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Thesis abstract 

Thesis abstract 
Increasing anthropogenic activities, such as combustion of sulfur-containing fossil 

fuels and mining-smelting industrial process, results in flue gases or wastewaters 

emissions containing large quantities of sulfur compounds that require treatment before 

being directly discharged into the atmosphere or hydrosphere. Sulfate is the main 

component in the effluent after conventional treatments. Sulfate is not toxic, but the 

uncontrolled discharge of a large amount of sulfate can disturb the balance of the sulfur 

cycle. Moreover, in an uncontrolled anaerobic environment, sulfate can be reduced by 

sulfate-reducing bacteria (SRB) to toxic sulfide, thereby affecting the environment and 

human health. Therefore, an environmentally friendly treatment system is needed to treat 

these sulfur-containing waste gases and wastewaters. 

The most successful reactors widely used in the anaerobic treatment technology of 

industrial organic wastewater are up-flow anaerobic sludge blanket (UASB) reactors or 

their derivatives.  

The aim of this PhD thesis is to assess the sulfate reduction process in sulfidogenic 

biological reactors (both UASB reactor and batch systems) using glycerol as the main 

electron donor, and to understand the complex underlying mechanisms behind the 

anaerobic and sulfidogenic reactors. 

A laboratory-scale UASB reactor was set up and inoculated with granular sludge from 

a paper recycling industry, which was mainly used for biogas production. The UASB 

reactor was performed under a constant TOC/S-SO4
2- ratio of 1.5 ± 0.3 g C g-1 S and an 

OLR of 7.3 ± 1.6 kg C m-3 d-1 for a long-term operation. Methanogenic granular sludge 

quickly adapted to sulfidogenic conditions and maintained a sulfate removal capacity of 

4.5 ± 0.7 kg S-SO4
2- m-3 d-1 in 280 days. The sulfate removal capacity decreased gradually 

from day 280 to 639. Methanogenic activity was ceased after 200 days, accompanied by a 

progressive VFAs accumulation (mainly acetate). A filamentous and fluffy flocculant 
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material, namely slime-like substances (SLS) along this thesis, accumulated in the reactor 

after the cease of methanogenic activity. Batch activity tests showed that SLS did not affect 

the mechanisms of glycerol fermentation and sulfate reduction, but it might affect the mass 

transfer of sulfate to the granular biomass. Moreover, the SLS led to the flotation of sludge, 

which resulted in a loss of sulfate removal efficiency in the UASB and the failure of its 

operation. 

In order to assess the mechanism of sulfate reduction using glycerol as electron donor 

and its specific consumption/production rates, a battery of batch activity tests with and 

without sulfate were performed using a variety of carbon sources, including glycerol, 

n-butanol, 2,3-butanediol, 1,3-propanediol, ethanol, formate, propionate and acetate. 

Glycerol was mainly fermented to 1,3-propanediol, ethanol, formate, propionate and 

acetate by fermentative microorganisms. Except for acetate, other organic intermediates 

were found to be further used by SRB for sulfate reduction. The sulfate reduction process 

mainly used 1,3-propanediol and ethanol as electron donors in glycerol-fed tests.  

Finally, a mathematical model was established to describe the mechanism of sulfate 

reduction and anaerobic glycerol fermentation through multiple pathways and multiple 

intermediate products. The model was able to properly reproduce experimental results of 

batch activity tests. Biokinetic parameters (maximum specific uptake rates of substrate and 

Monod half saturation coefficients) were the parameters estimated from experimental data 

in the calibration step of the model. Model predictions, consistent with data collected 

during experiments, confirmed that the bioconversion of 1,3-propanediol and ethanol 

were the main pathways of glycerol fermentation. It was also found that 

3-hydroxypropionate might be an additional intermediate product in the fermentation 

process of glycerol and in the degradation of 1,3-propanediol for sulfate reduction.  

II 

 



Thesis abstract 

Resumen de la tesis 
El aumento de las actividades antropogénicas, como la combustión de combustibles 

fósiles que contienen azufre o procesos industriales de minería-fundición, da como 

resultado la emisión de gases de combustión y aguas residuales que contienen grandes 

cantidades de compuestos de azufre que requieren tratamiento antes de verterlas 

directamente a la atmósfera o la hidrosfera. El sulfato es generalmente el componente 

principal del efluente después de los tratamientos convencionales. El sulfato no es tóxico, 

pero el vertido incontrolado de una gran cantidad de sulfato puede alterar el equilibrio del 

ciclo del azufre. Además, en un entorno anaeróbico no controlado, las bacterias reductoras 

de sulfato (SRB) pueden reducir el sulfato a sulfuro de hidrógeno, compuesto tóxico que 

afecta también al medio ambiente y la salud humana. Por lo tanto, se necesita un sistema de 

tratamiento respetuoso con el medio ambiente para tratar estos gases y aguas residuales que 

contienen azufre. 

Los reactores más utilizados y con más éxito en la tecnología de tratamiento anaeróbico 

de aguas residuales industriales son los reactores de tipo UASB o sus variantes.  

El objetivo de esta tesis doctoral es evaluar el proceso de reducción de sulfato en 

reactores biológicos sulfidogénicos (reactor UASB y botellas de suero) utilizando glicerol 

como principal donador de electrones, y comprender los complejos mecanismos 

subyacentes detrás de los reactores anaeróbicos sulfidogénicos. 

Para ello, se instaló un reactor UASB a escala de laboratorio y se inoculó con lodo 

granular de una industria de reciclaje de papel, que se utilizaba principalmente para la 

producción de biogás. El reactor UASB operó bajo una relación TOC/S-SO4
2- constante de 

1,5 ± 0,3 g C g-1 S y una carga volumétrica de C de 7,3 ± 1,6 kg C m-3 d-1 durante toda la 

operación a largo plazo. El lodo granular metanogénico se adaptó rápidamente a las 

condiciones sulfidogénicas y mantuvo una capacidad de eliminación de sulfato de 4.5 ± 0.7 

kg S-SO4
2- m-3 d-1 en 280 días. La capacidad de eliminación de sulfato disminuyó 
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gradualmente entre los días 280 y 639 de operación. La actividad metanogénica cesó a los 

200 días, acompañada de una acumulación progresiva de AGV (principalmente acetato). 

Un material floculante filamentoso y esponjoso, llamada limo o largo de esta tesis, se 

acumuló en el reactor después del cese de la actividad metanogénica. Las pruebas de 

actividad en discontinuo mostraron que el limo no afectó los mecanismos de fermentación 

de glicerol y reducción de sulfato, pero podría afectar la transferencia de masa de sulfato a 

la biomasa granular. Además, la acumulación de limo provocó la flotación de lodos, lo que 

resultó en una pérdida de rendimiento en el UASB traducido en una reducción de la 

eficiencia de eliminación de sulfato y al fracaso de la operación. 

Con el fin de evaluar el mecanismo de reducción de sulfato usando glicerol como 

donador de electrones y sus tasas específicas de consumo / producción, se realizó una 

batería de pruebas de actividad en discontinuo con y sin sulfato usando una variedad de 

fuentes de carbono, incluyendo glicerol, n-butanol, 2,3-butanodiol, 1,3-propanodiol, etanol, 

formiato, propionato y acetato. El glicerol fermentó principalmente a 1,3-propanodiol, 

etanol, formiato, propionato y acetato por microorganismos fermentativos. Excepto por el 

acetato, se descubrió que SRB utilizaba otros intermedios orgánicos para la reducción de 

sulfato en vez de glicerol. El proceso de reducción de sulfato utilizó principalmente 

1,3-propanodiol y etanol como donadores de electrones en test alimentados únicamente 

con glicerol. 

Finalmente, se estableció un modelo matemático para describir el mecanismo de 

reducción de sulfato y fermentación anaeróbica de glicerol a través de múltiples vías y 

múltiples productos intermedios. El modelo pudo reproducir los resultados experimentales 

de las pruebas de actividad en discontinuo de una manera muy consistente. El modelo fue 

calibrado a partir de la estimaron de los parámetros biocinéticos (tasas máximas de 

específicas de consumo de sustrato y coeficientes de semisaturación de Monod). Las 

predicciones del modelo, consistentes con el comportamiento experimental observado, 

confirmó que la bioconversión de 1,3-propanodiol y etanol eran las principales vías de 

fermentación del glicerol. También se encontró que el 3-hidroxipropionato sería otro 
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producto intermedio en el proceso de fermentación del glicerol y en la degradación del 

1,3-propanodiol para la reducción de sulfato. 
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Resum de la tesi 
L'augment de les activitats antropogèniques, com la combustió de combustibles fòssils 

que contenen sofre o processos industrials de mineria-foneria, dóna com a resultat l'emissió 

de gasos de combustió i aigües residuals que contenen grans quantitats de compostos de 

sofre que requereixen tractament abans de vessar-les directament a l'atmosfera o hidrosfera. 

El sulfat és generalment el component principal de l'efluent després dels tractaments 

convencionals. El sulfat no és tòxic, però l'abocament incontrolat de gran quantitat de sulfat 

pot alterar l'equilibri del cicle del sofre. A més, en un entorn anaeròbic no controlat, els 

bacteris reductors de sulfat (SRB) poden reduir el sulfat a sulfur d'hidrogen, compost tòxic 

que afecta també el medi ambient. Per tant, cal un sistema de tractament respectuós amb el 

medi ambient per tractar aquests gasos i aigües residuals que contenen sofre. 

Els reactors més utilitzats i amb més èxit a la tecnologia de tractament anaeròbic 

d'aigües residuals industrials són els reactors de tipus UASB i els seus derivats.  

L'objectiu d'aquesta tesi doctoral és avaluar el procés de reducció de sulfat en reactors 

biològics sulfidogènics (reactor UASB i ampolles de sèrum) utilitzant glicerol com a 

principal donador d'electrons i comprendre els complexos mecanismes subjacents darrere 

dels reactors anaeròbics sulfidogènics. 

Per fer-ho, es va instal·lar un reactor UASB a escala de laboratori i es va inocular amb 

fang granular d'una indústria de reciclatge de paper que s'utilitzava principalment per a la 

producció de biogàs. El reactor UASB va operar sota una relació TOC/S-SO4
2- constant 

d'1,5 ± 0,3 g C g-1 S i una càrrega volumètrica de C de 7,3 ± 1,6 kg C m-3 d-1 durant tota 

l’operació a llarg termini. El fang granular metanogènic es va adaptar ràpidament a les 

condicions sulfidogèniques i va mantenir una capacitat d'eliminació de sulfat de 4.5 ± 0.7 

kg S-SO4
2-m-3 d-1 en 280 dies. La capacitat d'eliminació de sulfat va disminuir gradualment 

entre els dies 280 i 639 d'operació. L'activitat metanogènica va cessar al cap de 200 dies, 

acompanyada d'una acumulació progressiva d'AGV (principalment acetat). Un material 
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floculant filamentós i esponjós, anomenada llim al llarg d'aquesta tesi, es va acumular al 

reactor després del cessament de l'activitat metanogènica. Les proves d'activitat en 

discontinu van mostrar que el llim no va afectar els mecanismes de fermentació de glicerol 

i reducció de sulfat, però podria afectar la transferència de massa de sulfat a la biomassa 

granular. A més, l'acumulació de llim va provocar la flotació de llots, cosa que va resultar 

en una pèrdua de rendiment a l'UASB a causa de la reducció de l'eficiència d'eliminació de 

sulfat i del fracàs de l'operació. 

Per tal d'avaluar el mecanisme de reducció de sulfat usant glicerol com a donador 

d'electrons i les seves taxes específiques de consum/producció, es va realitzar una bateria 

de proves d'activitat en discontinu amb i sense sulfat usant una varietat de fonts de carboni, 

incloent-hi glicerol, n-butanol, 2,3-butanodiol, 1,3-propanodiol, etanol, formiat, propionat i 

acetat. El glicerol va fermentar principalment a 1,3-propanodiol, etanol, formiat, propionat 

i acetat per microorganismes fermentatius. Excepte per l'acetat, es va descobrir que SRB 

utilitzava altres intermedis orgànics per a la reducció de sulfat en comptes del glicerol. El 

procés de reducció de sulfat va utilitzar principalment 1,3-propanodiol i etanol com a 

donadors d’electrons en tests alimentats únicament amb glicerol. 

Finalment, es va establir un model matemàtic per descriure el mecanisme de reducció 

de sulfat i fermentació anaeròbica de glicerol a través de múltiples vies i múltiples 

productes intermedis. El model va poder reproduir els resultats experimentals de les proves 

d’activitat en discontinu d’una manera molt consistent. La calibració del model es va 

realitzar a partir de l’estimació dels paràmetres biocinètics (taxes màximes d'específiques 

de consum de substrat i coeficients de semisaturació de Monod). El model va confirmar que 

la bioconversió de 1,3-propanodiol i etanol eren les principals vies de fermentació del 

glicerol. També es va trobar que el 3-hidroxipropionat seria un producte intermedi en el 

procés de fermentació del glicerol i en la degradació de l'1,3-propanodiol per a la reducció 

de sulfat. 
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List of main abbreviations 
 

AD    Anaerobic digestion 

AMP   Adenosine monophosphate 

APS    Adenosine-phosphosulphate 

ASRB   Autotrophic sulfate reducing bacteria 

ATP    Adenosine triphosphate 
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CSTR   Continuous stirred tank reactor 

EDTA   Ethylenediaminetetraacetic acid 
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Chapter 1 

1.1 Motivations 

This thesis has been carried out in the GENOCOV research group from the 

Department of Chemical, Biological and Environmental Engineering at Universitat 

Autònoma de Barcelona. The thesis was supported by the project SONOVA 

(CTQ2015-69802-C2) and project ENSURE (ref. RTI2018-099362-B-C21) funded by 

Ministerio de Ciencia, Innovación y Universidades of Spanish government.  

Increasing anthropogenic activities lead to large amounts of SOx and NOx emissions 

that require treatment before being directly discharged into the atmosphere. Compared to 

physical-chemical technologies, biological techniques have proven to be more 

cost-effective and environmentally friendly for removing pollutants from contaminated air. 

The projects SONOVA and ENSURE aim at providing a new approach based on a 

multi-stage bioscrubber process to treat gaseous effluents using biological processes in 

the view of waste gases valorization. In order to understand the sulfidogenic capacity of 

the granular sludge in an upflow anaerobic sludge blanket (UASB) reactor, a variety of 

electron donors (organic carbon sources) and a series of operating parameters have been 

tested, such as the sulfate loading rate, the organic loading rate, the C/S ratio or the 

upflow velocity, based on the application in the previous project SONOVA. Acetate, pig 

slurry, cheese whey, vinasses, and crude glycerol were chosen for the sulfate reduction 

process in the project SONOVA. Results demonstrated that the most appropriate organic 

carbon source for sulfate reduction was crude glycerol (a by-product of the biodiesel 

industry), because it provides a higher carbon utilization efficiency for sulfate reduction. 

In previous works of the research group, the performance of an upflow anaerobic sludge 

blanket (UASB) reactor was identified under a range of conditions, but the underlying 

mechanism of the sulfate reduction and glycerol fermentation processes was still unclear 

due to the complexity of this system.  

 

3 
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1.2 Objectives 

The main objective of this PhD thesis was to assess the sulfate reduction process in 

sulfidogenic biological reactors using both crude glycerol and pure glycerol as electron 

donor to understand the underlying complex mechanisms behind sulfidogenic reactors. In 

order to deepen the knowledge of this complex system, the following specific objectives 

were proposed: 

 To assess the performance of a UASB reactor at constant sulfate and carbon 

loading rates using crude glycerol as carbon source to evaluate the stability of 

sulfate and carbon removal efficiencies under long-term operating conditions. 

 To gain knowledge about the possible limitations of the operation in the UASB 

reactor. 

 To determine the main mechanisms and process rates involved in the glycerol 

fermentation and the sulfate reduction under sulfidogenic conditions. 

 To setup, calibrate and validate a model to describe the mechanism of the sulfate 

reduction using glycerol as electron donor. 

 

1.3 Thesis overview 

The present chapter (Chapter 1) introduces the motivations of this thesis, the general 

and particular objectives, and the thesis overview. In Chapter 2, the general introduction 

of relevant topics of the thesis is presented. Chapter 2 reviews the literature for the sulfur 

cycle, sulfur pollution in flue gas and wastewater, technologies for waste gases treatment, 

sulfate reducing bacteria, electron donors for sulfate reduction as well as different reactor 

configurations. A brief overview of the kinetic models related to anaerobic digestion and 

sulfate reduction is also shown. This information helps to understand the following 

chapters and outlines the different aspects that will be discussed in the following chapters. 

In Chapter 3, the general materials and methods required by this thesis are introduced, 

and the specific methods and materials required in each chapter are described in the 
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corresponding chapters (Chapter 4 to Chapter 7).  

In Chapter 4, a UASB reactor was operated at a constant sulfate and carbon loading 

rate for long-term operation using crude glycerol as carbon source. The performance of 

the UASB reactor was estimated in terms of the sulfate removal capacity and organic 

carbon compounds removal capacity. This chapter also discusses the reasons for the 

progressive decrease in sulfate and organic carbon removal capacities, which may be 

caused by the accumulation of SLS, which is a filamentous and fluffy flocculant material 

formed in the reactor after the long-term operation. Moreover, the stratification of the 

reactor performance was also analyzed. 

Chapter 5 analyzes the specific activity through batch experiments in serum bottles of 

the inoculum sludge of the UASB reactor from a pulp and paper recycling industry and of 

sludge withdrawn along time and along the reactor height during the UASB operation. 

This chapter also aims at explaining the decline of sulfate reduction capacity in the UASB 

reactor based on the analysis of granular sludge and SLS accumulated during the 

long-term operation of the reactor. 

In order to determine the main mechanisms of glycerol fermentation and sulfate 

reduction under sulfidogenic conditions, Chapter 6 assesses the principal reactions 

involved using glycerol and its fermentation products as electron donors together with their 

specific consumption/production rates. In Chapter 6, a battery of batch activity tests with 

and without sulfate were performed with glycerol and its fermentation by-products 

(n-butanol, 2,3-butanediol, 1,3-propanediol, ethanol, formate, propionate and acetate) as 

carbon sources. 

Chapter 7 sets up a model that considers the mechanism of the glycerol fermentation 

processes with sulfate reduction occurring under sulfidogenic conditions. Maximum 

specific substrate uptake rate of glycerol fermentation and sulfate reduction processes 

were calibrated. Chapter 7 supplements and revises the mechanism of glycerol 

degradation proposed in Chapter 6 through the establishment of the model. 

Chapter 8 presents the main conclusions and future perspectives of the research. Finally, 
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Chapter 9 provides the references used in this thesis.
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Chapter 2 

2.1 Sulfur cycle and sulfur pollution 

2.1.1 Sulfur cycle 

Sulfur is the fourteenth most abundant element on the surface of the earth, and the 

sixth most abundant element in microorganisms (Fike et al., 2016; Klotz et al., 2011). As 

an important constituent of amino acids, proteins, enzymes and vitamins, sulfur is 

essential for animals and humans (Komarnisky et al., 2003). It is also a minor constituent 

of fats, body fluids, and skeletal minerals (Lide, 2004). In addition to the 

above-mentioned organic sulfur, sulfur is widely distributed in atmosphere, lithosphere 

and hydrosphere, which occurs in a broad range of redox states from -2 to +6. Main forms 

of inorganic sulfur and its oxidation state are shown in Table 2.1. The sulfur cycle is 

shown in Figure 2.1. Gypsum (CaSO4), iron pyrites (FeS2), galena (PbS), sphalerite (ZnS), 

cinnabar (HgS) and other minerals are deposited in rocks or buried deep under ocean 

sediments (Komarnisky et al., 2003). Large amounts of sulfur compounds deposited 

underground enter the atmosphere via volcanic eruptions, burning of fossil fuels and 

processing of metals. Then, atmospheric sulfur falls to the earth’s surface by wet and dry 

deposition. Afterwards, sulfur accumulated in the soil by wet and dry deposition is 

converted into organic sulfur by microorganisms and plants, and then further ingested by 

animals. Additionally, sulfate converted by microorganisms or produced in industries 

flow into lakes and rivers, and finally into the ocean that represents the main reservoir for 

dissolved sulfate (Sievert et al., 2007). Thereafter, assimilatory and dissimilatory sulfate 

reduction occurs in anaerobic digestion to form organic sulfur compounds or sulfide that 

is released into the atmosphere or combined with minerals as sediments. 

 

Table 2.1. Main forms of inorganic sulfur and its oxidation state. 

Compounds 
Sulfide 
H2S/HS- 

Pyrite 
FeS2 

Thiosulfate 
S2O32- 

Elemental sulfur 
S0 

Sulfite 
SO32- 

Sulfate 
SO42- 

Oxidation state -2 -1 -1 (+5) 0 +4 +6 
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Figure 2.1. The sulfur cycle in ecosystem. 

 

Microorganisms play an essential role in sulfur transformations. The microbial 

activity involved in the biological sulfur cycle is shown in Figure 2.2. Sulfate (final 

product of complete sulfur oxidation) is the most stable form of sulfur on Earth (Sievert et 

al., 2007), which serves as an electron acceptor and is converted to sulfide in 

dissimilatory energy-generating electron transport by a wide range of microorganisms. 

Moreover, in the assimilatory sulfate reduction pathway, sulfate is used to synthesize 

organic sulfur compounds by prokaryotes, algae, fungi and plants (Barton et al., 2014). 

The decaying organic matter releases hydrogen sulfide (H2S) to the air (Kellogg et al., 

1972). Sulfide (final product of complete sulfur reduction) can be oxidized mainly to S0, 

sulfite, thiosulfate, or sulfate by phototrophic and chemolithotrophic bacteria (Gijs 

Kuenen, 1975).  
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Figure 2.2. The biological sulfur cycle (Adapted from Gijs Kuenen 1975).  

 

2.1.2 Sulfur pollution in flue gas and wastewater 

Increasing anthropogenic activities, such as combustion of sulfur-containing fossil 

fuels and mining-smelting industrial processes, results in large quantities of sulfur 

compounds emission to the atmosphere and disturbs the balance of the cyclic conversions 

of sulfur cycle (Lens and Kuenen, 2001). Sulfur has been ascertained as a main 

component of air pollution as sulfur oxides (SOX), hydrogen sulfide (H2S) and 

mercaptans. Among them, SO2 contributed the most of gaseous sulfur compounds in 

anthropogenic emissions (about 95 percent) (Kellogg et al., 1972). SO2 is a colorless, 

odorous, corrosive pollutant, which is not only hazardous to human health, such as 

respiratory illness, asthma and lung cancer, but also causes environment problems (acid 

rain). Various emission control strategies have been applied, which have led to an SO2 

emissions decline since the 1970s. Global contributions of anthropogenic activities and 

natural sources to SO2 emissions from 2005 to 2019 is shown in Figure 2.3. Although 

global anthropogenic SO2 emissions showed a downward trend from 2005 to 2019, 

anthropogenic SO2 emissions still accounted for 69% of total emission in 2019, of which 
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the combustion of coal accounted for the largest proportion, reaching 36%. 
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Figure 2.3. Global contributions of anthropogenic activities and natural sources to SO2 emissions from 

2005 to 2019 (Data from Dahiya et al. 2020). 

 

Sulfur compounds also cause pollution to aquatic systems by direct discharge of 

sulfur-containing wastewaters, including sulfate, sulfite, thiosulfate, SO2, H2S, as well as 

lignosulfonates (Meyer and Edwards, 2014). Anthropogenic activities include the use of 

sulfur-containing materials in industrial operations, such as Kraft process and sulfite 

process in pulp and paper industry, and the use of sulfuric acid in the fermentation 

industry (Lens et al., 1998). Sulfite process is one of the chemical process in paper and 

pulp industry that uses sulfurous acid and/or its alkali salts (Na+, Ca2+, K+, Mg2+, NH4
+) to 

remove the lignin from cellulose. Sulfate is the most common component of sulfur 

compounds in pulp and paper industry wastewaters and fermentation industry 

wastewaters. Compared to H2S or SO2 with high toxicity, sulfate is a fully oxidized 

compound, thus less toxic for the environment. However, sulfate concentrations above 

1100 mg L-1 have been reported to have a toxic effect on whitefish in the aquatic 

environment (Karjalainen et al., 2021). Moreover, excessive sulfate discharge can affect 

the sulfur cycle in the environment. Sulfate can form atmospheric SO2 and SO3 by sea salt 
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aerosols emission, or it can be reduced to sulfide in anaerobic environments. Atmospheric 

SO2 and SO3 form acid rain that leads to soil or freshwater acidification that further 

results in the loss of plant nutrients, the effect of vegetation, and the decrease of species 

diversity (Komarnisky et al., 2003). Therefore, treatment of sulfur gaseous emissions and 

wastewaters generated from industries is required. 

 

2.1.3 Technological alternatives for flue gas treatment 

The emission of volatile sulfur compounds (VSCs) can be treated physicochemically 

and biologically. Physicochemical technologies include scrubbing, adsorption and 

incineration (Smet et al., 1998), shown in Table 2.2. Physicochemical technologies are 

effective for VSCs removal from flue gases, but are expensive and the additional 

byproducts obtained require further treatments (Lens et al., 1998).  

 

Table 2.2. Physicochemical treatment of volatile sulfur compounds. 

Treatment Consumption of reactants Sulfur conversion Reference 
Alkaline Scrubbing NaOH H2S(g) to H2S(l) Mansfield et al., 1992 

Oxidative Scrubbing Hypochlorite H2S to S0, sulfate Durme et al., 1992 
H2O2, NaOH H2S to sulfate 

CH3SH to CH3SO3H 
Couvert et al., 2006 

Catalytic Scrubbing Chelated iron H2S to S0 Mansfield et al., 1992 

Adsorption Adsorbents 
(activated carbon, zeolites) 

- Ozekmekci et al., 
2015; 
Turk et al., 1989 

Incineration - H2S to SO2 Smet et al., 1998 

 

Biological techniques are an alternative for removing pollutants from contaminated 

air, which are economical and environmentally friendly (Qian et al., 2019; Smet et al., 

1998). The main types of bioreactors for removal of H2S and organic sulfur compounds 

include biofilters, bioscrubbers and biotrickling filters. Some references for the biological 

treatment of sulfur-containing gases are summarized in Table 2.3. 
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Table 2.3. Removal of H2S and organic sulfur compounds using biofilters, bioscrubbers and 
biotrickling filters. 
Reactor type Treated pollutants Removal efficiency Reference 
Biofilters 13.6-68.2 g H2S m-3 h-1 90-99% Omri et al., 2011 
 2320-2447 mg m-2 d-1 

methanethiol 
> 98% Yao et al., 2019 

Bioscrubbers 37-100 g S m−3 h−1 H2S 85-94% San-Valero et al., 2019 
 150 mg m-3 ethanethiol 90% Mhemid et al., 2019 

Biotrickling 
filters 

3-56.1 g H2S m−3 h−1 > 81% Lafita et al., 2012 
5.9 to 33.9 g S m−3 h−1 H2S 
2.7 g S m−3 h−1 methanethiol 
2.3 g S m−3 h−1 dimethyl sulphide 
5.7 g S m−3 h−1 dimethyl disulphide 

99% 
91% 
95% 
93% 

Ramírez et al., 2011 

 

Cost-effective and efficient biological treatment processes consider not only pollutant 

treatment but also resources recovery. Biogas desulfurization technology has been applied 

in full-scale installations by Paques company, which developed processes to oxidize 

sulfide to elemental sulfur as well as to recover valuable metals from metal-sulfides 

precipitation. A multistage bioscrubber process has been investigated by GENOCOV to 

develop a two-stage process (sulfate reduction and sulfide oxidation) for biosulfur 

production to valorize the SOx and NOx contained in flue gases, named as SONOVA 

process (Mora et al., 2020a). The process consists of a sequential absorption of SOx that 

oxidizes SO2 to sulfate. Then, sulfate is firstly reduced to sulfide in an up-flow anaerobic 

sludge blanket (UASB) reactor. Sulfide produced in the UASB reactor is partially oxidize 

to elemental sulfur (S0) in a continuous stirred tank reactor (CSTR). This thesis is specially 

focused on the reductive side in dissimilatory sulfate reduction.  

 

2.2 Anaerobic digestion and glycerol fermentation 

Anaerobic digestion (AD) occurs naturally in lakes and oceanic sediments, marshes, 

soils and municipal sewers (Van Lier et al., 2008). As a technology, AD for municipal 

14 



Chapter 2 

sewage and industrial wastewaters treatment removes organic pollutants and produces 

biogas as a renewable and sustainable energy source, which can be used for electricity, 

heat and biofuel production. Anaerobic treatment of food industrial wastewater was first 

investigated by Buswell et al. (1932). From 1970s, anaerobic sludge bed reactor 

technology attracted attention due to its simplicity of system construction, low sludge 

production and less space requirement. AD have widespread been used for treating 

various types of organic wastewater including food waste, beverage waste, alcohol 

distillery waste, pulp and paper industry, agricultural waste and chemical waste nowadays 

(Van Lier et al., 2015).  

AD is a process that breaks down organic matter into simpler molecules that further 

converts into biogas. Four different stages are often identified: hydrolysis, fermentation or 

acidogenesis, acetogenesis, methanogenesis (Van Lier et al., 2008). During hydrolysis, 

fermentative bacteria convert complex particulate organic matter to dissolved compounds, 

such as proteins to amino acids, polysaccharides to monosaccharides, and lipids to fatty 

acids. The hydrolytic enzymes involved in the hydrolysis process include lipases, 

proteases, cellulases and amylases (Molino et al., 2013). In the acidogenesis/fermentation 

process, dissolved compounds are converted by fermentative bacteria to volatile fatty 

acids (VFAs), CO2 and H2. In the acetogenesis process, acetogenic bacteria further 

convert VFAs (propionic acid, butyric acid) produced from acidogenesis process to acetic 

acid, CO2 and H2. In methanogenesis, methane is produced from acetic acid by 

acetoclastic methanogens and from the reduction of carbon dioxide with hydrogen by 

hydrogenotrophic methanogens. In general, 70% of the methane produced is sourced 

from acetic acid (Van Lier et al., 2008). 

Crude glycerol is an inexpensive by-product mainly produced in biodiesel production 

process. Approximately, 0.1 kg crude glycerol is produced per kg of biodiesel. It is 

estimated that worldwide glycerol production will reach 4.0 billion liters in 2020 

(Nomanbhay et al., 2018). The composition of crude glycerol varies depending on the 

process, where the concentration of glycerol is about 70% to 98%, and the remaining 
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impurities include water, long-chain fatty acids, fatty acid methyl esters, salts, methanol, 

water, soap and ashes (Angeloni et al., 2016; Viana et al., 2012; Vivek et al., 2017). In 

order to maximize the value of crude glycerol and make it an energy source, glycerol 

valorization technologies are needed. The purification of crude glycerol can be carried out 

by distillation, but the technology at industrial scale is usually expensive because of high 

investment and low glycerol price (Demaman Oro et al., 2019). Direct application of 

crude glycerol is an alternative way, such as the bioconversion of glycerol to biodiesel 

(Chen et al., 2018), methane production and hydrogen production in anaerobic digestion 

(Baba et al., 2013; Mangayil et al., 2012), composting (Fehmberger et al., 2020) and 

combustion (Muelas et al., 2020).  

Metabolic pathways of glycerol fermentation in anaerobic digestion have been clearly 

described by a combination of reductive and oxidative reactions (Viana et al., 2012). From 

one side, glycerol is first dehydrated to 3-hydroxypropionaldehyde that is further reduced 

to 1,3-propanediol by the enzyme 1,3-propanediol dehydrogenase. On the other hand, via 

an oxidative pathway, glycerol is also converted to phosphoenolpyruvate, which 

subsequently produces propionate and pyruvate. Pyruvate can further produce other 

compounds such as n-butanol, 2,3-butanediol, ethanol, lactate, butyrate, formate, acetate, 

hydrogen and CO2 depending on the microbial cultures and environmental conditions. In 

addition to H2, most of the abovementioned organic compounds can be used as electron 

donors by SRB to reduce sulfate to sulfide. Due to the abundance of glycerol generated as a 

by-product in the biodiesel production process and the requirement for electron donors and 

energy source in sulfate reduction process, glycerol points to the potential for treating 

sulfate-rich wastewater. In this sense, this thesis researched the long-term stability and 

sulfate reduction efficiency in a UASB reactor using crude glycerol as the carbon source, 

and explored its degradation mechanism. 
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2.3 Sulfate reduction process 

2.3.1 Sulfate reducing bacteria 

Sulfate reducing bacteria (SRB) are a diverse group of prokaryotes microorganisms 

including bacteria and archaea, that can use sulfate, sulfite, thiosulfate or sulfur as 

electron acceptors for energy metabolism under anaerobic conditions (Barton and 

Hamilton, 2007). SRB are widespread in the natural environment and engineered 

ecosystems, such as marine sediments, wetland, soils, oil reservoirs, acid mine drainage, 

sewage and industrial wastewater (Leloup et al., 2007; Meyer and Edwards, 2014; Qian et 

al., 2019; Rabus and Strittmatter, 2007; Wu et al., 2013). Meyer (1864) first discovered 

that sulfate could be reduced to sulfide in aquatic sediments, and Beijerinck (1895) firstly 

isolated and characterized a SRB Spirillum Desulfuricans. More than 220 species of 60 

genera of SRB have been reported (Barton and Fauque, 2009). 

According to 16S ribosomal RNA (rRNA) sequence analysis, SRB can be divided 

into seven phylogenetic lineages, in which five are bacteria and two are archaea (Muyzer 

and Stams, 2008), as shown in Figure 2.4. Another criterion for SRB classification is the 

pathway of sulfate reduction through SRB. The reduction of sulfate to sulfide by SRB 

follows both assimilative and dissimilative metabolisms. Dissimilatory sulfate reduction 

is the main pathway to produce hydrogen sulfide (Madigan and Martinko, 1997) by SRB 

using sulfate as the terminal electron acceptor either through autotrophic or heterotrophic 

metabolisms (Lens and Kuenen, 2001). Heterotrophic SRB include incomplete oxidizers 

(that partly oxidize organic compounds to acetate), and complete oxidizers (that entirely 

oxidize organic compounds to CO2) (Muyzer and Stams, 2008). Incomplete-oxidizing 

SRB include Desulfobulbus, Desulfomicrobium, Desulfomonas, Desulfovibrio, 

Thermodesulfobacterium, Desulfohalobium, Desulfonatronum and Archaeoglobus. 

Complete-oxidizing SRB include Desulfobacter, Desulfobacterium, Desulfococcus, 

Desulfomonile, Desulfonema and Desulfosarcina (Castro et al., 2000).  
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Figure 2.4. Phylogenetic tree of sulfate reducing bacteria (SRB) based on 16S ribosomal RNA (rRNA) 

sequence (Data from Muyzer and Stams, 2008). 

 

Since the sulfate-sulfite redox couple is too negative (-516 mv), it is hard to reduce 

sulfate directly by the intracellular electron mediators ferredoxin or NADH present in 

sulfate reducers. Sulfate is first activated with adenosine triphosphate (ATP) to form 

adenosine-phosphosulphate (APS) and inorganic pyrophosphate (PPi) (Muyzer and Stams, 

2008). PPi is further hydrolyzed by pyrophosphatase to inorganic phosphate (Pi) and APS 

is rapidly reduced by a cytoplasmic iron-sulfur flavoprotein (APS reductase) to sulfite and 

adenosine monophosphate (AMP). In the dissimilatory pathway, the six-electron 
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reduction of sulfite to sulfide is catalyzed by dissimilatory sulfite reductase (DSR), a 

siroheme containing protein. Sulfite can also be reduced to sulfide in assimilatory 

pathway by assimilatory sulfite reductase (ASR), a NADPH-dependent or a 

ferredoxin-dependent enzyme (Grein et al., 2013). 

 

2.3.2 Electron donors for sulfate reduction 

A wide range of compounds can be utilized as electron donors in the sulfate reduction 

process, including inorganic and organic compounds. Autotrophic SRB use CO2, or CO as 

carbon source and H2 as electron donor to reduce sulfate while heterotrophic SRB can use 

a large variety of organic compounds as electron donor including monocarboxylic acids, 

dicarboxylic acids, alcohols, sugars and industrial organic wastewaters. Table 2.4 

summarizes the possible electron donors for sulfate reduction and their corresponding 

reactors as well as the dominant SRB species.  
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Table 2.4. Dominant sulfate reducing bacteria (SRB) and electron donors for sulfate reduction under 

different bioreactors.  

Electron donors Dominant species Bioreactors Reference 

Inorganic compounds 
H2/CO2 Desulfovibrio Gas-lift Van Houten et al., 1995; 

Weijma et al., 2002 
H2/CO Desulfovibrio Gas-lift Van Houten et al., 1995 
CH4 Desulfosarcina Biotrickling filter Cassarini et al., 2019 

Organic compounds 
Monocarboxylic acids 
Formate NA Membrane Bijmans et al., 2008 
Acetate Desulfotalea, Desulfobacter Batch reactor Van Den Brand et al., 2014 
Propionate Desulfotomaculum Membrane Qiao et al., 2016 
Butyrate NA Anaerobic 

chemostat reactor 
Mizuno et al., 1994 

Valerate Desulfonatronobacter NA Wang et al., 2008 
Lactate Desulfomonas, 

Desulfovibrio 
UASB Bertolino et al., 2012 

pyruvate Desulfovibrio Serum bottles Sass et al., 1998 

Dicarboxylic acids 
Malate Desulfovibrio Serum bottles Sass et al., 1998 
Fumarate Desulfovibrio Serum bottles Sass et al., 1998 
Succinate Desulfovibrio Serum bottles Sass et al., 1998 

Alcohols    
Methanol NA UASB Vallero et al., 2003 
Ethanol Desulfobulbus, 

Desulfomicrobium 
ASBRs Zeng et al., 2019 

Glycerol Desulfovibrio UASB Mora et al., 2020b 
1,3-propanediol Desulfovibrio Serum bottles Qatibi et al., 1991 

Others    
Sucrose NA UASB Lopes et al., 2007 
Molasses Desulfovibrio, 

Desulfobacter 
CSTR Nanqi et al., 2007 

Citric acid Trichococcus, 
Veillonella 

Anaerobic 
bioreactors 

Stams et al., 2009 

Woodchips, 
alfalfa and 
sawdust 

Desulfosporosinus SRBRs Drennan et al., 2017 

Note: NA: Not available; ASBRs: Anaerobic sequencing batch reactors; CSTR: Continuous stirred 

tank reactor; SRBRs: Sulfate-reducing bioreactors (SRBRs); UASB: Up-flow anaerobic sludge blanket. 
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Among these electron donors, SRB are more favorable with the utilization of low 

molecular weight organic acids and alcohols as electron donors due to their high affinity 

(Johnson and Sánchez-Andrea, 2019; Reyes-Alvarado et al., 2018). In the sulfate 

reduction processes at laboratory-scale, hydrogen has also proven to be an effective 

electron donor (Bijmans et al., 2008), but the production of high-purity hydrogen is 

expensive. In addition, syngas (a mixture of H2, CO2 and CO) could be a cost-effective 

alternative. However, the toxicity of CO, which inhibits the growth of some SRB, reduces 

the sulfate reduction efficiency (Kaksonen and Puhakka, 2007). Moreover, compared with 

lactate and glycerol as electron donors to reduce sulfate, lactate is more energetically 

favored by SRB, but glycerol is a cost-effective carbon source. Thus, when processing 

sulfate-enriched sewage from laboratory-scale to full-scale operation, the selection of 

electron donors needs to be considered from many aspects. They include the output and 

local availability of the electron donor, the price and operating cost of the electron donor, 

the applicability and suitability to treat special sewage (depending on temperature, 

salinity and composition), undesirable by-products that are subsequently produced after 

treatment of sewage, and regulations regarding safety and environment (Bijmans et al., 

2011). When acetate, cheese whey, pig slurry, crude glycerol and vinasses were selected 

as carbon sources for sulfate reduction process and several conditions were tested, such as 

temperature, pH, COD/S-SO4
2- ratio, crude glycerol was the most adequate carbon source 

to reduce sulfate (Mora et al., 2018). 

Crude glycerol has been proposed as a potential electron donor for sulfate reduction in 

industrial applications (Bertolino et al., 2014). Biosulfidogenesis-based technology has 

been applied for the treatment of metal-rich wastewaters, such as acid mine drainage 

(AMD), where sulfate is firstly reduced to sulfide using glycerol as carbon source and 

secondly sulfide contacts metals to form metal sulfide precipitates to achieve the purpose 

of removing and recovering metals (Santos and Johnson, 2017). Moreover, crude glycerol 

has been proven to be an electron donor for the valorization of sulfate-rich effluents to 

recover elemental sulfur in the long-term operation (Fernández-Palacios et al., 2019; 
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Mora et al., 2020a), where different chemical oxygen demand to sulfate ratios 

(COD/S-SO4
2-) were investigated and assessed in a sulfidogenic UASB. However, the 

mechanism of crude glycerol degradation and sulfate reduction was still not clear, which 

is discussed in Chapter 6 of this thesis. 

 

2.3.3 Bioreactors for sulfate reduction 

An anaerobic reactor was firstly designed by Karl Imhoff in 1905 (Van Lier et al., 

2008). Subsequently, in the last 40 years, anaerobic reactors have been worldwide used in 

various types of industries to treat wastewater (Van Lier et al., 2008), and the full-scale 

installations for treating industrial wastewater have gradually increased to 2266 in 2006. 

It is also estimated that more than 4000 anaerobic high-rate reactors had been established 

and applied in 2015 (van Lier et al., 2008; 2015). A variety of anaerobic treatment 

configurations have been reported, including CSTR, anaerobic contact process (ACP), gas 

lift reactors (GLR), anaerobic filter reactor (AFR), fluidized-bed reactor (FBR), UASB, 

anaerobic hybrid reactor (AHR), anaerobic baffled reactor (ABR), extractive membrane 

bioreactor (EMBR) and membrane bioreactor (MBR) (Bijmans et al., 2011; Kaksonen and 

Puhakka, 2007), as shown in Figure 2.5. These anaerobic bioreactors for organic 

wastewater treatment can also be applied for biological sulfate reduction, in which organic 

compounds are degraded by sulfate reduction and fermentation process (Kaksonen and 

Puhakka, 2007; Lens et al., 1998). 
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Figure 2.5. Various types of reactors in anaerobic wastewater treatment: continuous stirred tank reactors (CSTR), anaerobic contact process (ACP), up-flow 

anaerobic filter reactor (UAFR), down-flow anaerobic filter reactor (DAFR), up-flow fluidized-bed reactor (UFBR), down-flow fluidized-bed reactor (DFBR), 

up-flow anaerobic sludge blanket (UASB), anaerobic hybrid reactor (AHR), anaerobic baffled reactor (ABR), expanded granular sludge blanket (EGSB), sidestream 

membrane bioreactor (SMBR), immerged membrane bioreactor (IMBR), extractive membrane bioreactor (EMBR) (adapted from Bijmans et al., 2011; Kaksonen and 

Puhakka, 2007). 
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The most widely and successfully used reactors configuration in the anaerobic 

treatment technology of industrial wastewater are UASB and EGSB reactors and their 

derivatives (van Lier et al., 2015). The UASB reactor was invented by Lettinga and 

coworkers in the 1970s, and its application rapidly extended. The success of UASB 

application in wastewater treatment benefits from its high concentration of sludge, no 

channeling of flow, no compacting of sludge, hardly clogging problems, high rates and 

removal efficiency, simple construction, no requirements for mixing equipment, low 

operating and maintenance costs, small land occupation and low residual sludge output 

(Daud et al., 2018; Kaksonen and Puhakka, 2007). The EGSB reactor, a variant of the 

conventional UASB reactor, operates with high up-flow velocities that is achieved by 

recirculating liquid from the effluent to the influent. The high up-flow velocities of EGSB 

reactors improve mass transfer rate, and they can treat wastewaters containing 

biodegradable toxic or inhibitory compounds, since the dilution of toxicity effects on 

bacterial activity (Jeison and Chamy, 1999). However, the high up-flow velocities could 

lead to the washout of biomass resulting in process failures. Therefore, the UASB reactor 

was investigated in this thesis using crude glycerol as the carbon source.  

 

2.4 Modeling biological sulfate reduction 

2.4.1 Modeling of anaerobic digestion 

With the increasing interest in applying biotechnologies in a variety of bioreactors, 

mathematical modelling is a useful tool to study the sensitivity of various operating 

parameters and to optimize the design of anaerobic digestion systems (Saravanan and 

Sreekrishnan, 2006). Models can also quantitatively express and validate hypothesis, and 

predict the system’s behavior under other similar circumstances (Donoso-Bravo et al., 

2011). The development of a mathematical model generally includes six steps: model 

selection, parameter selection, data collection, parameter estimation, accuracy estimation 

and validation (Lauwers et al., 2013). Its schematic overview is shown in Figure 2.6. 
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Figure 2.6. Schematic overview of a mathematic model procedure (Lauwers et al., 2013).  

 

Anaerobic digestion is a multi-step process, in which each step involves a variety of 

microbial activities. In order to effectively describe, design and predict the operation of 

anaerobic digestion systems, appropriate mathematical models need to be developed. 

Initially, the first model describing anaerobic digestion process used the rate-limiting step 

concept, which is the overall rate of a process determined by the rate of the slowest step 

(Hill and Barth, 1977). The rate-limiting step model is simple and readily usable, but it 

cannot describe the performance of anaerobic digestion appropriately, especially under 

transient operating conditions (Lyberatos and Skiadas, 1999). Subsequently, Bryers (1985) 

and Mosey (1983) developed a model that considered intermediate metabolites (VFAs or 

hydrogen) as key variables also considering other indicators such as pH and the hydrogen 

partial pressure. When describing the transformation of substance and their rates in AD, 

kinetic equation rates also began to consider microbial growth, decay of biomass, 

acid-base equilibrium, gas-liquid equilibrium, mass diffusion, mass transfer coefficient, as 
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well as the temperature (Manchala et al., 2017). In AD, hydrolysis of complex organic 

compounds and biomass decay are usually simplified as first-order rate equations, while 

fermentation or acidogenesis, acetogenesis, methanogenesis are often modeled by Monod 

kinetics (Angelidaki et al., 1999; McCarty and Mosey, 1991).  

The hydrolysis rate using first-order reaction is represented by Eq.2.1. 

               Eq.2.1 

Where rhyd is the hydrolysis rate of substrate, g COD L-1 d-1; khyd is the hydrolysis rate 

coefficient, g COD g VSS-1 d-1; X is the concentration of biomass, g VSS L-1.  

The decay rate of microorganism is defined by Eq.2.2. 

                Eq.2.2 

Where rd is the biomass decay rate, g VSS L-1 d-1; kd is the decay coefficient, d-1.  

The growth rate of microorganism is defined by Eq.2.3. 

                 Eq.2.3 

Where rg is the biomass growth rate, g VSS L-1 d-1; μ is the biomass specific growth 

rate, d-1.  

Monod equation is shown in Eq.2.4. 

                Eq.2.4 

Where μ is microbial specific growth rate, g L-1 d-1; μmax is maximum specific growth 

rate, d-1; S is the concentration of substrate, g L-1; ks is the half-saturation coefficient for 

substrate S, g L-1. Microbial specific growth rate may be affected by other substrates or 

potential limitations. Other terms similar to substrates can be added to Eq.2.4, which is 

not described in detail here. 

The substrate consumption rate is correlated to the microbial growth rate divided by a 

growth yield coefficient (YB/S, g VSS/g), expressed as Eq.2.5. 

                  Eq.2.5 

With increasing interest in anaerobic digestion simulation, the IWA Task Group for 

Mathematical Modeling of Anaerobic Digestion Processes developed the Anaerobic 
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Digestion Model No.1 (ADM1) as a unified anaerobic model (Batstone et al., 2002). 

ADM1 is a structured model that describes biochemical and physical-chemical processes, 

which involved 24 soluble variables, 3 gas variables and 19 biochemical processes. The 

biochemical processes include (1) disintegration of complex particulate waste and 

inactive biomass (first-order kinetics); (2) extracellular hydrolysis of carbohydrates, 

proteins and lipids (first-order kinetics); (3) acidogenesis of sugars, amino acids and 

long-chain fatty acids (LCFAs) to VFAs (Monod-type kinetics); (4) acetogenesis of VFAs 

to acetate (Monod-type kinetics); (5) methanogenesis of acetate and hydrogen/CO2 

(Monod-type kinetics). The physical-chemical equations include ion 

association/dissociation and gas-liquid mass transfer. Several inhibition indicators are also 

considered in ADM1, of which two empirical equations are used for pH inhibition, and 

the non-competitive functions are applicable for hydrogen and free ammonia inhibition.  

The ADM1 has been applied in a wide variety of organic wastes for anaerobic 

digestion simulation, such as olive pulp (Kalfas et al., 2006), grass silage (Koch et al., 

2010), domestic green and food wastes (Poggio et al., 2016), slaughterhouse wastes 

(Poggio et al., 2016), municipal solid waste (Fatolahi et al., 2020), brewery waste 

(Siqueiros et al., 2019), wastewater treatment in pilot-scale, full-scale of sewage sludge 

digestion (Blumensaat and Keller, 2005; Shang et al., 2005). The ADM1 allows 

extensions and modifications to expand its application capacity in terms of simulating 

fermentation to hydrogen, sulfate reduction, description of phosphorous performance and 

mineral precipitation (Batstone et al., 2006; Lauwers et al., 2013). 

  

2.4.2 Modeling of sulfate reduction in anaerobic digestion 

The extension of ADM1 to describe sulfate reduction processes has been also 

developed. Fedorovich et al. (2003) incorporated sulfate reduction into ADM1 to predict 

the long-term operation of a VFAs-fed UASB reactor, which was described by multiple 

reaction stoichiometry, microbial growth kinetics, conventional material balances for 

ideally mixed reactor, liquid-gas interactions and liquid-phase equilibrium chemistry. This 
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extension model can predict the competition among three types of microorganisms 

(acetogenic bacteria, methanogenic archaea and sulfate-reducing bacteria). However, their 

dynamics and competition were not included. This model was not able to predict H2S in 

the gas phase since H2S gas-liquid mass transfer was not considered (Fedorovich et al., 

2003). Afterwards, another extension of ADM1 with sulfate reduction for a high-strength 

and sulfate-rich wastewater treatment was developed to overcome the limitation of 

prediction of H2S in liquid and gas phases, which included propionate and acetate as main 

VFAs (Barrera et al., 2015). Chen et al. (2019) described a structured mathematical model 

based on ADM1 to describe the sulfate reduction process, which explored the long-term 

competitive dynamics of microorganism in 329 days of continuous operation of an 

ethanol-fed UASB reactor. Moreover, carbon-nitrate-sulfate removal under anaerobic or 

oxygen-limited conditions was described by a comprehensive model that incorporated 

Activated Sludge Models Nos. 1, 2 and 3 (ASMs) and extended ADM1 with sulfate 

reduction, which involved the interactions of SRB, sulfide-oxidizing bacteria (SOB), 

nitrate-reducing bacteria (NRB), facultative bacteria and methanogens (Xu et al., 2017).  

In addition to the extension of ADM1 for sulfate reduction, some studies described the 

sulfate reduction process based on Monod-type kinetics. Kalyuzhnyi and Fedorovich 

(1998) described a structured mathematical model for studying competition between SRB 

and methanogens in anaerobic reactors. Xu et al. (2013) developed a Monod-based model 

to describe the sulfate reducing and sulfide oxidizing process. The model that used 

ethanol as carbon source described methane production and sulfate reduction process 

based on growth kinetics of microorganism, which predicted the stratified distribution of 

methanogens, SRB and fermentative bacteria (Sun et al., 2016).  

The carbon source studied in this thesis is glycerol. There are many intermediate 

metabolites during the fermentation of glycerol, such as ethanol, 1,3-propanediol, 

n-butanol, 2,3-butanediol, lactate, butyrate, formate, acetate, propionate and hydrogen 

(Viana et al., 2012). A kinetic model based on Edward and Andrew’s equation has been 

developed in an anaerobic bioreactor to describe glycerol degradation and sulfate 

28 



Chapter 2 

reduction, but the degradation process of glycerol described in the model is that glycerol 

was directly oxidized to acetate with sulfate reduction (Dinkel et al., 2010). Few works 

mentioned alcohols (ethanol and 1,3-propanediol) as intermediate metabolites of complex 

organic compounds to describe the sulfate reduction process. Although there are models 

describing the process of sulfate reduction with VFAs (Fedorovich et al., 2003), ethanol 

(Chen et al., 2019) and glycerol (Dinkel et al., 2010) as carbon sources, the current 

modelling approach described in literature is not enough to describe the sulfate reduction 

process when other intermediates (alcohols) are produced during hydrolysis or 

fermentation of complex organic compounds. Thus, a model that includes the production 

of various intermediates during the fermentation process with sulfate reduction needs to 

be established, which is discussed in Chapter 7 of this thesis.
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3.1 Description of reactors  

3.1.1 UASB reactor 

A 2.5 L laboratory-scale up-flow anaerobic sludge bed (UASB) reactor was operated in 

this thesis. The cylindrical reactor was made of glass with 51 mm diameter and 80 mm in 

height. The liquid inlet is composed of a liquid distributor at the bottom of the UASB. On 

top of the UASB a gas-liquid-solid separator was used. The liquid outlet of the UASB is 

connected to a continuous stirred-tank reactor (CSTR). Six sampling ports were set up 

along the UASB reactor (Figure 3.1 and Figure 3.2). The sampling ports, located at 

different heights of the UASB reactor (at 7, 20, 30, 45, 54 and 72 cm from the bottom of 

UASB) are sequentially named UASB1, UASB2, UASB3, UASB4, UASB5 and UASB6. 

The outer wall of the UASB reactor is covered with a water jacket connected with a 

thermostated water bath (RP100, Lauda, Germany) to control the temperature at 35 ℃. pH 

and oxidation-reduction potential (ORP) were monitored online by a digital multimeter 

(multimeter44, Crison, Germany) using probes (pH 5333 and ORP 5350, Crison, Spain). A 

3 L tedlar sampling bag (FlexFoil, SKC Inc, USA) is attached to the top of the UASB for 

collecting gas production.  

The UASB reactor was inoculated with 1 L of granular sludge from a full-scale UASB 

from a pulp and paper recycling industry (UIPSA, Spain), which was mainly used for 

methane production by the industrial facility. The initial volatile suspended solids (VSS) 

concentration of granular sludge was 27.1 g VSS L-1. In order to maintain the constant 

conditions, the sulfate inlet concentration was set to 250 mg S-SO4
2- L-1, while the crude 

glycerol to sulfate ratio (TOC/sulfate) was steadily maintained at 1.5 ± 0.3 g C g-1 S. These 

conditions were selected according to the period of maximum sulfate reduction and organic 

matter removal efficiencies studied by Fernández-Palacios et al. (2019). The mineral 

medium (MM) composition of the UASB was (in g L-1): NH4Cl (0.2), K2HPO4 (3) and 

Na2SO4 (1.15) dissolved in tap water. Since sulfate reducing bacteria (SRB) with better 

growth characteristics have an optimum pH higher than methanogens (O’Flaherty et al., 
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1998), the pH of MM was adjusted to 8.5-8.8 using 2M NaOH or 2M HCl to achieve 

sulfidogenic conditions. The flow rate of crude glycerol was 30 mL h-1 using a peristaltic 

pump (TR11, Watson, UK). Once mixed with the carbon source (crude glycerol), the 

medium was pumped (A773, Milton, USA) into the UASB from the bottom of the reactor, 

as shown in Figure 3.2. The temperature was controlled at 35 ℃ and the up-flow velocity 

was set at 0.25 m h-1. The temperature and up-flow rate corresponded to those previously 

also studied by Fernández-Palacios et al. (2019). The hydraulic residence time (HRT) was 2 

h, which is the reaction volume (the sludge bed volume) divided by the flow rate. The 

UASB reactor was operated under constant conditions for 639 days. 
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Figure 3.1. Schematic diagram of UASB reactor and CSTR. 1, liquid distributor; 2, Thermostat water 

bath; 3, UASB reactor; 4, Gas-liquid-solid separator; 5, Tedlar gas bag for biogas collecting; 6, Digital 

multimeter; 7, Data acquisition unit; 8, Effluent of UASB reactor that connected CSTR to partially 

oxidize sulphide to elemental sulfur. 
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Figure 3.2. Overview of UASB reactor and CSTR setup. 

 

3.1.2 CSTR rector 

A continuous stirred-tank reactor (CSTR) was used to partially oxide sulfide (from the 

effluent of UASB reactor) to elemental sulfur. The sulfide oxidizing biomass used to 

inoculate the CSTR was obtained from a desulfurizing biotrickling filter. The CSTR is a 

glass-made container (effective volume of 6 L). The metal container at the bottom of CSTR 

is a water jacket connected with a thermostat water bath controlled at 35 ℃, as shown in 
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Figure 3.2. The liquid volume was maintained at 5 L when the CSTR was operating. The 

CSTR was under microaerobic conditions by connecting the agitator (RW20, IKA, 

Germany) at a speed of 200 rpm to transfer atmospheric oxygen into the liquid. pH and 

ORP were monitored online by probes (pH 5333 and ORP 5350, Crison, Spain) with a 

digital multimeter (multimeter44, Crison, Germany). Dissolved oxygen (DO) was 

monitored by an optical oxygen sensor (VisiFerm DO 120, Hamilton, USA) connected to a 

multimeter (Oxy 2405, Stratos Eco, Germany). 

 

3.2 Batch activity tests in serum bottles 

Batch activity tests were conducted by feeding different carbon sources, in which the 

sludge was either the inoculum of the UASB or the sludge taken from different heights of 

the UASB as further detailed in chapters 5 and 6. 

Batch tests were conducted using 250 mL serum bottles. The inoculation procedure of 

the batch tests is shown in Figure 3.3. Sludge samples were firstly rinsed with MM 

(without sulfate) before inoculating into 250 mL serum bottles, which were afterwards fed 

with 150 mL of the same MM that was used to feed the UASB. The control group consisted 

of MM without sulfate supplied with different carbon sources, while sulfate was added in 

addition to the carbon source in the experimental group. After adding MM and the granular 

sludge, the pH was adjusted to 8-8.5 by adding either 2M NaOH or 2M HCl. The gas-phase 

was exchanged with N2 and bottles were instantly capped with rubber stoppers and 

aluminum caps. After adding the carbon source, the batch test started. The incubation time 

was between 96 and 120 h depending on the test. Bottles were cultivated in a shaker 

(NB-T205, N-Biotek) at a constant temperature of 35 ± 1 ºC and a stirring speed of 150 rpm 

during the culture.  
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Figure 3.3. The inoculation process of the batch tests. 

 

3.3 Analytical methods 

The inlet and outlet of the UASB reactor were sampled every two or three days to 

monitor the sulfur compounds, volatile fatty acids (VFAs), volatile suspended solids and 

total organic carbon. The gas phase was monitored between two to ten days, depending on 

the gas production. The sampling procedure along the height of the UASB reactor is 

explained in Chapter 4. 

In the batch tests, the analysis of components in the liquid were the same as the analysis 

of the UASB reactor, in addition to alcohols monitoring. Bottles headspace was monitored 

for gas analysis. All liquid samples were filtered by 0.22 μm filters (Millipore, USA) before 

analysis.  

 

3.3.1 Sulfur compounds 

Total dissolved sulfide (TDS) was analyzed off-line by a sulfide selective electrode 

(9616BNWP, Thermo Scientific, USA) connected to a benchtop meter (Symphony, VWR, 

USA). Before TDS measurements, samples were diluted one-to-two for UASB samples 
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and one-to-twenty for activity tests samples with a sulfide antioxidant buffer (SAOB) 

containing (g L-1): ascorbic acid (35), EDTA (67) and NaOH (80). NaOH was added to 

keep pH above 12, thereby converting HS- and H2S(aq) to S2-. Ascorbic acid is an 

antioxidant to protect sulfide from oxidation. EDTA (ethylenediaminetetraacetic acid) is a 

metal chelating agent that can combine with divalent metal ions such as Mg2+, Ca2+, etc. 

(existing in tap water), which can be used to prevent precipitation reactions between sulfide 

and metal ions. 

Sulfate and thiosulfate were analyzed by ion chromatography (ICS-2000 system, Dionex, 

USA) with a suppressed conductivity detector using an IonPac AS18-HC column (4X250 

mm, Dionex, USA). Prior to the analysis of sulfate and thiosulfate, samples were bubbled 

with nitrogen to avoid chemical oxidation of sulfide, and samples were diluted to one fifth 

with ultrapure water. 

 

3.3.2 Carbon compounds 

Prior to the analysis of carbon compounds, the samples were bubbled with nitrogen. 

Volatile fatty acids (VFAs) and alcohols (ethanol, 1,3-propanediol, n-butanol, 

2,3-butanediol) were measured by high-performance liquid chromatography (HPLC, 

Ultimate 3000, Dionex, USA) equipped with an ICSep ICE-CPREGEL 87H3 column (7.8 

mm × 150 mm) and a variable wavelength detector at 210 nm with a 6 mM H2SO4 mobile 

phase at a flow rate of 0.5 mL min-1. Samples for VFAs and alcohols were not diluted. 

Total organic carbon (TOC), total inorganic carbon (TIC) and total carbon (TC) were 

determined in a TOC analyzer (multi N/C 2100S, analytikjena, Germany) equipped with a 

furnace at the catalytic high-temperature of 850 ºC. Samples for TOC analysis were diluted 

to one third with ultrapure water. 

 

3.3.3 Volatile suspended solids (VSS) 

VSS were measured along the UASB reactor to calculate the biomass concentration in 

the UASB as well as at the outlet of UASB to quantify the loss of biomass. VSS were 
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also measured in the serum bottles to calculate the biomass growth and specific substrate 

uptake rates. VSS were analyzed according to Standard Methods (APHA, 2012). First, 0.7 

μm glass fiber filters (Merck Millipore Ltd, Ireland) were ignited in the muffle furnace (300 

Serie 8B, Hobersal, Spain) at 550 ºC for 30 minutes to weight (W1). Then, the liquid sample 

(A, volume of sample) was filtered by the pre-weighted glass filter and dried at 105 ºC until 

the constant weight and weighted (W2). The filter with the dried sample was retained for 

subsequent ignition at 550 ºC for 1 hour and weighed (W3). TSS and VSS concentrations 

are calculated as follows: 

              Eq.3.1 

              Eq.3.2 

 

3.3.4 Gas analysis 

Biogas collected from the UASB and the headspace of activity test bottles were 

analyzed for CH4, CO2 and H2 determination by gas chromatography (7820A, Agilent 

Technologies, USA) equipped with a capillary column (Al2O3 PLOT: 50 m × 0.53 mm). 

H2S was analyzed by gas chromatography (HP 5890A GC, Hewlett Packard, USA) 

equipped with a thermal conductivity detector and a Porapak Q column. Before measuring 

the gas composition in the headspace of serum bottles, the pressure was measured by a 

manometer (SMC ISE30A-01-P, Japan).  

The gas production of the UASB reactor was analyzed by the gas bag method 

(Ambler and Logan, 2011). It can be divided into three steps. Firstly, the initial gas 

composition in the Tedlar bag was analyzed. Secondly, a gas volume of known 

concentration (180 mL of pure CO2 in this thesis) was added into the Tedlar bag. Finally, 

the gas composition in the Tedlar bag was measured again after adding CO2. The volume 

of gas produced in the UASB reactor is calculated by the change of CO2 concentration 

and the quantitative volume added. The volume of gas in the bag divided by the elapsed 

time results in the gas production flowrate of the UASB reactor. 
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3.3.5 Particle size 

The particle size distribution (PSD) of sludge was evaluated by a laser diffraction 

testing instrument (Mastersizer 2000, Malvern Panalytical, USA). The sludge samples 

were taken from different heights of the UASB reactor, and measured in the Mastersizer 

2000 in triplicates. Samples for PSD analysis were not diluted. 

 

3.3.6 Microbial population identification 

Identification of the microbial populations was performed using Illumina platform of 

samples collected on day 538 of the long-term operation of the UASB. Genomic DNA was 

extracted by applying the protocol of PowerSoil™ DNA isolation kit (MoBio Laboratories, 

USA) following the supplier’s instructions. The quantity and quality of the extracted DNA 

were assessed by using a NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific, 

USA). Then, DNA samples were preserved at -20 ºC for further analysis. Sequencing 

analyses were performed by the “Genomic and Bioinformatics service” at the Universitat 

Autònoma de Barcelona. Amplicon sequencing that targets the V3-V4 hypervariable 

regions (HVRs) of the 16S rRNA gene on Illumina MiSeq platform were carried out using 

the universal primers 341F (5’- CCT ACG GGN GGC WGC AG-3’) and 805R (5’- GAC 

TAC HVG GGT ATC TAA TCC -3’). The database used for the classification of organisms 

is based on the Greengenes database (http://greengenes.lbl.gov/).  

 

3.3.7 Characterization of crude glycerol  

Crude glycerol was provided by Ecomotion biodiesel S.A. (Spain), and its 

physical-chemical properties are shown in Table 2.1 according to the supplier data.  
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Table 2.1. Physical-chemical properties of crude glycerol. 

Parameters analyzed Glycerol 

Organic Material 67.0% 

Water 20.0% 

Soluble salts 11.0% 

Sulfur content 4.4% 

COD 800 mg O2 L-1 

BOD5 400 mg O2 L-1 

Total solids 734 g kg-1 

Volatile solids 637 g kg-1 

Kjeldahl nitrogen 7700 mg L-1 

pH 6.1 
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Chapter 4 

Anaerobic biotechnology has been successfully applied in treating sulfate-rich 

wastewaters with a variety of organic carbon compounds. The performance and stability of 

crude glycerol as a carbon source for reducing sulfate has been investigated in up-flow 

anaerobic sludge blanket (UASB) reactors under variable organic and sulfate loading 

rates (Fernández-Palacios et al., 2019; Mora et al., 2020b). However, many questions still 

need to be answered, such as the stability of removal efficiency during long-term constant 

operating conditions and the identification of the mechanisms of glycerol biodegradation 

and sulfate reduction. The motivation of this chapter was to assess the performance and 

limitations of a UASB reactor at constant sulfate and carbon loading rates for long-term 

operation using crude glycerol as a carbon source, in terms of conversion capacity and 

stratification of the reactor. 

 

Abstract 

 

In this chapter, the performance and stability of sulfate removal were assessed in a 

UASB reactor using crude glycerol as a carbon source under a constant TOC/S-SO4
2- ratio 

of 1.5 ± 0.3 g C g-1 S for 639 days of operation. The performance and stratification of the 

reactor were investigated in terms of sulfate reduction, glycerol fermentation, biogas 

production and VFAs accumulation. Results showed that glycerol fermentation and sulfate 

reduction were mainly completed at the bottom part of the UASB reactor. The reactor 

showed a sulfate removal capacity of 4.5 ± 0.7 kg S-SO4
2- m-3 d-1 during 280 days of 

operation. Particle size distribution analyses showed that granulation was progressively 

lost from day 149 to day 230. Sulfate removal efficiency decreased after 280 days, 

accompanied by the accumulation of SLS in the reactor. SLS may cause sludge flotation 

and lead to biomass washout, which was one of the main reasons for the significant 

decrease of the sulfate and glycerol removal efficiency in the long-term operation.
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4.1 Introduction 

Anaerobic digestion is a well-known process in wastewater treatment to remove 

different types of organic pollutants. In terms of anaerobic biotechnology processes for 

sulfate-rich wastewater treatment, the success of the sulfate reduction process has been 

proved using a variety of carbon sources, such as methanol, ethanol, butanol, or crude 

glycerol (Fernández-Palacios et al., 2019; Sarti and Zaiat, 2011; Vallero et al., 2003; Wu et 

al., 2018). Further partial oxidation of sulfide to elemental sulfur as a value-added product 

to valorize sulfate-rich effluents has also been reported in Mora et al. (2020a). 

In order to further extend the application of valorizing sulfate-rich effluents, it is 

necessary to improve the robustness of biological processes stabilizing the process, 

optimizing operating conditions and avoiding inhibitory compounds. Management 

strategies that are insufficiently evaluated may exacerbate risks, which further results in 

unexpected process failure and economic losses from their commercial application 

(Westerholm et al., 2018). Thus, long-term stability is a prerequisite for considering 

biological technologies as an alternative at industrial scale.  

Several problems have been identified in the long-term operation of UASB reactors. 

For example, fat and oil attached onto the biomass or the high up-flow velocity led to 

sludge flotation and the washout of biomass, which decreased the COD removal efficiency 

and failure ensued (Jeganathan et al., 2006; Rizvi et al., 2015). Lu et al. (2015b) also 

described that the lack of consumption of excess extracellular polymeric substances 

produced and the biogas generated in a UASB reactor treating starch wastewater resulted in 

the flotation of sludge that was not able to settle, which eventually led to sludge washout 

and the clogging of the outlet. The required cleaning procedures due to clogged outlets or 

reinoculation of biomass due to washout increase operating costs. Furthermore, when 

treating some specific wastewater (such as methanol-containing wastewater) in UASB 

reactors, the disintegration of granular sludge increased the washout of sludge, which not 

only reduced the quality of the outlet but also affected the imbalance of the reactor, thus 
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increasing the risk of failure (Lu et al., 2015a). Therefore, long-term operation is needed to 

evaluate the stability performance of reactors for sulfate-rich effluents treatment and/or 

valorization. 

Many studies have already studied several factors affecting the anaerobic treatment of 

sulfate-rich wastewaters, including carbon source, temperature, pH, sulfate loading rate 

and carbon to sulfur (C/S) ratio (Lopes et al., 2007b; Mora et al., 2020b; Shin et al., 1996; 

Marcus V.G. Vallero et al., 2004a). Inoculated sludge is also an indispensable and critical 

factor for the robust treatment of sulfate-rich wastewater. Anaerobic granular sludge is 

successfully implemented and well-spread in the anaerobic treatment of industrial 

effluents in UASB and expanded granular sludge bed reactors (Hao et al., 2014; Hulshoff 

Pol et al., 2004). Anaerobic methanogenic sludge can be adapted to sulfidogenic 

conditions in order to achieve the treatment of sulfate-rich wastewaters (Lens et al., 2002). 

However, it can take a long time for sulfate reducing bacteria (SRB) to outcompete 

methanogens. Both methanogenesis and sulfidogenesis were suppressed at thermophilic 

temperatures (55 ºC), but the suppressive effect on sulfidogenesis was greater than 

methanogenesis (Jung et al., 2019). However, Visser et al. (1993) observed that after 

temperature shocks of 55 ºC or 65 ºC for 8 h, the sulfidogenesis recovered rapidly and 

methanogenesis was suppressed when a UASB reactor was set back to mesophilic 

temperature. Thus, temperature shocks could be a strategy to speed up the process of 

sulfidogenesis outcompetition over methanogenesis. There are also other alternatives to 

speed up the start-up of the process such as adding a pure culture of SRB (Omil et al., 

1997b) or using SRB enriched to target specific organic compounds (Kaksonen and 

Puhakka, 2007). Moreover, Fernández-Palacios et al. (2019) investigated different sulfate 

and organic loading rates in a sulfidogenic UASB reactor, and the highest average sulfate 

removal capacity was obtained at COD/S-SO4
2- ratio of 5.4 g O2 g-1 S-SO4

2- and an 

organic loading rate of 15.8 kg O2 m-3 d-1. These conditions were applied constantly in a 

long-term UASB treatment of sulfate-rich wastewater in this chapter to evaluate sludge 

adaptability, the stability and durability of sulfate removal in terms of sulfate removal 
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capacity, organic carbon compounds removal capacity, and stratification of carbon and 

sulfur species concentration along the reactor. 

4.2 Materials and methods 

4.2.1 Operating conditions of the UASB reactor 

The UASB reactor used in this thesis and the experimental setup are explained in 

Section 3.1.1 of chapter 3. In the experiments reported herein, the reactor was fed with 

crude glycerol as a carbon source and operated for 639 days with a constant sulfate loading 

rate (SLR) and organic loading rate (OLR). Average operating conditions and standard 

deviations obtained from the whole operation are shown in Table 4.1. These conditions 

were selected according to the period of maximum sulfate reduction and organic removal 

efficiencies obtained by Fernández-Palacios et al. (2019). 

 

Table 4.1. Operating conditions in the UASB reactor under long-term stable performance. 

Time 

(Days) 

Sulfateinlet 

(mg S L-1) 

Glycerolinlet 

(mg C L-1) 

SLR* 

(kg S m-3 d-1) 

OLR* 

(kg C m-3 d-1) 

TOCinlet/Sinlet 

(g C g-1 S) 

0-639 251.2 ± 8.1 306.5 ± 73.1 5.0 ± 0.6 7.3 ± 1.6 1.5 ± 0.3 

Note: * SLR and OLR were calculated considering the sludge bed volume. 

 

The analysis of the liquid phase was monitored at the inlet and outlet of the reactor 

two to three times per week measuring sulfate, thiosulfate, TDS, VFAs, glycerol, TOC, 

TIC and TC. Rector gas phase composition was measured every three to five days, 

depending on biogas production. The analytical methods are presented in Section 3.3.  

 

4.2.2 Assessment of stratification in the UASB reactor 

The stratification of the UASB reactor was assessed by sampling at different heights 

after 49, 169, 198, 271, 294 and 575 days of operation. The choice of these days depended 

on changes in the performance of the reactor. VSS were measured at different heights of the 

UASB (UASB1, UASB2 and UASB3, as shown in Figure 3.1) to calculate the biomass 
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concentration in the reactor as well as at the outlet of UASB to quantify the loss of biomass. 

Accordingly, the mean cell residence time (MCRT, d) of the biomass was calculated 

based on Eq.4.1.  

               Eq.4.1 

Where XR is the concentration of biomass in the UASB reactor, g VSS L-1; VR is the 

volume of biomass in the UASB, L; XOUT is the washout biomass concentration, g VSS 

L-1; F is the total flow rate, L d-1. The sludge particle size was assessed at different bed 

heights of the UASB reactor (UASB1, UASB2 and UASB3) on days 50, 149 and 230. 

 

4.2.3 C and S mass balances assessment 

The carbon balance was calculated according to Eq.4.2. 

 

Eq.4.2 

Where TC(liq) is the total carbon mass flowrate in the liquid phase, mg C d-1; CH4, CO2 

(gas) are the mass flowrates of CH4, CO2 detected in the gas phase, mg C d-1; Outletbiomass(liq) 

is the mass flowrate of VSS in the effluent flushed from the reactor, mg C d-1. InletTC(liq) 

was 5396 ± 1023 mg C d-1 during the operation. 

The sulfur balance was calculated according to Eq.4.3. 

  Eq.4.3 

Sulfur species(liq) is the sum of sulfate, thiosulfate and TDS mass flowrates in the 

liquid phase, mg S d-1; and H2S(gas) is the H2S mass flowrate stripped out to the gas phase, 

mg S d-1. InletSulfur species(liq) was 3410 ± 177 mg S d-1 during the operation. 

 

4.2.4 Volumetric rates along the UASB height 

The volumetric rates calculated in each section of the UASB during the stratification 

sampling events were calculated according to Eq.4.4: 

               Eq.4.4 
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Where R is the rate between to two adjacent sampling ports (i and i+1) of the UASB 

reactor (mg C L-1 h-1, or mg S L-1 h-1); Ci+1 is the substrate concentration at the UASB 

reactor sampling port UASBi+1 (mg C L-1, or mg S L-1); Ci is the substrate concentration at 

UASBi (mg C L-1, or mg S L-1); V is the volume between two adjacent sampling points of 

the UASB reactor (L); and F is the total inlet flow rate which was set to 565 ± 22 L h-1. 

 

4.3 Results and discussion 

4.3.1 Performance of the sulfidogenic UASB reactor 

4.3.1.1 Chemical parameters monitoring 

A long-term experiment was performed under a constant sulfate loading rate of 5.0 ± 

0.6 kg S m-3 d-1 and an organic loading rate of 7.3 ± 1.6 kg C m-3 d-1 for 639 days. Figure 4.1 

shows the monitoring of sulfur and carbon species, and the biogas flowrate of the UASB 

reactor. According to the performance of the reactor, the operation was divided into four 

periods; stage I, from 0 day to 16 day, corresponding to the start-up and granular sludge 

adaptation period; stage II, from 16 day to 100 day, corresponding to a period with stable 

sulfate reduction with methane production; stage III, from 100 day to 280 day, under stable 

sulfate reduction with VFAs accumulation; stage IV, from 280 day to 639 day, when a 

decline in the sulfate removal efficiency occurred. Table 4.2 shows the average and 

standard deviation of the glycerol, sulfate and TOC removal efficiency (RE) and TOC and 

sulfate removal capacity (RC) of the UASB reactor in each one of the four periods. 

 

Table 4.2. The removal efficiency and removal capacity of the UASB reactor in the four stages. 

Period 
Time 

(days) 

Glycerol RE 

(%) 

TOC RE 

(%) 

Sulfate RE 

(%) 

TOC RC 

(kg C m-3 d-1) 

Sulfate RC 

(kg S m-3 d-1) 

Ⅰ 0-14 96.5 ± 9.2 86.4 ± 12.8 42.9 ± 19.0 4.2 ± 1.5 1.5 ± 0.7 

Ⅱ 14-100 100.0 ± 0.0 92.6 ± 4.2 83.5 ± 7.4 6.7 ± 1.3 4.6 ± 0.7 

Ⅲ 100-280 98.0 ± 3.8 45.9 ± 23.8 83.7 ± 9.2 3.5 ± 1.9 4.3 ± 0.7 

Ⅳ 280-640 64.3 ± 14.0 15.8 ± 10.5 38.8 ± 12.5 1.2 ± 0.8 1.8 ± 0.6 
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Figure 4.1. Performance obtained from the sulfidogenic UASB over 639 days. (A) Sulfur profile; (B) 

Glycerol concentration in the inlet and outlet; (C) VFAs concentration in the outlet; (D) Biogas 

production; (E) TOC and TIC concentration; (F) Carbon mass balance. 

 

Since inoculated sludge was taken from an anaerobic digester for methane production, 

stage I corresponded to the adaptation period of the inoculated sludge for sulfate treatment. 

As can be observed in Figure 4.1A, after the adaptation period, 250 mg S-SO4
2- L-1 were 

converted to 180-240 mg S-TDS L-1 on stage Ⅱ and Ⅲ. After 280 days of continuous 

operation, the TDS decreased from 200 mg S-TDS L-1 to 50 mg S-TDS L-1 along stage IV. 

As can be observed in Table 4.2, stable sulfate RE higher than 83% was achieved on stage 
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Ⅱ and stage Ⅲ and then, it decreased to 39% on stage IV. In terms of carbon, glycerol was 

completely degraded on stage I, Ⅱ and Ⅲ, while glycerol concentrations between 20 and 

200 mg C L-1 were measured in the effluent on stage IV (Figure 4.1B). Figures 4.1C and 

4.1D show the products of glycerol fermentation, including VFAs in the effluent, and CH4, 

CO2 in the gas phase. CH4 was produced over 60 mL h-1, while no VFAs accumulated on 

stage I and stage Ⅱ. A progressive VFAs accumulation (mainly acetate) coincided with a 

significant decrease of CH4 production on stage Ⅲ. However, acetate accumulation 

decreased on stage IV. Figure 4.1E showed the TOC and TIC concentrations at the inlet and 

outlet of the UASB. The outlet TOC concentration was below 50 mg C L-1, and the outlet 

TIC concentration was between 110 and 245 mg C L-1 on stage I and Ⅱ. The TOC outlet 

concentration increased on stage Ⅲ, while the TIC outlet concentration decreased. 

Comparing the TOC REs in Table 4.2, it can be observed that the TOC RE was positively 

correlated with gas production. When the gas production rate was higher than 60 mL h-1, 

the TOC RE was higher than 86% on stage I and Ⅱ. A progressive decrease in the gas 

production was accompanied by the decrease of TOC RE on stage Ⅲ and stage IV. In 

summary, a sulfidogenic UASB reactor was successfully operated using crude glycerol as a 

carbon source with 4.3 kg S m-3 d-1 of sulfate removal capacity for 280 days. However, a 

decline of the sulfate RC down to 1.8 kg S m-3 d-1 and the sulfate RE down to 39% 

indicated the failure of the sulfate reduction process in stage Ⅳ.  

After the inoculation of methanogenic granular sludge, and in order to adapt to the 

sulfate reduction conditions, previous studies have shown that the inoculum of pure 

culture of SRB and the use of lactate as a carbon source may speed up the start-up of the 

sulfidogenic process (Kaksonen and Puhakka, 2007; Omil et al., 1997b; Visser et al., 

1993). In addition, an optimum COD/S-SO4
2- ratio may also accelerate the adaptation 

period. Several start-ups of sulfidogenic UASB reactors using ethanol or crude glycerol 

as carbon source are shown in Table 4.3. Comparing the results of these studies, it was 

found that when ethanol was the carbon source for sulfate reduction, the sulfate RE with a 

COD/S-SO4
2- ratio of 1.0 g O2 g-1 S was almost twice than that of 0.67 g O2 g-1 S 
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(Rodriguez et al., 2012; Wu et al., 2018). In terms of crude glycerol as a carbon source, the 

sulfate RE increased with the increment of COD/S-SO4
2- ratio (Mora et al., 2020b). When 

the COD/S-SO4
2- ratio was set as 3.8 g O2 g-1 S (Fernández-Palacios et al., 2019) and 5.1 g 

O2 g-1 S (this study) for start-up the UASB operation, the sulfate RE exceeded 80% in both 

cases. Fernández-Palacios et al. (2019) took 30 days after the inoculation to reach over 

80% of sulfate RE, while this work used 16 days (Figure 4.1A). In sum, the sulfate 

removal rate can exceed 80%, when the COD/S-SO4
2- ratio exceeds 1 g O2 g-1 S. 

Theoretically, sulfate reduction required a COD/S-SO4
2- ratio of 0.67 assuming that organic 

carbon was only oxidized for sulfidogenesis. However, organic carbon undergoes the 

fermentation process during the sulfate reduction process, thus requiring a larger organic 

carbon loading. Therefore, a COD/S-SO4
2- ratio higher than 0.67 is needed for sulfate 

reduction to reach an appropriate removal efficiency. Comparing the above different 

COD/S ratios, the adaptation period of sulfate removal herein was the shortest at 5.1 g O2 

g-1 S of COD/S-SO4
2- ratio. In addition, the initial sulfate concentration in the above studies 

ranged from 220 mg S L-1 to 250 mg S L-1 using crude glycerol as electron donor. The 

adaptation time of the reactor with higher sulfate concentration under different COD/S 

ratios still needs further investigation. 

 

Table 4.3. Start-up conditions of a sulfidogenic UASB reactor. 

Carbon 

source 

Sulfateinlet 

(mg S L-1) 

OLRA 

(kg O2 m-3 d-1) 

CODinlet/Sinlet 

(g O2 g-1 S) 

Sulfate 

RE 

Reference 

Ethanol 315 ± 42 N.A. 0.67 46 ± 14% Rodriguez et al., 

2012 

Ethanol 1000 12 1.0 over 86% Wu et al., 2018 

Crude glycerol 220 ± 17 6.7 ± 1.0 

19.3 ± 3.2 

2.5 

7.0 

34% 

83% 

Mora et al., 2020b 

Crude glycerol 235 ± 17 12.0 ± 2.1 3.8 ± 0.8 over 80% Fernández-Palacios 

et al., 2019 

Crude glycerol 251 ± 8 18.3 ± 6.2 5.1 ± 0.8 over 84% This study 

Note: N.A. not applicable. A OLR is organic loading rate calculated by the sludge bed volume. 
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In stage II, over 83% of sulfate RE and 92% of TOC RE were achieved, where no 

accumulation of VFAs was accompanied by a significant production of biogas and 

accumulation of inorganic carbon. Results indicated the coexistence of SRB and 

methanogens. The competition between methanogenic bacteria and sulfidogenic bacteria in 

anaerobic wastewater treatment has been reported in many previous studies due to the 

competition of electron donors, such as acetate or hydrogen (Dar et al., 2008; Omil et al., 

1998; Zhou and Fang, 1998). However, as reported by Mora et al. (2020b), sulfate 

reduction was mainly through acetogenic and hydrogenotrophic processes using crude 

glycerol as a carbon source, while the acetate produced was further consumed by 

methanogens for biogas production. Thus, despite the competition between methanogens 

and SRB, they can coexist with an appropriate supply of electron donors. On the other hand, 

Fernández-Palacios et al. (2019) found that acetotrophic SRB were hardly found in the 

sulfidogenic UASB reactor, which contradicted the view described by Mora et al. (2020b). 

Thus, the pathway to reduce sulfate using glycerol as carbon source needs further study as 

will be discussed in Chapter 6 in this thesis. 

In stage Ⅲ, TOC RE decreased due to the accumulation of VFAs coupled to no biogas 

production. During the operation, microbial diversity was studied in Fernández-Palacios et 

al. (2021), proving that methanogens were washed out from the system after 200 days of 

operation when there was no biogas production. The pH and sulfide concentration play a 

major role in the competition between SRB and methanogens (O’Flaherty et al., 1998). The 

latter described that the growth rate of methanogens was higher than that of SRB at pH < 

7.0, and opposite results were found at pH > 7.5. The toxicity of sulfide is caused by 

undissociated sulfide molecules that permeate the cell membrane (Kaksonen and Puhakka, 

2007; Neculita et al., 2007). The inhibitory effect of H2S on methanogens was greater than 

that on SRB (Sarti and Zaiat, 2011). However, previous studies indicated that free H2S 

caused a 50% inhibition of methanogenic activity at a concentration of 184 mg S L-1 (Visser 

et al., 1996) or 285 mg S L-1 (Kalyuzhnyi and Fedorovich, 1998), respectively. Free H2S 
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was 90 ± 11 mg S L-1 on stage Ⅲ in this thesis, which indicated that free H2S might not a 

key factor in this case. Moreover, affinity for substrate and specific growth rate may be 

important in the competition between sulfate reducers and methanogens (J.W.H. et al., 

1994). Vallero et al. (2004a) reported that hydrogenotrophic SRB have a higher substrate 

affinity than methanogens and that SRB had a competitive advantage over methanogens in 

sulfate-containing wastewater treatment. In addition, the methane production by 

methanogenic archaea can be limited by long-chain fatty acids (LCFAs), specifically 

palmitic acid (Deaver et al., 2020; Silva et al., 2016). Fernández Palacios (2020) 

characterized the crude glycerol used in this thesis and found that palmitic acid was the 

main component among the LCFAs, which might be a potential factor for the inhibition of 

methanogenic activity. 

Sulfur and carbon mass balances in the UASB reactor are shown in Figure 4.1F while 

mass balance calculations are detailed in section 4.2.3. Considering the H2S stripping in the 

UASB, the sulfur imbalance along the operation oscillated between -10% and +20%. The 

sulfur imbalance was attributed to the production of undetected sulfur species in the rector. 

As reported by Mora et al. (2020b), the sulfur imbalance was not caused by the metallic 

sulfide precipitating but due to the production of organic sulfur compounds as intermediate 

compounds of the biodegradation. The negative imbalance was attributed to the standard 

deviation in the measurement of TDS (8%). Considering the CH4 and CO2 stripping on the 

gas phase of the UASB, the carbon imbalance was mainly between -5% and 30%, which is 

in concordance with the sulfur imbalance. The positive imbalance was attributed to the 

growth of biomass in the reactor (Fernández-Palacios et al., 2019). Anaerobic digestion is 

widespread in the treatment of organic wastewater because of its low energy requirements 

and the low production of sludge (Xu et al., 2020), but still, low growth rates have been 

reported in anaerobic digestion for granulation of sludge (Van Den Brand et al., 2014b). 

Moreover, organic sulfur compounds are produced by assimilatory sulfate reduction 

(Barton et al., 2014), and volatile organic sulfur compounds were identified from a 

municipal sewage water treatment plant treating S-containing organic material. Li et al. 
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(2020) also described the conversion pathway of volatile sulfur compounds in high-solid 

sludge anaerobic digestion containing the organic and inorganic sulfur sources. Therefore, 

the formation of organic sulfur compounds could contribute to the carbon imbalance as 

well. Moreover, in UASB reactors for the treatment of oily wastewater, fat, oil and grease 

accumulated onto the biomass which was taken into account on COD mass balance 

(Jeganathan et al., 2006). The accumulation of extracellular polymeric substances may be 

another factor for carbon imbalance. 

 

4.3.1.2 Particle size of sludge and biomass monitoring  

Figure 4.2 shows the particle size as mass median diameter D(0.5) of sludge at different 

heights of the UASB reactor. D(0.5) is the sample size that half of the sample is smaller and 

half is larger than this diameter. For most of the literature, there is no clear cutoff value to 

consider a granule in the case of sludge. Mora et al. (2020b) considered that biomass 

aggregate as a granule at D(0.5) of around 200 μm. Results of D(0.5) revealed that 

granulation was observed from 50 days to 149 days, since inoculum sludge of D(0.5) was 

105 μm, while sludge of D(0.5) in UASB1, UASB2 and UASB3 were higher than 150 μm 

at 50 and 149 days. However, the D(0.5) of the sludge measured at different heights of the 

UASB reactor decreased with varying degrees on day 230 of operation. The sludge fraction 

of particle size distribution over the operation period is shown in Figure 4.3. The particle 

size of the inoculated sludge below 200 μm accounted for 74%. Compared with inoculated 

sludge, at day 50 and 149, the proportion of 0-200 μm sludge in UASB1, UASB2 and 

UASB3 decreased, accounting for 49.6 ± 4.5% in average. However, the proportion of 

particles smaller than 200 μm in UASB1, UASB2 and UASB3 increased to 70.6 ± 3.2% on 

day 230. And the proportion of sludge greater than 1000 μm increased from 2.1% in 

inoculum sludge to over 7.3% at different heights of the UASB reactor on days 50 and 149. 

However, on day 230, the proportion of particles larger than 1000 μm reduced to 1.6% (in 

UASB2) and 1.7% (in UASB3), respectively. The results of D(0.5) and particle size 

distribution revealed that the granule size of sludge increased on 50 and 149 days in 

57 



Anaerobic treatment of sulfate-rich wastewater in a UASB reactor fed with crude glycerol 

UASB1, UASB2 and UASB3, but decreased on day 230 when no biogas was produced 

(Figure 4.1D). Wu et al. (2016) found that granule size was positively correlated with 

biogas production rate. Acetotrophic methanogens played a key role in granulation 

(Hulshoff Pol et al., 2004), and the lack of methane production resulted in poor sludge 

granulation (Mora et al., 2020b). Previous studies found that the granular strength was 

reduced upon sulfidogenic operation of anaerobic reactors and the diameter of granular 

sludge decreased (Kobayashi et al., 2015; Omil et al., 1997a), which might explain the 

observation of degranulation when methanogenic activity was ceased.  

 

Inoculum UASB1 UASB2 UASB3

D
 (0

.5
) u

m

0

50

100

150

200

250

300

 
Figure 4.2. The median diameter of sludge particles D (0.5) at different heights of UASB (from dark 

grey to light grey: 50, 149, 230 days of operation, white column: inoculum sludge). 
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Figure 4.3. The particle size distribution of sludge at different heights of the UASB. 

 

Weijma et al. (2000) found the disintegration of sludge in an expanded granular sludge 

bed reactor treating methanol during the period of low biogas production, and the sludge 

particles were gradually covered by fluffy cotton-like material. Similarly, in our study, after 

no biogas was produced in the UASB reactor, the size of the sludge granules decreased 

caused by the disintegration and then, SLS accumulated. Figure 4.4 shows the inoculated 

granular sludge and the gradual change of the sludge in the UASB reactor. When the TOC 

RE decreased with low biogas production, the granular sludge gradually became sludge 

surrounded by flocculent loose SLS (Figure 4.4B). During the continuous operation, SLS 

formed aggregates and became a cover of the granular sludge and attached the reactor wall 

(Figure 4.4C and 4.4D). SLS was loose and fluffy, which caused severe sludge flotation. As 

can be observed in Figure 4.4B, part of the sludge floated to the gas-liquid-solid separator 

and remained suspended on top of the reactor after 316 days of operation and later on 

(Figure 4.4C and 4.4D).  
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Figure 4.4. The UASB reactor under long-term stable operation treating sulfate-rich wastewater. (A) 

Operating 5 days; (B) Operating 316 days; (C) Operating 420 days; (D) Operating 639 days. 

 

The formation of SLS may be due to the continuous accumulation of other organic 

carbon substances in crude glycerol that was not completely degraded by granular sludge 

and encircled the granular sludge. It is mentioned that crude glycerol contains fatty acid 

methyl esters, free fatty acids, glycerides and LCFAs (Hu et al., 2012; Viana et al., 2012). 

LCFAs can not only form a layer on the surface of biomass and prevent the substrate from 

entering the biomass that can affect the diffusion of substrate limitation, but also can attach 
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the biomass to cause its flotation (Viana et al., 2012). The sludge flotation may cause the 

washout of biomass.  

Biomass concentration in the UASB reactor and washout of biomass are shown in 

Figure 4.5. As shown in Figure 4.5A, the biomass concentration measured in UASB1 

showed a decline from 58.6 g L-1 on day 78 to 22.1 g L-1 on day 639. The biomass 

concentration in UASB3 was between 20 and 30 g L-1, but it dropped to 4.3 g L-1 on day 

639. The biomass concentration in UASB6 was 0 g L-1 before 300 days. Due to flotation, 

part of the sludge was suspended at UASB6, in which the biomass concentration was 21.6 g 

L−1 on day 390 and dropped to 8.7 g L−1 on day 639 in UASB6. The average biomass 

concentration in the UASB reactor gradually dropped from 48.5 g L−1 to 14.9 g L−1 during 

639 days operation. The TSS concentration in the UASB reactor showed the same trend as 

VSS (data was not shown). The VSS/TSS ratio ranged from 74% to 87% during the whole 

operation, which shows that there was almost no accumulation of non-volatile suspended 

solids in the UASB reactor. This proves that the main component of SLS accumulated in 

the reactor was also volatile suspended solids.  

Figure 4.5B shows the washout of biomass from the reactor. The biomass loss 

fluctuated in the range of 0.04 to 2.4 g L−1 before day 200. Such fluctuations were supposed 

to be caused by an excess of biomass provided to the reactor in the inoculation stage 

coupled to the movement and raising of granules caused by methane bubbles produced, 

thus resulting in sludge washout. When there was no methane production in the reactor, the 

bed become a static bed, leading to a reduced sludge loss that remained stable between 0.1 

to 0.6 g L−1after 260 days. Mean cell residence time (MCRT) is shown in Figure 4.5C. 

MCRT was below 65 days during the period of methane production, and the sludge 

remained longer in the reactor during the period of non-methane production between 200 

and 300 days. MCRT was maintained around 50 days after 400 days of operation. Figure 

4.5D shows that the biomass in the reactor is positively correlated with sulfate RE and 

sulfate RC. 
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Figure 4.5. Variation of biomass in the UASB reactor (A), biomass loss (B), mean cell residence time (C) 

and biomass concentration in UASB versus sulfate removal efficiency and sulfate removal capacity (D). 

  

As shown in Table 4.2, the overall glycerol RE of the UASB reactor was over 90% with 

high sulfate RE (over 83%) before day 280. After the accumulation of SLS, both the overall 

glycerol RE and sulfate RE declined in the stage IV after 280 days of operation. With the 

accumulation of SLS, sludge flotation was also observed. There is a dynamic balance 

between flotation and sedimentation, that is, when the flotation granular sludge releases 

biogas, it can settle back to the bottom of the reactor (Lu et al., 2015b). In this study, 

compared with granular sludge, SLS is more viscous and fluffy. The accumulated SLS may 

block the gas channels between granular sludge, and up-flow liquid and a small amount of 

gas production promoted a part of sludge (granular sludge with SLS) to ascend to the 

gas-liquid-solid separator and suspend in UASB6. Moreover, sludge floating is also 

attributed to the accumulation of excess substrate or intermediate metabolites in 

extracellular polymeric substances, such as fats, oils, greases, or polysaccharides 

(Jeganathan et al., 2006; Lu et al., 2015b).  
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The sludge flotation is a limiting factor for anaerobic treatment of wastewater with 

higher loading rates because the sludge flotation can lead to a severe biomass washout and 

system performance deterioration (Jeganathan et al., 2006). As can be observed in Figure 

4.5D, the concentration of biomass decreased is accompanied by a decrease in sulfate RE 

and sulfate RC, which indicated that sludge flotation may lead to the washout of biomass 

and the reactor performance deteriorated. This may explain the gradual decline of sulfate 

RE and Sulfate RC at the stage IV in the UASB reactor. 

Oleszkiewicz and Romanek (1989) described that the direct treatment of wastewater 

and the addition of calcium and phosphate treatment wastewater showed larger, sticky 

flocculant sludge presented after running the reactor for 85 days, while granular biomass 

was formed in the treatment of wastewater supplemented with ferric ions and traces of 

nickel and cobalt. Although the flocculant sludge had a higher specific activity compared to 

granular sludge, the reactor with flocculant sludge accumulation was accompanied by a 

severe washout of the biomass. It suggested that trace of the metallic element can promote 

granulation and avoid sludge disintegration and washout of biomass in an anaerobic sludge 

bed reactor for the treatment of waste from the food industry. Compared to SLS, granular 

biomass are dense with high settling velocities (Guo and Kang, 2018; McSwain et al., 

2005). Increasing the shear force in the reactor could be another strategy for preventing 

granule flotation (Chen et al., 2014). Appropriate shear forces can stimulate the production 

of polysaccharides that contribute to the self-immobilization of cells, which is essential for 

the formation of granules (Qin et al., 2004). The change of shearing forces can be achieved 

by the effluent recycling system to adjust the up-flow velocity. The latter is a potential 

strategy that needs further investigation. 

 

4.3.2 Assessment of stratification in the UASB reactor 

In order to identify the substrate consumption and products accumulation rates along 

the height of the UASB reactor in each period, stratification of the UASB reactor was 

investigated during the four different periods established in which the profiles of sulfur 
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species and carbon species are shown in Figure 4.6 and Figure 4.7, respectively. Figure 

4.6 shows that the sulfate RE calculated from inlet to outlet of the reactor was over 80% 

on days 49, 169, 198 and 271. In contrast, sulfate RE was reduced to 50% on day 294 and 

20% on day 575, while sulfate reduction was also mainly occurring in the lower part of 

the reactor. It is observed that sulfate was not completely reduced to sulfide. Compared 

with sulfur species in the inlet, the stripping of H2S in the gas phase of UASB accounted for 

0.03 ± 0.02%. Thus, the sulfur imbalance may contribute to undetected sulfur species 

accumulated in the reactor. As described by Mora et al. (2020b), the organic sulfur 

compounds may be produced as intermediate products during crude glycerol fermentation, 

which was the main cause of sulfur imbalance. Moreover, sulfate was mainly reduced in 

the bottom part of the UASB reactor (UASB inlet to UASB2) and sulfate reduction rate 

was the highest from UASB inlet to UASB1 during the whole operation, as can be 

observed in Figure 4.6. Table 4.4 shows the relative contribution of each layer on sulfate 

reduction compared to the overall sulfate reduction of UASB, which shows the bottom part 

of the UASB reactor (UASB inlet to UASB2) accounted for the majority of sulfate 

reduction. This indicated that sulfidogenesis was achieved at the bottom part.  
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Figure 4.6. Sulfur compounds, sulfate reduction rate and sulfate removal efficiency of UASB 

stratification on 49, 169, 198, 271, 294 and 575 days. Symbols: sulfate (white triangle), TDS (black 

circle), sulfate reduction rate in each stratification (dotted line) and sulfate removal efficiency 

(Columnar slash). 

 

It is noticed that the sum of each column in Table 4.4 is not 100%, which may be due 

to sampling errors or channeling between sludge particles. Some sampling points in the 

upper sections of the UASB reactor had a lower sulfide concentration than those in the 

lower sections. For example, on day 198 and 294, sulfide concentration in UASB3 was 

lower than that in UASB2 (Figure 4.6). Therefore, when calculating the sulfate reduction 

rate of each layer, an excessive sulfate reduction rate may be calculated, so that the sum of 

each column is not 100%. 
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Table 4.4. Relative contribution of each stratification on sulfate reduction compared to the overall 

sulfate reduction in the UASB. 

UASB stratification Relative contribution (%) 

Sampling days 49 169 198 271 294 575 

Inlet to UASB1 96.2 65.5 74.2 91.0 100 22.1 

UASB1 to UASB2 1.1 31.9 20.1 2.2 0 22.1 

UASB2 to UASB3 3.6 1.1 0 2.2 0 12 

UASB3 to UASB4 0 0.9 9.8 6.2 0 0 

UASB4 to UASB5 0.5 0 0 0 0 17.7 

UASB5 to Outlet 0 4.0 0.4 6.7 0 30.1 

 

Figure 4.7 shows the concentration of glycerol and VFAs of the UASB profile and 

glycerol consumption rate. When the reactor was in the period with extensive biogas 

production (day 49), glycerol was completely fermented at a rate of 884 mg C L-1 h-1 and 

converted to acetate in UASB1, while acetate was completely consumed in UASB2. On 

day 49, UASB reactor was in the stage of high methane production, and acetate was used 

by methanogens to produce methane. When a decline in biogas production occurred (days 

169 and 198), glycerol was still completely fermented in UASB1. However, acetate did 

not accumulate in UASB1 but in UASB3 on day 169 and UASB4 on day 198. This 

probably was due to the presence of other intermediate products of glycerol fermentation 

to VFAs. When no biogas was produced in the reactor (day 271), glycerol was degraded 

and acetate and propionate accumulated simultaneously in UASB1. When the sulfate RE 

of the reactor declined (days 294 and 575), the glycerol RE dropped to 68% on day 294 

and 60% on day 575. In general, glycerol consumption rate was the highest from UASB 

inlet to UASB1 comparing the whole stratification of UASB during the entire operation. 

Table 4.5 shows the relative contribution of each layer on glycerol consumption. It can be 

seen that the degradation of glycerol was mainly completed from UASB inlet to UASB1 

during the entire operation. This indicated that glycerol fermentation was also achieved at 

the bottom part of the UASB reactor. 
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Figure 4.7. Carbon compounds, glycerol consumption rate and glycerol removal efficiency of UASB 

stratification on 49, 169, 198, 271, 294 and 575 days. Symbols: Glycerol (green square), acetate (black 

circle), propionate (red triangle), glycerol consumption rate in each stratification (dotted line) and 

glycerol removal efficiency (Columnar slash). 

 

Both sulfate reduction and glycerol degradation were mainly completed in UASB1 on 

day 294, and neither was completely reduced or degraded (Figures 4.6 and 4.7). At this 

time, a part of the sludge accumulated on the top of the reactor (UASB6) due to flotation, 

which indicates that the top sludge did not further degrade glycerol or reduce sulfate. This 

showed that the flotation caused by SLS leaded to the inactivation/loss of activity of the 

biomass accumulating on top of the reactor. On day 575, the sulfate removal capacity and 

glycerol removal capacity were severely reduced (Figures 4.6 and 4.7), accompanied by a 
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large amount of SLS accumulated in the reactor (Figure 4.4). Mass transfer limitation could 

be an important factor affecting the sulfate and glycerol removal capacity. Baillod and 

Boyle (1970) described that the mass transfer limits the overall rate of substrate removal. 

Since the granular sludge was completely surrounded by the accumulated SLS in the 

UASB reactor, SLS may limit the diffusion of the substrate from mineral medium to 

granular sludge. In order to characterize SLS and its impact on reactor performance, batch 

tests of this substance were investigated and discussed in Chapter 5. 

 

Table 4.5. Relative contribution of each stratification on glycerol consumption compared to the overall 

glycerol consumption in the UASB. 

UASB stratification Relative contribution (%) 

Sampling days 49 169 198 271 294 575 

Inlet to UASB1 100 94.5 100 95.2 100 33.3 

UASB1 to UASB2 0 5.5 0 0 0 33.3 

UASB2 to UASB3 0 0 0 0 0 9.0 

UASB3 to UASB4 0 0 0 4.0 0 7.0 

UASB4 to UASB5 0 0 0 0 1.2 4.4 

UASB5 to Outlet 0 0 0 5.1 10.4 12.9 

 

The evaluation of UASB reactor stratification can help to understand the effect of the 

sludge at different heights on sulfate reduction and degradation of organic compounds. It is 

observed that sulfate reduction and glycerol degradation were mainly completed at the 

bottom of the UASB reactor, which may be due to the high biomass concentration at the 

bottom of the UASB reactor. The biomass at the bottom of the sludge bed accounted for 

over 70% of the overall sludge of the reactor before the 300 days of UASB operation. The 

biomass at the bottom of the sludge bed also accounted for 57% and 78% on day 390 and 

day 639, respectively. The results are consistent with previous studies, which presented that 

the highest specific methanogenic activity was observed at bottom of the reactor in an 

UASB-anaerobic membrane bioreactor treating municipal wastewater (Ozgun et al., 2019). 
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The concentration of VSS increased along with the decreasing height of the sludge bed, and 

the highest concentration of VSS was observed at the bottom of the sludge bed where the 

most active sludge was obtained (Mahmoud et al., 2004; Ozgun et al., 2019).  

In summary, methanogenic granular sludge progressively switched to sulfidogenic 

sludge performing high sulfate removal efficiency at a TOC/S-SO4
2- ratio of 1.5 ± 0.3. The 

sulfate removal capacity was over 4.3 kg S m-3 d-1 in 280 days, while methanogenic 

activity was progressively decreased in the first 200 days of operation. Assessment of the 

sludge bed stratification showed that glycerol fermentation and sulfate reduction were 

mainly preformed at the bottom of sludge bed. After long-term operation at low up-flow 

velocity (0.25 m h-1), unexpected SLS accumulated and formed a biofilm that covered 

granular sludge, and both the overall glycerol RE and sulfate RE in UASB significantly 

declined. This formed biofilm cause sludge flotation, which resulted in the deterioration of 

system performance. Batch tests of SLS are investigated and discussed in Chapter 5 to 

characterize SLS. The mechanism of sulfate reduction using glycerol as a carbon source is 

further discussed in Chapter 6. 

 

4.4 Conclusions  

An UASB reactor was employed to treat sulfate-rich wastewater using crude glycerol 

as carbon source at a constant TOC/S-SO4
2- ratio of 1.5 ± 0.3 g C g-1 S for 639 days 

operation. The granular sludge inoculated quickly adapted to perform sulfidogenesis. The 

sulfate removal efficiency exceeded 84% within 16 days. The reactor processed 4.3 kg S 

m-3 d-1 of sulfate during 280 days of operation. During this period, the VFAs accumulation 

was accompanied by the decrease of biogas production, resulting in a decline of TOC 

removal efficiency, which was caused by the washout of methanogens. In all cases, 

results of UASB reactor stratification revealed that the glycerol fermentation and sulfate 

reduction processes were mainly achieved at the bottom part of the reactor. Sulfate 

reduction and glycerol fermentation correlated well with the sludge concentration in the 
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UASB. During the period of no biogas production, the particle size of the biomass was 

reduced and the UASB reactor accumulated SLS, which resulted in sludge flotation. The 

flotation leaded to the inactivation of the biomass accumulating on top of the reactor and 

the flotation and degranulation resulted in biomass loss. Both result in a decrease in sulfate 

removal efficiency and glycerol removal efficiency in the reactor and deteriorated system 

performance. The failure of the reactor performance may be also affected by the 

limitation of substrate diffusion caused by the formation of SLS in the UASB. 
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Chapter 5 

Chapter 4 did not reveal the interaction among carbon and sulfur species. The 

motivation of this chapter was the limited understanding obtained from the performance 

analysis of the reactor and the concentration profiles from different heights of the reactor 

depicted in Chapter 4. This chapter was aimed at assessing the specific activity of the 

anaerobic sludge, both the inoculum sludge of the reactor from a pulp and paper 

recycling industry (UIPSA, Spain) and the biomass in the reactor during its operation 

through well-defined batch activity tests, in terms of sulfate reduction capacity of the 

sludge using different carbon sources. Moreover, the stratification of microbial diversity 

dynamics and the rates of both fermentation and sulfate reduction along different heights 

of UASB reactor was also studied. Moreover, this chapter was devoted to explain the 

decrease of sulfate reduction capacity in the UASB reactor, according to the analysis of 

both granular sludge (GS) and SLS appeared, as described in Chapter 4.  

 

Abstract 

 

In this chapter, batch activity tests were performed with the inoculum sludge of the 

UASB reactor or the sludge taken from the continuous operation of the UASB reactor. 

The inoculum sludge was fed with glycerol, acetate, propionate, isobutyrate, butyrate, 

valerate in absence and presence of sulfate to assess the sulfate reduction capacity. The 

sludge from different heights of the UASB reactor was taken on days 169 and 198 to 

characterize stratification of the reactor by its microbial diversity and biological reaction 

rates. As described in chapter 4, the accumulation of SLS was observed in the long-term 

operation of the sulfidogenic UASB reactor fed with crude glycerol. GS, slime-covered 

granular sludge (SCGS) and SLS were investigated on days 315 and 431, with the aim to 

explain the decrease of sulfate removal efficiency and performance deterioration in the 

UASB reactor. Results showed that glycerol was not used as direct electron donor for 

sulfate reduction. The carbon source used for sulfate reduction were other products of 

73 



Specific activity of anaerobic sludge and of slime-like substances in a methanogenic - sulfidogenic UASB reactor 

glycerol fermentation such as propionate. Activity tests of sludge sampled at different 

heights of the UASB showed that the sludge from UASB1 had a higher fermentative rate 

than the sludge from UASB3. The activity tests performed with GS, SCGS and SLS 

showed that there was no difference between GS and SLS in the mechanism of glycerol 

fermentation and sulfate reduction. But the specific sulfate reduction rate of GS was higher 

than that of SLS, while SLS showed a higher glycerol fermentation rate than that of GS. 

The different rates in GS and SLS may be caused by higher relative abundances of 

fermentative microorganisms found in SLS and higher relative abundances of sulfate 

reducing bacteria (SRB) found in GS. Desulfovibrio was the most abundant genus found in 

the sludge taken from the UASB reactor.  
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5.1 Introduction 
The enrichment of GS from methanogenic into non-methanogenic but sulfidogenic 

one is of interest in order to start up and to establish long-term, stable systems that 

optimize the consumption of the electron donor towards the production of sulfide. 

Chapter 4 and previous studies investigated the performance and stability of UASB 

using crude glycerol as a carbon source under variable organic and sulfate loading rates 

(Fernández-Palacios et al., 2019; Mora et al., 2020b). During the reactor operation, 

SRB compete with acetogenic bacteria and methanogens for the fermentation 

intermediates.  

Many factors influence the competition between SRB, fermentative bacteria and 

methanogens (MPB) by affecting the microbial acclimation of different species that 

drive the rates of the production/consumption reactions. Sulfidogenesis spontaneously 

outcompeted methanogenesis when sulfate-rich wastewaters were treated under 

mesophilic conditions (Wu et al., 2018). It is mentioned that SRB have faster growth 

kinetics and higher affinity for substrates than methanogens (J.W.H. et al., 1994). 

Besides, SRB have lower Monod half saturation constants than methanogens, which 

allowed SRB to operate at low concentrations of substrate where MPB cannot sustain 

growth (Gupta et al., 1994a). Moreover, preferred carbon substrates for 

microorganisms could affect competition. Methanogens outcompeted SRB in an 

acetate-fed anaerobic reactor, but SRB became dominant with propionate as a carbon 

source (Van Den Brand et al., 2014b). When using methanol as a feedstock, 

methanogens outcompeted sulfate reducers under mesophilic conditions (30 °C) 

(Weijma et al., 2003), and it demonstrated opposite behavior under thermophilic 

conditions (exceeding 65 °C) (Marcus V.G. Vallero et al., 2004a). Since there are many 

factors affecting methanogenesis and sulfidogenesis, the competition between 

methanogens and SRB in UASB reactors still needs to be investigated. Moreover, as 

shown in Chapter 4, there are still unexpected issues in the long-term operation of a 

sulfidogenic UASB reactor. One of them is the accumulation of the SLS depicted in 

Chapter 4, so further research is needed to determine the effect of slime on the 
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performance of the UASB.  

The aim of this chapter was to assess the specific activity of anaerobic sludge 

obtained both from the inoculum sludge of the reactor and sludge of the UASB 

reactor during its operation through well-defined batch activity tests. The purpose of 

this chapter was also to explain the decrease of the sulfate reducing capacity in the 

UASB reactor, according to the analysis of GS and SLS. This was accomplished by 

assessing the process rates and microbial diversity of sludge in the UASB reactor, 

characterizing the SLS that was accumulated in the reactor, and exploring its effect on 

the stability of the UASB performance over long-term periods. 

 

5.2 Materials and methods 

5.2.1 Experimental setup of activity tests  

Batch activity tests were conducted by feeding different carbon sources, in which 

the sludge was taken from the inoculum sludge of the UASB reactor from the pulp and 

paper recycling industry (as described in section 3.1.1 of Chapter 3) or different heights 

of the UASB reactor in different operating periods. Table 5.1 summarizes the operating 

conditions of activity tests performed with different carbon sources. VFAs were 

selected as carbon sources because they are reported as the most common intermediate 

products of glycerol degradation (Bertolino et al., 2014; Dinkel et al., 2010; Mora et al., 

2020b).
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Table 5.1. Conditions of batch activity tests using glycerol and VFAs as carbon source. 

Sample 
time 

Biomass 
Tests with 

sulfate 
Tests without 

sulfate 
Carbon Source 

TOC 
(mg C L-1) 

Sulfate 
(mg S L-1) 

TOC/S 
(g C g-1 S) 

Biomass fed 
with sulfate 
(g VSS L-1) 

Biomass fed 
carbon source only 

(g VSS L-1) 

0 GS A 

  Glycerol 349 247 1.41 1.10 ± 0.01 1.17 ± 0.00 
  Acetate 533 249 2.14 2.98 ± 1.13 4.54 ± 0.45 
  Propionate 537 249 2.16 5.08 ± 0.64 4.26 ± 2.04 
  Isobutyrate 557 255 2.18 5.06 ± 1.96 3.98 ± 1.59 
  Butyrate 520 253 2.06 4.06 ± 2.36 6.22 ± 0.37 
  Valerate 322 253 1.27 4.01 ± 1.57 8.06 ± 2.38 

          
169 GS B   Glycerol 400 247 1.62 1.58 ± 0.44 N.A. 
198 GS B   Glycerol 327 230 1.42 1.07 ± 0.24 1.20 ± 0.48 

    
 

     

315 
GS and 
SCGS C 

  Acetate 326 248 1.31 0.28 ± 0.08 N.A. 
  Propionate 328 248 1.32 0.35 ± 0.05 N.A. 

          

431 
GS D 
SLS D 

  Glycerol 324 240 1.35 
0.38 ± 0.13 
0.38 ± 0.03 

0.23 ± 0.10 
0.40 ± 0.02 

Note: N.A. The activity tests were not applied. A Biomass inoculum from a pulp and paper recycling industry.  
B Biomass from different heights of the UASB reactor (UASB1, UASB2 and UASB3, showed in Figure 3.1). 
C Biomass from UASB1. 
D Biomass from UASB6. 
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From one side, sludge taken from a pulp and paper recycling industry was used to 

investigate the mechanism of the glycerol degradation and the sulfate reduction capacity by 

the methanogenic biomass using glycerol and different VFAs as carbon sources. On the 

other side, the sludge was also taken from different heights of the UASB reactor (UASB1, 

UASB2 and UASB3) on days 169 and 198 to perform activity tests to characterize the 

sludge activity in different layers of the reactor using glycerol as the carbon source. In the 

former cases, GS was directly fed with MM into serum bottles with no further manipulation, 

and the culture process and conditions are described in section 3.2 of Chapter 3.  

In order to study the effect of the presence of SLS on the sulfate removal efficiency in 

the UASB reactor, the sludge was taken out from the UASB reactor on days 315 and 431 to 

perform activity batch tests. Acetate, propionate and glycerol were used as carbon sources 

to study the sulfate reduction process in batch tests. The sludge collected from UASB1 on 

day 315 was separated into SCGS and GS. The SCGS was the sludge taken directly from 

the reactor without any treatment, which contained GS covered with SLS, whereas GS was 

GS that had been cleaned to remove SLS. The cleaning process was performed as follows: 

10 mL of the original sludge from the UASB reactor were collected into a 250 mL serum 

bottle, then 100-150 mL of MM without sulfate was added, and the bottle was shaken so as 

to re-suspend all the sludge in the liquid. Since GS is heavier than SLS, GS settled first to 

the bottom of the bottle. Afterwards, the suspension containing SLS was discarded and then 

more MM without sulfate was added, and the same process was repeated 5 to 10 times until 

only GS remained in the bottle. The processed GS and SCGS in serum bottles are shown in 

Figure 5.1B and 5.1C. 150 mL of MM were fed both to GS and SCGS, and acetate and 

propionate were added as carbon sources. The initial concentration was set to maintain the 

same conditions as the TOC/S ratio used along the long-term UASB performance. 

The sludge collected from UASB6 on day 431 was divided into GS and SLS. Due to the 

low concentration of GS at UASB1 where all was almost surrounded by SLS (Figure 4.4C 

of Chapter 4), the sludge was collected from UASB6 on day 431. The process of cleaning 

the sludge to get GS was the same as the one described above. SLS was obtained from the 
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suspension containing SLS during the above-mentioned cleaning process, and the small 

amount of GS contained in the suspension was removed with plastic pipettes. The GS and 

SLS were fed with 150 mL of MM and pure glycerol as the carbon source. 

 

 

Figure 5.1. SCGS and GS obtained from the UASB reactor. A) SCGS and GS; B) GS in batch tests; C) 

SCGS in batch tests. 

 

5.2.2 Analytical methods 

The analysis of the liquid and gas phases is described in section 3.3 of Chapter 3. 

Volumetric consumption/production observed rates (mg C L-1 h-1 or mg S L-1 h-1) of the 

measured species were calculated by the concentration changes between two consecutive 

sampling times, which is described as follows: 

             Eq.5.1 

Where Dx2 and Dx1 (mg C/L or mg S/L) are the concentration of species D under 

culture time Tx2 and Tx1 (h), respectively.  

The specific rate (mg C gVSS-1 h-1 or mg S g VSS-1 h-1) was determined as follows: 

             Eq.5.2 
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5.3 Results and discussion 

5.3.1 Specific activities of the inoculum sludge of the UASB reactor 

5.3.1.1 Activity tests using glycerol as carbon source 

Profiles for carbon and sulfur species using inoculum sludge of the UASB reactor using 

glycerol as carbon source added with and without sulfate into serum bottles are shown in 

Figure 5.2. When glycerol was added into serum bottles, glycerol was consumed from 10 h 

to 72 h at a rate of 4.5 ± 2.2 mg C g VSS-1 h-1, as shown in Figure 5.2A. Propionate was 

accumulated and consumed from 58 h to 96 h, while acetate was not accumulated and 191 

mg C L-1 of CH4 were detected in the gas phase. The anaerobic digestion process includes 

four main phases: hydrolysis, acidogenesis, acetogenesis and methanogenesis (Van Lier et 

al., 2008). Through acidogenesis and acetogenesis, glycerol produced intermediate 

products (VFAs) under anaerobic conditions, such as acetic acid, propionic acid, butyric 

acid, etc. Acetic acid was further converted into methane by methanogens. When glycerol 

and sulfate were added, glycerol was consumed from 10 h to 72 h at a rate of 4.7 ± 1.8 mg 

C g VSS-1 h-1 (Figure 5.2B). During the period of glycerol fermentation, propionate was 

accumulated and consumed from 58 h to 82 h, while sulfate reduction rate increased from 

0.7 ± 0.1 mg C g VSS-1 h-1 (from 10 h to 58 h) to 1.9 ± 0.1 mg C g VSS-1 h-1 (from 58 h to 82 

h). Acetate was not accumulated during the culture time, while 151 mg C L-1 of CH4 were 

detected in the gas phase.  

Comparing the glycerol consumption rate in the absence and presence of sulfate, the 

glycerol consumption rate was not affected by the presence of sulfate, which indicates that 

sulfate reduction was not mediated using glycerol as carbon source. This means that 

glycerol was first fermented to intermediate products, and the sludge used the intermediate 

products as electron donors to reduce sulfate. It is also observed that regardless of whether 

sulfate was added or not, there was little VFAs production accompanied by a large amount 

of total inorganic carbon (TIC) accumulation. Moreover, sulfate reduction rate increased 

with the accumulation of propionate from 58 h to 82 h (Figure 5.2). In order to understand 

the capability of methanogenic sludge to reduce sulfate using VFAs as carbon sources, 
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acetate, propionate, butyrate, isobutyrate and valerate were selected to further investigate. 
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 Figure 5.2. Activity tests of inoculum sludge of the UASB reactor using glycerol as carbon source. (A) 

Fed with glycerol only, (B) Fed with glycerol and sulfate. TIC represents total inorganic carbon.  

 

5.3.1.2 Activity tests using acetate and propionate as carbon source 

Specific activity tests of inoculum sludge of the UASB reactor using acetate and 

propionate as the carbon source are shown in Figure 5.3. Acetate was consumed in 29 h in 

absence of sulfate (Figure 5.3A). In the presence of sulfate, acetate was consumed in 34 h 

after the lag phase (0 to 10 h) using acetate as a carbon source, and sulfate was reduced 

from 249 mg S L-1 to 224 mg S L-1 (Figure 5.3B). 

When propionate was used as carbon source, propionate was continued to be consumed 

throughout the entire culture period in absence of sulfate (Figure 5.3C). There was almost 

no accumulation of acetate, but 251 mg C L-1 of CH4 were detected in the gas phase after 58 

h culture in absence of sulfate. The metabolic pathways of propionate degradation in 

anaerobic digestion are well-described (Li et al., 2017). According to catabolism and 

anabolism, acetogenic bacteria convert propionate to acetate, which further produce CH4 

by acetoclastic methanogens; and to CO2 and H2, which further produce CH4 by 

hydrogenotrophic methanogens. In the presence of sulfate, propionate was completely 

consumed within 24 h, as shown in Figure 5.3D. 29 mg C L-1 of acetate were detected after 

5 h cultivation, but were completely consumed after 24 h. In the gas phase, 182 mg C L-1 of 

CH4 were detected after 58 h. In presence of sulfate, propionate can be partially oxidized to 
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acetate and bicarbonate, or it can be completely oxidized to bicarbonate (Luis, 2018). In the 

activity test fed with propionate, there was no accumulation of acetate, but the production 

of methane indicated that the consumption rate of acetate by the inoculum sludge was 

greater than the cumulative rate of acetate production.  

The specific rates of acetate and propionate consumption and sulfate reduction are 

shown in Table 5.2. The acetate consumption rate with sulfate added was 1.3 times than the 

rate without sulfate, while the sulfate reduction rate was 0.2 mg S g VSS-1 h-1 when acetate 

was the carbon source. This indicated that methanogenic sludge could use acetate as a 

carbon source to reduce sulfate with low reduction rate, and the main degradation pathway 

of acetate was methane production. The propionate consumption rate with sulfate added 

was 2.1 times that rate without sulfate. This indicates that propionate was consumed 

through acidogenesis and sulfidogenesis. Moreover, from 0 h to 24 h, the sulfate reduction 

rate of propionate as carbon source was 10.5 times that of acetate, which indicates 

propionate is a favorable electron donor to reduce sulfate compared to acetate. Similarly, 

previous studies described that SRB preferred to use propionate rather than acetate in the 

long-term operation of anaerobic conditions treating sulfate-rich wastewater (Huang et al., 

2012; Van Den Brand et al., 2014a).  

 

Table 5.2. Specific rates obtained from inoculum GS fed acetate and propionate. 

Carbon source Sulfate 
Time 

(hours) 

Substrate consumption rate 

(mg C g VSS-1 h-1) 

Sulfate reduction rate 

(mg S g VSS-1 h-1) 

Acetate 
- 5-24 4.7 ± 1.6  

+ 10-34 6.1 ± 2.4 0.2 ± 0.1 

Propionate 
- 0-24 2.0 ± 0.6  

+ 0-24 4.4 ± 1.0 2.1 ± 0.7 

Note: - without sulfate; + with sulfate. 
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Figure 5.3. Activity tests of inoculum sludge of the UASB reactor feeding acetate (A, B) and propionate 

(C, D). A and C, without sulfate; B and D with sulfate. 

 

5.3.1.3 Activity tests using butyrate, isobutyrate and valerate as carbon source 

Specific activity tests of inoculum sludge of the UASB reactor using butyrate, 

isobutyrate and valerate as the carbon source are shown in Figure 5.4. When butyrate was 

used as a carbon source, butyrate was consumed and isobutyrate was produced both in the 

absence and presence of sulfate (Figure 5.4A, 5.4B). When isobutyrate was used as a 

carbon source, isobutyrate was consumed and butyrate was produced in the absence and 

presence of sulfate (Figure 5.4C, 5.4D). Tholozan et al. (1988) investigated the reversible 

isomerization between butyrate and isobutyrate in a mesophilic anaerobic digester. 

13C-nuclear magnetic resonance and cell extracts experiments proved that the isomerization 

between butyrate and isobutyrate was catalyzed by a butyryl-CoA:isobutyryl-CoA mutase 

to migrate carboxyl group (Matthies and Schink, 1992). It was also found that 

butyrate-degrading sulfate reducers were able to isomerize between butyrate and 

isobutyrate (Oude Elferink et al., 1996), but small conversions were achieved.  
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When valerate was selected as a carbon source, valerate was consumed at around 0.1 

mg C g VSS-1 h-1 in the absence and presence of sulfate (Figure 5.4E, 5.4F). McCollom and 

Seewald (2003) described the metabolic pathways of valerate decomposition, which 

involved the formation of shorter carboxylic acids, such as acetate and propionate. In the 

process of microbial sulfate reduction, the conversion of valerate to acetate and propionate 

has also been reported (Fukui et al., 1997). However, no acetate and propionate 

accumulation was observed throughout the entire test period. This can be explained by the 

consumption/production rate of acetate and propionate. It can be seen from Table 5.2 that 

the consumption rates of acetate and propionate were 4.7 and 2.0 mg C g VSS-1 h-1, 

respectively. The consumption rate of valerate was only 0.1 mg C g VSS-1 h-1, which 

implies that the possible production of acetate or propionate from valerate degradation was 

rapidly consumed. 
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Figure 5.4. Activity tests of inoculum sludge of the UASB reactor feeding butyrate (A, B), isobutyrate 

(C, D) and valerate (E, F). A, C and E, without sulfate; B, D and F with sulfate. 

 

Specific rates for tests fed with butyrate, isobutyrate and valerate are shown in Table 

5.3. Through the activity tests of VFAs as carbon sources it is clear that, butyrate, 

isobutyrate and valerate might be used as electron donors to reduce sulfate. However, the 

sulfate reduction rates with these compounds were less than 0.3 mg S g VSS-1 h-1, while the 

rate up to 2.1 mg S g VSS-1 h-1 were obtained when feeding propionate. Except for 

propionate, the sulfate reduction rate using valerate as a carbon source was the highest 

among other VFAs, reaching 0.25 mg S g VSS-1 h-1. This shows that propionate was mainly 

used as an electron donor to reduce sulfate in inoculum sludge, which also explains the 
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increase in sulfate reduction rate during glycerol fermentation when propionic acid 

accumulated. The further investigation of sludge activity tests targeted propionate and 

acetate instead of other VFAs. 

 

Table 5.3. Specific rates were obtained from inoculum GS fed with butyrate, isobutyrate and valerate. 

Carbon source Sulfate 
Time 

(hours) 

Substrate consumption rate 

(mg C g VSS-1 h-1) 

Sulfate reduction rate 

(mg S g VSS-1 h-1) 

Butyrate - 5-24 0.47 ± 0.11  

+ 0-58 0.72 ± 0.01 0.13 ± 0.03 

Isobutyrate - 0-24 0.14 ± 0.01  

+ 0-24 0.48 ± 0.11 0.08 ± 0.06 

Valerate - 0-24 0.12 ± 0.01  

+ 0-24 0.13 ± 0.01 0.25 ± 0.05 

Note: - without sulfate; + with sulfate.  

 

5.3.2 Specific activities through the UASB reactor heights 

After 100 days of operation, the effluent of the UASB reactor began to accumulate 

acetate (see Figure 4.1). In order to understand the performance of the UASB sludge at 

different heights, specific activity tests of biomass withdrawn from the UASB (UASB1, 

UASB2 and UASB3) were performed on day 169 of operation. The experimental profiles 

to characterize the different activity of GS in the UASB reactor fed with glycerol as the 

carbon source are presented in Figure 5.5. As it can be observed, sulfate was reduced at 

rates of 7.8 ± 1.9 mg S g VSS-1 h-1 with UASB1 biomass (Figure 5.5A), 5.7 ± 0.5 mg S g 

VSS-1 h-1 with UASB2 biomass (Figure 5.5C) and 5.6 ± 1.8 mg S g VSS-1 h-1 with UASB3 

biomass (Figure 5.5E). Glycerol fermentation rate decreased significantly from 15.7 ± 0.8 

mg C g VSS-1 h-1 with UASB1 biomass to 9.2 ± 1.5 mg C g VSS-1 h-1 with UASB2 biomass 

and 8.4 ± 1.8 mg C g VSS-1 h-1 with UASB3 biomass. The degradation of glycerol 

produced intermediate metabolites such as VFAs. In comparison with UASB2 and UASB3 

biomass, the glycerol fermentation rate was the highest with UASB1 biomass, indicating 
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that more VFAs were produced at UASB1 during the degradation of glycerol. The sulfate 

reduction rate was also the highest with UASB1 biomass. By comparing the accumulation 

of acetate in the sludge of different heights, it was found that UASB3 accumulated less 

acetate. When glycerol was terminated, the order of acetate consumption of sludge from 

different heights of the reactor was as follows: UASB1 (0.7 mg C g VSS-1 h-1) < UASB2 

(1.4 mg C g VSS-1 h-1) < UASB3 (1.7 mg C g VSS-1 h-1). It was also found that the 

difference between the initial and final TOC concentrations were 253.1, 343.4 and 388.8 

mg C L-1 of sludge from UASB1, UASB2 and UASB3, respectively. This shows that 

compared with UASB1 and UASB2, the sludge from UASB3 had a stronger capacity to 

convert acetate to methane. 
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Figure 5.5. Activity tests of sludge from different heights of UASB reactor on day 169 feeding glycerol 

and sulfate. A, C and E show sulfur conversion of UASB1, UASB2 and UASB3, respectively; B, D and 

F show carbon species of UASB1, UASB2 and UASB3, respectively. TIC represents total inorganic 

carbon. TOC represents total organic carbon.  

 

The consumption rate of glycerol with biomass from UASB1 was much higher than 

that taken from UASB2 and UASB3, which might be caused by the long-term exposure to 

glycerol of the bottom sludge that leads to the adaptability of the microbial population.  

Microbial communities of stratification were analyzed on day 173. As shown in Figure 

5.6, the relative abundances of Dysgonomonas of sludge from UASB1, UASB2 and 
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UASB3 were 4.3%, 2.7% and 1.6%, respectively. The relative abundances of Enterococcus 

of sludge from UASB1, UASB2 and UASB3 were 4.3%, 5.4% and 1.3%, respectively. The 

relative abundances of Klebsiella of sludge from UASB1, UASB2 and UASB3 were 2.9%, 

0.5% and 5.2%, respectively. The relative abundances of Propionispora decreased along 

with the increasing height of the UASB reactor, 2.9% from UASB1 sludge, 2.1% from 

UASB2 sludge and 0.9% from UASB3 sludge. A wide range of microorganisms have been 

observed for glycerol fermentation, including Dysgonomonas (Moscoviz et al., 2018), 

Enterococcus (Doi, 2015), Klebsiella (Cheng et al., 2007), Propionibacterium (Himmi et 

al., 2000) and Propionispora (Abou-Zeid et al., 2004). Dysgonomonas and Klebsiella were 

able to convert glycerol to 1,3-propanediol (Cheng et al., 2007; Moscoviz et al., 2018). 

Enterococcus can convert crude glycerol to L-lactate at a high conversion efficiency (Doi, 

2015). Propionibacterium and Propionispora convert crude glycerol to propionate and 

acetate (Abou-Zeid et al., 2004; Biebl et al., 2000; Himmi et al., 2000). The sum of relative 

abundances of these fermentative microorganisms decreased from 14.4% in UASB1 to 9% 

in UASB3. 

The Methanosaetai, methanogenic archaea typically found in anaerobic digestion, 

increased their relative abundance from 1.2% in UASB1 to 4.1% in UASB3, which 

explains the highest acetate consumption on top of the UASB reactor. Desulfovibrio was 

the most abundant genus found in the reactor, accounted for 42.8% at UASB1, 49.8% at 

UASB2 and 19.5% at UASB3, respectively. The dominant microbial communities of SRB 

of sludge from different heights of UASB reactor indicated that SRB outcompeted 

methanogens on day 173. Moreover, the same sulfate reduction rate observed in UASB2 

and UASB3 indicated that 19.5% of Desulfovibrio did not limit the sulfate reduction rate.  
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Figure 5.6. Microbial diversity of sludge taken from UASB1, UASB2 and UASB3 on day 173 (data 

adapted from Fernández Palacios, 2020). 

 

After 198 days operation of the UASB reactor, it can be seen that acetate at the effluent 

exceeded 200 mg C L-1 (see Figure 4.1). In order to analyze the stratification of reactor at 

this time and compare it with the reactor operating for 169 days, the specific activities were 

tested on day 198 of operation. Figure 5.7 shows the experimental profiles in glycerol-fed 

batch tests as initial carbon source in presence of sulfate, where the sludge was taken from 

different heights of the UASB reactor (UASB1, 2 and 3) on day 198. It can be observed that 

sulfate was reduced at rates of 8.4 ± 2.4 mg S g VSS-1 h-1 with UASB1 biomass (Figure 

5.7A), 5.9 ± 0.5 mg S g VSS-1 h-1 with UASB2 biomass (Figure 5.7C) and 4.8 ± 1.9 mg S g 

VSS-1 h-1 with UASB3 biomass (Figure 5.7E). The glycerol fermentation rate on day 198 

by the GS taken from UASB1 (20.1 ± 1.8 mg C g VSS-1 h-1) was significantly higher than 

that from UASB2 (9.2 ± 0.8 mg C g VSS-1 h-1) and from UASB3 (9.6 ± 2.2 mg C g VSS-1 

h-1). In terms of acetate, tests show that acetate accumulated and remained constant after 
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glycerol degradation on all batch tests with biomass taken from UASB1, UASB2 and 

UASB3.  
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Figure 5.7. Activity tests of sludge from different heights of UASB reactor on day 198 feeding glycerol 

and sulfate. A, C and E show sulfur conversion of UASB1, UASB2 and UASB3, respectively; B, D and 

F show carbon species of UASB1, UASB2 and UASB3, respectively. TIC represents total inorganic 

carbon. TOC represents total organic carbon.  

 

The comparison of the specific rates of inoculated sludge and the sludge from the 

different heights of UASB operating on days 169 and 198 is shown in Table 5.4. The 

specific consumption rate of glycerol of the inoculum sludge was the lowest. After the 

91 



Specific activity of anaerobic sludge and of slime-like substances in a methanogenic - sulfidogenic UASB reactor 

microbial acclimation, the glycerol consumption rate of sludge in the reactor was 

significantly increased, especially in the bottom sludge (UASB1). Similar results were 

presented in the sulfate reduction rate. In the stratification analysis of section 4.3.2 in 

Chapter 4, the degradation of glycerol and sulfate reduction were mainly completed in the 

sludge of UASB1. In addition to the high concentration of the bottom sludge, the specific 

rate of the bottom sludge was highest with high biological activity of fermentation and 

sulfate reduction process. 

 

Table 5.4. Specific rates of the inoculum sludge and sludge from UASB1, UASB2 and UASB3 on days 

169 and 198 using glycerol as the carbon source. 

Sample time Sample 
Time 

(hours) 

Glycerol consumption rate 

(mg C h-1 g VSS -1) 

Sulfate reduction rate 

(mg S h-1 g VSS-1) 

0 Inoculum 10-72 4.7 ± 1.8 1.1 ± 0.7 

169 UASB1 0-10 15.7 ± 0.8 7.8 ± 1.9 

 UASB2 0-10 9.2 ± 1.5 5.7 ± 0.5 

 UASB3 10-48 8.4 ± 1.8 5.6 ± 1.8 

198 UASB1 4-11 20.1 ± 1.8 8.4 ± 2.4 

 UASB2 8-33 9.2 ± 0.8 5.9 ± 0.5 

 UASB3 8-53 9.6 ± 2.2 4.8 ± 1.9 

 

Figure 5.8 shows the carbon compounds profile in the activity test using glycerol as 

the carbon source in the absence and presence of sulfate on day 198. In absence of sulfate, 

there was a gap between TOC and the sum of carbon (sum of glycerol and VFAs) at 

different heights of the reactor (Figure 5.8A, 5.8C and 5.8E). This indicates that glycerol 

was fermented to other intermediates different from VFAs that were not monitored. 

Previous studies mentioned that during anaerobic digestion, glycerol can be converted into 

ethanol, 1,3-propanediol, 1,2-propanediol, ethanol and 2,3-butanediol (Biebl et al., 1998; 

Clomburg and Gonzalez, 2013). Other products of glycerol fermentation contributed to the 

difference between TOC and sum of carbon in absence of sulfate. In the presence of sulfate, 

there was no difference between TOC and sum of carbon (Figure 5.8B, 5.8D and 5.8F), 
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indicating that other products of glycerol fermentation were used for sulfate reduction. It 

also shows that the consumption rate of intermediate products used by sulfate reduction 

was higher than the rate of glycerol degradation. Studies have reported that SRB were 

capable to degrade ethanol to acetate during the process of sulfate reduction (Wu et al., 

2018). Therefore, in the subsequent investigation of the glycerol degradation (Chapter 6), 

other intermediate products such as ethanol and 1,3-propanediol were also monitored. 
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Figure 5.8. Activity tests of sludge from different heights of UASB reactor on day 198 using glycerol as 

the carbon source without sulfate (A, C and E) and with sulfate (B, D and F). A and B represent the 

sludge taken from UASB1; C and D represent the sludge taken from UASB2; E and F represent the 

sludge taken from UASB3. TOC represents total organic carbon. “Sum of carbon” represents sum of 

organic carbon, including glycerol and VFAs. 
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Microbial communities of biomass samples taken from different heights of the UASB 

were analyzed on day 230 (Figure 5.9). Due to flotation, sludge was extracted from UASB1, 

UASB4, UASB6, respectively. The relative abundances of Methanosaeta were only 0.1% 

at UASB1, 0.2% at UASB4 and 0.3% at UASB6. Desulfovibrio was still the most abundant 

genus found in different heights of the UASB reactor and did not show significant 

differences between the different sampling ports, 40.7% at UASB1, 36.2% at UASB4 and 

36.1% at UASB6. Propionispora was the next genus with higher abundance, 13.9% at 

UASB1, 7.9% at UASB4 and 5.4% at UASB6. This indicated that SRB and fermentative 

microorganisms outcompeted methanogens on day 230. Microbial communities analyzed 

on day 230 may not be representative of the microbial populations found in day 198. 

However, the higher glycerol consumption rate on day 198 may be explained by the 

increase in fermentative microorganisms than on day 169. 

 

Figure 5.9. Microbial diversity of sludge at UASB1, UASB4 and UASB6 on day 230 (data adapted 

from Fernández Palacios, 2020). 
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Community shifts played a key role in the UASB performance for methane 

production. The relative abundance (%) of the detected methanogens in the inoculum 

sludge was 10.8%, including Methanosaeta, Methanosarcina, Methanomicrobia and 

Methanobacteria. Methanosaeta, with a relative abundance of 7.5%, was the most 

abundant group in the inoculum. Through microbial diversity dynamics analysis, 

methanogenic archaea first lost their competitiveness at the bottom of the sludge (UASB1 

and UASB2) on day 173, because their relative abundances of Methanosaeta dropped to 

1.2% in UASB1 and 0.8% in UASB2. And the relative abundance of Methanosaeta in 

UASB3 remained 4.1%. Other methanogens were not identified on day 173 at different 

heights of the reactor. On day 230, the relative abundances of Methanosaeta were around 

0.2% in the UASB reactor. The microbial population confirmed that methanogenic archaea 

were almost washed out from the UASB reactor after 230 days of operation, which 

explained the acetate accumulation in the activity tests on day 198. 

In the batch test fed with acetic acid as sole carbon source, acetoclastic methanogens 

in the inoculum sludge mainly converted acetate into methane for degradation (Figure 

5.3). Since the rate of methane production was higher than the rate of acetate 

accumulation in the inoculum sludge, when glycerol was used as carbon source, there was 

almost no acetate accumulation (Figure 5.2). The high production of methane was due to 

the abundance of methanogens in the inoculum sludge. 

In the test with biomass from day 169, comparing UASB1 and UASB2, the 

accumulation of acetate in the sludge from UASB3 was the minimum, indicating that the 

sludge from UASB3 produced more methane than UASB1 and UASB2, which was 

consistent with the microbial diversity results. 

In the test with biomass from day 198, the accumulation of acetate in the sludge from 

UASB1, UASB2 and UASB3 was same and no acetate consumption was observed, 

indicating methanogens were washed out from the system. The washout of methanogens 

was confirmed by microbial diversity analysis on day 230. 
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Through activity tests and microbial diversity analysis, the relative abundances of 

methanogens had a negative correlation with acetate accumulation. The methanogens lose 

their competitiveness at the bottom of the sludge first (UASB1 and UASB2), and the 

methanogens were washed out of the reactor after 230 days of operation. 

 

5.3.3 Specific activities of granular sludge and slime-like substances 

5.3.3.1 Granular sludge (GS) and slime-covered granular sludge (SCGS) 

In order to study the SLS that accumulated in the reactor (as described in Chapter 4), 

characteristics of GS and SLS were investigated by activity batch tests to assess the 

influence of SLS on the mechanism of sulfate reduction. According to the above discussion, 

electron donors used in sulfate reduction were intermediate products of glycerol 

degradation, including acetate and propionate. Despite the fact that other carbon 

compounds produced as intermediates of glycerol fermentation were probably playing a 

role in sulfate reduction, they were not identified at the time of the study and only acetate 

and propionate were used as the electron donors in this batch test. Figure 5.10 shows the 

experimental profiles using acetate as carbon source, where the sludge collected from 

UASB1 on day 315 was divided into GS and SCGS. There was no change in acetate and 

sulfate in batch tests performed with GS and SCGS, which further confirmed that after 315 

days of reactor operation, acetoclastic methanogens and acetotrophic SRB were 

suppressed. 
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Figure 5.10. Activity tests of sludge obtained from UASB1 on day 315 feeding acetate and sulfate. A 

and B show sulfur species and carbon species using GS. C and D show sulfur species and carbon species 

using SCGS. 

 

Figure 5.11 shows the time course of sulfate reduction measured with GS and SCGS 

using propionate as carbon source. GS and SCGS both reduced sulfate to sulfide, while 

acetate and inorganic carbon were produced. The specific rates of propionate consumption 

and sulfate reduction of GS and SCGS are shown in Table 5.5. The propionate 

consumption rate and sulfate reduction rate of GS were 1.68 and 1.66 times higher than 

those of SCGS. 

When propionate was used as carbon source to reduce sulfate, SRB converted 

propionate to acetate and inorganic carbon. The mechanism of sulfate reduction with 

propionate observed herein is consistent with previous studies (Liamleam and Annachhatre, 

2007; Muyzer and Stams, 2008). Since the same products were observed in the activity test 

performed with GS and SCGS using propionate to reduce sulfate as shown in Figure 5.11, 
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it can be concluded that SLS did not change the mechanism of sulfate reduction. However, 

the specific sulfate reduction rate (Table 5.5) was higher in the case of GS than in that of 

SCGS, indicating that the SLS may offer some mass transfer limitation of the substrates, 

resulting in a decrease of the specific sulfate reduction rate.   
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Figure 5.11. Activity tests of sludge obtained from UASB1 on day 315 feeding propionate and sulfate. 

A and B show sulfur species and carbon species using GS while C and D correspond to the SCGS batch 

test. 

 

Table 5.5. Specific rates of the sludge collected from UASB1 on day 315 using propionate as the carbon 

source. 

Sample Time 

(hours) 

Propionate consumption rate 

(mg C h-1 g VSS -1) 

Sulfate reduction rate 

(mg S h-1 g VSS-1) 

GS 6-120 6.9 ± 1.3 4.8 ± 0.6 

SCGS 6-97 4.1 ± 0.8 2.9 ± 0.7 
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5.3.3.2 Activity tests with granular sludge or slime-like substances 

In order to analyze the difference between GS and SLS and assess the influence of SLS 

on the process of glycerol fermentation, sludge from the UASB reactor on day 431 was 

manipulated (washed with sulfate-free MM, as described in section 5.2.1) to obtain GS and 

SLS for further batch tests.  

Based on the C imbalance found in the batch tests of the experiments in Figure 5.8, 

other C compounds were monitored. Glycerol fermentation has been shown to produce also 

ethanol, n-butanol, 1,3-propanediol, 2,3-butanediol, formate (Viana et al., 2012). 

Consequently, these compounds were also monitored in the activity test reported herein.  

Figure 5.12 shows the specific activity test using glycerol as the carbon source. GS 

reduced sulfate throughout the cultivation period (Figure 5.12A), while SLS started to 

reduce sulfate after 24 h (Figure 5.12C). This indicates that the SLS is able to reduce sulfate 

after an adaptation period. Glycerol was fermented both by GS and SLS, while ethanol, 

1,3-propanediol, formate, acetate and propionate accumulated. In the experiment with GS, 

after glycerol had been degraded completely, ethanol, 1,3-propanediol, formate and 

propionate were consumed from 24 h to 72 h (Figure 5.12B), accompanied by sulfate 

reduction (Figure 5.12A). Acetate and inorganic carbon were accumulated throughout the 

test (Figure 5.12B). However, in the experiment with SLS, ethanol and formate were 

degraded after 24 h (Figure 5.12D) and 1,3-propanediol was consumed after 48 h. From 

Figure 5.12B and 5.12D, it can be seen that, again, sulfate reduction was not related to 

glycerol fermentation. Sulfate was reduced accompanied by the degradation of formate, 

ethanol and 1,3-propanediol. This confirmed that the carbon sources used for sulfate 

reduction were intermediate products of glycerol degradation, such as formate, ethanol and 

1,3-propanediol. Due to the complexity of this results, the mechanism of sulfate reduction 

using glycerol as the carbon source will be further discussed in Chapter 6. 
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Figure 5.12. Activity tests of sludge obtained from UASB6 on day 431 feeding glycerol and sulfate. A 

and B show sulfur species and carbon species using GS. C and D used SLS. 

 

Table 5.6 shows the specific rates calculated for glycerol consumption and sulfate 

reduction using GS and SLS where biomass was taken on day 431. During the degradation 

of glycerol, the glycerol consumption rate of SLS was 2.1 times that of GS. Without 

considering the adaptation period of SLS for sulfate reduction, the sulfate reduction rate of 

GS was 1.2 times higher than that of SLS when the carbon source required for sulfate 

reduction was sufficient. 
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Table 5.6. Specific rates of the sludge collected from UASB6 on day 431. 

Carbon source Sample Time 

(hours) 

Glycerol consumption rate 

(mg C h-1 g VSS -1) 

Sulfate reduction rate 

(mg S h-1 g VSS-1) 

Glycerol GS 0-23 33.1 ± 12.2 6.3 ± 3.4 

23-62 0 9.1 ± 1.7 

SLS 0-11 70.1 ± 8.0 0.5 ± 0.5 

 24-73 0 7.3 ± 2.7 

 

In the activity tests performed with GS and SLS with glycerol as the carbon source to 

reduce sulfate, both GS and SLS fermented glycerol into formate, acetate, propionate, 

ethanol, 1,3-propanediol and inorganic carbon. In addition, the intermediate products of 

glycerol were consumed with sulfate reduction observed. This indicates that SLS is also 

capable of fermenting glycerol and reducing sulfate. When comparing the specific rates of 

glycerol fermentation between GS and SLS, SLS was more efficient in degrading glycerol 

than GS. The specific substrate utilization activity of GS and flocculant sludge was 

compared in UASB reactors processing wastewater from food industries (Oleszkiewicz 

and Romanek, 1989). They found that the flocculant sludge formed during the operation of 

UASB reactor had a higher specific activity for the degradation of complex polymers than 

the GS in anaerobic processes, which is similar to the results of this work. 

Filamentous and fluffy flocculant material were also produced in the UASB reactor 

under anaerobic conditions to treat sulfate (Vallero et al., 2003; Weijma et al., 2000). Valero 

et al. (2003) and Weijma et al. (2000) described the flotation caused by flocculant material 

but did not mention the biological activity of these materials. This work investigated the 

activity experiment of SLS. When comparing the specific rates of sulfate reduction 

between GS and SLS, SLS was found to be less efficient in reducing sulfate than GS. In 

addition, as can be seen in Figure 5.12D, even if there was sufficient carbon source to 

reduce sulfate, SLS still needed time to adapt and perform the sulfate reduction process, 

which may be caused by mass transfer limitation of sulfate. Compared with GS in the 

UASB reactor, GS covered by SLS may cause sulfate to be discharged from the UASB 
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reactor before entering the cell due to mass transfer limitation, which may lead to a 

decrease in the sulfate reduction efficiency. Therefore, it can be explained here that in 

addition to biomass washout from the UASB reactor, the reason for the reduced sulfate 

removal efficiency in the UASB reactor may also be that the SLS affected the mass transfer 

limitation of sulfate. But the degradation process of glycerol was not affected by SLS, and 

the slime even accelerated glycerol fermentation rate.  

The difference of specific rates between GS and SLS may also cause by the bacteria 

community diversity. 16S rRNA sequencing was performed to identify the biodiversity of 

GS and SLS by sampling the reactor on day 538 from UASB6 (Figure 5.13). 

Propionispora and Dysgonomonas were the most abundant genus detected on day 538 in 

both samples. The relative abundance of genus Propionispora increased from 15.2% to 

21.5% in GS and SS, respectively. Moreover, Enterobacter, Klebsiella and Helicobacter 

genera increased their relative abundances in SS and GS, from 2.2% to 8.2%; from 2.1% to 

8.5% and lastly from 0.3% to 6.3%, respectively. Propionispora is a genus of anaerobes, 

typically degrading organic carbon compounds in acidogenesis not acetogenesis. 

Enterobacter and Klebsiella, facultative anaerobes, are able to produce hydrogen and 

acetate through the fermentation of organic substrates (Hung et al., 2011; Joubert and Britz, 

1987). Helicobacter is considered to be a microaerophile, which are capable of oxidizing 

variety of organic acids, such as formate, lactate, succinate and pyruvate (Joubert and Britz, 

1987). The genus of these fermentative microorganisms is consistent with the glycerol 

fermentation rates in SS and GS.  
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Figure 5.13. Microbial diversity of the most abundant genus detected in granular sludge and slime-like 

substance on day 538 (data adapted from Fernández Palacios, 2020). 

 

Desulfobulbus decreased its relative abundances in the SLS compared to GS from 

11.6% to 2.4% respectively, while Desulfovibrio decreased from 10.8% to 7.5%. 

Desulfovibrio is a genus of SRB, which oxidize organic carbon compounds (includes 

formate, lactate, ethanol, malate, pyruvate, succinate) to acetate for sulfate reduction 

(Odom and Peck, 1981; Qatibi et al., 1991c; Wu et al., 2018). Desulfobulbus, can oxide 

pyruvate, propionate and ethanol to acetate (Bak and Pfennig, 1991; Bertolino et al., 2012; 

Muyzer and Stams, 2008; Zeng et al., 2019). The main sulfate reducers found were 

Desulfobulbus and Desulfovibrio, both of which are incomplete oxidizing SRB, which 

explains the accumulation of acetate in the batch activity tests. Compared to SS, higher 

relative abundances of Desulfobulbus and Desulfovibrio in GS are in agreement with the 

higher sulfate reduction rate found in GS.  

Through batch activity tests of GS and SLS, GS played a more important role in sulfate 

reduction than SLS. The latter may affect the mass transfer limitation of sulfate, which 

might be one reason for the decrease of sulfate removal efficiency during the UASB 

operation. 16s rRNA gene analysis of the microbial communities revealed that compared to 

SS, GS contained more sulfate reducers (mainly Desulfobulbus and Desulfovibrio). In 

terms of fermentation process, glycerol fermentation was not affected by SS. Conversely, 

the fermentation rate of glycerol in SS was higher than that of GS. The analysis of 

microbial diversity revealed that high relative abundances of fermentative microorganisms 
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was identified in SS. This shows that the reason for the decrease of the glycerol removal 

efficiency in UASB reactor was not related to the degradation mechanism of glycerol by 

the SLS, but because the SLS triggered the reduction of biomass in the UASB reactor, as 

discussed in Chapter 4. 

 

5.4 Conclusion  

Inoculated sludge activity tests showed that glycerol can be used as a raw carbon 

source for sulfate reduction even though the products of glycerol degradation are the key 

electron donors used by sulfate-reducing bacteria to achieve the process of sulfate 

reduction. Compared with other VFAs, inoculated sludge using propionate had the fastest 

specific rate among the electron donors for sulfate reduction. Acetate was oxidized for 

methane production. 

Stratification activity tests showed that UASB1 (bottom sludge) had a higher 

fermentation rate due to long-term exposure to glycerol, and the competition between 

methanogens and SRB led to bottom-up removal of methanogens. Methanogens mainly 

existed in UASB3 on day 173 and were washed out after 230 days of reactor operation. 

Compared to UASB2 and UASB3, more relatively abundant fermentative microorganisms 

were observed in UASB1. SRB did not show a significant difference in the stratification, 

and Desulfovibrio was the most abundant genus found in the UASB reactor. The higher 

sulfate reduction rate at the bottom was due to the faster fermentation rate that produced 

more electron donors for sulfate reduction. 

The activity tests of GS, SLS and SCGS showed that SLS had fermenting and sulfate 

reducing capacity. The SLS required a longer adaptation period to reduce sulfate, which 

may be due to the mass transfer limitation of sulfate caused by SLS. Moreover, the SLS 

contained more fermentative microorganisms with higher fermenting rates, and higher 

relative abundances of the genus of SRB in GS was with higher sulfate reduction rate.
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Chapter 6 

Since the dispute described in the sulfate reduction pathway using glycerol as a 

carbon source in previous studies, the motivation of this chapter is to determine the main 

mechanisms and the process rates of glycerol fermentation under sulfidogenic conditions. 

In this case, this study was conducted with and without sulfate in activity tests using a 

range of electron donor including glycerol, ethanol, 1,3-propandeiol, butanol, 

2,3-butanediol and volatile fatty acids (VFAs).  

Abstract 

Sulfate-reducing bioreactors for sulfide production are the initial stage of processes 

targeting elemental sulfur recovery from sulfate-rich effluents. In this chapter, the principal 

reactions involved in glycerol fermentation and sulfate reduction using glycerol and its 

fermentation products as electron donors were assessed together with their specific 

consumption/production rates. A battery of batch activity tests with and without sulfate 

were performed with glycerol and with each fermentation product using a 

non-methanogenic but sulfidogenic GS from an up-flow anaerobic sludge blanket (UASB) 

reactor operated under long-term while fed with crude glycerol. As a result, a mechanistic 

approach based on the experimental observations is proposed in this work. Glycerol was 

mainly fermented to 1,3-propanediol, ethanol, formate, propionate and acetate by 

fermentative bacteria. All organic intermediates were found to be further used by sulfate 

reducing bacteria (SRB) for sulfate reduction except for acetate. The most abundant genus 

detected under sulfidogenic conditions were Propionispora (15.2%), Dysgonomonas 

(13.2%), Desulfobulbus (11.6%) and Desulfovibrio (10.8%). The last two SRB accounted 

for 22.4% of the total amount of retrieved sequences, which were probably performing an 

incomplete oxidation of the carbon source in the sulfidogenic UASB reactor. As single 

substrates, specific sulfate reduction rates (SRRs) using low molecular weight (MW) 

carbon sources (formate and ethanol) were 39% higher than those using high-MW ones 

(propionate, 1,3-propanediol and butanol). However, SRRs in glycerol-fed tests showed 

that 1,3-propanediol played a major role in sulfate reduction in addition to formate and 
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ethanol.
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6.1 Introduction   

Sulfate is an anion widely present in natural environments. However, high 

concentration of sulfate can be toxic to aquatic life (Karjalainen et al., 2021). In aquatic 

environments, sulfate can be also reduced to hydrogen sulfide by sulfate-reducing bacteria 

(SRB) under anaerobic conditions generating further problems since hydrogen sulfide is 

poisonous and corrosive. Many industrial sites including pulp and paper and mining 

industries, tanneries, fermenting plants and thermal power plants generate flue gases or 

wastewaters containing large amounts of sulfur, mainly as sulfate, that require further 

treatment. As an alternative to costly physical-chemical technologies, environmentally 

friendly, biological processes arose recently, some considering the valorization of S-rich 

emissions into elemental sulfur (biosulfur) (Mora et al. 2020a), a value-added product 

currently obtained from the petrochemical industry. Since microbial communities able to 

reduce sulfate directly to biosulfur have not been described yet, one biological-based 

alternative relies on a two-stage process (Mora et al., 2020a). First, sulfate is reduced to 

sulfide in an up-flow anaerobic sludge blanket (UASB) bioreactor, and subsequently, 

sulfide is partially oxidized to elemental sulfur in a second bioreactor under microaerobic 

or anoxic conditions. The technical feasibility of biosulfur recovery in a two-stage 

bioscrubber has been demonstrated previously in the SONOVA process (Mora et al., 2020a) 

despite some operational problems in the long-term leading to biomass losses in the 

anaerobic stage (Fernández-Palacios et al., 2021). However, further fundamental analysis 

is warranted to reveal the underlying mechanisms in the UASB to develop a more robust, 

transferable technology to field applications. 

UASB reactors are widely used in anaerobic digestion and have also been reported as 

an appropriate technology for sulfate reduction using different carbon sources, including 

methanol (Weijma and Stams, 2001), ethanol (Wu et al., 2018), sucrose (Weijma and Stams, 

2001) and crude glycerol (Fernández-Palacios et al., 2019). As an alternative to other 

expensive electron donors, crude glycerol is a by-product mainly produced in the biodiesel 
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production industry with a high market potential. It was estimated that world glycerol 

production would reach 2.66 million tons in 2020 (Kumar et al., 2019). The composition of 

crude glycerol varies depending on the process, containing around 70% to 98% of glycerol 

plus some impurities including water, long-chain fatty acids, fatty acid methyl esters, salts, 

methanol, soap and ashes (Angeloni et al., 2016; Viana et al., 2012; Vivek et al., 2017).  

Previous studies have reported that glycerol as electron donor can be directly oxidized 

to acetate and bicarbonate in the sulfate reduction process (Bertolino et al., 2014; Dinkel et 

al., 2010; Qatibi et al., 1991a). However, the TOC imbalance found in these works was 

suggested to be caused by other intermediate products. Several studies have shown that 

other products are produced when glycerol is used as electron donor to reduce sulfate. As 

examples, 3-hydroxypropionate (Qatibi et al., 1998) and butyrate (Bertolino et al., 2014) 

were produced in glycerol fermentation coupled to sulfate reduction. It was also found that 

glycerol was incompletely oxidized to acetate, lactate and 1,3-propanediol under low pH 

conditions (Santos et al., 2018). However, the mechanism of the sulfate reduction process, 

which is also culture dependent, is still unclear as most of literature have only shown the 

oxidized products of glycerol during this process. 

The purpose of this work was to assess the main mechanism and the process rates of 

glycerol fermentation and sulfate reduction of a sulfidogenic granular sludge enriched in an 

UASB fed with crude glycerol under long-term operating conditions without methane 

production. To this aim, microbial activity was assessed in batch tests with a range of 

electron donors including glycerol, alcohols and volatile fatty acids (VFAs) with and 

without the presence of sulfate. 

6.2 Materials and methods 

6.2.1 Batch activity tests 

In order to identify the main mechanisms of the granular sludge using glycerol as 

electron donor to reduce sulfate in the sulfidogenic UASB, granular sludge was taken from 

the UASB after 431, 549 and 578 days of operation, when no methane was produced. The 
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sludge withdrawn from the UASB on different days was tested with different carbon 

sources. Pure glycerol, ethanol, 1,3-propanediol, butanol and 2,3-butanediol were tested for 

the sludge collected on day 431. Formate was tested with the sludge collected on day 549, 

while acetate and propionate were tested with the sludge collected on day 578. Sludge 

samples were first rinsed with MM (without sulfate) and then transferred into 250 mL 

serum bottles, which were afterwards fed with 150 mL of MM that was used to feed the 

UASB. In all cases, a control group without sulfate and an experimental group were 

evaluated. The control group consisted of MM (without sulfate) supplied with different 

carbon sources only, while in the experimental group sulfate was added to the MM and the 

carbon source. The initial carbon concentration ranged from 318 to 372 mg C L-1 in both 

the control and the experimental groups. The initial sulfate concentration of the 

experimental group was set to 240 ± 4 mg S-SO4
2- L-1, and the TOC/S-SO4

2- ratio was 1.4 ± 

0.1 g C/g S-SO4
2-. After adding MM and the granular sludge, the pH was adjusted to 8 - 8.5 

by adding either 2 M NaOH or 2 M HCl. The pH was not controlled during activity tests, 

but it was measured at the beginning and at the end of each test. The gas phase was 

exchanged with N2 and bottles were instantly capped with rubber stoppers and aluminum 

caps. Bottles were cultivated in a shaker at a constant temperature of 35 ± 1º C and a stirring 

rate of 150 rpm. The incubation time was between 96 h and 120 h depending on the test. 

Volatile suspended solids (VSS) in batch tests were obtained at the end of each experiment 

and ranged from 125 to 390 mg VSS L -1. All batch tests were carried out with two 

replicates. 

6.2.2 Analytical methods 

The analysis of the liquid and gas phase is described in section 3.3 of Chapter 3. 

6.2.3 Illumina sequencing analysis 

Identification of the microbial population was performed using Illumina platform, on 

day 538 of the long-term operation. Sequencing analysis method is introduced in Chapter 3 

section 3.3.6. 
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6.2.4 Stoichiometric calculation for the sulfate reducing process by 

glycerol 

From the batch tests, the contribution of each electron donor to sulfate reduction was 

calculated based on i) the specific net rates observed experimentally for each compound in 

each selected period, ii) the stoichiometric conversions, and iii) the mechanism of glycerol 

fermentation and sulfate reduction. As a result, a set of 11 reactions were established, while 

a total of 9 algebraic equations were solved. As an example, the observed glycerol 

consumption rate is equal to the sum of reactions r1 to r4 to form formate, acetate, 

propionate, ethanol and 1,3-propanediol while the observed rate for ethanol is that 

corresponding to its production from glycerol hydrolysis (r4) and its consumption to 

produce acetate linked to sulfate reduction (r9). The larger number of equations than 

measured variables allowed estimating the contribution of each electron donor to the 

overall SRR in each experimental period. Since hydrogen is the product of formate 

fermentation, the calculation of sulfate reduction by hydrogen is included in sulfate 

reduction by formate. During the period of glycerol degradation (10 to 33 h), the rate at 

which each substance was used for sulfate reduction cannot be calculated because there are 

more variables than algebraic equations established. 

The fermentation and sulfidogenic reactions involved in anaerobic digestion is 

summarized in Table 6.1. 

112 



Chapter 6 

Table 6.1. Fermentation and sulfidogenic reactions involved in anaerobic digestion.  

Stoichiometric equation Eq. Reference 

Fermentation reaction   

 
6.1 Zeng et al., 1993 

 
6.2 Schauder and Schink, 1989 

 
6.3 Sittijunda and Reungsang, 2017 

 
6.4 Sittijunda and Reungsang, 2017 

 
6.5 Bijmans et al., 2008 

Sulfidogenic reaction   

 
6.6 Muyzer and Stams, 2008 

 
6.7 Liamleam and Annachhatre, 2007 

 
6.8 Luis, 2018 

 
6.9 Wu et al., 2018 

 
6.10 Qatibi et al., 1991b 

 6.11 In this work 
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According to all equations mentioned above, the stoichiometric formulas between 

substrates and products are shown as follows: 

 , and               Eq.6.12 

Where r1 is glycerol degradation rate based on Eq.6.1 (mg C-glycerol h-1 g VSS-1), r1' is 

the stoichiometric production rate estimated for acetate in Eq.6.1 (mg C-acetate h-1 g VSS-1) 

and r1" is the stoichiometric production rate estimated for formate in Eq.6.1 (mg C-formate 

h-1 g VSS-1). 

                  Eq.6.13 

Where r2 is glycerol degradation rate based on Eq.6.2 (mg C-glycerol h-1 g VSS-1), and 

r2' is the stoichiometric production rate estimated for propionate in Eq.6.2 (mg 

C-propionate h-1 g VSS-1). 

                  Eq.6.14 

Where r3 is glycerol degradation rate based on Eq.6.3 (mg C-glycerol h-1 g VSS-1), and 

r3' is the stoichiometric production rate estimated for 1,3-propanediol in Eq.6.3 (mg 

C-1,3-propanediol h-1 g VSS-1). 

 , and               Eq.6.15 

Where r4 is glycerol degradation rate based on Eq.6.4 (mg C-glycerol h-1 g VSS-1), r4' is 

the stoichiometric production rate estimated for ethanol in Eq.6.4 (mg C-ethanol h-1 g 

VSS-1), and r4" is the stoichiometric production rate estimated for formate in Eq.6.4 (mg 

C-formate h-1 g VSS-1). 

 , and               Eq.6.16 

Where r5 is formate degradation rate based on Eq.6.5 (mg C-formate h-1 g VSS-1), r5' is 

the stoichiometric production rate estimated for IC in Eq.6.5 (mg C h-1 g VSS-1), and r5" is 

the stoichiometric production rate estimated for H2 in Eq.6.5 (mg H2 h-1 g VSS-1). 

                  Eq.6.17 

Where r6 is H2 consumption rate based on Eq.6.6 (mg H2 h-1 g VSS-1), and r6' is the 
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stoichiometric consumption rate estimated for sulfate in Eq.6.6 (mg S-sulfate h-1 g VSS-1). 

 , and                Eq.6.18 

Where r7 is formate consumption rate based on Eq.6.7 (mg C-formate h-1 g VSS-1), r7' is 

the stoichiometric consumption rate estimated for sulfate in Eq.6.7 (mg S-sulfate h-1 g 

VSS-1), and r7" is the stoichiometric production rate estimated for IC in Eq.6.7 (mg C h-1 g 

VSS-1). 

 ,  , and            Eq.6.19 

Where r8 is propionate consumption rate based on Eq.6.8 (mg C-propionate h-1 g VSS-1), 

r8' is the stoichiometric consumption rate estimated for sulfate in Eq.6.8 (mg S-SO4
2- h-1 g 

VSS-1), r8'' is the stoichiometric production rate estimated for acetate in Eq.6.8 (mg 

C-acetate h-1 g VSS-1), and r8'" is the stoichiometric production rate estimated for IC in 

Eq.6.8 mg C h-1 g VSS-1). 

 , and                Eq.6.20 

Where r9 is ethanol consumption rate based on Eq.6.9 (mg C-ethanol h-1 g VSS-1), r9' is 

the stoichiometric consumption rate estimated for sulfate in Eq.6.9 (mg S- SO4
2- h-1 g 

VSS-1), and r9" is the stoichiometric production rate estimated for acetate in Eq.6.9 (mg 

C-acetate h-1 g VSS-1). 

 ,  , and           Eq.6.21 

Where r10 is 1,3-propanediol consumption rate based on Eq.6.10 (mg 

C-1,3-propanediol h-1 g VSS-1), r10' is the stoichiometric consumption rate estimated for 

sulfate in Eq.6.10 (mg S- SO4
2- h-1 g VSS-1), r10" is the stoichiometric production rate 

estimated for acetate in Eq.6.10 (mg C-acetate h-1 g VSS-1), and r10'" is the stoichiometric 

production rate estimated for IC in Eq.6.10 (mg C h-1 g VSS-1). 

 , and              Eq.6.22 

Where r11 is 1,3-propanediol consumption rate based on Eq.6.11 (mg 

C-1,3-propanediol h-1 g VSS-1), r11' is the stoichiometric consumption rate estimated for 

sulfate in Eq.6.11 (mg S- SO4
2- h-1 g VSS-1), r11" is the stoichiometric production rate 
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estimated for propionate in Eq.6.11 mg C-propionate h-1 g VSS-1). 

According to the stoichiometric formulas mentioned above and the mechanism of 

glycerol fermentation and sulfate reduction, the algebraic equations were established as 

follows: 

              Eq.6.23 

        Eq.6.24 

          Eq.6.25 

        Eq.6.26 

         Eq.6.27 

              Eq.6.28 

         Eq.6.29 

 Eq.6.30 

                  Eq.6.31 

Where the variables in the left side of the algebraic equations mean experimental rate 

for each compound conversion. For instance, rglycerol is experimental consumption rate of 

glycerol and racetate is experimental production rate of acetate.
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6.3 Results and discussion 

6.3.1 Activity tests with glycerol as sole external carbon source 

Long-term operation of the UASB reactor was performed under constant sulfate and 

organic loading rates for 639 days. The experimental results and discussion of the UASB 

performance and the evolution of the microbial diversity can be found in Chapter 4. In short, 

after operating the UASB reactor for 200 days, methane production decreased significantly 

concomitantly with VFAs production. At a TOC/S-SO4
2- ratio of 1.49 ± 0.31, the reactor 

had undergone a progressive washout of methanogens, including Methanosaeta, 

Methanobacteria, and Methanomicrobiales. SRB completely outcompeted methanogens 

after 230 days of operation, in which Desulfobulbus and Desulfovibrio were found the main 

sulfate-reducing genus. Through the treatment of sulfate-rich wastewater, the 

methanogenic sludge was shifted into sulfidogenic sludge. Activity tests resented herein 

were performed to study the sulfate reduction mechanism using glycerol as carbon source 

using sludge collected from the reactor when it was performing under sulfidogenic 

conditions. From day 200 to day 400, only VFAs were considered as the intermediate 

products of glycerol degradation, but a significant carbon imbalance was found during the 

process of glycerol fermentation. Therefore, other intermediate metabolites were 

considered in batch tests after day 400, such as ethanol and 1,3-propanediol. 

 

6.3.1.1 Glycerol fermentation process 

Profiles for carbon and sulfur species using pure glycerol as the only carbon source 

externally added to the serum bottles with and without the presence of sulfate are shown in 

Figure 6.1. In the control group (Figure 6.1A and 6.1B), only glycerol was added with an 

initial granular sludge concentration of 230 mg VSS L-1. The 120 h culture in the control test 

was divided into three phases: a lag phase (0-10 h), a quick glycerol uptake phase (10-48 h), 

and a glycerol-free phase mediated by several intermediates (48-120 h). After the lag phase 
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(10 h), glycerol began to be consumed while ethanol, 1,3-propanediol, formate, acetate and 

propionate accumulated. Along this second period, glycerol was consumed at a rate of 49.9 

± 13.7 mg C g VSS-1 h-1 and ethanol, 1,3-propanediol, formate, acetate and propionate were 

accumulated at rates of 2.1 ± 2.9, 30.3 ± 8.2, 1.6 ± 2.4, 6.2 ± 3.0 and 0.5 ± 0.7 mg C g VSS-1 

h-1, respectively. At the end of the second phase (48 h), glycerol had already been 

completely converted to ethanol, 1,3-propanediol, formate, acetate, propionate and 

inorganic carbon, accounting for 4.5 ± 0%, 57.5 ± 0.6%, 3.9 ± 1.1%, 12.2 ± 2.7%, 1.1 ± 

1.5% and 4.0 ± 0.9% of the initial glycerol content, respectively. During the last phase 

(48-120 h), 1,3-propanediol and inorganic carbon were maintained at 195 and 23 mg C L-1, 

respectively. All formate (53.6 mg C L-1) was completely consumed while butyrate 

increased from 0 to 7.3 mg C L-1 and propionate increased from 3.5 to 17.6 mg C L-1. The 

pH decreased from 8.4 to 7.2 concomitantly with VFAs production. 
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Figure 6.1. Anaerobic bioconversion of pure glycerol in serum bottles without sulfate (A, B) and with 

sulfate (C, D, E) showing the glycerol consumption and the concentration profiles for alcohols (A, C), 

volatile fatty acids and inorganic carbon (B, D) and sulfur species (E). Error bars represent standard 

deviations of duplicate tests. TIC represents total inorganic carbon. 

 

Results obtained through Illumina sequencing analysis of the 16S rRNA with the 

sludge sample collected on day 538 from the UASB are presented in Figure 6.2. The most 

abundant genus detected were Propionispora (15.2%), Dysgonomonas (13.2%), 

Desulfobulbus (11.6%) and Desulfovibrio (10.8%). Bacteria from the genus 

Dysgonomonas are obligately anaerobic also known for their fermentative activity while 
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Propionispora is a genus of anaerobic fermentative bacteria that typically use glycerol, and 

other carbohydrates, fermenting them to produce propionic, acetic acid, CO2 and H2 

(Abou-Zeid et al., 2004). Major fermentation products are usually butyric and acetic acid, 

while propionic, isovaleric, isobutyric and phenylacetic acids may also be produced 

(Sakamoto, 2014). Additionally, Klebsiella (2.1%) was also detected. The metabolism of 

Klebsiella pneumoniae with glycerol has also been described as follows: a) glycerol is 

converted to ethanol and formate (Jarvis et al., 1997); b) glycerol is degraded into acetate 

and formate (Zeng et al., 1993); c) lactate, acetate, ethanol and 1,3-propanediol are 

produced as end products (Cheng et al., 2007). According to the products of glycerol shown 

in Figure 6.1A and 6.1B and the metabolic pathways of glycerol mentioned above, the 

stoichiometry of the reactions involved in glycerol fermentation are shown in Table 6.1.  
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Figure 6.2. Relative abundances (%) at genus level of sample collected on day 538 of the UASB 

long-term operation. 

 

6.3.1.2 Sulfate reduction in glycerol fed batch tests 

The profiles obtained for the experimental group where glycerol and sulfate were added 

are shown in Figure 6.1C for alcohols, in Figure 6.1D for VFAs and in Figure 6.1E for 

sulfur species. The granular sludge concentration in the experimental bottles was 390 mg 

VSS L-1. The 120 h culture in the experimental test were also divided into three phases: the 
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lag phase (0-10 h), the glycerol fermentation phase (10-33 h) and a secondary carbon 

sources consumption/production phase (33-120 h). Similar to the control group, the 

granular sludge in the experimental group also experienced a 10 h lag phase with neither 

glycerol fermentation nor sulfate reduction. After the lag phase, the specific rates along the 

test with sulfate were assessed. In the second phase from 10 h to 33 h, glycerol was 

consumed at a rate of 33.1 ± 12.1 mg C g VSS-1 h-1, while ethanol, 1,3-propanediol, formate, 

acetate and propionate accumulated at rates of 5.0 ± 7.9, 11.9 ± 2.1, 2.0 ± 4.5, 5.9 ± 2.7 and 

1.0 ± 1.4 mg C g VSS-1 h-1, respectively. Sulfate was reduced at a rate of 6.3 ± 3.4 mg S g 

VSS-1 h-1 along this phase. At the end of the second phase (33 h), glycerol was completely 

consumed while ethanol, 1,3-propanediol, formate, acetate, propionate and inorganic 

carbon accumulated, accounting for 17.5 ± 0.8%, 32.3 ± 8.0%, 7.4 ± 2.2%, 16.7 ± 3.2%, 2.3 

± 0.0% and 4.5 ± 2.5% of the initial glycerol content, respectively. In the third phase, when 

there was no glycerol, a net alcohols and VFAs consumption was observed, coupled to 

sulfate reduction and a significantly increasing accumulation of acetate and inorganic 

carbon. From 33 h to 96 h, the sulfate reduction rate (SRR) gradually decreased from 10.4 

mg S g VSS-1 h-1 (33-48 h) to 2.6 mg S g VSS-1 h-1 (82-96 h). Ethanol, 1,3-propanediol, 

formate and propionate were completely consumed at a rate of 8.9 ± 0.6 , 4.4 ± 1.5, 1.9 ± 

1.2 and 1.2 ± 1.0 mg C g VSS-1 h-1, respectively. Almost no activity was observed after 96 h 

of test. 

Bertolino et al. (2014) found that acetate and carbonate were the terminal products of 

glycerol oxidation under sulfidogenic conditions at a sulfate loading rate of 4.7 kg m-3 d-1 

but pointed out that some intermediate products in the degradation process of glycerol were 

not measured but probably consumed during sulfate reduction. In addition, the production 

of formate, ethanol and 1,3-propanediol have also been previously reported in the 

fermentation of glycerol (Jarvis et al., 1997; Katarzyna et al., 2011; Sittijunda and 

Reungsang, 2017). At the same time, these compounds could also act as intermediate 

products under sulfidogenic conditions. Ethanol, 1,3-propanediol, formate and propionate 

have been reported as suitable electron donors in biological sulfate reduction processes 
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applied in different bioreactors, such as UASB and expanded granular sludge bed reactors 

(De Smul and Verstraete, 1999; Qatibi et al., 1991b; Vallero et al., 2004a, 2004b; Wu et al., 

2018). The stoichiometry of the reactions involved in sulfate reduction by 

non-methanogenic but sulfidogenic biomass is shown in Table 6.1. Results in Figure 1 

confirmed that intermediate reduced organic carbon sources were used as electron donors 

in sulfate reduction processes. However, data was not sufficient to clearly identify which 

specific electron donors were used and their SRRs. As an example, when there was no 

glycerol fermentation, formate was consumed with and without the presence of sulfate 

(Figure 6.1B and Figure 6.1D). In the absence of sulfate, formate was consumed because of 

anaerobic fermentation. However, in the presence of sulfate, the consumption of formate 

cannot be interpreted as the direct attribution to anaerobic fermentation or its use as an 

electron donor by SRB. Consequently, separate experiments with individual organic 

compounds were required to confirm the metabolic pathway of sulfate reduction using 

ethanol, 1,3-propanediol, formate and propionate (see section 6.3.2).  

The TOC removal (0 h to 120 h) in the absence and presence of sulfate were 5.7% and 

19.0%, respectively, indicating that SRB played a major role in removing organics. The 

percentage of relative abundance of SRB on day 538 in the UASB could be considered as 

the sum of genus Desulfobulbus and Desulfovibrio accounting for a 22.4% of the total 

amount of sequences detected. Most bacteria that belong to the genus Desulfobulbus can 

oxidize propionate to acetate in the presence of sulfate and ferment pyruvate and lactate to 

a mixture of acetate and propionate (El Houari et al., 2017). This genus can also use lactate, 

pyruvate, ethanol or propanol as carbon sources and also as electron donors for anaerobic 

respiration oxidizing them incompletely to acetate. According to Rabus et al. (2013), 

Desulfobulbus and Desulfovibrio are not able to completely oxidize organic electron 

donors, therefore they perform an incomplete oxidation to acetate as end-product. 

Desulfobulbus and Desulfovibrio do not utilize acetate as electron donor even if some 

species of both genera are able to use H2 as electron donor to reduce sulfate to sulfide 

(Rabus et al., 2013). Desulfovibrio spp. only carry out an incomplete oxidation of 
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substrates and they are able to excrete acetate as end-product (Rabus et al., 2013). This 

could indeed explain the accumulation of acetate in the experimental group indicating that 

SRB found in the UASB reactor performed an incomplete oxidization of the carbon sources 

used. 

By comparing the consumption rate of glycerol during the glycerol fermentation phase 

in the control group (10-48 h) and the experimental group (10-33 h), it was found that the 

consumption rate of glycerol in the control group was 29.4 ± 8.1 mg C L-1 h-1, similar to 

that in the experimental group (32.7 ± 12.0 mg C L-1 h-1). This indicates that glycerol was 

not probably used by SRB for sulfate reduction but that glycerol was first fermented by 

granular sludge to produce secondary carbon substrates, and then SRB used these carbon 

sources to reduce sulfate. Therefore, it was necessary to explore the sulfate reduction 

mediated by other electron donors formed during glycerol fermentation in order to 

understand the mechanism of sulfate reduction by the granular sludge. 

 

6.3.1.3 Mass balances 

The carbon mass balance of the glycerol-added serum bottle experiment is presented in 

Figure 6.3A (without sulfate) and Figure 6.3B (with sulfate). The sum of carbon was 

calculated as the sum of volatile fatty acids and alcohols. In the absence of sulfate, the 

carbon imbalance was 10.1 ± 3.0% between TOC and the sum of carbon species measured 

(Figure 6.3A) from 10 h to 120 h. This could be explained by the presence of some other 

organic carbon species not monitored as well as to biomass growth. Butyrate and 

propionate accumulation started only after glycerol depletion, which may be due to the 

accumulation of phosphoenolpyruvate during the fermentation of glycerol (Viana et al., 

2012). Phosphoenolpyruvate was subsequently oxidized after 48 hours. Moreover, via a 

reductive pathway, glycerol not only produces 1,3-propanediol but also 

3-hydroxypropionate as a metabolite of glycerol fermentation (Qatibi et al. 1998). 

Therefore, these possible intermediate metabolites of glycerol that were not measured may 

contribute to the 10.1% carbon imbalance. In the presence of sulfate, the carbon imbalance 
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between TOC and the sum of all the rest of carbon species was 18.5 ± 6.3% (Figure 6.3B). 

Compared with the carbon imbalance without sulfate (10.1%), the increase in the 

imbalance was probably due to the formation of volatile organic sulfur compounds (VOSC). 

It has been reported that VOSC are produced in the anaerobic digestion of organic wastes 

(Papurello et al., 2012) as well as propylene glycol and glycerol (Trabue et al., 2007). 

Compounds such as methanethiol and dimethyl sulfide are formed by the degradation of 

sulfur-containing amino acids or sulfide methylation in anaerobic digestion (Lomans et al., 

2002). As shown in Figure 6.1E, the concentration of H2S in the gas phase measured at 120 

h was 20.1 mg S L-1. Compared with the TDS concentration measured in the liquid, the H2S 

concentration in the gas phase accounted only for 6.6% of the total S fed. The sulfur mass 

balance was calculated by monitoring the sulfate, thiosulfate and TDS content in the liquid 

and the hydrogen sulfide content in the gas phase at the beginning and at the end of each 

test. On average, a 4.7% sulfur imbalance was observed between the S mass at 0 h and 120 

h, which may be caused by the formation of organic sulfur compounds. 
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Figure 6.3. Carbon contents monitored in the batch test fed with glycerol only (A) and glycerol with 

sulfate (B). TOC, total organic carbon; TIC, total inorganic carbon; TC, total carbon; Sum of carbon 

represents the sum of volatile fatty acids and alcohols. Error bars represent standard deviations of 

duplicate tests.  
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6.3.2 Sulfate reduction with single organic compounds 

During the sulfate reduction with glycerol, it was found that SRB metabolized simpler 

organic carbon intermediate products (Figure 6.1C and 6.1E). Combined with the 

description of the fermentation mechanism of glycerol described by Viana et al. (2012), the 

intermediate products observed in Figure 6.1, were used as individual carbon sources to 

further study the mechanism and rates of the sulfate reduction process.  

When no sulfate was added, the carbon content remained constant when sludge was fed 

with propionate (Figure 6.4A), ethanol (Figure 6.4B), 1,3-propanediol (Figure 6.4C) and 

butanol (Figure 6.4E), respectively. This indicates that granular sludge was not capable of 

using those carbon sources without sulfate. However, in the test that used formate as the 

carbon source (Figure 6.4D), and after 40 hours of lag time, this compound was consumed 

at a rate of 2.8 ± 0.8 mg C g VSS-1 h-1 while inorganic carbon was accumulated at a rate of 

3.6 ± 1.3 mg C g VSS-1 h-1. Figure 6.5 shows the profiles of C and S species when single 

electron donors produced during glycerol fermentation were fed in batch tests to the UASB 

sludge. As can be observed, propionate (Figure 6.5A), ethanol (Figure 6.5B), 

1,3-propanediol (Figure 6.5C), formate (Figure 6.5D) and butanol (Figure 6.5E) were 

consumed in the sulfate-added tests. Coupled to sulfate reduction, propionate was degraded 

to acetate and inorganic carbon according to Eq.6.8 (Table 6.1), ethanol was degraded to 

acetate according to Eq.6.9 (Table 6.1), formate was degraded to inorganic carbon, and 

butanol was oxidized to butyrate. When 1,3-propanediol was added, sulfate was reduced to 

sulfide and the consumption of 1,3-propanediol was accompanied by the accumulation of 

acetate, propionate and inorganic carbon (Figure 6.5C). Despite the VFA production, the 

buffering capacity of the mineral medium maintained the pH above 7.5. 
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Figure 6.4. Carbon conversion observed in the control bottles fed with propionate (A), ethanol (B), 

1,3-propanediol (C), formate (D) and butanol (E). Error bars represent standard deviations of duplicate 

tests. TIC represents total inorganic carbon. 
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Figure 6.5. Carbon and sulfate conversions in the experimental bottles feeding sulfate with propionate 

(A), ethanol (B), 1,3-propanediol (C), formate (D) and butanol (E). Error bars represent standard 

deviations of duplicate tests. TIC represents total inorganic carbon. 

 

6.3.2.1 Sulfate reduction with propionate 

According to literature, there are two main pathways described for the sulfate reduction 

process using propionate as electron donor. One is acetogenesis, in which propionate is 

degraded into acetate and hydrogen by acetogens (Li et al., 2017), and then sulfate is 

reduced both by hydrogenotrophic and acetotrophic SRB (Muyzer and Stams, 2008). The 

other is the propionate oxidation pathway by propionate-degrading sulfate reducers, which 

directly uses propionate as an electron donor to reduce sulfate. The oxidation pathway 

includes partial oxidation of propionate to form acetate and bicarbonate and complete 
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oxidation of propionate to bicarbonate (Luis, 2018). In the absence of sulfate, acetate and 

bicarbonate were not produced in this work, showing that there was no acetogenesis from 

propionate. However, propionate was incompletely oxidized to acetate in the presence of 

sulfate while acetate could not be further fermented to produce methane nor used to 

reduce sulfate, as shown in Figure 6.6. Although many studies have shown that acetate can 

be oxidized to CO2 by SRB, including Desulforhabdus amnigenus, Desulfobacca 

acetoxidans, Desulfarculus baarsii and Desulfatitalea (Higashioka et al., 2013; Oude 

Elferink et al., 1998; Widdel and Pfennig, 1977), they were not present in this work as 

confirmed by 16S rRNA sequence analysis. In previous works in the same UASB reactor 

fed with crude glycerol as studied herein, it was reported that acetate accumulated in the 

long-term after increasing the sulfate loading rate or after a 24 h pH shock 

(Fernández-Palacios et al., 2019; Mora et al., 2020b), since methanogens were probably the 

only microorganisms that consumed acetate. After methanogens wash out, acetate cannot 

be further oxidized due to the lack of acetotrophic SRB. H2S inhibition could be another 

reason that lead to incompletely oxidizing SRB to dominate among SRB species. 

Maillacheruvu and Parkin (1996) reported that acetotrophic SRB and propionate 

fermenters were more sensitive to sulfide toxicity compared to hydrogenotrophic SRB and 

incomplete propionate-utilizing SRB. Thus, the mechanism of sulfate reduction using 

propionate was considered to be partial oxidation, represented by Eq.6.8. This was 

confirmed by comparing the stoichiometric rates and the experimental rates, as shown in 

Table 6.2. 

Table 6.2 shows the maximum specific rate assessed from the experimental rates in 

Figure 6.5 and those estimated from the stoichiometry of each electron donor. 

Stoichiometry-based rates takes one of the experimental rate as reference, and this work is 

based on the consumption rate of the electron donor, defined as ‘A’. A is substituted into the 

stoichiometric formula listed in Table 6.1, and therefore, the stoichiometric production rate 

of other substance in the formula can be obtained, which is set as ‘B´’. The other substance 

in the formula can also be calculated in Figure 6.5 to obtain the experimental rate, defined 
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as ‘B’. By comparing the experimental rate ‘B’ and the stoichiometric rate ‘B´’ of other 

substance, it can also be determined whether the experiment follows the mechanism listed 

in Table 6.1. 

As an example, the mechanism of sulfate reduction using propionate as a carbon source, 

represented by Eq.6.8 in Table 6.1. The experimental consumption rate of propionate was 

4.4 ± 0.5 mg C g VSS-1 h-1. According to Eq.6.8, the stoichiometric relation between 

propionate and acetate is shown in Eq.6.19. 

According to the equation mentioned above, the stoichiometric production rate of 

acetate was 3.0 ± 0.6 mg C g VSS-1 h-1. By comparing the experimental production of 

acetate (3.0 ± 0.2 mg C g VSS-1 h-1) with the stoichiometric production rate of acetate, it 

can be inferred that the pathway of oxidizing propionate in this work was according to 

Eq.6.8. 
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Figure 6.6. Anaerobic bioconversion in serum bottles fed with acetate and sulfate. (A) carbon species, 

(B) sulfur species. Error bars represent standard deviations of duplicate tests. 
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Table 6.2. Maximum specific rates of each electron donor during the sulfate reduction process. 

Carbon source Time Rate  

assessment 

Consumption rate 

 

(mg C g VSS-1 h-1) 

Acetate  

production rate 

(mg C g VSS-1 h-1) 

Bicarbonate 

production rate 

(mg C g VSS-1 h-1) 

Butyrate 

production rate 

(mg C g VSS-1 h-1) 

Sulfate  

reduction rate  

(mg S g VSS-1 h-1) 

Propionate 64-120 Experimental 4.4 ± 0.5 3.0 ± 0.2 1.5 ± 0.6 N.A. 3.7 ± 0.8 

Stoichiometric 4.4 ± 0.5 3.0 ± 0.6 1.5 ± 0.2 N.A. 3.0 ± 0.3 

Ethanol 24-96 Experimental 9.3 ± 5.1 7.8 ± 1.8 N.A. N.A. 5.8 ± 1.5 

Stoichiometric 9.3 ± 5.1 9.3 ± 5.1 N.A. N.A. 6.2 ± 3.4 

Butanol 24-120 Experimental 11.6 ± 4.4 N.A. N.A. 12.2 ± 2.2 4.3 ± 1.6 

Stoichiometric 11.6 ± 4.4 N.A. N.A. 11.6 ± 4.4 3.9 ± 1.5 

1,3-propanediol 72-120 Experimental 4.7 ± 0.5 2.7 ± 1.3 1.1 ± 0.7 N.A. 3.9 ± 1.1 

Formate 50-97 Experimental 6.9 ± 1.5 N.A. 7.9 ± 0.7 N.A. 5.2 ± 0.9 

N.A. not applicable 
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6.3.2.2 Sulfate reduction with ethanol and 1,3-propanediol 

In the control bottles fed with ethanol as carbon source, the ethanol concentration 

remained constant and no other products were produced (Figure 6.4B). However, in the 

presence of sulfate, sulfate was reduced to sulfide, while ethanol was converted to acetate 

(Figure 6.5B). When sulfidogenesis dominated in a long-term UASB treatment with 

sulfate-rich wastewater, SRB oxidized ethanol into acetate for sulfidogenesis, according to 

the Eq.6.9 (Wu et al., 2018). The experimental results of Figure 6.5B are well-explained 

through Eq.6.9, which was confirmed by the stoichiometric calculation in Table 6.2.  

Similarly, results showed that 1,3-propanediol was not degraded to VFAs or inorganic 

carbon in the absence of sulfate (Figure 6.4C). However, in the presence of sulfate, 

1,3-propanediol was oxidized to acetate, propionate and bicarbonate (Figure 6.5C). Qatibi 

et al. (1991b) reported that 1,3-propanediol was oxidized to acetate and bicarbonate 

according to Eq.6.10 during sulfate reduction (Table 6.1). They found that 

3-hydroxypropionate, which was further oxidized to acetate, was the intermediate of the 

degradation of 1,3-propanediol by Desulfovibrio alcoholovorans. Interestingly, Liu and 

Liu (2016) reported that propionate was produced from 3-hydroxypropionate by 

Metallosphaera sedula through the autotrophic carbon dioxide assimilation cycle through 

3-hydroxypropionyl-CoA synthesis, 3-hydroxypropionyl-CoA dehydration, acryloyl-CoA 

reduction and CoA hydrolysis (Figure 6.7). Then, 1,3-propanediol (C3H8O2) oxidation to 

propionate (C3H5O2
-) was lumped into Eq.6.11 in this work, as shown in Table 6.1. 

Consequently, both Eq.6.10 and Eq.6.11 were used in the work herein to describe the 

mechanism for the oxidation of 1,3-propanediol coupled to the sulfate reduction following 

the pathway described in Figure 6.7. Since 3-hydroxypropionate was not monitored in this 

work, the process of 1,3-propanediol as an electron donor in reducing sulfate to acetate and 

propionate needs further investigation. This is discussed in chapter 7 to build a model based 

on the experimental data. 
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Figure 6.7. The metabolic pathway for the conversion of 1,3-propanediol into propionate, acetate and 

bicarbonate proposed in this work based on the mechanisms described in Qatibi et al. (1991b) (vertical 

pathway) and Liu and Liu (2016) (horizontal pathway). 3HPCS, 3-hydroxypropionyl-CoA synthetase; 

3HPCD, 3-hydroxypropionyl-CoA dehydratase; ACR, acryloyl-CoA reductase. 

 

6.3.2.3 Sulfate reduction with formate, butanol and 2,3-butanediol  

Despite some extra inorganic carbon was produced based on the formate consumed, 

which was attributed to some remaining COD in the granules before the test, formate was 

oxidized to produce inorganic carbon in the absence of sulfate (Figure 6.4D). In addition, 

2.6 mg L-1 of H2 were detected in the headspace of serum bottles at the end of the test. Thus, 

formate was converted into CO2 and H2 according to Eq.6.5 (Table 6.1). In the presence of 

sulfate, sulfate was reduced to TDS, while formate was oxidized to carbonate (Figure 6.5D). 

Similarly, 7.6 mg L-1 of H2 were also detected after cultivation. It has been reported that 

formate is rapidly oxidized into CO2 and H2; then, hydrogen can be used as electron donor 

for further sulfate reduction by hydrogenotrophic SRB (Bijmans et al., 2008) according to 

Eq.6.6 (Table 6.1). It is worth mentioning that formate can also be used as electron donor to 

directly reduce sulfate by SRB (De Smul and Verstraete, 1999; Liamleam and Annachhatre, 

2007). If all formate was oxidized and the H2 produced was used for sulfate reduction only 

according to Eq.6.5 and Eq.6.6, respectively, the corresponding SRR calculated by the 

stoichiometric equations would be 3.8 ± 1.0 mg S g VSS-1 h-1. Instead, the actual 
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experimental SRR was 5.2 ± 0.9 mg S g VSS-1 h-1. Consequently, formate was converted 

into CO2 and H2 as well as used as electron donor for sulfate reduction (Eq.6.7). In addition, 

hydrogen was used by SRB as electron donor for sulfate reduction as represented by 

Eq.6.6. 

Despite butanol was not found in the batch test with glycerol (Figure 6.1A and 6.1C), it 

has been reported as an electron donor for SRB to reduce sulfate. Particularly, 

Desulfovibrio spp. are capable to incompletely oxidize butanol to succinate coupled to 

sulfate reduction (Dowling et al., 1992). Sarti and Zaiat (2011) found that butanol was 

converted to acetic acid by incompletely oxidizing SRB in an anaerobic sequential batch 

reactor. Due to the significant presence of Desulfovibrio, it was decided to test butanol with 

the granular biomass from the UASB reactor. In the work herein, butanol was not degraded 

in the absence of sulfate (Figure 6.4E). When sulfate was added, all butanol was converted 

to butyrate while no acetate, other VFA nor alcohols were produced (Figure 6.5E). This 

observation has not been reported previously in literature and the specific strain of SRB 

that was able to oxidize butanol to butyrate needs to be further confirmed. Although 

sulfidogenic granular sludge can oxidize butanol to butyrate, no other organic compounds 

and inorganic carbon were produced during the oxidation of butanol to butyrate, which 

means that SRB could not further use butyrate formed to reduce sulfate. As observed in 

Figure 6.1C and 6.1D, glycerol was not converted into butanol or butyrate in the sulfate 

reduction process. Similarly, no VFAs were produced when only 2,3-butanediol was added 

(Figure 6.8A). Similar results were obtained adding sulfate (Figure 6.8B), thus indicating 

that there were no butanediol-degrading anaerobes in this work.  
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Figure 6.8. Anaerobic bioconversion of 2,3-butanediol in serum bottles without sulfate (A) and with 

sulfate (B). Error bars represent standard deviations of duplicate tests. 

 

6.3.2.4 The mechanism of biodegradation of glycerol and sulfate reduction 

Based on the batch tests results, a mechanism for sulfate reduction using glycerol as 

electron donor was proposed in this work (Figure 6.9). From the sulfate reduction process 

performed by each single electron donor under non-methanogenic conditions, it was 

concluded that the granular sludge taken from the UASB operated under long-term 

sulfidogenic conditions while fed with crude glycerol was 1) able to ferment glycerol to 

acetate, formate, propionate, ethanol and 1,3-propanediol; 2) able to use H2, formate, 

propionate, ethanol and 1,3-propanediol for sulfate reduction; 3) able to oxidize formate to 

CO2 and H2; and 4) there were no acetogens that used propionate, ethanol nor 

1,3-propanediol directly. Despite other intermediates not considered in this mechanism 

play a role in the detailed metabolic pathways of the microbial cultures grown in the UASB, 

the approach proposed herein provides a simplified view of the granular sludge activity 

through the main VFA and alcohols involved in glycerol fermentation. Such an approach 

contributes to expand the knowledge of sulfate reducing bioreactors and clarifies the 

mechanism of sulfate reduction through intermediate products and their contribution to the 

sulfate reduction process. 

134 



Chapter 6 

Glycerol

Acetate

Propionate

+

1,3 propanediol

+ Ethanol

CO2H2 +
Formate

Formate

SO4
2- S2-

SO4
2- S2-

Reaction 1

Reaction 2

Reaction 3

Reaction 4

SO4
2- S2-

CO2

Reaction 5

Reaction 6

Reaction 7

Acetate + CO2

SO4
2- S2-

Reaction 8

Reaction 10

Reaction 11

SO4
2- S2-

Acetate + CO2

Propionate

AcetateReaction 9

SO4
2- S2-

Figure 6.9. The main mechanism of biodegradation of glycerol and sulfate reduction without methane 

production. The repeated degradation and sulfate reduction pathways are not listed, such as propionate 

produced by reaction 11 and formate produced by reaction 4. Black reactions and continuous lines 

represent the fermentation process, while red reactions and discontinuous lines represent the 

sulfidogenic process.  

 

6.3.3 Contribution of different electron donors to sulfate reduction 

Table 6.3 shows the specific rates of different electron donors consumption and sulfate 

reduction in batch activity tests. Specific rates were obtained by dividing volumetric rates 

by VSS, while volumetric rates were calculated based on data from Figure 6.4 and Figure 

6.5. In the present work, SRRs of tests performed with single electron donors were ranked 

as follows: ethanol > formate > butanol > 1,3-propanediol > propionate. The specific SRRs 

using ethanol and formate were 5.8 and 5.2 mg S g VSS-1 h-1, respectively. Thus, the 

granular sludge cultivated under sulfidogenic anaerobic conditions of continuous feeding 
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with crude glycerol promoted formate-utilizing and ethanol-utilizing SRB species. SRB 

tend to use low molecular weight (MW) organic compounds in the cultivation of organic 

matrix mixtures (Neculita et al., 2007), which also has the benefit of improving sulfate 

reduction efficiency (Zhao et al., 2010). As can be observed from Table 6.3, the SRR 

obtained using formate and ethanol (compounds containing two carbons or less) was 39% 

higher than that obtained with compounds containing three carbons or more on average 

(propionate, 1,3-propanediol and butanol), which is in agreement with Neculita et al. 

(2007). Vallero et al. (2004a) reported a SRR of 3.2 mg S g VSS-1 h-1 in a methanogenic 

sludge fed with formate while Wu et al. (2018) reported a SRR of 22.1 mg S g VSS-1 h-1 

using ethanol as sole carbon source, the later reported in a sulfidogenic dominant stage. The 

difference of SRRs between our work and previous studies was related to the development 

of microbial populations acclimated to a specific carbon source providing thus a larger 

affinity for such low-MW electron donors. 
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Table 6.3. Specific rates obtained from the sulfidogenic anaerobic digestion in batch activity tests. 

Electron donors 

Initial carbon 

concentration  

(mg C g L-1) 

TOC/S-SO42- T(ºC) Initial pH Final pH 

Specific substrate 

consumption rate 

(mg C g VSS-1 h-1) 

Specific sulfate 

reduction rate 

(mg S g VSS-1 h-1) 

Reference 

Formate 1500 0.37 65 7.8 N.A. 92.8 ± 6.5 3.2 ± 0.6 a Vallero et al., 2004a 

Ethanol 750 0.27 35 N.A. N.A. N.A. 22.1 b Wu et al., 2018 

Formate 372 1.52 35 7.9 7.8 6.9 ± 1.5 5.2 ± 0.9 c This study 

Propionate 342 1.41 35 7.9 7.5 4.4 ± 0.5 3.7 ± 0.8 c This study 

Ethanol 318 1.35 35 8.4 7.6 9.3 ± 5.1 5.8 ± 1.5 c This study 

1,3-propanediol 339 1.43 35 8.4 7.8 4.7 ± 0.5 3.9 ± 1.1 c This study 

Butanol 334 1.40 35 8.4 7.5 11.6 ± 4.4 4.3 ± 1.6 c This study 

Note: N.A. not applicable.   
a The specific rate was calculated by taking out the granular sludge from the UASB after 55 days of operation. 
b The specific rate was calculated by taking out the granular sludge from the UASB after 330 days of operation. 
c The specific rate was calculated by taking out the granular sludge from the UASB after 431 days of operation. 
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Table 6.4 shows the contribution of each electron donor to the overall SRR from the 

batch tests in which pure glycerol and sulfate were fed. The calculation process is shown in 

6.2.5. From 33 h to 96 h, sulfate was mainly reduced using ethanol and 1,3-propanediol as 

electron donors. The overall contribution of these two compounds to the total sulfate 

reduction along the test with glycerol plus sulfate accounted for 78.6%. However, within 33 

to 48 hours, SRB mainly used ethanol to reduce sulfate rather than formate or 

1,3-propanediol since the concentration of ethanol fermented through glycerol was 2.4 

times that of formate after 33 hours (Figure 6.1C, 6.1D). After ethanol was consumed in the 

sulfate reduction process (48 h), 1,3-propanediol became the main electron donor for the 

reduction of sulfate. Once glycerol was completely degraded after 33 h (Figure 6.1C), the 

production of 1,3-propanediol was 4.4 times that of formate. According to Table 6.4, the 

specific SRR for formate was higher than that of 1,3-propanediol. However, formate was 

not a key contributor to the overall sulfate reduction, probably due to its low-production 

from glycerol fermentation. The predominance of ethanol and 1,3-propanediol as main 

electron donors for sulfate reduction is consistent with previous works in which glycerol 

fermentation in anaerobic digestion lead also to a major production of both compounds 

(Metsoviti et al., 2012; Rossi et al., 2012; Wu et al., 2011). However, it is worth mentioning 

that the contribution of the different electron donors depends on several factors such as 

physiological differences among microbial cultures, the type of fermentation, substrate 

concentration and possible inhibitions (Biebl et al., 1999). Wu et al. (2011) reported that an 

excess amount of glycerol may cause a metabolic product shift from ethanol to 

1,3-propanediol. Therefore, conditions can be accommodated to create an environment that 

is more conducive to the growth of SRB, such as the production of simpler carbon sources 

that SRB would use preferentially over complex ones. 
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Table 6.4. Stoichiometric specific SRRs according to Eq.6.1 to Eq.6.11, proposed mechanism and 

percentage contribution of each electron donor to the observed SRR of granular sludge fed with pure 

glycerol. 

Time 
(h) 

Formate and H2 
mg S g VSS-1 h-1 
(%) 

Propionate 
mg S g VSS-1 h-1 
(%) 

1,3-propanediol 
mg S g VSS-1 h-1 

(%) 

Ethanol 
mg S g VSS-1 h-1 

(%) 

Observed SRR 
mg S g VSS-1 h-1  
(%) 

33-48 2.2  
(20.9%) 

0 2.6  
(25.3%) 

5.9  
(57.0%) 

10.4 

48-72 0.4 ± 0.57 
(6.0 ± 8.7%) 

1.1 ± 2.2 
(16.2 ± 33.2%) 

5.2 ± 1.2 
(77.7 ± 27.1%) 

0 6.7 ± 1.8 

72-96 0 0.1 ± 1.1 
(3.3 ± 31.9%) 

3.3 ± 0.5 
(88.8 ± 20.5%) 

0 3.7 ± 0.6 

 

6.4 Conclusion  

The research in this work permitted to establish a simplified mechanism of sulfate 

reduction by granular sludge from a long-term operated sulfidogenic UASB using glycerol 

as electron donor. It also provides the experimental rates and stoichiometric equations 

considering the contribution of the intermediate products produced by the fermentation of 

glycerol previous to the sulfate reduction step. Under non-methanogenic but sulfidogenic 

conditions, SRB did not directly used glycerol to reduce sulfate. Glycerol was firstly 

fermented by the granular sludge to form simpler intermediates such as H2, formate, 

propionate, ethanol, 1,3-propanediol, and then SRB reduced sulfate with such intermediate 

products. The sulfate reduction process mainly used 1,3-propanediol and ethanol as 

electron donors, which were produced through glycerol fermentation. Butanol was not an 

intermediate product of glycerol fermentation, but it was capable to be oxidized to butyrate 

in the presence of sulfate. SRB performing an incomplete oxidation of the electron donors 

dominated in the granular sludge from the sulfidogenic UASB reactor. SRB preferred to 

use simple intermediate products containing less than 2 carbons as electron donors, except 

in the case of acetate that was not found to be used for sulfate reduction. Desulfobulbus and 

Desulfovibrio were found as the main sulfate reducing genus, accounting for 22.4% of the 
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total amount of sequences detected under sulfidogenic conditions. 
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Chapter 7 

 As described in Chapter 6, the mechanism of sulfate reduction using glycerol as the 

carbon source contained many intermediate products from alcohols to VFAs. The goal in 

this chapter was to setup a mechanistic model of the glycerol fermentation coupled to 

sulfate reduction occurring under sulfidogenic conditions. Since the mechanism proposed 

in Chapter 6 was not clearly elucidated, this chapter also evaluated three different 

alternatives for the mechanisms occurring to verify the most appropriate alternative of 

degradation pathways of glycerol and sulfate reduction. The modelling effort also included 

a sensitivity analysis to identify the most sensitive parameters of the model as well as the 

use of the Fisher Information Matrix to assess the uncertainty of the parameters calibrated. 

The calculated parameters of the model can be used in the future to simulate the 

performance of the reactor and to study the population dynamics competition between SRB 

and methanogens in the reactor.  

 

Abstract 

Glycerol can be converted to ethanol, 1,3-propanediol, formate, acetate, propionate 

and inorganic carbon under anaerobic conditions through oxidative and reductive 

pathways in the absence and presence of sulfate. In this chapter, a structured 

mathematical model was set up to describe sulfate reduction and glycerol fermentation 

with multi-intermediates in batch activity tests under a constant TOC/S ratio of 1.4 ± 0.1 g 

C g-1 S. Three mechanisms were proposed and verified through modeling. Mechanism Ⅰ 

was referred to the metabolic pathway proposed in Chapter 6. Mechanism Ⅱ considered the 

1,3-propanediol degradation through 3-hydroxypropionate (3HP) coupled to sulfate 

reduction. Mechanism Ⅲ added the degradation pathway of glycerol fermentation to 3HP. 

The model established based on Mechanism Ⅲ predicted better results compared with 

Mechanism Ⅰ and Ⅱ. Mechanism Ⅲ showed that the main pathway of glycerol 

fermentation was the oxidative pathway to produce ethanol, and the reductive pathway to 

produce 1,3-propanediol, accounted for 37.9% and 45.8%, respectively. Finally, 3HP 
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might be an intermediate product in the fermentation process of glycerol and the 

degradation of 1,3-propanediol with sulfate reduction. 3HP was mainly further oxidized 

to acetate. Student’s t-test showed that there was no significant difference between the 

model and experimental data in Mechanism Ⅲ. 
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Nomenclature 

km,j Maximum specific substrate uptake rate of process j, mg C mg VSS-1 h-1, or 

mg H2 mg VSS-1 h-1 

ks,i   Half saturation coefficient of component i, mg C L-1, or mg S L-1 

Si   Concentration of substrate component i, mg C L-1, or mg S L-1 

Xk   Concentration of microbial trophic group k, mg VSS L-1 

Rj   Rate of process j, mg C L-1 h-1, or mg S L-1 h-1 

vi,j   Biochemical rate coefficient for component i in process j 

ASRB  Autotrophic sulfate reducing bacteria 

HSRB  Heterotrophic sulfate reducing bacteria  

Gly   Glycerol 

For   Formate 

Ace   Acetate  

Pro   Propionate 

Eth   Ethanol 

13PDO  1,3-propanediol 

3HP  3-hydroxypropionate 
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7.1 Introduction 

Sulfate-rich wastewaters are originated from anthropogenic activities such as pulp and 

paper mills, food processing industries, composite tanneries, metal and coal mining 

(Alemu et al., 2016; Johnson and Sánchez-Andrea, 2019; Lens et al., 1998). The 

biotechnology of enriching and enhancing sulfate-reducing bacteria (SRB) could be a 

strategy for industrial and municipal sulfate-rich wastewater treatment applications (Hao 

et al., 2014). In anaerobic digestion processes, sulfate can be reduced to sulfide by SRB 

with various electron donors, and sulfide can be partially oxidized to elemental sulfur and 

recovered for valorization of waste effluents.  

Glycerol, a by-product of the biodiesel industry, is an organic waste that can be 

valorized by the fermentation process to produce biogas, and it is also considered to be an 

electron donor for sulfate reduction (Mora et al., 2020a). Many studies have applied 

mathematical modeling to describe the bioconversion of glycerol. Mathematical models 

were set up to describe the pathways and kinetics of anaerobic fermentation of glycerol in 

batch and continuous cultures in terms of metabolic rates, enzyme-catalytic kinetics or 

yields, considering the consumption or production rates of glycerol, CO2, H2, formic acid, 

acetic acid, lactic acid, succinic acid, ethanol, 1,3-propanediol and 2,3-butanediol 

(Beschkov et al., 2012; Sun et al., 2008; Wang et al., 2012; Zeng et al., 1996). In addition 

to the products described above, the bioconversion of glycerol can also produce 

poly(3-hydroxybutyrate). The polymer concentration was evaluated and predicted by a 

mathematical model proposed by Das and Grover (2018). Moreover, Wang et al. (2009) 

proposed an improved model to describe a multistage simulation of cell growth and 

glycerol fermentation in batch cultures for prediction in the lag, exponential and 

stationary phases. In addition to the application of modeling in the batch experiment 

described above, model analysis of continuous bench-scale reactors was conducted using 

glycerol as organic load to describe methane production and microbial dynamics (Jensen 

et al., 2014). 
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Mathematical modeling has proven to be an important bioprocess engineering tool, 

which can be used to understand and evaluate the complexity of the sulfate reduction 

process in anaerobic digestion and facilitate process optimization (Batstone et al., 2006, 

2015). Halkjaer Nielsen (1987) firstly discussed the sulfate kinetics in an anaerobic, 

sulfate-reducing biofilm reactor. A structured and comprehensive dynamic model was 

developed to evaluate methanogenesis and sulfate reduction in a CSTR by two groups of 

microorganisms, including methanogens and SRB (Gupta et al., 1994b). Later, an 

integrated mathematical model was developed to investigate the competition between 

SRB and methanogens in anaerobic reactors, in which SRB were divided into acetogenic 

SRB, acetotrophic SRB and hydrogenotrophic SRB (Kalyuzhnyi and Fedorovich, 1997, 

1998). Fedorovich et al. (2003) first extended the Anaerobic Digestion Model No.1 

(ADM1) with sulfate reduction processes, which separated SRB according to electron 

donors, including butyrate, propionate, acetate and H2. Afterwards, extension of the 

ADM1 model with sulfate reduction process was widely applied to sulfate-rich 

wastewater to simultaneously treat different types of organic compounds, such as 

cane-molasses vinasse (Barrera et al., 2015), glucose (Sun et al., 2021), lactate (Xu et al., 

2017). These studies focused on the fermentation of organic compounds to produce 

volatile fatty acids (VFAs), but some organic compounds such as glycerol produce not 

only VFAs, but also ethanol or 1,3-propanediol. Ethanol was used as the organic substrate 

to investigate the competitive dynamics of anaerobes in anaerobic bioreactors (Chen et al., 

2019; Sun et al., 2016). However, little information is available on 1,3-propanediol use as 

electron donors for sulfate reduction in model simulation.  

Dinkel et al. (2010) developed a kinetic model to describe anaerobic degradation of 

glycerol with sulfate reduction by SRB, which mentioned that glycerol was directly 

fermented to acetate by acetogenic bacteria or SRB. However, in addition to acetate, other 

organic compounds (propionate, ethanol and 1,3-propanediol) were also produced in the 

process of glycerol dissimilation (Biebl et al., 1998; Cheng et al., 2007; González-Pajuelo 

et al., 2005; Saint-Amans et al., 1994; Wu et al., 2011; Yang et al., 2018). The model that 
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considered the direct degradation of glycerol to acetate cannot predict other intermediate 

metabolites. Therefore, a model describing sulfate reduction and glycerol fermentation 

with multi-intermediates is necessary.  

The sulfate reduction using glycerol as the electron donor was investigated in Chapter 

6, and its mechanism was first proposed, as shown in Figure 6.9. In the mechanism, 

glycerol was fermented to 1,3-propanediol, ethanol, formate, propionate and acetate. SRB 

reduced sulfate using formate, propionate, ethanol and 1,3-propanediol as electron donors, 

in which 1,3-propanediol was oxidized to acetate and propionate. However, there are still 

some doubts about the pathway of glycerol fermentation and 1,3-propanediol oxidation. 

3-hydroxypropionate (3HP) can be a direct product of glycerol fermentation via a reductive 

pathway (Qatibi et al., 1998). When the 1,3-propanediol was the electron donor to reduce 

sulfate, 3HP was described as an intermediate product (Qatibi et al., 1991b). In order to 

further explore the mechanisms involved in the sulfidogenic UASB, the mechanism 

originally proposed in Chapter 6 for glycerol fermentation coupled to sulfate reduction was 

modified as shown in Figure 7.1. Three mechanisms were proposed herein to be simulated 

and verified through modeling. Mechanism Ⅰ refers to the metabolism pathway proposed in 

Chapter 6 (Figure 7.1A). Corresponding reactions are shown from Eq.7.1 to Eq.7.11. As 

3HP may be an intermediate product of 1,3-propanediol degradation in presence of sulfate 

(Qatibi et al., 1991a, 1991b), Mechanism Ⅱ modifies the possible pathway of 

1,3-propanediol degradation with sulfate reduction (Figure 7.1B), and the reactions are 

described from Eq.7.13 to Eq.7.15. Since 3HP was also an intermediate of glycerol 

fermentation (Qatibi et al., 1998), Mechanism Ⅲ considers the pathway of glycerol 

fermentation to directly produce 3HP (Figure 7.1C), of which reaction is presented as 

Eq.7.12. 
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Figure 7.1. The potential mechanism of biodegradation of glycerol and sulfate reduction without 

methane production in Mechanism Ⅰ (A), Mechanism Ⅱ (B) and Mechanism Ⅲ (C). Black and 

continuous lines represent the fermentation process, while red and discontinuous lines represent the 

sulfidogenic process.   
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The fermentation process and sulfate reduction of three mechanisms considered 

herein are summarized as follows: 

        Eq.7.1 

            Eq.7.2 

       Eq.7.3 

        Eq.7.4 

                Eq.7.5 

              Eq.7.6 

             Eq.7.7 

      Eq.7.8 

       Eq.7.9 

      Eq.7.10 

   Eq.7.11 

    Eq.7.12 

 Eq.7.13 

   Eq.7.14 

     Eq.7.15 

Based on the three proposed mechanisms, a mathematical model was developed to 

investigate the process of sulfate reduction and the pathway of glycerol degradation in 

anaerobic digestion, and to evaluate the kinetic parameters for the degradation of different 

electron donors. 
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7.2 Materials and methods 

7.2.1 Experimental data 

To investigate the mechanism of sulfate reduction process using glycerol as the 

electron donor, the batch activity tests performed and described in Chapter 6 were 

modelled in Chapter 7. The experimental observations of Chapter 6 were used for model 

calibration and validation. Activity tests of single organic compounds (including 

propionate, ethanol, 1,3-propanediol and formate) in section 6.3.2 of Chapter 6 were used 

for sulfate reduction parameters calibration. Activity tests in absence and presence of 

sulfate with glycerol as a carbon source in section 6.3.1 of Chapter 6 were used for 

glycerol fermentation parameters calibration and sulfate reduction parameters validation. 

 

7.2.2 Model development 

Based on experimental observations discussed in Chapter 6, glycerol was not used as 

a direct electron donor by SRB, but glycerol was firstly fermented to produce simpler 

intermediates and then SRB reduced sulfate with these intermediate products. According to 

experimental observations in Chapter 6, butanol, butyrate and acetate were not considered 

as electron donors for SRB in the glycerol fermentation process under sulfidogenic 

conditions, while ethanol, propionate and 1,3-propanediol were considered as electron 

donors for the incomplete oxidation pathway. Formate and hydrogen were also considered 

as electron donors for sulfate reduction process. Kinetics were based on the following 

assumptions: 

1. The fermentation and sulfate reduction process were carried out by three types of 

microorganisms: XFB, Fermentative bacteria; XHSRB, Heterotrophic sulfate 

reducing bacteria; XASRB, Autotrophic sulfate reducing bacteria. Each reaction is 

carried out by its specific microbial group (XFB, XASRB and XHSRB), as described 

from Eq.7.1 to Eq.7.15. The biomass fractions of the three types of 

microorganisms (77.6% of XFB, 13.6% of XASRB, 8.8% of XHSRB) were set up 

based on microbial population identification, analyzed in Chapter 6 (Figure 6.2). 
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Genus Desulfobulbus and Desulfovibrio, accounting for 22.4%, were SRB 

detected in the sludge, where the distribution of autotrophic sulfate reducing 

bacteria (ASRB) (13.6%) and heterotrophic sulfate reducing bacteria (HSRB) 

(8.8%) were estimated as recommended (Kalyuzhnyi and Fedorovich, 1998). 

2. The substrate consumption rates followed a Monod-type kinetic equation. 

Previous studies considered a dual-substrate Monod-type kinetic for XASRB and 

XHSRB which includes electron donors (organic carbon compounds or H2) and the 

electron acceptor (sulfate) (Chen et al., 2019; Fedorovich et al., 2003) as given in 

the following equation: 

           Eq.7.16 

Where Rj is the kinetic rate of process j, mg C L-1 h-1, or mg S L-1 h-1; km,j is the 

maximum specific uptake rate of process j, mg C mg VSS-1 h-1, or mg H2 mg 

VSS-1 h-1; Si is the concentration of substrate component i, mg C L-1, or mg H2 L-1; 

ks,i is half saturation coefficient for the uptake of substrate component i, mg C L-1, 

or mg H2 L-1; Si is the concentration of electron donor “i”, mg C L-1, or mg H2 L-1; 

 is half saturation coefficient for the uptake of sulfate, mg S L-1;  is 

the concentration of sulfate, mg S L-1; Xk is the concentration of microbial trophic 

group k, mg VSS L-1. 

The half saturation coefficient of sulfate for XASRB and XHSRB was 3.2 mg S L-1 

and 6.7 mg S L-1, respectively, according to Fedorovich et al. (2003). In this work, 

the sulfate concentration in all the experiments for modeling in Chapter 6 were 

higher than 30 mg S L-1 at the end of the experiment, far higher than the half 

saturation coefficient for sulfate. Under carbon limiting conditions, kinetic 

equations were considered only dependant on organic electron donors for XFB, 

XASRB, XHSRB in this work: 

             Eq.7.17 

3. The effect of pH on the growth rates was not included, since K2HPO4 was used in 
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this work as pH buffer in all the experiments for modeling. The pH ranged 

between 7.2 and 8.4 during the cultivation. Sulfidogenic activity can be carried 

out in a wide pH range (5.0-10.0), and the optimal pH has been reported in the 

range of pH 7.0-8.5 (Gutierrez et al., 2009; Visser et al., 1996). 

4. The inhibition effects of products (such as H2S), substrates in the degradation 

process were also considered in previous models (Kaur et al., 2013; Zeng et al., 

1994). Kalyuzhnyi and Fedorovich (1998) described 50% inhibitory concentration 

of free H2S for FB, ASRB and HSRB were 518, 268, 517 mg S-H2S L-1, 

respectively. Free H2S detected in the experiments of Chapter 6 ranged from 0 to 

76 mg S-H2S L-1. Thus, free H2S inhibition in this work was not considered. The 

maximum tolerance concentrations for Clostridium butyricum and Klebsiella 

pneumoniae are 0.35 g L-1 for undissociated acetic acid, 10.1 g L-1 for total butyric 

acid, 16.6 g L-1 for ethanol, 71.4 g L-1 for 1,3-propanediol and 187.6 g L-1 for 

glycerol, respectively (Zeng et al., 1994). These values are far beyond the 

concentration used in this work, so the inhibitory effect of substrate was also not 

considered.  

According to biochemical processes mentioned before and the 14 components 

monitored in the experiments, the biochemical rate coefficients (vi,j) and kinetic rate 

equations (Rj) are listed in Table 7.1 in a complete format. 
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Table 7.1. Biochemical rate coefficients (vi,j) and kinetic rate equations (Rj) matrix.  

Component → i 1 2 3 4 5 6 7 8 9 10 11 12 13 14 Rate (Rj, mg C L-1 h-1) 

j Process ↓ Sgly Sfor SH2 Spro Sace Seth S13PDO SIC Ssulfate Ssulfide S3HP XFB XASRB XHSRB  

1 Uptake of glycerol by FB -1 1/3   2/3       YFB   
 

2 Uptake of glycerol by FB  -1   1        YFB   
 

3 Uptake of glycerol by FB -1      1     YFB   
 

4 Uptake of glycerol by FB -1 1/3    2/3      YFB   
 

5 Uptake of formate by FB  -1 1/6     1    YFB   
 

6 Uptake of H2 by ASRB   -1      -4 4   YASRB  
 

7 Uptake of formate by 
HSRB  -1      1 -2/3 2/3    YHSRB 

 

8 Uptake of propionate by 
HSRB    -1 2/3   1/3 -2/3 2/3    YHSRB 

 

9 Uptake of ethanol by 
HSRB     1 -1   -2/3 2/3    YHSRB 

 

10 
Uptake of 1,3-propanediol 
by HSRB (produce 
acetate) 

    2/3  -1 1/3 -8/9 8/9    YHSRB 
 

11 
Uptake of 1,3-propanediol   
by HSRB (produce 
propionate) 

   1   -1  -8/9 8/9    YHSRB 
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 12 Uptake of glycerol by FB -1          1 YFB   
 

13 Uptake of 1,3-propanediol   
by HSRB (produce 3HP)       -1  -8/9 8/9 1   YHSRB 

 

Component → i 1 2 3 4 5 6 7 8 9 10 11 12 13 14 Rate (ρj, mg C L-1 h-1) 

j Process ↓ Sgly Sfor SH2 Spro Sace Seth S13PDO SIC Ssulfate Ssulfide S3HP XFB XASRB XHSRB  

14 Uptake of 3HP by FB 
(produce acetate)     2/3   1/3   -1   YHSRB 

 

15 Uptake of 3HP by FB 
(produce propionate)    1       -1   YHSRB 
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7.2.3 Model calibration and validation 

The procedure carried out for the estimation of model parameters and determination 

of the mechanisms linked to glycerol fermentation coupled to sulfate reduction is 

illustrated in Figure 7.2. The procedure involves five steps as follows. 

In Step 1, kinetic parameters were set up, including half saturation coefficient (ks) and 

biomass yields (Y). Model parameters (biomass yield, half saturation coefficient) are 

referred and listed in Table 7.2. Among them, half saturation coefficient for 

1,3-propanediol (ks,13PDO) by HSRB was not found in previous studies. In this work, the 

initial value of ks,13PDO was selected as 45 mg C L-1 based on that reported for ethanol 

(Gonzalez-Silva et al., 2009) as both ethanol and 1,3-propanediol belong to primary 

alcohols and can be degraded by HSRB (Kalyuzhnyi and Fedorovich, 1998). 

 

Table 7.2. Initial inputs of stoichiometric and kinetic parameters used in the model. 
Parameter Name Value Unit Reference 
YFB Yield of FB 0.132 g VSS g C-1 Barrera et al., 2015 
YHSRB Yield of HSRB 0.077 g VSS g C-1 Barrera et al., 2015 
YASRB Yield of ASRB 0.288 g VSS g 

H2-1 
Barrera et al., 2015 

Fermentation process 
ks,for,FB Half saturation coefficient for the 

uptake of formate by FB 
0.03 mg C L-1 Dornseiffer et al., 

1995 
ks,gly Half saturation coefficient for the 

uptake of glycerol by FB 
1.96 mg C L-1 Zeng et al., 1994 

Sulfate reduction process 
ks,pro Half saturation coefficient for the 

uptake of propionate by HSRB 
79 mg C L-1 Kalyuzhnyi and 

Fedorovich, 1998 
ks,for,HSRB Half saturation coefficient for the 

uptake of formate by HSRB 
53 mg C L-1 Kalyuzhnyi and 

Fedorovich, 1998 
ks,eth Half saturation coefficient for the 

uptake of ethanol by HSRB 
45 mg C L-1 Gonzalez-Silva et 

al., 2009 
ks,13PDO Half saturation coefficient for the 

uptake of 1,3-propanediol by 
HSRB 

45 mg C L-1 In this work 

ks,H2 Half saturation coefficient for the 
uptake of H2 by ASRB 

0.00625 mg H2 L-1 Kalyuzhnyi and 
Fedorovich, 1998 
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Figure 7.2. Generalized procedure for parameters estimation, calibration and mechanisms selection for 

sulfate reduction in this work. 

 

In Step 2, the model was tested to verify if biomass growth was significant in the 

batch activity tests and, thus, a variable biomass concentration should be included in the 

model. Two-tailed Student’s t-test was also used to statistically evaluate the significant 

difference between experimental data and results obtained from model fitting. P value < 

0.05 was considered to be statistically significant.  

In Step 3, a sensitivity analysis was performed to identify the most sensitive kinetic 

parameters in these biochemical processes. Sensitivity analysis can prioritize and analyze 

the impact of model parameters on process variables, thereby providing effective 

information for model calculation. Sensitivity functions were described by Dochain and 

Vanrolleghem (2001) to determine the significance of kinetic parameters, which used the 

finite difference approximation. Sensitivity functions have been applied in previous 

studies, which is based on the change of measurable process variables under the 

disturbance of model parameters caused by a perturbation value δ (Barrera et al., 2015; 

Chen et al., 2019). The perturbation δ of each parameter was chosen and the sensitivity of 

output caused by the perturbation of parameters is calculated as follows:  

           Eq.7.18 

Where Гi,j is the dimensionless sensitivity value of output yj with respect to the kinetic 
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parameters θi (such as km,j, ks); θi + δ • θi is the perturbation parameter value. The 

sensitivity values for each parameter were calculated as ∑Гi,j (show as % in respect to the 

total ∑∑Гi,j) and arranged in descending order. 

In Step 4, the maximum specific uptake rates (km,j) for sulfate reduction were 

calibrated from activity tests with single organic compounds, including formate, 

propionate, ethanol and 1,3-propanediol (data from section 6.3.2). The stoichiometry 

corresponding to propionate and ethanol are Eq.7.8 ( ) and Eq.7.9 ( ), 

respectively. The stoichiometry corresponding to formate include Eq.7.5 ( ), Eq.7.6 

( ) and Eq.7.7 ( ). When 1,3-propanediol is used as an electron donor, the 

sulfate reduction stoichiometry corresponds to Eq.7.10 ( ) and Eq.7.11 ( ) 

in Mechanism I, and corresponds to Eq.7.13 ( ), Eq.7.14 ( ) and Eq.7.15 

( ) in Mechanisms II and III.  

In Step 5, the maximum specific uptake rates (km,j) for glycerol fermentation were 

calibrated from activity tests with glycerol as the carbon source (data from section 6.3.1). 

Equations Eq.7.1 ( ), Eq.7.2 ( ), Eq.7.3 ( ), Eq.7.4 ( ) provide the 

stoichiometry related to the fermentation pathway of glycerol in Mechanism I and II. 

Mechanism III included the fermentation of glycerol to produce 3HP, corresponding to 

Eq.7.12 ( ). In this case, calibration was performed for each one of the three 

proposed mechanisms. This step also determined the optimal mechanism of the glycerol 

degradation pathway (I, II or III) by comparing the objective function value (Fval) of 

each one of the three mechanisms as well as validated the kinetic rates of sulfate 

reduction processes calibrated in Step 4 using data from single substrate batch tests.  

Fval is the minimum value of the objective function in each simulation. The smaller 

the value, the smaller the difference between the experiment and the model. Fminsearch 

function, a MATLAB algorithm based on a multidimensional unconstrained nonlinear 

minimization (Nelder-Mead), was used to minimize the error between model and 
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experimental data and find out Fval that lead to optimum model parameters, as given in 

Eq.7.19. 

              Eq.7.19 

CE is the concentration of experimental data, which includes all sulfate reduction 

experiments with glycerol, formate, propionate, ethanol and 1,3-propanediol as the carbon 

source, and fermentation experiments with glycerol as the carbon source; CM is the 

concentration predicted by the model; and N is the total number of data sets, including 

organic carbon compounds and sulfate in all the experiments for model fitting. The set of 

the differential equations was solved by ode45 function (based on Runge-Kutta method 

with a variable time step) in MATLAB. All simulations and calibrations were 

implemented in MATLAB 2015a.  

Consequently, the optimal mechanism obtained through the above steps was analyzed 

by two-tailed Student’s t-test between the experimental data and the modeling results. 

 

7.2.4 Confidence interval determination by Fisher Information Matrix  

In order to evaluate the calibrated parameters and the quality of the estimation, the 

confidence intervals of estimated kinetic parameters were calculated based on the Fisher 

Information Matrix (FIM) method (Dochain and Vanrolleghem, 2001; Guisasola et al., 

2006). The FIM method is calculated as the inverse of the covariance matrix of the 

measurement noise, with a relationship that higher FIM value and lower standard errors 

estimated. Since the FIM method takes into account the output sensitivity functions and 

the measurement errors, it well estimated the quantity and quality of experimental data. 

The FIM method has been widely applied to evaluate the reliability of estimated 

parameters in modeling of biofiltration on gas treatment (Dorado et al., 2008), aerobic 

biological sulfide oxidation (Mora et al., 2016), and sulfate-rich wastewater treatment 

(Barrera et al., 2015). 
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7.3 Results and discussion 

7.3.1 Parameters estimation and sensitivity analysis 

Microbial biomass growth was estimated in 120 h batch tests performed with glycerol 

as reported in section 6.3.1.1. Figure 7.3 shows the experimental data and the modelled 

profiles both considering the influence of biomass growth or no-biomass growth for the 

three proposed mechanisms. In mechanism Ⅰ (Figure 7.3A and 7.3B), Student’s t-test 

showed that there was no significant difference between the experimental data and the 

model predictions whether the biomass growth was considered or not. Same results were 

observed in mechanism Ⅱ (Figure 7.3C and 7.3D). In mechanism Ⅲ, when biomass 

growth was considered, there was a significant difference between the experimental data 

and model prediction of ethanol (Figure 7.3E), but overall there was not a significant 

difference when biomass yield was not considered (Figure 7.3F). Therefore, biomass 

growth was not considered to model the batch tests in this work. 
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Figure 7.3. Experimental and simulated profiles of glycerol fermentation in Mechanism Ⅰ (A, B), 

Mechanism Ⅱ (C, D) and Mechanism Ⅲ (E, F). A, C and E considered biomass yield; B, D and F 

considered no biomass yield. Data points illustrate the experimental data. Smooth curves represent 

model predictions. 
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In order to identify the most sensitive kinetic parameters, a sensitivity analysis was 

performed for the three mechanisms proposed and the experimental data from activity 

tests with glycerol as electron donor and sulfate as electron acceptor (data from Figure 

6.1C, 6.1D and 6.1E). Output variables selected to assess the sensitivity were the 

concentrations of sulfate, TDS, propionate, acetate, formate, H2, TIC, 1-3PD, ethanol, 

3HP and glycerol along the batch activity test. The parameters of the sensitivity analysis 

included all half saturation coefficients and maximum specific uptake rates involved in 

the three proposed mechanisms. The perturbation factor (δ), which is defined as the 

percentage change of a model parameter with respect to a reference value of that 

parameter, was set to ± 10%.  

Simulations carried out allowed ranking the model parameters in descending order of 

sensitivity. Table 7.3 shows that the maximum specific uptake rates had a higher impact 

on process variables than half saturation coefficients in general. 
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Table 7.3. Model sensitive parameters arranged in descending order from the first to the last in 

Mechanism Ⅰ, Ⅱ and Ⅲ (the perturbation factor was set as ± 10%). 

 Parameters 

Mechanism Ⅰ 
(δ= 10%)  

km,gly4 ks,eth km,gly3 km,eth km,for,FB km,H2 km,13PDO1 
km,gly1 km,13PDO2 km,pro ks,pro km,gly2 ks,13PDO km,for,HSRB 
ks,for,HSRB ks,H2 ks,gly ks,for,FB    

Mechanism Ⅰ 
(δ= -10%) 

km,eth km,gly3 km,gly4 km,for,FB km,H2 km,13PDO1 ks,eth 
km,gly1 km,13PDO2 km,pro ks,pro km,gly2 ks,13PDO km,for,HSRB 
ks,for,HSRB ks,H2 ks,gly ks,for,FB    

Mechanism Ⅱ 
(δ= 10%) 

km,gly3 km,gly4 ks,eth km,13PDO3 km,eth km,for,FB km,H2 
ks,3HP,FB1 km,gly1 km,3HP1 ks,pro km,for,HSRB km,3HP2 km,pro 
ks,for,HSRB km,gly2 ks,13PDO ks,3HP,FB2 ks,for,FB ks,gly ks,H2 

Mechanism Ⅱ 
(δ= -10%) 

km,eth km,13PDO3 km,gly3 km,gly4 km,for,FB km,H2 ks,eth 
km,gly1 km,3HP1 ks,3HP,FB1 km,pro km,for,HSRB ks,pro km,3HP2 
ks,for,HSRB km,gly2 ks,13PDO ks,3HP,FB2 ks,for,FB ks,gly ks,H2 

Mechanism Ⅲ 
(δ= 10%) 

ks,eth km,gly3 km,gly4 km,13PDO3 km,eth km,gly5 ks,3HP,FB1 
km,for,FB km,H2 km,gly1 ks,for,HSRB ks,for,FB km,for,HSRB km,3HP1 
ks,pro km,pro km,3HP2 km,gly2 ks,H2 ks,gly ks,13PDO 
ks,3HP,FB2       

Mechanism Ⅲ 
(δ= -10%) 

km,H2 km,for,FB km,gly3 km,eth km,13PDO3 km,gly5 ks,for,FB 
km,gly4 ks,3HP,FB1 ks,eth km,3HP2 ks,H2 ks,for,HSRB ks,gly 
km,gly2 ks,13PDO ks,pro km,for,HSRB km,pro km,3HP1 km,gly1 
ks,3HP,FB2       

 

The sensitivity values (∑Гi,j / ∑∑Гi,j, %) for the four most sensitive parameters in 

each mechanism are shown in Figure 7.4, when the perturbation factor δ was set to 10%. 

Figure 7.4 shows that km,gly4, km,gly3, km,eth and ks,eth were the most sensitive parameters for 

mechanism Ⅰ, which is related to reactions in Eq.7.3, Eq.7.4 and Eq.7.9. In Mechanism Ⅰ, 

Ⅱ and Ⅲ, km,gly3, km,gly4, ks,eth and km,13PDO3 were the most sensitive parameters, which is 

related to reactions Eq.7.3, Eq.7.4, Eq.7.9 and Eq.7.13. Figure 7.4 also shows the 

sensitive model parameters for each process variable. The process variable Seth was highly 

sensitive to parameters km,eth and ks,eth. Parameters km,gly3 and km,gly4 simultaneously 

affected the process variable Seth and S13PDO, while km,13PDO3 mainly affected the process 

variable S3HP and S13PDO at the same time. 
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Figure 7.4. Most sensitive model parameters arranged in descending order from top to bottom for each 

one of the three mechanisms (the perturbation factor δ was set as 10%). 

 

When the perturbation factor δ was set as -10%, the sensitivity values for the four most 

sensitive parameters in each mechanism are shown in Figure 7.5. The most sensitive 

parameters were the maximum specific uptake rates in the three mechanisms, including 

km,gly3, km,gly4, km,eth, km,for,FB, km,13PDO3 and km,H2. Therefore, all the substrates of the 

maximum specific uptake rates have been calibrated and half saturation coefficients 

mainly referred to previous studies.  
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Figure 7.5. Most sensitive model parameters arranged in descending order from top to bottom for each 

one of the three mechanisms (the perturbation factor δ was set as -10%). 

 

Based on the sensitivity analysis results, the half saturation coefficient for the uptake 

of ethanol (ks,eth) is one of the most sensitive parameters in the sulfate reduction process 

with glycerol as electron donor. In this work, ks,eth was initially taken from literature since 

no specific tests were carried out for its determination. Gonzalez-Silva et al. (2009) 

reported a ks,eth = 45 mg C L-1. However, the lowest ethanol concentration detected during 

the experiment was 4.3 mg C L-1, and the ethanol consumption rate was not limited. Thus, 

simulations with a ks,eth = 45 mg C L-1 (Figure 7.6A) and ks,eth = 5 mg C L-1 (Figure 7.6B) 

were compared. Figure 7.6A shows significant differences (P < 0.05) between model 

predictions and experimental data for ethanol consumption after 24 h, whereas no 

significant differences in ethanol between model prediction and experimental data was 
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found in Figure 7.6B. Then, ks,eth was set to 5 mg C L-1 in this work. Similarly, ks,13PDO 

was initially set to 45 mg C L-1, but the consumption of 1,3-propanediol in the model was 

slower than the experimental data (Figure 7.6A). Thus, ks,13PDO was also set to 5 mg C L-1 

to provide a better description of 1,3-propanediol consumption (Figure 7.6B). The half 

saturation coefficients for all other compounds were set as those provided in literature 

(Table 7.2). Further assessment of both ks,eth and ks,13PDO is warranted in future works. 

 

 
Figure 7.6. Experimental and simulated profiles of glycerol fermentation in Mechanism Ⅰ. A) ks,eth and 

ks,13PDO were set to 45 mg C L-1; B) ks,eth and ks,13PDO were set to 5 mg C L-1. Data points illustrate the 

experimental data. Smooth curves represent model predictions.  

 

7.3.2 Model calibration of sulfate reduction process with single organic 

compounds 

As described in Chapter 6, no methane was produced during the batch tests in which 

sulfate reduction was studied. Consequently, the model did not consider methanogenesis. 

Additionally, batch experiments showed that when acetate was used as carbon source, 

there was neither methane production nor sulfate reduction. Consequently, acetotrophic 

SRB were not included as model variable. Therefore, according to microbial communities 

analysis, this model considered FB, autotrophic SRB and heterotrophic SRB.  
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The mathematical model established in this work was first applied to batch activity 

tests with single organic compounds (data from Figure 6.5 of section 6.3.2). The 

pathways for sulfate reduction using propionate, ethanol and formate as electron donors 

are described in Eq.7.8, Eq.7.9 and Eq.7.7, respectively. The sulfate reduction process 

was the same among the three proposed mechanisms using these three electron donors. 

The maximum specific uptake rates for single organic compounds (km,j) involved in 

the sulfate reduction process using propionate, formate, ethanol and 1,3-propanediol as 

electron donors were estimated (Table 7.4). Predicted concentrations by the model of the 

abovementioned batch activity tests with the calibrated km,j are shown in Figure 7.7. 

According to Student’s t-test, no significant differences were found between experimental 

data and model predictions for these activity tests. As can be observed in Table 7.4, there 

is a significant difference between the km,j of sulfate reduction calibrated in this chapter 

and the km,j in previous studies. The difference may be that the batch activity tests were 

performed in the sulfidogenic condition instead of methanogenic condition in this work, 

while the activity tests were conducted under the conditions of coexistence of 

methanogenesis and sulfidonegenesis in previous studies. 

 

Table 7.4. Maximum specific uptake rates of propionate, ethanol and formate calibrated in this work 

and found in literature. 

Parameters In this work Reference 

km,pro,HSRB (mg C mg VSS-1 h-1) 113.5 (± 0.9) 0.44 a, 0.24 b 

km,eth,HSRB (mg C mg VSS-1 h-1) 51.1 (± 1.2) 0.003 c 

km,H2,ASRB (mg H2 mg VSS-1 h-1) 3.3 (± 0.3) 0.46 a, 0.05 b 

km,for,FB (mg C mg VSS-1 h-1) 3.8 (± 0.1) 0.56 d 

km,for,HSRB (mg C mg VSS-1 h-1) 44.3 (± 1.3) 0.16 e 

Note: Confidence level estimated through FIM is presented in parentheses. 
a Barrera et al., 2015; b Fedorovich et al., 2003; c Gonzalez-Silva et al., 2009; d Vignolle et al., 2021; 
e Bijmans et al., 2010 
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Figure 7.7. Experimental and model simulation of sulfate reduction using propionate (A and B), 

ethanol (C and D) and formate (E and F) as electron donors. A, C and E show the degradation process 

of organic carbon compounds; B, D and F show sulfate reduction process. Data points illustrate the 

experimental data. Smooth lines represent model predictions. 

 

When 1,3-propanediol was used as carbon source to reduce sulfate and the production 

of 3HP was not considered, the degradation process of 1,3-propanediol can be described 

as Eq.7.10 and Eq.7.11 (Mechanism Ⅰ). Its model fitting results are shown in Figure 7.8A 

and 7.8B. It is worth mentioning that 3HP was not monitored and it may be used as an 

intermediate product in the degradation process of glycerol and 1,3-propanediol (Qatibi et 

al., 1998, 1991c). When 3HP was considered as an intermediate product of 
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1,3-propanediol degradation, the process is followed by Eq.7.13, Eq.7.14 and Eq.7.15 

(Mechanisms Ⅱ and Ⅲ). The degradation of 1,3-propanediol with sulfate reduction 

process were similar in Mechanism Ⅱ and Ⅲ, and the model fitting results are shown in 

Figure 7.8C and 7.8D. Through the Student's t-test, there was no significant difference 

between model and experimental data in these three mechanisms. Their corresponding 

maximum specific uptake rates obtained according to different degradation pathways are 

shown in Table 7.5. To the best of our knowledge, this is the first report that used 

1,3-propanediol as an electron donor to calibrate its maximum specific uptake rate for 

sulfate reduction. 
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Figure 7.8. Sulfate reduction with 1,3-propanediol as the electron donor in Mechanism Ⅰ (A, B) and 

Mechanism Ⅱ (C, D). Data points illustrate the experimental data. Smooth lines represent model 

predictions.
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Table 7.5. Maximum specific uptake rates of each single organic compounds in Mechanism I and II. 

Confidence level estimated through FIM is presented in parentheses. 

 Mechanism Ⅰ  Mechanism Ⅱ 

Parameter km,13PDO1 k m,13PDO2  km,3HP1 km,3HP2 km,13PDO3 

mg C mg VSS-1 h-1 48.3 (± 1.9) 4.9 (± 0.4)  5.1 (± 0.2) 0.5 (± 0.0) 53.6 (± 4.7) 

 

7.3.3 Model calibration with glycerol as carbon source 

7.3.3.1 Model calibration for glycerol fermentation and validation 

In absence of sulfate, each km,j of glycerol fermentation processes based on 

Mechanism Ⅰ were calibrated (data from section 6.3.1.1) through Eq.7.1 to Eq.7.4, as 

shown in Figure 7.9A. Through the Student's t-test, it is found that there was no 

significant difference between the model and experimental data of the glycerol 

degradation process. The maximum specific uptake rates of glycerol fermentation (km,gly) 

in absence of sulfate are shown in Table 7.6. Estimated by the km,gly, the pathway through 

glycerol fermentation to 13PDO (Eq.7.3, km,gly3) accounted for 65% of all pathways of 

glycerol degradation in Mechanism Ⅰ, and 22% through glycerol fermentation to acetic 

acid and formic acid (Eq.7.1, km,gly1). km,j of glycerol fermentation processes in 

Mechanism Ⅱ and Ⅲ were also calculated (Figures not shown). The glycerol degradation 

pathway of Mechanism Ⅱ was the same as in Mechanism Ⅰ. In Mechanism Ⅲ, the 

pathway through glycerol fermentation to 13PDO (Eq.7.3, km,gly3) and the pathway 

through glycerol fermentation to 3HP (Eq.7.12, km,gly5) were the main degradation 

pathway of glycerol accounting for 65% and 23%. 

The maximum specific uptake rates of glycerol fermentation processes and sulfate 

reduction using single organic compounds as electron donors estimated in sections 7.3.1 

and 7.3.2, combined with the ks listed in the literature and those adjusted in this work in 

section 7.3.1, were used for a validation attempt performed by simulating Mechanism I 

and the batch test in which glycerol and sulfate were added (experimental data from 

section 6.3.1.2). Model predictions are shown in Figure 7.9B and 7.9C. As can be 
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observed, the model prediction did not fit the experimental results. The production of 

1,3-propanediol in the model was overestimated, while sulfate reduction was 

underestimated. Model predictions using Mechanism Ⅱ and Ⅲ (not shown) resulted 

exactly the same as the mechanism Ⅰ. The reason was due to the contribution of other 

microbial communities on glycerol fermentation. Bryant et al. (1977) demonstrated that 

sulfate reducer genus Desulfovibrio fermented lactate or ethanol to acetate in anaerobic 

ecosystems containing little or no sulfate. Desulfobulbus species are also capable of 

fermenting lactate and ethanol to acetate and propionate (Muyzer and Stams, 2008). 

Plugge et al. (2011) described that some sulfate reducers can shift their metabolism from 

sulfidogenic in presence of sulfate to acetogenic, hydrogenogenic metabolism in the 

absence of sulfate. It can be concluded that sulfate reducers can be metabolically active in 

anaerobic digestion without sulfate, which may explain the overestimation of 

1,3-propanediol production. Due to the different affinity of SRB for different organic 

compounds, the incorrect estimation of glycerol fermentation products resulted in 

underestimation of sulfate reduction rate. Thus, the recalibration of maximum specific 

rates of glycerol fermentation in the presence of sulfate was necessary. 
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Figure 7.9. Model calibration of glycerol fermentation in absence of sulfate (A) and validation of 

glycerol fermentation in presence of sulfate (B, C). B shows glycerol fermentation processes and C 

shows sulfate reduction process. Data points illustrate the experimental data. Smooth lines represent 

model predictions. 

Table 7.6. Monod maximum specific uptake rates of glycerol in three mechanisms. 

 Mechanism Ⅰ Mechanism Ⅱ MechanismⅢ 

km,gly1 17.8 (± 0.0) 17.6 (± 0.0) 2.1 (± 0.0) 

km,gly2 2.9 (± 0.0) 0.7 (± 0.0) 1.8 (± 0.0) 

km,gly3 51.6 (± 0.0) 50.1 (± 0.1) 50.2 (± 0.1) 

km,gly4 7.4 (± 0.0) 8.3 (± 0.0) 5.9 (± 0.0) 

km,gly5 
  

17.4 (± 0.1) 

Note: Confidence level estimated through FIM is presented in parentheses. 
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7.3.3.2 Model calibration for glycerol fermentation coupled to sulfate reduction 

Maximum uptake rates of glycerol fermentation were recalibrated whereas the same 

km,j for sulfate reduction processes calibrated in the sulfate reduction process with single 

organic compounds (section 7.3.2, Table 7.5) were used. The three mechanisms (I, II and 

III) were simulated and compared through Student’s t-test and Fval to also decide which 

mechanistic approach provided a better prediction of the experimental data. In the 

simultaneous presence of glycerol and sulfate, the predicted profiles for each model 

variable are shown in Figure 7.10. Figure 7.10A shows that the model prediction of 

acetate concentration was significantly higher than the experimental data in Mechanism Ⅰ, 

while the sulfate reduction rate and the production rate of TDS in the model were both 

higher than the experimental data (Figure 7.10B). A significant difference (P < 0.05) 

between the experimental data and the model prediction was obtained and a Fval of 243.7 

was found in Mechanism Ⅰ. Using Mechanism Ⅱ (Figure 7.10C and 7.10D), the Fval was 

166.7 that was lower than Fval in Mechanism Ⅰ. Student’s t-test showed that there was no 

significant difference in carbon compounds concentration between the model and the 

experimental data (Figure 7.10C). However, the model overestimated the sulfate 

reduction (Figure 7.10D). Using Mechanism Ⅲ (Figure 7.10E and 7.10F), there was no 

significant difference between the model data and the experimental data in carbon (Figure 

7.10E) and sulfur compounds (Figure 7.10F). The minimum error between model and 

experimental data was obtained in Mechanism Ⅲ (Fval =148.3), which indicates that the 

mathematical model based on Mechanism Ⅲ well-described the sulfate reduction process 

with glycerol as the electron donor, thus revealing that 3HP contribution as intermediate 

metabolite in the process of sulfate reduction during the glycerol fermentation and 

1,3-propanediol degradation might be the main processes playing a role out of the 3 

mechanisms compared herein. However, although the H2S transferred from the liquid 

phase to the gas phase was considered in this model, the model predicted that the TDS in 

the liquid was still higher than the experimental data. This was attributed to the possible 
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production of organic sulfur compounds during the activity test (Mora et al., 2020b). 

 

 
Figure 7.10. Experimental and simulated profiles of sulfate reduction process using glycerol as carbon 

source in Mechanism Ⅰ (A, B), Mechanism Ⅱ (C, D) and Mechanism Ⅲ (E, F). Data points illustrate 

the experimental data. Smooth curves represent model predictions. 
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The mathematical model based on Mechanism Ⅲ well-described the experimental 

data, and the sulfate reduction process was validated. In presence of sulfate, the calibrated 

maximum uptake rates of glycerol fermentation (km,gly) and 3HP fermentation (km,3HP) of 

Mechanism Ⅲ using glycerol as the electron donor are shown in Table 7.7. In Mechanism 

Ⅲ, the pathway through glycerol fermentation to 13PDO (Eq.7.3, km,gly3) and the pathway 

through glycerol fermentation to ethanol and formic acid (Eq.7.4, km,gly4) were the main 

pathways of glycerol fermentation, accounting for 45.8% and 37.9%, respectively. This 

result agrees with previous studies (Rossi et al., 2012; Sittijunda and Reungsang, 2017), 

in which ethanol and 1,3-propanediol were found as the main products of glycerol 

fermentation.  

The present work verified the degradation pathway of glycerol by the model 

simulation. 3HP was produced during the process of 1,3-propanediol degradation in 

presence of sulfate (Qatibi et al., 1991c), and it could be further converted mainly to 

acetate (Qatibi et al., 1991b). As shown in Table 7.7, the route through 3HP oxidized to 

acetate was the main route of 3HP degradation, accounting for up to 98.0%. 

 

Table 7.7. Monod maximum specific uptake rates of glycerol and 3-hydroxypropionate in Mechanism 

Ⅲ. 

Parameter km,gly1 km,gly2 km,gly3 km,gly4 km,gly5 km,3HP1 km,3HP2 

mg C mg VSS-1 

h-1 

0.7 

(± 0.1)  

0.1 

(± 0.1) 

25.0 

(± 0.1) 

20.7 

(± 0.1) 

8.1 

(± 0.1) 

4.9 

(± 0.0) 

0.1 

(± 0.0) 

Note: Confidence level is presented in parentheses. 

 

Previous kinetic models of anaerobic degradation of glycerol coupled to sulfate 

reduction proposed in the literature (Dinkel et al., 2010) were based on reactions in which 

glycerol was directly oxidized to acetate by fermentative bacteria and sulfate reducers. 

However, the present work showed that fermentation of glycerol contained a variety of 

intermediate products, including ethanol, 1,3-propanediol, propionate, acetate, carbonate, 
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etc. that must be added to the modelling approach. The model proposed in this work 

considered a set of intermediate metabolites of glycerol fermentation that can reproduce 

experimental results in a highly consistent manner. Based on the results of a sensitivity 

analysis, the maximum specific uptake rates involved in the degradation of glycerol and 

sulfate reduction were calculated, in which the parameter km,j of sulfate reduction were 

validated. The low confidence intervals in the parameter estimation indicated the 

reliability of the model. The kinetic parameters calibrated herein could be useful for the 

long-term operation in anaerobic reactors. Although the mathematical model based on 

Mechanism Ⅲ was in agreement with the experimental data in this work, the model still 

needs to improve when it is considered in biological anaerobic reactors with a long-term 

operation, such as inhibition factors or the competition among microbial communities. 

 

7.4 Conclusion 

A mathematical model describing sulfate reduction and anaerobic glycerol 

fermentation through multiple pathways and multiple intermediate products with sulfate 

reduction process was established and discussed. The model described glycerol 

degradation through the reductive and oxidative pathways. The kinetic parameters of 

Monod maximum specific uptake rates of substrate were calibrated and then, the sulfate 

reduction process has been validated. The three proposed mechanisms were compared by 

fitting model to experimental data. It was found that the model established by Mechanism 

Ⅲ was in higher agreement according to the objective function values. In this mechanism, 

apart from considering the products ethanol, 1,3-propanediol, formate, acetate, propionate 

and carbonate; 3HP was included as a metabolite in the fermentation of glycerol. Among 

them, the bioconversion of 1,3-propanediol and ethanol were the main pathway of 

glycerol fermentation, accounting for 45.8% and 37.9%, respectively. Moreover, it was 

determined that 3HP was an intermediate product of 1,3-propanediol degradation in the 

presence of sulfate.  
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Chapter 8 

8.1 General conclusions 

In this thesis, the long-term operation of a UASB reactor was performed under a 

constant TOC/S-SO4
2- ratio of 1.5 ± 0.3 g C g-1 S and an OLR of 7.3 ± 1.6 kg C m-3 d-1 for 

639 days using crude glycerol as a carbon source. 

Methanogenic granular sludge quickly adapted to the sulfidogenic conditions, and the 

sulfate removal efficiency exceeded 84% within 16 days. The reactor showed a sulfate 

removal capacity (SRC) of 4.5 ± 0.7 kg S-SO4
2- m-3 d-1 in 280 days of operation and the 

SRC decreased to 1.8 ± 0.6 kg S-SO4
2- m-3 d-1 from day 280 to day 639. 

In terms of carbon species, a progressive VFAs accumulation (mainly acetate) 

coincided with a significant decrease of CH4 production after operating the UASB reactor 

for 100 days, while the methanogenic activity was ceased after 200 days, resulting in a 

decline of TOC removal efficiency. Moreover, the glycerol removal efficiency exceeded 

96% before 280 days, but it gradually decreased concomitantly with a decrease in the 

accumulation of acetate after 280 days. 

After the methanogenesis activity ceased, degranulation of sludge was observed, and 

then, the sludge particles were gradually covered by SLS. The SLS led to the flotation of 

sludge, which resulted in the loss of a large amount of sludge. This ultimately led to the 

reduction of the sulfate removal efficiency of the UASB reactor and the failure of the 

operation. Activity tests showed that there was no difference between granular sludge and 

SLS in the mechanisms of glycerol fermentation and sulfate reduction. However, the SLS 

might affect the mass transfer of sulfate, thereby exacerbating the decline of sulfate 

removal efficiency in the UASB reactor. 

The analysis of the stratification of the UASB reactor revealed that the glycerol 

fermentation and sulfate reduction processes were mainly achieved at the bottom part of the 

reactor because the sludge has a higher concentration in the bottom sludge bed. This 

indicates that the sludge in the UASB reactor can treat higher organic and sulfate loading 

rates. In addition, the specific glycerol fermentation rate of the sludge in UASB1 of the 
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reactor (lower section) was 1.7 times that of UASB2 (middle section), and 1.9 times that of 

UASB3 (upper section) on 169 days. On 198 day, the specific glycerol fermentation rate of 

sludge in UASB1 was 2.1 times that of UASB2 and UASB3. More relatively abundant 

fermentative microorganisms were observed in UASB1, compared to UASB2 and UASB3.  

A mechanistic approach of glycerol fermentation and sulfate reduction was proposed in 

this work based on the specific net rates observed experimentally for each compound and 

the stoichiometric conversions. Glycerol was not used by SRB but was mainly fermented to 

1,3-propanediol, ethanol, formate, propionate and acetate by fermentative microorganisms. 

All organic intermediates were found to be further used by sulfate reducing bacteria (SRB) 

for sulfate reduction except for acetate. The sulfate reduction process mainly used 

1,3-propanediol and ethanol as electron donors in glycerol-fed tests. 

A mathematical model describing sulfate reduction and anaerobic glycerol 

degradation through multiple pathways and multiple intermediate products was 

established and discussed. The model properly described glycerol degradation and its 

fermentation products through reductive and oxidative pathways. The maximum specific 

substrate uptake rates were calibrated. The model showed that 3-hydroxypropionate might 

be a key intermediate product in the fermentation process of glycerol and the degradation 

of 1,3-propanediol for sulfate reduction. 

 

8.2 Future work 

This thesis investigated the long-term operation of a UASB reactor under constant 

conditions for biological sulfate reduction and focused on the metabolism of dissimilatory 

sulfate reduction using crude glycerol as an electron donor and carbon source. However, 

still several topics remain to be investigated in the future. 

In the later stage of operation, a large amount of acetate accumulated in the UASB 

reactor, which reduced the utilization rate of organic carbon. The research should be 

further studied to benefit from acetate production. For example, it can set up another 
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anaerobic reactor after the effluent of the UASB reactor to use acetate for methane 

production, to use acetate for denitrifying nitrate from NOx or even produce biopolymers 

for bioplastics production by acetate-propionate accumulating microorganisms. 

Appropriate shear forces and addition of trace metals added to the substrate could be a 

strategy to promote granulation that needs to be further evaluated. The change of shearing 

forces can be achieved by the effluent recycling system to adjust the up-flow velocity. 

Moreover, appropriate shear forces may also prevent the accumulation of SLS, but it is still 

necessary to study the possible washout of biomass through the recycling effluent system. 

A structured mathematical model was set up to describe sulfate reduction and glycerol 

fermentation and the biokinetic parameters for the different substrates have been 

estimated in serum bottles. The model can reproduce experimental results in a highly 

consistent manner. However, this model still needs to improve when it is considered in 

biological anaerobic reactors with a long-term operation to reveal the competitive dynamics 

of microbial community and to evaluate the performance of the biological anaerobic 

reactors. 
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