of the trickled liquid over the packing bed combined with
recurrent draining and the application of a fresh trickling liquid have also been used to overcome
clogging episodes during the treatment of VOCs in BTFs [61].

Another difference is the packing material, BTFs are usually packed with inert or synthetic
materials including plastic rings, polyurethane foam (PUF), granular activated carbons, porous
ceramics and lava rock and there are few applications reporting the use of natural materials [61-63].
Compaction and degradation of the packing material is therefore not a significant problem in BTFs.
Moreover, synthetic packing beds maintain a relatively constant pressure drop, lower than natural
materials. The open structure and high porosity of PUF results in a low pressure drop under conditions
of high gas flow rates; additionally, PUF characteristics may also favor a faster biofilm formation in
comparison to plastic materials and thus reducing the biofiltration start-up period [61].
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Since the final product of the H,S biological oxidation can be either SY or SO,42-, the O, mass
transfer from gas to aqueous phase and biofilm (Figure 4) is one of the major parameters of this
technology to ensure local stoichiometric level of O, in the biofilm [64].

Biogas desulfurization in BTFs through H,S oxidation under chemolithoautotrophic denitrifying
conditions has been recently recognized as a promising option [65-68]. The supply of NO3~ or NO, ™ in
the trickling liquid enables this biological process. Anoxic conditions eliminate the risk of explosion in
CH,4/O, mixtures and dilution of the biogas with air. Moreover, there are no mass transfer limitations in
the supply of NO37/NO, ™. In aerobic and anoxic BTFs, the generation of S has to be controlled in order
to avoid clogging effects, therefore the Op/H,S and N/S ratios are fundamental operational parameters.

Bioscrubbers have several advantages in comparison to biofilters and BTFs for biogas
desulfurization. No O; is injected into the polluted gas stream, avoiding dilution effects and risks
of explosion. Bioscrubbers can deal with fluctuating H,S inlet loads, mostly because of the longer
residence time of H,S in the bioreactor [69] and easier management and control of the bioreactor
operational condition, ensuring a stable and efficient operation [26]. Another advantage is that S
can be recovered from bioscrubbers and that there are no clogging problems. However, investment
and operational costs are higher due to the presence of two separated operational units and large
caustic consumption to maintain an efficient absorption, respectively. The Thiopaq® process (Paques,
The Netherlands) and Sulfothane™ process (Biothane, USA) are bioscrubber-based systems that have
been successfully developed at industrial large-scale for the aerobic desulfurization of biogas [7,25,26].

The main advantages and drawbacks of conventional biofilters, BTFs and bioscrubbers in relation
to the treatment of H,S in gas streams are summarized in Table 3. Among these three biotechnologies,
the ability of BTFs to treat moderate to high H;S loads has been demonstrated in numerous studies
focused on the removal capacity and RE of BTFs treating H,S at different loading rates, after shock
loads, using different packing materials, under liquid flow patterns, as well as under different gas flow
rates [70]. Hereafter, examples of studies combining the effect of different operational conditions and
microbial diversity analyses, mainly in BTFs used in the removal of H,S from biogas, are presented.

Table 3. Main advantages and drawbacks of biofiltration technologies used for H,S abatement.

Conventional Biofilters BTFs Bioscrubbers

Medium capital and low
operating costs

Low investment and - Effective removal of H,S - Treatment of high flow rates
operational costs at high concentrations at different H,S
Advantages - Easy operation and maintenance - Easy process control gas concentration
- Effective removal at low (for example pH via - Operational stability
H;,S concentrations trickled media) - Low pressure drop

Durability of the
packing materials

Bed clogging due to biomass

growth and ° accumulation Relatively complex

Risk of bed clogging due to operation and maintenance

Packi ial i
Drawbacks a.cl.dng material compaction biomass growth and - Secondary pollution
Difficult to control pH drop due to 50 accumulation generation (biomass and

5042 formation

liquid waste streams)
Need of filter bed replacement

4. Microbial Ecology Studies in Biofiltration Units for H,S Removal

4.1. Molecular Techniques for Characterizing Bacterial Communities in Biofilters

Biofilters and BTFs make use of microorganisms embedded in a biofilm for the treatment of gaseous
streams containing HyS. Bacteria are the principal agents of sulfur oxidation. Since the performance of
biofiltration processes depends on the activity and robustness of the bacterial communities involved,
it is fundamental to characterize the bacterial populations that coexist in biofilters under different
operational conditions in order to understand the sulfur cycling in these systems and propose
potential improvements.
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Classic microbiological methods based on cultivation favor the growth of certain groups of
microorganisms. Artificial culture media, either liquid or solid, cannot reproduce the natural
growth conditions present in biofilters, on the contrary, some nutrients may favor the growth
of non-representative organisms only present in small amounts. Chemolithoautotrophic SOBs have
slow growth rates and are usually closely associated in consortia containing several physiological and
metabolic types of bacteria [71]. The limitations of culture techniques have been well documented,
and it is now accepted that 99% of the microorganisms present in an environmental sample cannot be
cultivated [72,73].

The advent of molecular techniques based on the small subunit of the ribosomal RNA gene
(16S rRNA) has allowed the characterization of microbial communities from diverse environments
such as humans, soils, oceans, engineered environments, bioreactors, bioremediation processes and,
in the last 15 years, biofilters, among others. Phylogenetic analysis based on the 16S rRNA gene
sequence is a gold standard for describing bacterial communities. This gene has been selected since
the revolutionary studies of Carl Woese on the evolutionary history of cells (the three domains of life)
and first applied by Norman Pace to the survey of natural microbial assemblages based on nucleic
acid-based techniques [74,75]. This gene is ideal for bacterial phylogeny studies (evolution) and
taxonomy purposes (classification) for the following reasons: (1) it is found in all prokaryotes, in single
or multiple copies; (2) the function of this gene over time has not changed suggesting that changes in
the sequence of this gene are a measure of evolution; (3) it offers sufficient resolution for discerning
bacteria at the phylum to genus level; (4) it contains conserved regions for the design of general
primers and probes; (5) it also has variable regions for the design of specific primers and probes and
for phylogenetic studies; (6) it is large enough (1500 bp) for precise bioinformatic analyses [72-75].
Operational taxonomic units (OTUs) are used to categorize bacteria based on the similarity of their 165
rRNA gene sequences.

Millions of copies of these genes can be produced by using the polymerase chain reaction (PCR).
The total DNA of a microbial community is used as the template in the PCR reaction. The mixture
obtained after PCR amplification contains millions of copies of 165 rRNA sequences from every
bacterium present in the original sample. These genes must then be separated, and their sequences
determined in order to identify the corresponding bacteria. Several approaches have been used as
fingerprinting methods, 16S rRNA clone libraries and direct amplicon sequencing without cloning using
next generation sequencing technologies such as 454-pyrosequening, now discontinued, and Illumina
platforms [76-78]. Among fingerprinting methods, denaturing gradient gel electrophoresis (DGGE)
and single-strand conformation polymorphism (SSCP) allow the separation of 165 rRNA amplicons by
denaturing and non-denaturing gel electrophoresis, respectively, while terminal restriction fragment
length polymorphism (T-RFLP) allows the separation of fluorescently labelled restriction fragments
of 165 rRNA amplicons. Fluorescence in situ hybridization (FISH) is a 16S rRNA targeted in situ
hybridization technique used to label, visualize and enumerate whole cells in samples with PCR
amplification [79].

4.2. Aerobic Biofiltration

The first study describing the dynamics of microbial communities in BTFs treating H,S appears
in 2005, in relation to odor abatement [80]. The bacterial communities present in a two-stage BTF
system designed for the simultaneous removal of HyS and dimethyl sulfide (DMS) are described
using the DGGE fingerprinting method. The first BTF, aimed at removing H,S, was inoculated with a
pure culture of the acidophilic bacterium Acidithiobacillus thiooxidans and operated without pH control
while the second BTE, aimed at removing DMS, was inoculated with the VS. strain of Hyphomicrobium,
a neutrophilic bacterium, and operated at neutral a pH. This configuration was chosen to overcome
the limitations encountered when treating gases containing mixtures of reduced sulfur compounds in
which HjS is preferentially degraded over organic sulfur compounds, especially at a low pH.
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In the case of DMS (second BTF), the RE was found to be sensitive to lower values of the empty bed
residence time (EBRT) and pH, H,S overload and starvation times. However, the bacterial community
in this BTF was found to be stable even on fluctuating DMS removal efficiencies. A high diversity was
observed as shown by the multiple bands in the DGGE patterns and Hyphomicrobium VS. was no longer
dominant, representing approximately only 10% of the established bacterial populations. A different
trend was observed in the BTF inoculated with Acidithiobacillus thiooxidans (first BTF). The removal
of H»S was not affected by the operational conditions except when the H,S load was increased from
1220 to 4037 ppmv. The pH, which was not controlled, maintained its value between 2 and 3 during
the 117 days of operation and S° visibly accumulated. The bacterial diversity in this BTF was limited
due to the low pH and only one prominent band corresponding to Acidithiobacillus thiooxidans was
observed. This bacterium is the most acidophilic SOB and has been considered an ideal inoculum
for the biofiltration of H,S in biogas [50,81]. Its pH range for growth is between 0.5 and 5.5 with an
optimum at pH 2-3 [36].

DGGE has also been used to study the evolution of bacterial populations in a two-stage BTF
system for the simultaneous treatment of H,S, methylmercaptan (MM), DMS and dimethyl disulfide
(DMDS) for an odor abatement application [82]. The packing material consisted of polyurethane
foam (PUF) cubes and the stream to be treated was generated in a compressor and enriched with
H,S and the above-mentioned organic reduced sulfur compounds. In the first BTF inoculated with
Acidithiobacillus thiooxidans and operated at a low pH (2.5) for the removal of H;S, the inoculated
population remained constant at the different operation conditions tested (23 to 1320 ppmv of H,S
with and without different proportions of organic sulfur compounds). This result can also be explained
by the low pH that restricted the colonization of this BTF by other bacteria. As reported by Sercu et al.,
(2005), the bacterial populations changed in the second BTF originally inoculated with Thiobacillus
thioparus and operated under neutral conditions (pH 7.0), however the bacterial diversity in this BTF
was low (one DGGE band observed) in spite of the permissive conditions of pH [80].

In the work of Sercu et al., (2005), the bacterial diversity in the recirculating liquid from the
second BTF (for DMS removal) was also examined and it was observed that the planktonic bacterial
community was quite different from the BTF community (biofilm), which highlights the importance of
focusing on the biofilm [80].

A more extensive study on the diversity and spatial distribution of bacteria in a lab-scale BTF
treating high H,S loads (2000 ppmv) in a simulated biogas (“biogas mimic”) was published in 2009 [83].
In addition to a fingerprinting molecular method (T-RFLP), a 16S rRNA gene clone library was
constructed in order to further investigate the identity of the bacteria present in the BTE. Full length
sequences of the 165 rRNA gene (~1500 pb) can be retrieved from clone libraries contrary to DGGE and
T-RFLP that only analyze relatively small fragments from which phylogenetic affiliation of bacterial
species cannot be precisely inferred. The BTF was packed with high density polypropylene grids
(HD Q-Pack) and inoculated with a sulfur-oxidizing culture at pH 1.6 obtained from a full-scale biogas
desulfurization column, enriched using Na;S as the energy source and progressively acclimated to
pH 6 [84]. An artificial biomass sample “representative” of the total community in the BTF was
obtained by mixing samples (1:1) taken at the inlet and outlet parts of the reactor for constructing the
gene clone library.

74% of the obtained sequences belonged to Proteobacteria, among which 49.4, 15.6 and 9.1% were
Gamma-, Beta- and Epsilonproteobacteria, respectively. Of the 75 clones sequenced, 60% were related to
SOB species, namely, Thiothrix sp. (Gammaproteobacteria); Sulfurimonas denitrificans (Epsilonproteobacteria);
Thiobacillus denitrificans, Thiobacillus sajanensis and Thiobacillus plumbophilus (Betaproteobacteria). Thiothrix
is a filamentous SOB that thrives in wastewaters characterized by high organic loads and elevated
concentrations of low molecular weight fatty acids and reduced sulfur compounds, low dissolved
oxygen (DO) concentrations and deficit in phosphorus and nitrogen [85]. The overgrowth of Thiothrix
is related to activated sludge bulking in WWTPs. The presence of Thiothrix in the BTF was probably
due to its ability to grow under heterotrophic, lithotrophic or mixotrophic conditions and use the
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organic matter, biomass and cellular debris accumulated in the BTF during its 6 months of operation.
Sulfur-oxidizing mixotrophs can use reduced sulfur compounds as electron donors to produce ATP and
CO; (autotrophy) or organic carbon (heterotrophy) to produce biomass. Sulfurimonas is a ubiquitous
SOB found across the globe, in terrestrial and marine environments [86]. This bacterium is a strict
chemoautotroph. Sulfurimonas denitrificans can use both sulfide and sulfur as electron donors and
nitrate, nitrite and oxygen as electron acceptors [39]. Thiobacillus species are the typical colorless
SOBs, with a strict chemolithoautotrophic metabolism. Among these, Thiobacillus denitrificans is a
facultatively anaerobic bacterium, which can couple the oxidation of reduced sulfur compounds to
denitrification [87].

Concerning the spatial distribution of bacterial populations, studied by T-RFLP, Thiothrix was
more abundant in the outlet than in the inlet of the bioreactor. This finding is in agreement with niche
differentiation patterns observed among sulfur-oxidizing populations in natural environments such
as natural caves where three dimensions are critical, namely the sulfide, oxygen and water flow [88].
In such environments, Thiothrix is preferentially found in less turbulent or slowing flowing waters,
with low sulfide and high oxygen. In BTFs, these conditions are met at the outlet. This is because,
as in other plug flow types reactors, a gradient of H,S and DO concentrations forms in BTFs, with
higher H,S/O, ratio in the inlet (bottom) and lower H,S/O, ratio at the top (outlet). The conditions are
therefore less severe in terms of H,S concentration at the outlet.

Later on, the same group reported on the composition of the bacterial communities present in a
similar laboratory scale BTF treating a biogas mimic, consisting of a mixture of H,S and N, which was
determined by using 16S rRNA clone libraries and FISH [89]. The H,S concentration in the inlet was
kept constant at 2000 ppm and the pH was controlled at 6.5-7 in the recirculating liquid. DO and pH
were monitored online in the recirculating liquid. A 95% RE was achieved 3 days after inoculation
of the BTF with an aerobic sludge from a municipal WWTP, indicating that this inoculum already
contained a significant population of SOBs. An RE over 99% was obtained throughout the operation
10 days after start-up.

Equal amounts of biomass samples collected at days 42 and 189 from the inlet (bottom) and
outlet (top) zones of the BTF were mixed to create “representative” samples from the total microbial
community. The 16S rRNA clone libraries obtained 42 and 189 days after startup had a different
composition indicating that the total bacterial communities present in the system changed throughout
the operation, although the RE was above 99% throughout the study. Therefore, shuffling in the
bacterial populations did not affect the performance of the BTF. A wide phylogenetic diversity was
found in both libraries. After 42 and 189 days, 39 and 51% of the retrieved clones were affiliated with
bacteria related to the sulfur cycle. The authors claim that using a biogas mimic is valid although it does
not contain CHy or gaseous hydrocarbons since previous reports have indicated that the degradation
of HS by lithotrophic bacteria is not affected by the presence of organic carbon sources. However,
the presence of CHy in a real biogas may boost the growth of methanotrophic and heterotrophic
bacteria that could compete for oxygen especially in areas of the bioreactor where DO is limiting.
Diversity indexes indicated that bacterial diversity and evenness were lower at the longer operation
time. So, a “simplification” or “metamorphosis” of bacterial communities towards more specific and
dominant SOB communities was favored over long operation times in the presence of high H;S loads.

Thiobacillus (Betaproteobacteria) was the most abundant genus detected (40%) at day 42 of operation
while Thiothrix (Gammaproteobacteria) became the dominant genus (44%) after 189 days. Typical
yellowish Thiothrix-like mats were observed at this time. The percentage of Thiobacillus sp. related
bacteria decreased (7%) after 189 days of operation and the species detected at this time were different.
As in the previous study, after some months of operation, more organic materials were present in the
BTF and Thiothrix species displaced Thiobacillus sp. due to their ability to grow under heterotrophic,
lithotrophic or mixotrophic conditions (see above for more information on Thiothrix). In contrast,
Thiobacillus species are strictly chemolithotrophic. Other genera of SOBs were also detected, such as
Thiomonas, Sulfuricurvum, Acidithiobacillus and Halothiobacillus at day 42 and Sulfurimonas at day 189.
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Thiomonas species form a distinct phylogenetic cluster of SOBs capable of mixotrophic growth, which
means they can incorporate organic substrates in the presence of an oxidable sulfur compound,
this physiological feature clearly differentiates them from Thiobacillus species [90,91]. The potential of
Thiomonas sp. for the removal of H,S in a gas-bubbling reactor has been reported [92]. Some authors
have reported that mixotrophic biofilters performed better than autotrophic biofilters based on H,S
RE after start-up, although most biofiltration processes have preferred autotrophic organisms due to
their simplicity of operation and low biomass yield [92]. Sulfuricurvum is a strict chemolithotrophic
SOB, that belongs to the Epsilonproteobacteria, a class that comprises other SOBs, such as Sulfurinonas
(see above), with an important ecological and biogeochemical role in marine and terrestrial sulfidic
habitats [93]. Low clone coverage was obtained (less than 49%) in both 165 rRNA libraries, which
means that some SOB species were probably not detected.

Additionally, the authors used the FISH technique to follow the temporal and spatial dynamics
of the SOBs in the BTF. For this, they used probes designed to detect the neutrophilic SOBs found in
the clone libraries. Contrary to clone libraries, FISH is a quantitative technique for counting specific
bacterial populations in environmental samples. It is not based on PCR, which is biased by the fact
that rRNA operons have different copy numbers in different bacterial species. For example, according
to the National Center for Biotechnology Information (NCBI) genome database [94], Acidithiobacillus
thiooxidans and Thiomonas intermedia have one copy of the rRNA operon, Thiothrix sp., Thiobacillus
denitrificans and Halothiobacillus neapolitanus have two copies and Thiomonas intermedia four copies.
Additionally, in traditional PCR (end-point PCR), the proportion of dominant amplicons does not
necessarily reflect the abundance of specific sequences, due to preferential amplification of certain
sequences and accumulation of amplicons in the plateau phase of amplification, irrespective of their
original abundance. In FISH with rRNA probes, single microbial cells are fluorescently stained and
individually counted using a fluorescence microscope, independently of their rRNA content.

FISH revealed that Thiothrix, Sulfurimonas denitrificans, Halothiobacillus neapolitanus, Thiobacillus
denitrificans and Thiomonas intermedia were present from day 0 at the inlet. Thiomonas intermedia
notably increased at day 105 but was replaced by Thiothrix at day 189. A careful look at the monitored
parameters at day 105 and 189 shows that the DO was globally lower at day 189, which may explain the
difference in bacterial populations, although the DO was monitored in the liquid, not in the BTF, which
may not be representative of local DO variations. The system was cleaned up after taking the sample at
day 189 and, again at day 229, Thiomonas intermedia abundance increased, showing that this species may
be a primary colonizer of the system in absence of significant quantities of organic matter. Thiothrix
was more abundant at the outlet while the abundance of T. intermedia increased at the inlet compared
to outlet, meaning that this species may be more adapted to high H,S concentrations. After reactor
clean up, Thiomonas intermedia was the most abundant SOB. As the pH was controlled in this system,
the authors did not attribute the changes in microbial populations to pH but to DO, H,S concentration
and sulfur or organic matter accumulation. Thiomonas intermedia is a slightly acidophilic SOB that has
been found in corroding sludge digesters and sewage systems [21,95].

In absence of pH control, the pH drops to very low values <2.0 in biofilters treating H,S.
The bacterial communities in pilot-scale BTFs packed with ceramic or volcanic rock, inoculated with an
activated sludge from a municipal WWTP and operated at different EBRT (20, 15, 10 and 5 s) without
pH control were studied [6]. The operation time at each EBRT was relatively short (15 days). The gas
to be desulfurized proceeded from the WWTP with an H,S load of 2.84 mg/rnS, corresponding to
~2.0367 ppmv, a low load. The biomass samples for 16S rRNA gene pyrosequencing were collected in
the bottom zone of the BTFs at the end of the first and third stages, corresponding to EBRTs of 20 and
10 s, respectively. The pH drops registered in the two BTFs were from 7.0 to 3.5 and 7.0 to 1.5 at EBRTs
of 20 and 10 s, respectively. The volcanic rock BTF presented a 99% RE at any of the EBRTs tested while
the RE of the ceramic BTF decreased from 94 to 60% at the lowest EBRT. The activity of the ceramic BTF
was restored after washing with fresh medium, which means that it was more affected by pH than the
volcanic rock BTE. Members of the Thiomonas genus were abundant in both BTFs and the abundance
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of this genus even increased under the most drastic conditions (a pH drop from 7 to 1.5) showing
the acidophilic nature of this bacterium (see Thiomonas characteristics above). Only the volcanic BTF
was colonized by Acidithiobacillus thiooxidans at the most extreme operating condition (EBRT of 10 s)
with an abundance of 27.9%. In the ceramic BTF, the abundance of Acidithiobacillus thiooxidans was
low (<2%) at any of the tested EBRTs. Acidithiobacillus thiooxidans was therefore clearly responsible for
the performance of the volcanic rock BTF under acidic conditions. This bacterium has been proposed
as ideal for inoculating biofilters operating under stable conditions of low pH as mentioned above.
The influence of the nature of the packing material was evidenced here since the volcanic rocks, which
have a higher porosity and specific surface area than the ceramic granules, allowed colonization by
Acidithiobacillus thiooxidans and achieved high RE even at very low pH values. The ceramic BTF could
not be colonized by Acidithiobacillus thiooxidans. It has been reported that the use of cell attachment
promoters enhanced the performance of BTFs packed with PUF cubes and treating H,S polluted
airstreams [96]. The attachment of Acidithiobacillus thiooxidans, the dominant bacterium in these BTFs,
to the PUF cubes was enhanced after coating the cubes with polyethyleneimine. It has been shown
that Acidithiobacillus thiooxidans preferentially colonized concrete compared to glass in long incubation
times, showing that biofilm formation by this bacterium may be material-dependent [97].

Concerning the influence of the packing material, there is only one report comparing the bacterial
communities and the H»S RE of two large-scale biofilters (not BTFs) packed with different inorganic
materials, marble or pozzolan supplemented with limestone, and treating waste gases from the same
WWTP [98]. The 16S rRNA gene clone libraries were constructed to compare the bacterial diversity
in the two biofilters. In this study, the marble biofilter was very acidic (pH < 3), had a better H,S
removal performance and a higher bacterial diversity. The main OTUs detected in relation to sulfur
oxidation were a betaproteobacterium from a sulfidic cave biofilm (not identified at the genus level)
and Thiobacillus sajanensis with a reported optimum pH range of 6.8-9.5 [99]. Surprisingly, the biofilter
packed with pozzolan, a material of volcanic origin, was less acidic (pH 5.7-6.8) and harbored different
microbial populations such as the thermoacidophilic red algae Cyanidium caldarium and Acidithiobacillus
sp. The authors attributed the increase of pH and lower H,S RE to the presence of limestone.

The characterization of bacterial communities at three layers (bottom, middle and top) of a pilot
scale peat biofilter treating gases emitted from a WWTP is described [40]. Although the system is not a
BTF and the application is in odor abatement, the results are interesting in some aspects related to the
influence of pH in biofilters at the pilot scale level. The molecular technique used here was SSCP. Peat is
like a “self-inoculated” packing material with high organic content. The H,S inlet concentrations
vary from 227 to 1136 mg/m? (163-815 ppmv). During operation, the registered decrease of pH in
the bottom, middle and upper zones was from 7.8 to 2.5, 7.5 to 3.3 and 7.3 to 6, respectively. These
results are consistent with the highest pH drop at the inlet where H,S biodegradation is the highest
due to the accumulation of SO4?~. In this study, cell counts were performed at the different layers,
however the media used were directed to heterotrophic bacteria and fungi not SOBs. The presence of
fungi was noted at the bottom, consistent with the tolerance of fungi to acidic conditions. The bottom
layer presented the highest bacterial diversity according to the obtained SSCP patterns and each layer
was dominated by a few bacterial species, different in each layer, consistent with a stratification of the
bacterial populations observed in other biofiltration systems, independently of the type of packing
material and contaminant treated [100]. The few clones sequenced in this study allowed retrieving
Pseudomonas and other heterotrophic bacteria instead of typical colorless SOBs. This is not surprising
for this type of organic packing material.

The pH transition to acidic values drastically reduced the microbial diversity in a BTF packed
with stainless steel Pall rings and inoculated with aerobic sludge from a local municipal WWTP [101].
A reference synthetic gas containing 2000 ppmv of H,S was used. A gradual and controlled pH
shift was established from pH 6.5 to 2.75 (in the recirculating liquid) between days 440 and 600 of
operation. The total DNA was extracted from biomass collected at days 245 (neutral pH) and 586 (acidic
pH) from three sampling ports (bottom 1/3, middle 2/3 and top 3/3) and mixed in equal proportions
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for 16S rRNA gene amplicons pyrosequencing. At an acidic pH, the community was enriched in
Gammaproteobacteria where the acidic SOBs (Acidithiobacillus sp.) group instead of Betaproteobacteria
where most neutrophilic SOBs are found. Acidithiobacillus thiooxidans was found in the communities
developed under neutral conditions (4.1% of the OTU) together with Thiomonas and Thiobacillus.
The abundance of Acidithiobacillus sp. increased up to 57.4% under acidic conditions. Acidiphilium was
also detected (11.4%). This bacterium can grow under mixotrophic or chemolithotrophic conditions
and is able to oxidize H,S or elemental sulfur under oxygen limiting conditions. It is often found
together with Acidithiobacillus thiooxidans in natural and engineered environments such as acid mine
drainage and corroded concrete [102,103].

One of the most extensive studies, from a microbial ecology point of view, is perhaps the one
described by Tu et al., (2015) [104]. In this study, two identical bench scale BTFs packed with volcanic
rock, seeded with the same inoculum and acclimated for one month under steady state conditions
at pH 4.0 (BTFa, a for acidic) or pH 7.0 (BTFn, n for neutral) were compared in terms of operational
performance and microbial populations. The inoculum was obtained by mixing an aerobic sludge
from a municipal WWTP and a microbial consortium enriched in the presence of thiosulfate from a
sample collected in a landfill leachate treatment plant. The EBRTs tested were 60, 30 and 15 s for 14 h
each, during which the H,S load was gradually increased from 175 to 5858 mg/m3, 169 to 5028 mg/rn3
and 69 to 1029 mg/m3, respectively. Samples of the packing material were taken at the bottom (b),
middle (m) and upper (u) layers of the BTFs at the end of each stage for pH measurements and MiSeq
sequencing of 16s rRNA gene amplicons. The RE is also determined at the three layers for each BTE.
The obtained results can be summarized in Table 4.

Table 4. Comparison of the operational behavior, pH and bacterial populations in two BTFs operated
under acidic (a) and neutral conditions (n). EBRT: empty bed residence time.

Operational Behavior

Biofilter BTFa (pH 4) BTFn (pH 7)
EBRT (s) 60 30 15 60 30 15
Maximum RE at the inlet (%) 99 95 70 87.5 90 65
Average pH and Bacterial Populations
Layer Upper Middle Bottom Upper Middle Bottom

pH 4.04 2.79 1.83 7.19 4.97 2.03

Abundance of -proteobacteria (%) 20.0 32.9 23.6 25.2 29.9 19.1
Abundance of B-proteobacteria (%) 31.6 29.4 46.7 13.1 18.1 32.7

According to the RE values, BTFa had a better performance than BTFn. So, the most acidic
condition (BTFa) generated the most effective BTF. Although the pH of the recirculating liquids was
controlled at 4.0 and 7.0, gradients of pH formed into the two BTFs. As expected, in both BTFs, the pH
was lower at the inlet layers where H,S biodegradation is maximum due to the formation of S04%.
The abundance of Gammaproteobacteria, where the acidic SOBs are found, was higher in the acidic
BTF (46.7%). The predominant bacterial genus was Acidithiobacillus thiooxidans. The abundance of
Betaproteobacteria (where neutrophilic SOBs are found) was between 19.1 and 32.9%. The most abundant
genera were Thiomonas, Thiobacillus and Halothiobacillus. Considering these results, Acidithiobacillus
was again found to be the key bacterium for H,S biodegradation. The inoculation of biofilters
with Acidithiobacillus species is proposed as an alternative to reduce acclimation times during H,S
biofiltration. Principal components analysis of diversity index values clearly separated the two BTFs
and, for each BTF, the vertical stratification was clear with samples from the bottom layers being the
most distant. This is another example of the influence of the operational conditions, pH and gradients
of HyS and O; that influence the composition and diversity of bacterial communities in BTFs for
H,S removal.
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4.3. Anoxic Biofiltration

Fernandez et al. (2013) have reported the elimination of H,S under anoxic conditions in a lab-scale
BTF packed with Pall rings and operated at pH 7.4-7.5 [105]. The biogas was produced on-site in
an upflow anaerobic sludge blanket (UASB) reactor and the H,S content was gradually increased
with a H;S generation system. The inoculum consisted of biomass collected from a previous BTF
packed with open polyurethane foam, operated under neutral pH conditions and initially seeded
with nitrate-reducing bacteria and SOBs. Reduction of the methane and CO, content in the biogas
were not observed during the 104 days of operation. The BTF was operated under nitrate limiting
conditions (N/S ratio of 0.77 mol/mol), so the main product formed was elemental sulfur. The formation
of this product could be reduced 25% if the N/S ratio was increased to 1.52 mol/mol. Analysis of the
bacterial communities by DGGE was performed but it is not indicated at what time and how the sample
was taken. Although the DDGE bands were not identified, a low bacterial diversity was observed.
The same four bands were present at the inlet and at the outlet of the BTF while the recirculating
liquid presented three bands, two of them also present in the BTF samples, meaning that some of
the bacterial population were strongly attached to the packing material and that the nature of the
inoculum, the anoxic conditions and the high H,S loads (1400-14,000 ppmv) favored the establishment
of a specialized bacterial community.

The effect of gas-liquid flow patterns on the performance and bacterial diversity and dynamics in
a pilot-scale BTF treating a real biogas effluent from the AD of a WWTP was studied [65]. The BTF was
packed with PUF cubes, inoculated with wastewater from the degritter-degreasing unit of the WWTP
and operated for 415 days in five different operation modes: (1) day 1-297, counter-current flow with
increasing H,S loads; (2) day 298-360, co-current flow with increasing HjS loads; (3) day 361-367,
biogas supply cut; (4) steady state counter-current flow with liquid recirculation; and (5) steady state
counter-current flow without liquid recirculation. Biomass samples were taken at the top and bottom
of the BTF at day 343 (phase 2) and at the bottom at day 415 (phase 5) for massive pyrosequencing of
short 16S rRNA gene amplicons. In counter-flow mode, biofilm growth rate is usually higher at the
bottom part of BTFs where H,S degradation is at its maximum. S° usually accumulates at the bottom
where the ratio of electron acceptors (NO3;~ or O,/H;S) is the lowest. The slightly lower performance
under co-current flow was attributed to the redistribution of biomass and S along the packed bed
as observed by visual inspection. This redistribution, however, promoted by alternate flow patterns,
was favorable with respect to clogging and pressure drop problems. In addition, biogas supply cuts
allowed the S” to be consumed by the microorganisms.

Concerning bacterial diversity temporal and spatial dynamics, a first observation is the high
proportion of unclassified species found here, between 22 and 43% of the sequences, which is a drawback
of the single-end sequencing of small 165 rRNA amplicons in the pyrosequencing technique. Presently,
paired-end sequencing allows the sequencing of both ends of a fragment and generates high-quality,
aligned sequence data, even with small fragments, in addition to high sequencing coverage. Bacterial
diversity was similar at the bottom and top parts of the BTF operated under co-current flow (samples
taken at day 343), with a strong dominance of Proteobacteria. Sedimenticola (Gammaproteobacteria) was the
most dominant genus in both samples with a relative abundance of almost 49.5 and 44.2%. Sedimenticola
is a versatile SOB comprising species that can grow lithoautotrophically under hypoxic and anaerobic
conditions using a variety of anaerobic electron acceptors such as NO3~, (per)chlorate or chlorate and can
also use organic compounds as a source of energy and electrons [106]. Bacteria from the Rhizobiales and
Rhodobacteraceae were also detected at a significant abundance, 4.5 and 8.3%, respectively. Rhizobiales
can fix N while Rhodobacteraceae comprise chemoorgano- and photoheterotrophs putatively active
in anoxic, nitrate-dependent sulfide oxidation [107]. The bacterial community structure drastically
changed under counter-current flow without liquid recirculation. The community was more diverse,
and most sequences were related to unclassified genera. It was therefore not possible to detect any SOBs.
The performance of the BTF significantly decreased under single-pass flow (no liquid recirculation)
at the two nitrate concentrations tested. The presence of so many unclassified sequences may be
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related to the growth of phototrophic eukaryotic microorganisms in this BTF since it was made of
fiberglass, which shows some transparency to light. Moreover, the presence of nitrate may boost the
growth of algae, which may further contribute to clogging problems. The presence of such organisms
contaminates the samples with chloroplastic and mitochondrial 16S rRNA sequences which group
along with unclassified sequences at the domain level. The degree of contamination depends on several
factors, the DNA extraction and purification protocol, the primers and region of the 165 rRNA gene
that was amplified and the bioinformatics pipeline used to analyze the data [108]. Overall, the obtained
results indicate that the flow pattern has an influence on the composition of bacterial communities
in BTFs and their vertical distribution, affecting the performance of the system and life span of the
packed bed.

In the last year, several studies have reported the characterization of bacterial communities in
anoxic BTFs for the removal of H,S in gas streams. As expected and discussed above, the bacterial
communities in anoxic BTFs are different from those of aerobic BTFs due to the use of different electron
acceptors [109]. The packing material, open pore PUF (OPUF) or polypropylene Pall rings, did not
influence the composition of the bacterial communities in BTFs seeded with the same inoculum
(a sample from a previous OPUF biofilters) and treating 1400 to 14,600 ppmv H,S concentrations as
shown by the almost identical DGGE banding patterns [109]. The bacterial diversity was low probably
because the inoculum had already been acclimated for biofiltration. The following genera and species
were detected in relation to sulfur oxidation and autotrophic denitrification, Thiobacillus thiophilus,
Thiohalophilus sp. and Thiomonas intermedia. Thiobacillus thiophilus has been described as an obligately
chemolithoautotrophic and facultatively anaerobic bacterium, growing with either oxygen or nitrate
as the electron acceptor [45]. Thiohalophilus sp. is an SOB that has been isolated under microoxic
conditions and found to be capable of sulfur-driven anaerobic growth with NO,™ [110]. As mentioned
in Sections 2 and 3, NO,™ is an intermediate in autotrophic and heterotrophic denitrification that
can accumulate in biofilters when NO;~ is used as the electron acceptor. The role of Thiomonas
intermedia in sulfur oxidation has already been highlighted in aerobic biofilters, however, it is not
clear if this bacterium can use NO3~ as the electron acceptor. NO,™ has been successfully used as
the electron acceptor in a BTF treating a synthetic biogas containing H,S concentrations of 952 to
3564 ppmv with a mineral medium as the recirculating liquid phase [111]. Although the bacteria
were not identified, the authors report that the bacterial diversity was reduced during the progressive
adaptation from NO3;~ to NO;~, however the DGGE banding patterns were similar, indicating that
the same bacterial community was involved in sulfur-driven autotrophic denitrification with both
electron acceptors. Finally, Khanongnuch et al. (2019) have just reported the anoxic desulfurization
of a gas stream containing low H,S concentrations (100-500 ppmv) at high EBRT values (3.5 min)
using a synthetic nitrified wastewater as the recirculating liquid [68]. Using chemical sources of
NOj3™ increases the operating costs of anoxic biofilters and the authors claim that using a nitrified
wastewater as the trickling liquid would be a practical option if the H,S treating BTF is located
near a nitrification bioreactor. The obtained results indicated that H,S elimination (RE >99%) via
autotrophic denitrification was possible using nitrified wastewater and that Thiobacillus sp. was
the only sulfur-oxidizing nitrate-reducing bacterial genus detected by DGGE. When the nitrified
wastewater was amended with an organic compound to simulate the presence of residual organics,
the H,S RE drastically decreased to values between 60 and 80%. NO3~ consumption increased due the
growth of heterotrophic/mixotrophic denitrifying bacteria that probably outcompeted the autotrophic
denitrifying SOBs leading to an increased accumulation of biomass. The detected heterotrophic
denitrifiers were Brevundimonas and Rhodocyclales.

The main outcomes of microbial ecology studies in aerobic and anaerobic biofilters and BTFs
for the abatement of HyS in gas streams extensively reviewed in Sections 4.2 and 4.3, respectively,
are summarized below in Table 5.
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5. Conclusions and Perspectives

Biofiltration appears to be a suitable biotechnology for the removal of H,S from biogas. Different
studies have shown that BTFs, contrary to conventional biofilters, are able to withstand high and
variable loads of H,S for extended periods of time, which is a prerequisite for application to the
desulfurization of biogas. Large-scale applications of biofiltration for the removal of H,S from gas
streams, not necessarily biogas, make use of chemolithotrophic SOBs to oxidize H;S to innocuous
products such as SO42~ and S° in the presence of O,. S° is formed as an intermediate. Although SO4>~
is the preferred end product, S° generally accumulates in biofilters as the result of limited O, supply
in the sulfur-oxidizing biofilm. S° accumulation causes clogging episodes, a main challenge for the
application of BTFs, which can be alleviated by the periodical shutdown of BTF units to allow the
biological oxidation of the accumulated SY to SO42~ in absence of H,S.

Chemolithotrophic SOBs are part of the natural biogeochemical sulfur cycle where they play a
fundamental role in the elimination of the H,S produced by SRB in natural environments. Many of
these bacteria are autotrophic, which is advantageous due to their low biomass production. They are
very diverse from the morphological, phylogenetic, physiological and metabolic point of view, allowing
them to thrive under a variety of environmental conditions. The ability of certain species of SOBs to
use NOj3™ as the electron acceptor for the oxidation of H,S is the base of anoxic biofiltration in BTFs.
This new and less studied technology has been recognized as a promising option that would avoid the
dilution of biogas and explosion risks due to the introduction of O,.

As biofiltration is based on the activity of bacteria, it is important to reach a better understanding
of the bacterial communities that populate BTFs under biogas desulfurization conditions. In the last
15 years, some studies describing the bacterial communities in aerobic and anoxic BTFs with the use
of molecular biology tools based on the 165 rRNA gene sequence have been published in relation to
biogas desulfurization (Table 5). These studies have shown that the environmental conditions imposed
by the operational conditions have a direct impact on bacterial communities” diversity, structure
and dynamics. Anoxic bacterial communities have been less studied and require a more intensive
sequencing effort to more precisely determine the phylogenetic affiliation of the involved SOBs under
different operational conditions. The robustness of the biological oxidation process is shown by the
fact that the H,S RE is maintained over extended periods of time in BTFs, even under fluctuating
operational conditions as well as a change in the electron acceptor. Although a shift is observed in the
bacterial communities” composition and structure, the performance of the BTF is maintained, showing
the versatility, resilience and plasticity of bacterial sulfur-oxidizing communities. Vertical stratification
of bacterial populations has been observed in aerobic BTFs, this spatial stratification is related to the
H,S/O; ratio along the packed bed. Extreme acidification due to the production of SO, that leads
to the formation of H,SO4, does not inhibit the process as new SOB populations able to grow under
extreme acidity progressively replace neutrophilic SOBs.

However, the 16S rRNA gene-based phylogenetic analysis does not identify the functional features
of SOBs and there is still insufficient knowledge of the physiology and functional role of the key
populations involved under different operational conditions. Recent advances in next generation
sequencing technologies and bioinformatics has allowed the analysis of environmental metagenomes
without PCR amplification to survey both the taxonomic and functional properties of microbial
communities. The availability of complete genome sequences of different SOBs allows probes to be
designed for sulfur oxidation genes for quantitative PCR applications. Finally, metatranscriptomic and
metaproteomic approaches would allow a more complete picture of the metabolic role and activity of
different SOBs to be obtained for better control and optimization of the biofiltration process.

Future research directions for biogas desulfurization should be focused on scaling-up the major
outcomes found at the laboratory scale for anoxic BTFs to pilot-scale in order to determine the
performance limits of these systems and the behavior of the involved microbial populations, especially
for long-term operation using real biogas instead of biogas mimics. Additionally, aerobic and anoxic
biotrickling filtration technologies should be submitted to detailed economic and environmental
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assessments using life cycle analysis-based approaches and, on this basis, compared to bioscrubber
and physical/chemical technologies.
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