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Summary and thesis outline

ABSTRACT

The continuously increasing energy consumption rate, vital for overall economic
development, coupled with the projected decline of fossil fuel stocks, predicts an
unfavorable world situationRenewable energies offer an opportunity to mitigate such
potential crisis. Biogas, produced through anaerobic digestion is a feasible energetic
alternative that has the potential to become a relevant actor in forthcoming renewable
energy market. The qusli of biogas obtained is a critical property that defines the
applications where this biofuel can be applied. The presence of impurities may require a
conditioning/treatment stage, providing the necessary quality standards for specific uses.
Several upgrading processes are nowadays available, which are effective in removing
impurities and increasing energetic value of this gaseous biofuel. However, implementation
of these treatment stages may turn biogas production more complex and expensive. The
possibilty to intervene biogas production stage in order to promote a better biogas quality
may same costs and facilitates later biogas use. This thesis explores novel alternatives to
implement the micro aeration process. That process to consist in the appldadioall

amount of oxygen and was implemented at different anaerobic reactors configurations, with
the aim of hydrogen sulfide removal. This strategy was significantly reduced the content of

the pollutant without to affect the yield of anaerobic process
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General Introduction

1. INTRODUCTION

1.1.BIOGAS AS RENEWABLE ENERGY SOURCE

Expedite access to energy represents a key factor for the development of nations. Energy
demand is under constant and continuous increase (Setdlgt2017), greatly influenced
by the development of highly populated and therefore energetic demandinyie®

(Miguezet al.,, 2006).

The International Energy Agency (IEA, 2020) estimates that oil demand for year 2021 will
be 2.1 mb/d. On the other hand, the estimations on fossil fuel availability predicts that
reserves for oil, coal and natural gas wilarstdecreasing in 35, 105 and 37 years,
respectively (Shafiee and Topal, 2009). It is clear then that availability of energetic
resources will turn into increasing strategic elements; that will play a significant role in the
political and socioeconomicallylecisions that future governments will have to take

(Lefévre, 2010).

An alternative to cope with the forthcoming energetic crisis is the development of
renewable energy sources such as solar, wind, hydro, geothermal and fuels derived from
biomass (Kaberge2018, Handayanet al 2019). However, technologies enabling the
production of renewable energies must be economically feasible, in order to have a share

into an already extremely competitive energetic market (Destouni and Bedrgs,

Several types ofibfuels can be derived from biomass. Liquid biofuels such as biodiesel,
bioethanol, biobutanol, biomethanol, pyrolysis oils, or gaseous biofuels such as synthesis
gas (product of thermochemical processes), biogas or biohydrogen. Among the benefits of

the wse of biofuels are the reduction of fossil fuel utilization, reduction of greenhouse

Membrane Assisted Microaeration for Sulfide Removal in Anaerobic Digestion Prc 1



General Introduction

emissions employment generation (Destouni and Frank 2019, Moreno and Lopez, 2008),
development of local capacities, decentralization of energy production and increase of

energy availability in rural or isolated areas (Bruetnal.,2014, Demirbas, 2009).

Anaerobc digestion process has received important levels of attention, since biogas
production represents an interesting source of renewable energy, which can contribute to
the goal of decreasing our dependence from fossil fuels (Beuah2014, Arthuret al,

2010, Stewartet al, 1995). Indeed, nowadays anaerobic digestion in more commonly
regarded as an energy production process than just a waste treatment technology. Biogas
can be used for various applications, including: generation of heat/steam for aldussdri
(Capodaglioet al 2016, HolmNielsenet al, 2009), cegeneration of heat and electric
power (Wu et al 2016, Kanget al 2014, Gebrezgabheet al, 2010; Walla and
Schneeberger, 2008), fuel for home use (Raboni and Urbina 2014;Nielsenet al,

2009; Lantzet al, 2007), vehicule use (Scarkttal 2017, Osorio and Torres, 2009; Lantz

et al, 2007), fuel cells substrate (VWtial, 2016, Papurellet al2016, HolmNielsenet al,

2009).

Anaerobic digestion is nowadays an established technatoggveral parts of the world.

For example, the European Community has identified anaerobic technology as a powerful
technology that can contribute to achieve the commitments described in the Kyoto
agreement, as a reducing agent of the emissions of gnesmlgases. In 2015, the EU
produced 18 billion rhmethane, which represents half of world biogas production (Scarlat
et al, 2019). Moreover, biogas market is expected to positively develop in the near future.
According to Global Information Inc, (2019)dhglobal market for biogas will have an

increment of almost 6% by the year 2023

Membrane Assisted Microaeration for Sulfide Removal in Anaerobic Digestion Prc 2



General Introduction

Anaerobic digestion is a process that converts organic matter into biogas, a mixture of
methane (Ch), carbon dioxide (Cg), and a marginal proportion of otheasgs (Meieet al

2017, Raskt al, 2007). Biogas represents a renewable energy carrier that can be used for
different purposes, and can be produced from a wide variety of sources of organic matter,
including biomass or energy crops. This is not the odsthanol or biodiesel, that require
appropriate substrates such as carbohydrates and lipids, respectively. Anaerobic technology
can be then integrated into chains of production, linked to the transformation of waste
biomasses, positively impacting thestatructure of business, and consequently generating

a greater competitiveness in several sectors (Neumann and Jeison 2015, Jeison 2015,
Yiridoe et al, 2009, Albertsoret al, 2006, Chynowetlet al, 2001). Among the many
environmental benefits that thiechnology offers, one could include: mitigation of
greenhouse gases by biogas utilization (Mostesd 2017, Bruuret al 2014; IPCC 2014),
reduction of odors from waste (Appeks, al, 2008; Demirer and Chen, 2005), pathogen
reduction (Céteet al, 2006) increase of the sustainability of other biofuels (Neumann and

Jeison 2015; Power and Murphy, 2009; Stoeglehner and Narodoslawsky, 2009).

Biogas produced by anaerobic digestion usually contains the following compounds:

CHy: It is a hydrocarbon, the main component of biogasan be fornd in biogas at
concentrations ranging between 50 and 70% v/v. This compound is a potent greenhouse
gas, thatnay contribute to global warming if discharged into the atmosphere (IPCC, 2001).

It has a calorific value of 38 MJ/kg, and can be usddels

COq: It is the most oxidized for of carbon, its content in biogas varies between 30 and 50%

viv.

Membrane Assisted Microaeration for Sulfide Removal in Anaerobic Digestion Prc 3



General Introduction

H.S. Hydrogen sulfide can reactive with most metals, causing corrosion in compressors,
gas storage tanks and engines. Its reactivity is enhanced by concentration and pressure, the
presence of water and elevated temperatuitezan be found in biogas uslya at

concentrations below 1 % v/(Camilotiet al.,2018,Perssoret al.,2006, Raset al, 2007)

NH3: The combustion of ammonia leads to the formation of nitrous oxide (NOX),
precursors of acid rain and also is a greenhouse gas (Kobayadhi2019. Then, when

preset in biogas at high concentrations, this compound compound nmestded.

Halogenated and Organic silicon compoundsDuring the combustion process the
halogens (e.g. carbon tetrachloride, chlorobenzene, chloroformand trifluoromethane)
compounds are oxidized. Additionally, in presence of water, can cause corrosion in
downstream pipes and equipments. They can eventually generate dioxins and furans
(Perssoret al.,2006).. In some cases, biogas has to be treated to remove these compounds,
since they can be converted into inorganic siliceous deposits, causing serious damage in

engines..

Depending on the substrates used, biogas can presents big variations on its composition.
Depending on its use, some components may need to be removed.lTalpeesents
guidelines regarding the content of £®,S an NH required for same biogas used, for

different applications.

Membrane Assisted Microaeration for Sulfide Removal in Anaerobic Digestion Prc 4



General Introduction

Table 1.1. Requirements for biogas treatment depending on its energetic use

Para-  Content Fuel Vehicle Power- Electricity Introduction Heating
meter in biogas Cell Use Heating co  Generator (engine or  into natural
generation turbine) gas grid
CO, 30-50 % O.R. <3%v/iv O.R.(Cirneet O.R (Cirneet al, < 6% v/v(Chl) O.R.
viv (MCFC) (1SO) al., 2008) 2008) <6% v/v(Ch2) (Cirneet

<6% viv(G)  al., 2008)

<2% vIv(F)
H,S 0-1%vi 6.5%107 0.003 <0.05% v/v <0.05% v/v <0.003% v/v <0.05%
%viv %vlv (Sw) (D&S, 2008) (D&S, 2008) (S) viv
(MCFC) <0.003% v/v (D&S,
(s) 2008)
NH; <100 <29 ppmv (Sw)

ppmv

G: Ger man standard G260/ G262; Sw: Swedi sh estandar
15403, Chl : Swiss national standard for unlimited gas injection; Ch2: Swiss national standard for limited gas
injection; F: French national regulation fgas injection; MCFC: Molterarbonate fuel cell; O.R.: Optional

removal,; D&S, 2008: Deublein and Steinhauser, 2008.

Therefore, for many biogas applications, upgrading technologies need then to be applied,
involving further processes and therefore costewever, biogas composition may be
manipulated, within some ranges, by means of applying different operational strategies.
Such approach, if successful, would reduce the needs of upgrading processes, increasing
the economic feasibility of biogas productias renewable energy carrier. Such approach
may be applied when a reduction in theSHontent is required. Sulfide is very reactive
compound, and conditions may be provided within the reactor in order to induce its

transformation is compounds that do jeatpardize the energetic usebobgas.
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General Introduction

When it comes to the reduction of biogas content ¢6,Hone option could be the
implementation of a prreatment stage, involving precipitating the oxidized sulfur
compounds, and thus preventigsiglfur to enter the digester. Another option is the expose
the HS to oxidizing agents after or during the anaerobic process. These can be either
biological or chemical, and may be used to oxidize the sulfide and then to separate the

insolubilized sulfuré r ms t he | i g u ketd., 200 Kragzeldvat al.n2®1b)e k 1

1.2.ALTERNATIVES TO REDUCE BIOGAS HYDROGEN SULFIDE

Sulfate is present in may waste(waters) generated by wide variety of production activities,
such as fermentation, seafood processignéry, edible oil refinery, among others (Cirne

et al, 2008; Sabumon, 2008; Liamleam and Annachhatre, 2007 dtes 1998). Sulfate,

is usually considered as an environmentally benign compound. It is nonvolatile, nontoxic,

chemically inert and verybaindant in nature (Silvet al, 2002).

The presence of oxidized sulfur species in organic waste causes negative effects on
anaerobic digestion. This is the result of the activity of a group of microorganisms presents
in anaerobic consortia known as sufeeducing bacteria (SRB). The SRB uses oxidized
sulfur compounds as electron acceptors, reducing them to hydrogen sulfide. Hydrogen
sulfide is toxic, cause corrosion of steel and concrete, increases the chemical oxygen
demand (COD), and is responsible émlor problems sometimes associated with anaerobic

digestion (Krayzelovat al2015, van der Zeet al, 2007, Janssest al,, 1998).

Presence of sulfate in wastes induces competition between methanogenic (MB) and sulfate
reducing bacteria, since the SRBncmetabolize b and acetate and other intermediate

products of anaerobic digestion, such as volatile fatty acids, methanol and ethanoé{Jeong

Membrane Assisted Microaeration for Sulfide Removal in Anaerobic Digestion Prc 6



General Introduction

al., 2008; Liamleam and Annachhatre, 2007, Wang aadk8 2007). Considering that
SRB do not have the thermodynamic limitations of acetogenic bacteria (Table 2.2), and the
fact that they have a respiratory metabolisms, they usually succeeds such competition. This

result, in most cases, in complete sulfate reduction. .

Table 1.2. Stoichiontey and change of free energy® §) of hydrogen and acetate

conversion under different conditions (Adapted from Zeeman, 1998)

Reaction o GAKj/mol substrate)

Sulfate reducing bacteria

Hp+% SO, A YiHS +H,0 9.5
CH,COO +% SO, A  HS +2HCO; -48
Methanogens

H,+ Y% HCO5 A YiCHy+%H,0 -8.5
CH5COO + H,0 A  CH,+2HCO; .31

H.S is toxic for both MB and SRB. Such toxicity has been reported to be related with
variation of intracellular pH due to sulfur assimilation (Cirae al, 2008). Reported
inhibition concentrations are between 83 and 550 mg/L (Rinzema and Lettinga, 198&; Reis
al.,, 1992; MacCartney and Oleszkiewicz, 1993; Montalvo and Guerrero, 2003). A value of
COD/sulfate ratio below 10 is normally considered as a itiondpromoting a substantial
generation of KIS (Velascoet al, 2008; O "Reilly and Colleran, 2006; Valdetsal, 2006,

Speece, 1996) and a competition between the BSR and BM (Sal008in,

Since biogas is in contact with the liquid phase within tlaetoe part of the produced 3
will be transferred to the biogas, producing operational problems such as odors and corrosion

(Dawoudet al.,1992).As already commented,.H presence in théiogas

Membrane Assisted Microaeration for Sulfide Removal in Anaerobic Digestion Prc 7
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restricts its direct use as fuel engined @an actually damage the digesters, distribution lines
and equipment. The usuab$icontent of untreated biogas is between 0 and 0.5% v/v, being

heavily dependent on the composition of substrate (sulfate cpntent

Removal of HS from the biogas can be &bed by contact with chemical agents (Al
Mamun and Torii 2015, Osorio and Torres, 2009). Such process is usually performed in
packed columns or spray mist systems. Zinc oxide, carbon activated, zeolites or other
traditional commercial adsorbents can bedusor such purpose (Morgé8agastume. and
Noyola, 2006; Yuan and Bandosz, 2007; Truong and Abatzoglou, 2005; €babli2008).
Biological processes have been also commercially developed, based onkh8 lbixidation
activity of organisms such a&hiobacillus (Chunget al, 1996; Nishimura and Yoda, 1997;
Chunget al, 1997; Oyarzuret al, 2003;Leeet al, 2006). Table 1.3 compares the various

sulfur removal technologies

Thiobacillusare autotrophic and can use the Qi@esent in the biogas as a carbon source to
oxidize the H,S to elemental sulfr and sulfate, using oxygen &dectron acceptor as
described irFigure 1.1. Even though there are several technologies on the market having the
capacity to efficiently remove,S from biogas, their implementation increases complexity of
biogas production facilities, increasing biogas associated costs €Diak, 2015). Then,
alternatives promoting the management or control of th® ket production within the

digester have thpotential to be a more suitabligernative.

Table 13. Comparation of sulfide removal technologies

Technique for BS removal Efficiency Capital Cost Operational Cost Complexity
Chemical Agents (Iron oxide; Zinc Oxide) High Medium High Medium
ActivatedCarbon High Medium High High
Biological oxidation High High Low High
Microaeration (Anerobic digestion of slurry) High Low Low Medium

Membrane Assisted Microaeration for Sulfide Removal in Anaerobic Digestion Prc 8
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( Thiobacillus

CO2—+—» Biomas

» H
6
HS — » SO’

Y.y

Figure 1.1 Scheme of oxidation of sulfide liiobacillus.

When considering ksitu control of HS production in an anaerobic digester, 2 options may be
considered: preventing the formation of3; or the transformation of the producegBSHnto a

harmless compound.

First alternative could be addressed by controlling the rate of sulfate reduction. This may be
accomplished by inhibiting biomass responsible for the sulfate reduction itself. This could be
implemented by the use of specific inhibitory agents such as otlyl{Ranadet al, 1999;

Isa and Anderson, 2005). However, there are obvious financial and practical constraints to
implement such alternative. The transformation of the produg8dsklems to be then a more
suitable alternative. This may be done byke of iron salts, to promote the oxidation of the
H.S within the digester (Gutierrezt al, 2010;Speece, 1996). However, this option would not

be practical, since it would require continuous dosage of big amounts of chemicals. Moreover,
long-term feasillity would be also doubtful as a result of a reduction of the effective volume
of the reactor, due to accumulation of inert solids. A more convenient way to ind8ce H
transformation is the addition of compounds thay promote specific changes in thedox

potential, to induce sulfide oxidation, without affecting the anaerobic digestion process.

Membrane Assisted Microaeration for Sulfide Removal in Anaerobic Digestion Prc 9
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A way to increase redox potential is the addition of nitrate or nitrite, which can be obtained
from, a nitrifying reactor. These compounds are lyigluble in aqueous medium (Diat

al 2010, Cirneet al, 2008). The use of nitrate and nitrite to promote sulfide oxidation has
been previously reported (Fran&eal 2016, Diazet al 2010, Cirneet al, 2008, Jinget al,
2009, Lu et al, 2009, Wangt al., 2009, Mahmooet al, 2007; Vaiopoulowet al, 2005;
ReyesAvila et al 2004). Reports from Leret al (Lenset al, 2000) and ReyeAvila et

al. (ReyesAvila et al, 2004) indicate that under conditions of high concentrations of sulfur
and electra donating compoundsnitrate or nitrite, nitrate/nitrite are reduced via
denitrification through a mixotrophic mechanism (heterotrophic and autotrophic).
Technologies have been developed based on these principles, such as denitrifying
ammonium oxidatiofDEAMOX), which uses autotrophic microorganisms, and involves
the Ammonium Anaerobic Oxidation (ANAMOX) process and the reduction of nitrate to
nitrite by sulfur oxidation. DEAMOX process, reported by Kalyuzhayial, (2006a,
20006b) consists of an irafi stage where organic nitrogen is oxidized under anaerobic
conditions, followed by ammonia oxidation to nitrate, in a nitrifying reactor. By injecting a
stream rich in sulfur, nitrate generated in the first phase is reduced toustriteelectrons
donaed by thesulfur. Finally, both nitrite and ammonia generated in the earlier phases are

removed by the activity of the ANAMOKiomass.

However, probably the most obvious way to promote sulfide oxidation is the simple
addition of oxygen. By injecting aor oxygen in the recirculation line or in the headspace

of a digester, it is possible to vary the redox potential and consequently create conditions

Membrane Assisted Microaeration for Sulfide Removal in Anaerobic Digestion Prc 10
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promoting HS oxidation, enabling a simple technological solution for sulfide removal

(Krayzelovaet al2015, Cirneet al, 2008; van der Zeet al, 2007, Janseet al, 1998).

The controlled doses of oxygen into an anaerobic digester is normally knows as micro
aerdion (Diazet al, 2015 Diaz et al, 2014 Zhu et al, 2009; Johansen and Bakke, 2006
Tanget al, 2004) or micreoxygenation (Khanal and Huang, 2003; Jansseal, 1998).
Oxygen can enter to the reactor in different parts and in different ways. Sothe o

alternatives are prested in Figure 1.2 and Table 1.4

Biogasline Liquid line

Figure 1.2. Different ways for oxygemp-take

Membrane Assisted Microaeration for Sulfide Removal in Anaerobic Digestion Prc 11



Table 14. Effect of oxygen supply strategies in anaerobic process on biogas quality

02 Reactor OLR SLR HRT Injection Redox Potential % Removal H2S Biogas Quality
Substrate 1-1

141 References
Source system (mgcoDLd) (mgSLd) (day) Point (mv) (Liquid phase) CHy/CO,/H-SINA/O, (% VIV)

Air ASD Sludge ~52 20 HS -515 to 97 62.8/35.3/0.0/0.4/1.5 Diaz et al,. 2008

-492

Air CSTR Sludge NR 20 IR/LR NR NR NR/NR/< 0.02/NR/NR Fdez-Polanccet al.,2009

Air GCD Synthetic MSW NR NR 15 IR NR 99.28 % 50/NR/< 0.02 /NR/NR Tang, 2004

Air CSTR Sludge 6500 20 HS NR > 99% 58.6+1.5/34.5+1.7/0.00/5.7+1.4/1+0.5 Diazet al, 2010

02 UASB- Sybthetic 6 MABR NR 90 54.2+14.7/34.2+11.7/<2INR/NR Camilotiet al, 2018

MABR

OLR: Organic Loading RateSLR: Sulfur Loading RatefBR: Fluidized Bed Reactor; BSBR: Anaerobic Fixed Structured Bed Reacth8D: Anaerobic Sludge DigesteESTR: Continuous Stirredank Reactor;
CH: ChemostatGCD: Gas Circulation DigestetJASB: Up-Flow Anaerobic Sludge BedJHSR: Up-flow Hybrid Sulphidogenic ReactoABR : membrane aerated biofilm reactbtSW: Municipal Solid Waste;

IR: Into ReactorHS: Headspaced;R: Liquid or Sludge Recirculatiol8R: Biogas recirculationMIR : Membrane Into ReactolR: No Reported.

13



General Introduction

Oxidation of hydrogen sulfide promoted by miaeration havebeen reported to be the
result of both chemical and biological phenomena. A mixtic environment should
triggers microbial population redistribution associated with a possible appearance of sulfur
oxidizing microorganisms, affecting the phylogeneticetsity of the digester (Valdex al.,

2017, Tanget al, 2004). The possible biological mechanism is mediated by micro
biological chemotrophs that has the ability to biologically oxidiz&.H-or both, chemical

and biological mechanisms, process can drgrolled in order to produce elemental sulfur
(Krayzelovaet al.,2015, Diazet al.,2015, Diazet al.,2014, Cirneet al, 2008), instead of
more oxidized compounds such as thiosulfate, sulfite and sulfate (Steudal,

1996). Studies condted by Tanget al (2004) and Gonzale8anchez and Raveh (2007)
suggests that chemical mechanisms fg# ldxidation would prevail, since the same results
are achieved aerating a system with and without the presence of active microorganisms.

However, this mier is not fullyelucidated.

It is widely accepted that anaerobic digestion of complex substrates is a process that takes
place in stages: hydrolysis, acidogenesis, acetogenesis and methanogenesis (Parker, 2005;
Batstoneet al, 2000a; Batstonet al, 2000b). The controlled incorporation of oxygen

would triggers aerobic metabolisms in facultative bacteria, increasing the amount of
hydrolytic exeenzymes, which ultimately leads to an enhancement of the hydrolysis and
acidogenesis steps (Ztat al, 2009, dhansen and Bakke, 2007). Such condition may lead

to a reactor acidification, as was observed by different authors (Jagadabh2010, Zhu

et al, 2009).

Considering that methanogenic bacteria are strictly anaerobic, an uncontrolled increased of
redox potential may severely and irreversibly reduced the activity of such organisms.
Therefore, a controlled dosage of oxygen is required. Therefore, such effects should be
considered when designing a systenented biogas production, because it may create a

compromise between,8 reduction and a reduction of biogas yield.

Membrane Assisted Microaeration for Sulfide Removal inAnaerobic Digestion Proces 13



General Introduction
Previous antecedents indicate that microaeration has the potential to promote oxidation of

sulfide, reducing the requirements of biogas treatment when its use as biofuel is on interest.
However, oxygen dosage needs to be done in such a way that it does no disturb the
anaerobic digestion process. This thesis studies the use of semipermeable membranes as a

way to dose the oxygen required for sulfadedation.
1.3.HYPOTHESES
Considering that:

1 The biogas cleaning is needed for her energetic use; in particular the sulfide removal
is key for hewtilization.

1 The elimination of pollutants of biogas is a complex and expensive stage in the
overall anaerobiprocess.

1 The microaeration is a probed atrgy for sulfide removal in sludge anaerobic
digestion.

1 In anaerobic reactors whit small head space, ie, UASB reactor must be to

development a strategy of oxygen dosage in lighiase.

The Following hypothesis is proposed:
Implementation of membrasassisted oxygen transfer in anaerobic reactors for
wastewater treatment can promote condition compatible with the removal of the sulfide

generated by sulfate reduction
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1.4.GENERAL OBJECTIVE

To determine the feasibility of reducing the content g8 lof the biogas, by inducing the
development of sulfide oxidizing bacteria, as a result of a strategy based oraerition

of anaerobic reactors assistednmbranes.

1.5.SPECIFICS OBJETIVES

15.1. To evaluate the effect of miciaeration on the 6 content in the biogas,
elucidating the biological and/or chemical nature of the oxidativeess.

1.5.2. To develop and validate sirategy for micro aerate anaerobic digester in order to
promote sulfide oxidation in Uflow Anaerobic Sludge Blanket (UASB) reactors,
by using membrane to transfetygen

1.5.3. To evaluate the micraeration strategy assisted by membrane #3 i¢moval in

Anaerobic fixedstructured bed reactor (AFSBR).
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Sulfide Abiotic Oxidation Assay

2.SULFIDE ABIOTIC OXIDATION ASSAYS

2.1.INTRODUCTION

The most reduced form of sulfur in the environment is the sulfide. When set in contact with
an oxidant, like oxygen, it can be oxidized to forms like polysulfide, sulfite, thiosulfate and
sulfate (Camilotiet al.,2018). This oxidative process is very important in anoxic systems,
like sediments and sea bottom (Lutledral., 2011). It is also reported in micro aerobic
digesters when micraeration is applied, and when sulfide oxidizing bacteria (SOB) are
present (Kayzelovaet al, 2015; Valdé®t al, 2016; Jenicekt al.,2017 and Camilotet al.,

2018). In abiotic conditions this process oscsgpontaneously, andits main reaction

products are elemental sulfur and sulfate (Dodds and Whiles, 2010).

Jorgensen (1994jeported the existence of sulfur abiotigidation at the presence of
dissolved oxygen. However, the sulfate reduction process resulting from microbial action
would occur more rapidly. This is consistent wigisultsreported by Bernharet al (2000)

regarding the accumulation of reduced sulfur species in the sediments.

Previousdatareveas that both chemical and biochemical phenomena may be involved in the
oxidation of sulfide in anaerobic digesters operating under raieration conditios

Therefore experiments were performed in order to elucidate the potential contribution of
abiotic sulfide oxidation. Table 2.1 presents the forms of inorganic sulfur, along with their

oxidationstate.

Table 2.1. Oxidation state of inorganic sulfur compounds

Oxidation state -2 0 +4 +6

Compounds H.S S SO SO

SO SO
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Equations 2.1, 2.2 arfi3 show the typical oxidative reactions involving oxygen and

sulfide.

0Y -0 P Y 00 Equation 2.1
0"y : 5 P "yy 'og  EQuation2.2

O ¢b P YO OO0 Equation 2.3

2.2.METHODOLOGY

Oxidation tests of k& were performed undbeatch and continuous conditions. Assays were
included involving only a gas phase, and a systemwgdsr, in order to observe the

products of the oxidation reaction of&l In the case of batch tests, they were performed at
different molar ratios of b6 amd O,, to elucidate the reaction mechanism of the oxidative

process.
2.2.1.Batch abiotic oxidation assay of biogas sulfide in ggshase:

An Up-flow Anaerobic Sludge Blanket (UASB) reactor was implemeigarovide sulfide
enriched biogas. The reactor was fed with diluted wine and sulfdgtielly, bottles of 125
mL capacity were only filled with biogas rich in sulfide and oxygard then biogas rich in
sulfide, water and oxygen. After vigorously shaking the vials, tt@mposition of the

resulting atmosphere was measured 19 min lapse.

Table 2.2 shows the conditiof@r each assay, in terms of amount of water and the molar

ratio nHS/nG.
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Table 2.2. Experimental sfeir abiotic sulfide oxidationsgys in batch mode

Test Water volume molar ratio
Number (mL) NHS/ING
1 0 0.5
2 0 1.0
3 0 2.0
4 0 8.0
5 0 16.0
6 6.25 0.5
7 6.25 1.0
8 6.25 2.0
9 12.5 0.5
10 12.5 1.0
11 12.5 2.0

2.2.2.Continuous mode assay for abiotic oxidation afulfide.

An assay was carried out, involving contas fed to a 0.5 L glass reaction chamber of air

and HS aqueous solutions. Figure 2.1 schematicedigresents the assay, during the

necessary time for a steady state to be reached. System was operated at 3 hydraulic residence

times: 6.25, 4.17and 3.13 min, using a concentration of 100 m&.H* and a molar ratio

(nOG, / nH,S) of1.1in each of them

O2 in

H,S/ H,O

- e m- e

O, +H,S A S°?S0,7? # >
|:::> S,0; ?

oy

C)2 out

s%? s0,* ? /1 H,0

Figure 2.1. Scheme of oxidation test gfHwith G,
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Once steady state is achieved, the following equations represemass balance theliquid

phase:

In this case the involving mechanism is:

0°Y P 'O%Y O (pKa~7) Equation 2.4
'O°Y 0 OP "O°Y "O0 (Alkalineenvironment) Equation 2.5
Equation 2.6

oY -6 PY 00

"O°Y -0 P Y "OU0 (Neutraland/omcidenvironment) Equation 2.7

From a mass balance in steady state 8, Have:

—_— i OY Equation 2.8
Assuming a first order kinetics:

5Oy Equation 2.9

Or

v O0Y Equation 2.10

Considering two possibilities

Substoichiometric oxygen

0 0O%Y Equation 2.11

Superstoichiometric oxygen

o'oY — Equation 2.12
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“Based on the equatioabove, for the liquid phase, considering volume of reactor, dilution

factors, mass transfer process and a super stoichiometric amount of oxygen, the following

equation is reached

— D @ oY '@ b 6 & Equation 2.13

Where:

A(HS), Hydrogen sulfide consumption rate
dt

F: Dilution factor

Chizsiny: CONcentration of inlet aqueous sulfide
V: Reactor volume

r'u,sT : Reaction rate

Ch,s: Concentration of aqueous sulfide

z

v 0 0 : Mass transfer component

Figure 2.2 shows a diagram explaining the microreactor setup and a photograph of the

implementation of assay
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Solution + Air Out

Solution in

Figure 2.2- Mini -reactor for continuous abiotic assays

2.2.3 Analytical methodology

Biogas HS content was determined using Rae System colorimetric columpS. H
concentration in water was measured using an ion selective electrode (Orion, Thermo

Scientific 9616 BNWP). Gas volume was measured by liquid displacement.
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2.3.RESULTS AND DISCUSSIONS

Figure 3.3 shows batch tests resultsolving contacting sulfide and oxygen in a gas phase

(biogas) (assays-3 from Table 3.2)Dataanalysis indicate that the addition of oxygen to a

biogas rich in HS produces only a dilution effect on thelfide content. In other words, no

reaction takes place between sulfide arggen.

a
0.5 1

H25 initial

02 (7
016 |~

Concentration 012 -

Ha5
[nH;5/L] e
008 |
004 7 -l
e z/
2 B 16

I'ID;_IJ"I'IHES

B H25 After Reaction

Figure 2.3. Effect of contacting sulfide and oxygen in gas phase

Figure 3.3 shows batch tests resulisolving contacting sulfide and oxygen in a gas phase

(biogas) (assays-2 from Table 3.2)Dataanalysis indicate that the addition of oxygen to a

biogas rich in HS produces only a dilution effect on the sulfide content. In other words, no

reaction takes place between sulfide arggen.
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Figure 2.4. Oxidized forms of sulfur in abiotic essays, 5 % deaerated water in bottle
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Figure 2.5. Oxidized forms of sulfur in abiotic essays, 10 % deaerated water in bottle

Results sbw that BHS oxidation present in the biogas under abiotic conditawes not
occur in the gas phase, necessarily requitimgpresence of water to take place. This

indicates that the reaction occurs in the agueous phase.

Accepting that the oxidativprocess occurs only in the presence of water (under abiotic
conditions), formation products of oxidative reaction can be identified comparing.8e H
consumption with Equations 2.1, 2.2 and 2.3. Such analysis indicates that the oxidative
reaction would prduce mainly 80s%, and eventually SOwhen an excess of oxygen is

provided. Apparently, the product of most interest, elemental sulfur, was not produced.
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Table2.3 shows the resutif the continuous assays. Data analysis shows significant
removal of HS. Sulfide was not detected in the liquid phase, neither in the gas phase leaving
the reaction vessel. This indicates a high reaction rate that may validate the assumption of an

instantaneous=action.

Table 2.3. Removal of }$ at different Hydraulic Residence Time

HRT (min) 6.25 4.17 3.13
nOJ/nNH,S  ------- 1.1 1.1 1.1
H,Sin mg/L 100 100 100
H2S out mg/L <10 <10 <10
H2S (g) ppmv 0 0 0
H2S removal (%) > 90 > 90 > 90

2.4CONCLUSSIONS

The results of this study suggest the following:

A Sulfide oxidation wasshown not to occur without the presence of water.
Under abiotic conditions, the reaction products were sulfate and thiosulfate.
A If wateris presehand the requiredmount of oxygen is satisfied, the reaction

is instantaneous.
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3. EVALUATION OF SULFIDE OXIDATION IN ASFBR ASSITED BY
MEMBRANE

3.1.INTRODUCTION

With the development of more efficient and stable bioreactors, the use of anaerobic
processes for wastewater treatment is increasing worldwide. However, one of the biggest
problems related to the application of anaerobic biotechnology is the generation of sulfide,
mainly when sulfategich wastewater is processed. High sulfide concentrations can
compromise the quality of the liquid effluent and biogas, thus preventing the direct release
of the anaerobically treated wastewater into the environment and the immediaté us
biogas for energy generation. Unpleasant odors, corrosion and direct toxicity are associated

with liquids and gases containing sulfide, even atdoncentrations.

Several biotechnological alternatives have been developed for the removal of sulfur
compounds in liquid effluents. These processes are generally based on the formation of
insoluble products, such as sulfide metals or elemental sulfur, that can be separated from the
liquid phase. Moreover, such technologies allow for the recovery of sulfus@ne metals

of interest, thus combining environmental and economic benefits.

One of the most promising processes is the conversion of the sulfide to elemental sulfur, an
insoluble product that can be separated from the liquid phase and reused (&amagsen
1999). Elemental sulfur can be obtained by the partial biological or chemical oxidation of
sulfide. Partial biological sulfide oxidation can proceed under aerobic, anoxic, and even
anaerobic conditions. Under anoxic and aerobic conditions, nitratexggeén are used as
electron acceptors, and the reaction can be carried out by colorless sulfur bacteria, such as

those of the genefEhiobacillus(Lenset al. 1998), which have been studied previously
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(Alcantaraet al 2004; Buismaret al 1990, 1991; Janssen al 1999; Nishimura and Yoda

1997).

The partial aerobic conversion of sulfide to sulfur proceeds under oXiygéng
conditions (Jansseat al. 1995), as sulfide can be oxidized to sulfate in the presence of
excess oxygen. However, in practical situations it is difficult to maintain n@osba
conditions, and microaeration is the main challenge to process feasibility. Different sulfide
oxidizing systems have been employed such as stirred tank reactdlsyw ugnaerobic
sludge blanket (UASB) reactors, expanded granular sludge bed (E&&B9rs, fluidized

bed reactors (FBR). Krayzelow al. (2015) report that the reactors configuration used to
the sulfide removal could be divided within two categories: (1) where oxygen/air is directly
supplied into the reactor where the whole anaerdigestion takes place, and (2) those
configurations which comprise a chamber or separate unit where microaeration is
performed. The direct aeration can be into the headspace €D&22011b; Ramost al.

2012) or liquid phase (Diaet al. 2011b; Krayzelovaet al. 2014; Zeeet al. 2007).
Krayzelovaet al. (2015) also report that the contact between oxygen and liquid phase is also
intensified in digesters mixed by biogas recirculation (gal. 2011a, b; Fd®olancoet

al. 2009). The sepated unit is used in most cases to avoid the turbulence in the liquid phase
(Annachhatre and Suktrakoolvait 2001; &iual. 2012). In all strategies, the main goal is to
improve the selectivity for elemental sulfur, maximizing its recovery while generating

minimal sulfate.

The application of membranes has been studied in bioreactors for wastewater treatment and
is used to provide bubbleless oxygen mass transfer @@k 1989). Silicone membranes
have been reported to be ideal for membrane based bugsbieation and to control the

mass transfer. In a dense polymer membrane, the gas is absorbed into the polymer on the gas
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side and is carried into the liquid by diffusion across the membrane ¢C&té1989). The

oxygen mass flow thrgh the silicone membrane has been described using a resistance in
series model (Brookes and Livingston 1995; Camikdtial. 2015; Coétéet al. 1989).
Camiloti et al. (2015) reported that, for silicone membranes with wall thickness of 2.4 mm,
the alteratio of liquid film thickness by hydraulic condition variation had little or no
influence on the mass transfer process. Consequently, membrane wall resistance was
responsible for oxygen transfer. In this way, the silicone membrane can limit the overall

oxygentransfer and the aeration can be controlled in the reactor.

Oxygen transfer by means of silicone membrane tubes has been evaluated for different
purposes: for the extraction of organic pollutants (Brookes and Livingston 1995), in the
partial nitrification process (Cotter 2010) and for the removal e§knd volatile organic

sulfur compounds (Manconi and Lens 2009). However, this technique has not yet been

applied in the partial sulfide conversion process to elemental sulfur.

This study presents an innowadi Internal Silicone Membrane Reactor for sulfide
conversion. A silicone membrane was used for microaeration of the liquid medium,

providing an environment suitable for colonization by sulctédizing bacteria.

3.2. MATERIALS AND METHODS

3. 2.1. Reactorsetup

A novel bioreactor, employing a silicone membrane for microaeration, was studied for
partial sulfide oxidation to elemental sulfur. The reactor integrated a continuously fed
Anaerobic Structure Fixed Bed Reactor (ASFBR, (Camgttal 2013) and arinternal

Membrane Reactor (IMR), as shown in Fig8ré.
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g, “t 3

Figure 3.1: Schematic diagram of the anaerobic/microaerobic bioreactor systery (A)
Influent pump; 2 Anaerobic bioreactor with a structuréged bed (ASFBR); 3 Microaerobic
reactor (Internal Membrane Reactor, IMR);Sllicone membrane tube: Effluent; 6 Gas outlet; 7

Air inlet; 8- Air outlet), chematic diagram of (C):-Jressurized oxygen supply; @issolved

oxygen, 3 silicone membrane.

The ASFBR had a 9 cm internal diameter and a working volume of 6.2 L. The IMR had 2.0
L and a headspace of 0.3 L. The biomass support medium in the ASFBR was composed of
17 fixed strips of polyurethane foam, 70 cm in length. The ASFBR and IMP were connected

soliquid could freely flow from one to the other.

The IMP was fitted with a 0.25 cm thick silicone tube membrane of 1.25 cm external
diameter and 1.0 cm internal diameter. The silicone tube membrane was 2.1 m long with 5.2
cn/em® of specific area and was mgained immersed in the liquid. Air, driven by a
peristaltic pump, was circulated through the lumen of the membrane at a flow of 75 mL.min

! under a pressure of 150 mbar. The pressure was maintained by a 1.5 m column of water.

To increase the gas perrbddy, the silicone membrane was subjected to a chemical
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treatment prior to use, consisting of submerging the tube in a 70% ethanol, 30% water

solution for 36 hours.

The system was operated continuously using the operational paralsétersn Table 3.1.

The operation was divided into two stages: gtart(development of sulfateducing

biomass in the ASFBR) and the application of microaeration.

Table 3.10perating conditions and parameters of the anaerobic/microaerobic system.

Paraneter Unit Stage 1 Stage 2
COD et mg L’ 3500 3500
OLR gCoD L* day* 35 3.5
Sulfateie; mg L* 150 150
Sulfate Load Rate  gSQLday = 017 017
HRT day 0.9 0.9
KLa ht 0 0.15
Feeding flow ml.min* 6.6 6.6
Air Flow? ml.min™ 0 75
Pressurd mbar 0 150
Duration days 21 29

(&) Air circulated into the membrane; (b) pressure inside on the membrane; COD:
chemical oxygen demand, OLR: organic load rate, HRT: hydraulic retention time,
K_a: volumetric oxygen transfer coefficient

3.2.2. Inoculum and influent

The reactor was inoculated with granular sludge from asfidle upflow anaerobic sludge

blanket (UASB) reactor used for treating poultry slaughterhouse wastewater. The

inoculationprocedurewas carriedout by grinding the granulesand immeirsing the support
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medium in the crushed biomass for 2 hours at room temperature, following the method

described by Zaiagt al(1994).

The bioreactor was fed with synthetic wastewater as described by Candb{?013). The
feed streamwas prepared to obtain a chemical oxygen demand (COD) of 3500 mg.L

Sulfate was added to the wastewater asSa
3.2.3. Analyses

Sulfate and thiosulfate were measured using a CS 5000 ion chromatograph (Thermo Fisher
Scientific) equipped with an ionpac AS2halytical column. The flow rate of the eluent
(carbonate/bicarbonate4.5 mM NaCOs/ x 0,8 mM NaHCQ@) was 1 ml mih ! The sulfide
concentration was determined colorimetrically in accordance with method-SBDO0

(APHA 1995). Elemental sulfur was measuesddescribed by Bartlett & Skoog (1954) and

the dissolved oxygen concentration was analyzed with a luminescence sensor (Hach, LDO

HQ10).
3.2.4. Determination of the volumetric oxygen transfer coefficien{K_a)

To describe oxygen transfer in the IMP, KLa proddey the silicone membrane was
determined at three levels of pressure (50, 100 and 150 mbar) and three levels of air flow

rate flowing through the membrane (24, 60 anar®@in).

The influence of the chemical pretreatment in the silicone membrane wéahoétbn the
mass transfer was evaluated. A membrane with 200 mm of length was exposure to ethanol
95° for 24 hours and the K was determines at a pressure of 150 mbar and air flow of 96

mL/min.

The K a was obtained using the dynamic gassmghethod (Atkson and Mavituna 1983).

The oxygen concentration was measured with a Hach HQ40D® equipped with a
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luminescentdissolved oxygen sensor (LDO101). The experimental data were examined
using the onavay ANOVA statistical technique to verify the influence of the pressure and

the flow rate on the mass transfer.

3.2.5. Biological analysis by 16S rRNA gend54-pyrosequencing

16S rRNA pyrosequencing analyses were carried out to identify the microorganisms that
were present in the reactor participating in the transformation of sulfur. The samples were
collected at the end of reactor operation from the Internal Membrane Rd&#R)rand the

polyurethane foam from the Anaerobic Structure Fixed Bed Reactor (ASFBR).

The collected samples were retrieved by successive washing with phelsptieted

solution and subsequent centrifugation. The extraction of total DNA was made using the
phenol: chloroforrbased protocol described by Griffiths (2000). DNA quality was assessed

by the 260/28hm >1.8 method, measured by an 49000 spectrophotometer (Nanodrop

Inc., Wilmington, DE). The rRNA genes were anyglil for pyrosequencing using a pem

set thatpanked the V4 hypervariable region of the 16S rRNA gene at corresponding
Escherichia coli positi o6AYICASYDBTARAGNG -8®3: pr i

and 8 0CASGAAAGAGCTATGACC-30) .

The pyrosequencing was performed at Instituto deobiotecnologia Rosario (INDEAR)
(Rosario, Argentina) using a 454 Genome Sequencer FLX (Roche). Barcodes that allow
sample multiplexing during pyrosequencing were incorporated between the 454 adapter and

the forward primers.

Sequences were processed witle Ribosomal Database Project (RDP) Pyrosequencing
Pipeline (http://pyro.cme.msu.edu/index.jspjCole et al 2009). Sequences were first

trimmedtoremve the adaptor, barcodes, primers ar
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or shorter than 200 bps (Pipeline Initial Process). The minimum read Q score adopted was

25 (Phred Quality).Chimera sequences were removed using the DECIPHER program
(Wright 2012). For alignment of the sequences, the "secondary structure aware Infernal
alignero tool ( Nawr ocki & Eddy, 2007) 19
taxonomic units (OTU), "hierarh i ¢ a | clusteringo with 97% s
sequences (OTU with one sequence) that may represent sequencing errors (Dickie 2010)

wereremoved.

For the taxonomic classification of sequences representative of each OTWCIREHier
was used.The confidence threshold adopted was 80% for genus and 50% for other

taxonomic levels (Phylurramily).

The phylogenetic tree was constructed using representative sequences of some OTUs
(related to oxidation of sulfide and reduction of sulfate and/origuiased on the Weighbor
Joining method (RDP ToolsTree Builder; (Bruno 2000)
http://rdp.cme.msu.edu/gieuilderpub/treeHelp.jsp) Alfa (Chaol, Shannon, Simpson and
Dominance) and Beta (Bragurtis dissimilarity index) diversity were quantified using Past

software (Hammer 2001).

The sequences generated in this study were deposited in the European Nucleotide Archive
(http://www.ebi.ac.uk) under accession numbers ERS527222 (IMRblack), ERS527224

(ASFBRPF) and ERS527223 (IMRwhit@he project accession number is PRIEB6985.

33. RESULTS AND DISCUSSION

3.3.1. Membrane oxygen mass transfecapacity

Figure 3.2 presents the effectaf pressure and flow over K. It is clear that both factors

affectthe oxygentransfercapacityof the membranelncreasedressuran the lumenof the

. . . X . .. X 49
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tube will increase the partial pressure of oxygen on the membrane surface, increasing the
driving force for oxygen mass transfer. The resare consistent with those reported by
Wilderer et al (1985), who used reinforced silicone rubber tubes for the oxygenation of
sequencing batch reactors. Cotter (2010) also reported that the influence of air pressure on

mass transfer in synthetic membes has a more significant effect on han the mixing.

Consequently, it is inferred that pressure can be used to improve the capacity of oxygenation

of the membrane.
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Figure 3.2: Experimental results for oxygen transfer coefficient (kLa) plotteliffatent

pressure (mbar) and air flow (ml/min) for a silicon membrane. The ki \alues are

represented by grey scale.

Air flow can also improve the oxygen transfer, as a result of the increased turbulence in the
membrane that reduces the depth ofslagnant gas layer on the membrane wall. Raghunath

& Hwang (1992) reported that the boundary layer mass transfer resistance depends on the

hydrodynamic conditions existing at the membrane.

The chemical pretreatment of the silicone membrane with ethansl effactive in

increasing mass transfer capacity. Indeed, at a pressure of 150 mbar and an air flow of 96

mL/min, the pretreatmenincreasedk a from 0.10to 0.22 h™*. The increasein the mass

. X X X . .. X 50
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transfer capacity can be explained by the ethanol exposure destroying a protective film

present in the commercial silicone tubing.

3.3.2. Performance of anaerobic/microaerobicsystem

The combined ASFBRVIR system was continuously operated for 50 days. During Stage |
(from day 0 to 21), there was no oxygen supply, and the dissolved sulfide stayed at 51.3 +
1.6 mg/L (Figure 3.3). During Stage 2 (from day 22 to 50), microaeration was applied and
the relationship between the oxygen and the sulfide concentrations was obSérged
microaeration produced a sharp decrease in sulfide concentration, achieving an almost
complete removal (99%) on day 30 (Figure 3.B).is important to emphasize that
operational period of reactor operation was function as the sulfide effluent tratiosr in

the other word, the sulfide removal capacitgyétem.
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Figure 3.3. Sulfide removal under microaerated conditions in a fixed bed anaerobic reactor.

In stage 2 (days 2250), the air was circulated through the silicone membraaeyat¢ssure
and air flow of 150 mbar and 75 mL.min respectively. These conditions would provide a
K.,a of 0.15 H, based on a clean membrane. On the 22nd and 24th days the oxygen

concentration achieved 0.13mg,land a decrease in the sulfide conceiumavasobserved
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to values below the detection limit. Janseeal, (1995) and de Graadt al, (2012) suggest
the use of dissolved oxygen as a control parameter for the reaction products. When the
dissolved oxygen value is below 0.1 mg,lthe main poduct of the reaction is elemental
sulfur; however, when that oxygen value is exceeded, sulfate and thiosulfate are the main

products.

In stage 2, the sulfur outputs also show changes during the system opéregipossible to
observe in Figure 3.3 an increase in the sulfide concentration between the 31th and 35th
days, followed by a decrease in the sulfide concentration and then, once again, an increase
on the 39th day. After the 45th day, the oxygen concentratas maintained at 0.05 mg-L

and the sulfide concentration was, on average, 48.6 nd.Is important to highlight that

the increase in the sulfide concentration was followed by an increase in the sulfate
concentration, and a gradual increase irthinesulfate concentration was also observed. The
sulfate and thiosulfate concentrations show, on average, concentrations of 14.3ng12.2

'and 13.1 + 7.3 mg:L, respectively, and sulfite was not detected. Three different factors
might explain theselservations: the decrease in the membrane transfer capacisylftire
reduction to sulfidethe sulfur reaction with sulfide and oxygend lost of continuity of air

flow.

The decrease in the membrane transfer capacity may occur gradually, howevereasein

in the oxygen concentrations occurs again on the 35th and 40th days and the concentration
was maintained at 0.05 mg'LThe decrease in the mass transfer capacity may be due to the
biomass and elemental sulfur settling, contributing extra resestémaxygen transfer;

however, this decrease is not the main factor that led to the increased sulfide concentrations.

The sulfur outputs also reveal the increase in the sulfide concentration and the other reaction
intermediates. The increase candssociated with the sulfur consumption, which can occur

by reductionor oxidation. The sulfur reductionto sulfide can be mediatedoy membersof
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the genusDethiosulfovibrio This genus was found in the samples drawn from the

membraneavall and will be discussed in the nesdction.

The other intermediates can result from the reaction of hydrogen sulfide and sulfur, as
shown in equations 3.1 and 3.2. Kleinjah al (2005) demonstrated that polysulfide
formation may occur and that a éeigeneous reaction occurs between dissolved hydrogen
sulfide and biologically produced sulfur. In contrast, the reaction between polysulfide and
oxygen can produce thiosulfate (equations 3.2). The polysulfide formation was not
measured, and the color ai#on caused by the formation of polysulfide (Chen and Morris

1972) is difficult to detect because the effluent had a yellovotration.

oY @® p'YOy O Equation 3.1

"y g[j oG & Y Equation 3.2

The decrease in microorganism ability to oxidize the sulfide to sulfur and consequent sulfur
conversion to other intermediates can be related to the surface contact between sulfide and
bacteria and oxygen. Pokasooweinal. (2009 reported that the recowst sulfur on the
bacteria surface reduced contact between sulfide and oxygen, preventing the sulfide
oxidation to sulfur. Therefore, the recovered sulfur could react with sulfide and oxygen, and

transform into polysulfide and other intermediaries.

The resits, both for sulfur production and consumption, suggest that the formation of
distinct microbial communities in the IMR occurred and suggest that the cliygesd
conditions promoted colonization by sulfidgidizing bacteria (SOB) in the biomass
deposied in the membrane, which enhanced the sulfide conversion. These results showed
that the reactor configuration can develop SOB under microaerobic conditions and can

improve and reestablish the sulfide conversion to elemental sulfur.
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3.3.3. Bacterial community

The composition of the bacterial community demonstrates the capability of the reactor
configuration to promote colonization by sulfidgidizing bacteria from an anaerobic
sludge. The samples were drawn from biomass attached at the polyurethane foam in the
anaerobic reactor (ASFBR and from the IMR. In the IMR, the biomass deposited in the
membrane wall shows different features: a sample with white tdMR it (probably due

to elemental sulfur formation) and a black sampl®IR pjack-

The analysis ofamples drawn from the IMR (IMRie and IMR,jac) @and from the biomass
attached to the polyurethane foam in the anaerobic reactor (AgSFBRowed different
genera related to the sulfur cycle. Regarding the sulfide oxidation generaQgemnational
Taxonomic Units QTUs were affiliated with Acidithiobacillus, Pseudomonaand
Sulfuricurvumgenera. For the genera associated with the sulfur reduction, some OTUs were
affiliated with theDethiosulfovibriogenus. These results suggest the formation of distinc
microbial communities in the IMR and that the anaerobic biomass is capable, under
microaerobic conditions, of supporting colonization by sulbid@lizing bacteria and
reinforce the operational results that suggest the sulfide conversion to sulflowseébby

the sulfur consumption.

In total, of the three samples, 313892 raw sequences were generated with an average
length of 224+1 bp (Table S1). After trimming (filtering parameters and chimera check)
26835027 sequences remained to determine the OTUs with 97 % of similarityoft&-

253 OTUs). From all of the OTUs, ZB% were representing singletons and were not used

i n t he taxonomical classification. Goodods
indicating a high coverage of the diversity. Rarefaction curves indicateatt@ % of
similarity (phylum level) the number of sequences was enough to access all diversity of

phylum (Figure S1). However, the rarefaction curves at 95% (genus level) and 97% (species
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level) of similarity showedthatmoresequencés necessaryo chaacterizethe full diversity

of genera and species. The sample taken from the biomass attached to foam polyurethanes
(ASFBRep) showed higher diversity than the samples taken from the IMR. Therefore, the
rarefaction and Chaol values observed in the ASEB&RNple (283 and 372, respectively)

were higher than those observed in the IMR samples (MR 206 and 264; IMRhite T

223and 277, respectively). The diversity index values (Shannon and Simpson) indicated a
slight difference between IMRc (3.9 and @) and IMRyite (3.7 and 0.9) while the highest
values were observed in the sample ASEB®.0 and 1.0). The dominance index value

was highest in the IMRi Sample (0.07), while the other samples had values of@@H

The dominance was related to tBEJT affiliated withSedimentibactegenus (Tabl&?2).

By using a BrayCurtis similarity dendrogram (Figure 3.4a) and Venn diagrams of OTUs
(Figure 3.4Db) the differences and similarities among the communities were determined. The
Bray-Curtis similarity dendrogram shows a high simtia(64%) between the black biomass
deposited in the membrane wall (IMRJ) and the biomass drawn from the biomass
attached foam polyurethanes (ASKBR Moreover, 15% of OTUs were common between
these samples (IMRc« and ASFBRg). These results malge related to the features of
biomass attached in the polyurethane foam and black biomass on the IMR, which could

maintain several members of the microbial community despite the different sasiping
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Figure 3.4 Comparison of microbial communities from samples taken from Internal
Membrane Reactor (IMR) with whiteolor (IMRwhite), IMR with black color (IMRblack)

and anaerobic structure fixed bed reactor (ASFBR) attached at polyurethane foam
(ASFBRPF), at 97% similarity level: (A) The arpeoportional Venn diagram showing
overall overlaps of OTUs between samplestafal of 279 OTUs were defined at 97%

similarity. (B) Dendrogram based on Bi&urtis similarity index.

In contrast, the two samples taken from the IMR membrane giMBnd IMRhite) Showed
a BrayCurtis similarity value of only 42% and only 4% exfclusive shared OTUs (Figure
4a). These results suggest the formation of distinct microbial communities in the IMR and

that the anaerobidbiomassis capable,under microaerobicconditions,of supporting
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colonization by sulfideoxidizing bacteria. In addition, the samples taken from the IMR
showed that 31% of OTUs were exclusive (7% for IRand 20% for IMRite and 4%
were common between IMR«and IMRyhite) While the sample taken from ASFBR had 20

% exclusive OTUs. Furthermore, or8%o of exclusive shared OTUs were common between

IMR white and ASFBRgreflecting the selection effect due to microaeration.

Sulfide oxidizer genera were found attached to the polyurethane foam in the reactor ASFBR
and the samples from IMR (black and whité)ghlighting the gener@cidithiobacillus
Sulfuricurvumand PseudomonagTable 3.2). The relative proportions of these genera were
higher in IMR (0.1 1.16 %) than in ASFBR (0.04 0.14 %). By using the phylogenetic

tree (Figure 3.5) these genera were affiliated to the sp@cigghiobacillus thiooxidans

Sulfuricurvum kugnseandPseudomonas stutzeri

The members oAcidithiobacillushave been employed for the aerobic treatment & id
biotrickling filters (Sercuet al, 2005). The genus dcidithiobacillushad originally been
classified asThiobacillus but was recenyl reclassified by Kelly and Wood (2000). The
Acidithiobacillus are colorless sulfur bacteria and have long been considered the typical
bacteria responsible for the oxidization of sulfide to elemental sulfur or sulfate using oxygen
or nitrate as final eleain acceptors (Lenst al, 1998). It should be noted that the members

of Acidithiobacilluswere found mainly in the sample drawn from the deposited biomass
(samples IMR black and white), confirming the presence of SOB in the anaerobic biomass

under the miroaerobic conditions.

The genusSulfuricurvumwas found mainly in the biomass deposited in the membrane. The
genus has been described by Kodama & Watanabe (2004) as a facultative anaerobic sulfur

oxidizing bacterium that grows anaerobically and microaeatlly by oxidizing reduced
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sulfur species, such as sulfide, elemental sulfur and thiosulfate. Another genus involved in

the sulfide oxidation waBseudomonas stutizewhich has been reported to oxidize sulfur

Table 3.2 Relative@bundance of genera and number of OTUs found in samples taken from th
Internal Membrane Reactor (IMR) with white color (IMRwhite), IMR with black color
(IMRblack) and anaerobic structure fixed bed reactor (ASFBR) attached to polyurethane foat

(ASFBRPF), 897% similaritylevel.

Relative Abundance| Number of OTUs

Phylum Genus IMR ASFBR IMR |IMR ASFBR IMR
black PF white black PF white
Bacteroidetes Bacteroides 0.15 0.28 - 1 2 -
Sedimentibacter 17.18 14.96 3795 8 10 8

Firmicutes
Gracilibacter 0.07 - - 1 - -
Geobacter 3.32 1.01 0.15| 3 3 1
Acidithiobacillug 1.16 0.14 0.10| 1 1 1
Sulfuricurvun® 0.30 0.04 0.12| 1 1 1

Pseudomonds 0.11 0.04 042| 1 1 2

Proteobacterii pogyifoviprio 007 062 024 1 5 2
Aeromonas - - 0.17| - - 1
Desulfobulbus - - 0.10| - - 1
Smithella - 0.04 - - 1 -
Syntrophobacter - - 0.10| - - 1
Aminiphilus 391 440 107| 6 6 5

Synergistetes
Dethiosulfovibrigz 0.11 020 0.71| 1 1 2

Unclassified Unclassified 50.57| 101

Others Others 529 471 8.30| 16 33 27

" Related to sulfide oxidatiofi; related to sulfate oxidatioh;related to sulfur reduction
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compoundsvith nitrogen. The genus was isolated from an anoxic reactor in nitrite reduction

conditions (Mahmooet al, 2009).

In addition, it is important to highlight that in the sample drawn from JMRwere found

mainly members oDethiosulfovibrio (Dethiostibvibrio peptidovoransfFigure 4.5. The
Dethiosulfovibriogenus is capable of reducing sulfur to sulfide. This result indicates the
presence of elemental sulfur attached to the membrane and that this genus is not desirable

for theprocess.

In relation to sulfateeducing bacteria, seven genera were fourigeobacter
Dethiosulfovibrioand Desulfovibriogenera were present in all three samples indicating that
the sulfate reduction occurred in the ASFBR reactor and IMR. In contrast, the genera
AeromonagsDesulfobulbusand Syntrophobactewere present only the IMRi.. Sample, and

the Smithellagenus was found exclusively in the ASRFBRample.

Finally, our findings regarding the bacterial composition in an Internal Silicone Membrane
Reactor (ISMR) combined with an Anaerobic Structure Fixed Bed Reactor (ASFBR)
indicate that, under microaerobic conditions, sulbdéizing bacteria can grow in
anaerobic biomass. The biomass drawn from the membrane wall could have been deposited
there, and the miomerobic conditions provided the opportunity for the sulfide oxidizing

bacteria to establish in the membrane.
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Figure 3.5. Phylogenetic tree using representative sequences of some OTUs based on the
Weighbor Joining method (RDP TodisTree Builder). Chloroflexus aurantiacus <T> was

used as an outgroup. <T>, type stréootstrap values (100 replicate runs, shown as %).
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3.4 CONCLUSSIONS
The ISMR combined with an ASFBR was demonstrated to be able to remove dissolved

sulfide and to support membrane colonization by suliixidizing bacteria from the
anaerobic biomass. The pyrosequencing analysis identified various species related to sulfide
oxidation, highlighting the generdcidithiobacillus Sulfuricurvum and Pseudomonas

These results suggested that the anaerobic biomass is capable, under microaerobic
conditions, of supporting colonization by sulfideidizing bacteria. However, the
devebpment of microorganisms that is capable to use the formed sulfur can occurs,

therefore, the frequently remove of sulfur from the systemecessary.

In this way, the strategy of microaerating an anaerobic reactor through the use of permeable
membranes waeffective, and the sulfide could be converted to elemental sulfur in addition

to having the advantage of performing a bubibde aeration.
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3.6 SUPPLEMENTARY MATERIAL

Table 3.3: Pyrosequencing result analysis for samples taken from the Internal Membrane
Reactor(IMR) with white color (IMRyite), IMR with black color (IMRjac) and anaerobic

structure fixed bed reactor (ASFBR) attached to polyurethane foam (ASFBR

IMR biack ASFBRe: IMR yhite
Description of results
Goodods esti ma 98.7% 98.8% 99.0%
Total of sequences (raw dal 2.748 5.116 4.157
Total of sequences (after trimming da 2.683 5.027 4.095
Sequence length (after trimming da 224+1.1 224+1.1 224+0.9
Total of Chimerg 31 84 54
Total of OTUs 176 253 202
Singletons 35 59 41
Total of OTUs (taxonomical classificatio 141 194 161
Unique OTUs 19 56 56
Richness Estimation
Chaol 264 + 67 372 +44 277 + 66
Rarefaction 206 + 27 283 +16 223 £ 36
Diversity index
Shannon (H’ 3.9+0.1 40+0.1 3.7+£0.2
Simpson (1D) 0.9+0.1 1.0+0.1 0.9+0.1
Dominance  0.05+ 0.01 0.04 £0.01 0.07+0.01
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Table 3.4:Relative abundance and number of OTUs of different phyla and genera found in
samples taken from Internal Membrane Reactor (IMR) with white d®MR yhie), IMR

with black color (IMRyacl) @and anaerobic structure fixed bed reactor (ASFBR) attached at
polyurethane foam (ASFBR), at 97% similarityevel.

IMR plack ASFBRpr IMR \hite
Seog)uzfnce N® of OTUs Seoé)uzfnce CI;I'T'S]; Seog)uz];ce N® of OTUs
0_unclassified 26.798 43 44.201 47 25.079 36
0_unclassified 26.798 43 44.201 47 25.079 36
Acidobacteria 0.149 1 0.577 6 2.369 5
Gp3 - - 0.040 1 - -
Gp4 - - 0.318 1 - -
Gp6 0.149 1 0.040 1 - -
Gp7 - - 0.099 2 0.464 1
Holophaga - - 0.080 1 1.905 4
Actinobacteria - - - - 0.147 1
0_unclassified - - - - 0.147 1
Armatimonadetes 0.075 1 0.477 2 - -
Armatimonadetes 0.075 1 0.477 2 - -
Bacteroidetes 0.820 5 1.134 9 0.659 5
0_unclassified 0.671 4 0.756 5 0.440 3
Bacteroides 0.149 1 0.278 2 - -
Parabacteroides - - 0.040 1 0.171 1
Sediminibacterium - - 0.060 1 0.049 1
Chlorobi - - 0.080 1 0.049 1
Ignavibacterium - - 0.080 1 0.049 1
Chloroflexi 0.298 2 0.099 2 - -
Bellilinea 0.224 1 0.099 2 - -
Leptolinea 0.075 1 - - - -
Euryarchaeota - - 0.458 5 0.122 2
Methanospirillum - - 0.458 5 0.122 2
Firmicutes 26.426 42 20.788 59 47.766 43
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0_unclassified 6.523 24 4.416 34 7.839 28
Anaerovorax - - 0.060 1 - -
Carnobacterium - - 0.040 1 0.073 1
Clostridium IV 0.075 1 0.080 1 - -
Gracilibacter 0.075 1 - - - -
Lactococcus 0.634 2 0.080 2 1.074 1
Lutispora 0.745 1 0.298 1 0.391 1
Megasphaera 0.261 2 0.060 1 - -
Papillibacter - - 0.040 1 - -
Peptostreptococcus - - 0.139 2 0.244 2
Proteocatella - - 0.060 1 0.098 1
Sedimentibacter 17.182 8 14.959 10 37.949 8
Succinispira 0.224 1 0.080 1 - -
Syntrophomonas 0.708 2 0.477 3 0.098 1
Proteobacteria 26.761 15 12.194 23 7.228 34
0_unclassified 21.804 8 10.185 8 2.613 7
Acidithiobacillus 1.155 1 0.139 1 0.098 1
Aeromonas - - - - 0.171 1
Azonexus - - - - 0.073 1
Bradyrhizobium - - - - 0.293 1
Coxiella - - - - 0.098 1
Desulfobulbus - - - - 0.098 1
Desulfococcus - - - - 0.195 1
Desulfonema - - - - 0.049 1
Desulfovibrio 0.075 1 0.656 6 0.244 2
Dongia - - 0.040 1 - -
Geobacter 3.317 3 1.015 3 0.147 1
Methylophilus - - - - 0.098 1
Novosphingobium - - - - 0.171 1
Pleomorphomonas - - - - 0.049 1
Pseudomonas 0.112 1 0.040 1 0.415 2
Rhodoplanes - - - - 0.317 1
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Salmonella - - - - 0.147 1
Smithella - - 0.080 2 - -
Sulfuricurvum 0.298 1 0.040 1 0.122 1
Syntrophobacter - - - - 0.244 2
Syntrophorhabdus - - - - 1.148 5
Yersinia - - - - 0.440 1
Spirochaetes 2.609 4 2.506 8 0.440 4
0_unclassified 1.491 2 1.094 3 0.098 1
Leptonema 1.118 2 1.074 2 - -
Treponema - - 0.338 3 0.342 3
Synergistetes 11.666 23 11.001 25 13.553 24
0_unclassified 1.081 5 1.333 5 1.148 5
Aminiphilus 3.914 6 4.396 6 1.074 5
Aminobacterium 0.224 1 0.219 1 0.366 1
Aminomonas 1.640 3 0.895 4 2.295 3
Cloacibacillus 0.075 1 0.080 1 0.879 2
Dethiosulfovibrio 0.112 1 0.199 1 0.708 2
Synergistes 4.622 6 3.879 7 7.082 6
Thermotogae 0.075 1 - - 0.049 1
0_unclassified 0.075 1 - - 0.049 1
Verrucomicrobia 4.324 4 6.485 7 2.540 5
0_unclassified 4.249 3 6.326 5 1.538 2
Subdivision3 0.075 1 0.159 2 1.001 3
N° of OTUs 141 194 161
N° of Sequence 2683 5027 4095
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Figure 3.6: Rarefaction curves of samples taken from Internal Membrane Reactor (IMR)
with white color (IMRuite), IMR with black color (IMRyac) and anaerobic structure fixed
bed reactor (ASFBR) attached to polyurethane foam (ASBEBRA) 97% similarity

(species levelXB) 95% similarity (genus level) ar(€) 80% similarity (phylumevel).
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4. MICROAERATION USING MEMBRANE FOR

SULFIDE OXIDATION IN UASB REACTOR

4.1. INTRODUCTION

High sulfate concentrations can be found in wastewater from different industieding
pharmaceutical, food, tannery, edible oil refinery, among otfi&eyzelovaet al, 2014,

Cirne et al, 2008; Sabumoet al.,2008 and Liamleanet al, 2007) Sulfate is generally
found in nature, is chemically inert, néoxic and norvolatile. However, it could affect the
anaerobic digestion process during (waste)water treatment by promoting competition
between methanogens archaea and sulpkdiecing bacteria (SRB). SRB could be
thermodynamically enhanced by oxidizing organic compoueds, {olatile fatty acids)

using sulfate as the electron acceptor to produce hydrogen sulfi§g((tamleamet al,

2007; Wanget al, 2006; Jeonget al, 2008) H,S is toxic to the methane producing
microbial community. Normally, maintaining a COD/sulfatatic over 10 prevents
reaching inhibition concentrations in anaerobic reactors, which, depending on the pH, can
be between 50 and 550 mg//aldéset al, 2006;Velascoet al, 2007; van der Zeet al,

2007; Montalvo y Guerrero, 20Q3)ligh concentrationsf H,S in the produced biogas also
reduces its quality, causing corrosion in the distribution lines and equipment, as well as

generating undesirable od¢Bawoud, 1992)

Different strategies have been used to mitigat® production in anaerobic reaoihey
include the removal of sulfate from wastewater (before feeding anaerobic digester) by
chemical precipitation(Benatti et al, 2009; Perry; 20007 chobanoglouset al, 1995)
inhibition of the SRB using specific compounds such as molyléRaaadest al., 1996;
Isa et al, 2005)and use iron salt to oxidize the,$l(Speece, 1983)Although these

techniques are efficient in preventing or mitigatingshbroduction, they are costly and may
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be unsustainable.

An interesting alternative involves the miciaboxidation of HS to elemental sulfur {%
through the injection of mickdose oxygen into the systgidrayzelovaet al, 2015) Pure
oxygen or air can be supplied in the recirculation line, in the liquid phase or in the
headspace of the anaerobéactor. The latter is the most used option due to its operational
simplicity, since the bacterial community capable of oxidizing ldan grow as a biofilm

on the walls of the headspaf@irne et al, 2008; van der Zeet al, 2007; Mufiozet al,

2015 andzhuetal,2009) A mi ni mal residence time of t
hours) is decisive for achieving removal efficiencies above @fayzelovaet al, 2015

and Mufozet al, 2015) Even though several authors have reported successful regults b
injecting air/oxygen into the headspace of continuous stirred tank reactors (CSTRS), limited
research has been reported involving upflow anaerobic sludge blanket reactors (UASB)
(Krayzelovaet al, 2014; Bacatet al., 2020 and PokornKrayzelovaet al, 2017). While

high H,S removal efficiencies are normally reported when applying raeration to
CSTR reactors, in UASB reactors 75% is rarely exce@detl/zelovaet al, 2014 Ramos

et al, 2014 and Diaet al, 2010) Probably the design and the smalieadspace of UASB
reactors do not provide an adequate biogas residence time, required for an effgstive H

removal(Muiozet al, 2015).

Since UASB is a traditional treatment alternative, massively used worldwide for
wastewater treatment, more reseacimeeded to develop new strategies to improy® H
removal efficiencies, such as the oxygen injection into the liquid phase of the reactor. In
this context, the use of membranes has been proposed as an innovative strategy to provide
micro-oxygenation. Thigesearch aimed to test silicon membranes as a +oigrgenation
mechanism to promote,8B removal by microbial oxidation. Two configurations for micro

oxygenation were compared in a UASB reactor: immersed in the liquid phase and in an
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external unit conneetl to biogas recirculation.

4.2MATERIALS AND METHODS

4.2.1.Reactorssetup
Two reactor configurations were implemented, to test the effectiveness of membranes for

oxygen transfer to UASB reactors. Both configurations used chemically treated silicone tubes
asmembranes and involved identical UASB reactors of 2.2 L of useful volume. Chemical
treatment of silicone tubes consisted of submerging them in a 70 % ethanol, 30 % water
solution for 36 h, in order to increase the gas permeability.

In the first configuratin (Reactor 1, Figure 1a) membrane was submerged in the sludge bed
of the UASB reactor. The second configuration (Reat@yrFigure 1b) included an external
chamber that contained the membrane, through which UASB recirculation flowed. In both
cases theilicone tubes had an external diameter and thickness of 9 and 2 mm, respectively.
Membranes lengths were 1.1 and 2.2 m for Reactor 1 and 2, respectively. External membrane
areas were then 0.031 and 0.062for Reactor 1 and 2, respectively. Internal meanler

areas were 0.017 and 0.035 for Reactor 1 and 2, respectively. A shorter membrane was
used in Reactor 1, since a bigger one could not be fitted inside the reactor, due to space
restrictions.

In both systems pure oxygen was used to promote micraaecohditions in the UASB
reactors. During Reactor 1 operation, oxygen was circulated within the membrane, by using a
peristaltic pump, at a flow of 40 mL minThen, oxygen was transferred from the lumen of

the membrane (inside/out operation for oxygese Figure 1a). Oxygen used for this purpose
was stored in a 2 L container. In order to measure the consumed oxygen, a 1 L graduated
cylinder with water was coupled to the 2 L oxygen container. Oxygen consumption in the
system generated a vacuum in the @ontainer, which displaced water from 1 L graduated
cylinder to the container. Then, a decrease of water volume indicated the volume of

consumed oxygen.
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Gas composition in the container was determined by gas chromatography to account for the

potential tansfer of carbon dioxide, methane or sulfide through the membrane. Container
storing the gas was flushed with fresh oxygen eve3ydays. Changes of gas volume present

in the container, composition of the gas and the pressure were used to evaluat dhe rat
oxygen consumption, using ideal gas law.

In the case of Reactor 2, oxygen was circulated through the external chamber where
membrane was placed. In this case, oxygen was then transferred towards the lumen of the
membrane (outside/in operation for oryg see Figurd.1lb), where liquid from the UASB
reactor was flowing (recirculation). A system to manage oxygen gas was set, similar as that
described for Reactor 1, including a container for the oxygen, connected to a graduated
cylinder containing wateAs was the case of Reactor 1, content of the container was flushed
every 13 days and the same approach was used to evaluate the rate of oxygen consumption.
Oxygen was circulated between the mass transfer chamber and the oxygen container at a rate

of 40 mLmin™. Liquid recirculation of the UASB was set at 45 mL thin

(a) (b)
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Figure 4.1. Schematic representation of reactors configuration tested in this study. (a)
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Reactor 1, with submerged silicone membrane, (b) Reactor 2, with external mass transfer

unit. 1. UASB feed, 2: UASB reactor, 3: UASB effluent, 4: UASB recirculation, 5: oxygen
container, 6: graduated cylinder, 7: silicone membrane. Scheme below each configuration

depicts the direction of oxygen transfer (inside/out or outside in).

4.2.2.Reactorsoperation

UASB reactors were operated at an organic loading rate (ORL) of@GmyL* d*, and at

a sulfur load of 0.075-§ L' d* (COD/S ratio of 100)Diluted wine supplemented with
anhydrous sodium sulfate was used as substrate. COD and sulfegatcatons were 7.2

and 0.19 g L}, respectively. UASB reactors were inoculated with anaerobic granular sludge
from a full scale UASB reactor treating brewery wastewater. Both reactors were operated at
35 °C and pH was maintained at 7.2 by the additioNafiCG; to the feed. During Reactor

1 operation, membrane oxygenation produced no o little effect on sulfide concentration in
the biogas. As a result, operation of that reactor was stopped at day 36, as will be discussed
below.

Operation included a stapyeriod (not reported). During first 10 days of operation (after
starup) no micreoxygenation was applied, to characterize the performance of the system
without H,S oxidation. On day 11, the described membrane based -miggenation
systems started thedperation. Tabld.1 presents the parameters determined during systems
operation, including the analytical methods used. By the end of Reactor 2 operation, the
biofilm formed inside the silicone membrane was collected, for total solids and sulfur
determnation. Elemental sulfur content of the biofilm was determined by elemental

analysis.
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Table4.1. Parameters determined during systems operation.

Parameter Method Periodicity
Total Chemical 2.3
Oxygen Demand APHA Standard Method&7] .

(COD) times/week
. . o 2-3
Biogas production Liquid displacement times/week
Biogas composition Gas Chromatography with TCD detector 2-3
(CH4/CO/NL/Oy) (Perkin Elmer, Clarus 500) times/week
lonic Chromatography (Methrom, Compact | 2-3
Sulfate :
plus 882) times/week
Thiosulfate lonic Chromatography (Methrom, Compact | _ 2-3
plus 882) times/week
Dissolved sulfide Colorimetric (Metileneblue, Hach kit) . 2-3
times/week
Biooas sulfide Gas Chromatography with FPD detector 2-3
9 (Perkin Elmer, Clarus 500) times/week
Elemental analyser (Eurovectdspprime
Elemental sulfur Euro EA 3000) -

4.2.3. Mass balances

As already commented, oxygen consumption was determined by recording the changes in the
volume of gas contained in the oxygen container (Figure 2). However, during operation,
carbon dioxide, methane asdlfide were detected in the container of both reactors, because
of backtransport of those species from the liquid phase of the reactor. Then, in order to
properly determine the oxygen consumption, changes in total gas volume as well as changes
in composiion of the gas were considered, by means of a mass balance.

Sulfur mass balances were evaluated during Reactor 2 operation. The sulfur entering the
system was determined considering the one present in the liquid infligersu({fate). The

sulfur leavingthe system was determined considering the sulfur contained in the biogas as
H.S, the one contained in the liquid effluent as sulfide, sulfate and sulfite, the one present in
the biofilm developed inside the membrane and the one leaving the system ttheugh
membrane in the form of gaseous sulfide. Mass balances were evaluated for the period
without oxygenation (days-10) and for the period with membrane assisted oxygenation. In

the second case, data from day 16 until the end of the operation were @mhsMass
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balances were calculated considering the whole mass of sulfur species entering and leaving

the system, during the periods of time considered.
43. RESULTS

4.3.1. Reactors performance

Both reactors presented similar COD removals during the wbpbkration period (no
oxygenation and oxygenation stages). During the first 10 days of operagonng
oxygenation), average removal was 87.9% (s = 0.5%) and 91.3% (s = 0.5%), for Reactors 1
and 2, respectively. From day 11 onwards, values were 88.E4(3%) and 93.9% (s =
1.2%), respectivelyA t-student test confirmed no statistical difference between values with
and without membrane miciaxygenation for Reactor 1. However, in the case of Reactor 2 t
student test showed that the increase in COD vaineas statistically significana(= 0.05).

In addition, no changes were observed in the volumetric biogas production of both reactors,
which remained around 6 L'dvolume in standard conditions).

Figure4.2 presents contents of sulfide in liquid e&ht and biogas, during the operation of
both reactors. As shown in Figu4e2A, Reactor 1 presented a small decrease in the sulfide
content of the liquid effluent after membrane oxygenation was started, from 50 to 4% mg L
(i.e. after day 10). In the casof Reactor 2, sulfide in the liquid effluent decreased from 50 to

20 mg L%, in the same period. This decrease in sulfide concentration is most likely related to
the increase in COD removal already commented. Moreover, as expected, the decrg@se in H
concentration levels in liquid phase of both reactors was related to the decrease in biogas
levels. For example, #% in the biogas for Reactor 2 decreased from about 3100 to 1650 ppm

(Figure4.2B).
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Figure 4.2. Concentration of b5 in biogagproduced in the UASB reactor.

Results presented in Figure 2 suggest that membrane oxygenation in Reactor 1 was somehow
ineffective, considering the small reduction in sulfide concentration. Low membrane area (half

of that in Reactor 2) may have contributédioreover, limited mass transfer on the external
surface of the membrane may have influenced the response since membrane was submerged in
the sludge bed, where mixing is limited. In the case of Reactor 2, phases were constantly on
circulation, most likelyproviding better conditions for oxygen transfer and sulfide conversion.

As a result of an ineffective sulfide oxidation, the operation of Reactor 1 was stopped at day
36, and only the operation of Reactor 2 continued. As operation of Reactor 2 advanced,
formation of a biofilm was observed in the internal surface of the silicone membrane, that

developed as the reactor operation progressed. Eventually, that biofilm clogged the lumen of
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the membrane, blocking liquid circulation. For this reason, operatiBeactor 2 was stopped

at that moment (day 66).

Table4.2 presents the amounts of sulfide leaving the systems during Reactor 2 operation. Data
indicate that micrapxygenation promoted decreases on sulfide loads leaving the system of 44
and 57% for UASB liquid effluent and biogas, respectively. Overall sulideiation was
close to 55%, since most of the sulfide left the system in the liquid phase.

Figure 4.3 shows @ transfer for Reactor 2, which varied between 1 and 48 ¢g* (0.45-

0.81 g0, L™ d}). Considering the sulfide produced by Reactor 2 dutfiegfirst 10 days of
operation (Tablel.2) it can be estimated that oxygen supply was in the rangelbfréol Q

per mol sulfide, depending on the operation day. Latter ratio is much higher than that
stoichiometrically required for complete sulfide oxidatto sulfate (2 mol &@mol sulfide).
Table4.2 shows that microxygenation promoted a conversion of 0.0383 ' d*. Then it

can be determined that conversion per unit of membrane area wasS2# d*, based on
internal membrane area. This value in the same range of that reported by Pokorna
Krayzelova(PokornaKrayzelovaet al, 2017)when operating a silicone based biomembrane

system for sulfide oxidation.
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Figure 4.3. Oxygen mass transfer through the oxygenation membrane in the Reactor 2
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Table4.2. Sulfide loads leaving the system, during Reactor 2 operation. Averages over the

indicated periods are presented.

Days 110 Days 1666
Parameter Units (no micro- (with micro -

oxygenation) oxygenation)

Sulfide leaving the system in the gas phast (g-S L' d™) 0.0122 0.0067
Sulfide leaving the system in the liquid pha (g-S L*d™%) 0.0585 0.0253
Sulfide leaving the system (Total) (g-SLtd?h 0.0707 0.032

During operation of Reactor 2, GOCH, and HS were detected in the oxygen container
(element 5 in Figure 1). Concentration of these species was determined before flushing the
container with fresh oxygen, to include the effect of dilution when determining oxygen
consumption. Since the liquid phases are most likely close to saturatiomefttane and

carbon dioxide, backansport of these compounds is expected to occur. Concentrations before
oxygen flushing are presented in Figure 4, indicating that transfer gfa@® CH were
relevant, reaching at the end of operation values in the sahg# and 1525%, respectively.

H,S was also detected, starting with values close to 1700 ppm, which decreased to 700 ppm by
the end of operation period. It is worthy to notice that results shown in Figuirediate that

silicone membrane is not selret for oxygen. In fact, PokorAdrayzelova et al(Pokorna
Krayzelovaet al, 2017)showed that permeabilities of,8, CQ and CH were higher than

that of Q, in silicon rubber membranes. Mass balance computed fqrsGéived that the
amount of methane @nsferred was relevant, between 0.3 and 0.5 L per day (volume in
standard conditions). This represents that in average about 9% of all the methane produced left
the system through the oxygen container. Research cautelbly Pokorn&rayzelova et al.
(PokornaKrayzelovaet al, 2018) determined methane losses of 3.7% when operating a

silicone biomembrane system for sulfide oxidation.
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Figure 4.4 Concentration of sulfide in oxygen container for Reactor 2 system.

4 3.2. Sulfur balance

Figure4.5 presents the contribution of the different sulfur species to the total sulfur exiting
Reactor 2. Calculation was performed for the operation without and with oxygemnatidays

1-10 and 16656, respectively. The sum of total mass of sulfur speciegig#he reactor during

the studied periods were evaluated. Species considered where: sulfide in the biogas, sulfide in
reactor effluent, sulfate in the reactor effluent, sulfite in the reactor effluent, sulfur contained in
the biofilm formed inside the lstone membrane and sulfur lost through the membrane. These
values are presented as a percentage of the sulfate load applied to Reactor 2%0dt6% g
0.00526 moiS db). Then, a value of 100% in Figure 5 indicates that sulfur that left the system
during the considered operation period matches the sulfur that entered the system.

Before oxygenation started (dayslQ), the measured sulfur species accounted for almost
100% of the applied sulfur load. Difference between entering and exiting sulfumiya2%,

result that supports the procedure used for mass balance determination. During non
oxygenated period, most of the sulfur left the system dissolved in the liquid phase (about
73%). Sulfide content of the biogas accounted for 17%. Distribution ssolied sulfide

species (HSand HS) is a strong function of pH, considering that,jiKclose to 7. Moreover,
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this distribution will also affect sulfide equilibrium between liquid and gas phases, by

determining the concentration o$&i the volatile sutir form (Velascoet al, 2007)

Figure 5 shows a decrease in the sulfide leaving the system, both in the biogas and in the liquid
phase, when micro oxygenation was applied. This is the result of the reduction of sulfide
concentration in those phases (Figdt2, Table4.2). The sulfur laving the system due to
transport through membrane was also consideref (bkses in Figurd.5). It accounted for

2% of the total sulfur leaving the system. Sulfite and sulfate together contributed with 10% of
the sulfur leaving the system. Sulfur preserthe biofilm formed in the membrane lumen was

also determined, representing slightly over 12%. Figuseshows a gap of close to 30% in the
sulfur mass balance, when oxygenation was applied. This means that a large fraction of the
incoming sulfur wasiot identified in the sulfur species tested. During the operation of a-micro
aerated UASB reactor, Krayzelova et @rayzelovaet al, 2014)observed that 33% of the
applied sulfur left the system as elemental sulfur, suspended in the reactor effluerg.tbis
research elemental sulfur was not determined in the liquid effluent of the UASB, which may

explain the sulfur gap observed in Figdrs.
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Figure 45. Cumulative contribution of different sulfur compounds to the sulfur leaving the

Reactor 2 during the indicated periods. Values reported as a percentage of the mass of sulfur

that entered the system (as sulfate in the feed).
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44. DISCUSSION

Micro aerationhas proven to be a simple, reliable and inexpensive way to control sulfide
content of biogagKrayzelovaet al, 2017).Moreover, several studies have reported that small
doses of oxygen may enhance anaerobic digestion by improving hydrolysis and/or
acidification (Krayzelovaet al, 2017 Nguyen and Khanal, 2018y owever, depending on the
reactor configuration, ensuring efficient provision of oxygen may not be a simple task. Most of
available research has been focused on r@eration of anaerobic reacsoior the treatment

of solids or slurries. Little research has been dedicated to the application ofaeviation in

UASB reactors in particular, or granular reactors in general. Development of successful
strategies to apply micraeration on granular rers may extend benefits of sulfide removal

by in-situ oxidation, to the anaerobic treatment of sulphiate wastewaters. Gas permeable
membranes may be a way to achieve such goal.

The configuration in which the membrane was placed in the sludge bectdR&gfailed to
provide a relevant decrease in sulfide concentration. Submerged membrane configuration may
not be then a suitable configuration for an oxygenation system, considering the observed
performance. Moreover, access to the interior of ashalle reactor for installation or
maintenance of such system would not be practical. In an external membrane module
operation flow of phases can be better controlled, mass transport can be then enhanced, and
easy access to the system is ensured.

Only few reorts are available dealing with mieagration of UASB reactors. Zhoet
al.(Zhou et al., 2007) reported 268B0% of HS removal in a UASB treating evaporator
condensate from a sulfite pulp mill. On the other hand, Krayzelova @{ralyzelovaet al,
2017)achieved 73% of sulfide removal, when treating a synthetic wastewater. In both cases,
UASB reactors were micraerated by injecting air directly in the reactor. In this research,
Reactor 2 provided a 55% of sulfide removal. These values of sulfide rearevalwer than

those reported for mixed reactors with air injection in the headspace. Nevertheless, these
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results may be considered promising experience that can lead to successful implementation of

micro-oxygenation of granular reactors for wastewatezatinent. On the other hand,
membrane aeration could represent an effective way to provide

oxygen in a controlled way, and may provide conditions for the development of sulfide
oxidation microorganisms, as observed by Camiddtial., (Camiloti et al, 2019) when
operating an equivalent setup.

During Reactor 2 operation, oxygen consumption was largely higher than the stoichiometric
requirement. Then it is inferred that @Permeability of the silicone membrane did not limit the
efficiency of sulfide removalExcess @ may have been used in the biofilm for substrate
aerobic oxidation. Another potential route of oxygen consumption could be the establishment
of a cycle of oxidation/reduction of sulfur, in the membrane module/reactor system. Sulfate
reducing badria can use sulfate, thiosulfate or even sulfite as an electron acceptor in the
process of dissimilatory sulfate reduction by S@®opathyet al., 1993; Balket al, 2008

Suzuki et al., 2010) So, there is a chance that production of oxidized suyfoducts,
generated by SOB, have triggered a new reduction process, causing a higher consumption of
oxygen. Indeed, sulfate and sulfite concentrations in the liquid effluent of the UASB reactor
increased during the operation period when membrane oxygertati& place. Control of
oxygen dose to prevent under or over oxygenation is indeed a challenge that may be addressed
by precise automatic process conffidguyen and Khanal, 2010Relevant levels of methane
losses were identified during system operatidrhis may seriously jeopardize the
sustainability of membrane assisted oxygenation systems for sulfide control. Methane losses
are a result of mass transport through the membrane, since reactor concentration in the liquid
phase is normally close to satuwat Then, development and/or selection of membrane
materials are decisive to promote higher oxygen transfer rate for oxygen, and lower for
methane. Moreover, detailed determination of the required membrane area is key, to provide

conditions for the transef of only the required oxygen, limiting excessive methane losses.
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During this research, a tubular membrane was used, considering a single 2.2 m length, 5 mm

internal diameter tube. Biomass growth within the tube caused membrane clogging before two
monthsof operation. A configuration ensuring an easy access to the membrane may be more
adequate, facilitating removal of excess biomass developed as biofilm. The modification of
commercially available membrane modules may be a simple and affordable way toémiple

a micraoxygenation module for sulfide oxidation.

4.5. CONCLUSIONS

The use of a membrafmsed oxygenation system is an interesting alternative to provide
conditions for sulfide oxidation, reducing the concentration of this compound both in liquid
effluent as well as in biogas, in granular based anaerobic reactors, like UASB. The use of an
external membrane module, connected to the reactor by the recirculation line, seems to be a
convenient way to do so, since it would facilitate access and maingeriantis research a
membrane that was nemonselective for sulfide was used, resulting in methane loses (about
9%). Membrane selection and operation to reduce methane loses is required to ensure
sustainability of membrarexygenation of UASB reactors. Bw though partial sulfide
oxidation was observed in this research (55% removal), results are considered promising, since
may lead to successful implementation of miokygenation of granular reactors for

wastewater treatment
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5. GENERAL DISCUSSIONS AND CONCLUSIONS

5.1 GENERAL DISCUSSION

Microaeration in granular and supported biomass basd reactors

Severalauthors to report the advantages of gy micro aeration in anaerobic digestef

slurry and municipal sludg&ome ofthe positive effects presented are: improving methane
yield (Ruanet al, 2019; Liet al, 2019; Lim and Wang 2013; Johansen andkBak006),
improving the stability of anaerobic reactors during unbalanced conditions (Ramos and Fdz
Polanco 2013)and sulfide removal (Jenicek al, 2010; Diazet al, 2010, Diazt al, 2011;
Ramoset al, 2014; Ramos and Fd2zolanco 2013; FdPolancoeet al, 2009; Kobayastet al,

2012). The mechanisms described include increased enzymatic activity in the hydrolytic and
acidogenicstageof the anaerobic process and consequently inaldaisgas production. In

the case of sulfide removasulfide oxidzing biomass development was reportedbe
attachedto the headspace wall and biodapiid interphase enhanced by small oxygen
dosage. Based on what has been described, the opportunity is presented to extend the benefits
of micro-aeration to reactors bad on granular biomass or adhered to support wastewater
treatment It should also be considered that there are few works carried out with this type of
reactor On the other hand, tlgranular biomass exposed to oxygen concentrations develops
defense meclmasms, such asncreased enzymatic activity to reduce or eliminate reactive
oxygenous agents, cellular aggregation with consuming bacewdaaerotaxis (Dollat al.,

2006). Kharet al. (201]) studied the effect of aeration on the effluent quality, \edgd/ L, in

a UASB reactor, finding that the granule provides sufficient protection to the methanogenic
consortium that avoided efficiency loss and/or anaerobic progedgsrmance. Similar
mechanisra were reported for SRB biomassonzalezSanchezt al, 2005 andKjeldsenet

al., 200.
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In chapters 3 and 4, two configurations of anaeroéstavater treatment reactors were

evaluated The first based on biomass adhered to a structured bed and the second a UASB
reactor based on granular biomassboth casest was possible to show that the dosage of
small amounts of oxygen promoted the development of biofilms. In the reactor used in
chapter 3 (ASFBR), the presence of oxidizing sulfide bionrasise biofilmwas verified by
molecular testdViolecular tets were not carried out in the UASB reactor (used in chapter 4)
However, the shape, coloand products formed in the oxidative process can confirm a vital
role to the biomass developed due to the supply of oxygen assisted by the me@tirane
authors eport comparable results in terms of the reduction of sulfur concenjrdigsolved

and in the biogas, in addition to the development of a biofilth oxidizing sulfur activity

(Camilotiet al.,2018; Pokorn&rayseloveet al, 2017).

Membrane assisted microaeration

The microaeration strategy implemented during this thesis, by the use of permeable
membranes, represents a feasible alternative to remove the sulfide produced during the
anaerobic process. The use of membranes as an ottggsifer mechanism was successful

in the purpose of providing oxygen to the environment, promoting the acti&@Bf

As mentioned above, the presence of oxidizing sulfide biomass was varifi@tapter 3,

and in the case of the UASB reactor, the bimalgpathway is suggested as an oxidation
mechanism, generating elemental sulfur as the main pradeet figure 5.1). This is
insoluble, which make# difficult for SRBs to further convert it then, sulfur can ledkie

system in the effluent from the i&ar, orit may accumulate in the biofilm adhered to the

membrane (Camiloet al, 2015).

Membrane Assisted Microaeration for Sulfide Removal in Anaerobic Digestion Proce 95



General Discussions and Conclusio
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Figure 5.1 Sulfur cycle in the microaerobic system (own elaboration)

The main advantages of using membranes for trairgferxygen in anaerobic reactors are:

A Effectivenessto transfer oxygen and to promote sulfide removal.Such situation
prevents biomass inhibition events due to presence of the pollutant. A similar result
was reported by Camilet al.(2015).

A Mainly dissolved oxygen enterthe reactor. Pokorn&rayzelovaet al. (2017)
indicatethat the use of a membrane preveihis contamination of the biogas
addition to the biogas dilution effeas aproduct of the direct application of air
inside thereactor.

A Biogenic sulfur may be recovered from the process, which has the poterti@l to
further purified for its use in agriculture (Fuentema et al, 2019) or other
applications.

A The technological alternatives show high operatiomadl initial cost, also of
complexity of overall process is increased.

A The oxygen transfer mechanism thgbuhe use of a silicone membrane allows the
dosing of dissolved oxygen, in this sense avoiding contaminating the biogas with

oxygen and thus generating an explosive atmosphere.

Membrane Assisted Microaeration for Sulfide Removal in Anaerobic Digestion Proce 96



General Discussions and Conclusio

Although the assisted membrane microaeration is an attractive alternativsilfide

removal, there are disadvantages and challenges to address:

1 Silicone membranes were used in the experiments carried out in this study. These
membranes have a limited transfer capacity, since they are not designed for this
purpose.

1 Methane and cadn dioxide were detectdd permeat the membrane in such a way
that there is a loss of biogas through the systenich helpstransferoxygen.

1 It is necessary to develop a strategy to avoid blockages in the memBrane

clogging couldmply a significantdecreas of oxygen transfer capacity

Chemical and/or biological sulfide oxidation in microaerobic systems

Work has been carried out progressively increasing the theoretical demand for oxygen, in
terms of the stoichiometric quantity to oxidize one naflél,S to form elemental sulfur. Wu
et al, 2016, using microaireation in laboratory scale anaerobic digesters treating rice straw
like substrate,repored low efficiencies of desulfuratiorwith amouns of oxygen near

theoetical oxygen demand.

The end prducts of sulfide oxidation are certainly affected by the availability of dissolved
oxygen (DO). Roostat al, 2011 indicates that at DO concentrations below 0.1 mg/L the
main product of the sulfide oxidation reaction is elemental swdhd the reactioproceeds to
sulfate when the DO concentration exceeds 0.5 m@ther authors show theame results
(Jenseret al, 1995, Van de Zeet al, 2007 and Cirnet al, 200§. This studyfound that
whenoxygen consumptionangesbetween 6 and 1ibld of oxygen stoichiometric demand
the endproducts of oxidationveremainly elemental sulfur and minor amounts of sulfate and

thiosulfate.
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The contribution of the chemical pathway in microaerobic systems is not fully elucidated. In

the abiotic testsit was determined that the oxidation proceeds to oxidized species such as
sulfate and thiosulfate, without detecting the formation of elemental sulfur. This situation
allows us to infer that an important role could be assigned to the chemical pathway when a
super stoichiometric dose of DO is provided in the speciation observed in various .sldies
contrast, the biological pathway predominates under oxygen limitations and generates mainly

elemental sulfur as a product of oxidation

The antecedents allow inferg that both processes, chemical and biological, coexist. It is
necessary to develop a dosage mechanism that favors the formation of elemental sulfur, since

being a norsoluble product makes it difficult to iterate a reducing sulfate process.

Membrane pameability and methane loss

Currentlythere are reactor applications that use silicone memlarathés adhered biofilrfor

the generation of high value chemicérosset al, 2007; Liet al, 2006; Setyawatet al.,
2009).However, the usef small dose of oxygenin anaerobic reactors has not been widely
studied.The use of commercial silicone membranes implies that their iiticharacteristics

like permeability, selectivity, and solubility must be considered.

In the case of the UASB reactor couplad the external oxygen transfer chamber, the
recirculated flow rate that passed through the tubular membrane was 45 mL/min. Considering
this flow rate and the solubility of methane in water (at 20°C), the theoretical maximum daily

flow rate of dissolved ethanehat circulated was 1503.35 mg/d.

Methane losses were found in rangleat had beemeported for anaerobic water treatment
systemsabout9% (Velasceet al, 2018) Given the high solubility of methane in water, this
hydrocarbon leaves the rector the effluent and then is desorbed into the atmosphere
However, it is important to develop membranes with greater selectivity that prevent methane

transfer in the opposite direction to oxygen diffusion.
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Configuration of reactors for the implementation ofmembrane-assisted microaeration

One of the differences regarding the effectiveness of the use of membranes in UASB reactors
was that in the configuration of the external oxygen transfer chamber, an environment with
high turbulence was present on both sidethe membrane, while in the configuration of the
membrane submerged in the sludge blanket there was only high turbulence inside the
membrane An external camera also has the advantage of easy access, in the event that

cleaning or maintenance is required

The studies included in this thesis, as well as othverks (Camiloti et al, 2018 Pokorna
Krayzelov et al, 2018) report the growth of a biofilm on the membraimeaddition the
molecular analgis demonstrated the presence of oxidant sulfide bionthesefore the
activity of such biomass is essenfial sulfide oxidation. Consequentlyhe membrane serves

the dual purpose of providing dissolved oxygen to create a microaerobic environment and as a

support for the biofilm.

The conditions for a membresbased oxygen trafer mechanism to become a eefficient
alternative to remove hydrogen sulfide in the anaerobic process would have to develop
characteristics such as: oxygen selectivity trepreventon of methane and CQdiffusion.
Another requiredcondition is a high specific surface area, given that the transfer area is
fundamental in the transfer process, and,alsmodular design and/or simple coupling to the

recirculation line of the reactor (see Figure 5.2 and supplementary material).

There & nowadaysa developed membrane industry with highly efficient products. In this
sense, frame and plate membrane systems coulddzfor optimizing the required volume
and compete with endf-pipe sulfide removal technologies currently on the matkth the
development of a membrane module having the characteasticsnentionedit should also

implement a control systefor oxygendosage
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Figure 52 Membrane module coupled to recirculation diagram: 1: Feed, 2: Anaerobic reactor,
3: Recirculation line, 4: Recirculation by pass line, 5: Membrane Module, 6: Blower; 7:

Biogas line and 8: Effluent

5.2. CONCLUDING REMARKS

Based on the results of this worketfollowing conclusions can be proposed:

A Sulfide oxidation was determined to occur in the presence of wateer abiotic
conditions, the reaction products were sulfate and thiosulfate. In the-aswbic
process apparently both chemical and biologis#dative mechanisms converge.

A The implementation of the membranes, in the case of the structured fixed bed
reactor, allowed the development of a biofilm, in which thanks to molecular
techniques, sulfur oxidizing microorganisms (SOB) wewend. In the cas of the
UASB reactor, the alternative of an oxygen transfer chamber, coupled to the reactor
recirculation, was effectivdor sulfide removal; in this configuration a sulfur

oxidation promoting biofilm was aldormed.
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A In the two reactor configurations ted, ASFBR and UASB, it was found that
organic matter removals and biogas production were not significantly affected, and
showing high sulfur removaates.

A An oxygen consumptiohigherthan that required to oxidize sulfide was observed.
An explanation cabe found in tle sulfatereducing biomass presentthe biofilm
adhered to the membrane, which could generate iterations of the sulfur cycle
(successive oxidations and reductions) in addition to the use of dissolved oxygen in

other metabolic processes

Results indicate that micro aeration assisted by tubular membranes is a feasible
alternative for sulfide removal, throughe formation of sulfide oxidizing bacteria

biofilm that grows on the wall of the membrane.

5.5RECOMENDATIONS FOR FUTURE RESEARCH

Regarding the use of membranes for the purpose of creating microaerobic enviroitments,

is necessary to address the following aspects

A The opportunity to develop higher performance membranes in terms of transfer
capacity is presented. Another challengethe development of selective
membranes, which only allow the transfeosf/gen.

A It is necessary to develop a membrane cleaning strategy that allows addressing
the clogging problem.

A Moreover, 1 is necessary to continue studying the preferential mecharg$m
oxidation, since supestoichiometric oxygen consumption walsserved.

A There is the opportunity to test products such as polymers and flocculant,

allowing separate elemental sulfur from the effluent.
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5.7SUPLEMENTARY MATERIAL

Figure 5.3lsometric viev of anaerobic reactor with membrane module coupled to

recirculation line at real scale

Figure 54 Recirculation system coupled to membrane module
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