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ABSTRACT 

In order to preserve the environment and to avoid harming human health, 

industrial emissions of solvents are strictly regulated by laws, such as the European 

Industrial Emissions Directive (2010/75/EU). The packaging industry is one of the 

important sectors using solvents. The organic solvents mainly found in this type of 

industry are ethanol – usually the main compound (50 to 60%) – and secondary 

solvents each representing less than 15%: ethoxypropanol (EP), methoxypropanol 

(MP), isopropanol (IPA) and ethylacetate (EA). Using biological treatment methods 

to treat emissions containing these solvents is demonstrated to be both 

environmentally sustainable and economical feasible. Up to now, the developed 

biotechnologies such as biofilter, biotrickling filters and bioscrubber were using 

aerobic treatment.  

The novel technique developed by the research group GI2AM and the 

company Pure Air Solutions in the framework of the European project TrainonSEC 

to which this thesis project belongs, is based on an anaerobic bioscrubber (patent 

P201430125). It allows overcoming some of the limitations of existing technologies 

and offer many advantages in comparison with currently used traditional aerobic 

biotechnologies, such as presenting a lesser footprint and the conversion of the 

pollutant into biogas—a readily source of energy. However, there was a clear 

necessity to carry out additional research before the industrial implementation of 

the biotechnology, especially regarding the biodegradability of the solvents of 

interest.  

Therefore, the general objectives of this PhD thesis were to enhance the 

removal of solvents from the packaging industry and the biogas associated to their 

degradation through the study of the anaerobic degradation of the compounds of 

interest. In order to achieve these goals, three main lines of study were pursued: on 

the biodegradability of the solvents (chapter 5), on their degradation rates (chapter 

6) and on the enhancement of their degradation via the supplementation of specific 

micronutrients (chapter 7). 

The study on the biodegradability of all the solvents of interest was carried 

out at laboratory-scale, in batch and continuous mode, at 25 °C. First of all, the 

influence of factors such as the inoculum to substrate ratio, the source of inoculum 

(with or without previous exposure to the solvents) or long periods of inactivity of 

the sludge were determined in batch bioassays, with binary mixtures of solvents. 

These experiments demonstrated that granular anaerobic sludge from high-rate 

bioreactors treating brewery wastewaters is a suitable source of sludge for the 

treatment of the mixture of solvents studied, even though some acclimation time 

http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=CELEX:32010L0075:EN:NOT


might be needed to treat the secondary solvents. Indeed, previous exposure to the 

secondary solvents induced better performances for their treatment (reduced lag 

time and higher Specific Methanogenic Activity (SMA)).  

Then, the anaerobic biodegradability of the secondary solvents found in the 

effluents of the packaging industry (ethyl acetate, 1-ethoxy-2-propanol, 2-propanol 

and 1-methoxy-2-propanol) was investigated in batch reactors, in a binary mixture 

with ethanol. Results demonstrated that they can all be degraded at concentrations 

up to 25 g COD L-1. Most of them (except ethyl acetate) had slower degradation 

rates than ethanol (150-200 mL CH4 g VSS-1 d-1 for ethanol and around 34-36 mL CH4 

g VSS-1 d-1 for the other solvents at initial concentrations between 1-2 g COD L-1) 

explaining their observed accumulation in the pilot-scale anaerobic bioscrubber. 

Moreover, these solvents did not inhibit the degradation of ethanol, at any of the 

tested concentration. 1-methoxy-2-propanol and 1-ethoxy-2-propanol could be 

degraded after some enzymatic development, with 1-methoxy-2-propanol as the 

slowest degraded solvent and with a lag of 11-14 days before its degradation at 

concentrations from 1 to 25 g COD L-1. Ethyl acetate could also be degraded 

anaerobically, given that sufficient alkalinity was provided, to prevent the 

acidification of the bioreactor due to the fast hydrolysis of the compound into acetic 

acid.  

The degradation of 5 g COD L-1 of 1-ethoxy-2-propanol, 2-propanol and 

acetone (expected to be an intermediate of the degradation of the other two 

solvents) as sole substrate indicated similar SMA around 34-36 mL CH4 g VSS-1 d-1—

supporting the assumption that the degradation of acetone is the limiting step for 

1-ethoxy-2-propanol and 2-propanol. 

Given that 2-propanol can be the main solvent in some packaging industries, 

instead of ethanol, its degradation was further studied in a continuous mode in 

presence of ethanol or alone, using a laboratory-scale CSTR. Stable and high removal 

efficiencies were achieved using 3 kg COD m-3 d-1 of 2-propanol, the equivalent of a 

Sludge Loading Rate (SLR) of 0.17 kg COD kg VS-1 d-1. This value matches with the 

one observed in batch assays for 1.2 g COD L-1. The experiments supported the 

assumption that 2-propanol requires very specific microorganisms for its 

degradation, which have to be either present or developed in the seeded sludge.  

The second line of study of this thesis aimed at acquiring a better 

understanding of the degradation kinetics of the solvents of interest, for the 

industrial implementation of the process. Experiments were undertaken in the 8.7 

m3 pilot-scale EGSB reactor of the industrial prototype of the anaerobic bioscrubber, 

seeded with 3 m3 of granular anaerobic sludge originating from a brewery 



wastewater treatment plant (S-B1), and coupled with a recirculation tank. The water 

volume of the entire system, operated in a closed loop with a purge, was of 12 m3. 

This EGSB reactor, located in a packaging factory in the Netherlands, had been 

previously treating a fraction of the industrial emissions of the factory, during an 18-

month period for another research work. 

 

First, experiments were undertaken with 1-ethoxy-2-propanol, which was 

the main secondary solvent found in the water of the anaerobic bioscrubber. The 

results of this trial indicated the feasibility of anaerobic treatment of typical 

effluents from flexographic packaging factories, with ethanol as the main solvent 

and 10% of 1-ethoxy-2-propanol, at an organic loading rate (OLR) of 3.3 kg COD d-1 

m-3, that is a SLR of 0.23 kg COD d-1 kg VSS-1 (considering a sludge volume of 3 m3). 

Then, the degradation of 2-propanol as a secondary solvent, alongside 

ethanol, was studied. These studies have demonstrated that 2-propanol can be 

effectively degraded as a minoritory solvent or as the main substrate in the pilot-

scale EGSB reactor, expanding the applicability of the anaerobic bioscrubber to 

industries emitting effluents with this solvent as the major compound. Anaerobic 

granular sludge from brewery wastewater treatment plant was found to be able to 

remove 2-propanol loads up 0.29 kg COD kg VSS-1 d-1 at 26 °C (corresponding to a 

punctual OLR of 3.9 kg COD m-3 d-1), when a smooth and progressive exposure to 2-

propanol was used (steps of 0.6–0.7 kg COD m-3 d-1). On the other hand, high 

degradation and methane yields could not be achieved for temperature under 20 

°C, indicating that psychrophilic conditions are not adequate for 2-propanol 

anaerobic treatment, at least at such SLR.  Additionally, experiments were carried 

out to evaluate the tolerance of the sludge to pshychrophilic or sub-mesophilic 

temperatures, this time using ethanol as the main substrate. Findings highlighted 

decreasing reactor performances with decreasing temperatures, with a minimum 

recommended temperature slightly lower than for 2-propanol: around 18 °C for OL 

of 15-30 kg COD d-1 (OLR of 1.7-3.4 kg COD m-3 d-1). Higher temperatures (26 °C) 

would allow treating higher organic loads, even with peaks at 80 kg COD d-1 (OLR of 

9.2 kg COD m-3 d-1). Some of these results related to the anaerobic degradation of 

2-propanol at pilot-scale, together with results from studies at laboratory-scale 

were recently published in: 

Vermorel, N., San Valero, P., Izquierdo, M., Gabaldon, C., Penya-Roja, J.M., 

Anaerobic degradation of 2-propanol: laboratory and pilot-scale studies. Chemical 

Engineering Science 172 (2017), 42-51. 



Side-studies on the optimisation of the composition of the nutrients 

(refining the N/P and N/S ratios) permitted minimizing the volume of nutrients to 

be fed in the pilot-scale EGSB reactor. This fine-tuning of the original formula of 

macronutrients should allow reducing operational cost at industrial scale and 

minimizing the H2S content. 

Finally, these experiments at pilot-scale give some insight on important 

restrictions and key parameters to achieve good performances at full scale. 

Especially if the full-scale installation should run with 2-propanol as the main solvent 

and a sludge from a brewery wastewater treatment plant, the period of acclimation 

to 2-propanol should be monitored with the COD and VFA concentrations, as well 

as the pH and biogas production. A transitory start-up period of around 3 weeks-1 

month is expected for the anaerobic bioscrubber, during which step-wise increases 

in the organic load (OL) should be applied, through the control of the airflow 

containing the solvents and entering the scrubber. Some addition of an easily 

biodegradable substrate such as ethanol might be necessary, during the first phases 

with low OL of 2-propanol, in order to keep a minimum total OL for the consortium 

of bacteria. If possible, subsequent full-scale installations running with 2-propanol 

should then be (partially) seeded with the adapted sludge from the first full-scale 

plant. Moreover, whatever solvent is the main substrate (ethanol or 2-propanol), it 

is advisable to have the temperature of the anaerobic reactor kept above 20 °C, and 

thus this parameter should also be monitored.  

The third line of research aimed at improving the anaerobic degradation of 

the solvents through the optimisation of the nutrients dosing. As macronutrients 

supplementation is quite abundantly referenced, the study was focused on 

micronutrients. These studies highlighted the importance and complexity of 

determining a proper dosing strategy for micronutrients in anaerobic bioreactors.   

First experiments extracted the total metal contents (Fe, Zn, Cu, Mo, Ni, Co, 

Mn and Se) of two types of sludge samples (from a brewery wastewater treatment 

plant (S-B1)) or the same type of sample seeded in the pilot-scale anaerobic 

bioscrubber and treating effluents from the packaging industry for more than a year 

(S-FP) with microwave-assisted digestion. Comparison of results with similar sludges 

from the literature highlighted the importance of the source of inoculum chosen, as 

different types of sludge had different initial metals contents, which can have a 

great impact on the response of the system to micronutrient dosing. 

Then, a screening of metals influence and interactions was undertaken, 

considering the following trace metals: Fe, Co, Mn, Mo, Ni and Zn and using a 

fractional factorial experimental plan (26-2). The experiments were carried out at 



laboratory scale, using batch reactor at 25 °C, and evaluating the influence of 

different dosing on the degradation of a binary mixture of ethanol (used as a 

control) and 1-methoxy-2-propanol. Results from this study on micronutrients 

dosing pointed out that optimal dosing is not only important for increasing the SMA 

or degradation rate, but also play a significant role in reducing the lag phase 

observed with 1-methoxy-2-propanol. Thus, this study seemed to confirm that 

micronutrients can impact the onset of the activity or growth of the bacterial 

population through the onset of particular enzymes. Iron higher dosing had the 

most positive effect on the methane production rate associated with the 

degradation of 1-methoxy-2-propanol. Simultaneous higher dosing of Fe and Zn as 

well as Fe and Mn also significantly enhanced the methane production rate- 

indicating a positive interaction between these elements. These responses could 

confirm that there was a limitation of iron and zinc in the sludge used in the EGSB 

reactor, as suggested by the study of the total metal content, where these metals 

were found in lower concentrations than expected.  

Furthermore, the metals allocation in the sludges S-B1 and S-FP was 

determined through a sequential extraction method, which is essential for a good 

understanding and interpretation of the results for the micronutrients dosing. In 

both sludge samples, most of the metals were mainly present in the most strongly 

bound fractions, i.e. the organic/sulphide-bound fraction and the residual fraction. 

These findings might indicate the necessity to have freshly-dosed trace metals in the 

bioreactor, in order to have micronutrients more bioavailable to the sludge.  

Finally, the evolution of the micronutrients contents at pilot-scale is 

presented, for different dosing strategies which were based on the laboratory-scale 

results. The adjustment in the dosing seemed to quickly (in a month or less) increase 

the metal content in the sludge used to seed the EGSB reactor (S-B1). Analyses 

showed that the dosing strategy should be reduced once the metal content in the 

sludge and water have increased to compensate some detected initial limitations in 

the sludge, in order to keep low residual trace metals concentrations in the water. 

Guidelines were issued for an adjustment in the micronutrients, recommending a 

reduction in their dosing for normal operations (after the start-up period).  

 

 

 

 



RESUMEN 

Con el desarrollo de la política ambiental de la Unión Europea, la calidad del 

aire en Europa ha mejorado considerablemente.  No obstante, la contaminación 

atmosférica continúa siendo importante lo que hace necesario el desarrollo 

continuo de soluciones tecnológicas de depuración del aire para mitigar los 

problemas de calidad ambiental. 

Con objeto de preservar el medio ambiente y evitar problemas de salud 

pública, las emisiones industriales de disolventes están estrictamente reguladas por 

la normativa vigente en Europa, en el marco de la Directiva Europea de Emisiones 

Industriales (2010/75/EU). La industria del envase y embalaje es uno de los sectores 

más importantes en cuanto al uso de disolventes utilizados para llevar a cabo la 

impresión de producto. Así, en este tipo de industria, los disolventes orgánicos más 

ampliamente utilizados son el etanol, que puede representar más del 50% de las 

emisiones asociadas al proceso de impresión, y otros disolventes secundarios que a 

nivel individual no suelen superar el 15% de las emisiones: 1-etoxi-2-propanol, 1-

metoxi-2-propanol, 2-propanol (isopropanol) y acetato de etilo. Tras el proceso de 

impresión, estos compuestos orgánicos volátiles (COV) son emitidos a la atmósfera 

en concentraciones relativamente bajas. Entre las tecnologías disponibles para el 

tratamiento de emisión de estos compuestos en corrientes de aire, los procesos 

biológicos (biofiltros, biofiltros percoladores o biolavadores) se han afianzado como 

soluciones óptimas por su viabilidad económica y sostenibilidad ambiental.  

En este contexto, el grupo de investigación en Ingeniería AMbiental GI2AM 

del departamento de Ingeniería Química de la Universitat de València, en 

colaboración con la compañía de los Países Bajos Pure Air Solutions, han 

desarrollado una tecnología novedosa de biolavador anaerobio en el marco del 

proyecto Europeo TrainonSEC en el que se enmarca la presente tesis doctoral. Esta 

tecnología (patente ES2542257) permite transferir los agentes contaminantes 

orgánicos desde el aire a una fase acuosa que, en circuito cerrado, transforma el 

material orgánico en biogás. Con esta configuración se obtienen grandes ventajas 

en comparación con las biotecnologías aerobias disponibles, en especial en cuanto 

a la disminución de las necesidades de espacio y a la conversión final de los 

contaminantes orgánicos en biogás, directamente utilizable como fuente de 

energía. No obstante, la transformación en circuito cerrado de compuestos 

sintéticos hace necesario el estudio de la degradación anaerobia previo a la 

implementación de esta solución biotecnológica. 

 



Alcance y objetivos 

El objetivo general de esta tesis doctoral es el estudio de la biodegradación 

anaerobia de disolventes típicos de la industria del envase y embalaje con la 

finalidad última de hacer posible la implementación de un biotratamiento 

anaerobio estable de las emisiones industriales de disolventes, y optimizar la 

transformación de estos contaminantes en biogás. Este objetivo general se ha 

traducido en 3 líneas de trabajo con los siguientes objetivos específicos: 

1. Evaluación de la biodegradabilidad de cada uno de los disolventes de 

interés en la industria de impresión de envases (1-etoxi-2-propanol, 1-

metoxi-2-propanol, 2-propanol, y acetato de etilo), incluyendo 

potenciales interferencias mutuas. 

2. Profundizar en el conocimiento de la capacidad de degradación de los 

disolventes en un sistema a escala piloto. Mediante este objetivo será 

posible cuantificar las cargas orgánicas máximas aplicables y estimar los 

tiempos de aclimatación que podrían requerir los principales disolventes 

considerados. 

3. Evaluación de la posible optimización de la biodegradación anaerobia de 

los disolventes a través de un estudio la dosificación de micronutrientes. 

 

Cada uno de los objetivos principales engloba diversos objetivos específicos. 

Así, la evaluación de la biodegradabilidad de los disolventes se ha llevado a cabo a 

escala de laboratorio, tanto en sistemas en continuo como en discontinuo, 

persiguiendo los siguientes objetivos específicos: 

 Determinación de la influencia en los ensayos en discontinuo de factores 

específicos relacionados con la fuente de biomasa activa utilizada: 

concentración, exposición previa a disolventes y períodos de inactividad. 

 Cuantificación del proceso de degradación anaerobia a partir de la 

velocidad de degradación y de la fase de latencia para los disolventes 

secundarios: Estudio para diferentes concentraciones de disolvente en 

presencia de etanol. 

 Evaluación de la potencial interacción entre los disolventes secundarios a 

través de estudios en discontinuo de la degradación de mezclas de 

disolventes. 

 Caracterización de la degradación de cada uno de los principales 

disolventes secundarios (acetona, 1-etoxi-2-propanol y 2-propanol) como 



contaminante único. Se considera la acetona en el estudio dado que 

constituye un importante compuesto intermedio en la degradación de los 

disolventes secundarios. 

 Estudio de la degradación del 2-propanol en un sistema continuo de 

tanque agitado a escala de laboratorio como contaminante único o en 

mezclas binarias con etanol para cargas orgánicas crecientes. La 

importancia del estudio del 2-propanol radica en que algunas 

instalaciones industriales de impresión para envases lo utilizan, en lugar 

del etanol, como principal disolvente. Además, el 2-propanol ha sido 

catalogado como no fácilmente biodegradable e incluso como inhibidor 

de la actividad metanogénica en altas concentraciones. 

 

Los objetivos específicos para desarrollar un mejor conocimiento acerca de 

la capacidad de degradación de los disolventes a escala piloto que permita obtener 

información valiosa para la implementación a escala industrial del proceso, se 

concretan a continuación: 

 Determinación del período de aclimatación y de la capacidad de 

eliminación de 1-etoxi-2-propanol en presencia de etanol, a partir de la 

cuantificación de las eficacias de eliminación para las cargas orgánicas 

aplicadas. Este componente secundario (1-etoxi-2-propanol) se ha 

utilizado como objetivo dado que se ha identificado como el componente 

con mayor concentración en el sobrenadante del biorreactor a escala 

piloto tratando el agua residual de la instalación de impresión en la que 

se ha desarrollado la presente tesis doctoral. 

 Determinación del período de aclimatación y de la capacidad de 

eliminación de 2-propanol como sustrato principal (tanto como sustrato 

único como en presencia de etanol), a partir de la cuantificación de las 

eficacias de eliminación para las cargas orgánicas aplicadas. 

 Determinación de la influencia de la temperatura en la eficacia de 

eliminación de 2-propanol y etanol con objeto de comparar las máximas 

cargas orgánicas aplicables en diferentes temperaturas de trabajo (26, 20 

y 18 °C) 

 Optimización de la dosificación de macronutrientes. 

En cuanto al tercer objetivo, centrado en la optimización de la dosificación 

de nutrientes con objeto de mejorar la degradación anaerobia de los disolventes, 



se ha enfocado principalmente en la suplementación de micronutrientes, 

concretamente Fe, Zn, Cu, Mo, Ni, Co, Mn y Se, dado que existe una extensa 

información bibliográfica en cuanto a los macronutrientes. Este objetivo se ha 

materializado a través de los siguientes objetivos específicos: 

 Determinación de la influencia de la concentración de metales del inóculo 

en el proceso anaerobio, considerando la gran variabilidad en cuanto a la 

presencia de metales en la fuente de fango utilizada. 

 Evaluación de la distribución de los metales en la biomasa a través de 

extracción secuencial y posterior determinación de concentración, que 

resulta esencial para la adecuada interpretación y análisis de los 

resultados relacionados con la dosificación de micronutrientes. 

 Evaluación de la influencia de los micronutrientes y su dosificación óptima 

para la degradación anaerobia de los disolventes de interés. El cribado se 

ha realizado en base a un diseño experimental factorial fraccional (26-2), 

que ha considerado los siguientes metales: Fe, Co, Mn, Mo, Mi y Zn; 

utilizando como sustratos orgánicos etanol y 1-metoxi-2-propanol. 

 Análisis de la estrategia de dosificación de micronutrientes en la planta 

piloto en base al seguimiento de la evolución de la concentración de 

metales, tanto en la biomasa como en el agua. 

 

Materiales y métodos 

Los compuestos orgánicos utilizados en los experimentos de la presente 

tesis doctoral son los disolventes más utilizados en la industria de envases y 

embalajes, concretamente en las instalaciones de impresión flexográfica: etanol, 

acetato de etilo, 1-etoxi-2-propanol, 1-metoxi-2-propanol y 2-propanol. También se 

ha considerado la acetona, teniendo en cuenta que constituye un producto 

intermedio en la degradación del 2-propanol, tal y como se ha detectado en el 

estudio experimental de esta tesis. 

A lo largo del estudio, se ha utilizado fango granular procedente de tres 

instalaciones diferentes que trabajaban en el intervalo mesófilo subóptimo. Para 

referirse a cada una de las fuentes de fango granular se han utilizado acrónimos a 

lo largo del trabajo: S-FP, S-B1 y S-B2. El fango S-FP procede de un reactor EGSB a 

escala piloto que trataba emisiones de una industria de impresión de envases de 

alimentación (Altacel B.V., Weesp, Países Bajos), operando a una temperatura 

media anual de 22 °C. Este biorreactor ha sido el utilizado en la parte experimental 



a escala piloto de la presente tesis doctoral. La muestra de fango S-FP se tomó 

después de un año de funcionamiento continuo del biorreactor tratando agua 

residual con disolventes procedentes de la instalación industrial. Las emisiones 

contenían principalmente etanol (60-65%) y otros componentes secundarios como 

acetato de etilo (20-25%), 1-etoxi-2-propanol (10-15%), 2-propanol (<1%) y 1-

metox-2-propanol (<1%). Este fango se utilizó como fuente de biomasa activa para 

la mayoría de ensayos en discontinuo a escala de laboratorio, a excepción de los 

experimentos relacionados con el estudio de la aclimatación, para los cuales se 

empleó el fango S-B1 que procede de un biorreactor IC a escala industrial utilizado 

para el tratamiento del agua residual de una industria cervecera (Heineken, 

Zoeterwoude, Países Bajos), operando a una temperatura de alrededor de 26 °C. 

Cabe destacar que el fango S-B1 también se utilizó como fuente inicial de biomasa 

activa del reactor EGSB a escala piloto usado en el presente trabajo de investigación. 

El fango S-B2 también procede de un biorreactor IC a escala industrial utilizado para 

el tratamiento de agua residual de una instalación de producción de cerveza (Font 

Salem, El Puig, Spain), trabajando en un intervalo de temperaturas entre 22 y 32 °C. 

Este fango S-B2 se ha utilizado como fuente de biomasa activa para el estudio en 

continuo a escala de laboratorio. Los fangos procedentes de industrias cerveceras 

(S-B1 y S-B2) no estuvieron expuestos previamente a 2-propanol ni a ninguno de los 

otros disolventes secundarios (1-etoxi-2-propanol, 1-metoxi-2-propanol y acetato 

de etilo), de forma que se han considerado como no aclimatados. Las tres fuentes 

de fango utilizadas tenían contenidos similares de sólidos totales y volátiles, pero el 

S-B2 presentaba partículas de mayor diámetro y con mayor contenido de sulfuro 

que los otros dos fangos. 

Los estudios experimentales se han desarrollado en tres niveles: bioensayos 

discontinuos en laboratorio, sistema continuo de tanque agitado a escala de 

laboratorio y ensayo en continuo a escala piloto. 

 Los experimentos para la cuantificación de la biodegradabilidad de los 

disolventes (Capítulo 5) y el estudio de la suplementación de micronutrientes 

(Secciones 7.1.1 y 7.1.2 del capítulo 7) fueron desarrollados en reactores a escala de 

laboratorio en discontinuo mediante ensayos de determinación del potencial 

bioquímico de metano (BMP, Biochemical Methane Potential) utilizando un equipo 

automatizado (AMPTS II de la compañía Bioprocess Control) constituido por una 

serie de reactores termostatizados de 500 mL, con control de temperatura y registro 

continuo del caudal de metano generado. 

Los ensayos en continuo para la determinación de los tiempos de 

aclimatación y la capacidad de eliminación de 2-propanol (a partir de la eficacia de 



eliminación para las cargas orgánicas aplicadas) se llevaron a cabo a partir del 

diseño, puesta a punto y operación de un reactor continuo de tanque agitado a 

escala de laboratorio (1600 mL de volumen efectivo) termostatizado y alimentado 

de forma continua mediante una bomba peristáltica multicanal.  

Los ensayos de biodegradación y aclimatación del 2-propanol y de 1-etoxi-

2-propanol a escala piloto/prototipo industrial (Capítulo 6), se llevaron a cabo en el 

reactor EGSB a escala piloto de 8.7 m3 de volumen, inoculado con el fango S-B1 y 

acoplado en circuito cerrado con un tanque de recirculación.  El volumen total de 

agua del sistema era de 12 m3 y se operó con una purga diaria. Por último, la 

influencia de la dosificación de micronutrientes específicos en el contenido de 

metales del fango, así como en el sobrenadante del biorreactor, también se 

desarrolló a escala piloto. 

Para el seguimiento de los diferentes experimentos, se midieron los 

principales parámetros asociados tanto al agua residual, al fango anaerobio, como 

al biogás producido. En este sentido, se utilizaron técnicas estandarizadas para el 

análisis de parámetros como concentración de carbono orgánico total, demanda 

química de oxígeno, alcalinidad, pH, conductividad, concentración de nutrientes, 

producción y composición del biogás. 

 

Resultados y discusión 

El estudio de biodegradabilidad de los disolventes de interés se llevó a cabo 

a escala de laboratorio, tanto en discontinuo como en continuo, a una temperatura 

de 25 °C. En primer lugar, se estudió la influencia sobre la degradación de mezclas 

binarias de disolventes de factores tales como la relación inoculo/sustrato y la 

fuente de biomasa activa en referencia a su exposición previa a los disolventes de 

interés o a los períodos previos de inactividad. Estos experimentos mostraron que 

el fango granular anaerobio procedente de biorreactores de alta carga para el 

tratamiento de aguas residuales de instalaciones de producción de cerveza resulta 

una fuente adecuada de biomasa activa para el tratamiento de agua residual con 

presencia de los disolventes estudiados, aunque se evidenció la necesidad de un 

período de aclimatación. En este sentido, la exposición previa del fango granular a 

los disolventes secundarios resultó en una mejora de la biodegradación, tal como 

indican tanto la reducción del tiempo de latencia como el aumento de la actividad 

metanogénica específica (SMA, Specific Methanogenic Acivity). 

En cuanto a la degradación anaerobia de los disolventes secundarios 

(acetato de etilo, 1-etoxi-2-propanol, 2-propanol y 1-metoxi-2-propanol), 



estudiados en mezclas binarias con etanol a escala de laboratorio en discontinuo, 

los resultados muestran que todos ellos pueden ser degradados, al menos hasta 

concentraciones tan altas como 25 g DQO L-1. La mayoría (exceptuando el acetato 

de etilo) presentaron cinéticas más lentas que el etanol que explican su acumulación 

en el tratamiento a escala piloto (valores de SMA entre 34 y 36 mL CH4 g SSV-1 d-1, 

frente a 150-200 mL CH4 g SSV-1 d-1 observados para el etanol a concentraciones 

similares: 1-2 g DQO L-1). Además, ninguno de los disolventes estudiados dio lugar a 

inhibición en la degradación del etanol, incluso para las concentraciones más altas. 

Tanto el 1-metoxi-2-propanol como el 1-etoxi-2-propanol pudieron ser degradados 

después de un período de aclimatación del sistema, que podría estar asociado a un 

desarrollo enzimático para llevar a cabo el proceso por las vías metabólicas 

adecuadas. El disolvente 1-metoxi-2-propanol se mostró como el compuesto con la 

cinética más lenta y con un período de latencia de entre 11 y 14 días para 

concentraciones desde 1 a 25 g DQO L-1. También fue posible la degradación 

anaerobia del acetato de etilo para las concentraciones estudiadas siempre que la 

alcalinidad se mantuvo suficientemente alta como para amortiguar la acidificación 

generada como consecuencia de la rápida hidrólisis del compuesto a ácido acético 

y etanol. 

La degradación de 1-etoxi-2-propanol, 2-propanol, y acetona como 

contaminantes únicos con una concentración 5 g DQO L-1 mostraron cinéticas muy 

similares, con valores de SMA de alrededor de 34-36 mL CH4 g SSV-1 d-1, lo que podría 

indicar que la degradación de la acetona (como producto intermedio en la 

metabolización de los otros disolventes) actúa como etapa limitante. 

Considerando que en las instalaciones de impresión flexográfica resulta 

posible el uso del 2-propanol en lugar de etanol como disolvente principal del 

proceso, se profundizó en el estudio de su biodegradación a partir del diseño, 

operación y seguimiento de un reactor continuo a escala de laboratorio utilizando 

tanto etanol como 2-propanol como sustratos orgánicos. Con incrementos 

moderados de la carga orgánica, el sistema mostró un funcionamiento estable con 

altas eficiencias de eliminación para una carga orgánica de 3 kg DQO m-3d-1 de 2-

propanol, equivalente a una carga por biomasa (Sludge Loading Rate, SLR) de 0.17 

kg DQO kg SSV-1d-1. Este valor coincide con el observado en los ensayos en 

discontinuo para una concentración de sustrato de 1.2 g DQO L-1. En cambio, con el 

incremento brusco de carga de 2-propanol se observó un elevado rendimiento de 

eliminación de materia orgánica en el reactor, si bien el rendimiento de generación 

de biogás descendió significativamente respecto del estequiométrico, lo que se 

asoció a una acumulación intracelular de materia orgánica en forma de 

polihidroxibutiratos (PHB). El estudio mostró que, a diferencia del etanol, el 



incremento de OLR hasta un valor de 6 kg DQO m-3 d-1 (SLR de 0.34 kg DQO kg          

SSV-1 d-1) dio lugar a la desestabilización del proceso, con gran impacto en el 

mecanismo de granulación que, en último término está asociado a la dinámica de la 

población bacteriana. 

La segunda línea de estudio de la presente tesis doctoral, relacionada con la 

obtención de mayor conocimiento del proceso de degradación de los disolventes de 

interés para poder llevar a cabo la implementación a escala industrial del proceso, 

se llevó a cabo en el reactor EGSB a escala piloto. En los experimentos con 1-etoxi-

2-propanol, los resultados mostraron la viabilidad del tratamiento anaerobio de los 

efluentes con etanol como principal contaminante orgánico y un 10% de 1-etoxi-2-

propanol, para cargas orgánicas (OLR) de 3.3 kg DQO kg m-3 d-1, equivalente a una 

SLR de 0.23 kg DQO kg SSV-1 d-1.  

Asimismo, se estudió la degradación de 2-propanol con etanol en la planta 

piloto. Los estudios experimentales demostraron que el 2-propanol puede ser 

degradado tanto como compuesto minoritario como sustrato principal en el 

biorreactor EGSB a escala piloto, lo cual hace que la aplicabilidad del tratamiento 

mediante biolavador anaerobio pueda extenderse a instalaciones industriales en las 

que se emita 2-propanol como principal contaminante orgánico. El fango S-B1 

mostró la capacidad de eliminar cargas de 2-propanol relativas a la biomasa (SLR) 

de hasta 0.29 kg DQO kg SSV-1 d-1 a 26 °C (correspondiente a una OLR de 3.9 kg DQO 

m-3 d-1), cuando se lleva a cabo una exposición al 2-propanol suave y progresiva 

(aumentos de OLR de 0.6-0.7 kg DQO m-3 d-1). No obstante, a 20 °C no fue posible 

alcanzar altas tasas de degradación ni, en consecuencia, altos rendimientos de 

metano indicando que las condiciones psicrófilas no fueron adecuadas para el 

tratamiento del 2-propanol, al menos a las SLR estudiadas. También se evaluó a 

escala piloto la tolerancia de la población biológica a condiciones psicrófilas o sub-

mesófilas utilizando etanol como sustrato principal. En este caso, los resultados 

experimentales mostraron la disminución de la eficacia de eliminación con la 

disminución de la temperatura, con un valor mínimo de temperatura recomendado 

ligeramente inferior al observado para 2-propanol: alrededor de 18 °C para valores 

de OLR de 1.7-3.4 kg DQO m-3 d-1. Mientras que temperaturas más altas (26 °C) 

posibilitaron un adecuado tratamiento a cargas orgánicas más altas, incluso para 

picos de hasta 9.2 kg DQO m-3 d-1. 

Los resultados del tratamiento anaerobio del 2-propanol, tanto a escala 

piloto como a escala de laboratorio, han sido publicados en el artículo:  



Vermorel, N., San-Valero, P., Izquierdo, M., Gabaldón, C., Penya-roja, J.M. (2017). 

Anaerobic degradation of 2-propanol: laboratory and pilot-scale studies. Chemical 

Engineering Science. 172, 42-51. 

Estudios complementarios acerca de la optimización en la composición de 

los principales nutrientes (ajuste de las relaciones N/P y N/S) en la planta piloto han 

permitido minimizar el volumen de solución de nutrientes a alimentar al sistema de 

forma que redundará tanto en la reducción de los costes de operación como en la 

disminución de H2S transferido al biogás. 

Los experimentos en planta piloto permitieron profundizar en las 

restricciones y parámetros clave que permitirán alcanzar un funcionamiento óptimo 

a escala industrial. Así, para operar una planta de tratamiento con 2-propanol como 

principal contaminante orgánico utilizando como fuente inicial fango procedente de 

un biorreactor anaerobio de tratamiento de agua residual de fabricación de cerveza, 

el período de aclimatación debería llevarse a cabo con un seguimiento exhaustivo 

de la concentración de materia orgánica y ácidos grasos volátiles, así como del pH y 

de la producción de biogás, para detectar sobrecargas del sistema. En este sentido, 

cabe esperar un periodo transitorio durante la puesta en marcha de alrededor de 3-

4 semanas hasta el adecuado funcionamiento del reactor anaerobio. En este 

periodo transitorio, debería aumentarse paulatinamente la carga orgánica 

mediante el control del caudal de aire contaminado y, en consecuencia, la 

transferencia de compuestos orgánicos volátiles al reactor anaerobio. En este 

proceso de puesta en marcha, puede ser necesario llevar a cabo una adición 

controlada de etanol con objeto de mantener el consorcio bacteriano con una carga 

orgánica de alimentación mínima. Siempre que sea posible, resultaría interesante 

utilizar para el tratamiento de efluentes de instalaciones con 2-propanol como 

principal disolvente, una fuente de fango procedente (al menos parcialmente) de 

una instalación de tratamiento previamente desarrollada. En cualquier caso, 

cualquiera que sea el sustrato principal (etanol o 2-propanol), resultaría muy 

recomendable mantener la temperatura del biorreactor por encima de 20 °C y, en 

consecuencia, esta variable debería ser monitorizada en continuo. 

La tercera línea de trabajo experimental de la tesis doctoral se ha centrado 

en la optimización de la dosificación de micronutrientes para la adecuada 

degradación anaerobia de los disolventes. Los estudios destacan la importancia y la 

complejidad asociadas a la correcta estrategia de dosificación de micronutrientes 

en biorreactores anaerobios. 

Los experimentos destacaron la importancia de la fuente de fango utilizado 

a partir de la determinación del contenido total de metales (Fe, Zn, Cu, Mo, Ni, Co, 



Mn y Se) de muestras de los fangos S-B1 y S-FP. Ambos tipos de fangos mostraron 

un contenido inicial de metales similar entre sí, pero diferente a valores 

bibliográficos de fangos de similar procedencia, lo que podría tener un alto impacto 

en la respuesta del sistema a la dosificación de micronutrientes. 

Asimismo, se ha llevado a cabo un estudio de la influencia de metales sobre 

el sistema anaerobio de degradación de 1-metoxi-2-propanol, incluyendo 

interacciones entre sí. Se ha considerado los siguientes metales: Fe, Co, Mn, Mo, Ni 

y Zn a partir de un plan experimental factorial fraccional (26-2). Los experimentos se 

llevaron a cabo a escala de laboratorio, utilizando biorreactores en discontinuo 

termostatizados a 25 °C, que permitían evaluar la influencia de diferentes 

dosificaciones en la degradación de una mezcla binaria de etanol (usado como 

control) y 1-metoxi-2-propanol. Los resultados mostraron que la dosificación óptima 

no sólo tiene una importante influencia en la cinética de degradación, mediante el 

aumento de la SMA, sino que también juega un papel importante en la reducción 

del tiempo de latencia. Esta influencia de la presencia de metales podría estar 

relacionada con la necesidad de enzimas específicos en la ruta metabólica de 

degradación. El mayor aumento de la velocidad de producción de metano asociado 

a la degradación de 1-metoxi-2-propanol se mostró asociado al aumento en la 

dosificación de Fe. Además, el aumento simultáneo en la dosificación de Fe y Zn, así 

como de Fe y Mn, también dieron lugar a un incremento significativo en la velocidad 

de producción de metano, indicando una interacción positiva entre estos metales. 

Esta respuesta del sistema a la dosificación podría presentar cierta relación con el 

bajo contenido de Fe y Zn en la fuente de fango utilizada, tal y como se observó a 

partir del estudio del contenido total de metales en el fango. 

El estudio experimental se completó mediante la caracterización de las 

principales fracciones de metales presentes en ambos fangos, S-B1 y S-FP, a partir 

de un método de extracción secuencial seguido de una digestión ácida. Los 

resultados mostraron que, en ambos fangos, la presencia de metales estaba 

asociada mayoritariamente a las fracciones relacionadas con uniones más fuertes, 

y por tanto menos biodisponibles, como la fracción orgánica/sulfuros y la fracción 

residual. 

Por último, se realizó un seguimiento de la evolución del contenido de 

metales en la planta piloto para diferentes estrategias de dosificación, basadas en 

las observaciones a escala de laboratorio. El ajuste de la dosificación parece que 

puede superar rápidamente (en un mes o menos) las deficiencias de nutrientes 

detectadas en el fango utilizado para la puesta en marcha del sistema (S-B1). En este 

sentido, es importante tener en cuenta que la estrategia de dosificación debe ser 



reducida una vez las limitaciones han sido compensadas con objeto de mantener lo 

suficientemente bajas las concentraciones de los diferentes metales en el 

sobrenadante del sistema. 

 

Conclusiones y perspectivas 

Los objetivos generales de esta Tesis Doctoral son el estudio y la mejora de 

la degradación anaerobia de disolventes de la industria de la impresión de envases, 

para la optimización de la eliminación de contaminantes y la producción de biogás 

asociada a su degradación. Para tal fin, se diseñaron e implementaron tres líneas de 

trabajo con experimentos tanto a escala de laboratorio como a escala piloto, en un 

prototipo industrial de biolavador anaerobio que el grupo de investigación GI2AM y 

la empresa holandesa Pure Air Solutions BV operan en el marco del proyecto 

europeo TrainonSEC en el que se ha desarrollado esta Tesis Doctoral. 

A partir del estudio de biodegradabilidad anaerobia de los disolventes de 

interés a escala de laboratorio se puede concluir que la degradación anaerobia de 

los efluentes con etanol como disolvente mayoritario no se ve inhibida por la 

presencia de otros disolventes minoritarios habituales como el 1-metoxi-2-

propanol, 1-etoxi-2-propanol, acetato de etilo o 2-propanol. Asimismo, los estudios 

en discontinuo han demostrado la biodegradabilidad de todos los disolventes hasta 

una concentración tan elevada como 25 g DQO L-1. Además, la utilización de fango 

granular procedente de los reactores anaerobios que tratan aguas residuales de la 

industria de producción de cerveza ha proporcionado resultados satisfactorios para 

la degradación de estos disolventes, mostrándose como un adecuado origen de la 

biomasa para la puesta en marcha del biolavador anaerobio. 

Por lo que respecta a los resultados obtenidos en la planta piloto para la 

obtención de datos sobre la capacidad de degradación, se determinaron las cargas 

orgánicas y el tiempo de aclimatación de la biomasa para la degradación de los 

principales disolventes de interés. Los resultados indicaron la viabilidad del 

tratamiento anaerobio de los efluentes típicos de este tipo de industrias, con etanol 

como principal disolvente y un 10% de 1-etoxi-2-propanol, a una OLR de 3.3 kg DQO 

d-1 m-3, equivalente a una SLR de 0.23 kg DQO kg SSV-1 d-1.  

Por otro lado, se alcanzaron cargas de tratamiento de 2-propanol de 0.29 kg 

DQO kg SSV-1 d-1 a 26 °C, equivalente a una OLR de 3.9 kg DQO d-1 m-3, con un 

incremento suave y progresivo de la carga al reactor (0.6–0.7 kg DQO m-3 d-1) y a 

temperaturas por encima de 20°C. De los resultados con 2-propanol, se puede 

concluir que si se operase un biolavador anaerobio con 2-propanol como principal 

disolvente presente en las emisiones, el periodo de aclimatación de la biomasa sería 



de alrededor de 3-4 semanas, utilizando fango procedente de un reactor tratando 

agua de la industria de producción de cerveza. Además, sería recomendable la 

adición de etanol durante las primeras fases de la puesta en marcha, con 

incrementos progresivos de la carga orgánica de 2-propanol, para mantener una 

carga mínima total para el mantenimiento de la biomasa.  

En un estudio paralelo en planta piloto, se ha conseguido la optimización de 

la composición y dosificación de los nutrientes que permitió la minimización del 

volumen de nutrientes alimentados al reactor, con la consecuente reducción de 

costes de operación. 

Por lo que respecta a la tercera línea de trabajo del estudio de 

micronutrientes, se puso de manifiesto la importancia y complejidad de determinar 

la adecuada estrategia de dosificación de metales utilizados como micronutrientes 

en los bioreactores anaerobios. La distribución de metales (Fe, Zn, Cu, Mo, Ni, Co, 

Mn y Se) obtenida mediante extracción secuencial de los fangos granulares S-B1 y 

S-FP fue muy similar. Las concentraciones de metales más elevadas correspondieron 

a las fracciones enlazadas a la materia orgánica y a los sulfuros y a la fracción 

residual, concluyéndose que se encuentran presenten en las fracciones más 

fuertemente retenidas. Asimismo, la concentración total de metales de ambos 

fangos fue también muy similar. 

El estudio de optimización de la dosificación de micronutrientes en 

discontinuo realizado en base a un plan de diseño experimental factorial fraccional, 

puso de relieve que la dosificación óptima no solo es importante por el incremento 

de SMA o de la velocidad de degradación, sino también por la disminución de la fase 

de latencia observada en la degradación de 1-metoxi-2-propanol. 

Con el seguimiento del contenido en metales del fango y del agua del 

reactor de la planta piloto, se observó que la concentración de metales del fango 

utilizado como inóculo del reactor se incrementó como consecuencia de la 

dosificación en la planta piloto, contrarrestando posibles deficiencias iniciales de 

nutrientes. 

Los trabajos futuros en esta línea de trabajo derivados de esta tesis doctoral 

podrían dirigirse al estudio de parámetros que afectan a la granulación de la 

biomasa tratando agua contaminada con 2-propanol como principal sustrato, y al 

estudio de la optimización de la dosificación de micronutrientes para la degradación 

de este sustrato.  
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Improved air quality has been achieved over the last years in Europe 

through the reduction of air pollutants emissions (European Environment Agency, 

2013). However, air pollution is still important and air quality problems persist, 

requiring further solution development. 

The scientific goal of TrainonSEC project— from which this research work is 

part of—is to find an environmentally friendly solution for industrial processes 

related to solvent use, by reducing waste emission while decreasing energy demand 

through the production and use of renewable resources. 

Therefore, an innovative application using anaerobic degradation is being 

developed, that produces biogas from these Volatile Organic Compounds (VOCs) 

emissions, aiming to recycle diluted waste into energy. This novel bioprocess will 

allow industries to comply with the European Industrial Emissions Directive 

(2010/75/EU) and to generate energy for the production facility at the same time, 

therefore reducing fossil fuel consumption.  

Within this scope, the present research work focuses on the study of the 

anaerobic biodegradation of VOCs used and emitted by the flexographic sector 

(beachhead market for the developed technology). It will allow developing further 

understanding of these solvents biodegradability at moderate temperature, and 

thus their treatment. The influence of key parameters for optimal pollutant removal 

and biogas production has been investigated both at laboratory and pilot-scale. 

To better apprehend the scope of this research work, a first introductory 

chapter is dedicated to VOCs and the existing treatment methods.  

1.1 REASONS FOR TREATING VOC EMISSIONS 

1.1.1 Definition of Volatile Organic Compounds 

Any compound with at least one atom of carbon and one or more hydrogen, 

oxygen, nitrogen, sulphur, phosphorus, silicon, halogens (usually, chlorine and 

fluorine) and with the exception of carbon oxides, inorganic carbonates and 

bicarbonates, is an organic compound. VOC in particular are organic compounds 

that are in a gas or vapour state under normal temperature and pressure conditions 

(Directive 1999/13/EC). 

http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=CELEX:32010L0075:EN:NOT
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This very broad definition is completed by more restrictive criteria, which 

may vary depending on the regional legislation. Usually the vapor pressure level is 

used to define whether an organic compound is considered volatile:  

- In the USA, VOCs are defined with a vapor pressure above 13.3 Pa 

at 25 °C, according to ASTN test method D3960–90 (Dewulf et al., 

2002). 

- In the European Union, the vapor pressure for VOCs should be 

above 10 Pa at 20 °C (293.15 K) or have an equivalent volatility 

under the specific conditions of use (Directive 1999/13/EC).  

- According to the Australian National Pollutant Inventory, VOCs are 

defined with a vapor pressure above 10 Pa (Australian National 

Pollutant Inventory, 2015) at 293.15 K (i.e. 20 °C). 

Additionally, a more effect-oriented criterion can be used: 

- In 1986, the American Environment Protection Agency (EPA) stated 

that VOCs are organic compounds (except carbon monoxide, 

dioxide, carbonic acids, carbides, metallic and ammonium 

carbonates) contributing to photochemical ozone creation.  

- The European Commission also states in the VOC Directive 

1999/13/EC that VOCs are compounds that contribute to the 

formation of ozone in the lower atmosphere (tropospheric ozone). 

These differences in the definition of VOCs make it difficult to write an 

exhaustive list of VOCs.  However, some lists can be found in the literature, such as 

the one composed by Le Cloirec (1998) with  318 VOCs or by Rafson (1998) with 

around 500 VOCs. Both lists include a high number of chemical families, among 

which the most commonly found are (Devinny et al., 1999):  

- Alcohols (ethanol, methanol, butanol, 2-propanol, etc.); 

- Aldehydes (acetaldehyde, formaldehyde, etc.); 

- Aliphatic (heptane, hexane, pentane, etc.); 

- Aromatic (benzene, toluene, ethylbenzene and xylene); 

- Chlorinated compounds (tetrachlorethylene, trichlorethylene, 

dichloromethane, etc.); 

- Esters (ethyl-, butyl-, isopropylacetate, etc.); 

- Ethers (1,4-dioxane, ethylene glicol mono-N-butyl ether, etc.); 



Volatile Organic Compounds: why and how should they be treated? 5 

 

- Ketones (acetone, methyl ethyl ketone, cyclohexanone, etc.); 

- Nitrogen compounds (amines, nitriles, etc.); 

- Sulphur compounds (mercaptans, dimethyl sulphide, etc.). 

Often, VOCs are referred to as organic solvents. Rigorously, those two terms 

are not equivalent. The term “solvent” refers to the use of the compound. According 

to the definition of the VOCs Directive ((Directive 1999/13/EC), organic solvent can 

be any VOC (without any chemical transformation) used alone or with other 

substances: 

- for the dissolution of products, raw or waste materials,  

- as a cleaning agent to dissolve contaminants, 

- as a dissolver,  

- as a dispersion medium,  

- as a viscosity adjuster,  

- as a surface tension adjuster,  

- as plasticizer,  

- or as a preservative. 

A distinction can be made between non-methane volatile organic 

compounds (NMVOCs) and methane. This distinction is based on the facts that: 

- Methane originates from different sources (usually agricultural and 

natural sources); 

- Significant methane fluxes are emitted into the atmosphere and 

are recorded separately from NMVOCs;   

- The main environmental impact of methane (greenhouse effect) is 

different from the one of other VOCs. NMVOCs contributes more 

specifically to photochemical pollution, which participates but is 

not restricted to the greenhouse effect (Hester and Harrison, 1995). 

In the present document, the term VOC implicitely refers to NMVOC: the 

compounds considered are the solvents used and emitted by the flexographic 

sector, thus there is no ambiguity that these compounds refer only to NMVOCs and 

not to methane. 



6 Volatile Organic Compounds: why and how should they be treated? 

 

1.1.2 Environmental impacts 

Two types of effect on the environment and on human exist for VOCs, a 

direct effect and an indirect effect due to the ozone production in the environment 

under certain conditions of temperature and light radiation (Atkinson, 2000). 

Direct impact 

VOC emissions have been reported to have a direct effect on human health 

(Laurent and Hauschild, 2014; Ware et al., 1993). Due to their toxicity, they can 

induce: 

- skin, eyes, respiratory and organ irritations; 

- cardiac, digestive and nervous system disorder; 

- headaches; 

- carcinogenic and mutagenic transformations. 

Two kinds of effect are distinguished: acute (due to high concentrations) and chronic 

effects (due to low levels, but repeated exposures). Acute effects are usually only 

observed with leaks or large spills, due to massive accidental releases of VOC in 

confined areas (basements, underground tunnels, etc.), which can induce serious 

respiratory consequences, including coma. 

In response to the potential risks posed by VOCs on human health, air 

quality standards and specific emission thresholds (maximum thresholds and 

cumulative exposure levels) have been defined for a number of VOCs. However, 

these values have their limitations: it was shown that the correlation between the 

total VOCs emissions and their toxicity cannot be made only with emission or 

concentration data but should also consider impact assessment indicators (Laurent 

and Hauschild, 2014).  Additionally, it should be noted that as research progresses, 

it can reevaluate the risk of substances and new analysis methods can be developed 

to lower analytical detection limits, thus these thresholds can evolve with time. 

 

 

 

 

 

Indirect impact  

VOCs released into the atmosphere contribute to complex radical chemical 

reactions. Among these, one induces the dysregulation of the Chapman cycle 

(Figure 1.2), which results in an increase in the concentration of ozone in the 

troposphere, i.e. in the lower atmosphere (altitude under 8-10 km).  
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In these photochemical reactions, ozone is formed by combination of 

dioxygen and an oxygen radical coming from the dissociation of chemical 

compounds, such as nitrogen dioxide (NO2) under the effect of solar radiation (hv) 

with a wavelength lower than 400 nm (Jacob, 2000). This ozone-oxygen cycle is 

known as the Chapman cycle. It consists of a 3-step cycle, hereunder with nitrogen 

dioxide (schematized in Figure 1.1): 

I. Dissociation of nitrogen dioxide under the effect of light:                                                          

NO2 + light  NO + O•   

II. The freed oxygen radical from step 1 combines with dioxygen, 

forming ozone:                            

 O• + O2  O3 

III. The cycle is closed by the reaction of nitrogen monoxide (produced 

in step 1) with ozone (produced in step 2) to form again nitrogen 

dioxide: 

 NO + O3  NO2 + O2 

 

 

Figure 1.1 Chapman cycle (with nitrogen dioxide) – adapted from Jacob (2000). 

The presence of pollutants such as VOCs will disturb these equilibriums, 

resulting in higher ozone concentrations. Indeed, VOCs can be degraded into radical, 

reactive, strong oxidizing agents (RCO•, RCOO•, RCO3•, … with “R” representing a 

carbon chain). These radicals will participate in photochemical reactions, producing 

NO
2
 

NO    O•  

O
2
 

  O
3
 

hν 



8 Volatile Organic Compounds: why and how should they be treated? 

 

more NO2 without the consumption of ozone, thus leading to an accumulation of 

ozone, as shown in Figure 1.2. 

 

Figure 1.2. Modification of the Chapman cycle due to the presence of VOCs. 

The first quantitative measures of ozone date from the 19th century. From 

the end of that century until the end of the 20th century, it is estimated that the 

average ozone concentration in the air has doubled. However, the rate at which the 

ozone concentration changes over time is not always constant and vary per region 

(and season). For example, in several regions in Europe a strong ozone increase was 

observed before 2000 (up to 1-5 ppbv per decade since 1950, with a slower increase 

since the 1970s), but ozone concentration has stabilized or has been decreasing 

after 2000 at rural, mountaintop sites and on the west coast of Ireland (Cooper et 

al., 2014). 

It has to be noted that these variations can not only be attributed to human 

activity. Indeed, ozone is naturally present in the troposphere. It comes from 

exchanges with the stratosphere or from photochemical reactions. Current models 

in chemical transport and climate chemistry differ in their estimations of the 

amount of tropospheric ozone coming from one or the other source (Wu et al., 

2007). However, they agree on the fact that photochemistry is the dominant source 

of tropospheric ozone, being 7 to 15 times superior to the stratospheric flux (Young 
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et al., 2013). These models also evaluate that around 30% of the current 

tropospheric ozone is due to human activity. 

Large quantities of this ozone may be harmful to: 

- people, as ozone may induce some irritation of the throat and eyes, 

as well as respiratory difficulties. To protect human health, the US 

Environmental Protection Agency (EPA) and the European 

Commission in Europe have set thresholds for ground-level ozone 

concentrations. Currently, the “admissible” threshold is 120 µg m-3 

(maximal daily 8-hour mean value). Additionally, the public must be 

informed if ozone concentrations exceed the threshold of 180 µg 

m-3 (Directive 2008/50/EC). 

- vegetation: the damage created by ozone on plants are known but 

the mechanisms are not formally established yet. A decrease of the 

growth of plants, especially for crops such as wheat, has been 

noticed (Shankar and Neeliah, 2005). 

- materials, such as painted surfaces, plastics, rubbers which tend to 

age faster (Lee et al., 1996). 

- the climate, as tropospheric ozone is a greenhouse gas (Directive 

1999/13/EC). Its impact is important as ozone absorbs infrared 

radiations from the ground with a coefficient 2000 times greater 

than carbon dioxide (Rycroft, 1993). 

The ozone production induced by each VOC depends of its composition. It 

may be estimated with the Photochemical Ozone Creation Potential (POCP), a value 

assessing the "photochemical reactivity" of a compound. The POCP concept was 

developed by the Air Quality Department of the UK Environment Ministry  using a 

photochemistry model (Derwent et al., 1996).  

POCP calculations take ethylene as a reference, as it is a VOC whose 

concentrations are well known and a highly active compound in photochemical 

processes. Its POCP is set at 100. The POCP of any compound x can be calculated 

with the following formula (1.1): 

𝑃𝑂𝐶𝑃𝑥 =
𝑡𝑟𝑒𝑛𝑑𝑠 𝑖𝑛 𝑜𝑧𝑜𝑛𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑠 𝑢𝑠𝑖𝑛𝑔 𝑥

𝑡𝑟𝑒𝑛𝑑𝑠 𝑖𝑛 𝑜𝑧𝑜𝑛𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑠 𝑢𝑠𝑖𝑛𝑔 𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒
× 100 

(1.1) 

 

The potentials of VOCs to increase ozone concentrations can be classified 

depending on their PCOP values, among: 
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- High potential : PCOP > 80 

- Moderate potential: PCOP from 40 to 60 

- Low potential: PCOP from 10 to 35 

- Very low potential: PCOP <10 

Even though PCOPs values depend on the model used to calculate them, 

common ranges of PCOPs for some VOCs can be found in the literature (Table 1.1). 

Table 1.1. PCOP values for commonly emitted VOCs by the packaging industry, 
according to various sources. 

VOC Source A1 Scource B2 Source C3 Source D4 

2-propanol 18.8 37-43 22 14 

Ethyl acetate 20.9 7.4-40 32.8 21.3 

2-propyl acetate 21.1 - 29.1 21.3 

Propyl acetate 28.2 - 48.1 29 

1-methoxy-2-propanol 35.5 -  36.8 

Ethanol 39.9 44-63 45 38.6 

1-ethoxy-2-propanol 49.7 - -  

1-propanol 56.1 - -  

1(National Atmospheric Emissions Inventory, 2002) 
2 (Altenstedt and Pleijel, 2000) 
3 (Derwent et al., 1996) 
4 (Derwent et al., 1998) 

1.1.3 European regulations on VOC emissions  

To avoid or minimize these negative impacts, the European Commission is 

strictly regulating the amount of VOCs that may be emitted. The Solvent Emission 

Directive (SED, Directive 1999/13/EC) sets specific rules to control the emissions of 

solvent-using industries, which are one of the main source of VOCs released in the 

atmosphere. This directive was recently encompassed in the Industrial Emission 

Directive (IED, Directive 2010/75/EU). The IED entered into force on the 6th of 

January 2011 and replaces definitively the SED, with effect from 7 January 2014. 

The SED regulated the emissions of VOC due to the use of organic solvents 

in different industrial sectors. Two options exist to demonstrate compliance with 



Volatile Organic Compounds: why and how should they be treated? 11 

 

the legal requirements for installations using VOCs, according to the Article 5 of the 

SED. Indeed, all installations shall comply either with: 

A. Emission limit values in waste gases and the fugitive emissions values, 

or the total emission limit values, and other requirements laid down in 

Annex IIA; 

B. The requirement of the reduction scheme specified in Annex IIB. 

For the flexographic printing sector, the legal values are the following: 

A. The emission limit values in waste gases are 100 mgC.Nm-3 and the 

fugitive emission limit values (percentage of solvent input) are:  

- 25% for: 15-25 (solvent consumption threshold in tonnes per 

year) 

- 20% for: > 25 (solvent consumption threshold in tonnes per 

year) 

B. The reduction scheme is setting a target emission value for a given 

installation, which will have to respect this value (emit less or the same 

value of pollutant per year). This target emission (TE) is calculated as 

follows: 

𝑇𝐸 = (𝑚 × 4) × (𝑓𝑢𝑔𝑖𝑡𝑖𝑣𝑒 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑙𝑖𝑚𝑖𝑡 𝑣𝑎𝑙𝑢𝑒 + 5)  (1.2) 

With TE in tonnes per years and m= total mass of solids (i.e. all 

material once the water and the VOCs are evaporated) in the 

coating and/or ink, varnish or adhesive consumed in a year.  

The legislation concerning the VOCs for the flexographic sector in the IED 

remains unchanged from the SED, i.e. these same rules apply. They can be found in 

the Annex VII of the IED, with the emission limits in Part 2 and the reduction scheme 

in Part 5. 

In addition to these legislations on VOCs emissions into the atmosphere, 

indoor emissions are also regulated at workplaces using VOCs. To evaluate if specific 

VOCs emissions present a risk for the health of the workers, threshold limit 

values (TLV) are usually considered. In general, the TLV of a chemical substance is a 

level (here, VOCs concentration in the atmosphere) to which a worker can be 

exposed for a given time without adverse health effects (International Agency for 

Research on Cancer, 1996). These recommended values can have different 

denomination depending on the country issuing them, e.g. thresholds limit value 

(TLV) in the USA), Workplace Exposure Limit (WEL) in the UK, or maximum allowable 
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concentration (MAK) in Germany (International Occupational Safety and Health 

Information Centre, 2011).  

 For all these exposure limits, a distinction is made to take into account 

either the acute (with the STEL) or chronic (with the TWA) effect of the compounds. 

A short-term exposure limit (STEL) is a 15-minute exposure that should not be 

exceeded at any time during a workday. TWA indicates a time-weighted average 

concentration for up to a 10-hour workday during a 40-hour workweek. These 

values are expressed in "ppm" (parts per million) or mg per m3. 

In the European Union, usually the WEL and MAK or other European 

Occupational Exposure Limits (OEL) are the same values, as they are in accordance 

with EC values, but countries can choose to set a lower OEL. For most countries, 

OELs are usually following the Regulation (EC) No 1907/2006 of the European 

Parliament and of the Council of 18 December 2006 concerning the Registration, 

Evaluation, Authorisation and Restriction of Chemicals (REACH).  When the OEL of a 

compound is not set via the REACH agreement or by the Scientific Committee on 

Occupational Exposure Limits (SCOEL), previous national limitis values are in force. 

The main VOCs found in a packaging factory emissions and their exposure 

limits are given in the Table 1.2, for Belgium, Germany, the Netherlands (NL)— 

which often has the lowest OEL values among European countries— Spain and the 

United Kingdom (UK).  

An important difference between countries in the exposure limits can be 

found for 1-methoxy-2-propanol. It might be due to the fact, that until recently, only 

methoxy- and ethoxyethanol had been reported to be reproductive hazards in the 

EU and in the US (Millar, 1983) and not 1-methoxy-2-propanol or 1-ethoxy-2-

propanol. However, in the EU, 1-methoxy-2-propanol has now been categorized as 

toxic to reproduction (Regulation (EC) No 1907/2006). Only some countries, such as 

Spain and the Netherlands, have lowered their exposure limits for this compound 

yet.  

1-methoxy-2-propanol can be replaced by 1-ethoxy-2-propanol, also used 

as a thinner. This latter compound is not classified (yet) as a reproductive hazard, 

even though data from a study on reproduction toxicity—tested on animals—

showed some effects at higher concentrations. However, they were not conclusive 

for assessing the reproductive toxicity on humans (European Chemicals Agency, 

1999). Only few countries, this time Germany and the Netherlands— among the 5 

European countries studied, have set OEL for this compound. 
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Table 1.2. Occupational exposure limits (OEL) in some European countries for the main solvents used in the packaging 
industry: time-weighted average (TWA) and short-term exposure limit (STEL). 

 OEL-TWA [ppm] OEL-STEL [ppm] 

solvent Belgium1 Germany2 Spain3 The NL4 The UK5 Belgium1 Germany2 Spain3 The NL4 The UK5 

1-ethoxy-2-propanol - 50 - 50  - - 100 - - - 

1-methoxy-2-propanol 100 100 5 5  100 150 200 - - 150 

1-propanol 200 - 200 100  200 250 - 400 - 250 

2-propanol 400 200 400 200  400 500 400 500 - 500 

Ethanol 1000 500 1000 500  1000 - 1000 - 1000  

Ethyl acetate 400 400 400 200  200 - 800 - 400 400 

Isopropyl acetate 100 - 100 100  - 200 - 200 - 200 

n-propyl acetate 200 - 200 100  200 250 - 250 200 250 

1 in the Annex 1 of the Arrêté royal du 11 mars 2002 relatif à la protection de la santé et de la sécurité des travailleurs contre les risques liés à des agents 

chimiques sur le lieu de travail, from the Belgian Ministry of Employment, Work and Social Dialogue. 
2 published by the German Federal Institute for Occupational Safety and Health (Bundesanstalt für Arbeitsschutz und Arbeitsmedizin - BAuA ) in Technical 

Rules for Hazardous Substances (Technische Regeln für Gefahrstoffe) TRGS 900 : Occupational exposure limits (Arbeitsplatzgrenzwerte). 
3 values published by the Spanish National Institute for Occupational Safety and Health (Instituto Nacional de Seguridad e Higiene en el Trabajo, INSHT) 

in Límites de exposición profesional para agentes químicos en España. 
4 set by the Deputy Minister for Social Affairs and Employment. Exposure limit values and information on their status and revision may be found in the 

OEL Database of the Social and Economic Council of the Netherlands (SER). 
5 As from April 2005, the former Maximum Exposure Limits (MELs) and Occupational Exposure Standards (OESs) are replaced with a single type of limit 

- the Workplace Exposure Limit (WEL). Values are listed in the latest edition of the Health and Safety Executive (HSE) Guidance Note EH40.
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1.2 NATURAL VERSUS ANTHROPOGENIC SOURCES OF VOC 
EMISSIONS 

Atmospheric VOCs yearly emissions from biogenic sources are estimated 

around 1.15 1012 kg of carbon. On the other hand, anthropogenic emissions are 

about 0.142 1012 kg of carbon per year, accounting for 11% of the total yearly VOC 

emissions. Around one third (0.5 1012 kg year-1) of the total emissions (from both 

anthropogenic and biogenic sources) is isoprene (Goldstein and Galbally, 2007).  

The main anthropogenic VOC sources are the following sectors (US 

Environmental Protection Agency, 2012): 

- Transport (motors, vehicles, planes, trains, evaporation from 

hydrocarbons storage stations), 

- Combustion plants (storage, fuel, fuel stations), 

- Industry (printing, packaging printing, surface treatment, paint 

and adhesive production, textile, chemical and 

pharmaceutical, food industry), 

- Solid waste (incineration, open fires, landfills), 

- Others, such as forest or other agricultural products fire and 

cleaning products. 

Each sector uses specific types of VOCs, for example, the packaging printing 

industry uses mostly esters, ketones and alcohols. VOC encountered concentrations 

in industrial effluents are very diverse, depending on the industrial sector, ranging 

from a few hundred of mg m-3 to several g m-3. 

1.2.1 VOC emissions in Europe  

In the European Union, VOC emissions into the air have decreased by 27.4% 

over the last reported ten years (between 2002 and 2011, see Figure 1.3). In 2011, 

7 millions of tons VOCs were emitted, of which came 44% from solvent-using 

industries (European Environment Agency, 2013). More precisely, these industries 

include the following sectors: 

- Paint Application Solvent processes. 

- Degreasing and Dry Cleaning Solvent processes. 

http://en.wikipedia.org/wiki/Orders_of_magnitude_%28mass%29#106_to_1011_kg
http://en.wikipedia.org/wiki/Carbon
http://en.wikipedia.org/wiki/Anthropogenic
http://en.wikipedia.org/wiki/Orders_of_magnitude_%28mass%29#106_to_1011_kg
http://en.wikipedia.org/wiki/Carbon


Volatile Organic Compounds: why and how should they be treated? 15 

 

- Chemical Products, Manufacture and Processing Solvent processes. 

- Printing Solvent processes. 

- Domestic solvent use including fungicides Solvent processes. 

- Other product use – Solvent processes. 

 
Figure 1.3. Non-methane volatile organic compounds emissions into the air at 

EU-28 level, adapted from the European Environment Agency (2013). 

Another source for assessing the amount of VOCs produced by the printing 

sector is the European Pollutant Release and Transfer Register (E-PRTR). The E-PRTR 

registers and provides environmental data from industrial facilities in Member 

States of the EU, Iceland, Liechtenstein, Norway, Serbia and Switzerland. The 

register contains annual data reported by some 28.000 industrial facilities. 

Printing facilities, such as flexographic printing facilities, will have to report 

data to the E-PRTR if these facilities fall under one of the 65 E-PRTR economic 

activities listed in Annex I of the E-PRTR Regulation: 9.(c) Other activities: 

installations for the surface treatment of substances, objects or products using 

organic solvents, in particular for dressing, printing, coating, degreasing, 

waterproofing, sizing, painting, cleaning or impregnating. And if, they exceed the E-

PRTR capacity thresholds for the release to air, water and land of any of the 91 E-

PRTR pollutants- stated in Annex II of the E-PRTR Regulation. In this case the 

threshold for NMVOC is 100 000 kg per year to air. 

Total reported NMVOCs emissions into the air, for the industrial activity 9c, 

for the past years can be found in Table 1.3, as well as the number of facilities 
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reporting to the E-PRTR. This register also allows seeing the list of facilities reporting 

(with the amount of VOCs they emit yearly) or the geographical location of these 

facilities in order to better characterize this sector. 

Table 1.3. Number of facilities reporting to the E-PRTR from the surface 
treatment sector emitting NMVOCs and reported emissions – data 
from the European Pollutant Release and Transfer Register (2013). 

Year Number of facilities  Emissions 

Total [t] Accidental [t] 

2007 275 108 877   1 333 

2008 253 90 582 712 

2009 225 84 114   1 062 

2010 240 10 083 246   1 011 

2011 229 77 908 999 

2012 228 71 432 692 

It has to be noted, that as the reported value for 2010 is 100-fold higher 

than the other yearly values, it might be an erroneous value. Table 1.3 shows that a 

clear trend in this sector is the decrease of the amount of NMVOCs emitted and 

reported (“European Pollutant Release and Transfer Register,” 2013). 

1.2.2 VOCs from the flexographic industry 

The flexible packaging sector emitted 127 560 t VOC to the air at EU-25 level 

for the year 2000. This represents 1.2 % of the total VOC emissions of that year. 

These emissions correspond to the use of 91 690 t of non-diluted ink, with 1.4 kg 

VOC emitted kg-1 non-diluted ink used as an average emission (European 

Commision, 2007). 

These emitted VOCs come from the employment of organic solvents in 

package printing processes (Table 1.4). It has to be noted that processes using 

water-based inks (and not solvent-based inks) have a slightly different composition. 
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Table 1.4. Solvents used in the flexographic printing and their applications – data 
from the European Commission (2007). 

Solvent Vapour pressure [kPa] Application 

Ethyl acetate (EA) 9.2 Thinner, cleaning agent 

Ethanol (EtOH) 5.9 Solvent in ink, cleaning agent 

EtOH-EA mixtures - Dryers  

2-propanol 4.3 Solvent in ink, cleaning agent 

Isopropylacetate 6.1 Viscosity adjuster 

Methylethylketone 10.5 Siccative 

n-butanol 1.2 Retarder 

Methoxypropanol 1.1 Retarder 

n-propanol 2.5 Retarder 

Ethoxypropanol 0.65 Retarder 

Various esters - Plasticiser 

 
It can be noted that organic solvents are not only found in printing inks, but 

that relevant quantities are also used in ink thinning (viscosity adjustment) and for 

cleaning tasks. The typical percentages of VOCs allocated to these different 

employments for the flexographic printing can be found in Table 1.5.  

Table 1.5. Percentages of VOCs allocated to different uses within the printing 
process (average, range)—data from the European Commission (2007). 

VOC used, expressed as % of purchased ink (in weight ratio) 

Printing inks Thinners for inks Cleaning agents Total VOC used 

avg range avg range avg range avg range 

60 45-75 81 50-95 14 - 155 109-184 

 
It is important to note that these values are mean values. If the total 

percentage of VOC used remains in the given range, the solid/solvent ratio in the 

purchased inks may vary a lot from one factory to another.  They may be delivered: 

- Either 'almost press-ready', with 75 % of solvent (a final dilution is 

done at the press).  

- Or, on the opposite, as a 'paste' with around 30 % of solvent. In this 

case, the pastes are diluted with solvents in the ink department to 

'almost press-ready' and the final dilution is made at the press.  
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The normal solvents percentage in the purchased inks used to be between 

50 and 60%. However, nowadays, inks purchased in larger plants are bought as 

'paste' and diluted in-house. Whatever the case, a machine-ready ink will usually 

contain slightly under 80% of solvent. This means that an ink bought with a higher 

solvent content will require less solvent for thinning, thus the solvent balance will 

remain the same in total. 

A change in these values can be found if on-site solvent recovery is 

undertaken. This technique is applicable to cleaning agents and will reduce the 

amount of cleaning agents to be purchased. It can allow to reduce the 0.14 kg VOC 

kg-1 of ink from Table 1.4 to around 0.7, i.e. a 50% reduction (European Commision, 

2007). 

Further information on the release of VOCs in a flexographic factory can be 

found in the BREF on surface treatment using organic solvent, through a complete 

mass balance of a virtual packaging printing plant. This factory was modelled 

according to an inventory of plants in Germany and is an example of a good practice 

factory, i.e. meeting the SED regulations (European Commision, 2007). 

Other national or industrial sources reporting the various solvents used in 

the flexographic industry (Gasmet TM, 2014; National Atmospheric Emissions 

Inventory, 2002) are in accordance with the above-mentioned  composition and give 

more details such as the average percentages of each solvent (Table 1.6), their 

concentrations (Table 1.7) or the yearly amount of solvents emitted (Table 1.8). 

Table 1.6. Mass percent composition of the VOCs used in flexographic printing – 
data from the UK National Atmospheric Emissions Inventory (2002). 

Solvents % of Total 

Ethanol 60 

Ethyl acetate 12 

1-propanol 8 

2-propanol 5 

2-propylacetate 4 

1-methoxy-2-propanol 4 

1-ethoxy-2-propanol 4 

Propylacetate 3 

 
In Table 1.7, an example of solvents concentrations emitted by a plastic bag 

printing facility (Ommer, Germany) is given. This flexographic press is reported to 

have a solvent emissions rate around 136 kg h-1 (Gasmet TM, 2014). 
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Table 1.7. Concentration ranges for the solvents emitted by a flexographic press 
– adapted from Gasmet TM (2014). 

Solvents Range of concentration  
[mg m-3] 

Average 
[mg m-3] 

Ethanol 0-270 150 

Ethyl acetate 0-250 High variability in 24h 

1-methoxy-2-propanol 0-100 75, when present 

1-ethoxy-2-propanol 0-10 5, when present 

Another example is provided by Cellpack Packaging (previously named 

“Compagnie Franco-Suisse”), which is specialising in the printing and laminating 

of flexible materials. Their reported amount of VOCs emitted in 2002 by their facility 

in Illfurth is 1 120 tonnes, with its composition presented in Table 1.8. It has to be 

noted that the facility is using a solvent reduction strategy by recycling part of their 

solvents. Moreover, it is using rotogravure printing in addition to flexographic 

printing (Cellpack Packaging Data, n.d.). 

Table 1.8. Example of solvents amounts emitted in 2002 by a package printing 
facility— adapted from Cellpack Packaging data (2002). 

Solvents Amount emitted [t year-1] 

Ethyl acetate  920 

Ethanol, methoxypropanol, ethoxypropanol 96 

Acetone 51 

2-propanol 41 

Propanol 12 

1.3 VOC CONTROL TECHNOLOGIES 

Commonly used methods to achieve a good reduction of VOCs emissions 

can be divided into two categories (Figure 1.4), depending on whether the pollutant 

is destroyed or transferred (with possible regeneration). With adequate removal or 

control technologies and the use of good practice, VOC emissions from flexible 

packing facilities are reported to be in the order of 7.5 to 12.5 % of the reference 

emission (computed according to the SED).  

Divergences from these values can be found. On one hand, older plants, 

which only connect the most concentrated VOC sources (and not diffuse sources) to 

waste gas treatment usually achieve 10 – 25 % of the reference emission. Some 

factories do not have any VOCs treatment systems and thus can only achieve a than 
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25 % of the reference emission. Consequently, most of them will have to restrict 

their use of solvents to less than 200 tonnes per year. On the other hand, extensive 

use of solvent-free products, such as water-based products, may lower these values 

(European Commision, 2007).  

 

  
Figure 1.4. Main methods for VOCs removal in waste gases – adapted 

from Bouchaala et al. (2012). 

A brief explanation of these methods, as well as their main advantages and 

limitations are presented hereafter. Most of the information, except if specified 

otherwise, is based on the works of Le Cloirec, expert in this field. 
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1.3.1 Physico-chemical treatment  

Thermal oxidation is reported, in recent reviews, as the most common 

treatment methods (Bouchaala et al., 2012). When using this technique, organic 

compounds in the air are burned, producing carbon dioxide (CO2) and water. These 

systems are not suitable for compounds with heteroatoms such as sulfur, nitrogen 

or halogens (chlorine, bromine, fluorine, iodine). In such cases, oxidation would 

produce SO2, NOx or halogen compounds (such as chlorine gas (Cl2) or hydrochloric 

acid (HCl)) respectively, which are listed as pollutants and whose emissions are also 

regulated (Lens et al., 2006) 

The easiest implementation of this treatment is either with a flare or more 

commonly by injection of the polluted air in a natural gas flame, where thermal 

oxidation occurs. The chamber temperature is approximately 750 °C and the 

residence time of about 0.2 to 2 s. This technique can be autothermal, i.e. it can 

sustain itself without additional fuel supply, if the VOC concentration is greater than 

10 g m-3. Oxidation becomes uninteresting for low VOC concentrations (0.1 to 10 g 

m-3), as continuous oxidation is difficult to maintain without important quatities of 

additional fuel (Rao, 2006). 

The main challenge for this method is to recover the released energy. 

Energy recovery can be achieved by: 

- preheating the air (Regenerative Thermal Oxidation— RTO). Modern 

regenerative incinerators allow autothermic operation, with solvent 

concentration in the air >1 g m-3 (European Commission, 2007). 

- and/or passing the flue gases through heat exchangers. This enables 

water heating, steam production or other uses of the recovered energy 

in production processes. 

To reduce the energy costs of the oxidation system, catalysts can be used. 

If this allows savings, it should be noted that potential poisoning of the catalyst, 

which must then be renewed, can add a cost to the system.  

This technique is more suitable for emissions with high flow rates and high 

VOC concentrations. In these conditions, emission levels lower than 100 mg C m-3 

and even around 20 - 50 mg C m-3 can be achieved (European Commision, 2007). 

Complete removal requires however more fuel and temperature-resistant materials 

(Kamal et al., 2016). If the thermal combustion is incomplete, undesirable 

byproducts such as dioxins and carbon monoxide are produced (Moretti, 2002). 
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1.3.2 Biological treatment  

Biological treatments accounted for a few percent of the VOC used 

treatments at the end of the 20th century and their industrial use for the removal of 

volatile pollutants has been growing exponentially ever since (Kennes and Veiga, 

2001). The reason behind their succes lies on several advantages of biological 

treatment methods, an important asset being that they are more environmentally 

friendly than other conventional methods such as incineration or adsorption, due 

among other parameters to their lower energy consumption. Moreover, they do not 

generate toxic waste, allow the degradation of a large number of compounds and 

are relatively easy to operate and maintain (Delhoménie and Heitz, 2005; 

Shareefdeen et al., 2005). These advantages allow biological treatments to be 

classified as best available techniques (BAT) for several industrial sectors (European 

Commission, 2014), competing or even outcompeting other conventional 

technologies (such as incineration), among others for the treatment of odours, 

volatile organic compounds or hazardous pollutants for emissions characterized by 

low concentrations of contaminant and high flow rates (Deshusses, 1997). Among 

these industrial sectors, an important one is the flexographic packaging industry. 

Therefore, there is a growing interest in the study of the degradation mecanisms 

and kinetics of VOCs typically found in such industrial branches (Datta and Philip, 

2012).  

The main implementations of these biological treatments are through 

biofilters, (aerobic) bioscrubbers and biotrickling filters (Figure 1.5).  In a biolfilter, 

the removal principle is based on the action of microorganisms attached to a media 

(such as peat, wood chips or bark) that degrade the air pollutants. For odour control, 

the reactor is open and include porous walls and bottom. The air flows (in an upflow 

mode) through the packing material and water (possibly containing nutrients) is 

periodically injected at the top of the filter. The packing humidity (40 to 60%) is a 

factor that has a strong influence on the removal performance. There are also closed 

bioreactors in which air and water flow (both downflow) in co-current. In this case, 

a more uniform humidifying of the reactor is obtained. Due to slow biological 

kinetics, the residence time (20 s to 2 min) and the flow speed (100 to 500 m h-1) 

are relatively low, involving important reactor sizes. In addition to this large area 

requirement, another disadvantage of biofilters is the clogging of the medium. 

Nonetheless, among the three main biotechnologies, biofilters are currently the 

most often used, having the advantages of low operating and capital costs. They are 

suitable for emissions with a flow rate between 1 000 and 50 000 m3 h-1 and a 

concentration of pollutant up to 1 g m-3 (Dragt et al., 1992). The functioning of 
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bioscrubbers and biotrickling filters, in comparison to biofilters, is illustrated in 

Figure 1.5. 

 

Figure 1.5. Schemes of the basic configuration of a biofilter, a biotrickling filter 
and a bioscrubber— adapted from Burgess et al. (2001). 

The main differences (a), advantages (b) and drawbacks (c) of bioscrubbers 

and biotrickling filters, in regards to the biofilters, are: 

 Concerning the (aerobic) bioscrubber: 

Bioscrubber

Bacteria

Packing

Polluted air

Treated air

Water

Water phase: mobile
Biomass: mobile

Packing

Polluted air

Treated air

Water

Biofilter

Bacteria

Water phase: static
Biomass: fixed

Packing

Polluted air

Treated air

Water

Biotrickling filter

Bacteria

Water phase: mobile
Biomass: fixed
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a. It is composed by 2 units: a scrubber and an aerobic bioreactor. 

The biomass is not immobilized but suspended. 

b. This induces less (almost no) clogging of the system and a better 

control of the nutrients and pH (through a better control of the 

liquid phase). 

c. However, the growing time of the microorganisms is very slow 

and the excess sludge produced has to be disposed of. 

 Concerning the biotrickling filter: 

a. If the microorganisms are still immobilized, the nutrient solution 

is continuously recirculated. 

b. It allows a better retention of the slow-growing biomass and a 

lower pressure drop in the unit. 

c. However, this system is more difficult to build and operate.  

If biofilters and bioscrubbers have been used for VOCs and odor removal for 

some time, biotrickling filters have more recently been implemented for the 

removal of VOCs (Kellner and Flauger, 1998; Le Cloirec et al., 2005; Sempere et al., 

2008).  

Independently of the choice of configuration, the operating conditions and 

performance of such systems are based on the physico-chemical properties of the 

compounds to be degraded biologically. These properties are, among others, the 

solubility and biodegradability of the molecules to be treated. Thus alcohols, 

ketones, esters and organic acids that are readily degradable can be treated 

relatively easily by these technologies; while chlorine compounds or heavy 

hydrocarbons are more difficult to remove, when using this type of process. In 

regards to the solvents from the flexographic sector, several recent studies using 

biotrickling filters have proven the aerobic biodegradability of these compounds at 

laboratory-scale, e.g. using biotrickling filters to treat 2-propanol (San-Valero et al., 

2013) or to treat a mixture of ethanol, ethyl acetate and methyl ethyl ketone 

(Sempere et al., 2008) as well as at industrial scale (Sempere et al., 2011). 

In addition to some of the exposed limitations, the current (aerobic) 

biological technologies all  have the inability to recover the air pollutant (Khan and 

Kr. Ghoshal, 2000), unlike recycling technologies. 
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1.3.3 Transfer of pollution - recycling technologies  

VOCs in industrial gaseous emissions can have relatively high 

concentrations: between 1 and 50 g m-3 and medium flow rates: 100 to 10 000 m3 

h-1 (Le Cloirec, 1998). These two characteristics make the use of solvent recovery or 

recycling methods possible, even though often difficult. Despite the difficulties, 

pollutant transfer techniques have been developed, such as condensation, gas 

scrubbing or adsorption on activated carbon. 

VOC condensation is based upon a basic principle of liquid/vapor 

equilibrium (here VOC/air): the equilibrium vapor pressure of the solvent decreases 

with a decrease in the temperature. When the partial pressure becomes higher than 

this vapor pressure value, a certain portion of the solvent condenses. This 

transformation is exothermic; thus, requiring an energy input (in the form of cold) 

into the system. Thus, the use of condensation methods is more interesting for VOCs 

with relatively high boiling points (above 37 °C). Lower boiling VOCs can necessitate 

additional cooling or pressurisation, increasing operating costs. 

Implementations of this condensation principle can be through one single 
condenser or—for high VOC concentrations— through multiple steps where 
condensation is used as a pre-treatment stage. In this latter case, a second 
treatment unit is then needed to obtain the desired outlet concentrations (Moretti, 
2002). 

Absorption or gas scrubbing consists in the transfer of molecules from a gas 

to a liquid phase. This washing solution is either water, either an acid, basic or 

oxidizing aqueous solution. Chemical air scrubbing (i.e scrubbing with chemical 

reactions) is a widespread technique for the odor removal. This technique is 

conventionally implemented through spray or packed columns or through ejector 

(or venturi scrubber). For VOCs with low solubility in water, solvents other than 

water can be used for the liquid phase, such as silicone oils. This induces the use of 

secondary separation or degradation treatments. This complexify the process, thus 

restricting its industrial use (Moretti, 2002). 

Activated carbon adsorption is commonly applied for the removal of VOCs 

in waste gases, especially for low flowrates. The principle of this method relies on 

the transfer of pollutants onto activated carbon, with a surface area between 800 

and 2000 m2 g-1. The flow to be decontaminated passes generally upwardly in 

columns packed with the adsorbent. VOCs will gradually saturate the charcoal, 

which will then have to be either switched or in situ regenerated. Given the greater 

flexibility of the regeneration, reduced maintenance and lower operating cost, the 
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latter solution is preferred (Subrenat and Le Cloirec, 2004). Desorption can be 

performed by: 

- fluid heat transfer (water steam or hot gases). The hot steam 

desorption generates about 3-6 m3 of steam per kg of recovered 

solvent. In flexible packaging, this method is progressively 

abandoned for inert gas desorption (European Commision, 2007). 

- intrinsic heating of the material. With this method, an electrical 

current heats the material to desorb VOCs, which are subsequently 

recovered or destroyed. Industrial activated carbon modules using 

electrothermal desorption are promising (Subrenat and Le Cloirec, 

2004). 

After going through an adsorption unit, VOC concentrations can be reduced 

to <20 mg m-3. Solvent recovery rates are generally around 95%. In the flexible 

packaging sector, solvent recovery with this technique is often applied in Italy, but 

rarely elsewhere. When solvent recovery methods are used, the main solvent used 

is ethyl acetate (rather than mixtures of solvents), as far as possible. This allows to 

reduce the occurrence of azeotropic mixtures of ethyl acetate-ethanol-MEK, hence 

the size of the adsorption unit and dehydration issues (European Commision, 2007).  

1.3.4 Selection of VOC control technologies  

As shown, there is not a universal method to treat VOCs in gaseous 

emissions. Depending on the emission type, some methods will be better suited 

than others, according to specific criteria. Selection criteria can be: 

- based on very quantitative parameters, to be determined;  

- more subjective, plant-specific arguments;  

- based upon investment and operation costs, in relation with the removal 

performance. 

In all cases, some on-site characterizations are necessary. The most 

significant parameters to be determined are: 

- the nature of VOCs and their concentrations. Chemical analysis over long 

periods of time are needed to monitor potential variations in VOCs 

emissions. Correlating these values with the operations of the source of 

emission (production cycles, cleaning operations or loading times) can be 

useful to better manage the treatment system afterwards; 
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- the waste gas flow itself, with temporal variations of the flow rate and 

characteristics such as temperature, humidity, presence of dust or particles 

or the pressure. 

Once these parameters have been determined, general choices can be 

made. The method or process family can be chosen according to the nature of VOCs 

to be treated, in particular their physico-chemical characteristics.  

A second approach to make this choice is via the measured flow rates and 

concentrations. Other aspects are also to be considered such as the industrial plant 

characteristics, the space available or the staff expertise. Finally, the costs of 

investment and operation is a preponderant criterion for the final selection process 

(Mulholland and Dyer, 1999). 

General models have been designed to define which commonly used 

method is economically optimal for a given scenario (European Commision, 2007; 

Mulholland and Dyer, 1999). Such a model can be seen in Figure 1.6, indicating for 

each range of flow rates, inlet VOCs concentrations and required outlet VOC 

concentrations which method(s) is(are) the most economically favourable.
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Figure 1.6. End-of-pipe technologies selection map for non-halogenated VOCs: highlights the lowest net-cost technology for a 
given flowrate and VOCs concentration—adapted from (Mulholland and Dyer, 1999). 
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1.3.5 Emerging technologies  

Some examples of interesting treatments currently being developed are 

(Lens et al., 2006; Shareefdeen and Singh, 2005): 

- Membrane processes and, in particular, gas permeation and 

pervaporation methods. A semi-permeable membrane is used as a 

selective barrier. The separation between VOCs and air is possible 

because of the structure of the membrane, its cutoff as well as 

operating conditions such as pressure, gas flushing or temperatures. 

This method can be coupled with condensation, adsorption or 

thermal oxidation; it is used for small or very small flow rates; 

- Photocatalysis, in which the contaminant is oxidized on a catalyst in 

the presence of a UV-visible radiation. The catalysts are made of 

metal oxide such as titanium oxide, supported on inert materials 

(aluminosilicate, paper, glass, etc.). Problematic aspects of this 

process can be the oxidation of by-products and catalyst poisoning;  

- Biological methods, such as membrane bioreactor, suspended 

bioreactor, rotating biological contactor; 

- Oxidation by cold plasma. The plasma is produced by electrical 

discharges of very high voltage either heterogeneously (natural 

density of electrons) or homogeneously (density caused by a large 

number of electrons). This plasma will produce oxidizing species able 

to break C-H bonds and thus transform VOCs in CO2 and water. 

However, problems might arise from the scale-up of this method and 

from the production of oxidation’s by-products. 

Moreover, all the current biological technologies for the treatment of 

industrial, airborne VOCs are based on aerobic degradation, such as biofilters, 

biotrickling filters and aerobic bioscrubber (Sempere et al., 2011). However, 

anaerobic degradation of VOCs could allow answering specific VOCs treatment 

problematics and is therefore the topic of this thesis. Indeed, if aerobic biological 

treatments are very interesting for low VOCs concentrations in the gaseous 

emissions  (Iranpour et al., 2005), they are facing some limitations regarding 

intermittent production times, large area requirement, clogging of the medium for 

the biofilters, necessary disposal of excess biomass, complexity of the operations, 

among other problems. 
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An alternative to these treatments for the control of airborne VOCs lies in 

the transfer of the VOCs to a water phase, allowing to apply wastewaters 

techniques. Biological removal of organic pollutants from wastewaters is well 

established, based on the degradation of the compounds by microorganisms.  

2.1 PRINCIPLES OF ANAEROBIC TREATMENT  

The use of anaerobic degradation allows overcoming some of the previously 

mentioned limitations of aerobic treatment of VOC. Several advantages of 

anaerobic treatment over conventional aerobic treatment include: less space 

requirement – as high organic loading rates (OLR) can be treated with high 

treatment efficiencies with high rates reactors –, less excess sludge production (due 

to a lower yield of substrate/biomass conversion), much smaller inputs of chemicals, 

water and energy, inducing important costs and efforts reductions. Moreover, the 

system can be started quickly (in less than one week with an adapted granular 

anaerobic sludge as seed) and stopped or re-started whenever necessary (e.g. 4 

months per year in the sugar industry), as the sludge can be stored unfed (van Lier 

et al., 2008). 

Additionally, anaerobic treatment will produce biogas, which may be used 

as a source of energy by the facility emitting the pollutants to be treated and thus 

reduce its external energy requirements. The energy production is of around 13.5 

MJ CH4 energy, that is 1.5 kWh electricity per kg of chemical oxygen demand (COD) 

removed. This value is obtained by considering that 1 kg COD of degraded substrate 

yields 0.35 Nm3 of methane, a thermal value of 38.5 MJ m-3 of methane (HHV=55.5 

MJ kg-1
CH4), knowing that 3.6MJ = 1 kWh and considering a typical electrical 

conversion efficiency of 40% (produced by using the methane produced in a 

cogeneration unit, for instance).  

Still anaerobic digestion has some shortfalls, such as: the process duration 

(lower rates of biological processes, but also to longer start-up times compared to 

chemical or physical processes), difficulties for characterizing the bio-active 

microbial elements, its vulnerability to diseases and poisoning, the stability of the 

by-products, etc (van Lier, 2008). Nonetheless, even taking into account the existing 

disadvantages, all the advantages of anaerobic degradation make its use for the 

treatment of VOCs a very promising treatment method. The main principles and 

technologies used for this method (anaerobic biotreatment) will be presented 

hereafter, to give a better understanding of the process studied in this research. 
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2.1.1 Biochemical principles  

Anaerobic degradation is the transformation of organic matter into biogas, 

mostly methane and carbon dioxide. It is carried out under anaerobic conditions by 

a complex microbial community. Anaerobic conditions are characterized by an 

absence of oxygen, in opposition to aerobic environments. A distinction is made 

between anaerobic and anoxic conditions, for wastewater treatment. Anaerobic is 

usually employed when organic compounds (carbon dioxide and sulfate) serve as 

major terminal electron acceptors when the electrode potential is very negative. 

The conditions are called anoxic if nitrate and/or nitrite are present and serve as 

primary electron acceptors. Their presence induces higher electrode potentials 

(Table 2.1) and more efficient growth than under anaerobic conditions (although 

still lower than in aerobic conditions). Given the complexity of maintaining rigorous 

anaerobic conditions, industrial applications of anaerobic treatment can in fact be 

done under anoxic conditions— but only to a small extent (Leslie Grady et al., 2011) 

Table 2.1. Redox potential of species encoutered in anaerobic/anoxic systems. 

Redox couple Redox potential [mV] 

NO3-/NO2- +450~+400 

NO2-/NH3 +400~+350 

Fe3+/Fe2+ +300~+200 

SO4
2-/S2- -150~-200 

CO2/CH4 -250~-300 

 

The anaerobic process can be broken down into several biochemical steps 

corresponding to the action of different bacterial or archeal groups (Figure 2.1). 

Each group of microorganisms interacts with one another in order to fulfill its own 

physiological needs. Their degree of interrelation is variable and can be up to 

complete dependency, i.e. they cannot survive without the other. It is common 

practice to describe anaerobic digestion in 4 major stages (Reith et al., 2003). 

1. Hydrolysis of complex organic compounds;  

2. Acidogenesis of monomers into: fatty acids (mainly volatile fatty acids), 

organic acids (lactate, succinate...), alcohols (ethanol...), hydrogen and 

carbon dioxide;  
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3. Acetogenesis which leads to acetate, H2 and CO2 formation by 

transformation of the hydrolysis or acidogenesis products;  

4. Methanogenesis stricto sensu, which leads to the formation of methane 

- from H2 and CO2 (generally accounting for 30% of the methane 

production):  

4𝐻2 + 𝐶𝑂2  →  𝐶𝐻4 + 2𝐻2𝑂 

- or from acetate (this path accounts for around 70% of methane 

production): 

𝐶𝐻3𝐶𝑂𝑂
− +𝐻2𝑂 → 𝐶𝐻4 +𝐻𝐶𝑂3

− 

The first two steps may conceptually be considered together as one step, as 

they do not really correspond to two distinct groups of bacteria. For the third step, 

acetogenic bacteria are obligated hydrogen producer and hydrogen does inhibit 

their metabolisms. Therefore, they are in syntrophic association with H2-consuming 

methanogens (the presence of the latter ones is crucial for their functioning). Their 

most usual substrates are propionate and butyrate, but they can convert also other 

substrates such as ethanol or methanol. 

For the last step, methanogenesis, the growth rate of aceticlastic 

methanogens is quite low; whereas hydrogenotrophic methanogens have a faster 

growth. The low growth of the aceticlastic methanogens induces that concentrated, 

acclimated sludge is preferred, when possible. The most important acetoclastic 

methanogens, belonging to the genera methanosarcina and methanosaeta, have 

very disctinct characteristics:  

 methanosarcina have a wide substrate spectrum, high maximum specific 

growth rate μmax  (indication of a faster growth rate) but low substrate 

affinity (due to high values of their half-velocity constant Ks), 

 methanosaeta sp. on the other hand can only use acetate as a substrate, 

has a low μmax and high substrate affinity. 

Such microbiological differences underlines, for example, the importance of 

the substrate concentrations or of keeping low acetate levels – during the start-up 

period at least – for an effective treatment (van Lier et al., 2008). 
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Figure 2.1. Four stages of anaerobic digestion— adapted from (Reith et al., 2003). 

It has to be noted that the anaerobic degradation of most VOCs follows the 

presented pattern (Figure 2.1). However, given their composition, there is no 

hydrolysis step— and sometimes even no acidogenesis step for the smallest 

molecules (ethanol, for instance). That is, the specific metabolic route depends on 

the considered VOC. 

2.1.2 Thermochemical aspects and growth  

These anaerobic reactions are only slightly exothermic, unlike aerobic 

fermentation, which induces an important heat release. For the glucose 

degradation, for example, the ΔG0 released by its anaerobic degradation is 14% of 

the one released by aerobic degradation. The synthesis of the microorganisms will 

be severely limited compared to the one occurring in aerobiosis, because of: 

Polymers: proteins, 
fats, carbohydrates 

Monomers: 
monosaccharides, 
amino and fatty  
 acids, etc. 

Organic acids, 
alcohols, etc. 

CO
2
 + H

2
 Acetate 

CH
4
 + H

2
O CH

4
 + H

2
O 

Hydrolytic b. 

Acidogenic b. 

Acetogenic b. 

Homoacetogenic b. 

Methanogenic a. 
(hydrogenophilic) 

Methanogenic a. 
(acetoclastic) 

a.Archae  
b. Bacteria 

  

  

  

  

Hydrolysis 

Acidogenesis 

Acetogenesis 

Methanogenesis 



Anaerobic treatment 37 

 

 the low amount of energy available: the released energy is lower than 

with aerobic treatment and a certain amount still has to be used for the 

existing bacteria maintenance; 

 the small amount of available carbon to the microorganisms, since most 

of it is converted into methane and carbon dioxide (Leslie Grady et al., 

2011). 

This explains the reduction in excess sludge production, previously cited as 

one of the main advantages of anaerobic digestion. Approximately 5% of the 

consumed COD is used for biological growth, in opposition to 20-40% in aerobic 

digestion (Gallert and Winter, 2005). 

It is also important to note that methanogens are mostly strict anaerobes 

and thus require a low redox potential for growth (Table 2.1). It implies that this 

step has to be performed within a closed reactor (to avoid any contact with air), 

explaining the special configurations of the anaerobic degradation units. 

2.1.3 Kinetical considerations  

Bacteria divide by binary fission. Therefore, bacterial growth can be 

expressed as a first order reaction, with a reaction rate constant conventionnally 

named μ (specific growth rate coefficient in h-1). Thus, when all nutrients— including 

the substrate— are sufficiently available, bacterial growth is exponential (which can 

be observed in a batch configuration).  This also applies when one nutrient is present 

in limited amount, in which case μ depends on the concentration of that limiting 

nutrient (which can be the carbon source or any other factor needed by the 

organisms for growth). Figure 2.2 gives the example of when the (soluble) organic 

substrate (noted as Ss) is growth limiting, showing how μ initially increases rapidly 

with the substrate concentration and then asymptotically approaches a maximum 

𝜇𝑚𝑎𝑥 (Leslie Grady et al., 2011).  

 

Equations modelling such bacterial growth are usually empirical, with the 

most commonly accepted being the one proposed by Monod:  

𝝁 = 𝝁𝒎𝒂𝒙 ×
𝑺𝑺

𝑲𝑺 + 𝑺𝑺
 

(2.1) 

where KS is the half-saturation coefficient, i.e. the substrate concentration 

at which μ equals half of 𝜇𝑚𝑎𝑥. It determines how rapidly μ approaches 𝜇𝑚𝑎𝑥: the 

higher it is, the higher the substrate concentration at which μ approaches 𝜇𝑚𝑎𝑥, as 
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shown in the Figure 2.2. As this equation was developed for pure cultures of bacteria 

growing on single organic substrates, the values of μ and Ks obtained with mixed 

culture represent average values resulting from all interacting species (Leslie Grady 

et al., 2011). 

 

Figure 2.2. Plot of the specific growth rate coefficient in function of the substrate 
concentration according to Monod equation and influence of Ks – 

adapted from (Leslie Grady et al., 2011). 

In some cases, the substrates can reach inhibitory concentrations, for 

example for the treatment of synthetic organic compounds in industrial 

wastewaters. Then, the specific growth rate of the microorganisms reaches a 

maximum and declines for higher substrate concentrations (Figure 2.3). The Monod 

equation cannot model this phenomenum, therefore another model, such as the 

Andrews equation should be used: 

𝝁 = 𝝁𝒎𝒂𝒙 ×
𝑺𝑺

𝑲𝑺 + 𝑺𝑺 +
𝑺𝑺

𝟐

𝑲𝒊

 
(2.2) 

 

In regards to the Monod equation, it contains one additional parameter: Ki, 

the inhibition coefficient. With this equation 𝜇𝑚𝑎𝑥, and KS are hypothetical and μ 

passes through a maximum μ’ at a substrate concentration S’, with: 

𝝁′ =
𝝁𝒎𝒂𝒙

𝟐 (
𝑲𝑺
𝑲𝒊
)
𝟎.𝟓

+ 𝟏

 (2.3) 
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and 

𝑺′ = (𝑲𝑺 ×𝑲𝒊)
𝟎.𝟓 (2.4) 

 

Equation 2.5 demonstrates that the larger KS/Ki, the smaller μ’ is relative to 𝜇𝑚𝑎𝑥, 
and therefore, the higher the degree of inhibition (Leslie Grady et al., 2011).  

 

Figure 2.3. Plot of the specific growth rate coefficient in function of a non-
inhibitory (green) or inhibitory (blue line) substrate concentration 

according to Monod or Andrew equation respectively – adapted from 
Grady et al. (2011). 

As the specific growth rate is directly linked to the amount of substrate 

removed, via the growth yield Y (mg biomass COD formed per mg of substrate COD 

removed), similar graphs can be obtained with the substrate removal rate in 

function of the substrate concentration. 

The substrate removal rate can also be expressed as the Specific 

Methanogenic Activity (SMA). This parameter is often determined in batch activity 

tests with fixed amounts of substrate and of sludge. The SMA is estimated from the 

methane production rate (in mLCH4 d-1) in function of the amount of sludge present 

(expressed in Volatile Suspended Solids (VSS) amount: gVSS). The maximum SMA 

can be calculated from the slope of the methane production vs time curve 

(Angelidaki et al., 2009).  
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Changes in this parameter also give indications on the degradation 

performances, i.e. a reduction may indicate an inhibition, accumulation of slow 

degradable or even non biodegradable organic matter from the influent wastewater 

(Hussain and Dubey, 2013).  

2.2 INDUSTRIAL IMPLEMENTATION AND CHALLENGES OF 
ANAEROBIC WASTEWATER TREATMENT  

2.2.1 Anaerobic reactors 

Anaerobic reactors can be sorted into four groups of processes that have 

been successively implemented over the last 30-40 years. These processes are 

mostly "adaptations" of techniques or reactors used for aerobic ponds. These four 

generations of reactors, in order of appearance and complexity, are (Tchobanoglous 

et al., 2002):  

I. "Contact" reactors (suspended growth processes); 

II. Granular sludge reactors (sludge blanket processes);  

III. Immobilized ("fixed”) sludge reactors (attached growth processes);  

IV. Fluidized bed reactors. 

These systems differ in the type of biomass used and how that biomass is 

kept in the reactor. This last point – to maximize biomass retention - is one of the 

main focuses for the improvement and development of anaerobic processes, 

together with maximizing substrate-to-biomass contact. Combining those two 

objectives is often challenging. 

New techniques have also arisen, based on alternatives or combinations of 

the above-mentioned techniques. Some examples include the anaerobic lagoons, 

hybrid reactors (combination of suspended and attached growth processes in the 

same reactor), the Internal Circulation (IC) reactors (two-stage anaerobic digestion 

combining a self-regulated circulation bed and the Upflow Anaerobic Sludge Blanket 

(UASB) system (de Mes et al., 2003)). 

Currently, among all of these technologies, one is definitely dominating the 

market. The granular sludge bed based technologies accounted for 77% of the 

operating plants in the world between 1981 and 2007 and for 89% of the new plants 

built during the last years of that period (2002–2007) (van Lier, 2008).  
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These technologies operations will be briefly explained hereafter, with a 

special focus on this most-widely used technique. 

2.2.1.1 Suspended growth reactors  

This technology was the first available and consists in the implementation 

of a suspended biomass in a completely mixed reactor, similarly to the aerobic 

activated sludge technology. Feeding can be provided from the reactor’s bottom 

(upflow) or top (downflow). The stirring can be performed mechanically, 

pneumatically (by compression and recirculation of the biogas) or hydraulically (by 

recirculating the effluent). The different implementations of this process are:  

- the anaerobic lagoon,  

- the contact reactor (Figure 2.4),  

- and the Continuous (flow) stirred-tank reactor (CSTR) technology. 

 

Figure 2.4. Scheme of an Anaerobic Contact process – adapted from de Mes et al. 
(2003). 

One of the main drawbacks is the low concentrations of sludge in the 

reactor, given the lack of retention of the biomass. Therefore, the applicable organic 

loading rates (OLR) are low and/or the required volumes are important, as shown in 

Table 2.2. The values given in this table are typical values, not maximal OLR; for 

example, modern and well-designed contact reactors could reach OLR of 10 kgCOD 

m-3 d-1.  

Moreover, this technology requires the separation of the sludge from the 

effluent remaining in the reactor outlet (see Figure 2.4), in which biogas can also be 

produced, making the separation via settling even more difficult. These 
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disadvantages increase both the operation and investment costs. However, this 

method has the advantages of its simplicity and is particularly suitable for the 

treatment of effluents with high suspended solids (Chernicharo, 2007).  

Thus, this method is used: 

- industrially, only in a few special cases, such as for effluents 

containing high concentrations and hardly separable suspended 

solids; 

- at laboratory scale, quite often, for its very simple design and 

operational needs. 

2.2.1.2 Sludge blanket reactors 

This second-generation technology, developed in the Netherlands, 

appeared at industrial scale in the late 1970s (Lettinga et al., 1980). It uses dense 

sludge beds through which the water to be treated flows upwardly. The main 

reactor type in this category is the UASB (Figure 2.5). In this system, the effluent is 

homogeneously distributed at the bottom of the reactor and flows through a bed of 

granular sludge. In the upper part of the reactor, a bell-shaped collector allows 

trapping the biogas and ensures the retention of the granules. 

One major advantage of the UASB technology and its derivatives lies in its 

ability to implement and maintain very high concentrations of bacteria packed 

together in granular structures. No media is required to form these spherical or 

lenticular granules, with a diameter ranging 1 to 5 mm (Hulshoff Pol et al., 2004). 

They constitute a complete ecosystem, like natural microreactors, in which all the 

degradation reactions can take place. Their optimal spatial distribution of the 

bacteria involved in each step of the degradation allows an acceleration in the 

metabolic pathways. Additionally, their particular shape and size allow them to have 

a high settleability despite their low density. This feature is advantageous, as it 

allows the separation of the treated effluent and the sludge inside the reactors, 

avoiding the construction of a final clarifier/settler (van Lier et al., 2008). 
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Figure 2.5. Scheme of a UASB – adapted from de Mes et al. (2003). 

Thus, with this technology it was possible have higher sludge concentrations 

in the reactors. This concentration of sludge allows the application of higher OLR 

(Table 2.2). Indeed, anaerobic sludge bed reactors (UASB and its improved 

derivatives: Expanded Granul Sludge Bed (EGSB) and Internal Circulation (IC) 

reactors) can treat feeds up to 40-60 gCOD L-1 d-1 (Seghezzo et al., 1998; van Lier et 

al., 2001). Therefore, it is possible to reduce the volume of the reactor for a given 

load. 

Table 2.2. Typical OLR and hydraulic retention time (HRT) for the different 
anaerobic reactors— from Rajeshwari et al. (2000). 

*These OLRs are given for normal operating conditions, which have an impact 
on the applicable loads a reactor is able to treat. 

The storage and handling of these granules are very simple, facilitating the 

start-up procedures and the control of the reactor biomass. EGSB and IC reactors 

are current and improved derivatives of this system. In EGSB reactors, the main 

Reactor type  Typical OLR [kg COD m-3 d-1]* HRT [d] 

CSTR 0.25-3 10-60 

Contact 0.25-4 12-15 

UASB 10-30 0.5-7 

Anaerobic filter 1-40 0.5-12 

Anaerobic Attached  
Film Expanded Bed 

1-50 0.2-5 

Anaerobic Fluidized Bed 1-100 0.2-5 
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difference lies in the faster up-flow velocity of the effluent: around 10 m h−1 for 

liquid and 7 m h−1 for gas  flowing through the reactor (Nicolella et al., 2000). This 

increased flow rate allows the expansion of the sludge bed. Therefore, the 

substrate-biomass contact is improved and, in addition, most of the small, inactive 

suspended particles will be segregated from the sludge bed. Increased flow 

velocities are achieved through the use of reactors with a higher height/diameter 

ratio and/or recycling the effluent.  

For the EGSB process, the granules have to present good settling velocities, 

60–80 m h−1, (Nicolella et al., 2000). As for UASB, a three-phase separator: gas 

(biogas)-solid (granules)-liquid (effluent) (GLS) at the top of the reactor allows the 

recollection of the biogas and the settling of the granules back to the active volume 

of the sludge bed in the reactor. Special design of this three-phase separator allows 

achieving higher hydraulic loads than with UASB reactors. Replacing it by a packed 

bed at the upper part of the reactor was reported to be beneficial for psychrophilic 

anaerobic digestion, for instance (Collins et al., 2006) - creating an upflow hybrid 

reactor (merge between the UASB and Upflow Anaerobic Filter reactors). This 

packing material can even be only mounted in the settling part of the reactor, 

leaving a GLS underneath. EGSB reactors are reported to be suited for effluents at 

low temperatures and with low concentrations (<1 gCOD L−1) as well as for the 

treatment of recalcitrant substrates (Nicolella et al., 2000; Rebac et al., 1999). This 

means that this type of reactor configuration is interesting for the treatment of 

flexographic effluents (see Table 1.7) even at ambient temperatures. 

The main distinct feature of IC reactors is that they have several vertical 

compartments (usually 2). The sludge concentration decreases along the height of 

the reactor, to the point of getting a purified effluent, devoid of any granule, at the 

top of the reactor. The first compartment is working with high loading rates and the 

second with low loading rates. The biogas is collected at each of the two 

compartments. The gas collected in the first stage is sent to the top of the reactor 

by generating a lift-gas effect, not only ‘pumping’ the gas, but also the reactor 

mixture (effluent and sludge) of the first compartment. After separation of the 

biogas from the reactor mixture in the degassing vessel at the top of the reactor, 

the effluent and the sludge are reverted directly to the reactor bottom. This “gas 

pumping” happens thanks to the existing head pressure difference, i.e. no 

mechanical pump is required (Driessen and Yspeert, 1999). The reactor was named 

after the generated Internal Circulation flow. IC technology is implemented in a 

column reactor with usual sludge concentrations ranging from 50 to 100 kg dry 

matter m-3 (Tchobanoglous et al., 2002) allowing the application of organic load of 
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25 kg COD m-3 of reactor d-1  and up to 30-40 kg COD m-3 d-1 . Therefore, the required 

floor area is quite small.  

Even though these technologies present many advantages, they still have 

some associated risks of (Lettinga and Pol, 1991): 

- Degranulation: disturbances in the feed can sometimes lead to 

granules disintegration, which can result in a complete leaching of 

the reactor, for example with the prolonged accumulation of 

suspended solids from the inlet. 

- Sludge wash-out: the combination of biogas and liquid upward 

flows may lead the granules out of the reactor outlet, hence the 

needs of a good reactor design and a fine control of its 

hydrodynamic conditions to enable the triphasic separation and 

the retention of granules in the reactor. 

- Mineralization of the sludge: with high concentrations of certain 

minerals, such as calcium, part of the granular sludge can become 

mineral, resulting in a specific activity decrease. 

2.2.1.3 Attached growth and fluidized bed reactors  

During the 1980s, research efforts focused on "third generation" (attached 

growth processes) and "fourth generation" (fluidized bed reactors) reactors. 

Attached growth processes involve introducing a packing material into the reactor, 

enabling the biomass to fix itself on this support and form a biofilm (with an 

adaptation of the feeding conditions). These conditions allow the biomass to be hold 

in the reactor. Various implementations of this technique have emerged, such as: 

- upflow reactors (feeding through the bottom of the reactor),  

- downflow reactors (feeding from the top of the reactor),  

- hybrid reactors (combination of a sludge blanket and a fixed 

biofilm). 

The concentration of sludge in the reactor ranges in average between 20 

and 30 kg of dry matter per cubic meter of reactor, making it a direct competitor of 

the UASB with similar applicable loading rates (see Table 2.2). However, this type of 

technology is more complex to develop and operate. Indeed, it is necessary to 

develop the biomass on the media before it can start treating the organic load. This 

step may take several months. The control of the biomass is also more complex in 
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these reactors, compared to UASB reactors; and the choice of an appropriate media 

for developing large specific areas is essential. Furthermore, these reactors are 

sensitive to the amount of suspended solids in the effluent (fibers, fats, etc.), as they 

can clog the support on which the biofilm is growing. Therefore, additional washing 

operations may be required to prevent clogging of the packing, which can damage 

the biofilm (Chernicharo, 2007) 

Fluidized bed reactors are directly derived from attached-growth reactors. 

In this case, the support for the anaerobic sludge is made of a very fine material (<1 

mm). This mobile, mineral “support” material allows the fluidization of the sludge 

bed, hence its name. Applicable organic loading rates range from 15 up to around 

25 kg COD m-3 day-1, depending on the treated effluent nature. These high OLRs and 

the vertical design of this type of reactor lead to a lower reactor footprint, compared 

to previously exposed technologies. 

One type of wastewater can be treated successfully by several different 

types of anaerobic technologies. In other cases, experience has shown that a 

particular technology is more appropriate (i.e., more cost-effective, stable and/or 

efficient) for certain wastewaters than others. 

2.2.1.4 Costs of anaerobic reactors 

The main costs of an industrial installation can be divided into the 

investment and operation costs. The investment cost for any anaerobic treatment 

system depends on the: 

- legal emission values, allowing the discharge of the treated 

effluent; 

- nature of effluents; 

- amount of COD to be treated; 

- type of technology used; 

- geographic and industrial context, etc. 

The main investment costs for an anaerobic digester installation usually 

include the costs of the: tanks, piping, pumps and compressors, electrical and 

automation systems, biogas valorization and engineering and consultancy (van Lier 

et al., 2008) 

The operation of a biogas plant induces the following main costs: reagents 

(sodium hydroxide, nutrients), power consumption, replacement of worn 
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equipment, sludge discharge’s system, maintenance of biogas valorization 

equipment, maintenance/follow-up time. 

These costs can be counter-balanced by potential operating revenues 

associated with the biogas production of the digester. It can be valorized via 

different techniques: via a thermal boiler, via a steam turbine or cogeneration 

(Combined Heat and Power) engine to produce heat and electricity, used as biofuel 

(widespread technique in Sweden, for example) or injected into the gas distribution 

grid, when the biogas flow rate is sufficient and its composition complies with legal 

standards (if not, upgrading operations might be necessary). Depending on the 

amount of biogas produced (usually 0.35 Nm3 of methane per kg of COD removed), 

valorization technique and potential use, the benefits of this produced biogas can 

be estimated. 

2.2.2 Operation and control of anaerobic reactors 

Once a type of reactor has been chosen, stable and optimal operating conditions 

have to be implemented, controlled and preserved for an efficient anaerobic 

treatment. Indeed, the microorganisms in charge of the pollutants removal require 

specific environmental conditions for the proper functioning of their metabolisms. 

This section will focus on three key parameters, presented in Figure 2.6. Another 

important factor to take into consideration for the operation of the bioreactor, is to 

avoid any inhibition— this point will be discussed in the next sub-section (2.2.3). 

Other specific parameters related to the reactor design also have to be optimized 

such as hydraulic retention times or upflow velocities, but will not be discussed here 

(as they depend on each specific design).  

It has to be noted that, in order to better control these conditions, an 

automatic control system of the reactor can be set. In practice, this system consists 

in an industrial automat (such as a programmable logic controller), linked with 

sensors which measure the operating conditions. It allows manual operating time 

reduction, optimizing parameters such as the applied organic load or the addition 

of reagents and lowering the risk of errors associated with manual management of 

the bioreactors.  
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Figure 2.6. Main stability and optimisation environmental factors. 

The state of the anaerobic reactor can be checked with some basic 

measurements (Jimenez et al., 2015): 

- The pH, which should be stable and within a well-defined range. If 

it decreases, there is a risk of acidification of the reactor (as a 

consequence of a process imbalance between the different phases 

of anaerobic degradation), often due to a reactor overload; 

- The flow rate of the feed indicates which organic load is applied, if 

the COD concentration was previously characterized and is 

relatively stable; 

- The biogas flow rate, which must be consistent with the applied 

organic load; 

- The temperature, which affects among others, the kinetics of the 

reaction. 

Other more complex sensors can be added to better characterize the state 

of the biorector, such as in-line measurement of Volatile Fatty Acids (VFA), Chemical 

Oxygen Deman (COD), Total Organic Carbon (TOC) as well as an in-line gas analyzer. 

Determining an acceptable range for these values (at least for the flowrates, 

pH and temperature) would allow implementing counter-acting strategies in case 

unstable conditions begin to rise, such as the: 

temperature
pH and 

alkalinity

nutrients
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- increase or decrease the flow rate of the feed, by using the feeding 

pump;  

- increase the alkalinity by addition of an alkali;  

- addition of nutrients (for deficient effluents);  

- control of the temperature. 

Key parameters (Figure 2.6) to be considered for the optimisation of 

anaerobic degradation will be presented hereafter.  

2.2.2.1 Temperature  

This parameter is of utmost importance, as a change of conditions may 

affect the structure and activity of the consortium of microorganisms, as well as 

result in a different degradation pathway of the organic compounds.  Among the 

different degradation steps (see Figure 2.1), methanogenesis is reported to be the 

most sensitive to temperature (Dhaked et al., 2010). Anaerobic degradation can be 

carried out in three temperature ranges.  

The psychrophilic regime corresponds to temperatures under 20 °C (de Mes 

et al., 2003), even though authors show different opinions on the bounds of the 

ranges. It has the advantage to limit or avoid the implementation, and thus the 

costs, of a system for maintaining warm temperatures. However, the applicable 

organic load decreases with each temperature regime and the psychrophilic range 

is the coldest one (Figure 2.7), thus admitting the lowest loads. Moreover, anaerobic 

treatment at low temperature requires higher solids retention time (RT)— 

approximately twice as long as for mesophilic degradation (Kashyap et al., 2003). 

Nonetheless, psychrophilic methanogenesis happens naturally and some 

methanogenic archaea have optimum growth temperatures around 15–25 °C. Thus, 

high rate anaerobic reactors (EGSB or UASB) can and have been used for to treat 

low-strength wastewaters (Dhaked et al., 2010). In these low temperatures, the 

rate-limiting step in anaerobic degradation seems to be hydrolysis (Lokshina and 

Vavilin, 1999).  

The mesophilic regime is the most commonly used, with temperatures 

ranging from 20 to 45 °C with an optimum around 37 °C. The bacterial species 

thriving at these temperatures have very fast degradation kinetics and are 

numerous, inducing an important biodiversity and robustness of the ecosystem (de 

Mes et al., 2003) 
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Thermophilic regime corresponds to temperatures from 45 °C to 65 °C, with 

an optimum around 55 °C. These temperatures can enhance the hydrolysis of 

suspended solids and a rapid elimination of pathogens. Thus it will be advantageous 

for already-warm effluents, effluents with high, thermolysable suspended solids 

contents or effluents requiring pathogens removal (de Mes et al., 2003). 

 
Figure 2.7. Relative growth rates of psychrophilic, mesophilic and thermophilic 

methanogens— from (Lettinga et al., 2001). 

In any case, it has to be noted that a decrease in the temperature, under 

the optimum value of each temperature regime, will always decrease the 

degradation kinetics (according to Arrhenius’ law). Moreover, a sudden rise or 

decrease of the temperature, even by a few degrees, can seriously damage the 

microorganisms, inhibiting or even killing them (Leslie Grady et al., 2011). 

2.2.2.2 pH, alkalinity and VFA  

Another important parameter is the pH, related to the concentration of 

hydrogen ions (H+) in the medium, which can be toxic to most microorganisms when 

outside of a given range. Various bacterial groups are affected by this ion at different 

concentrations. 

Acidogenic bacteria perform the acidification step (cf Figure 2.1) of the 

anaerobic biodegradation. Therefore, they produce significant quantities of H+, 

product of the hydrolysis of the molecules, resulting in a decrease in the pH of the 

effluent if the alkalinity content is not high enough. Their optimal operating pH is 

about 6, however they are able to operate in a pH range from 4.5 to 8. Their activity 

decreases with a drop in the pH, until total inhibition under pH 4.5. 
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Methanogenic bacteria are particularly sensitive to environmental 

conditions. They have their optimum activity for pH between 6.5 and 7.5. However, 

they are able to produce methane in a pH range from 6.0 to 8.5. As degradation 

reactions naturally tend to acidify the medium, due to the presence of volatile fatty 

acids (VFA) as intermediates of anaerobic fermentation reactions, the pH of the 

reactor can drop down. A pH below 6.0 in the reactor inhibits the methanogenic 

bacteria activity, while acidifying bacteria continue working. Thus, VFA accumulate 

in the reactor leading to a chain reaction promoting further pH drop (Figure 2.8) and 

finally the pH-sensitive limit for bacteria is reached and can lead to biomass 

destruction. The initial accumulation of VFA may result from organic overload or 

inhibitions of methanogenic species and should be avoided (van Lier et al., 2008). 

 

Figure 2.8. Chain reaction from methanogenic overlaoding and VFA accumulation 
leading to pH drop – adapted from van Lier at al. (2008). 

In conclusion, the optimal operating pH is close to neutral and should be 

kept between 6.5 and 8.5. In some cases, conditioning the pH of the effluent prior 

to entering the anaerobic reactor might be required. Correcting or preventive 

actions to avoid the accumulation of VFA leading to a drop in the pH can be done 

by: 

- Reducing the applied organic loading; 

- Maintaining a high level of alkalinity in the reactor. The presence of 

(HCO3
- / CO3

2-) species in the medium increases its buffer capacity. 

It enables the stabilization of pH and the maintenance of VFA in 
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ionic form (acetate, propionate, butyrate, etc.), which can be 

treated by the methanogenic bacteria.  

Maintaining sufficient alkalinity is achieved naturally if the effluent contains 

sufficient alkalinity levels or artificially, by adding alkali (for instance, a strong base 

such as sodium hydroxide) or carbonates in the reactor. In the latter case, it is 

important to avoid the formation of precipitates associated with the addition of 

cations in the reactor (e.g. Ca2 + for CaCO3). Maximal alkalinity/VFA ratio or 

intermediate alkalinity/partial alkalinity ratio are recommended to prevent any risk 

of poisoning of the bacteria (Martín-González et al., 2013; Ripley et al., 1986). 

2.2.2.3 Nutrients requirements 

The importance of nutrients supplementation, allowing bacterial activity 

and growth, has been previously pointed out (Leslie Grady et al., 2011). The 

metabolism of anaerobic bacteria requires, just as for all living species, an 

exogenous supply of mainly carbon, nitrogen and phosphorus. Optimal COD/N/P 

ratio for anaerobic bacteria of 400/7/1 (for loading rates between 0.8 and 1.2 kg 

COD kg VSS-1 d-1) is reported in the literature (Stronach et al., 1986), with a tolerance 

of up to 1 000/7/1 for low loading rates (<0.5 kg COD kg VSS-1 d-1). Another way, 

maybe more rigorous, to estimate the required nutrients than these ratios is by 

looking directly at the typical composition of bacteria in the system, as reported in 

the literature, for example for methanogenic bacteria (Rajeshwari et al., 2000; 

Scherer et al., 1983). Ranges of values are given, which means that the 

supplementation has to be specifically adapted to each bacteria consortium.  

Other macro- and micronutrients are also required for bacterial growth, in 

particular if the effluent is synthetic. Appropriate dosing is crucial, as either too-low 

or too-high concentrations will endanger the operations of the bioreactor (due to 

deficiencies or inhibition phenomenon). For example, deficient effluents do not 

allow optimal growth and renewal of the bacteria species, thus may result in reactor 

instability and a decrease of the treatment efficiency (Henze and Harremoës, 1983). 

On the other hand, optimal nutrient supplementation enhances pollutant removal 

and biogas production. The required macro- and micronutrients will be further 

discussed in the section below. 

Macronutrients requirements  

The main essential macronutrients, their major roles and the form they are 

usually supplemented as, are presented in the Table 2.3.  
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Table 2.3. Macronutrients requirements: roles and supplemented forms 
– adapted from Singh et al. (1999), Khan and Trottier (1978) 

and Scherer et al. (1983). 

Nutrient Role Supplemented as 

Nitrogen Source of nitrogen for the bacteria and 

electron donor (in its reduced form: 

NH3), it allows the development and 

functioning of the microorganisms. 

Nitrates or 

ammonium salts, 

often NH4Cl 

Phosphorous Required for nucleic acid synthesis, thus 

necessary for bacteria cell growth and 

maintenance. 

KH2PO4 , K2HPO4  

Potassium Required for the normal growth of 

microorganism, plays an important 

physiological function in methanogens.  

KH2PO4, K2HPO4 

(phosphate buffer as 

well), rarely: KCl 

Sulphur Required for bacteria growth and 

maintenance. Forms part of ferredoxin 

and other substances involved in 

electron transport systems as well as 

coenzyme M—involved in the methyl 

transfer reactions of methanogenesis. 

sulfide, cysteine, 

methionine, 

elemental sulphur, 

sulphite, thiosulfate, 

Na2SO4 

Calcium Is a cell component and enhances the 

sludge flocculation (i.e. its stability and 

density). 

CaCl2 

Magnesium Stimulates or accelerates the growth of 

several methanogens. 

MgCl2.6H2O 

Sodium Eases aminoacids transport, growth, 

methanogenesis, internal pH regulation 

NaCl 

 

In addition to these macronutrients and the micronutrients described 

hereafter, vitamins should also be provided, used as coenzymes or as blocks for 

coenzymes. Yeast extract for example can be supplied as a source of vitamin B, 

organic nitrogen and carbon compounds; it fosters the growth of bacteria. 
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All in all, optimal macronutrients supplementation has been quite 

extensively studied and reported, with little variation in the recommended dosing 

ranges. 

Micronutrients requirements 

The main necessary micronutrients are reported in Table 2.4 as well as the 

form under which they are the most commonly supplemented. All the biological 

interactions of each micronutrient have not always been discovered, however many 

of their roles are described in the literature. They are not extensively discussed here, 

but can be found in the complete reviews (Choong et al., 2016; Fermoso et al., 

2009a). 

Table 2.4. Key micronutrients role and supplementation form – adapted 
from Choong et al. (2016), Fermoso et al. (2009), Sharma and 

Singh (2001), Singh et al. (1999) and Zhang et al. (2010). 

Trace element Role Supplemented as 

Iron 
Necessary trace element for the 

synthesis of various 

microorganisms, and cofactors 

for various enzymes; Zn 

enhances the integrity of the 

seath. 

FeCl3.6H2O 

Zinc ZnCl2 

Molybdenum (NH4)6Mo7O24.4H2O 

Manganese MnCl2.4H2O 

Copper CuCl2.2H2O 

Nickel Structural stability of some 

methanogens, enhance the 

growth of M.bryantii. 

NiCl2.6H2O 

Cobalt 
Essential micronutrient for 

acetogens and methanogens. 

CoCl2.2H2O 

Boron NaBO4.10H2O 

Selenium Stimulatory for methanogens, 

especially methanococcus 
Na2SeO3.5H2O 

Aluminium Essential nutrient for some 

methanogens 

AlCl3 

Tungsten Na2WO4 2H2O 
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Chromium, iodine and vanadium are also reported to be essential 

micronutrients, although reports on them are scarce (Fermoso et al., 2009a).  

If the importance of the presence of these trace metals for anaerobic 

degradation is clearly stated, their required dosing is subject to discussion. Typical 

metal dosing found in the literature can present a high variation, of up to a 1000-

fold factor (Choong et al., 2016). Thus, the choice of a dosing strategy can hardly be 

based only on such values. It is more advisable to base its supplementation strategy 

on typical biological requirements (Rajeshwari et al., 2000; Scherer et al., 1983), 

taking into account compilations of recommended values, such as: 

 between 0.2 and 1 mg L-1 for nickel (Sharma and Singh, 2001; Zhang 

et al., 2010a); 

 between 0.22-0.41 mg L-1 for cobalt (Fermoso et al., 2009a; Sharma 

and Singh, 2001; Zhang et al., 2010a); 

 or 0.16 mg L-1 for selenium (Zhang et al., 2010b).  

Key factors that can affect the micronutrients requirement and thus to be 

considered for nutrient supplementation are briefly discussed hereafter.  

REGARDING THE RELATIVE IMPORTANCE OF TRACE METALS 

 Most of the time, each author gives a list of the micronutrients they have 

identified as most influential. However, given the variability in the tests conditions, 

none of those lists is identical and no significant distinction in the determination 

method used can allow discriminating one or the other. In general, the most 

referenced micronutrients are cobalt and nickel, reported to significantly enhance 

the methanogenesis and acetogenesis (Feng et al., 2010; Fermoso et al., 2008; 

Florencio et al., 1993; Percheron et al., 1999; Pobeheim et al., 2011; Schönheit et 

al., 1979; Speece, 1983; Zandvoort et al., 2004). 

 
REGARDING THE DETERMINATION OF THE METAL CONTENT AND ALLOCATION 

The metal content is often complex to determine, because metal retention 

by the sludge varies a lot according to the considered metals and exposure 

durations.  For example, Zandvoort et al. (2003a) observed different metal 

concentrations in a sludge, although the ranges of metal supplementation 

concentrations applied during a given lapse of time were kept at a similar level. 

As previously discussed, even though the total metal concentrations in the 

sludge (or in the feed) are often reported, these values do not completely allow 
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understanding which fraction is available or used by bacteria. However, the activity 

of the methanogenic consortium is strongly dependent on environmental factors 

such the micronutrients bioavailability (Goodwin et al., 1990; Osuna et al., 2003; 

Thanh et al., 2015). Thus, in the past decades, methods were developed, for 

assessing the bioavailable fractions and other fractions of the metal within the 

solids, allowing a better understanding of the metal use and requirements. Among 

these methods, called sequential extractions, the modified Tessier method is 

reported to be one of the most suitable for the study of metal partitioning (van 

Hullebusch et al., 2005b). Recently, an adaptation of this Tessier method was 

published (Ortner et al., 2014), which presented a slightly lower reproducibility, but 

gave a better representation of the metals bioavailability (as well as being less time-

consuming). 

This bioavailability and mobility of trace metals in UASB systems are 

reported to be controlled to some extent by the sulfide chemistry.  As metal sulfides 

tend to precipitate (they have very low solubility products), most of the metals are 

in a non-bioavailable form for the bacteria. Moreover, ageing of these precipitates 

reduces the dissolution rates of the metals, thus it lowers the metal bioavailability. 

In addition to metal precipitates, sulfides can participate in the forming of dissolved 

metal complexes (Fermoso et al., 2009a). In an attempt to counteract this metal 

precipitation, organic ligand can be added, such as EDTA, NTA, citrate. However, the 

use of EDTA in full-scale anaerobic bioreactor is reported to present risks of 

damaging the granular sludge/microbial cells. A better ligand would be the vitamin 

B12 (Fermoso et al., 2008). To better evaluate the metal speciation and 

bioavailability, tools such as the Biotic Ligand Model (BLM) have been developed, 

based on the influence of the water chemistry on the metals. 

REGARDING THE METALS SORPTION TO THE SLUDGE AND ITS SETTLEABILITY 

Reasons for the sorption of metal ions onto the granules have been 

previously reported. Among them is the adsorption and binding of the metals by 

Extracellular Polymeric Substance (reported to constitute 90% of the biomass) and 

bacteria cells. This metal sorption, for cobalt and nickel for example, is reported to 

be very important during the first (starting) minutes of the process and to reach an 

equilibrium after around 4 days (van Hullebusch et al., 2005a). 

This presence of nutrients in the biomass is reported to have either positive 

or negative effects on the settleability of the sludge. For example, for the treatment 

of distillery effluents, high contents phosphate (1-2 g L-1) and calcium (0.1-0.2 g L-1) 

had a negative impact on the settleability and COD removal efficiency. On the other 
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hand, adapted supplementation of iron, nickel and cobalt enhanced the sludge 

settleability and COD removal (Sharma and Singh, 2001)  

REGARDING THE INTERACTIONS AMONG TRACE METALS 

It is often reported that different micronutrients can compete for a same 

uptake site of the sludge (Fermoso et al., 2009a). For example, the uptake of cobalt 

and nickel in the sludge is reported to be influenced by their interaction with iron 

compounds, such as iron sulfide (van Hullebusch et al., 2006). 

REGARDING THE TRACE METALS SUPPLEMENTATION STRATEGY 

The supplementation strategy should include: 

 The mode of the micronutrients feeding. For example, repeated pulse 

additions of low concentration of trace metals are reported as a good 

supplementation strategy. On the other hand, in the case of the 

degradation of methanol in batch tests, the supplementation of cobalt in 

continuous is reported to be more effective than providing the total 

amount of cobalt to medium at once when starting the test (Fermoso et al., 

2008). 

 The form under which the metal is supplemented. For example, higher 

methane productions were reported for cobalt supplemented in the form 

of vitamin B12 than as CoCl2, cobalt citrate or Cobalt-EDTA (Fermoso et al., 

2010). 

TRACE METAL SUPPLEMENTATION AS A FUNCTION OF THE OPERATIONAL 

CONDITIONS (TIME, INOCULUM, FEED AND VFA CONTENT) 

Time has an influence on the supplementation, in the sense that if some 

positive or negative effects could be seen quickly after the addition of a metal, 

opposite long-term effects could also appear. For example, an experiment with 

nickel deprivation showed first a decrease in the metabolic activity of the sludge 

due to nickel deficiency, but as the time passed by, an apparent adaptation to the 

sludge appeared, making it less nickel-dependent and restoring the original 

methane production. Whether this change is due to a change in the substrate 

conversion pathway and/or to the development of new less-dependent bacteria, is 

not determined (Zandvoort et al., 2002). 

The importance of the sludge inoculum has also been reported (Facchin et 

al., 2013a). In particular, the initial metal content of the sludge will condition the 

influence the supplementation of given metals will have on its metabolism. 

However, if this difference in responses associated to different sludge has been 
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observed by other authors, a direct relation between its initial metal content and 

their response to metal addition has not always been detected (Zandvoort et al., 

2006). 

The metal content of the feed or additional water supply should also be 

determined. The Organic Loading Rate (OLR) influence has also been reported. 

Some bioreactors had a stable functioning for a given metal supplementations and 

required higher and different metal supplementations for higher loads. So trace 

metals supplementation requirement could be load dependent (Zhang et al., 

2010a). The required metal supplementation can also vary before and after a VFA 

accumulation. Recovery concentrations are reported to be higher than required 

concentrations before a VFA accumulation (Zhang et al., 2010a). 

2.2.3 Inhibition phenomena 

Furthermore, in order to ensure the success of anaerobic treatment, the 

importance of detecting eventual inhibitory or toxic effects has been pointed out by 

Chen et al. (2008). When the concentration of given substances exceeds some 

thresholds, they may reduce or stop the metabolic activity of bacterial species 

involved in the anaerobic degradation process. This phenomenon is referred to as 

inhibition; in the extreme case a compound stops all bacteria activity and even leads 

to its death, it is referred as a toxic compound. Inhibitory molecules may be found 

in the effluent to be treated or generated by the anaerobic digestion process itself. 

This phenomenon depends on environmental conditions, such as the: 

- sludge nature and concentration, 

- structure of the biomass (fixed or suspended), inducing different 

sensitivities to the inhibitors, 

- exposure time, longer exposure time allowing (sometimes) an 

acclimation of the sludge to the inhibitors, 

- feeding mode, 

- pH, 

- temperature, 

- antagonistic or synergic effects among several compounds. 

Thus, it is important to study potential inhibitory effects in the specific 

operational conditions that will be implemented for the anaerobic bioreactor. 

Preliminary inhibition studies allow avoiding or minimizing inhibition, thus 
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preventing process failure and supporting operating the anaerobic reactor in stable 

conditions. 

Inhibitory effects of inappropriate pH (that is H+ ions), temperature 

(especially, sudden/important temperature changes), COD loading, VFA 

concentrations and alkalinity have been discussed previously, and will not be further 

developed. In the next sub-section, a compilation of commonly found inhibitors and 

their inhibitory levels is presented. Thereafter, the methods used to determine 

these levels of inhibition are presented. 

2.2.3.1 Inhibitory compounds and levels of inhibition  

A common reported value to assess inhibition is the concentration level 

causing a 50% reduction in the bacterial activity (cellular kinetics), which – in 

anaerobic systems— can be associated to the methane production. This value is 

referred as the half maximal inhibitory concentration (IC50). 

It has to be noted that the inhibitory concentrations reported in the 

literature can vary and even be contradictory. This can be explained by the high 

variability of the operating conditions under which the inhibition studies are 

undertaken. The values that may be the most representative for a given system are 

the ones found in similar conditions to the ones under which the system will be 

operated. If any doubt subsists concerning the inhibitory level of a specific 

compound found in the effluent to be treated, specific inhibitory tests should be 

undertaken, with the required operational conditions. 

AMMONIUM ION (NH4
+) AND FREE AMMONIA (NH3) 

Among both species, NH3 is the main source of inhibition, as it is membrane-

permeable. Even though concentrations below 200 mg L-1 are reported to be 

beneficial for anaerobic treatment (as a source of N), high concentrations can 

become inhibitory. Ammonia is reported to show moderately inhibitory levels from 

1.5-3 g L-1 and strongly inhibitory effects when concentrations rise above 3 g L-1. IC50 

for total ammonia nitrogen (TAN) are reported from 1.7 to 14 g L-1 (Chen et al., 

2008). 

Some environmental factors affect ammonia toxicity, such as: 

- pH: an increase in the pH increases ammonia toxicity, as it increases 

the free ammonia/ammonium ion ratio. Thus, a pH as low as 

possible, within the optimal range for the bacteria, may reduce its 
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toxicity; to counter-act ammonia toxicity, 7.4 is reported as 

optimum pH; 

- temperature: ammonia toxicity increases with an increase in the 

temperature, for the same reasons (induced increase in the free 

ammonia concentrations); 

- presence of ions such as Na+, Ca2+ and Mg2+ is reported to be 

antagonistic to ammonia inhibition, i.e. it reduces its toxicity 

(Krylova et al., 1997; Sprott and Patel, 1986). 

Two kinds of solutions exist for counteracting ammonia toxicity, and can be 

applied for most of the circumstances of inhibition: 

- Acclimation of the sludge: the methanogens can be adapted to 

ammonia by exposition to (slowly) increasing ammonia 

concentrations. This adaptation can be attributed to internal 

changes in the predominant species of the sludge or to a shift in the 

bacteria population (Melbinger et al., 1971). 

- Introduction of antagonistic ions (magnesium and calcium, with 

zeolites, for example), air stripping or chemical precipitation to 

remove ammonia from the effluent, or the addition of active 

carbon units which will remove sulphides, that are synergistic to 

ammonia toxicity (Kabdasli et al., 2000). 

It should be noted that in the case of the anaerobic treatment of synthetic 

or industrial wastewaters, as N has to be supplied and its dosing should thus be 

controlled, it is unlikely that this compound would reach inhibitory levels. 

SULFUR 

Sulfur is one of the nutrients required by the microorganisms for their 

growth. Usually, it is found or provided in the effluent in the form of sulfate (SO4
2-). 

However, sulfate can be reduced to sulfide (S2-) by sulfate reducing bacteria. This 

induces two kinds of inhibition phenomenon: 

- These bacteria will compete for common organic/inorganic 

substrates, which will be less available for other bacteria 

responsible of the methane production (Harada et al., 1994);  

- Inhibition of sulfide itself towards various bacteria groups (Chen et 

al., 2008). Inhibitory concentrations of 200 mg L-1 are reported. And 

IC50 for methanogens are reported around 50-125 mg H2S L-1. 
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ALUMINIUM 

This light metal ion is reported to be inhibitory because it competes with 

other metals which are essential for the bacteria (iron, manganese), by adhering to 

membrane’s walls. 1g L-1 Al(OH)3 concentrations maintained during 59 days lead to 

a 50-72% activity reduction of methanogenic-acetogenic microorganisms (Cabirol et 

al., 2003) 

SODIUM 

This ion is essential for methanogens, which can be attributed to its role in 

the adenosine triphosphate forming or the oxidation of NADH. Reported beneficial 

or optimal levels are: 100-200 mg Na+ L-1 (for the growth of mesophilic anaerobes), 

230 mg L-1 for mesophilic aceticlastic methanogens and 350 mg L-1 for mesophilic 

hydrogenotrophic methanogens. However, authors have reported: 

- moderately inhibitory effects for concentrations of 2.5-4.5 g L-1; 

- and strongly inhibitory effects above 8 g L-1; 

- moreover, 50% inhibition is reported for 5.6 to 53 g L-1 of NaCl and 

complete inhibition for NaCl concentrations above 60 g L-1 (Hayes 

and Theis, 1978). 

Antagonistic effect of potassium and even better of (potassium and calcium) as 

well as betaine have been reported. On the other hand, synergistic effect of calcium 

and ammonia are reported (i.e. these ions enhanced the inhibition). 

POTASSIUM 

If 400 mg L-1 of potassium can enhance the performances of anaerobic 

processes, higher concentrations can become inhibitory. Potential inhibitory 

mechanisms lie in the neutralisation of the membrane potential via high 

extracellular K+ content (around 1M = 39.1 g L-1) leading to a passive influx of K+ or 

in the removal of essential micronutrients by potassium, because potassium is a 

good extractant of the metal ions bound to the exchangeable sites of sludge. It is 

moderately inhibitory for concentrations of 2.5 to 4.5 g L-1 and strongly inhibitory 

effects above 12 g L-1 (Hayes and Theis, 1978). IC50 of potassium for acetate-utilizing 

methanogens is of 0.15-0.74 M (=5.86 to 28.93 g L-1). Its toxicity can be mitigated by 

the addition of sodium, calcium, magnesium or a combination of those. 
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CALCIUM 

It is essential for the growth of certain strains of methanogenic bacteria and 

plays an important role in the formation of microbial aggregates. Authors do not 

agree on the optimal amount of calcium to be added to the bioreactor (for sludge 

granulation and bacterial growth). It is reported to be around 200 mg Ca2+ L-1, 

between 100 and 200 mg L-1 or under 120 mg L-1 (Chen et al., 2008). 

Excessive amounts will cause carbonate or phosphate precipitation and this 

accumulation of minerals and decrease in the water content leads to inhibiting some 

cellular metabolisms. This phenomenon is reported to start for concentrations 

above 120 or 300 mg L-1 (Huang and Pinder, 1995). 

Further inhibitory levels are reported: calcium is moderately inhibitory for 

concentrations of 2.5 to 4.5 g L-1 and strongly inhibitory effects are reported above 

8 g.L-1 (Chen et al., 2008; Hayes and Theis, 1978). 

MAGNESIUM 

For magnesium, there is no common agreement among authors: optimal 

Mg2+ concentrations are reported to be 720 mg L-1 for Methanosarcina thermophila 

TM1 and Methanosarcinae-dominated UASB reactor. However, on the other hand, 

400 mg L-1 concentrations lead to a stop in the cell growth in other studies and 

sludge acclimation for 300 mmol L-1  (=7.29 g L-1) is reported (Chen et al., 2008). 

Magnesium inhibitory effect is attributed to the stimulation of single cells 

production, which are very sensitive to lysis, thus a loss of biomass is observed. It is 

moderately inhibitory for concentrations ranging from 1 to 1.5 g L-1   and strongly 

inhibitory effects are reported above 3 g L-1 (Hayes and Theis, 1978). 

HEAVY METALS 

These compounds are often part of essential enzymes, which are enhancing 

specific reactions of anaerobic processes. However, they are not biodegradable, 

which means they can accumulate to potentially inhibitory or toxic concentrations. 

Therefore, inhibitory effects such as the disruption of enzyme are reported for 

almost all heavy metals: Cd, Co, Cr, Cu, Cr, Fe, Ni, Pb, Zn (Chen et al., 2008). If one 

of these metals has an inhibitory or stimulatory effect will depend on: 

- operating factors, such as the pH or the temperature; 

- the type of bacteria: acidogens are more resistant to heavy metal 

inhibition than methanogens. Those 2 groups of microorganisms also have 

different relative sensitivities to metals. For acetogens this sensivity is: 
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Cu>Zn>Cr>Cd>Ni>Pb (most to less toxic), as for methanogens it is: 

Cd>Cu>Cr>Zn>Pb>Ni; 

- the metal concentration:  

▪ it is recommended to report those concentrations in mg g-1 

Volatile Solids rather than in mg L-1 –for a better understanding of 

the inhibition due to heavy metals. However, most reported 

values use the latter.  

▪ For copper: strong inhibitory effects above 0.5 mg L-1 in soluble 

form. Otherwise, strong inhibitory effects for 50-70 mg L-1 of total 

copper. 

▪ For chromium (VI):  strongly inhibitory effects above 3 mg L-1 of 

soluble Cr(VI) and above 0.2-0.6 g.L-1 for total Cr VI. 

▪ For chromium (III): strongly inhibitory effects above 0.18-0.42    g 

L-1 for total Cr(III). 

▪ For nickel: strongly inhibitory effects above 2 mg L-1 of soluble 

nickel and above 30 mg L-1 for total nickel. 

▪ In general, these reported inhibitory levels range from several mg 

L-1 to a few hundreds of mg L-1. 

- chemical forms of the metals. Sequential extraction of the metals (giving 

indications on the metals speciations) may  enhance further 

understanding of the allocation of these metals (Ortner et al., 2014; van 

Hullebusch et al., 2005b), as all chemical forms are not inhibitory. These 

forms can be: 

▪ precipitated as sulfide (except Cr), carbonate and hydroxide; 

▪ absorbed or adsorpted onto the solid fraction of the medium (the 

biomass or inert particulate matter); 

▪ found in the formation of complexes with intermediates of the 

anaerobic degradation; 

▪ in soluble, free form: the only form toxic for microorganisms.  

Synergic effects (on the toxicity, that is increase in the toxicity) have been 

reported for Cr-Cd, Cr-Pb, Cr-Cd-Pb, Zn-Cu-Ni, Ni-Mo-Co. There are also antagonistic 

effects reported for Ni-Cd, Ni-Zn and conflicting results have been found for Ni-Cu 

(Chen et al., 2008). 
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Detoxification of heavy metals is possible through precipitation or sorption 

by the microorganisms themselves or with specific compounds (Chen et al., 2008). 

 

ORGANIC COMPOUNDS 

Inhibition concentration ranges also vary widely depending on operating 

conditions. Inhibitory levels for almost all families of organic compounds have been 

reported, including alcohols, ether and ketones. These compounds may require a 

prolonged acclimation of the sludge, in order to be fully degraded. This acclimation 

can be achieved by (Chen et al., 2008): 

- addition of organisms able to degrade the inhibitory compounds; 

- introduction of specific enzymes for their degradation;  

- genetic engineering;  

- full degradation of preferential substrates before switching to the 

recalcitrant compound (creating a diauxic pattern); hence the recalcitrant 

compound will not inhibit the first one. 

It has to be noted that these strategies are not always applicable to real 

industrial installations. Acclimation can also occur naturally, after a period of 

exposure to the compound. The acclimation phenomenum, allowing the 

microorganisms to develop the ability to degrade compounds that were initially 

inhibitory or hardly biodegradable, is then induced either by the synthesis of 

suitable enzymes for the degradation of the compounds and/or by a shift in the 

main species of the sludge (Lin Chou et al., 1979).  

General inhibition patterns are known for some organic families, such as: 

- poorly soluble compounds, which may accumulate in the liquid 

system or get adsorbed to the surface of the sludge, generating 

high concentrations levels in anaerobic bioreactor, up to the point 

of inhibition. 

- apolar compounds, which can accumulate in bacterial membranes, 

leading to the swelling or leaking of the membranes, up to cell lysis.  

Some factors reducing the toxicity of the organic compounds are also 

known, such as the presence of hydroxyl groups or a longer carbon chain. 
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2.2.3.2 Inhibition: methods of determination 

Inhibition studies are very usually carried out using anaerobic toxicity assays 

(ATA). This testing method is undertaken at laboratory scale, in batch mode. ATA 

predicts potential inhibitory or toxic effect of a given compound on biogas 

production. However, it does not show acclimation phenomenon or the built-up of 

the inhibitor in the system (Moody et al., 2011). Thus, further testing at continuous 

scale may be needed to test those long-term effects.  

As for the anaerobic degradations studies, the experiments should be 

carried out under environmental conditions similar with the one to be implemented 

in the future, as much as possible. Therefore: 

- the reactors should be kept at ambient temperature,  

- the inoculum used for the trials should be the one used in the (pilot) 

plant treating the studied mixture of solvents, 

- the nutrients supplementation should be similar, 

- the sludge or solvent concentrations should be at the same levels 

as those detected or expected at real scale. 

In the literature, acetate is often used as a reference. In the present 

research, ethanol will be taken as a reference, as it is the main solvent found in the 

effluent to be treated.  

2.2.4 Application to industrial wastewaters 

Wider industrial application of anaerobic treatment of wastewaters started 

in the 1970s/80s. This trend was supported by a growing demand for “green” 

alternative energy sources, reductions schemes for CO2 emissions and by the 

optimisation of anaerobic digestion technologies, as seen in the previous section. 

Moreover, with worldwide societies becoming more industrialized as time passes, 

large quantity of effluents with organic contents have been and are being 

generated. These industrial wastewaters necessitate proper handling, anaerobic 

treatment offering an advantageous treatment alternative to minimize those waste 

and produce energy (Rajeshwari et al., 2000).  

Most applications of anaerobic wastewater treatment started and still can 

be found as an end-of-the-pipe treatment for food-processing and agro-industrial 

wastewater (Figure 2.9). However, anaerobic applications in other sectors is rapidly 

growing, e.g. for the paper mills wastewaters, winery and distillery wastewaters, 
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chemical or petrochemical wastewaters (Cervantes et al., 2006; Macarie, 2000; 

Moletta, 2005). It is expected to further increase, thanks to all the research and 

development recently and currently conducted. To the best of our knowledge, no 

previous industrial or pilot-scale anaerobic treatment system has been developed 

for effluents from the packaging industry.  

So far, research at laboratory and pilot scale has demonstrated that 

anaerobic wastewater treatment is applicable to broad temperature and COD 

ranges, i.e. between 10 and 80 °C (van Lier et al., 1997) with COD concentrations as 

low as 100–200 mg L-1 (Kato et al., 1994) or as high as 100 000 mg L-1. It can also be 

applied to some problematic wastewaters such as saline wastewaters (Lefebvre and 

Moletta, 2006), for example. The impact of many toxic compounds is progressively 

better understood and adjusted measures are developped (van Lier, 2008).  

 

Figure 2.9. Application of anaerobic technology to industrial wastewater, based 
on a total number of 2 266 reactors registered in January 2007 – 

adapted from van Lier (2008). 

To further improve the application of anaerobic treatment to industrial 

wastewaters, the importance of: going towards zero-effluent- discharge processes 

(van Lier, 2008), rigourosly characterize new industrial wastewaters for anaerobic 

treatment (Macarie, 2000) or investigating the addition of micronutrients for 

increasing the biogas yield (Weiland, 2010) has been underlined— among others. 
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Several conclusions can be drawn from the different types of 

implementations of the anaerobic degradation processes presented in this section: 

- The most wide-spread reactor design within industries is currently 

the UASB, thanks to its numerous advantages. Two main design 

improvements of this technology can be found at industrial scale: 

the IC and the EGSB. The latter is adapted to the treatment of 

diluted waste (<2 gCOD L-1), such as the VOCs in flexographic 

effluents and is less complex to operate than the IC.  This reactor 

design is indeed the one chosen for the implementation of 

anaerobic degradation in the new technology developed. It should 

be kept in mind that the main risks associated with this technology 

will have to be avoided: sludge degranulation, wash-out or 

mineralisation. 

- On the other hand, a simple and robust reactor type is the 

suspended-growth design. Due to these two main advantages 

(simplicity and robustness), the CSTR is the ideal design for 

laboratory, preliminary experiments in continuous mode (given 

that the hydraulics does not have to be studied, or that similar 

hydraulic conditions can be simulated).   

Concerning the operation and control of anaerobic processes, some key 

factors have already been for the implementation of current study (treating 

industrial effluents from flexographic presses): 

- The chosen temperature is set at ambient temperature, for 

avoiding additional heating costs. 

- The pH and alkalinity content are fixed to allow safe anaerobic 

degradations and optimal biogas production. 

The remaining key parameters to be discussed for this research are the 

potential inhibitors and the anaerobic biodegradability of the compounds present 

in the effluent to be treated. Though some commonly found compounds have 

reported inhibitory levels in the literature, specific substances in the flexographic 

effluent— i.e. some of the VOCs to be treated— have not been studied yet. The next 

section will focus on these aspects.   
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2.3 ANAEROBIC BIODEGRADABILITY OF THE SOLVENTS OF 
INTEREST 

The study of the anaerobic biodegradability of specific compounds is very 

usually carried out using Biochemical Methane Potential assays (BMP). This testing 

method is undertaken in batch mode and at laboratory scale, as a preliminary study 

before any plant design or scale-up. It should be noted that for the transposability 

of such results (obtained in batch mode) to full-scale systems, additional 

information is often needed (Girault, 2011). 

Biochemical Methane Potential assays were developed for determining the 

anaerobic degradability of compounds (Owen et al., 1979). They allow the testing 

of the substrate in controlled and optimal conditions in a laboratory environment.  

Based on the literature review hereafter, the expected duration of these 

batch tests can be quite long, as the reported degradation period lasted 30 and 20 

days for reported slowly biodegradable organic compounds such as ethyl acetate 

and 2-propanol respectively. Results of the studies on anaerobic degradability will 

have to be further investigated in a continuous mode, to detect phenomena such as 

a potential acclimation or the built-up of compounds. Indeed, adaptation to specific 

compounds or accumulation of substances at a certain dosing can only be detected 

when feeding is in continuous. 

The solvents studied in this section are the solvents typically found in the 

effluents of flexible packaging plants (cf 1.2.2) and detected in the pilot-scale unit 

of the developed process, namely: 

- ethanol, the main solvent founded in the effluents, 

- and secondary solvents: 1-ethoxy-2-propanol, ethyl acetate, 2-

propanol (commonly named isopropyl alcohol or isopropanol) and 

1-methoxy-2-propanol.  

Among these solvents, ethanol is known for being easily anaerobically 

biodegradable under both mesophilic and psychrophilic temperatures (Enright et 

al., 2005; Kato et al., 1997; Lafita et al., 2015; Scully et al., 2006). Thus, it will not be 

discussed hereafter.  

2.3.1 Ethyl acetate 

One inhibition study reports an IC50 for ethyl acetate of 11 mM (0.96 g L-1), 

for an unacclimated sludge with acetate as a substrate (Chou et al., 1978b). 
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Concerning its biodegradability, this compound has been reported to be 

anaerobically degradable at differents concentrations. Some of these 

concentrations are lower than 1 g COD L-1 (Henry et al., 1996; Schwartz, 1991). 

Results by Schwartz (1991) using batch studies, indicate that ethyl acetate appears 

to be, qualitatively, biodegradable. According to Henry et al. (1996), ethyl acetate 

could easily be degraded in continuous, in a mixture with other substrates, using a 

20 L anaerobic hybrid reactor operating at 35 °C, with a total loading of 4 kg COD   

m-3 d-1 and a maximal feed concentration of ethyl acetate of  0.5 g L-1.  

Another study (Symons and Buswell, 1933) indicated a successful 

degradation of 12.8 g of ethyl acetate in 8 L batch reactors, at 33-35 °C, obtaining a 

carbon recovery of 91.6% as biogas. The actual carbon dioxide to methane ratio was: 

3.13 moles of CO2 per 5 moles of CH4 produced. Chou et al. (1978) reported a lag of 

3 days for the degradation of 500 mg L-1 of ethyl acetate. 

At higher concentrations, e.g. at 5 g L-1, a cumulative methane production 

of 126.1±10 mL CH4 was measured (that is, around 72% of the expected CH4) in 

thermophilic (at 55 °C) batch tests. The methane yield was reported to be 2.1 ± 0.2 

L gVSS-1 and the digestion time of around 30 days (Yanti et al., 2014). 

General observations regarding the degradation of this kind of compound 

(ethyl esters) are (Yanti et al., 2014): 

- a higher number of carbons in the functional group of ethyl ester is 

detrimental to anaerobic degradation: it requires longer time to 

obtain maximum methane production and decreased the methane 

production. 

- the reported results indicate that the effect of esters on anaerobic 

digestion is dependent on the concentration. For concentrations up 

to 5 g L-1, esters can be anaerobically degraded, but at higher 

concentrations they have negative effect on biogas production. This 

conclusion could be explained by the observed decrease in the pH 

when ester concentrations were higher than 5 g L-1. This decrease is 

due to a VFA accumulation and can lead to inhibition when the 

buffering system of the reactor can no longer handle them. 

Furthermore, these autors (Yanti et al., 2014) put forth that the mechanism 

of ethyl ester degradation could be the same mechanism as for methyl ester 

degradation (Liu and Suflita, 1994), i.e. ethyl acetate is transformed into acetate and 

ethanol. This hypothetical mechanism could be further supported by the reported 
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degradation of ethyl butanoate and ethyl hexanoate, via hydrolytic bacteria, into 

ethanol and butanoic and hexanoic acid respectively (Gerardi, 2003). 

Two industrial anaerobic bioreactors treating ethyl acetate can be found in 

the literature (Macarie, 2000): 

- A 50 m3 UASB reactor was installed by Biothane in Rotopas (Italy) in 

1999. This reactor treated wastewaters coming from a print shop for 

solvent recovery. The concentration of the effluent is reported to be 

8 g COD L-1 and the organic load of 8 kg COD m-3 d-1 (Macarie, 2000).  

- Another UASB was installed by Biothane at Unilevel (Castagna, Italy) 

in 1995. This reactor treated an effluent containing ethyl acetate 

from a rotogravure printing facility. The reactor volume is 16 m3, with 

an influent concentration of 5 gCOD L-1 and an organic loading rate 

of 4.7 kg COD m-3 d-1 with a reported 98% COD removal (Macarie, 

2000). The company mentions a treatment with activated carbon as 

well (“Castagna Univel S.p.A.: ambiente,” n.d.), probably as a 

polishing step.  

The scarcity of information on these plants might indicate, that there is 

actually no anaerobic bioreactor treating ethyl acetate currently in operation. 

2.3.2 2-propanol 

Concerning potential inhibition by 2-propanol, Chou et al. (1978b) have 

reported that aliphatic unsubstituted alcohols are not inhibitory, at least under 4 g 

L-1, except for methanol and propanol. In this study with acetate as a reference 

substrate and an unacclimated sludge, 2-propanol addition did not inhibit the 

methane production at the tested concentration. Other authors (Ince et al., 2011) 

pointed out inhibitory levels starting from 0.1 M (6.01 g L-1), with an IC50 of 0.27 M 

(16.2 g L-1), for a first exposure to 2-propanol (further exposures showed inhibition 

for lower 2-propanol exposures) at 37 °C. Acetate was also used as a reference 

substrate, thus pointing out the inhibitory effect of the compound on the 

acetoclastic methane production pathway. The tests showed that the cell activity of 

Archaea Methanosaeta spp. remained the same, with 2-propanol exposure. But 

there was a negative impact on acetyl- CoA expression level; thus the inhibition is 

assumed to affect acetyl-CoA synthetase, a key enzyme in acetoclastic methane 

production, of Methanosaeta concilii (Ince et al., 2011). For methanogens, tolerance 

up to 0.2 M (12 g L-1) are also reported, with an inhibition of the bacteria for higher 

concentrations (Widdel, 1986). Even though their structures are different, inhibition 
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studies of n-propanol can also be found for a range of inhibitory values (Demirer 

and Speece, 1998; Enright et al., 2005) 

On the other hand, concerning the biodegradability of the compound, Chou 

et al. (1978) reported complete solvent removal for the treatment of 2-propanol, at 

an initial concentration of 500 mg L-1, in batch reactors with an acetate culture and 

after a lag of 4 days. Acetone appears to be the main intermediate in the 

methanogenic degradation of 2-propanol. For specific methanogens strains, 

growing with 2-propanol, growth inhibition was detected to be depend on the ratio 

of 2-propanol to acetone in the medium. Moreover, tungsten was highlighted to 

enhance 2-propanol degradation (Widdel, 1986).  

In another study, with the 2-propanol-utilizing strain IIE1 (which may be a 

species belonging to Methanoculleus), methane production stopped when the 

accumulated acetone concentrations reached 3 mM. Degradation (when under 

lower acetone concentrations), was observed within 20 days. 2-propanol is used as 

a hydrogen donor for methanogenesis in the first step of anaerobic degradation in 

anoxic paddy soil. It is then mineralized to methane and carbon dioxide via acetone 

followed by acetate production. In other words, at least three organisms are 

concerned in the anaerobic 2-propanol degradation in anoxic paddy soil: 2-

propanol-utilizing methanogens, acetone-degrading bacteria, and acetotrophic 

methanogens (Tonouchi, 2004). 

If 2-propanol is degraded via acetone, acetone is anaerobically degraded to 

methane and carbone dioxide via carboxylation to an acetoacetate residue. It was 

highlighted that this degradation is undertaken by a coculture of an eubacterium 

and an acetate-utilizing methanogen, with acetate as the only intermediate 

transferred between both. Therefore, if acetone accumulation inhibits 2-propanol 

degradation, acetone degradation is reported to be inhibited by acetate 

accumulation (Platen and Schink, 1987 and 1989).  

Another author (Dullius, 2011) studied 2-propanol degradation with 

enriched cultures (KN-Ipr and KN-Act). The bacterial composition of both 

enrichments, was very similar with the previously mentioned acetone-degrading 

methanogenic enrichment culture (which was WoAct), used by Platen and Schink 

(1987 and 1989). A 2-propanol-utilizing organism was identified, Methanospirillum 

hungatei, which oxidized 1 mol 2-propanol to 1 mol acetone without any 

involvement in acetone degradation, indicating that acetone was degraded by other 

bacteria, that converted 1 mol acetone to 2 moles acetate, which was further 

converted to methane and carbon dioxide. In this work also, intolerance to acetate 

was observed, with a maximal tolerance of 5 mM. 



72 Anaerobic treatment 

 

Only one study reports the continuous degradation of 2-propanol, in a 

mixture with other organic solvents, by a mixed, non-enriched culture in a 20 L 

anaerobic hybrid reactor operating at 35 °C, with a total OLR up to 4 gCOD L-1 d-1 

and a concentration of 2-propanol fed to the reactor of maximum 0.5 g L-1 (Henry 

et al., 1996). 

2.3.3 Methoxypropanol and ethoxypropanol 

Previous studies report that 1-methoxy-2-propanol is anaerobically 

degradable (European Chemicals Bureau, 2006; Lafita et al., 2015). No degradation 

or inhibition studies could be found for ethoxypropanol.  

The batch experiment by Goodwin (European Chemicals Bureau, 2006) 

consisted in the degradation of 1-methoxy-2-propanol at a concentration of 50 mg 

COD L-1 for 81 days at 34.8 °C.  The biomass inoculum originated from a digester of 

an urban wastewater treatment plant. A lag phase of about 30 days was detected 

and at the end of the experiment 38% of the COD was degraded. Lafita et al. (2015) 

reported periods of time of 44 and 34 days, at 18 °C and 25 °C respectively, for the 

degradation of more than 50% of the 1-methoxy-2-propanol introduced in a 

laboratory-scale EGSB reactor seeded with a granular sludge originally treating 

brewery wastewaters. 

Anaerobic degradation mechanisms of these compounds have not been 

strictly determined. However, although Lafita et al. (2015) do not provide 

experimental evidence, they suggested a potential mechanism for the degradation 

of methoxypropanol based on the general degradation pattern for glycol ethers, 

such as polyethylene glycol (Schramm and Schink, 1991) or 2-phenoxyethanol 

(Speranza et al., 2002). According to this assumption, the ether cleavage was done 

by a catalyzed diol dehydratase-like reaction. This process involves the double 

exchange between H and OH to produce a geminal diol group, which collapses 

rapidly into acetaldehyde. 
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The above literature review provides an understanding of the state-of-the 

art and main aspects to consider for the current research line— on the anaerobic 

biodegradation of solvents from the packaging industry. 

There is a clear necessity as well as legal requirements to remove, by 

destruction or recycling methods, the VOCs present in industrial waste gases and a 

need of improved or new treatment processes for these compounds. The novel 

technique developed by the research group GI2AM and the company Pure Air 

Solutions in the framework of the TrainonSEC project to which this thesis project 

belongs, is based on an anaerobic bioscrubber. It allows overcoming some of the 

limitations of existing technologies and offer many advantages in comparison with 

currently used traditional aerobic biotechnologies.   

The general objective of this work is to study and improve the anaerobic 

degradation of solvents of interest from the packaging industry. In order to 

implement a stable anaerobic biotreatment and to optimize the pollutant removal 

and biogas production, this general objective was translated into three main 

objectives, which were: 

1. Evaluate the biodegradability of all the solvents of interest (ethyl 

acetate (EA), 1-ethoxy-2-propanol (EP), 2-propanol (IPA, 

isopropylalcohol) and 1-methoxy-2-propanol (MP)), including 

potential influences— such as inhibition— they could have on their 

mutual degradation.  

2. Deepen the understanding of their degradation capacities for the 

industrial implementation of the process, once their 

biodegradability is ascertained. This step should allow confirming 

the maximal organic loading rates applicable derived from the first 

point and estimate the acclimation times necessary for the main 

solvents of interest.  

3. Improve the anaerobic biodegradation of the solvents through the 

optimisation of the nutrients dosing.  

Each of these three main objectives encompasses several specific 

objectives. The evaluation of the biodegradability of the solvents was carried out 

at laboratory-scale, in batch and continuous mode, and had the following practical 

focuses: 

 Determine the influence of factors such as the concentration of the 

sludge, previous exposure to the solvents or long periods of 

inactivity of the sludge, in order to optimize future batch bioassays. 
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 Investigate the anaerobic biodegradability, degradation rate and 

presence of lag phase for the secondary solvents found in the 

effluents of the packaging industry, for increasing concentrations 

and in binary mixture with ethanol. 

 Assess potential interaction among the secondary solvents through 

the study of the degradation of a mixture of solvents.  

 Characterize the degradation of solvents (acetone, 1-ethoxy-2-

propanol and 2-propanol) as sole substrates. Acetone is studied in 

addition to the solvents of interest, as it is one of the main 

intermediate of the degradation of secondary solvents. 

 Study the continuous degradation of 2-propanol for increasing 

organic loads, using a laboratory-scale CSTR and in presence of 

ethanol or as sole substrate. Special attention was given to this 

compound, as 2-propanol can be the main solvent in some 

packaging industries, instead of ethanol and was categorized as not 

easily biodegradable or even inhibitory for methanogens— for 

higher concentrations.  

For the development of a better understanding of the degradation 

capacities for the industrial implementation of the process, the main results of 

these biodegradability studies are scaled-up to pilot scale. The specific objectives 

for this part are to: 

 Determine the rates of the anaerobic biodegradation and the 

required acclimation period for 1-ethoxy-2-propanol, in presence 

of ethanol, as this solvent (EP) is the main secondary solvent found 

in the wastewaters of the pilot-EGSB reactor treating effluents from 

a packaging factory for more than a year.  

 Study the biodegradation of 2-propanol as a secondary solvent, 

alongside ethanol.  

 Characterize the degradation of 2-propanol as the main solvent: 

first in presence of ethanol and then as the sole substrate, with an 

organic loading rate reaching 10 kg COD m-3 of sludge bed d-1. These 

experiments at pilot-scale should allow assessing the feasibility of 

its industrial treatment via anaerobic degradation, through the 

evalution of its degradation kinetics and by characterizing 

phenomena such as acclimation. 
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 Determine the influence of the temperature on the anaerobic 

biodegradation of 2-propanol and ethanol, comparing their 

degradation rates and maximal applicable organic loads at 

psychrophilic and sub-optimal mesophilic temperatures. 

  Refine the dosing of macronutrients for future industrial 

applications. 

For the third objective, aiming at improving the anaerobic degradation of 

the solvents through the optimisation of nutrients, as macronutrients 

supplementation is quite abundantly referenced, the study is focused on 

micronutrients. It is implemented through the following specific objectives: 

- Determine the metal content of several sludge samples used as 

inoculum, as different initial trace metals content can have a great 

impact on the response of the system to micronutrient dosing. 

- Assess the metals allocation through a sequential extraction 

method, which is essential for a good understanding and 

interpretation of the results for the micronutrients dosing. 

- Determine the most influent trace metals and their optimal dosing 

for the anaerobic biodegradation of solvents of interest. This 

screening was carried out with a fractional factorial experimental 

plan (26-2). The metals considered for this study were: Fe, Co, Mn, 

Mo, Ni and Zn and the substrates were ethanol and a glycol ether 

(1-methoxy-2-propanol).  

- Evaluate the evolution of the micronutrients contents for different 

dosing strategies in the pilot-scale bioreactor, allowing to take into 

account hydraulic phenomena, among others, in order to refine 

their dosing. 
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4.1 SOLVENTS  

The organic compounds used for the experiments are the solvents usually 

used for the packaging industry and found especially in the emissions of flexographic 

printing activities.   

These compounds are: ethanol, 1-ethoxy-2-propanol, ethyl acetate,                  

1-methoxy-2-propanol and 2-propanol. Table 4.1 gives the physico-chemical 

properties of these compounds used in the present research. In this table, acetone 

is also presented, as it is an important intermediate degradation product of 2-

propanol, which was encountered during the tests.   

Table 4.1. Physico-chemical properties of the solvents used for this research. 

Solvents1 Acetone EA EtOH EP IPA MP 

Formula C3H6 C4H8O2 C2H6O C5H12O2 C3H8O C4H10O2 

CAS number 67-64-1 141-78-6 64-17-5 1569-02-4 67-63-0 107-98-2 

Molecular weight  

[g mol-1] 

58.0 88.1 46.1 104.2 60.1 90.1 

Boiling point at  

1 atm [°C] 

56 77 78 133 83 120 

Vapour pressure 

at 20 °C [kPa] 

24 9.2 5.9 0.65 4.3 1.1 

Density2  

[kg m-3] 

790 897 789 896 790 920 

Water solubility  

at 20 °C [g L-1] 

Miscible 83 Miscible Very 

soluble 

Miscible Very 

soluble 

1 the acronyms are: ethanol (EtOH), ethyl acetate (EA), 1-ethoxy-2-propanol (EP), 2-

propanol (IPA), 1-methoxy-2-propanol (MP). 
2 values under normal conditions (1 atm, 0 °C). 

The grade and provider of the solvents used depend on the scale of the 

experiments. Laboratory experiments are run with ethyl acetate (Rectapur®, VWR 

Chemicals), ethanol (96% vol., Rectapur®, VWR Chemicals), 1-ethoxy-2-propanol 

(Indukern), 1-methoxy-2-propanol (anhydrous 99.8%, Sigma Aldrich) and 2-

propanol (anhydrous 99.5%, Sigma Aldrich). The experiments at pilot-scale used a 

solution of industrial-grade ethanol (95%) denatured with (5% vol.) of 2-propanol 

and industrial-grade 2-propanol and 1-ethoxy-2-propanol (all provided by Univar 
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B.V., the Netherlands). Therefore, a small amount of 2-propanol was always fed 

when the solution of ethanol was used. Moreover, it should be noted that over an 

experiment, the volume of solvent added per day was kept constant at a given value, 

corresponding to a constant organic load (OL in kg COD d-1). The equivalent organic 

loading rate (OLR in kg COD d-1 m-3) can be calculated based on the total reactor 

volume (8.7 m3) or the specific organic loading rate (OLR in kg COD d-1 m-3 sludge 

bed) can be calculated based on the sludge bed volume as well as the effective 

sludge loading rate (SLR in kg COD d-1 kg VSS-1)— taking into account the sludge bed 

variations. This means that if the OL or OLR (per m3 of reactor) stay constant over a 

testing period, the SLR may vary.  

4.2 SOURCES OF GRANULAR SLUDGE  

Anaerobic granular sludge from three different pilot- or full-scale anaerobic 

bioreactors working at sub-optimal mesophilic temperatures were used in this 

study. Acronyms are used thorough this work to refer to each of them: S-FP, S-B1 

and S-B2.  

S-FP sludge originated from a pilot-scale EGSB treating food packaging 

effluents (Altacel B.V., Weesp, the Netherlands), with a yearly average water 

temperature of 22 °C. This reactor is the one used in the study at pilot-scale, at the 

time of the sampling of the sludge, it had been treating wastewaters containing 

solvents coming from airborne VOC emissions of the facility during more than a 

year. The emissions were mainly composed of ethanol (60-65%) and secondary 

solvent with, in average: ethyl acetate (20-25%), 1-ethoxy-2-propanol (10-15%), 2-

propanol (<1%) and 1-methoxy-2-propanol (<1%). These values refer to the air 

composition (Bravo et al., 2017). The average water composition in the system, 

during the first 6 months, was: ethanol (26±14%), 1-ethoxy-2-propanol (62±12%), 1-

methoxy-2-propanol (6±2%), 2-propanol (8±4%)— very minoritory compounds 

(<1%) are neglected (personal communication, D. Bravo, Pure Air Solutions). This 

sludge is used as a seed for most of the laboratory-scale batch reactors, except for 

the experiments studying the influence of the acclimation, for which the sludge S-

B1 is also used.  

S-B1 sludge was obtained from a full-scale IC reactor treating brewery 

wastewater (Heineken, Zoeterwoude, the Netherlands), operating with a water 

temperature around 26 °C. This sludge is the original seed of the pilot-scale EGSB 

used in the present research work. S-B2 sludge originated from a full-scale IC reactor 

treating brewery wastewaters as well (Font Salem, El Puig, Spain), operating 
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between 22 and 32 °C. S-B2 is used as the source of sludge for the experiments 

carried out in the laboratory-scale CSTR. 

The sludges from the breweries (S-B1 and S-B2) were not exposed to any of 

the secondary solvents (1-ethoxy-2-propanol, 2-propanol, 1-methoxy-2-propanol 

and ethyl acetate) prior to their use in this work, so they are considered as non-

acclimated sludge. The characteristics of the sludges are shown in Table 4.2. The 

three sludges had similar total solids (TS) and volatile solids (VS) content, but the S-

B2 sludge had bigger size of granules and higher sulfur content than the two others 

(as can be observed qualitatively in Figure 4.1).  

Table 4.2. Physical properties of the granular sludges used in this research. 

 TS 
(mg TS g wet 

weight-1) 

VS 
(mg VS g wet 

weight-1) 

Average particle 
diameter 

(mm) 
Observations 

S-B1 8.3 ± 0.1 7.9 ± 0.4 0.78 ± 0.05 Non-acclimated* 

Low S content 

S-B2 8.2 ± 1.2 7.4 ± 0.1 2.22 ± 0.94 Non-acclimated* 

High S content 

S-FP 8.1 ± 0.2 7.5 ± 0.2 0.97 ± 0.03 Acclimated* 

Low S content 

*to the secondary solvents 

For the microbiological composition of the sludges used, the reader can 

refer to Bravo et al. (2017), the S-B1 corresponding to the sample S-1 of the study 

of these authors and the S-FP to the sample S-5.  An important observation of this 

report is that there was an initial decrease in the biodiversity of mostly the archaeal, 

but also the bacterial population over the first four months after the exposure of 

the S-B1 to new carbon sources in the pilot-scale EGSB reactor (from complex 

brewery wastewater to a few specific organic solvents from flexographic presses) 

and then a stabilisation was observed (giving what is expected to be the S-FP 

composition). If the predominant archaeal species remained the same in both 

sludges samples, there was a shift in the bacterial species: even though all the 

species identified in S-FP initially came with the sludge, some became predominant 

over time. 
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Figure 4.1. Samples of sludges S-B1 (left) and S-B2 (right): apparent differences in 
the sulfur content and size of the granules. 

4.3 EXPERIMENTAL SET-UP  

Experiments were carried out at three levels with: laboratory bioassays in 

batch mode, laboratory studies with a reactor operated in a continuous mode and 

pilot-scale testing. 

Experiments aiming at determining the anaerobic biodegradability of the 

solvents (section 5.2) and the micronutrients supplementation study (section 7.3) 

were carried out in laboratory-scale reactors operating in batch mode. The first 

continuous assessement of the degradation rates and acclimation times for 2-

propanol (section 5.3) was undertaken with a laboratory-scale Continuous Stirred-

Tank Reactor (CSTR). Further studies on the continuous degradation performances 

and acclimation phenomena for 2-propanol, as well as for ethanol and 1-ethoxy-2-

propanol were undertaken in a pilot-scale EGSB (chapter 6), as well as the study on 

the influence of micronutrients dosing (section 7.4). These reactors and their 

operating conditions for the studies are detailled in this section. 

4.3.1 Batch assays 

The laboratory experiments in batch mode are carried out using 

Biochemical Methane Potential (BMP) assays, which were specially developed to 

determine the anaerobic degradability of compounds (Owen et al., 1979). BMP 
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assays allow testing the influence of the substrate or of a specific dosing of nutrients 

on the production of methane, in a laboratory environment, i.e. in controlled, 

optimal conditions.  

Automatic Methane Potential Test System (AMPTS II) by BioProcess 

Control® with 500 mL batch reactors (Figure 4.2) is used to determine the anaerobic 

biodegradability of the solvents through the determination of their BMP. Each BMP 

is calculated as the ratio of the final cumulative volume of methane produced and 

the initial organic content of the substrate. Kinetical information, such as the 

specific methanogenic activity (SMA) and lag phase for the degradation of the 

solvents under specifically chosen conditions are also determined with these batch 

bioassays. The SMA is estimated as the maximum methane flow rate per initial 

sludge content.  

AMPTSII comprises three types of elements, as shown in Figure 4.2: (1) the 

reactors, where biogas is produced from the anaerobic degradation of solvents and 

flows through (2) a CO2-scrubbing unit (filled with a solution of sodium hydroxide- 3 

mol L-1), from which only methane escapes to go to (3) a gas recording unit. The gas 

counting is based on the liquid displacement method, with a 10-mL resolution. The 

experiments are carried out in duplicates and follow the Environmental Protection 

Agency guidelines (Environmental Protection Agency, 2008). Results are expressed 

as the average of the measurements ± the standard deviation of the duplicates. 

 

Figure 4.2. Scheme of the Automatic Methane Potential Test System (AMPTS). 
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All experiments are conducted in environmental conditions as close as 

possible to the future real operational conditions, which is essential for the good 

transposability of the results to industrial scale. Therefore: 

 The reactors are kept at a temperature of 25 °C and are 

mechanically stirred at 112 rpm 1 minute out of 2.  

 The source of sludge used for the experiments is a sample from one 

of the anaerobic granular sludges described in the previous section.  

 The macronutrients concentrations are fitted with solvents 

concentration, for all reactors, taking into account typical 

requirements reported in the literature (Singh et al., 1999) and 

previous laboratory results (Table 4.3). 

 Sodium bicarbonate was also provided to maintain a proper level 

of alkalinity (cNaHCO3 = 2.5-3 g L-1). Alkalinity requirement to 

maintain a neutral pH was calculated for a temperature of 25 °C 

and a CO2 percentage in the gas phase of 25% (Tchobanoglous et 

al., 2002). The only exception to this dosing is made for the 

experiments with higher concentrations of ethyl acetate. 

Table 4.3. Macronutrients supplementation used for the anaerobic 
biodegradation of the solvents and the micronutrients 

supplementation studies, in batch bioassays. 

 

Essential trace elements were also provided (Table 4.4). The dosing of the 

micronutrients is based on previous laboratory dosing (Lafita, 2016), with some 

adjustments based on the mediane recommended values found in the literature 

review previously presented. Vitamins in the form of yeast extract (1.2 mg L-1) were 

also added to each reactor.  

Macronutrient  Concentration    
[g gCOD-1]   

Supplied as 

N 1/200 NH4Cl + (NH4)2PO4 

P 1/600 (NH4)2PO4 

K 1/312.9 KCl 

S 1/4250 MgSO4.7H2O 

 Concentration    
[mg L-1]   

 

Ca2+ 40 CaCl2.2H2O 

Mg2+ 40 MgCl2.6H20 
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Table 4.4. Micronutrients concentration used for the study on the anaerobic 
biodegradation of solvents. 

Trace metals (TM) mg TM L-1 Supplemented as 

B 0.01 H3BO3 

Co 0.50 CoCl2 6H2O 

Cu 0.06 CuCl2 2H2O 

Fe 1.94 FeCl3 6H2O 

Mn 0.50 MnCl2 4H2O 

Mo 0.06 (NH4)6Mo7O24 2H2O 

Ni 0.12 NiSO4 6H2O 

Se 0.02 Na2SeO3 

Zn 0.04 ZnSO4 7H2O 

 

Soluble Chemical Oxygen Demand (COD), Total Organic Carbon (TOC) and 

Volatile Fatty Acids (VFA) concentrations, pH and alkalinity and ions content were 

determined at the beginning and at the end of the assays. These laboratory analyses 

allow evaluating the organic removal efficiency for each experiment, detecting 

eventual acidification of the reactors and ensuring that sufficient macronutrients 

have been provided for the assays. 

4.3.2 Laboratory-scale CSTR 

Given the importance of 2-propanol in the packaging industry, among 

others, and the lack of quantitative data related to its continuous degradation, a 

laboratory-scale continuous stirred tank reactor (CSTR) was set up to assess the 

anaerobic degradation of 2-propanol, allowing to evaluate parameters such as the 

acclimation time and refine the maximal applicable loading rate for this solvent. The 

reactor has a total volume of 2.3 L and an effective volume of 1.6 L (see Figure 4.3). 

It was filled with 17.4 g VS L-1 of the non-acclimated sludge S-B2. The temperature 

was kept at 25 °C by using a thermostatic water bath (Memmert GmbH Co.KG, 

Germany). The CSTR was intermittently stirred, with the same intervals and speed 

used in the batch bioassays. A hydraulic retention time (HRT) of 8 days was used 

during the whole experiment.  
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Figure 4.3. Scheme of the experimental set-up for the laboratory-scale CSTR 

The CSTR feeding was composed by three solutions: 

 a synthetic wastewater composed by a mixture of the organic substrate 

and N, P, K and S, which were added from a concentrated solution to get 

the targeted COD/X ratio presented in Table 4.5; 

 a second solution containing Ca and Mg (g L-1: 0.8 CaCl2 2H2O; 0.67 MgCl2 

6H2O) was introduced to the reactor to keep targeted minimum 

concentration in the effluent of the CSTR (Table 4.5); 

 a third solution of NaHCO3 to keep alkalinity around 3000 mg CaCO3
 L-1.  

Table 4.5. Macronutrients supplemented to the CSTR. 

 

 

The synthetic wastewater was fed into the reactor during 24 h day-1 and 

represented 90 % of the influent stream. Both Ca and Mg solution and NaHCO3 
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Macronutrient  Concentration    
[g gCOD-1]   

Supplied as 

N 1/150 NH4Cl + (NH4)2PO4 

P 1/1000 (NH4)2PO4 

K 1/4350 KCl 

S 1/5000 MgSO4.7H2O 

 Target concentration    
[mg L-1]   

 

Ca 60 CaCl2.2H2O 

Mg 50 MgCl2.6H20 
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solution were introduced twice per day and represented in total 10 % of the influent 

flow. The liquid flows were completed with the effluent stream that was 

continuously extracted from the bioreactor. All of these liquid streams were 

controlled by using a multichannel peristaltic pump (Reglo ICC, Ismatec©, Germany).  

In addition, once per week, yeast extract (0.168 mL) and trace elements (2 

ml of a concentrated solution: (g L-1) 0.0146 H3BO3; 0.6070 CoCl2 6H2O; 0.05 CuCl2 

2H2O; 2.8244 FeCl3 6H2O; 0.5405 MnCl2 4H2O, 0.0335 (NH4)6Mo7O24 2H2O; 0.1678 

NiSO4 6H2O; 0.0144 Na2SeO3; 0.0506 ZnSO4 7H2O) were introduced manually to the 

reactor.  

The methane production was continuously monitored by the gas recording 

unit of the AMPTS II (BioProcess Control, Sweden). Prior to the CO2-scrubbing unit, 

a sampling port was created to allow the monitoring of the biogas composition (CH4 

and CO2). The experimental set-up is shown in Figure 4.3. 

The following parameters of the water effluent were analysed: pH, VFA and 

alkalinity content were measured daily; soluble COD and the solvents composition 

were measured at least three times per week; ions concentrations were controlled 

twice per week. Biogas composition was measured once per week.  

4.3.3 Pilot-scale EGSB reactor 

The pilot-scale EGSB was used in order to gain deeper knowledge on the 

performances of the system such as the maximal organic flowrate applicable or 

acclimation time for the degradation of the solvents of interest. It allowed further 

refining – at this scale— the estimation of these parameters previously determined 

at laboratory scale. The prototype of an anaerobic bioscrubber used for these 

studies is provided by Pure Air Solutions (Figure 4.4), and installed in a Dutch 

packaging factory: Altacel Transparant (Weesp, The Netherlands). It was designed 

to treat around 10% of the real VOCs emissions of the flexographic presses of the 

factory.  
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Figure 4.4. Scheme of the pilot-scale anaerobic bioscruber 

In the original configuration (Figure 4.4), the airborne VOCs are first 

introduced in the system via a variable-speed fan with a maximum flowrate of 1000 

m3 h-1 (Slingerland Techniek Ventilatoren, The Netherlands). The VOCs are then 

scrubbed with water, allowing to release cleaned air to the atmosphere at the top 

of the scrubber. The water, containing the solvents, proceeds to a recirculation tank, 

where nutrients and alkalinity are dosed, and is then pumped to the anaerobic 

reactor. There, anaerobic degradation takes place, converting the solvents into 

biogas, which is collected at the top of the reactor via a gas-liquid-solid separator. 

The system is operated in a closed loop, with a total water volume of 16 m3 (Bravo 

et al., 2017). 

 

Anaerobic
reactor

Degassing
unit

Buffer tank

Water Purge

Biogas Biogas + air

Scrubber

Air + VOCs

Cleaned air

Nutrients Alkalinity

Air

Water WaterPurgePurge



Materials and methods 91 

 

 
Figure 4.5. Main components of the pilot-scale system. 

This study is focused on the anaerobic degradation of the solvents. Hence, 

in order to properly control their loads, a modified configuration was used, allowing 

controlling the feeding of the solvents to the system (Figure 4.6). The configuration 

for the present study consisted of an EGSB anaerobic reactor and a recirculation 

tank (Figure 4.5), with a total water volume of 12 m3. The EGSB had a total height of 

5.08 m and a diameter of 1.59 m, with an effective volume of 8.7 m3.  

The bioreactor was seeded with 3 m3 of S-B1 granular sludge (41.9 g VS L-1). 

The system was still operated in a closed-loop circuit. A daily purge was set, in order 

to assure a complete water renewal of 40 days. The HRT of the reactor was fixed at 

3 hours. The expansion of the granular bed was assured by working at constant inlet 

flowrate of 3 m3 h-1 by mixing the influent water fom the recirculation tank with 50% 

of the effluent of the reactor using two centrifugal pumps (model CEA80/5, Lowara, 

EU). In this modified configuration, the solvents were added directly to the 

recirculation tank, with a peristaltic pump (Watson-Marlow, EU) when the feed was 

in continuous or manually for spikes. The scrubber was by-passed, to avoid 

introducing any VOCs from the factory emissions, therefore the water outlet from 

the anaerobic reactor flows directly to the recirculation tank. 
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Figure 4.6. Scheme of the pilot-scale EGSB reactor, including the main sensors 
used for its operation and control. 

The pH was atomatically kept around neutral values through the dosing of 

a chemical base with a programmed dosing pump (model series GTM A, LMI 

Roytronic, EU). The system was equipped with numerous sensors to continuously 

monitor liquid flowrates, volume of biogas recovered, water temperatures, pH, 

conductivity and water levels (Figure 4.6). These automatically collected data were 

used for its operation, which was regulated via a programmable logic controller 

(Tbox, running with Twinsoft software, both from Servelec technologies, The United 

Kingdom). 

Macronutrients (N, P, K, S) were provided to the reactor with a 

programmable dosing pump (Series P+7, LMI 10, Roytronic, EU), considering the 

equation (4.1), corresponding to similar dosing ranges as those used for the 

laboratory-scale CSTR. Calcium was also provided to the system manually, twice per 

week. Its dosing (650-800 g of CaCl2 per week) was estimated by taking into account 

the bacterial composition and the granulation requirements, with a minimum water 
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concentration of 70 mg L-1, following literature recommendations (Habeeb and 

Latiff, 2011; Singh et al., 1999). Micronutrients were also added manually, twice per 

week. A specific volume of a concentrated solution (containing H3BO3, CoCl2 6H2O, 

CuSO4 5H2O, FeCl3 6H2O, MnSO4 H2O, Na2MoO4 2H2O, NiSO4 6H2O, ZnSO4 7H2O) was 

added to the recirculation tank, based on the equation (4.1.). Yeast extract (from 

Ohly Gmbh, Germany) was also added punctually (120 g per week). 

 The dosing of the macro- and micronutrients was calculated based on the 

following general equation (4.1): 

𝑅𝑋,𝑑𝑎𝑖𝑙𝑦 = 𝑅𝑋,𝑏𝑖𝑜 ×  𝑌 ×  𝑂𝐿 + 𝑐𝑋,𝑟𝑒𝑠 × 𝑉𝑝𝑢𝑟𝑔𝑒 − 𝑐𝑋,𝑡𝑎𝑝 𝑤𝑎𝑡𝑒𝑟 × 𝑉𝑝𝑢𝑟𝑔𝑒  (4.1) 

With: 

 RX,daily: daily requirement of X [g d-1], 

 RX,bio: the requirement of the nutrient X for the biomass [g kg-1], 

based on values of the elemental cell composition (Rajeshwari et 

al., 2000; Tchobanoglous et al., 2002), 

 Y: the growth yield, taken as Y=0.023 kgVSS per kg COD removed, 

laboratory value close to the literature value of growth with 

ethanol: Y= 0.035 gVSS per g CODremoved (Colussi et al., 2012), 

 OLR: the applied organic loading rate [kg COD d-1], 

 Vpurge: volume of the purge [m3 d-1], 

 cX, res: target residual concentration of X in water [g kg-1], 

 cX, tap water: concentration of the element X in the tap water [g kg-1]. 

The recommended residual concentration for the macronutrients  are 5 mg 

L-1 for N and 1 mg L-1 for P (Chong et al., 2012).  

For the micronutrients, the residual concentrations used in the equation 

(4.1) are set to 0.03 mg L-1 for all the elements, except for the most importantly 

dosed element (Fe), which has a target residual concentration of 0.45 mg L-1 to avoid 

any inhibition. Moreover, a safety factor of 70% is taken for RX,daily (to not overdose 

the micronutrients), in case not all of the micronutrients provided are taken up— 

thus, accumulation could occur. 

Soluble COD, VFA, ammonium, Total Nitrogen (TN), phosphate and alkalinity 

content were determined with on-site analyses several times per week. Water 

samples were also collected several times per week for further laboratory analyses 

of the solvent composition and ions concentrations. The total biogas production was 

monitored in continuous with a gasmeter (Bellows-BG 4 Gasmeter, Ritter, 

Germany). The biogas composition was periodically measured in situ. 
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4.4 PROTOCOL FOR THE DETERMINATION OF METAL CONTENT 

Experiments aiming at enhancing the biodegradation of solvents were 

based on potential optimisations of the micronutrients dosing. Therefore, some 

analyses of trace metals had to be carried out for the studies: 

 assessing the metals distribution of the sludges, requirering the use 

of a sequential extraction method described hereafter (4.4.1). The 

sludges S-FP and S-B1 were used for this study, allowing the 

comparison of both sources of sludge. 

 on the influence of the total initial metal content of the sludge used 

as seed in the reactors carrying the anaerobic degradation. These 

metals contents were extracted with a microwave-assisted acid 

digestion method, described in the subsection 4.4.2. 

 on the evolution of the metals concentration in the sludge and in 

the water of the pilot-scale EGSB reactor. These trace metals 

contents were also analysed via acid digestion (4.4.2). 

4.4.1 Sequential extraction 

Based on the literature review previously discussed, the adaptation of the 

modified Tessier scheme of sequential fractionation by Ortner et al. (2014) was 

chosen as the method for the determination of the metal distribution. Subsequent 

analysis of the metals content of each extracted fraction was performed by ICP-MS, 

as described in 4.5.6. All the tubes used for this experiment are Fisher ® 50 mL 

polypropylene (PP) centrifuge tubes; they were either sterile or previously cleaned 

with diluted nitric acid to avoid any metal contamination. Moreover, the 

experiments were carried out in duplicates and blanks were analyzed for the 

extraction steps, to evaluate potential metal contaminations. The extraction is 

performed through 5 extraction steps, summarized in Table 4.6.  
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Table 4.6. Conditions of the five step from the metals sequential extraction— 
adapted from Ortner et al. (2014). 

Fraction Extracting agent 
Conditions of the exctaction 

Agitation Temperature 

Water soluble MiliQ water 15 min, manual 

agitation 

ambient 

Exchangeable  NH4CH3COO (1 M) 1h 25 °C 

Carbonate-bound CH3COOH (1 M) 1h, 150 rpm 20 °C 

Organic matter 

and sulphide 

bound 

H2O2 (30%) + 

HNO3 

3h, 150 rpm 35 °C 

Residual HNO3 (65%) - Microwave 

 

In the preliminary step, in order to obtain the water-soluble fraction, 1g of 

total solid (TS) of sludge is introduced in a centrifugal tube filled with miliQ water to 

a total volume of 50 mL, agitated manually and centrifuged during 15 minutes at 

7000 rpm. The supernatant constitutes the water-soluble fraction.  

The remaining pellets proceed to the next step (for the exchangeable metal 

fraction), where they are resuspended with 10-mL NH4CH3COO (1 M) and incubated 

in an orbital incubator (New Brunswick, Innova 44) for 1 hour at 25 °C. The resulting 

samples are centrifuged at 7000 rpm for 10 minutes and the supernatants (1A) are 

separated from the pellets. These pellets are re-suspended in 25 mL miliQ water and 

the tubes are centrifuged again 10 minutes. The resulting supernatants (1B) are 

separated from the pellets. Both supernatants (1A+1B) are joined and constitute the 

exchangeable fraction.  

To obtain the metal fraction bound to the carbonates, resulting pellets from 

last step are extracted with 10 mL of acetic acid (1 M) and incubated under agitation 

(150 rpm) during 1 hour at 20 °C. The tubes are then centrifuged for 10 minutes, 

giving supernatants (2A) and pellets. The same washing procedure with MiliQ water 

is applied as in the previous step, resulting in the supernatants (2B). Both 

supernatants (2A+2B) are joined and constitute the carbonate fraction.  

The fraction of metals bound to organic matter and sulphides was obtained 

by diluting the resulting solid sample with 10 ml of H2O2 (30%, to a final pH=2.0, 

adjusted with HNO3) and incubating under agitation (150 rpm) for 3 hours at 35 °C. 
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The same washing procedure with MiliQ water is applied and the resulting 

supernatants (3A+3B) are joined. 

In the last step, the residual metal fraction, the remaining pellets from step 

3 are digested with 10 mL HNO3 (65%) in Teflon digestion tubes and proceed to the 

acid digestion by microwave, described hereafter. This constitutes the residual 

fraction. All liquid fractions and pellets from the extraction were stored at 4 °C until 

further processing/analysis.  

4.4.2 Acid digestion for the extraction of trace metals 

Microwave-assited acid digestion was applied to: 

 all the liquid fractions and the residual fraction from the extraction 

method as well as the water samples from the pilot-scale EGSB 

reactor, 

 fresh S-FP and S-B1 sludge samples, in order to compare the total 

metal content of both seeds, as well as fresh sludge samples from 

the pilot-scale EGSB reactor to determine their total metal 

content. 

For all the liquid fractions, 10 mL of the fraction are digested with 5 mL HNO3 

(65%, puriss.) in Teflon digestion tubes. After acid digestion (according to the 

method in Table 4.7), MiliQ water is added to a total volume of 50 mL.  

For the total metal content analysis of biomass samples, 1 g TS-equivalent 

of sludge are dissolved in 10 mL HNO3 (65%) in Teflon digestion tubes. They proceed 

to microwave (Ethos 1, Milestone, Denmark) digestion following the DG-EN-11 

method (Milestone, 2010), summarized in Table 4.7. The maximal microwave power 

is set to 1000 Watts. After digestion, MiliQ water is added to a total volume of 50 

mL. 

Table 4.7. Microwave program from the DG-EN-11 method 

Step Time [min] Temperature [°C] 

1 4 90 
2 5 130 
3 4 190 
4 10 190 
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4.5 ANALYTICAL METHODS 

Several parameters of the water or sludge of the reactors used in the 

differents experiments, as well as parameters for the biogas produced were 

measured to study the performances of the experiments. All the methods used, 

either onsite at pilot-scale or in an analysis laboratory, are described hereafter. 

4.5.1 Carbon content  

The performance of the experiments is assessed, among other factors, with 

the consumption of the substrate introduced, expressed either through the 

variation in the soluble COD concentrations or through the variation in the TOC 

concentrations. The organic solvent concentration is quantified through the soluble 

COD or TOC concentrations, as the fraction of solvents adsorbed onto solids is 

negligible and all the soluble COD or TOC is associated with the solvents introduced 

(other sources of soluble carbon content are negligible).  Therefore, the COD and 

TOC concentrations are measured after the filtration of the samples— on 0.22 μm 

for laboratory analysis and on 1.2 μm for onsite analysis of the pilot-scale 

experiments.  

Two methods are used to measure the COD concentration: it is either 

determined: 

 at the analysis laboratory, with a photometric cuvette test (114-540 

Spectroquant®, Merck KGaA, Germany); 

 for onsite analysis with the experiments using the prototype, COD is 

measured at the inlet and outlet of the anaerobic reactor. The 

analyses are performed using photometric commercial kits (LCK 514 

with a calibration range of 100-2000 mg L-1, HacH Lange GmbH, 

Germany).  

Total organic carbon analyses are performed with a total carbon analyzer 

for liquid samples (TOC-VCCHS, Shimazu Corporation, Kyoto, Japan). This equipment 

is also used for the determination of inorganic carbon (IC) and total soluble carbon 

(TC). The carbon analyzer is calibrated periodically with a standard solution 

composed of sodium carbonate and sodium bicarbonate in MiliQ water for the 

calibration of the inorganic carbon and potassium hydrogen phthalate for 

calibration of the total carbon measurement. The TOC value is obtained by the 

difference of the two, i.e. the difference of the TC and the IC. The calibration of 
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equipment is carried out for a range of concentrations between 0 and 100 mgC L of 

MiliQ water-1. 

The concentration of volatile fatty acids (VFA) is determined, in the analysis 

laboratory, by a 5-point acid-base titration, based on the chemical equilibria of the 

involved species (Moosbrugger et al., 1992). The titration of the filtered, diluted 

sample is undetaken with hydrochloric acid (0.1 M) by a volumetric titration 

equipment (Titrino Plus 848, Metrohm, Switzerland). The volumes of acid to obtain 

pH values of 6.7, 5.9, 5.2, and 4.3 are used to calculate the VFA content of the 

sample. The fitting of the theoretical titration curve, with the determined titration 

volumes, is carried out by the computer program Valora (Sanchez et al., 2007), 

considering the conductivity of the sample. For the prototype testing, onsite 

analysis is carried out by spectrophotometry, with a commercial kit (LCK 365 50-

2 500mg L-1 CH3COOH, HacH Lange GmbH, Germany). 

The composition of the mixtures of solvents in liquid samples of the 

laboratory-scale CSTR and of pilot-scale EGSB is determined with a gas 

chromatograph (7890A model, Agilent Technologies, USA) equipped with a flame 

ionization detector. Samples were separated on a Restek Rtx-VMS column (30 m 

long x 0.25 mm i.d. x 1.4 µm particle size) and helium was used as the carrier gas 

(flowrate: 25 mL min-1). The samples were injected with a split injector and the 

temperatures at the GC injection and detection ports were 190 and 240 °C 

respectively. The oven temperature was programmed as follow:  60 °C for 14 min 

and then 25 °C min-1 until reaching 110 °C.  

4.5.2  Alkalinity, pH and conductivity  

For the prototype testing, onsite analysis of the alkalinity content is 

performed with a colorimetric titration kit (MColortestTM, Merk Millipore, 

Germany). The pH is measured with a pHmeter (HI 98127, Hanna instruments, EU).  

The concentration of alkalinity is determined, in the analysis laboratory, also 

by the 5-point acid-base titration used for the determination of the VFA content and 

based on the c hemical equilibria of the species involved (Moosbrugger et al., 1992). 

The pH and conductivity were measured using a multi-parameter sensor (pH / Cond 

340i, WTW, Germany). 

The total, measured, alkalinity Stot,alk is accounting for both the bicarbonates 

and the volatile fatty acids SVFA. The bicarbonate alkalinity Sb,alk can be calculated by 

subtracting the analysed VFA  content(with a converting and correcting factor) from 

the total alkalinity (Leslie Grady et al., 2011): 
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𝑆𝑏,𝑎𝑙𝑘 = 𝑆𝑡𝑜𝑡,𝑎𝑙𝑘 − 0,71 𝑆𝑉𝐹𝐴  

 

(4.2) 

 where 𝑆𝑏,𝑎𝑙𝑘 is the bicarbonate alkalinity expressed in mg CaCO3 L-1, 

 𝑆𝑡𝑜𝑡,𝑎𝑙𝑘  is the total alkalinity expressed in mg CaCO3 L-1, 

 𝑆𝑉𝐹𝐴  is the concentration of VFA expressed in mg CH3COOH L-1. 

4.5.3 Solids content and granule size 

The solids contents are determined according to the standard methods 

2540B, 2540D and 2540E (Clesceri et al., 1998). The determination of total solids 

(TS, overdried at 105 °C) and volatile solids (VS, calcinated at 550 °C) of the sludges 

from the seeds and from the pilot-plant were carried out by triplicates. After 

filtration of the samples through (porosity of the filters = 0.45 µm), suspended solids 

(SS) and volatile suspended solids (VSS) contents of the water of the pilot-plant EGSB 

were punctually measured. 

The average particle diameter of the granule was measured by laser particle 

analyser (Mastersizer, Malvern 2000, UK) for S-FP and S-B2. For S-B1 the average 

particle diameter of the granule was determined by direct measurement of 10 

granules by using a graduated optic microscopy (SE, Nikon, Japan). 

4.5.4 Nutrients concentrations 

Ionic chromatography (IC 883 Basic plus, Metrohm, Switzerland) with a 

conductivity detection is used for the determination of the following cations: 

ammonium, calcium, magnesium, potassium and sodium as well as for the following 

anions: chloride, nitrate, phosphate and sulfate. Those analyses, for samples from 

the CSTR or pilot-scale EGSB, allow monitoring the evolution of the concentrations 

of nutrients in the reactors. 

For anions analysis, a Metrosep A Supp3 column (250 mm length x 4.6 mm 

internal diameter) is used and cations are separated with a Metrosep C4-250 / 4.0 

column (250 mm length x 4 mm internal diameter). The equipment is regularly 

calibrated for the measurement of cations and anions. The standards are prepared 

from anions or cations multi-standard solutions of 1 000 ppm. 

For the prototype testing, additional onsite analyses are performed to 

obtain quick estimations of Total Nitrogen (TN), N-NH4
+ and P-PO4

3- concentrations, 

allowing quick onsite adjustments— if necessary. They are carried with 

spectrophotometric commercial kits (LCK 338 for TN between 20-100 mg L-1, LCK 
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303 with a calibration range of 2-47 mg L-1 for N-NH4 and LCK 348 with a range of 

0.5-5.0 mg L-1 of P-PO4, CH3COOHH Lange GmbH, Germany). 

4.5.5 Biogas composition 

For the experiments in batch reactors at laboratory scale, biogas samples 

were anaylzed by gas chromatography (Model 7890A, Agilent Technologies, USA). 

It possesses a thermal conductivity detector and two columns connected in series: 

Carbosieve S-II (1 m length x 1/8 "internal diameter x 2.1 mm SS) and SP -1700 (9 m 

long x 1/8 "x 2.1 mm internal diameter) and used helium as carrier gas (flowrate: 18 

mL min-1). The oven and detector temperatures were 70 and 175 ° C, respectively.  

For the experiments with a laboratory-scale CSTR, biogas composition (CO2 

and CH4) was measured with a gas chromatograph (Agilent GC 7820A, Spain) 

equipped with a thermal conductivity detector (TDC) and two in-line capillary 

columns: Agilent HP-PLOT/Q (30 m long x 0.53 mm i.d. x 40 µm particle size) and 

Agilent HP-MOLESIEVE (30 m long x 0.32 mm i.d. x 12 µm particle size). Helium is 

used as the carrier gas (flowrate: 21 mL min-1). The samples were fitted with a split 

injector (5:1). The temperatures of the injector, oven and detector were 

respectively: 200, 45 and 250 oC. 

For the onsite determination of the composition of the biogas produced in 

the anaerobic reactor at pilot-scale, an optical infrared analyzer is used (Combimass 

GA-m, Binder, Germany). The sampling point is located before the gas counter.   

4.5.6 Metals concentration  

All the samples for metal analysis are filtered through ashless filters (Grade 

40, Whatmann) to protect the injection nozzle. The multi-residues analysis was 

performed by the SCSIE (Secció Espectroscopia Atòmica, University of Valencia) via 

inductively coupled plasma mass spectrometry (ICP-MS: Agilent 7900, operating in 

Helium collision mode and with Germanium/Rhodium internal standards).
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5.1 WORKING PLAN 

In this chapter, the anaerobic degradation of the main minority solvents 

identified in the effluents of a packaging factory is investigated, using ethanol as the 

reference solvent. The secondary solvents are: 2-propanol (IPA), 1-ethoxy-2-

propanol (EP), 1-methoxy-2-propanol (MP) and ethyl acetate (EA). Experiments 

were first carried out in batch mode (5.2) and then in continuous (5.3), in order to 

study the degradation of the solvents and factors influencing their degradation. All 

the experiments in batch mode were carried out in duplicates, except if specified 

otherwise and are expressed as the average ± the standard deviation of the 

duplicates. The main focuses of this part of the research were on: 

1. The determination of the influence of some key factors through preliminary 

experiments (5.2.1), including the:  

i. Sludge concentration: its influence was studied prior to any other 

bioassays, in order to determine the optimal inoculum to substrate 

ratio (I/S) for the batch experiments. Therefore, the anaerobic 

degradation of 5.5 gCOD L-1 of ethanol with different concentrations 

of sludge— giving I/S ratios of 1.7, 4.5 and 6.0 gCOD gCOD-1— was 

compared. 

ii. Source of sludge (Table 5.1): the degradation of binary mixtures of 

solvents was studied using a sludge with previous exposure to the 

secondary solvents (S-FP) or without (S-B1). The importance of 

exposure to the solvents was further highlighted by storing the S-FP 

sludge at 4 °C for 1.5 years without any exposure to solvents. The 

biodegradability of solvents was tested again with this stored 

inoculum, to highlight the influence of the preservation time.  

Table 5.1. Experiments (X) for the study on the influence of previous exposure to 
solvents and preservation time of the sludge. Ethanol (conc.=1.6 g COD 

L-1) was added to every reactor. 

Sludge source 
 IPA  

5 g COD L-1  
EA  

5 g COD L-1  
MP  

5 g COD L-1  

S-FP 
 

X X X 

S-B1 
 

X X X 

S-FP preserved >1 year (at t=4 °C)  
 

X  X 
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2. The assessement of the anaerobic degradation of the solvents under 

specifically chosen conditions (5.2.2). Their biodegradability was evaluated 

based on the resulting Biochemical Methane Potential (BMP), Specific 

Methanogenic Activity (SMA), lag phase and on the performances of the 

bioreactor (final COD and VFA concentrations, pH, granules aspect, etc.). 

Given the results of the preliminary studies, all the experiments were run 

with 4.23 g VS L-1 of the SP-sludge. 

i. The biodegradability of the secondary solvent was tested in binary 

mixture with ethanol, chosen as a control and to test potential 

inhibition of the secondary solvents. An initial study used bioassays 

with a binary mixture of ethanol and 1-methoxy-2-propanol at 

relatively low concentrations: 2.0 g COD L-1 as a total concentration 

(Table 5.2). The results were compared with the anaerobic 

degradation of ethanol alone, at the same concentrations. Then, 

another series of experiments was designed with a constant ethanol 

concentration, set at ~1.6 gCOD L-1 , and increasing concentrations of 

each of the four secondary solvents, up to 25 gCOD L-1 (Table 5.3). 

ii. The degradation of a ternary mixture of solvent was also studied, in 

order to highlight potential interactions among secondary solvents. 

Its composition was the one typically found in effluents of the 

packaging industry, with ethanol (1.6 gCOD L-1), a glycol ether (here, 

1-methoxy-2-propanol, 6.6 gCOD L-1) and 2-propanol (1.2 gCOD L-1). 

iii. Finally, the degradation of secondary solvents alone (without 

ethanol) was assessed. In these assays, 2-propanol and glycol ether 

degradations were compared with the degradation of acetone, a 

main intermediate product. 1-ethoxy-2-propanol was chosen as the 

glycol ether, to allow obtaining a better understanding of its own 

degradation, which otherwise encompasses the one of ethanol. The 

initial concentration of the solvents was fixed at 5.0 gCOD L-1. 

Table 5.2. Chosen concentrations [g COD L-1] for the initial study on the influence 
of MP on the degradation of ethanol. 

Ethanol  2 1.8 1.6 1.4 1.2 0.8 0.4 

MP -  0.2 0.4 0.6 0.8 1.2 1.6 
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Table 5.3. Chosen concentrations [gCOD L-1] for the study of the anaerobic 
degradation of solvents in binary mixture ethanol-X. 

Ethanol 0.8 1.2 1.6 

X=MP - - 

1 
5 

10 
25 

X=EP - - 

1 
5 

10 
25 

X=EA - 0.8 
5 

10 
25 

X=IPA 1.2 - 
5 

10 
25 

 

3. As an intermediary step of the scale-up of the research to pilot-scale, 

degradation of ethanol and 2-propanol in continuous was investigated in a 

laboratory-scale CSTR. A special focus was given to the degradation of 2-

propanol, even though according to analyses (personal communication, D. 

Bravo, Pure Air Solutions) this compound is minority in the effluents of the 

monitored packaging factory, which uses ethanol as main solvent for the 

application of inks through flexographic printing. The reason for this extra 

focus is that 2-propanol is also commonly used as the main solvent (instead 

of ethanol) in packaging industries worldwide. Moreover, it is a widely-used 

solvent in other industrial branches (cosmetics, textiles, surface coatings, 

inks or pesticide formulations, etc.), thus achieving to degrade it 

anaerobically could extend the applicability of the anaerobic technology 

(through classical anaerobic wastewater treatment or through the anaerobic 

bioscrubber developed in this project). Hence, its degradation is further 

studied, to better apprehend phenomena such as acclimation or build-up of 

solvent and to determine more precisly the OLR susceptible to be treated. 

The experimental design comprised 3 phases (A, B, C) characterised by 

changes in the organic load and relative presence of the substrates: 2-propanol and 
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ethanol (Table 5.4). During phase A, the CSTR was operated using ethanol as the 

sole organic substrate with progressive increases in the influent concentration from 

9.4 to 76.0 g COD L-1. Stepwise changes were done after ensuring that VFA content 

was below 100 mg L-1 for 2-3 days. Over phase B, the influent COD composition was 

switched to binary mixtures of ethanol and 2-propanol with two increases in the 

OLR of 2-propanol. Between days 35 to 60, a mixture of ethanol and 2-propanol was 

fed in a mass ratio of 9:1 (ethanol OLR of 9.3 kg COD m-3 d-1; 2-propanol OLR of 0.9 

kg COD m-3 d-1). On day 61, OLR of ethanol was lowered to 3 kg COD m-3 d-1 while 

the OLR of 2-propanol was increased to 3 kg COD m-3 d-1. From day 85 on (phase C), 

the reactor was fed with 2-propanol as the sole organic substrate. From this point 

on, inlet concentration of 2-propanol was increased by 2 in a stepwise manner (24 

and 47 g COD L-1).  

Table 5.4. Experimental plan for the continuous degradation of 2-propanol in a 
laboratory-scale CSTR. 

Phase  Days 

Influent 
conc. 

(g COD L-1) 

OLR  
(kg COD m-3 d-1) SLR* 

(kg COD kg VS-1 d-1) 
Ethanol IPA 

A  1-34 9.4 – 75.9 1. 2 – 9.3  0.07 – 0.53 

B 
B-I 35-60 83.6 9.3 0.9 0.59 

B-II 61-84 48.2 3.0 3.0 0.35 

C 
C-I 85-108 24.1 - 2.9 0.17 

C-II 109-116 47.1 - 5.9 0.33 

    *SLR stands for Sludge Loading Rate: SLR = OLR per initial VS content 

The main resulting findings for the experiments carried out in batch or 

continuous mode are presented in the two subsections hereafter. It should be 

mentioned that values are given with the expected precision of the measurement 

methods, therefore not rigorously respecting a set number of significant figures. 
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5.2 BIODEGRADATION OF THE SOLVENTS IN BATCH BIOASSAYS  

5.2.1 Preliminary studies 

5.2.1.1 Influence of the inoculum to substrate ratio 

 The resulting cumulative volumes of methane produced over time for 

different inoculum to substrate ratio (I/S in gCOD/gCOD), with ethanol as the sole 

substrate, are shown in Figure 5.1. This comparative study clearly shows that with 

the lowest ratio (I/S=1.7), the degradation kinetics of ethanol are much lower than 

with the higher ratios, achieving also a much lower methane recovery— indicating 

incomplete degradation. For the highest ratios, most of the methane production 

(>90% of the BMP) associated with the degradation of ethanol occurs within 33-36 

hours. 

 

Figure 5.1. Cumulative methane productions for the degradation of 5.5 g COD L-1 

of ethanol with different inoculum/substrate (I/S) ratios. 

The main results obtained from these comparative bioassays are compiled 

in Table 5.5. The experiments with an I/S ratio of 4.5 yielded to the highest 

degradation rate, expressed in terms of SMA and more than 50% higher than the 

degradation rate with the lowest I/S.   

The methane recoveries, based on the BMP values, were very similar for the 

experiments with the highest I/S ratios, both around 90%, whereas for the 

experiments with I/S=1.7, only 28% of the methane was recovered. This incomplete 
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degradation can be attributed to the low final pH of the reactors with the lowest 

sludge concentration (pH=5.2). The low pH of these experiments is associated with 

the high final VFA content of the reactors, indicating that the methanogens present 

were not sufficient to metabolize acetate at the same rate as it was generated as an 

intermediate. 

On the other hand, the reactors with higher I/S ratios had a final pH above 

neutral and no VFA were measured at the end of the experiments, indicating a 

successful anaerobic degradation. Among the tested I/S ratios, 4.5 seems to be the 

most favorable for the bioassays. 

Table 5.5. Influence of the Inoculum/Substrate (I/S) ratio on the SMA and BMP 
associated with the degradation of ethanol (5.5 g COD L-1). 

Sludge conc. 6.8 gVSS L-1 17.4 gVSS L-1 23.3 gVSS L-1 

I/S ratio* 1.7 4.5 6.0 

SMAEtOH [mL CH4 g VSS-1  d-1] 161±9 245±18 203±25 

BMPEtOH [mL CH4 g COD-1] 97±1 303±9 313±10 

CH4 recovery [%] 28 87±2 89±3 

pHfin 5.2 7.3 7.3 

Alkalinityfin [mg CaCO3 L-1] - 2330±190 2500±80 

VFAfin [mg CH3COOH L-1] 2290±140 0 0 

*considering g COD g VSS-1 =1.42. 

                However, an additional ratio between I/S=1.7 and 4.5 was tested, in 

order to further refine the optimal I/S ratio. I/S=3 was chosen for this intermediate 

ratio, with a lower ethanol concentration than in the previous series: 2.4 g COD L-1, 

inducing a sludge concentration of 5.0 gVSS L-1. The degradation kinetics were 

similar to the ones with I/S of 4.5: SMA=253±6 ml CH4 g VSS-1 d-1 and methane 

recovery reached 84±1%, indication also a proper anaerobic degradation. The final 

pH was still above neutral vales (pH=7.5) and no VFA were detected at the end of 

the experiments. Based on this preliminary study, batch experiments for the 

degradation studies were carried with an I/S ratio between 3 and 4.5. The substrate 

considered for this ratio is the easily biodegradable solvent used as a control, 

namely is ethanol, which is expected to be the fastest degraded solvent. The other 

solvents should require more time for their degradation and therefore no induce a 

sudden VFA accumulation inhibiting the reaction. This assumption for the secondary 

solvents is verified for all the experiments through the final VFA content. Given that 

ethanol concentration is always kept around 2 g COD L-1 in the next batch 
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experiments, these are all carried out with an I/S=3, i.e. a sludge concentration of 

4.23 gVSS L-1 (i.e. when ethanol COD = 1.6 g L-1, the corresponding I/S ratio is 3.75). 

Among these preliminary studies, fixing the I/S ratios, the dosing of the 

nutrients was also controlled and adjusted when necessary. Therefore, all the 

experiments carried out in batch mode at laboratory-scale and presented in this 

sub-section (5.2) were provided with sufficient nutrients and with concentrations 

far under the inhibitory limits (this was further assessed with IC analyses for the 

bioassays of 5.2.2), see Table 4.3.     

5.2.1.2 Influence of the inoculum source 

Influence of previous exposure of the sludge to secondary solvents 

Prior to the biodegradability study on the secondary solvents, a set of batch 

experiments was designed to quantify the influence of the source of anaerobic 

sludge (with or without previous exposure to the solvents) on the performance of 

the anaerobic biodegradation. This influence was assessed for several secondary 

solvents: 2-propanol (IPA), 1-methoxy-2-propanol (MP) and ethyl acetate (EA). The 

resulting findings are presented hereafter for each secondary solvent. 

 The resulting cumulative volumes of methane produced over time for 

sludges previously exposed (S-FP: Sludge treating Flexographic Printing effluents) or 

not (S-B1, Sludge treating Brewery wastewaters, exposed mainly to ethanol but not 

to any secondary solvent, see 4.2), with binary mixtures of ethanol and 2-propanol 

as substrates, are shown in Figure 5.2.  

The evolution of the methane production clearly shows a diauxic shift: 

biomass preferentially uses readily biodegradable substrate and, only when ethanol 

has been depleted, active population switches to 2-propanol. This behavior was also 

observed by other authors (Chou et al., 1978a), using acetate and a petrochemical 

as substrates, in batch and semi-continuous assays, where acetic acid had to be 

exhausted before the acetate culture would start degrading the cross-fed 

petrochemical compound (among others, for 2-propanol). The adjustment of the 

cellular metabolic system from ethanol to 2-propanol, through the development of 

suitable enzymes, results in a lag phase that clearly allows to relate each solvent 

with an observed methane production. The hypothesis that this preferential 

consumption of ethanol and then 2-propanol is based on the synthethis of enzymes 

rather than a shift in the predominant population is based on fact that the relatively 

high I/S ratio of the experiments (see 5.2.1.1) would prevent a significant change of 

microbiological population, given a growth yield around 0.02-0.03 g VSS g COD-1 and 
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the lapse of time of the experiments.  As can be seen from Figure 5.2 for a given 

initial 2-propanol concentration (5.0 gCOD L-1, in this case), the observed lag periods 

are significantly longer for non-exposed (S-B1) sludge.  

 

Figure 5.2. Comparison of cumulative methane productions associated with the 
degradation of 1.6 g COD L-1 of EtOH and 5.0 g COD L-1 of IPA with 

brewery (S-B1) or flexographic printing (S-FP) sludges. 

Data obtained from these batch tests are summarized in Table 5.6. The 

experiments with 2-propanol on the influence of the source of sludge on the 

methane production yielded to a complete degradation of solvents in terms of 

soluble TOC concentration. The final VFA contents were also negligible with 

concentrations below 4 mg CH3COOH L-1. 

For these tests, global biodegradation kinetics— expressed through the 

SMA values— are almost 2.5 times higher for ethanol than for 2-propanol (Table 

5.6). This is in accordance with the fact that ethanol is a readily biodegradable 

substrate. Concerning the methane production rates related to 2-propanol 

degradation, tests with S-FP (the acclimated sludge) showed a 15%-increase in SMA 

values compared to tests with S-B1. On the other hand, there is no significant 

difference in the degradation rate of ethanol, to which both sludges had been 

previously exposed. 

The effect of biomass acclimation to 2-propanol is much more significant on 

the decrease of the lag phase, as shown in Figure 5.2. The use of S-FP decreased by 

a factor of almost three the lag period observed with S-B1. BMP data show high 
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methane recoveries, around 89±2% with the S-FP or 91±1% with the S-B1 for 

ethanol, and slightly lower for 2-propanol: 75±1% with the S-FP and 72±5% with the 

S-B1. Other authors have reported the need for acclimation periods prior to the 

degradation of organic compounds. For instance, acclimation time of 4 days are 

reported for both propanol and 2-propanol in serum bottles, with initial 

concentrations of 0.5 g L-1, the equivalent of 1.2 gCOD L-1 (Chou et al., 1978a). 

Table 5.6. SMA, BMP and lag phase for brewery (S-B1) or flexographic printing (S-
FP) sludges. Initial 2-propanol concentration = 5.0 gCOD L-1. 

 S-FP S-B1 

 EtOH IPA EtOH IPA 

SMA [mL CH4 g VSS-1 d-1] 201±9 88±8 189±8 77±4 

BMP [mL CH4 g COD-1] 311±8 262±1 319±2 254±18 

CH4 recovery [%] 89±2 75±1 91±1 72±5 

Lag phase [days] 0 12±1 0 33±1 

 

The evolution of the methane production for the anaerobic degradation of 

1-methoxy-2-propanol shows a similar pattern (Figure 5.3), with the preferential 

degradation of ethanol before the one of a secondary solvent. The reactors with the 

S-B1 (brewery) sludge were stopped after 120 days, which is before the end of the 

expected total biogas production, once the differences in lag phases and SMAs had 

been clearly highlighted. After these four months, only 14±8% of the expected 

methane associated with the degradation of 1-methoxy-2-propanol were recovered 

with the sludge S-B1, while it can be seen (Figure 5.3) that 1-methoxy-2-propanol 

degradation with the S-FP was achieved within 25 days. 
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Figure 5.3. Comparison of cumulative methane productions associated with the 

degradation of 1.6 g COD L-1 of EtOH and 5.0 g COD L-1 of MP with a 
brewery (S-B1) or a flexographic printing (S-FP) sludge. 

There is no significant difference on the degradation parameters for 

ethanol: results indicated SMA around 180 mL CH4 g VSS-1 d-1 and BMP values gave 

methane recoveries around 80% (Table 5.7).  

However, in this case, not only were the observed lag periods notably longer 

for the brewery sludge (S-B1): 74±34 days instead of 12±2 days with the S-FP, but 

the degradation rates for 1-methoxy-2-propanol are also more than 7-fold slower, 

as can be seen in Table 5.7. The relatively lower influence of the sludge source on 

the degradation of 2-propanol in relation with 1-methoxy-2-propanol, achieving 

similar degradation rates with the S-B1 sludge, unlike for 1-methoxy-2-propanol, 

could be due to partial cross-acclimation. Indeed, studies have pointed out that 

microorganisms acclimated to a specific compound could be simultaneously 

acclimated to other substrates presenting the same functional group or structure, 

such as carbonyl or hydroxyl groups or aromatic structures (Chou et al., 1978a; Healy 

et al., 1976). In this particular case, 2-propanol possesses a hydroxyl group like 

ethanol, to which the sludge S-B1 was also previously acclimated, potentially 

explaining the better metabolisation of this compound. On the other hand, for 1-

methoxy-2-propanol, the sludge S-B1 did not benefit from any possible cross-

acclimation with other compound possessing an ether function.  
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Table 5.7. SMA, BMP and lag phase for brewery (S-B1) or flexographic printing (S-
FP) sludges. Initial MP concentration = 5 g COD L-1. 

 S-FP S-B1 

 EtOH MP EtOH MP 

SMA [mL CH4 g VSS-1 d-1] 185±11 15±5 180±3 2.1±1 

BMP [mL CH4 g COD-1] 279±13 193±20 273±6 50±28* 

CH4 recovery [%] 77±4 82±4 78±2 14±8* 

Lag phase [days] 0 12±2 0 74±34 

*BMP and methane recovery after 120 days, as experiments were stopped before the 
end of the biogas production.  

Significant lag phases were also found in the two other studies on the 

anaerobic degradation of 1-methoxy-2-propanol (Goodwin, 1998; Lafita et al., 

2015). Using an inoculum from the anaerobic digester of a municipal wastewater 

treatment plant to treat 50 mg L-1 dissolved organic carbon of 1-methoxy-2-

propanol with a mixture of acetate/propionate as co-substrates in serum bottles 

assays at 34.8 °C, Goodwin (1998) found a lag period of approximately 30 days. This 

shorter lag phase with an unacclimated sludge might be explained by the lower 

initial concentration of 1-methoxy-2-propanol and the higher temperature at which 

the batch assays were run. After 81 days, an average of 38% of the total theoretical 

gas was produced.  

Lafita et al. (2015) reported the continuous degradation of 1-methoxy-2-

propanol with ethanol (1:4 mass ratio) in 4L-EGSB reactors. These bioreactors were 

started with a sample of granular sludge coming from an IC reactor treating brewery 

wastewaters, which is the same reactor from which the sludge (labelled S-B2 and 

used in the current CSTR study) was sampled. It resulted in an acclimation period of 

45 days at 25 °C and in more than 2 months at 18 °C, demonstrating a lower 

degradation velocity at lower temperatures. These authors also ran batch assays for 

the degradation of 1-methoxy-2-propanol with samples of sludge from these EGSB 

reactors after nearly 9 months of operation with OLR of 1-methoxy-2-propanol 

between 5.1 and 8.6 kgCOD m-3 d-1. Initial concentrations of 2.5 g COD L-1 of 1-

methoxy-2-propanol, used as the sole substrate showed lag phases of 31 and 6 days 

at 18 and 25 °C respectively. This period of 6 days is the shortest lag phase reported 

and also shorter than the lag phase observed in the current study, which might point 

out a faster acclimation, i.e. better development of the enzymes necessary for 1-
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methoxy-2-propanol degradation, through the exposure of the sludge to higher 1-

methoxy-2-propanol concentrations during a long period of time. 

 The evolution of the methane production for the anaerobic degradation of 

ethyl acetate shows a different pattern (Figure 5.4) than the curves for 2-propanol 

or 1-methoxy-2-propanol degradations, as no diauxic behavior is observed, thus 

indicating that this compound is readily biodegradable. It should be noted that these 

experiments are all run with higher alkalinity content, to avoid any inhibition by 

acetic acid, as described in subsection 5.2.2.1.  

 
Figure 5.4. Comparison of cumulative methane productions 1.6 g COD L-1 of EtOH 

and 5.0 g COD L-1 of EA with a brewery (S-B1) or flexographic printing 
(S-FP) sludge. 

Given the absence of a clear lag phase before the degradation of the ethyl 

acetate, the SMA and BMP values derived from these assays are for the total solvent 

content, i.e. ethanol and ethyl acetate. Significant differences occur in the 

degradation kinetics through the use of a sludge exposed (S-FP) or not-previously 

exposed (S-B1) to the secondary solvent, as reflected in the reported SMA (Table 

5.8). For the sludge previously exposed to ethyl acetate, the SMA is around 202±11 

mL CH4 g VSS-1 d-1, more than 3 times higher than with a non-acclimated sludge. 

Yanti et al. (2014) put forth the hypothesis that the mechanism of ethyl ester 

degradation is the same that the mechanism for methyl ester degradation, i.e. that 

ethyl acetate is transformed into acetate and ethanol. In the present study, the SMA 

for the degradation of ethyl acetate with the S-FP is similar to the SMA associated 

with the degradation of ethanol at the same concentrations. Following the 

hypothesis of Yanti et al. (2014), the present results seem to indicate that the 
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degradation of ethyl acetate into ethanol and acetate is not the kinetically limiting 

step for acclimated sludge and that the general degradation rate of ethyl acetate is 

paced by the degradation of ethanol (produced as intermediate).  

Differences between the methane recoveries are less pronounced (<20%), 

with slightly higher recoveries using S-FP (85±3%) than S-B1 (67±4%). Recoveries 

within the same range were reported for the degradation of ethyl acetate, although 

at a lower concentration (50 µgC mL-1, i.e. 0.67 gCOD L-1) using a sludge from a 

primary digester in batch reactors running at 35 °C: 75% of theoretical methane 

production, within 8 weeks (Shelton and Tiedje, 1984). Even at higher 

concentrations, e.g. at 5 g L-1 (9.1 gCOD L-1), methane recoveries were equivalently 

high: a cumulative methane production of 126.1±10 mL CH4 was measured (that is, 

around 72% of the expected CH4) in thermophilic (at 55 °C) batch tests, with a 

digestion time of around 30 days (Yanti et al., 2014).  

Concerning the lag period, lag as low as 3 days for initial ethyl acetate 

concentrations of 0.5 g L-1, the equivalent of 0.91 gCOD L-1 are reported (Chou et al., 

1978a), using a sludge acclimated to acetate. Previous exposure to ethyl acetate and 

other solvents resulted in even lower lag phases of 1 day for initial ethyl acetate 

concentrations up to 1 g L-1, the equivalent of 1.82 gCOD L-1  (Schwartz, 1991). The 

absence of lag phase in the current study for the S-B1 (a priori, non-exposed to high 

concentrations of esters) could be due to its previous exposure to the main 

intermediates of the degradation of ethyl acetate or more generally, to the more 

complex composition of the brewery wastewaters. 

Table 5.8. SMA, BMP and methane recoveries for brewery (S-B1) and 
flexographic printing (S-FP) sludges. Initial EA = 5.0 g COD L-1. 

 S-FP S-B1 

SMAEtOH+EA [mL CH4 g VSS-1 d-1] 202±11 59±1 

BMPEtOH+EA [mL CH4 g COD-1] 297±9 235±14 

CH4 recovery [%] 85±3 67±4 

 

Taking into consideration the highlighted significance of previous 

acclimation of the sludge to the secondary solvents: 

 subsequent batch studies on the degradation of the secondary 

solvents (sub-section 5.2.2) will be carried out with a sludge 

previously exposed to the solvents used in flexographic printing (S-
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FP), to characterize the anaerobic treatment of the solvents for 

usual reactor operations (after the start-up period).    

 further studies will be carried out in a continuous mode, first at 

laboratory (section 5.3) and then pilot-scale (chapter 6), to evaluate 

the acclimation period necessary for the start-up of anaerobic 

reactors treating industrial effluents containing these compounds, 

Influence of the preservation time   

Complementary experiments were carried out to study the effect of a non-

active period of the sludge on the anaerobic biodegradation of 2-propanol (Table 

5.9) or 1-methoxy-2-propanol (Table 5.10). 

After 1.5 years without any exposure to solvents (and storage at 4 °C), the 

flexographic printing sludge S-FP showed a significant increase in the lag period for 

the degradation of 5.0 g COD L-1 of 2-propanol (from 12±1 to 84±1 days) as well as 

a decrease of SMA (from 88±8 to 36±3 ml CH4 g VS-1) as presented in the Table 5.9. 

This reduction between the SMAs could be attributed to the decay of a fraction of 

the microorganisms responsible for the degradation of 2-propanol during the non-

active period. The rate of cell death associated with these experiments can be 

determined, considering the general expression for the death phase of the 

microorganisms (in batch assays) (Maier, 2015):  

𝑑𝑋

𝑑𝑡
= − 𝑘𝑑 ·  𝑋 

(5.1) 

 

where: 

- X: is the number or mass of cells [g VSS L-1], 

- kd is the specific death rate [d-1], 

- t is time [d]. 

Equation (5.1) can be integrated for given initial and final amount of cells X0 and X 

respectively and for a given period of time Δt: 

𝑋 = 𝑋0 ·  𝑒
− 𝑘𝑑·∆𝑡 (5.2) 

That is: 

𝑘𝑑 =
ln(

𝑋0 
𝑋 )

∆𝑡
 

(5.3) 
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The growth of cells (dX/dt) can be linked to the substrate utilization rate via 

a constant (see equation 5.4), which can also be directly related to the SMA:  

𝑑𝑋

𝑑𝑡
=
1

𝑌
·  
𝑑𝑆

𝑑𝑡
 

(5.4) 

Where:  

 S is the substrate concentration [g COD L-1], 

 Y is the growth yield [g VSS g COD-1]. 

Thus, the equation (5.3) can be solved using the SMA values, considered 

linear with the active microorganisms. For the current experiments, the specific 

death rate was: kd= 0.0016 day-1. Hill and Barth (1977) indicated values of kd of 0.04 

day-1 for methanogens and 0.025 day-1 for acid-formers, for experiments at 25 °C. 

The lower death rate obtained for the present experiments might be due to the 

lower temperature of the preservation (4 °C), as predicted by Arrhenius’ (modified) 

equation, allowing to slow down the lysis of the microorganisms.  

Moreover, the SMA for the inactive sludge is lower than even the SMA with 

the sludge S-B1 (treating breweries wastewaters) and the lag phase longer, 

reinforcing the hypothesis of a cross-acclimation phenomenon (among ethanol and 

2-propanol). The methane recoveries remained on the same level (around 70%). 

Table 5.9. Influence of the preservation time of the S-FP sludge on the SMA, BMP 
and lag phase for 2-propanol (initial concentration of 5.0 gCOD L-1). 

 S-FP (fresh sludge) S-FP (+1.5 years at 4 °C) 

SMAIPA [mL CH4 g VSS-1 d-1] 88±8 36±3 

BMPIPA [mL CH4 g COD-1] 262±1 239±3 

CH4 recovery [%] 75±1 68±1 

Lag phase [days] 12±1 84±1 

 

Unexposure to solvents for 1.2 years also resulted in a reduction of the SMA 

of the sludge by more than a half for the degradation of 1-methoxy-2-propanol 

(Table 5.10). Time before the start of the degradation increased from around 40 to 

100 days. The methane recoveries were approximately within the same range (45-

55%). Interestingly, the specific death rate for these experiments kd= 0.0017 day-1 

was very similar to the one found previously. This might point out that some 
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degradation steps within the degradation of 1-methoxy-2-propanol and 2-propanol 

have some temperature dependence based on Arrhenius’ equation and that some 

of these steps might overlap (such as for the degradation of acetone e.g.).   

Table 5.10. Influence of the preservation time of the sludge S-FP on the SMA, 
BMP and lag phase for MP (initial concentration of 10 g COD L-1). 

 S-FP (fresh sludge) S-FP (+1.2 years) 

SMAMP [mL CH4 g VSS-1 d-1] 43±2 20±6 

BMPMP [mL CH4 g COD-1] 191±43 160±17 

Lag phase [days] 39±1 100±4 

 

Thus, this preliminary study has pointed out the adverse effect of a non-

active period of the sludge on the degradation of 2-propanol or 1-methoxy-2-

propanol. A long period of time (> 1 year) without exposure to any solvent resulted 

in a “de-acclimation” phenomenon, which can be observed through, not only longer 

lag phases, but also a loss of methanogenic activity. On the other hand, a less 

pronounced decrease of activity for the degradation of ethanol was observed: SMA 

averaged 166±8 CH4 g VSS-1 d-1 and methane recoveries were of 86±2% with the 

stored sludge rather than 197±2 mL CH4 g VSS-1 d-1 and methane recoveries of 

82±4% with the fresh sludge. This series of experiments reveals the importance of 

keeping biomass exposed to some extent to substrates that are poorly 

biodegradable during shut down periods. These trials compare well to experiments 

by Shelton & Tiedjes (1984), who also found that the storage of anaerobic sludges 

had no significant effect on the extent of the metabolisation, but that lag phases 

were increased for compounds that have slow degradation rates (in their case, p-

cresol). After 4 weeks of sludge storage at 4 °C, the lag phases they observed for 

ethanol, were also unaffected by the period of inactivity. The determined values for 

the specific death rate could be used in the future to estimate the remaining active 

microorganisms in a given sludge preserved for a given amount of time. 
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5.2.2 Biodegradation of secondary solvents  

5.2.2.1 Binary mixtures with ethanol 

1-methoxy-2-propanol 

As no previous inhibition study could be found for 1-methoxy-2-propanol or 

1-ethoxy-2-propanol, an initial series of experiments studied the influence of 1-

methoxy-2-propanol (chosen here as the model glycol ether) on the degradation of 

ethanol, testing potential inhibition with low concentrations of the solvents (total 

concentration = 2 g COD L-1). The results of this study are summarized in Table 5.11.  

Table 5.11. Comparison of SMA, BMP, methane recovery and carbon removal for 
the anaerobic degradation of ethanol a) alone or b) in presence of MP. 

a) Ethanol alone 

Ethanol conc. [g COD L-1] 2.0 1.8 1.6 1.4 1.2 0.8 0.4 

SMAEtOH [mL CH4 g VSS-1 d-1] 212±4 162±1 158±10 156±1 151±18 104±9 55±1 

BMPEtOH [mL CH4 g COD-1] 284±8 263±21 280±3 268±2 271±17 206±16 219±6 

CH4 recovery [%] 81±2 75±6 80±1 77±1 77±5 59±5 63±2 

TOC removal [%] 95±3  92±2 90±1 87±4 84±5 80±9 71±7 

b) Ethanol with MP 

MP conc. [g COD L-1] - 0.2 0.4 0.6 0.8 1.2 1.6 

SMAEtOH [mL CH4 g VSS-1  d-1]  - 212±4 202±9 186±3 145±9 104±6 64±3 

BMPEtOH [mL CH4 g COD-1]  - 288±11 286±8 295±2 292±10 303±9 269±8 

CH4 recovery [%] - 82±3 82±2 84±1 83±3 87±3 77±2 

TOC removal [%] - 98 93±+4 98 95±2 93±2 98±1 

The degradation rates increase almost steadily with the increase in the 

concentration of ethanol (as can be seen with the SMAs in Table 5.11). The series of 

experiments with ethanol alone indicate that for a concentration of ethanol five 

times higher (from 0.4 to 2 gCOD L-1), the SMA almost quadruple. This relation can 

be explained by Monod kinetics— more specifically, the effect of a given Ks for a 

substrate on the degradation slope is highlighted here. The series with ethanol alone 

and the binary mixture of ethanol and 1-methoxy-2-propanol showed very similar 

degradation rates up to 1.2 gCOD L-1 of ethanol, after which the series with 1-
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methoxy-2-propanol showed slightly higher SMA (from 16% to 31% higher for the 

highest concentration), as can be seen in the Figure 5.5.  

The SMA values are in accordance with other studies carried out in 

analogous conditions. For instance, SMA of 215±6 mL CH4 g VSS-1 d-1 are reported 

for the treatment of 2.5 gCOD L-1 of ethanol in batch reactors (using AMPTSII by 

Bioprocess Control ® as well) at 25 °C, ran with an I/S ratio=3 and using a sludge 

sample from a 4L-EGSB treating synthetic wastewaters containing a mixture of 

ethanol and 1-methoxy-2-propanol at 25 °C (Lafita et al., 2015). These SMA values 

depend, among other factors, on the temperature (here, the assays are carried out 

at suboptimal mesophilic temperatures). Indeed, other studies carried out at higher, 

optimal mesophilic temperatures will lead to higher SMA ranges, e.g.: SMAs for 

ethanol treated at 37 °C with a sludge coming from expanded granular sludge bed-

anaerobic filters (EGSB-AF) bioreactors treating toluene-contaminated volatile fatty 

acid-based wastewater range between 393 and 807 mL CH4 g VSS-1  d-1 (Enright et 

al., 2007), whereas studies carried out at lower, psychrophilic temperatures will lead 

to lower SMAs ranges: from 98 to 365 mL CH4 g VSS-1  d-1 for the treatment of 

ethanol at 15 °C with the same source of sludge (Enright et al., 2007) or 60±3 mL 

CH4 g VSS-1  d-1 for the treatment at 18 °C using a sludge from a 4L-EGSB treating 

synthetic wastewaters containing a mixture of ethanol and methoxypropanol (Lafita 

et al., 2015). 

Moreover, as can be seen in Table 5.11, no significant difference in terms of 

BMP and methane recoveries has been found. Discrepancies between the methane 

recoveries values, usually between 77-87%, only appeared for the lower 

concentrations of ethanol tested, which can be related to the accuracy of the 

measurement method.  
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Figure 5.5. Influence of the presence of MP on the SMA for the degradation of 

ethanol. 

Likewise, TOC removal efficiencies are very similar, but slightly lower for the 

lowest concentrations tested (0.4 and 0.8 g COD L-1), with ethanol alone (Table 

5.11). Again, this might be pointing out that these differences were related rather 

to the sensitivity of the equipment, especially of the recording unit, than to a 

positive interaction among the solvents. Therefore, subsequent experiments were 

designed with sufficient concentrations of ethanol (1.6 g COD L-1), when it is used as 

a control. 

The similarity in the degradation results for ethanol alone or ethanol in the 

presence of various concentrations of 1-methoxy-2-propanol have demonstrated 

that there is no inhibition of 1-methoxy-2-propanolon ethanol, at these low 

concentrations and for the conditions tested. Similar results are expected for 1-

ethoxy-2-propanol and reported inhibitiory limits for 2-propanol and ethyl acetate 

are at higher concentrations. Therefore, this type of initial inhibition assays was not 

repeated for the other secondary solvents (1-ethoxy-2-propanol, ethyl acetate, 2-

propanol) and their degradation was directly tested. Nonetheless, ethanol was still 

fed as a control in most of the experiments, so potential inhibition of higher 

concentrations of the secondary solvents could be assessed. 

After this initial set of experiments, an extended series of assays at higher 

concentrations was designed to assess the anaerobic degradation of 1-methoxy-2-

propanol, in binary mixtures with ethanol and using the sludge S-FP. In order to get 

an overview of the information obtained from these experiments, the resulting 
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cumulative volumes of methane produced over time are shown in Figure 5.6, for 

one of the replicates and at each 1-methoxy-2-propanol concentration level (1, 5, 

10 and 25 g COD L-1).  

The evolution of the methane production presented again a diauxic shift at 

the beginning of the degradation (within the first 500 hours), as the active biomass 

metabolized preferentially ethanol before switching to 1-methoxy-2-propanol. For 

initial 1-methoxy-2-propanol concentrations higher than 5.0 gCOD L-1, a diauxic shift 

also appears for 1-methoxy-2-propanol degradation. Results are discussed 

hereafter, related to two main concerns: potential inhibition of 1-methoxy-2-

propanol on ethanol and the degradation of 1-methoxy-2-propanol itself. 

      

Figure 5.6. Evolution over time of the methane production for several initial MP 
concentrations: a) 1.0, b) 5.0, c) 10 and d) 25 gCOD L-1, in presence of 

1.6 gCOD L-1 of ethanol. 
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The evolution in function of time of the cumulative methane productions 

associated with the degradation of ethanol, in the presence of increasing 

concentrations of 1-methoxy-2-propanol, can be seen in the Figure 5.7 (graph 

focused on V1). Similarly, as previously found, most of ethanol degradation occurs 

within 30 hours. The quasi overlapping of the curves clearly shows that neither the 

kinetics nor the stoichiometry of ethanol degradation were affected by the presence 

of 1-methoxy-2-propanol, at any of the concentrations tested. Consequently, there 

is no inhibition of 1-methoxy-2-propanol on the anaerobic degradation of ethanol, 

even at concentrations as high as 25 gCOD L-1. 

 
Figure 5.7. Cumulative methane production for the degradation of 1.6 gCOD L-1 

of ethanol, in the presence of 1 up to 25 gCOD L-1 of MP. 

Indeed, the degradation rate of ethanol and methane production associated 

with its anaerobic degradation remained remarkably stable (Table 5.12), around 

185-200 mL CH4 g VSS-1 d-1 and 270-300 mL CH4 g COD-1 respectively. Relatively high 

methane recoveries of ≈80% were achieved.  

Table 5.12. Influence of several initial MP concentrations on the anaerobic 
degradation of 1.6 g COD L-1 of ethanol. 

MP COD conc. 1 g L-1 5 g L-1 10 g L-1 25 g L-1 

SMAEtOH [mL CH4 g VSS-1  d-1] 199±4 185±11 197±2 198±3 

BMPEtOH [mL CH4 g COD-1] 284±17 270±13 286±14 296±1 

CH4 recovery [%] 81±5 77±4 82±4 85±1 
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Concerning the degradation of 1-methoxy-2-propanol, as it was introduced 

in the second chapter, a proposed mechanism for the degradation of glycol ethers 

implies the cleavage of the ether bound, through a transhydroxylation, forming a 

geminal diol compound as intermediate (Speranza et al., 2002). Based on this 

transformations, a potential mechanism was put forth by Lafita et al. (2015) as 

shown in Figure 5.8. 1-methoxy-2-propanol transforms into a compound with a 

geminal diol structure, in this case, the equivalent diol would be propane-2,2-diol 

with the hydrogen of one of the two hydroxyl groups substituted by a methoxy 

group. Geminal diols collapse, the two hydroxyls converting into a carbonyl or keto 

group C=O by losing a water molecule; in the present case, forming methanol rather 

than water as an H is substituted by a methoxy group. The transformation of the 

diol into a ketone is an equilibrium, usually with equilibrium constants favoring the 

ketones, for example, the constant for the conversion of acetone (H3C)2C=O 

to propane-2,2-diol (H3C)2C(OH)2 is around 10−3 (Taylor, 2003). 

 

Figure 5.8. Potential mechanism for 1-methoxy-2-propanol adapted from Lafita 
et al. (2015). 

Based on this degradation pathway, the inflexion associated by the 

degradation of 1-methoxy-2-propanol might be explained by inhibition phenomena 

https://en.wikipedia.org/wiki/Carbonyl
https://en.wikipedia.org/wiki/Acetone
https://en.wikipedia.org/w/index.php?title=Propane-2,2-diol&action=edit&redlink=1
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or by a preferential use of one of the intermediates produced (or both). The case of 

a temporary inhibition could be, for instance, a peak of VFA, resulting from the 

degradation of a fast-biodegradable intermediate such as methanol. Authors have 

reported acetate build-up associated with the loss acetate-utilizing ability of 

methanogens after growth with methanol as the sole substrate (Smith and Mah, 

1978; Zandvoort et al., 2003b). Alternatively, it could be caused by a peak of 

acetone, which has been reported to be inhibitory for the degradation of alcohols 

such as 2-propanol (Platen and Schink, 1987, 1989). It should be noted that the 

degradation of 2-propanol in the present study— with acetone as a main 

intermediate— also showed increasing lag phases for increasing initial 

concentrations (cf Table 5.20), which could explain why higher initial 1-methoxy-2-

propanol concentrations (thus higher induced acetone concentrations) could lead 

to longer duration before the final methane production (for instance, in the case of 

the experiments with 25 gCOD L-1 in comparison with 10 gCOD L-1) It could even be 

a combination of both elements, as acetone degradation is reported to be also 

inhibited by acetate accumulation (Platen and Schink, 1987, 1989).  

The other scenario is based on another necessary adjustment of the cellular 

metabolic system, through the development of suitable enzymes, from the cleavage 

of 1-methoxy-2-propanol to the degradation of the intermediates (in particular, of 

acetone). Diauxic growth is reported for the degradation of mixtures of methanol 

and acetate, with a sequential methanogenesis of methanol and then acetate 

(Smith and Mah, 1978). Those studies showed that methanol-grown cells did not 

metabolize acetate in the presence of methanol, although acetate-grown cells did 

metabolize methanol and acetate simultaneously before shifting to methanol. 

Therefore, the authors assume that acetate catabolism is regulated by the presence 

of better metabolisable substrates such as methanol by a mechanism similar to 

catabolite repression (Smith and Mah, 1978).  

Likewise, in the present studies, the microorganisms could only metabolize 

acetone entirely when methanol has been depleted. The longer period of time, after 

the first methane production associated with the degradation of 1-methoxy-2-

propanol, for higher 1-methoxy-2-propanol initial concentrations (25 rather than 10 

gCOD L-1, e.g.) could be therefore explained by higher time requirements for the 

microorganisms to switch to using acetone after metabolizing methanol for a long 

period of time. This later hypothesis can be reinforced by the correlation of the two 

consecutive methane productions with the methane volumes expected from the 

degradation of methanol and acetone, as shown in Table 5.13, for the degradation 

of 25 gCOD L-1 of 1-methoxy-2-propanol. The consecutives or sequential methane 

volumes referred to are highlighted in Figure 5.6. The scenario chosen (1) allows 
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relating the first methane production, after the degradation of ethanol, to the 

degradation of methanol and the last methane production to the degradation of 

acetone- both intermediate products of the degradation of 1-methoxy-2-propanol. 

The reverse scenario (2), for the degradation of acetone and then methanol, cannot 

be supported by the observed, distinct methane productions. 

Table 5.13. Volumes associated with each consecutive methane production and 
methane recoveries associated to the degradation of ethanol, 

methanol and acetone (from the degradation of a binary mixture of 
1.6 gCOD L-1 of ethanol and 25 gCOD L-1 of MP). 

MP COD conc. 25 g L-1 

V1 [mL CH4] 197 

V2 - V1 [mL CH4] 646 

V3- V2 [mL CH4] 1285 

Scenario 1  

CH4 recovery (V1, EtOH) 88% 

CH4 recovery (V2 - V1, methanol from MP) 68% 

CH4 recovery (V3- V2, acetone from MP) 51% 

Scenario 2  

CH4 recovery (V1, EtOH) 88% 

CH4 recovery (V2 - V1, acetone from MP) 25% 

CH4 recovery (V3- V2, methanol from MP) 134% 
 

SMA, BMP and lag phase for increasing initial 1-methoxy-2-propanol 

concentrations (1.0, 5.0, 10 and 25 gCOD L-1) are reported in Table 5.14. It can be 

seen that for the different initial 1-methoxy-2-propanol concentrations, lag phases 

remained quite similar: around 11±2 days for the lowest concentrations and 14±2 

for 25 gCOD L-1. Per contra, methane production rates for 1-methoxy-2-propanol, 

expressed through SMA, showed significant increase with the solvent initial 

concentration. They follow a clear trend, in accordance with the Monod kinetics 

with substrate inhibition, as can be seen in Figure 5.9. The degradation rates 

increase for initial 1-methoxy-2-propanol concentration up to 10 gCOD L-1. For the 

highest tested concentration (25 g COD L-1), a slowing down of the degradation 

kinetics was observed, indicating a substrate inhibition.  

At 25 °C, Lafita et al. (2015) found SMA for the degradation of 2.5 gCOD L-1 

of 1-methoxy-2-propanol of 24±3 mL CH4 g VSS-1 d-1, another evidence (in addition 
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to the shorter lag phase of 6 days) of the better acclimation of the sludge through 

its exposure— in their studies— to 1-methoxy-2-propanol at relatively high OLR. 

Table 5.14. Influence of several initial MP concentrations on the SMA, BMP, 
methane recovery and lag phase for the degradation of MP. Total COD 
removal, final alkalinity and VFA concentration of the EtOH-MP assays. 

MP COD conc. 1.0 g  L-1 5.0 g  L-1 10 g  L-1 25 g  L-1 

SMAMP [mL CH4 g VSS-1 d-1] 7±4 15±5 43±2 28±11 

BMPMP [mL CH4 g COD-1] 103±27 193±20 191±43 195±1 

Lag phase [days] 11±2 12±2 11±1 14±2 

CH4 recovery [%] 29±8 55±6 55±12 56±1 

COD removal [%] 98±1 99±1 98±1 100±1 

Alkalinityfin [mg CaCO3 L-1] 1840 2210 2150 2000±50 

VFAfin [mg CH3COOH L-1] 0 8 0 0 

 

In the current study, the maximal SMA is still almost 5 times smaller than 

the SMA for ethanol. In industrial effluents from packaging factories, given the low 

concentration of 1-methoxy-2-propanol (usually below 1.2 gCOD L-1 in the 

wastewaters), the SMA for 1-methoxy-2-propanol could be expected to be at least 

30 times lower than the one for ethanol in concentrations between 1 and 2 g COD 

L-1. This difference, in addition to the preferential degradation of ethanol, explains 

why this solvent, although very minority in the air emissions of printing packaging 

factories, was found in the effluents of the anaerobic system treating these 

emissions (for example, <1% in the air emissions resulted in a concentration of 1-

methoxy-2-propanol equals to 6±2% of the total COD of the water), even after a few 

months of operation (personal communication, D. Bravo, Pure Air Solutions). 
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Figure 5.9. Influence of the initial MP concentration on the SMA for the 

degradation of MP. 

In this series, the methane recoveries for 1-methoxy-2-propanol (Table 

5.14), based on the BMP values, remained lower than those for ethanol: around 55-

56% (down to 5.0 gCOD L-1) and 29±8% (for 1.0 gCOD L-1). This latest value could be 

partially explained by the low initial concentration of the solvents, due to the 

sensitivity of the method and as previously highlighted with the experiments using 

decreasing concentrations of ethanol. The standard deviation of these parameters 

is also relatively high.  In fact, from all solvents tested, 1-methoxy-2-propanol 

showed the highest standard deviations in the evolution of the methane production 

among the duplicates and the lowest methane recovery, which might be partially 

explained by the long duration of the experiments.  

In contrast, almost complete degradation of solvents in terms of soluble 

COD concentration was observed (at least 98%). The high remaining alkalinity 

concentration and low VFA concentration (max. 7.7 mg CH3COOH L-1) as well as an 

average final pH for all reactors of 7.7±0.1 indicated stable reactors operation with 

no inhibition on the methanogenesis (Table 5.14). 

1-ethoxy-2-propanol 

Another series of experiments was designed to assess the anaerobic 

degradation of 1-ethoxy-2-propanol, in binary mixtures with ethanol and using the 

sludge S-FP. The resulting cumulative volumes of methane produced over time are 

shown in Figure 5.10, for one of the duplicates and for each 1-ethoxy-2-propanol 

concentration. The evolution of the methane production also shows a diauxic shift, 
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however this time, the shift only appears for initial 1-ethoxy-2-propanol 

concentrations higher than 5 gCOD L-1 and the first distinct methane production (V1) 

is higher than the expected production for the amount of ethanol introduced, which 

would be around 224 mL (1.6 g COD L-1 in 0.4 L). These results seem to indicate that 

the degradation of 1-ethoxy-2-propanol is concomitant to the degradation of 

ethanol. Assuming a degradation mechanism similar to the one proposed for 1-

methoxy-2-propanol, it would indicate a fast cleavage of the ether bond. In relation 

with the results from the experiments with 1-methoxy-2-propanol, it could point 

out that the ether-bond cleavage was not the rate-limiting step, but rather the 

metabolic adjustment for the degradation of methanol. 

      

Figure 5.10. Evolution over time of the methane production for several initial EP 
concentrations: a) 1.0, b) 5.0, c) 10 and d) 25 gCOD L-1, in presence of 

1.6 gCOD L-1 of ethanol. 
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The correlation of the consecutive methane productions measured for the 

degradation of the binary mixtures of ethanol and 1-ethoxy-2-propanol with the 

expected volumes induced by the potential intermediates of 1-ethoxy-2-propanol, 

namely ethanol and acetone, can support the hypothesis of an ether cleavage for 

this solvent as well. These volumes of methane for each consecutive methane 

production are given in Table 5.15, as well as the recovery of the expected methane 

productions associated with the degradation of ethanol (introduced and produced 

through the degradation of 1-ethoxy-2-propanol) and with the degradation of 

acetone (produced through the degradation of 1-ethoxy-2-propanol). At an initial 1-

ethoxy-2-propanol concentration of 5.0 g COD L-1, around 61% of the expected 

methane from the degradation of all the ethanol (introduced and produced) was 

recovered in the first methane production (V1). Acetone is subsequently degraded 

(V2-V1), with a good methane recovery around 81%. The diauxic shift observed at 

this level of concentration can therefore be attributed to a preferential substrate 

utilization. 

At higher 1-ethoxy-2-propanol initial concentrations (10 and 25 g COD L-1), 

three consecutive methane productions— with different production rates— were 

observed. Based on the recovered methane, the first two methane productions (V2) 

are mostly related to the degradation of ethanol, with methane recoveries of 85-

90%. The smaller second slope observed between V1 and V2 could be attributed to 

an inhibition by acetone, accumulating in the system while ethanol is being 

degraded (inhibition of the bacteria or shifting of the diol/ketone equilibrium—

inducing a slower release of ethanol). The third methane production (V3-V2) would 

then be related to the degradation of acetone, with methane recoveries of 70-75%.  

Table 5.15. Volumes associated with each consecutive methane production and 
methane recoveries associated with the degradation of ethanol and 

acetone (from the degradation of binary mixtures of ethanol and EP). 

EP COD concentrations 5.0 g L-1 10 g L-1 25 g L-1 

V1 [mL CH4] 319 483 891 

V2 -V1 [mL CH4] 324 273 577 

V3 -V2 [mL CH4] - 550 1490 

CH4 recovery (V1, EtOH introduced and from EP, %) 61   

CH4 recovery (V2-V1, acetone from EP,%) 81   

CH4 recovery (V2, EtOH introduced and from EP, %)  92 86 

CH4 recovery (V3-V2, acetone,%)  69 75 
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 Maximal degradations rates, expressed through SMA values, can be 

calculated for each methane production, i.e. the slope of each section of the curve 

between 0 and V1 (1st slope), V1 and V2 (2nd slope) and V2 and V3 (3rd slope). They are 

reported in Table 5.16. The maximal degradation rates associated with the 

degradation of ethanol (initially added and produced through the degradation of 1-

ethoxy-2-propanol) were from 145 to 152 mL CH4 g VSS-1 d-1 (Figure 5.11), except 

for the experiment with 5.0 gCOD L-1 of 1-ethoxy-2-propanol.  

Table 5.16. Influence of the initial EP concentration on the SMA and BMP for a 
mixture of EP-ethanol, as well as total COD removal, final alkalinity 

and VFA concentration of these assays. 

EP COD conc. 1.0 g L-1 5.0 g L-1 10 g L-1 25 g L-1 

SMAtotal [mL CH4 g VSS-1 d-1]  

1st slope  
146±11 112±2 152±4 145±2 

2nd slope - 41 24 31 

3rd slope - - 43±1 51±2 

BMPtotal [mL CH4 g COD-1] 187±12 239±7 275±10 279±2 

CH4 recovery [%] 53±4 68±2 79±3 80±1 

COD removal [%] 97±1 98±1 97±2 99±2 

Alkalinityfin [mgCaCO3 L-1] 1770 2060 2270±240 1880±20 

VFAfin [mgCH3COOH L-1] 3 15 0 4 

 

The first observed SMA, associated with the degradation of ethanol, is 

around 25% lower than the ones found for ethanol alone (around 200 mL CH4 g     

VSS-1 d-1) in similar conditions, but remains relatively constant for increasing initial 

concentrations of 1-ethoxy-2-propanol (see Figure 5.11), i.e. with no sign of solvent 

inhibition as observed for 1-methoxy-2-propanol. The lower values can be 

understood as a weighted average of the SMA associated with the degradation of 

the ethanol introduced and the one associated with ethanol produced by the 

degradation of 1-ethoxy-2-propanol (this latter production could have a slightly 

lower rate than the one associate with the degradation of ethanol alone). These 
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values, still relatively high, and the good methane recoveries associated with the 

total degradation of ethanol seem to point out that there is no significant inhibition 

of 1-ethoxy-2-propanol on the degradation of the added ethanol.  

However, the SMA associated with the second slopes, for initial 

concentrations of 1-ethoxy-2-propanol higher than 10 gCOD L-1, could indicate an 

inhibition phenomenon by acetone. Alternatively, they could be explained by a 

diauxic effect or by a decrease of ethanol production related the diol/ketone 

equilibrium. For these higher concentrations of 1-ethoxy-2-propanol 

(corresponding to a total released acetone concentration ≥ 1.65 g L-1), the different 

methane productions could indicate that the degradation of acetone occurs after 

ethanol is completely depleted and the SMA associated with its degradation ranges 

between 41 and 51 mL CH4 g VSS-1 d-1, for initial 1-ethoxy-2-propanol concentrations 

of 5.0 and 25 gCOD L-1 respectively. 

 
Figure 5.11. Influence of the initial 1-ethoxy-2-propanol concentration on the 

maximal SMA for mixtures of ethanol and EP. 

Complementary information on the reaction is given in Table 5.16, through 

the total methane recovery, COD removal and final alkalinity and VFA 

concentration. Methane recoveries for the total solvent contents were good (70-

80%) for the higher initial concentrations and small for the lowest concentrations 

(around 50%), which might be due to an experimental bias (especially due to the 

sensitivity of the equipment). On the other hand, solvents removal according to COD 

concentrations was always above 97%, indicating the complete degradation of the 

compounds. The average final pH for all reactors was around 7.4±0.2, with sufficient 
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remaining alkalinity content and no significant accumulation of VFA (<15 mg 

CH3COOH L-1). 

Ethyl acetate 

First experiments with binary mixture of ethanol and ethyl acetate were run 

with initial alkalinity contents around 2.5 g CaCO3 L-1, according to the same 

methodology used with all the other solvents. Like 1-ethoxy-2-propanol, ethyl 

acetate degradation occured concurrently with the degradation of ethanol, as can 

be seen in Figure 5.12 (where no diauxic shift ca be observed). The similarity in 

methane production indicates that this compound is as readily biodegradable as 

ethanol, but does not allow determining distinct SMA and BMP for ethanol alone. 

Therefore, BMP and SMA values are calculated based on the total solvent content 

(ethanol and ethyl acetate). On the contrary to the experiments with 1-ethoxy-2-

propanol, for ethyl acetate initial concentrations above 0.8 g COD L-1, incomplete 

degradation and a clear inhibition phenomenon on the methanogenesis were 

observed, as can be seen from BMP values (Table 5.17): as low as 19 mL CH4 g COD-

1 for an initial ethyl acetate concentration of 10 g COD L-1. According to these biogas 

productions, not even ethanol is fully degraded for the reactors with 5.0 or 10 g COD 

L-1. These incomplete removals are confirmed by the low COD removals achieved: 

<17% (Table 5.17). 

 

Figure 5.12. Evolution over time of the methane production for a binary mixture 
of EA (0.8 gCOD L-1) and ethanol (1.2 gCOD L-1). 
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ethanol, giving clear evidence of ethyl acetate simultaneous degradation. 

Moreover, the SMA calculated on the basis of the short biogas productions, for 

initial ethyl acetate concentration higher than 5 g COD L-1 give values higher than 

the ones for ethanol alone (as high as 336±38 mL CH4 g VSS-1 d-1), indicating a fast 

initial degradation (through hydrolysis in this case) of ethyl acetate— before an 

inhibition phenomenon that stopped the reaction. 

Table 5.17. Influence of initial EA concentrations on the SMA and BMP for binary 
mixtures of EA and ethanol, as well as total COD removal, final 

alkalinity and VFA concentration of these assays. 

Total COD concentration  2.0 g  L-1 6.6 g L-1 11.6 g L-1 

EA COD concentration 0.8 g L-1 5.0 g L-1 10 g L-1 

SMAEtOH+EA [mL CH4 g VSS-1  d-1] 158±4 219±43 336±38 

BMPEtOH+EA [mL CH4 g COD-1] 269±10 47±1 19±1 

CH4 recovery [%] 77±3 14±1 5 

COD removal [%] 98±1 17±7 13±5 

Alkalinityfin [mg CaCO3 L-1] 2330±30 n.d.* n.d. 

VFAfin [mg CH3COOH L-1] 28±40 3510±180 5510±210 

pHfin 7.6±0.1 5.1±0.1 4.7±0.1 

*n.d.: not detected 

These incomplete degradations can be explained by the very low final pH 

(around 5) of the reactors with initial ethyl acetate concentrations of 5 or 10 gCOD 

L-1, as reported in Table 5.17. Such low pH are reported to inhibit the cell 

metabolism, given the high energy consumption necessary to maintain a proper 

intercellular pH (Infantes et al., 2011). Additionally, it can be seen that these low 

pHs were caused by the accumulation of VFA in the reactor (3500-5500 mg 

CH3COOH L-1) and that the initial alkalinity provided was completely consumed. The 

initial high SMAs, in correlation with the high VFA content could be explained by a 

fast production of acetic acid/acetate, released by the rapid hydrolysis of ethyl 

acetate into ethanol and acetate (faster that the acetogenesis step, which would 

produce the same compounds of degradation). 
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Following this conclusion, additional experiments were designed with 

higher initial alkalinity contents (3.1 and 6.2 g CaCO3 L-1 for initial ethyl acetate 

concentrations of 5 and 10 g COD L-1 respectively), to counteract the sudden acetic 

acid production that lead to the acidification of the reactors. The resulting methane 

production for different initial ethyl acetate concentrations, in function of time, are 

given in Figure 5.13.  

 
Figure 5.13. Evolution over time of the methane production for several initial EA 

concentrations: a) 0.8, b) 5.0 and c) 10, in presence of ethanol –with 
higher initial alkalinity concentration. 

The fact that the degradation of ethyl acetate, at a concentration of 0.8 g 

COD L-1, started simultaneously with the degradation of ethanol was confirmed with 

this second set of trials. At higher concentrations (ethyl acetate=10 g COD L-1) a 

diauxic shift is observed, as for 1-ethoxy-2-propanol and 1-methoxy-2-propanol. In 

this case, each consecutive methane production could not be linked with a distinct 
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intermediate degradation (such as ethanol or acetate): the expected production for 

each intermediate did not match with the intermediate methane volumes. 

Therefore, this inflexion in the methane production curves is rather attributed to an 

inhibition; in this case, it could be due to the fast release of acetic acid. Based on 

previous results, this inhibition could be reduced either by an increase in alkalinity, 

either by a higher I/S ratio. 

The high methane recoveries (≥85%) and COD removal (100%), reported in 

Table 5.18, clearly indicated complete degradation of the solvents. Higher alkalinity 

supplementation allowed to keep final pH above neutral values, resulting in low final 

VFA concentrations, i.e. no methanogenic inhibition by low pH occured. 

Table 5.18. Influence of several initial EA concentrations on the SMA and BMP 
for binary mixtures of ethanol and EA as well as total methane 

recovery, COD removal, final alkalinity and VFA concentrations for 
these assays. 

Total COD concentration (EA+EtOH) 2.0 g L-1 6.6 g L-1 11.6 g L-1 

EA COD concentration 0.8 g L-1 5.0 g L-1 10 g L-1 

SMAtotal [mL CH4 g VSS-1 d-1]  

1st slope  

 

154±2 

 

202±11 

 

216±2 

2nd slope  - - 74±11 

BMP [mL CH4 g COD-1] 360±5 297±9 301±4 

CH4 recovery [%] 103±1 85±3 86±1 

COD removal [%] 100±1 100±1 100±1 

Alkalinityfin [mg CaCO3 L-1] 1910±3 3960±80 7170±60 

VFAfin [mg CH3COOH L-1] 129±50 2±3 0 

pHfin 7.7 7.8 8.2 

 
 Degradation rates for the mixture of ethyl acetate and ethanol, expressed 

through SMA values (Table 5.18), are at the same level as degradation rates of 

ethanol, indicating that the hydrolysis of ethyl acetate could as fast, at least initially, 

than the metabolization of ethanol. 

SMA variations according to the initial ethyl acetate concentration, given in 

Figure 5.14, shows no sign of solvent inhibition— even at the highest concentration 
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tested. Other authors reported anaerobic degradation for initial concentrations of 

ethyl acetate around 1.1 g COD L-1 (Chou et al., 1978a), 2.15 g COD L-1 (Schwartz, 

1991) up to 3.44 gCOD L-1 (Symons and Buswell, 1933) at slightly higher 

temperatures (33 to 37 °C). Yanti et al. (2014) reported a drop in the pH at the end 

of the anaerobic degradation (from 7.5-8 to 5-6), for concentrations of ethyl 

butanoate or ethyl hexanoate higher than 5.0 g L-1 (similarly to the first experiments 

in the present study, with usual alkalinity content around 2.5 g CaCO3 L-1). 

 
Figure 5.14. Influence of the initial EA concentration on the SMA for 

binary mixtures of ethanol and EA. 

The present study, showing no inhibition of ethyl acetate at concentrations 

of 10 g COD L-1 at 25 °C, indicates that proper alkalinity supplementation is a key 

element for stable reactor operation when treating esters such as ethyl acetate. The 

supplementation of alkalinity, in order to set a strong buffering system, would be 

especially important during the start-up period of anaerobic reactors degrading 

esters, until steady conditions are reached and sufficient activity of acetoclatsic 

methanogens (in the case of ethyl acetate degradation) is developped. The results 

of this study also allow explaining why ethyl acetate was not found in the liquid 

effluents of the anaerobic bioscrubber treating emissions from a packaging factory 

(for the flexographic printing processes), even though ethyl acetate represented 

around 25% of the airborne VOCs of their emissions.  

These positive results open up to the possibility of applying anaerobic 

bioscrubbing to industrial air emissions containing relatively high concentrations of 

ethyl acetate (e.g., in the packaging industry, for the laminating processes), as it 
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seems the reported limitations can be overcome by adjustments in the alkalinity 

supplementation. A challenge for applying this technology to higher ethyl acetate 

concentrations would be enhancing the transfer of this compound from the gas to 

the liquid phase, in order to increase the applicable load to be treated/reduce the 

size of the scrubber. This transfer relation is characterized by the Henry constant 

Hcc, equals to Hcc=6.93x10-3 for ethyl acetate. Hcc is taken as the dimensionless ratio 

between the aqueous-phase concentration ca of a compound and its gas-phase 

concentration cg and the values given for a temperature of 25 °C (Sander, 2015): 

𝐻𝑐𝑐 =
𝑐𝑎
𝑐𝑔

 (5.5) 

This relatively low value can hinder to some extent the transfer of ethyl 

acetate fom the gas to the liquid fraction.  Therefore, a side-study was developed, 

in cooperation with Dr. Bruneel from the EnVOC group of the University of Ghent 

(Belgium), to quickly assess if a better scrubbing could be achieved by the use of 

additives in the water. Indeed, this research group reported the improvement of 

(odorous) VOC transfer from a gas to a water phase using different additives 

(Bruneel et al., 2015). Optimal enhancement of the partition towards water was 

achieved with cyclodextrins as additive.  

Thus, β- cyclodextrin was taken as an additive for the experiments with ethyl 

acetate (see general structure in the Figure 5.15). The trials were carried out at 20 

°C, chosen as the average temperature in scrubbers treating airborne VOCs from the 

flexographic packaging industry, i.e. the expected temperature of the gas-liquid 

transfer. The partition coefficient between air and water (KAW, the equivalent of Hcc 

when the liquid phase is not pure water and the gas phase is air) was measured 

using a specially designed dynamic absorption method based on selected-ion flow-

tube mass spectrometry (SIFT-MS), which was developed by the EnVOC research 

group (Bruneel et al., 2016). In these conditions, the KAW of ethyl acetate were 

measured in function of increasing β-cyclodextrin concentration (0.0, 5.0, 10 and 15 

g L-1).  
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Figure 5.15. β-cyclodextrin structure highlighting its apolar cavity (Michael 

Palmer, 2012). 

No influence of concentrations up to 15 g L-1 of β-cyclodextrin was detected, 

the partition coefficient staying in a range of Kaw=3.7—4.5x10-3. The main reason 

that could explain the absence of effect is that ethyl acetate might be already too 

polar to be captured in the cyclodextrin (apolar) cavity, inducing high rejection 

forces preventing it from entering cyclodextrin cavity. Another option would be that 

the size (0.539 nm of diameter) and structure of ethyl acetate make it difficult for 

the molecule to fit in the cavity (0.78 nm), a phenomenon which was observed with 

2-methylpropanol (personal communication, Dr. Bruneel). Thus, if further research 

should be implemented to find an additive for this enhancement, maybe a different 

capturing mechanism could be studied.  

Alternatively, in relation to the shifting of the gas-liquid partitioning and for 

more apolar compounds, further study could focus on a different approach such as 

the use of silicon oil, for instance, which was proven to enhance the scrubbing of 

styrene in aerobic bioreactors (San-Valero et al., 2017). In any case, the 

compatibility of the compound chosen to enhance this transfer should be tested 

against anaerobic degradation. 

2-propanol 

The evolution of the methane production associated with the degradation 

of a mixture of 2-propanol and ethanol presents a diauxic shift as for 1-methoxy-2-

propanol, biomass using preferentially ethanol before switching to 2-propanol, as 

can be seen in Figure 5.16. The experiments with 1.2 gCOD L-1 of 2-propanol have 

only 0.8 gCOD L-1 of ethanol, explaining the lower first biogas production, compared 

to the experiments with higher concentrations. Results concerning first ethanol and 

then 2-propanol degradation are discussed hereafter. 
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Figure 5.16. Evolution over time of the methane production for several initial IPA 
concentrations: a) 1.2, b) 5.0, c) 10 and d) 25 gCOD L-1, in presence of 

ethanol. 

Concerning the degradation of ethanol, methane production curves 

associated with its degradation can be seen in the Figure 5.17 (plot focused on v1) 

and show no sign of inhibition on the anaerobic degradation of ethanol, for 

concentrations of the secondary solvent up to 25 g COD L-1. 
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Figure 5.17. Cumulative methane production for the degradation of 1.6 gCOD L-1  
of ethanol, in the presence of 5 to 25 gCOD L-1 of IPA. 

SMA for the degradation of ethanol, BMP and methane recovery for 

increasing initial concentrations of 2-propanol are reported in Table 5.19. The 

methane production rates associated with the degradation of ethanol, expressed 

through the observed SMA values, were unaffected by any tested concentration of 

2-propanol. As can be seen in Table 5.19, for the lowest concentrations (1.2 g COD 

L-1 of 2-propanol and 0.8 g COD L-1 of ethanol), degradation rates were within the 

same range: around 90-100 mL CH4 g VSS-1 d-1, as for the experiments at the same 

concentration levels with ethanol and 1-methoxy-2-propanol (cf Table 5.11).  The 

BMP values were also very similar to previous BMP values found for the degradation 

of ethanol (considering the sensitivity of the equipment).  

SMA values for higher concentrations of 2-propanol, with an ethanol initial 

concentration of 1.6 g COD L-1, remained between 198±8 and 208±7 mL CH4 g VSS-1 

d-1 and methane recoveries ranged from 89±2% to 94±3%, regardless of the initial 

concentration of 2-propanol (5.0, 10 or 25 gCOD L-1). These values were practically 

the same observed SMA values as for the experiments with ethanol as the sole 

solvent— for similar levels of concentration (cf Table 5.11). This indicates that, even 

at concentrations of 2-propanol as high as 25 g COD L-1, there is no perceptible 

inhibition on the degradation of ethanol for the tested conditions. Ince et al. (2011) 

found inhibitory levels of 2-propanol starting from 0.1 M (14.4 g COD L-1), using 

acetate as a reference substrate and at 37 °C, with a half maximal inhibitory 

concentration (IC50) of 0.27 M (38.9 g COD L-1). The higher inhibitory threshold in 

0

50

100

150

200

250

300

350

0 20 40 60 80

C
H

4
vo

lu
m

e
 [

N
m

L]

Time [h]

5g IPA A

10g IPA A

25g MP A

5 gCOD L-1

10 gCOD L-1

25 gCOD L-1



142 Anaerobic biodegradation of solvents at laboratory scale 

 

the current study, as no influence on ethanol degradation rate has been observed 

at any concentration tested, might be explained by the use of a sludge previously 

exposed to this solvent (cf the influence of previous exposure on 2-propanol 

degradation in the section 5.2.1.2).  

Table 5.19. Influence of several initial IPA concentrations on the SMA and BMP 
associated with the degradation of ethanol. 

IPA COD concentration **1.2 g L-1 5.0 g L-1 10 g L-1 *25 g L-1 

SMAEtOH [mL CH4 g VSS-1  d-1] 87±6 201±9 208±7 198 

BMPEtOH [mL CH4 g COD-1] 258±8 311±8 317±1 330 

CH4 recovery [%] 74±2 89±2 90 94 

*results correspond to one replicate 

** ethanol concentration: 0.8 g COD L-1, unlike the other assays (1.6 g COD L-1). 

Concerning the degradation of 2-propanol, the methane recovery 

associated to its degradation – based on the BMP values— remained lower than 

those of ethanol: around 69-75%, except for the test with the lowest concentration 

(recovery of 56±8%). Althought almost complete degradation of solvents in terms 

of soluble COD concentration was observed: at least 98%, for the highest 

concentration of 2-propanol tested (Table 5.20).  

Table 5.20. Influence of several initial 2-propanol concentrations on the SMA, 
BMP, methane recovery and lag phase for the degradation of 2-
propanol in binary mixtures with ethanol, as well as total  COD 

removal, final alkalinity and VFA concentrations for these assays. 

IPA COD concentration 1.2 g L-1 5.0 g L-1 10 g L-1 25 g L-1 

SMAIPA [mL CH4 g VSS-1 d-1] 34±1 89±8 89±1 35 

BMPIPA [mL CH4 g COD-1] 196±29 262±1 245±13 242 

Lag phase [days] 4 12±1 18 126 

CH4 recovery [%] 56±8 75±1 70±4 69 

COD removal [%] 99±1 99±1 99±1 98 

Alkalinityfin [mg CaCO3 L-1] 2280±10 2130±50 2250±30 1670 

VFAfin [mg CH3COOH L-1] 5 2±2 22±13 570 
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SMA, BMP and lag phase for the anaerobic degradation of 2-propanol are 

reported in Table 5.20. Among these parameters, the most noticeable effect of 

increasing initial 2-propanol concentrations was the lengthening of the lag period, 

reaching even 126 days for the highest tested concentration of 25 g COD L-1, showing 

that higher concentration of the target solvent increased the required time for its 

final metabolization to methane. Similar lag is reported for the degradation of the 

equivalent of 1.2 g COD L-1 of 2-propanol: acclimation time of 4 days was reported 

for assays with serum bottles (Chou et al., 1978a).  

For 2-propanol, methane production rates followed a clear trend in 

accordance with Haldane kinetics (Monod kinetics with substrate inhibition for the 

highest concentrations, as can be seen in Figure 5.18.), alike the trend of the 

degradation kinetics for 1-methoxy-2-propanol. The degradation rate increased for 

initial 2-propanol concentration up to 5.0 g COD L-1, reaching a plateau at least until 

a 10 g COD L-1. For the highest tested concentration (25 g COD L-1), a slowing down 

of the degradation kinetics is observed, which can be related with the higher final 

VFA concentration (570 mg CH3COOH L-1)— in comparison with those observed for 

the assays with lower initial concentrations of 2-propanol (< 25 mg CH3COOH L-1). 

Indeed, this accumulation of VFA could have resulted in the observed inhibition of 

the methanogenic population, as was previously pointed out with ethyl acetate and 

is an indicator of the process imbalance between acetogenic and methanogenic 

populations (Ahring et al., 1995). The higher final VFA concentration resulted in a 

slightly higher alkalinity consumption (Table 5.20). However, final pH for all 

experiments remained close to neutral values, with an average pH of 7.6±0.1. 

Therefore, as pH remained above neutral values, no strong inhibition by low pH was 

observed – unlike the first experiments with ethyl acetate, where the degradation 

was completely stopped. 
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Figure 5.18. Influence of the initial 2-propanol concentration on the SMA for the 

degradation of 2-propanol – in presence of ethanol. 

Another important parameter that can be evaluated from Figure 5.18 is the 

recommended organic load rate for a continuous anaerobic bioreactor treating 2-

propanol. As an example, in the scope of the current study— focused on the 

application of the anaerobic bioscrubber to the printing packaging sector— 

concentrations of solvents are usually found in the range of 1 to 2 g COD L-1. Based 

on the SMA results and taking the initial COD concentration tested in this range (1.2 

g COD L-1), an equivalent of 0.17 g COD g VSS-1 d-1 could be removed. The 

degradation mechanism of 2-propanol into acetone is not commented here, but 

rather in the next subsection, as additional results will allow a deeper discussion. 

5.2.2.2 Ternary mixture of ethanol, 2-propanol and 1-methoxy-2-propanol 

In order to identify potential interferences among solvents, experiments 

with a mixture of 1.6 g COD L-1 of ethanol, 1.2 g COD L-1 of 2-propanol and 6.6 g COD 

L-1 of 1-methoxy-2-propanol were run. One of the resulting methane production 

curves, presenting a diauxic shift, is presented in Figure 5.19 as an example. 
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Figure 5.19. Evolution of the methane production over time for ternary a mixture 

of solvents (MP: 6.6 gCOD L-1, IPA: 1.2 gCOD L-1 and EtOH: 1.6 g COD L-

1). 

The methane production curves and SMA values are very similar to the ones 

observed with a binary mixture of ethanol and 1-methoxy-2-propanol or 1-ethoxy-

2-propanol. Two scenarii can be drawn to explain this diauxic shift, summarized in 

Table 5.21.  

Table 5.21. Volumes associated with each consecutive methane productions and 
methane recoveries associated with the degradation of a mixture of 

solvents (ethanol+IPA+MP). 

 Mixture COD= 9.4 g L-1 

V1 [mL CH4] 340 

V2 –V1 [mL CH4] 597 

Scenario 1  

CH4 recovery (V1, ethanol + methanol from MP) 71% 

CH4 recovery (V2 –V1, acetone from MP and IPA) 73% 

Scenario 2  

CH4 recovery (V1, ethanol + acetone from IPA) 91% 

CH4 recovery (V2 –V1, acetone + methanol from MP) 65% 

Methane recovery for the total solvent supplemented, based on the BMP 

values (Table 5.22) averaged 71±1%. The first SMA, associated with the concomitant 

degradation of ethanol and acetone, is within the SMA previously found for each of 
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these solvents (200 and 40 mL CH4 g VSS-1 d-1 respectively). The second slope has a 

corresponding SMA of 42±1 mL CH4 g VSS-1 d-1. This latter slope is similar to the ones 

associated with the degradation of acetone from 1-methoxy-2-propanol (for an 

initial COD=10 g L-1: 43±2 and for 5 gCOD L-1: 15±5 mL CH4 g VSS-1 d-1) and even more 

alike to the one associated with the degradation of acetone consecutive to the 

degradation of ethanol, so from 1-ethoxy-2-propanol (5 gCOD L-1): 41 mL CH4 g VSS-

1 d-1. Better understanding of the highlighted synergetic effects between the 

degradation of ethanol, methanol and acetone (or 2-propanol) could be further 

investigated by running— in parallel—reactors with a secondary solvent (1-ethoxy-

2-propanol, 2-propanol or 1-methoxy-2-propanol) or acetone alone and reactors 

with the same secondary solvent or acetone and ethanol. 

Table 5.22. SMA and BMP for a mixture of solvents, with initial concentrations of 
IPA=1.2 g COD L-1, EtOH=1.6 g COD L-1 and MP=6.6 g COD L-1. 

 Mixture of solvents 

SMAtotal [mL CH4 g VSS-1 d-1] 1st slope 117±1 

2nd slope 42±1 

BMPtotal [mL CH4 g COD-1] 249±4 

5.2.2.3 Solvents as sole substrates 

Acetone, 1-ethoxy-2-propanol (chosen as a model of glycol ethers typically 

found in the packaging industry) and 2-propanol degradations in the absence of 

ethanol were also evaluated. Therefore, methane production in function of time 

showed in Figure 5.20 and Figure 5.21 are only related to the degradation of each 

of the tested secondary solvents (and not also to ethanol, as in the previous sub-

sections). Even though acetone is not a significant solvent found in effluents of 

printing packaging factories, it was selected as it was expected to be a main 

intermediate for the three secondary solvents mostly found: 1-ethoxy-2-propanol, 

2-propanol and 1-methoxy-2-propanol.  

These assays were run with the S-FP sludge (stored 1.5 years), explaining 

the longer lag phases and lower SMA in regards to the results from the rest of the 

section. The results for 2-propanol and acetone, showing similar behaviour with an 

apparent relatively constant degradation rate, are first discussed and then the 

results for 1-ethoxy-2-propanol are commented. 
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Figure 5.20. Comparison of cumulative methane production for the degradation 
of a) acetone and b) 2-propanol– as sole substrates. Initial solvent 

concentration = 5.0 g COD L-1 

For the experiments with acetone and 2-propanol, methane recoveries 

ranged between 68-74% and relatively high TOC removals (above 85%), indicating 

almost complete removal of the solvents (Table 5.23). SMA, BMP and lag phases for 

these tests are also given in Table 5.23). The lag phase for the degradation of 

acetone is 2.5-fold shorter than the lag phase for the degradation of 2-propanol. It 

could be inferred that 2-propanol-utilizing bacteria took here 38 days to degrade 2-

propanol into acetone and then acetone degradation started (probably with 

another bacterial species as put forth by Tonouchi (2004)).  

Table 5.23. Comparison of the degradation of acetone and 2-propanol as sole 
solvents, with initial concentrations of 5.0 gCOD L-1. Methane recovery 

and COD removal for these experiments. 

 Acetone* 2-propanol 

SMA [mL CH4 g VSS-1  d-1] 34 36±3 

BMP [mL CH4 g COD-1] 258 239±3 

Lag phase [days] 26 64±2 

CH4 recovery [%] 74 68±1 

TOC removal [%] 85 92±1 

*Results correspond to one replicate.  
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On the other hand, the degradation of 1-ethoxy-2-propanol presented three 

inflexions in the methane production curve (Figure 5.21) —which was previously 

only observed for higher initial concentrations of 1-ethoxy-2-propanol (10 or 25 

gCOD L-1, see Figure 5.10).  

 
Figure 5.21. Cumulative methane production for the degradation of 5.0 g COD L-1 

of 1-ethoxy-2-propanol – as the sole solvent. 

The resulting consecutive methane productions could be linked with the 

degradation of the intermediates of 1-ethoxy-2-propanol (ethanol and acetone), as 

reported in the Table 5.24. According to this possible scenario, the two last methane 

productions seem to be associated with the degradation of acetone. The (unusual) 

lag observed between v2 and v3 could be attributed to a change in the degradation 

pathway of acetone (e.g. a shift in the active population treating the solvent) or the 

time required for the activation of some species of the heterogenous population 

present or re-development of some enzymatic pathways, after a long period of time 

without metabolizing a glycol ether. 

Table 5.24. Volumes associated with each consecutive methane production and 
methane recovery associated with the degradation of ethanol and 

acetone (from the degradation of pure EP). 

EP concentrations COD= 5.0 g L-1 

V1 [mL CH4] 164 

V2 -V1 [mL CH4] 182 

V3 -V2 [mL CH4] 115 

CH4 recovery (v1, ethanol) 55% 

CH4 recovery (V3-V1, acetone) 75% 
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SMA, BMP and lag phases for 1-ethoxy-2-propanol are given in Table 5.25. 

Effect of the period without any exposure to solvent on the sludge is clear: a lag 

phase of 7 days appears, slower SMA are deduced from its degradation (cf previous 

values in Table 5.16)— further evidence of the struggle of methanogens to degrade 

the compound. Morevover, even though TOC removal was of 91%, methane 

recoveries ranged around 60% (Table 5.25).  

Table 5.25. SMA, BMP and lag phases for the degradation of 1-ethoxy-2-
propanol, as the sole substrate, with an initial concentration of 5.0 
gCOD L-1, as well as methane recovery and TOC removal for these 

assays. 

 1-ethoxy-2-propanol 

SMA [mL CH4 g VSS-1  d-1] 32±1 

BMP [mL CH4 g COD-1] 206±34 

Lag phase [days] 7±1 

CH4 recovery [%] 59±10 

TOC removal [%] 91±1 

5.3 BIODEGRADATION OF 2-PROPANOL IN CONTINUOUS 

Main results of the degradation of 2-propanol in a CSTR are summarized in 

two figures in this subsection. Figure 5.22 shows the evolution over time of the 

overall OLRs and REs, specific 2-propanol OLRs and RE as well as methane yield, 

whereas Figure 5.23 shows the total soluble COD and soluble COD concentrations 

associated with 2-propanol, the VFA concentration as well as the respective 

concentrations of acetone, 2-propanol and ethanol in the effluents of the reactor. 

During the whole experiment, the pH was kept stable at 7.9±0.4 and analyses 

showed that nutrients were provided in sufficient concentrations, far below any 

inhibitory level.  

Over phase A, the OLR of ethanol increased progressively from 1.2 to 9.3 kg 

COD m-3 d-1. Nearly complete removal efficiencies (>99%) were observed for all OLRs 

(Figure 5.22), indicating a successful start-up using ethanol as the sole organic 

substrate. Methane production increased to reach stoichiometric values, with an 

average methane yield of 0.33±0.04 Nm3 CH4 kg COD removed-1 (Figure 5.22). VFA 

values remained under 100 mg CH3COOH L-1, except on day 15 (Figure 5.23)  when 

a sudden increase of the OLR punctually destabilised the equilibrium between 

bacterial populations. The observed peak of VFA is a typical reactor response to 
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rapid variation in OLR (Leitão et al., 2006). From this point on and until day 35, OLRs 

were smoothly increased in two consecutive steps. 

Thereafter, the addition of 2-propanol in a 1:9 mass ratio with ethanol was 

started (phase B-I until phase B-II), resulting in a decrease in the RE from 99 to 88%. 

The exposure of the biomass to 2-propanol caused partial and unstable removal of 

2-propanol, with REs oscillating between 40 and 80 %, needing more than 3 weeks 

(from days 35 to 58) to achieve stable 2-propanol RE of 80% (Figure 5.22). 

 After a pump failure, which caused a break in the solvent feeding, 

operations were resumed with a mixture of ethanol and 2-propanol in a 1:1 mass 

ratio (phase B-II). Since day 67, high RE of 2-propanol (> 90%) have been obtained 

with 3 kg COD m-3 d-1 of 2-propanol, indicating that the anaerobic degradation of 2-

propanol is not affected by shut-off periods of even 5 days. From day 60 on (period 

B-II), GC analysis revealed the complete degradation of ethanol and the presence of 

2-propanol as well as acetone in the effluent. According to Widdel (1986), 2-

propanol cannot replace acetate as the main carbon source of bacterial cells, but is 

an hydrogen donor for a Methanospirillum sp. which converts it into acetone.  It is 

worth pointing out that the production of methane from day 67 was half of the 

expected one according to stoichiometry (0.16 Nm3 CH4 kg COD removed-1), which 

seems to indicate that the production of methane was mainly associated with the 

metabolisation of ethanol. To corroborate this fact, the feeding was switched to 

pure ethanol on day 70, quickly restoring the methane yield to 0.33 Nm3 CH4 kg COD 

removed-1 (close to the stoichiometric 0.35). Thereafter, the methane yield 

increased systematically until a maximum of 0.45 Nm3 CH4 kg COD removed-1 on day 

78 (Figure 5.22). This high methane production (1.3 times the stoichiometric) 

coincided with a peak of VFA: 629 mg CH3COOH L-1 (day 77, Figure 5.23), indicating 

that the maximal metabolic rate of the methanogenic community was reached. The 

average methane yield from day 67 to 78 was close to stoichiometric values (0.32 ± 

0.09 Nm3 CH4 kg COD removed-1), thus the metabolisation of the 2-propanol to 

methane can be considered almost complete at the end of phase B-II. 
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Figure 5.22. Evolution over time of the a) total OLR (o), RE (♦), b) OLR (o) and RE 

(♦) associated with IPA and c) methane yield for the CSTR experiments 
treating a binary mixture of IPA-ethanol. 

a)

b)

c)
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Figure 5.23. Evolution over time of the a) COD (total or associated with IPA), b) 
VFA and c) ethanol, IPA and acetone concentrations in the effluent of 

the CSTR. 

a)

b)

c)
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These results point out toward a possible production of intracellular 

compounds, which are non-detectable as soluble organic matter, during the 

anaerobic degradation of 2-propanol. The degradation of acetone to methane and 

CO2 was reported to be the first case in which acetate is the only intermediate 

transferred between a fermenting eubacterium and a methanogen (Platen and 

Schink, 1987). According to these authors, acetone is first carboxylated to 

acetoacetate by condensation with CO2, from which acetate is formed and then 

transferred to Methanotrix sp., the acetate-utilizing methanogen bacteria. In 

addition, (Vecherskaya et al., 2001) established the possible connection between 2-

propanol and polyhydroxybutyrates (PHB) by detecting 2-propanol and acetone 

production during anaerobic degradation of PHB. These observations lead to the 

hypothesis that the efficient transfer of acetate from acetogens to acetoclastics 

bacteria had been slowly developed in our anaerobic culture, originating from a 

brewery wastewater treatment plant – in which interspecies hydrogen (rather than 

acetate) transfer usually plays the major role in methanogenic degradation 

pathway.  

After ensuring nearly full metabolisation of 2-propanol in presence of 

ethanol, 2-propanol was used as the sole organic substrate (day 84, Phase C-I). REs 

higher than 90 % were obtained (Figure 5.22). However, the methane production 

mimicked the behaviour observed in phase B-II. From day 84, no production of 

methane was obtained while a progressive increase occurred until day 90 (Figure 

5.22). The carbon mass balance between days 84 and 90 supported that 92% of the 

2-propanol fed was converted into methane with VFAs concentration in the effluent 

up to 250 mg CH3COOH L-1 (Figure 5.23). Both phenomena suggest that, even with 

a granular sludge acclimated to solvents such as 2-propanol or acetone, ethanol 

plays a major role in the microbial population dynamics. The absence of ethanol 

could have an impact by limiting the acetate available to all the competing 

methanogenic bacteria, causing process imbalances. From day 90 on, the 

degradation of 2-propanol was improved, achieving performances similar to the 

ones previously obtained in presence of ethanol.  

On day 108 (phase C-II), the OLR was increased to 6 kg COD m-3 d-1 of 2-

propanol (Figure 5.22). A significant decrease in 2-propanol REs was observed, with 

a subsequent increase in the effluent acetone and 2-propanol (Figure 5.23). 

Methane yield dropped to 0.15 Nm3 CH4 kg COD removed-1 (Figure 5.22) which is 

slightly lower than half of the stoichiometric value, strengthening the assumption 

that the growth of the acetate-utilizing methanogenic bacteria is the limiting step in 

2-propanol degradation rather than the growth of 2-propanol-oxidizer bacteria. 



154 Anaerobic biodegradation of solvents at laboratory scale 

 

After one week working at this OLR, a complete desintegration of the granules was 

observed as well as a decrease in RE for the 2-propanol: from 98 to 78 % (Figure 

5.22), suggesting that the system suffered from a solvent shock load. In this regard, 

several authors experimented a phenomenon of granular erosion and even 

degranulation of the biomass under stressing conditions and during the exposure to 

specific organic solvents (Costa et al., 2009; Lafita et al., 2015). The load change from 

the previous phase was too high to allow the degradation of 2-propanol as sole 

substrate, being metabolised via the association of very specific syntrophic bacteria 

unlike ethanol— which metabolisation admits more commonly found species. 

Apparently, this resulted in a great impact on the granulation mechanism, which in 

turn influences the dynamics of the bacteria populations. 

The results obtained with the CSTR are consistent with those obtained by 

batch bioassays, as stable and high REs were achieved using 3 kg COD m-3 d-1 of 2-

propanol, the equivalent of an SLR of 0.17 kg COD kg VS-1 d-1 (COD effluent equals 

to 0.9 g COD L-1). This value matches with the one observed in batch for 1.2 g COD 

L-1. Girault et al. (2012) inferred that batch experiments can predict methane 

production in the absence of inhibition, as batch performances depend on the 

inoculum and the chosen operational conditions. The CSTR experiments led to a 

better understanding of the process, including the detection of intermediate 

degradation products as well as to a tentative explanation of the synergetic 

evolution of 2-propanol degradation and methane production. Based on these 

evidences, continuous degradation of pure 2-propanol should be undertaken at SLR 

of around 0.17 kg COD kg VS-1 d-1; higher SLR (0.34 kg COD kg VS-1 d-1) caused 

degranulation.  

5.4 CONCLUSIONS AND PERSPECTIVES 

 
The experiments at laboratory scale allowed to reach several conclusions 

concerning the anaerobic biodegradability of the solvents of interest. First of all, the 

obtained results indicate that anaerobic treatment of ethanol-rich effluents from 

printing packaging industries would not be inhibited by the presence of 1-methoxy-

2-propanol, 1-ethoxy-2-propanol, ethyl acetate or 2-propanol as secondary solvents 

– even if relatively high concentrations are punctually reached.  

Second, all secondary solvents can be degraded, most of them at slower 

rates than ethanol (except ethyl acetate), explaining their observed accumulation in 
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the pilot-scale anaerobic bioscrubber. 1-methoxy-2-propanol and 1-ethoxy-2-

propanol can be degraded after some enzymatic development: 

 1-methoxy-2-propanol is the slowest degraded solvent. A viable option for 
the enhancement of its degradation, considering the applicability of that 
solution at industrial scale, could be via the supplementation of specific 
micronutrients, usually found as co-factors of enzymes (in chapter 7); 

 1-ethoxy-2-propanol is the main secondary solvent found in the 
wastewaters of the packaging factory, thus further study of its 
degradation and acclimation at pilot-scale should be conducted, to ensure 
a smooth start-up of the anaerobic reactor (chapter 6). 

 

These results are the first inhibition studies conducted on these glycol 

ethers at these concentrations. Moreover, the observed degradation patterns seem 

to be in accordance with the mecanisms put forth by Speranza et al. (2002). and 

Lafita et al. (2015), which implies the cleavage of the ether bound, through a 

transhydroxylation— forming a geminal diol compound as intermediate. 

 
2-propanol requires specific microorganisms for its degradation, which have 

to be either present or developed in the seeded sludge. Present results suggest that 

with proper acclimation, it could be even degraded at high OLR, i.e. factories using 

2-propanol as the main solvent: further degradation and acclimation study will be 

conducted at pilot-scale, to ensure a smooth start-up of the anaerobic reactor 

(chapter 6). These results constitute the first attempt in the literature to ascertain 

the anaerobic degradability of 2-propanol in continuous and as the main carbon 

source. Perspective studies could include the investigation of key parameters 

influencing the granulation of a sludge treating 2-propanol as sole or main substrate.  

Moreover, ethyl acetate, an important solvent found in the air emissions of 

the packaging industry, could also be degraded anaerobically, with sufficient 

alkalinity content. Increasing the alkalinity content in the present experiments 

allowed to degrade higher concentrations of ethyl acetate than previously reported 

by Yanti et al. (2014). The enhancement of its transfer from an air to a water phase 

is out of the scope of this work, but constitutes an interesting perspective for future 

studies.  

 Finally, as previous exposure to the secondary solvents induced better 

performances for their treatment (reduced lag time and higher SMA), for future full-

scale application, using a source of sludge treating printing packaging effluents 

should be favoured. However, given that the anaerobic bioscrubber is a new 
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process, still not implemented at full-scale, such source of sludge is not yet available. 

But alternatively, it has been demonstrated that granular anaerobic sludge from 

high-rate bioreactors treating brewery wastewaters is a suitable source of sludge 

for the treatment of the mixture of solvents studied, even though some acclimation 

time might be needed for the secondary solvents.   
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6.1 WORKING PLAN 

The experiments carried out with the pilot-scale EGSB reactor –presented 

in this chapter— aimed at acquiring a better understanding of the degradation 

performance for the solvents of interest, including continuous phenomenum such 

as build-up of compounds or acclimation, in order to ensure a smooth industrial 

implementation of the process. The studies are focused in determining the rates of 

the anaerobic degradation and the required acclimation period for the solvents of 

interest.  

Ethanol was used to start-up the EGSB reactor, which was seeded with a 

sludge treating brewery wastewaters (S-B1), before starting any experiment with a 

specific solvent under investigation. The performance of the reactor during these 

periods was used as a baseline. Two main trials were designed, focused on the 

degradation of 2-propanol or on the anaerobic treatment of a glycol ether (with 1-

ethoxy-2-propanol as a model compound): 

1. The degradation of 2-propanol was investigated, at OLR corresponding to its 

use as the main solvent (instead of ethanol) in packaging printing factories 

and at SLR similar to the ones obtained with the laboratory-scale studies. 

There were two sets of experiments, allowing to study the influence of the 

temperature, as well as the strategy to increase the OLR: one at controlled, 

sub-mesophilic temperatures (over 20 °C) with smooth increases of the OLR, 

another one at lower, psychrophilic temperatures (<20 °C), with bigger 

increasing steps of the OLR. 

2. Studies with 1-ethoxy-2-propanol, as a secondary solvent, have been 

undertaken first with spikes, then with continuous addition. Ethanol was kept 

as the main solvent for these studies. 

Additionally, some side-studies were performed, briefly assessing the 

influence of key parameters: 

3. Temperature: experiments compared the degradation at psychrophilic and 

sub-optimal mesophilic temperatures, using an easily biodegradable solvent- 

ethanol- as the main substrate. 

4.  Nutrients supplementation, more specifically, the influence of the dosing of 

S and the N/P ratio. 

It has to be noted that during periods when the supplementation of 

nutrients was not studied, the composition of supplemented nutrients was kept 

constant and their feeding aimed to ensure that sufficient nutrients were provided 
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to the biomass, i.e. no strict minimization of the nutrients was intended, in order to 

avoid any nutrients limitations in the phases when the solvents degradation was 

studied. 

The general chronology of the experiments is given in Table 6.1. More 

details on each of these experiments are given hereafter. The determination of the 

biogas production, recoveries and removal of solvents are also explicated (6.1.4) 

and the experimental measurements allowing to use the assumptions concerning 

the biogas composition and recovery are given (6.1.5). 

Table 6.1. Overview of the main experiments carried out at pilot-scale. 

  Solvent- 
Phase 

 
Main objective 

Temperature  
range, season 

  EtOH-A  Start-up of the pilot-EGSB, with 3 m3 of S-B1 
Sub-mesophilic,  

Autumn 2015 
  

IPA-C 
 Study of 2-propanol as a minoritory solvent 

(feeding in spikes), in presence of ethanol 

  
IPA-D 

 Study of 2-propanol as the main solvent, in 

presence of ethanol 

Psychrophilic, 

Winter 2015 

  
IPA-E 

 Study of 2-propanol as the main and sole 

solvent 

  
EtOH-B 

 Comparative study on the influence of cold 

temperatures on the degradation of ethanol 

  

EP-A 

 Addition of 1 m3 of S-B1. Study of EP as a 

minoritory solvent (feeding in spikes), in 

presence of ethanol 
Sub-mesophilic, 

Spring 2016   EtOH-C  Baseline before EP feeding in continuous 

  
EP-B 

 Study of EP as a minoritory solvent (feeding 

in continuous), in presence of ethanol 

  EtOH-D  Baseline before 2-propanol feeding 

Sub-mesophilic, 

Summer 2016 

  IPA-A  Study of 2-propanol, in presence of ethanol 

  
IPA-B 

 Study of 2-propanol as the main and sole 

solvent 

  EtOH-E  Study of the maximal OLR applicable. 
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6.1.1 Studies on the biodegradation of 2-propanol  

Two studies on 2-propanol degradation are distinguished:  

 one carried out at temperatures close to the 25 °C of the 

experiments at laboratory scale and to the original operational 

temperatures of the S-B1 sludge used in the EGSB (≈26 °C). 

Practically, the average temperature was slightly higher: 26.2 ± 1.6 

°C (“warm/sub-mesophilic” study). 

 Another one carried out around the limits of the mesophilic range, 

at 20 °C or slightly under, to assess the importance of temperature 

control for industrial application (“cold/ psychrophilic 

temperatures” study). 

As the bioreactor was always started with ethanol, for the testing there 

were increases in the OLR of 2-propanol, while the OLR of ethanol was decreased 

accordingly. For the warm temperatures study, the pilot-scale experiment was 

divided into 3 phases with different substrate composition (Table 6.2).  

Table 6.2. Experimental plan for the anaerobic degradation of 2-propanol in the 
pilot-scale EGSB, at sub-mesophilic temperatures. 

Phase  Days 
OL* (kg COD d-1) 

ethanol 2-propanol 

EtOH-D 
(ethanol) 

 1-22 27.4 1.6 

IPA-A 
(ethanol+ IPA) 

 

A-I 23-49 22.5 7.4 

A-II 50-56 17.3 13.5 

A-III 57-63 11.9 20.0 

A-IV 64-70 6.1 26.8 

A-V 71-76 2.1 31.6 

IPA-B 
(IPA) 

 77-94 -- 34.0 

       *Note: SLR = 0.25- 0.29 kg COD kg VS-1 d-1, based on the seeded sludge (V=3 m3). 

The OLR was slightly increased from 3.3 to 3.9 kg COD m-3 d-1 (OL of 29 to 

34 kg COD d-1 and SLR of 0.25-0.29 kg COD kg VS-1 d-1). During phase EtOH-D (days 1 

to 22), the system was fed with a solution of ethanol (95%) denatured with (5% vol.) 

of 2-propanol, thus containing a minimum 2-propanol OLR of 0.2 kg COD m-3 d-1 (OL 

of 1.6 kg COD d-1). From day 23 to day 81 (phase IPA-A), the influent COD 

composition was changed to binary mixtures of ethanol and 2-propanol. When VFA 
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concentration was stable and lower than 200 mg L-1 and COD concentration was 

under 1000 mg L-1 in the bioreactor, the OLR of 2-propanol was increased by steps 

of ~0.7 kg COD m-3 d-1 (OL of ~6 kg COD d-1), while the OLR of ethanol was decreased 

to ensure a smooth acclimation to the presence of 2-propanol as the sole organic 

substrate (phase IPA B).  

During the cold temperature experiment (Table 6.3), started after phase 

EtOH-A, 3 phases were also distinguished (C, D, D). At the beginning (phase IPA-C), 

only daily spikes of 2-propanol (15 kg COD) were tested, while feeding ethanol at 

27.4 kg COD d-1 (and 1.6 kg COD L-1 of 2-propanol, used as a denaturing agent). The 

spiking was stopped when COD concentrations exceeded 2000 mg L-1 in the 

bioreactor and started again when the COD decreased to around 1500 mg L-1. Over 

phase IPA-D, continuous feeding with 2-propanol was applied with increasing OL 

(16.6 kg COD d-1 during D-I, 30.8 kg COD d-1 during D-II) while reducing the feeding 

of ethanol (27.4 kg COD d-1 during D-I, 13.8 kg COD d-1 during D-II).  

Table 6.3. Experimental plan for the anaerobic degradation of 2-propanol in the 
pilot-scale EGSB, at sub-mesophilic/psychrophilic temperatures. 

Phase  Days 
OL (kg COD d-1) 

ethanol IPA 

EtOH-A A-I 1-7 13.8 0.8 

A-II 8-12 27.4 1.6 

   (kg COD d-1)  (kg COD spike-1) 

IPA-C 

(ethanol+ IPA in spikes) 
 1-15 

27.4 
+1.6 IPA 

15 

   OL (kg COD d-1) 

   ethanol IPA 

IPA-D 

(ethanol+ IPA in continuous) 

D-I 1-8 27.4 16.6 

D-II 9-11 13.8 30.8 

IPA-E 

(IPA) 

E-I 12-17 0 15 

E-II 18-21 0 18.9 

E-III 22-27 0 30 

E-IV 28-38 0 0 

E-V 39-50 0 15 

E-VI 51-54 0 0 
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Reduced OL of 2-propanol was applied at the beginning of phase E and 

ethanol feeding was stopped during this entire phase. OL of 2-propanol was 

increased from 15 (E-I) to 18.9 (E-II) to finally 30 kg COD L-1 (E-III, on the 11th day 

after the beginning of phase E). Observed accumulation of organic matter in the 

EGSB reactor lead to a break in the feeding for a week (E-IV) — until removal of the 

accumulated VFA and COD.  Feeding was resumed over E-V, but despite the low OL 

(15 kg COD d-1), incomplete metabolization was observed again and the feeding was 

stopped for 3 days (before restoring a feeding with ethanol as the sole substrate: 

phase EtOH-B-I).   

6.1.2 Studies on the biodegradation of 1-ethoxy-2-propanol  

The degradation of this secondary solvent was studied first through spikes 

and then in continuous. The spikes were simulating punctual peaks at industrial 

scale, e.g. when warm temperatures are reached and more manual additions of 1-

ethoxy-2-propanol (used as a retarder) in the ink of flexographic presses are needed. 

The continuous addition was at an OL simulating the relative load of the compound: 

1-ethoxy-2-propanol constituted in average 10% of the airborne VOCs emitted by 

the monitored packaging factory. 

Through the entire study with 1-ethoxy-2-propanol, the total OL was kept 

at ≈29 kg COD d-1 (rigorously, with 27.4 kg COD d-1 of ethanol and 1.6 kg COD d-1 of 

2-propanol during phase EP-A and EtOH-C and with 24.7 kg COD d-1 of ethanol and 

1.4 kg COD d-1 of 2-propanol during phase EP-B). Moreover, the experiments with 

continuous addition of 1-ethoxy-2-propanol started after a 3-week feeding period 

with ethanol, ensuring complete removal of 1-ethoxy-2-propanol from the spikes 

and restoring a baseline for the trials in continuous. 

These two feeding schemes correspond to the two main phases of the study 

(Table 6.4). Phase A is with spikes of 1-ethoxy-2-propanol of 9 kg COD (A-I) and then 

15 kg COD per spike (A-II). Over phase B, 1-ethoxy-2-propanol is fed in continuous 

at 3 kg COD d-1, the equivalent of around 10% of the total OL. 
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Table 6.4. Experimental phases for the study with 1-ethoxy-2-propanol as a 
secondary solvent, in presence of ethanol, in a pilot-scale EGSB 

reactor. 

Phase  Days 

OL 

Ethanol 
 (kg COD d-1) 

EP 
(kg COD spike-1) 

EP-A 
(EP addtion in spikes) 

A-I 1-14 27.4 9.1 

 A-II 15-30 27.4 15.4 

   OL (kg COD d-1) 
   Ethanol EP 

EtOH-C  31-52 27.4 - 

EP-B 
(EP addition in continuous) 

 53-78 24.7 3 

6.1.3 Ethanol studies: influence of the temperature and optimisation of 
macronutrients  

The influence of essential operational parameters (temperature and 

nutrients) on the performance of the anaerobic bioreactor was also studied. 

Additionally, key factors influencing the evolution of the sludge bed volume are 

critically discussed. All the side-studies have a common objective: optimizing or 

facilitating the industrial operation of the system. The assessement of the influence 

of key parameters was carried out with ethanol as the main substrate, its 

degradation being well characterized. 

Five distinct phases (A to E) are drawn from these experiments, using 

ethanol as the sole substrate (Table 6.5). The pilot EGSB reactor, seeded with 3 m3 

of the S-B1 sludge, was started with a continuous feeding of ethanol (phase A). To 

ensure a smooth start-up, ethanol OLR was kept around 15 kg COD d-1 the first week 

(A-I) and increased the second week (A-II) to reach around 30 kg COD d-1 (27.4 kg 

COD d-1 as ethanol and 1.6 kg COD d-1 as IPA). This first phase is used as a baseline 

with ethanol for future side-studies. 

Over phase B, the first nutrients adjustment was probed and the influence 

of the temperature was studied. Given that the effluent to be treated contains only 

a few soluble VOCs (mainly sources of C), an exogenous supplementation of the 

other nutrients is necessary. As explicited in the section 4.3.3, macronutrients (N, K, 

P, S) are provided through the dosing of a specific mixture, its dosing adjusted to the 

OL to be treated. Two parameters can be considered for the optimisation of the 
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nutrients supplementation: the flowrate of the dosing, fixing the macronutrients/OL 

ratio, and the compositon of the macronutrients mix, fixing the ratios of N/K/P/S in 

the mixture. The first adjustment was focused on the N/S ratio and the second on 

the K and S content. The main source of S in the system was the one supplemented, 

as the pilot-scale EGSB reactor is located in an area with very low sulfate 

concentration in the water. Thus, its dosing affects directly the concentration of H2S 

in the produced biogas. In order to try to minimize the amount of sulfur in the 

system, the amount of sulfate provided (through K2SO4) was divided by half in the 

nutrients mixture.  Therefore, the N/S ratio, initially of 12 was increased to 24. The 

influence of this reduction on the presence of H2S in the biogas and K and S 

concentration in the water was evaluated (the dosing should still allow K and S to 

be supplemented according to the general biomass requirements).  

Secondly, the degradation of ethanol at average temperatures around or 

even below 20 °C was investigated, for OL around 15 or 30 kg COD d-1 (phases B-II 

to B-VI). Only phase B-I had lower OL, to allow removing accumulated 2-propanol 

from previous testing, before starting with the study with ethanol. During B-VI 

(before starting new experiments with 1-ethoxy-2-propanol), the sludge bed 

volume was restored to 2 m3 with the addition of 1 m3 of S-B1. 

Phase EtOH-C served as a baseline for the testing of 1-ethoxy-2-propanol in 

continuous. Over this period, ethanol was added at 27.4 kg COD d-1. Moreover, the 

N/P ratio was closely monitored, to allow designing some future adjustments (see 

phase D).  

Over phase D, the OL of ethanol remained around 30 kg COD d-1. It was used 

as a baseline before the degradation of 2-propanol in continuous and to adjust the 

N/P ratio in the nutrients mix. In the IBC of nutrients, the N/P ratio was previously 

of 6.43, which is close to the ratio of N/P=6.67 in the methanogenic bacteria cells, 

as reported by Rajeshwari et al. (2000). However, this is above the reported ratio 

(N/P=5) by Grady et al. (2011), considering the average cell composition (not specific 

to any family of bacteria). Based on this consideration and analyses showing higher 

residual concentrations of N than P in the effluents, N/P was adjusted to 4.85. 

Therefore, the amount of urea in the IBC was decreased by a third (to 20 kg m-3 of 

CO(NH2)2). This adjustment should allow operational cost reduction at industrial 

scale. 

Final ethanol feeding (phase EtOH-E) aimed at testing the maximal 

(punctual) applicable OLR, increasing it from the usual 27.4 kg COD d-1 (phase E-I) to 

40.0 kg COD d-1 (E-II) and lastly to 72.1 kg COD d-1 for a few days, before decreasing 
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the next day to 36.0 kg COD d-1 (and 2.1 kg COD d-1 of 2-propanol) and finally 

stopping completly the feeding.  

Table 6.5. Experimental phases for the studies with ethanol as the sole substrate 
in a pilot-scale EGSB reactor. 

 

 

 

 

 

Phase  Days 
OLEtOH 

[kg COD d-1] 
Objective 

EtOH-A 
A-I 1-7 13.8 Start-up of the pilot-EGSB with 3 m3 of 

sludge (S-B1). N/S= 12 
A-II 8-12 27.4 

EtOH-B 
 

B-I 1-12 8.3 
Study of the influence of 

temperatures < 20°C on the 

degradation of ethanol + reduction of 

S dosing (N/S=24).  

Addition of 1 m3 of S-B1 before EP 

experiments (B-VI). 

B-II 13-20 27.4 

B-III 21-44 13.8 

B-IV 45-67 27.4 

B-V 68-73 13.8 

B-VI 74-84 27.4 

EtOH-C  1-21 27.4 

Baseline before EP feeding in 

continuous, nutrients monitoring 

(N/P=6.43). 

EtOH-D  1-21 27.4 
Baseline before IPA feeding, nutrients 

adjustment (N/P=4.85). 

EtOH-E 
 

E-I 1-12 27.4 
Study of the maximal OLR applicable. E-II 13-18 40.0 

E-III 19-20 72.1 
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6.1.4 Calculations of the performance of the anaerobic biodegradation  

6.1.4.1 Nomenclature for the mass balances 

The variables of the system used for the calculations and determination of 

the performance of the pilot-scale EGSB reactor are illustrated in the Figure 6.1. 

Additional (calculated) variables or parameters used in this chapter are reported in 

Table 6.6. 

 

Figure 6.1. General schema expliciting the indicators of the performance of the 
anaerobic degradation. 
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Table 6.6. Variables and parameters used for the determination of the 
performance of the pilot-scale EGSB reactor. 

 Symbol Definition Units 

Organic loads 𝑂𝐿𝐼𝑁 Solvents load introduced 

kg COD d-1  𝑂𝐿𝑎𝑐𝑐𝑢𝑚 Solvents load accumulated 

 𝑂𝐿𝑝𝑢𝑟𝑔𝑒𝑑 Solvents removed via the purge 

Flowrates 𝑄𝑆 Flowrate of solvents dm3 h-1 

 
𝑄𝑏𝑖𝑜𝑔𝑎𝑠,𝐴𝑅  

Biogas flowrate, collected in the 

anaerobic reactor 

m3 d-1 

 
𝑄   ,𝑡ℎ𝑒𝑜 

Expected, theorical methane 

flowrate 

 𝑄   ,𝑡𝑜𝑡  Total methane flowrate 

 
𝑄   ,𝐴𝑅  

Methane flowrate, collected in 

the anaerobic reactor 

 
𝑄   ,𝑤𝑎𝑡𝑒𝑟  

Methane flowrate collected in the 

degassing unit 

Concentrations 

in the 

recirculation 

line of the 

reactor 

𝐶𝑂𝐷𝑓𝑖𝑛 
Soluble COD concentration at the 

begining (in) or end (fin) of a given 

period of time 

g O2 L-1 

 𝐶𝑂𝐷𝑖𝑛 

 
𝑆𝑎𝑙𝑘,𝑡𝑜𝑡 

Total alkalinity, accounting for the 

bicarbonates and the VFA. mg CaCO3 L-1  

 𝑆𝑎𝑙𝑘,𝑏 Bicarbonate alkalinity 

 𝑆𝑉𝐹𝐴 Concentration of VFA mg CH3COOH L-1  

Gas 

concentration 
cCH4, water 

Methane concentration at the 

outlet of the degassing unit. 
mg CH4 L-1 

Factors 𝑓 𝑂𝐷 COD equivalent for a compound i g O2 gi -1 

 𝑥 𝑂2 Fraction of CO2 or CH4 in the 

biogas 
- 

 𝑥  4 

Other 𝜌𝑆 Volumetric mass density kg dm-3 

 𝑉 Volume of the anaerobic reactor m3 

 



Acclimation and biodegradation at pilot scale 169 

 

6.1.4.2 Solvent balance 

The amounts of solvents introduced 𝑂𝐿𝐼𝑁 are calculated as follow, taking 

into account that the solvents were added based on a set flowrate, 𝑄𝑆: 

𝑂𝐿 𝐼𝑁 = 𝑄𝑆 × 𝜌𝑆 × 24 × 𝑓 𝑂𝐷 (6.1) 

With: 𝜌𝑆 of ethanol, 1-ethoxy-2-propanol and 2-propanol taken as 0.789 kg dm-3, 

0.897 kg dm-3 and 0.786 kg dm-3 respectively. In order to obtain OLIN in kg COD d-1, 

𝑓 𝑂𝐷 for ethanol, 1-ethoxy-2-propanol and 2-propanol were taken as 2.08, 2.15 and 

2.40 g-O2 g-solvent-1 respectively. These COD equivalent are based on the equation 

of total oxidation of the compounds. 

The amounts of organic compound accumulated, 𝑂𝐿 𝑎𝑐𝑐𝑢𝑚, are calculated 

based on the soluble COD concentrations1 in the water and for a given the period of 

time (Δt, in days): 

𝑂𝐿 𝑎𝑐𝑐𝑢𝑚 = 
(𝐶𝑂𝐷𝑓𝑖𝑛 − 𝐶𝑂𝐷𝑖𝑛) × 𝑉

1000
×
1

∆𝑡
 

(6.2) 

Concerning the amount of solvents lost through the purge, 𝑂𝐿𝑝𝑢𝑟𝑔𝑒𝑑, it is 

calculated as the total volume of the purge for the considered period (m3 period-1), 

multiplied by the average COD concentration in the water over that period (in kg 

COD m-3). After 1.5 months of testing, when a smooth start-up was ensured, the 

purge was reduced from 1 m3 to 0.3 m3 per day and was kept in this range for the 

entire duration of the experiments, based on the performances of the system. The 

amount of water added, monitored with a water counter, is taken for the 

calculations.  

Finally, due to the specific configuration of the system (a close-loop circuit 

with a purge), the removal efficiencies are calculated as follow: 

𝑅𝐸 [%] =
(𝑂𝐿𝐼𝑁 − 𝑂𝐿𝑎𝑐𝑐𝑢𝑚 − 𝑂𝐿𝑝𝑢𝑟𝑔𝑒𝑑) × 100

𝑂𝐿𝐼𝑁
 

(6.3) 

6.1.4.3 Methane balance 

The expected methane produced is based on the difference of the substrate 

fed, minus the substrates accumulated in the water and purged: 

𝑄   ,𝑡ℎ𝑒𝑜 = (𝑂𝐿𝐼𝑁 − 𝑂𝐿𝑎𝑐𝑐𝑢𝑚 − 𝑂𝐿𝑝𝑢𝑟𝑔𝑒𝑑) × 0.35 (6.4) 

                                                           
1 In this chapter, measured COD concentrations always refer to soluble COD. 
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The factor of 0.35 corresponding to the stoichiometric equivalence between a Nm3 

methane and a kg of COD removed. 

The total methane production is the sum of the methane collected through 

the gas-liquid-solid separator on top of the anaerobic reactor (AR), where a gas 

counter measures the biogas collected, and the methane dissolved in the water 

exiting the anaerobic reactor: 

𝑄   ,𝑡𝑜𝑡 = 𝑄   ,𝐴𝑅 + 𝑄   ,𝑤𝑎𝑡𝑒𝑟  (6.5) 

These methane productions (QCH4) are amounts of methane produced over 

a given period of time. In the present example, daily methane productions [m3 d-1] 

are taken, but the methane production can also me calculated based on a weekly 

basis or over a feeding period.  

𝑄   ,𝑤𝑎𝑡𝑒𝑟  comes from a degassing unit after the anaerobic reactor, 

accounted by the measurement of the air flowrate and determination of the 

methane concentration cCH4, water in the gas outlet with a total hydrocarbon analyzer. 

The presence of NMVOC were considered negligible in this gas stream. To account 

for all the methane produced in the anaerobic reactor, 𝑄   ,𝐴𝑅 , the fraction of 

methane in the collected biogas (xCH4, AR) has to be considered: 

𝑄   ,𝐴𝑅 = 𝑥   ,𝐴𝑅 × 𝑄𝑏𝑖𝑜𝑔𝑎𝑠,𝐴𝑅    (6.6) 

By assuming that CO2 and CH4 account for 100% of the biogas composition: 

𝑥 𝑂2 + 𝑥  4 = 1 (6.7) 

The fraction of CO2 can be calculated with: 

𝑥 𝑂2 = 
𝑝 𝑂2
𝑝𝑡𝑜𝑡

 (6.8) 

where:   

- 𝑝 𝑂2  is the partial pressure of carbon dioxide in the gas space 
expressed in atm, 

- the total pressure, ptot, is the atmospheric pressure (101 325 Pa) 

and the additional pressure of the water lock (60 cm of water 

column, 5886 Pa). 

 

This partial pressure can be determined with (Leslie Grady et al., 2011): 

𝑆𝑏,𝑎𝑙𝑘 = 6.3 × 10−4 ×
𝑝 𝑂2
10−𝑝 

 (6.9) 
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where: 

- the pH considered is the one measured in the recirculation loop of 
the anaerobic reactor. 

- and Sb, alk can be calculated based on the measured total alkalinity2 
and VFA concentration: 

𝑆𝑏,𝑎𝑙𝑘 = 𝑆𝑡𝑜𝑡,𝑎𝑙𝑘 − 0.71 𝑆𝑉𝐹𝐴 (6.10) 

The methane recoveries are based on the recovered methane (𝑄   ,𝑡𝑜𝑡 ) 

versus the expected methane to be produced by the anaerobic degradation of the 

substrates (𝑄   ,𝑡ℎ𝑒𝑜): 

𝐶𝐻4 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 [%] =  
𝑄   ,𝑡𝑜𝑡 × 100

𝑄   ,𝑡ℎ𝑒𝑜
 

 

(6.11) 

Given the importance for this research to correctly assess the amount of 

methane produced, experimental verification was made of the calculated fCH4, AR 

values and results are presented in the next sub-section. Moreover, the relative 

importance of the methane lost in the water versus the methane collected through 

the gas collector of the anaerobic reactor was assessed and discussed.  

6.1.5 Experimental verification of the biogas composition and 
distribution 

6.1.5.1 Biogas composition 

Biogas content was analyzed the first month of the experiments and 5-6 

months after the start-up of the EGSB reactor (phases EtOH-A to IPA-C and EtOH-B 

to EP-A), in order to evaluate the percentages of methane and carbon dioxide in the 

biogas produced. Experimental values obtained with a biogasmeter were fitted to 

have a total of 100% with the sum of the percentages of CH4 and CO2; H2S 

concentrations were always below 60 ppm and O2 values below 1 ppm. The resulting 

CH4 percentages (fCH4, exp) are presented in Table 6.7, together with the theorical 

values (fCH4, theo) and the analyses used for their determination. 

 

 

                                                           
2 In this chapter, measured alkalinity always refer to the total alkalinity. 
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Table 6.7. Methane fraction in the biogas produced by the EGSB reactor: 
theorical vs experimental values. 

Phase Day  𝑥   ,𝑒𝑥𝑝  pH 
𝑆𝑡𝑜𝑡,𝑎𝑙𝑘 

[mg CaCO3 L-1] 
𝑆𝑉𝐹𝐴 

[mg HAc L-1] 
𝑥   ,𝑡ℎ𝑒𝑜 

 Rel. error [%] 

EtOH-A 
1 0.95 7.7 2850 146 0.92 3% 

10 0.95 7.8 3150 90.2 0.93 3% 

IPA-C 

2 0.95 7.7 2300 63.7 0.93 2% 

11 0.95 8.0 2150 66 0.97 -2% 

13 0.95 7.6 2200 51.7 0.92 3% 

EtOH-B 

61 0.97 7.0 1650 1872 0.95 2% 

65 0.97 6.9 750 800 0.97 0% 

73 0.96 8.1 2200 1096 0.98 -2% 

78 0.92 7.2 2150 344 0.82 11% 

80 0.92 7.9 2100 266 0.96 -4% 

84 0.93 8.0 2100 190 0.97 -4% 

EP-A 

4 0.92 8.0 2050 220 0.97 -5% 

9 0.92 8.0 1800 208 0.98 -6% 

11 0.92 7.6 1350 292 0.96 -4% 

 

These analyses give an average xCH4, exp of 94±2 % and average xCH4, theo of 

94±4%, supporting the fact that the calculated values could be used during the 

experiments to evaluate the fraction of methane in the biogas. Small differences 

can be attributed to the sensitivity of the biogas-measuring device or punctual daily 

changes, inducing variations in the pH or VFA concentrations for instance. They also 

confort the fact that the pH and alkalinity set points allow obtaining a biogas with 

high methane concentrations – thus high energy potential. 

6.1.5.2 Methane dissolved in water vs collected in the anaerobic reactor 

The amount of methane dissolved in the aqueous effluent of the anaerobic 

reactor, rather than released through the gas collector, was also evaluated for 

different OLR, i.e. different daily biogas productions. The evolution of the methane 

concentration in the water with an increasing daily biogas production can be seen 

in Figure 6.2.  

For daily methane production of up to around 6-7 m3 d-1, corresponding to 

organic loads of 17-20 kg COD d-1, the methane concentration in the water at the 

outlet of the anaerobic reactor seemed to be dependent to the amount of biogas 
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produced – with an approximate linear evolution. For higher daily methane 

production, no clear trend could be distinguished and the average methane 

concentration in the water was 45.2 mg L-1 (which is approximately twice the 

saturation value of methane in the water at 20 °C). Obtaining supersaturated values 

for methane is common for anaerobic treatment systems where the biomass is 

rentained by settling, as the EGSB reactor used in this study (this type of design 

limiting the mass transfer of methane to the head space), especially for such 

systems treating low strenghth wastewaters, where the degree of supersaturation 

is reported to range from 1.34 to 6.9 (Crone et al., 2016). 

These results provide some information to evaluate the methane that could 

be recovered with the industrial full-scale application of the anaerobic bioscrubber 

as well as to estimate the need of additional recovery methods for the dissolved 

methane (such as non-porous membranes). 

 
Figure 6.2. Methane equivalent concentration in the water in function of the 

daily biogas production in the EGSB reactor. 
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6.2 DEGRADATION OF 2-PROPANOL 

6.2.1 Study of 2-propanol as a minoritory solvent, in presence of ethanol 

6.2.1.1 Start-up period with ethanol 

Phase EtOH-A corresponds to the start-up period of the pilot-EGSB reactor. 

Biogas production started a few hours after feeding the reactor with ethanol. The 

evolution in function of time of parameters indicative of the reactor stability are 

presented in the Figure 6.3 (OL, temperature, COD and VFA concentrations) and 

Figure 6.4 (pH and alkalinity content). 

During the first week (period A-I), concentrations of COD stayed under 550 

mg O2 L-1 (Figure 6.3). Concentrations increased up to 740 mg O2 L-1 when the load 

of ethanol was doubled in period A-II to 27.4 kg COD d-1 (and 1.6 kg COD d-1 of 2-

propanol, as ethanol was denatured with this solvent,) and decreased to 600 mg 

COD L-1 over a week, indicating a successful degradation of ethanol— without any 

accumulation in the system. Total removal efficiencies of 99% were achieved over 

each period (A-I and A-II). Neither was any accumulation of organic matter in terms 

of VFA observed (Figure 6.3). Concentrations always remained under 150 mg 

CH3COOH L-1 and, with the exception of a small peak when the OLR was increased 

(day 6), generally decreased over phase A.  

These values confirmed a smooth start-up of the EGSB reactor with ethanol 

as the main substrate and using a sludge from a brewery wastewater treatment 

plant (S-B1). The difference of operating temperatures, reported as 26 °C for the 

reactor from which S-B1 was sampled and an average of 20.6 °C during phase A, did 

not seem to adversely affect the bacterial populations involved in the degradation 

of ethanol, at an OL from 15 up to 29 kg COD d-1 (i.e. an OLR of 1.7-3.3 kg COD m-3 

d-1 and SLR of 0.12-0.23 kg COD kg VSS-1 d-1, considering the 3 m3 of sldge seeded). 
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Figure 6.3. Evolution of the a) OL (♦) and temperature (x) and of the b) COD (□) 
and VFA (+) concentrations during the start-up of the EGSB fed with 

ethanol alone (phase EtOH-A). 

The pH could be kept around neutral values with the automatic dosing of a 

base, giving alkalinity concentrations in the water above 2700 mg CaCO3 L-1 (Figure 

6.4). During this start-up period, at an OL of 29 kg COD d-1 (phase A-II), alkalinity 

requirements to control the pH averaged 0.63 g CaCO3 d-1 (for the 12 m3 of water of 

the system). 
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Figure 6.4. Evolution of the alkalinity content (x) and pH (□) during the start-up 
of the EGSB fed with ethanol alone (phase A). 

The good performances of the reactor, even at relatively low temperatures 

and treating low strength wastewater relate well with the results by Kato et al. 

(1997). These authors found that a 225.5 liter-EGSB reactor seeded with a sludge 

coming from an UASB reactor treating distillery wastewaters could treat ethanol at 

an SLR of 0.4 kg COD kg VSS d-1 and HRT of 1.6 hours with influent COD of 666 mg L-

1 at 20 °C, achieving removal efficies of 91%. The current study reached higher 

efficiencies (99%), admittedly with a lower SLR (0.23 g COD g VSS d-1) and a higher 

HRT (3 hours) but also with a lower influent COD (420 mg L-1).  In another study of 

the same paper and at 30 °C, these authors indicate higher maximum specific COD 

removal rate for upflow velocities (Vup) above 2.5 m h-1 (inducing however a higher 

risk of wash-out of the sludge for Vup> 5.5 m h-1). The current reactor configuration 

allowed Vup= 3.2 m h-1. Thus, perspectives – if higher OLR should be treated, could 

include to increase this Vup (between 3.5 and 5 m h-1) in order to study the possibility 

of minimizing any mass transfer limitation of the substrates into the granular sludge. 
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6.2.1.2 Spike addition of 2-propanol  

The influence of spike additions of 2-propanol (phase IPA-C) on the 

evolution of the COD and VFA concentrations in the water can be seen in Figure 6.5. 

Further indication of the performance of the system are given in Figure 6.6 with the 

evolution of the pH and total alkalinity content, as well as in Table 6.8 with the 

average removal efficiencies, methane recoveries and sludge bed volumes. 

 

Figure 6.5. Evolution of the a) the OLEtOH (♦), OLIPA (◊) and temperature (x) and b) 
COD (□) and VFA (+) concentrations during the experiments with 

spikes of 2-propanol in the pilot-EGSB reactor. 

The average temperature during these trials was controlled at 20±1 °C, by 

keeping the room where the prototype was located heated. A constant OL of 
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ethanol (rigorously: 27.4 kg COD d-1 of ethanol and 1.6 kg COD d-1 of 2-propanol) 

was maintained during the entire phase IPA-C. Spiking of 2-propanol was stopped 

when the COD concentrations was higher than 2000 mg O2 L-1 for more than a day 

and spiking was restarted when COD < 1500 mg O2 L-1, inducing 2 spiking series 

during phase IPA-C (Figure 6.5).  

During the first spiking period (days 1 to 5), part of the 2-propanol fed 

accumulated, inducing a removal efficiency of 84% (Table 6.8). A 4-day break 

allowed to remove some of the accumulated solvent, with a RE of 96% for this 

period. A similar behaviour was observed for the second series of spikes (day 10 to 

12), with a slightly higher RE (92%), followed by 3 days of non-spiking, with complete 

removal of the solvent (99% of RE). Methane recoveries were also slightly lower for 

the periods with spiking of 2-propanol, possibly due to intracellular accumulation of 

intermediates, as detected in the CSTR trials. VFA concentrations remained low over 

the entire phase: under 100 mg CH3COOH L-1, except at the end of the first spiking 

series: 115 mg CH3COOH L-1 (Figure 6.5), with relatively stable alkalinity 

concentrations: 2400±200 mg CaCO3 L-1 (Figure 6.6). This indicates that the 

(transitory) accumulation of organic matter could not be attributed to unsufficient 

acetoclastic activity. The limiting steps might rather be the acidogenic/acetogenic 

ones, i.e. the degradation of 2-propanol into acetone and acetone into acetate, 

conforting the notion of limiting ratios between these species as introduced in 2.3.2.   

Table 6.8. Total removal efficiency (RE), methane recovery ans sludge bed 
volume during the degradation of spikes of 2-propanol in the pilot-

EGSB reactor. 

 

 

Phase Days OLEtOH OLIPA  SpikeIPA RE CH4 recovery Bed volume 

   [kg COD d-1] [kg COD sp-1] [%] [%] [m3] 

IPA-C 

1 27.4 1.6 7.5 
84 85 

2.71±0.13 

2-5 27.4 1.6 15.4 

6-9 27.4 1.6 - 96 99 

10-12 27.4 1.6 15.4 92 89 

13-15 27.4 1.6 - 99 98 
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Figure 6.6. Evolution of the alkalinity concentration (x) and pH (□) during the 
biodegradation of spikes of 2-propanol in the pilot-EGSB reactor. 

The daily 2-propanol degradation – based on the non-feeding periods, and 

assuming that the accumulated COD corresponded to 2-propanol— was in average 

of 154 mg O2 L-1 d-1 for the first series and of 226 mg O2 L-1 d-1 for the second series, 

indicating an improved biological activity for the treatment of 2-propanol. These 

values correspond to daily removal of 1.8 and 2.7 kg COD d-1 respectively, i.e. SLR of 

0.016-0.024 kg COD d-1 kg VSS-1 (for an average sludge bed volume during this period 

of 2.71 m3 and a sludge concentration of 41.9 kg VS m-3). On the other hand, 

maximal removal rates—achieved on the last day of each series of spikes— reached 

0.13 and 0.14 kg COD d-1 kg VSS-1 for the first and second series respectively. These 

values are slightly lower than the results from the CSTR experiments (0.17 kg COD 

d-1 kg VSS-1). They indicate that a longer time would be necessary for treating 16.7 

kg COD d-1 of 2-propanol and explain the observed accumulation of COD in the 

system.  

These trials seemed to demonstrate the robustness of the system against 

punctual 2-propanol peaks of 15.4 kg COD d-1 (i.e. a specific OLR of 5.7 kg COD m-3 

of sludge bed d-1, an OLR of 1.8 kg COD m-3 of reactor d-1 and a SLR of 0.14 kg COD 

kg VSS-1 d-1), given that there are not uninterrupted daily peaks, in which case the 

continuous degradation of 2-propanol has to be considered (investigated in the next 

sub-section). Moreover, in the case of consecutive spikes, some adaptation of the 

anaerobic sludge was observed, with an increase in the degradation rates of the 

solvent. 
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6.2.2 Study of 2-propanol as the main solvent 

The continuous degradation of 2-propanol as the main substrate, in the 

pilot-scale EGSB reactor was studied under: 

 psychrophilic conditions: after the spike testing with 2-propanol 

presented above (6.2.1.2). 

  and submesophilic conditions: after a new baseline period (EtOH-

D), ensuring proper performances of the system before starting 

new experiments with 2-propanol. 

The experiments at submesophilic temperatures are first presented— as 

the industrial system should rather work in this temperature range. Then, the 

experiments at psychrophilic temperatures— testing the limits of the system— and 

a brief comparison of both ranges is given.  

6.2.2.1 Biodegradation at submesophilic temperatures 

Over phase IPA-A and B, the anaerobic treatment of 2-propanol as the main 

substrate was evaluated in the pilot-scale EGSB reactor by smoothly switching the 

main feed from ethanol to 2-propanol. Instead of OLR values, previous SLR results 

from laboratory-scale experiments were used as a reference, as the VS content of 

the EGSB reactor was different from the ones of the batch reactors or CSTR. The 

performance of the EGSB reactor in terms of COD and VFA concentrations for 

increasing 2-propanol loads is shown in Figure 6.7. Alkalinity and pH over the periods 

are given in Figure 6.9. Moreover, removal efficiencies and methane recoveries are 

averaged on a weekly basis in this sub-section— rather than per period— and 

presented in Figure 6.8 and Figure 6.10, allowing to appreciate better the evolution 

of the system, especially during phase IPA-A-I that lasted several weeks. 
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Figure 6.7. Evolution of the a) OLEtOH (♦), OLIPA (◊) and temperatures (x) and b) 
COD (□) and VFA (+) concentrations during the experiments with 2-
propanol as a main substrate under submesophilic conditions in the 

pilot-EGSB reactor. 

During the entire experiment, the water temperature averaged 26.2 ±1.6 °C 

(warm season). The pH was controlled at 7.6 ± 0.4 and alkalinity concentration 

stayed around 908 ± 394 mg CaCO3 L-1, except for a peak on day 6 during phase 

EtOH-D (Figure 6.9), which was also observed for the COD and VFA concentrations 

(Figure 6.7). This peak was due to a technical problem with the feeding of the 

solvents— inducing an overloading for a short period. After a few days, when proper 
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feeding was restored, accumulated organic matter was quickly removed, COD and 

VFA concentrations decreasing down to ≈1000 mg O2 L-1 and 500 mg CH3COOH L-1 

respectively. This overload also explains the relatively low removal efficiency (80%) 

obtained for the first week (Figure 6.8). High REs (96-100%) were reached the next 

two weeks, as is expected from the EGSB reactor when treating ethanol as the main 

substrate at such temperature. After this start-up period with ethanol (phase EtOH-

D), feeding of additional 2-propanol was started.  

 

Figure 6.8. Evolution of the weekly removal efficiency for 2-propanol (o) and for 

the total COD (♦) during the degradation of 2-propanol as a main 
substrate, under submesophilic conditions, in the pilot-EGSB reactor. 

Since higher exposure to 2-propanol had started (day 22, phase IPA-A-I, 

Figure 6.7), 2-propanol was partially removed. Nearly three weeks were required to 

achieve and keep removal efficiencies over 94% (Figure 6.8). This period of time was 

similar to that obtained in the CSTR (~25 days at a SLR of 0.9 kg COD kg VS-1 d-1) and 

to the lag-time observed in the batch assays with the S-B1 sludge (~33 days for 5 g 

COD L-1). From this point on, smooth increments in the load of 2-propanol gave 

consistent and high REs of 2-propanol (≥ 90%) for the whole duration of the 

experiment, even when it was the only substrate fed to the reactor during period 

IPA-B.  
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Figure 6.9. Evolution of the alkalinity concentrations (x) and pH (□) during the 
degradation of 2-propanol as a main substrate, under submesophilic 

conditions, in the pilot-EGSB reactor. 

Stable methane production (10±1 Nm3 CH4 d-1) was measured through the 

entire experiement, i.e. the same daily methane production could be obtained 

running the reactor with ethanol alone (EtOH-C) or with 2-propanol alone (IPA-B)—

for a given total organic load. Stable methane yields were also achieved for the 

entire experiment (Figure 6.10), with an average of 0.35 ± 0.02 Nm3 CH4 kg COD 

removed-1. The stability of the process could also be observed with the evolution of 

the COD and VFA concentrations over time (Figure 6.7), showing a general 

decreasing trend from day 22. The only exception to this trend was a short transitory 

period after day 36, when a peak of 2500 mg O2 L-1 occurred due to a previous 24-h 

overdosing of solvents caused by a punctual malfunctioning of the feeding pump. 

This peak in the COD concentration lead to a peak of 476 mg CH3COOH L-1 after 2-3 

days. 
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Figure 6.10. Evolution of the methane production (◊) and methane yield (♦) 
during the degradation of 2-propanol as a main substrate, under 

submesophilic conditions, in the pilot-EGSB reactor. 

As in the CSTR experiment, acetone appeared as an intermediate of 2-

propanol anaerobic degradation (Figure 6.11), pointing out the fact that acetone 

degraders have a slower rate of growth than 2-propanol-oxidizer methanogens (e.g. 

Methanospirillum sp.). A few days after introducing 2-propanol at higher OL (first 

days of IPA-A-I), the relative importance of ethanol in the water drops considerably: 

it was generally found under 400 mg O2 L-1 and constituted in average 11% of the 

total COD concentration, excepting 2 peaks caused by overloading.  

In contrast with the CSTR experiment, the daily methane production (Figure 

6.10) showed no sign of intracellular carbon accumulation when increasing loads of 

2-propanol were applied (phase IPA-A) or when ethanol was completely removed 

from the system (phase IPA-B). This can be attributed to the adjusted strategy of 

exposure to 2-propanol (more progressive), showing that the chosen stepwise 

increase in the load of 2-propanol (0.6–0.7 kg COD m-3 d-1) provided sufficient time 

for the development of acetate-utilizing bacteria— ensuring the efficient transfer of 

acetate from the acetogens to these latter methanogens.  
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Figure 6.11. Evolution of the concentration of EtOH (x), acetone (♦) and IPA (□), 
in COD-equivalent, during the degradation of 2-propanol as a main 

substrate, under submesophilic conditions, in the pilot-EGSB reactor. 

The smooth, gradual exposure to 2-propanol guaranteed operation at an 

SLR as high as 0.29 kg COD kg VS-1 d-1 (considering the seeded sludge volume) with 

2-propanol as the sole substrate and without observing impairment in the process, 

the removal efficiency, or the granulation. This adjusted exposure strategy allowed 

reaching a sludge loading rate higher than the one achieved in the CSTR (0.17 kg 

COD kg VS-1 d-1). It is also higher than the maximal equivalent SLR obtained with the 

batch asssays: corresponding to 0.25 kg COD kg VS-1 d-1 for the highest SMA. This 

SLR gives an equivalent OLR of 3.9 kg COD m-3 d-1. 

6.2.2.2 Biodegradation at psychrophilic temperatures 

As the industrial application is expected to run at ambient temperature 

without further temperature control, the impact of this parameter on the 

specialized methanogenic consortium was tested by operating the EGSB reactor for 

two months during the cold season (phases IPA-D: with ethanol and 2-propanol and 

IPA-E: with 2-propanol alone). The OL applied, temperatures and performances of 

the system in terms of COD and VFA concentrations are summarized in Figure 6.12. 
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In general, the OL of 2-propanol was decreased when COD concentrations increased 

up to 2500 mg O2 L-1, with even 2 complete breaks in the feeding (E-IV and E-VI). 

 

Figure 6.12. Evolution of a) the OLEtOH (♦) and OLIPA (◊) at a given temperature (x) 
and b) COD (□) and VFA (+) concentrations during the experiment with 

2-propanol in the pilot-EGSB reactor at psychrophilic temperature. 

It can be seen that the temperatures were around 20 °C up to IPA-E-III, when 

temperatures dropped to 15 °C. During the period from IPA-E-III to E-VI, 

temperatures varied between 14-20 °C, with an average of 17 °C. Both at low 

submesophilic and at psychrophilic temperatures, loads of 30 kg COD d-1 of 2-

propanol resulted in an accumulation of organic matter (D-II and E-III) above 3500 

mg O2 L-1 or around 750-800 mg CH3COOH L-1, indicating that the increase in the 
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load was too steep to allow proper development of the metabolic activity of the 

microorganisms.  

Periods of break in the feeding allowed degrading most of this accumulated 

organic matter, with a maximal degradation rate of 760 mg COD L-1 d-1 during E-IV. 

Considering that mostly 2-propanol and its intermediates accumulated (ethanol was 

not fed since D-II), the rate of this degradation corresponds to a maximal OL of 9.12 

kg COD d-1 and a SLR of 0.12 kg COD kg VSS-1 d-1, i.e. less than half the applicable SLR 

found in the submesophilic range, confirming the impact of the temperature on the 

degradation of 2-propanol. 

The pH during IPA-D and IPA-E remained stable, averaging on 7.6±0.2, in 

spite of the high VFA concentrations that were punctually reached, pointing out the 

robustness of the pH control strategy. Addition of alkalinity was necessary at the 

beginning of the experiment (until day 11), keeping the alkalinity concentration 

between 2300 to 2700 mg CaCO3 L-1. However, from day 12 on (IPA-E-I), the pH was 

kept stable without the addition of alkalinity and its concentration decreased from 

around 2600 to 1800 mg CaCO3 L-1 during the remaining 42 days of the experiment. 

The removal efficiency and methane recovery for the sub-periods are given 

in Table 6.9, together with the sludge bed volume. High RE above 90% were 

achieved for loads of 2-propanol up to 17 kg COD d-1. At 17 °C, higher loads lowered 

the RE of 2-propanol, pointing out that 2-propanol-oxidizer bacteria were adversely 

influenced by low temperature.  

Moreover, at psychrophilic temperatures, the methane recovery dropped 

under 50% (E-III and E-V). The fact that the methane yield decreased to less than 

half of the stoichiometry value (i.e. 0.17 rather than 0.35 Nm3 CH4 kg COD removed-

1) although the RE of 2-propanol did not decrease in the same extent, for the 

psychrophilic period, could be attributed to an intracellular (non-detectable) 

accumulation of carbon, as observed during the CSTR experiments under stressed 

conditions. This accumulation of carbon was released during non-feeding periods 

(see periods IPA-E-IV and VI in Figure 6.12-b), allowing to recover (most of) the 

expected methane, based on the amount of solvents fed.  
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Table 6.9. Total removal efficiency (RE), methane recovery and sludge bed 
volume during the degradation of 2-propanol in the pilot-EGSB reactor 

under psychrophilic conditions. 

The effect of stressed conditions (higher loads at 17 °C (E-III) or even 

prolonged exposure to 2-propanol at a load of 16.5 kg COD d-1 (E-V)) was also 

reflected through the results of GC analyses (Figure 6.13). Indeed, if acetone was 

usually the majoritory compound found in the system, at the end of E-III or E-V, 2-

propanol became the majoritory compound— confirming the impact of such low 

temperature on 2-propanol oxidizers. The maximal degradation rate for each 

compound (2-propanol and acetone) was very similar: 152 mg L-1 d-1 for 2-propanol 

(during E-IV: day 32) and 146 mg L-1 d-1 for acetone (during E-I: day 14). This finding 

is in accordance with the results found at laboratory scale (5.2.2.3), where both 

compounds had similar SMA.  

Phase Days OLEtOH OLIPA RE CH4 recovery Sludge bed 

  [kg COD d-1] [%]            [%]          [m3] 

IPA-D-I 1-8 27.4 16.6 97 
82 2.34±0.02 

IPA-D-II 9-11 13.8 30.8 86 

IPA-E-I 12-17 0 15 100 
88 2.12±0.22 

IPA-E-II 18-21 0 18.9 89 

IPA-E-III 22-27 0 30 83 49 1.92±0.29 

IPA-E-IV 28-38 0 0 - - 1.76±0.11 

IPA-E-V 39-50 0 15 92 48 1.61±0.04 

IPA-E-VI 51-54 0 0 - - 1.54±0.09 
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Figure 6.13. Comparison of the concentration of acetone (♦) and IPA (□), 
expressed in COD-equivalent during the degradation of 2-propanol in 

the pilot-EGSB reactor under psychrophilic temperatures. 

During IPA-D and IPA-E, the sludge bed volume decreased by almost 1 m3 in 

two months. Degranulation could also be observed qualitatively through the 

samples of sludge taken from the EGSB- reactor (in Figure 6.14), by comparison with 

the original sludge seeded presented in Figure 4.1. Indeed, the size of the granules 

got smaller with time, highlighting the effect of prolonged period of time under 

stressed conditions (temperatures too low and loads too high of 2-propanol) on the 

granulation of the microorganisms. 

 

Figure 6.14. Sludge sample from the pilot-scale EGSB reactor during IPA-E. 
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6.2.2.3 Influence of the temperature: comparison of the performances of 
the sub-mesophilic or pschychrophilic degradation  

The impact of the temperature on the specialized methanogenic consortium 

are summarized in Figure 6.15, comparing results of the cold season with those 

obtained previously during the warm season and those obtained at border-line 

temperatures. As expected, an influence of the temperature was observed, given 

the dependency of the degradation rates of mesophilic bacteria to the temperature 

(following Arrhenius’ law). 

 

Figure 6.15. Influence of temperature on the anaerobic biodegradation of 2-
propanol in a pilot-scale EGSB reactor: a) 2-propanol RE; b) CH4 yield, 

at different organic loads. 

OL

b)

a)
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As can be seen, the decrease of the temperature from 20 °C to 17 °C had a 

greater impact on the degradation of 2-propanol, than the decrease from 26 °C to 

20 °C.  which was not so easily degraded at lower temperatures asethanol. It should 

be noted that 20 °C is considered as the limit between mesophilic and psychrophilic 

conditions for anaerobes (Lettinga et al., 2001). Experimental data show that it was 

not possible to develop an effective psychrotolerant consortium that fully degrade 

2-propanol to methane. Acetoclastic methanogens (which are consuming acetate) 

were more sensitive to temperature than 2-propanol-oxidizer bacteria, as can be 

seen through the higher decrease in the methane yield than the one of the RE of 2-

propanol.  

At 17 °C, the RE of 2-propanol decreased for higher loads, pointing out that 

2-propanol-oxidizer methanogens were also adversely influenced by low 

temperature. Operations at psychrophilic temperatures also had a negative impact 

of the sludge granulation, resulting in loss of sludge from the EGSB reactor, as can 

be seen in Table 6.9. Thus, 20 °C is the recommended minimum temperature for the 

anaerobic treatment of 2-propanol wastewater.  

The influence of working at these border-line temperatures on the 

metabolic activity of the bacteria was also assessed with an easily biodegradable 

solvent— ethanol— for comparison purposes (results are presented in the sub-

section 6.4). 

6.3 DEGRADATION OF 1-ETHOXY-2-PROPANOL  

The experiments with 1-ethoxy-2-propanol were started after the cold 

season and the testing of 2-propanol and ethanol. At this time, the temperature was 

kept mostly above 20 °C. Moreover, 1 m3 of fresh S-B1 sludge was added to the 

EGSB reactor before starting these experiments with 1-ethoxy-2-propanol, in order 

to compensate the loss of sludge observed during the long period of exposure to 2-

propanol under stressed conditions (cold temperatures). Therefore, the initial 

sludge bed volume was restored to 2 m3 (Table 6.10) and the testing was started 

after having checked that the reactor could achieve good performances with 

ethanol (see the previous period in the chronological testing, EtOH-B-VI, discussed 

in section 6.4).  

The influence of spike additions of 1-ethoxy-2-propanol (phase A) or its 

continuous addition (as 10% of the COD of the feed— during phase B) on the 

performance of the bioreactor, through the evolution of the COD and VFA 

concentrations in the water can be seen in Figure 6.16. In this figure, the period 
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EtOH-C, used as a baseline before the continuous addition of 1-ethoxy-2-propanol, 

is also shown— for comparison purposes. Corresponding removal efficiencies, 

methane recoveries and sludge bed volumes, for each spike and sub-period are 

given in Table 6.10. Additional information on the alkalinity concentration and pH, 

as well as the solvent composition in the water is given in Figure 6.17 and Figure 

6.18 respectively. 

 

Figure 6.16. Evolution of a) the OLEtOH (♦), OLEP (◊) and temperature (x) and 
of the b) COD (□) and VFA (+) concentrations during the experiments with 1-

ethoxy-2-propanol in the pilot-EGSB reactor. 

0

5

10

15

20

25

30

0

5

10

15

20

25

30

35

40

45

50

0 10 20 30 40 50 60 70 80

T
 [

°C
]

O
L 

[k
g 

C
O

D
 d

-1
]

Time [days]

EtOH

EP

EP- A-I                EP-A-II   EtOH-C EP-Ba)

0

500

1000

1500

2000

2500

3000

3500

4000

0

500

1000

1500

2000

2500

3000

3500

4000

0 10 20 30 40 50 60 70 80

V
FA

 [
m

g 
C

H
3
C

O
O

H
 L

-1
]

C
O

D
 [

m
g 

O
2

L-1
]

Time [days]

EP- A-I            EP-A-II   EtOH-C EP-B

b)



Acclimation and biodegradation at pilot scale 193 

 

Over the period EP-A, four spikes of 1-ethoxy-2-propanol were added to the 

system (Figure 6.16-a), running at 21.0±1.6 °C, while ethanol was fed as the main 

solvent at an OL of 27.4 kg COD d-1. The baseline COD for ethanol fed alone at this 

OL is taken as 1000 mg L-1 (see the end of the previous period with ethanol: EtOH-

B-VI, when T≈ 19 °C, Figure 6.19). The determination of this baseline allows 

estimating the degradation of 1-ethoxy-2-propanol for each spike: 

- for the first spike (9.1 kg COD), the COD concentration in the water 

increased up to 1650 mg O2 L-1 and decreased back to 1000 mg O2 L-1 after 

a week. The daily COD removal associated to 1-ethoxy-2-propanol was of ≈ 

139 mg O2 L-1 the first 3 days and then of around 69 mg O2 L-1. The average 

daily removal rate was 104 mg O2 L-1, which confirmed the complete 

removal of the COD of 1-ethoxy-2-propanol (for the system of 12 m3 and 

assuming a removal of 100% in a week, the expected removal rate is: 108 

mg O2 L-1 per day).  

- For the second spike (also of 9.1 kg COD and added when the COD values 

went back to around 1000 mg L-1), the difference of COD is hardly 

noticeable. This could be explained by a faster metabolisation of the 

solvent, with a fast removal directly after the spike. Even though analyses 

of the total COD could not allow highlighting a peak as for the first spike, 

the relative importance of EP in the water rose after this addition, as for 

every spike of phase EP-A (Figure 6.18).   

- For the third spike (15.4 kg COD), the degradation pattern is similar as for 

the first spike: the removal rate was not constant, with a faster rate of 

degradation at the beginning of the period following the spike. Indeed, the 

spike corresponded to an expected increase of 1280 mg O2/L and the 

observed increase in the COD was around 730 mg O2/L; therefore, about 

57% of the COD was removed in two days (at 280 mg O2 L-1 d-1)  and then 

the rest (fom 1760 to 1230) was degraded at a slower pace (in 4 days, 

indicating an average daily degradation rate of 132 mg O2 L-1). The initial 

faster degradation rate observed might explain why no peak of COD was 

observed for the second spike: at this rate, around 75% of the COD of the 

second spike would habe been degraded in 2 days. 

- A slightly slower daily degradation rate was observed for the 4th spike (15.4 

kgCOD), with in average 103 mg COD L-1 d-1. This reduced degradation rate 

might be explained by the higher initial COD concentration (1944 mg O2 L-1 

on day 22). About ten days were needed to reduce the COD concentration 

under 1200 mg mg O2 L-1, maybe indicating that the acetogenic activity was 
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barely sufficient to cope with the sudden addition of solvent at this load 

and with such remaining accumulated organic matter. 

During period EP-A, pH values remained at 7.5±0.2 but alkalinity 

concentration decreased from 2100 to 1250 mg CaCO3 L-1 (Figure 6.17). Even though 

over the period EP-A no alkalinity addition was necessary, the consumption of 

alkalinity in the water confirmed some VFA accumulation. The removal efficiencies 

and methane recoveries over 95% (for phase EP-A) further confirmed that punctual 

peaks of 1-ethoxy-2-propanol (9.1 or 15.4 kg COD d-1) could be successfully treated 

by the EGSB reactor, with a complete removal within a few days or a week (for the 

highest spike). The obtained average removal rates allow calculating an equivalent 

removal for 1-ethoxy-2-propanol of between 48-129 mg L-1 d-1. Therefore, the 

applicable OL would be 1.2-3.3 kg COD d-1 of EP, for the system with the pilot-EGSB 

reactor (water volume of 12 m-3). Considering that the average sludge volume was 

of 2 m3 during this period, the equivalent specific organic removal rate would be 

0.6-1.7 kg COD m-3 d-1 and the SLR 0.02-0.04 kg COD kg VS-1 d-1. These values 

suggested that it could be feasible to apply an OL of 1-ethoxy-2-propanol of 3 kg 

COD d-1, with smoother conditions (no shock load as with spikes, but a continuous 

addition), which was further studied in phase EP-B. 

 

Figure 6.17. Evolution of the alkalinity concentrations (x) and pH (□) during the 
degradation of 1-ethoxy-2-propanol in the pilot-EGSB reactor. 
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The intermediate phase EtOH-C ensured that the remaining 1-ethoxy-2-

propanol was removed from the system (Figure 6.18). The temperature over this 

phase was of 22.1±1.3 °C. Average daily removal rate during this period was of 48 

mg L-1 d-1 of 1-ethoxy-2-propanol. A technical problem with the pump of the 

recirculation tank induced a peak in the COD and VFA concentrations (day 44, Figure 

6.16) and might explain the lower average of methane recovery for this period 

(Table 6.10). Even with this punctual disruption of the feed, the general removal 

efficiency over EtOH-C was of 98% and pH remained above 7. 

Table 6.10. Total removal efficiency (RE), methane recovery and sludge bed 
volume during the degradation of 1-ethoxy-2-propanol in the pilot-

EGSB reactor. 

 

After the phase EtOH-C, continuous feeding of 1-ethoxy-2-propanol (OL=3 

kg COD d-1) was started, and ethanol feeding was slightly reduced to keep a total OL 

around 29 kg COD d-1. Average temperature in the anaerobic ESGB reactor was of 

25.5±1.3 °C. COD and VFA concentrations decreased over the entire period EP-B 

(Figure 6.16), down to 655 and 82 mg L-1 respectively (at the end of the period), 

indicating a full removal of 1-ethoxy-2-propanol. These values are lower than the 

ones observed during the baseline EtOH-B, which can be explained by the higher 

temperature of the water: such values are also obtained when ethanol is treated 

alone at a similar range and in this temperature range (as will be discussed in the 

next section and can be seen in Figure 6.22). Removal efficiency and methane 

recovery of 99% for this period corroborate the successful removal of both 

substrates (Table 6.10). Results of GC analyses, presented in Figure 6.18, show 

higher concentrations of 1-ethoxy-2-propanol (900-1000 mg O2 L-1) during the first 

week of the phase EP-B, decreasing to ≈ 600 mg O2 L-1 at the end of the second week 

and down to 300 mg O2 L-1 the end of the third week.  

Phase Days OLEtOH OLIPA OLEP RE CH4 recovery Sludge bed  

  [kg COD d-1] [kg COD sp-1] [%] [%] [m3] 

EP-A-I 1-7 27.4 1.6 9.1 96 101 2.0±0.1 

 8-14 27.4 1.6 9.1 99 97 

EP-A-II 15-21 27.4 1.6 15.4 98 95 1.9±0.1 

 22-30 27.4 1.6 15.4 95 100 

  [kg COD d-1]    

EtOH-C 15-30 27.4 1.6 - 98 90 1.5±0.3 

EP-B 31-52 24.7 1.4 3 99 99 1.1±0.1 
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Furthermore, it has to be noted that, on average over the 3 phases (EP-A, 

EtOH-C and EP-B), concentrations of acetone (a main intermediate in the 

degradation of 1-ethoxy-2-propanol) of ≈340 mg O2 L-1 were detected in the water. 

This acetone could also have come from the degradation of 2-propanol— which had 

remaining concentrations in the water of ≈140 mg O2 L-1— even though this solvent 

was only fed at OLR of 1.4-1.6 kg COD d-1. In any case, these levels point out the 

lower affinity of the bacteria towards 2-propanol, acetone and 1-ethoxy-2-propanol 

(higher Ks), in respect to their affinity for ethanol. 

 
Figure 6.18. Evolution of the concentration of ethanol (x), EP (+), acetone (♦) and 

IPA (□), expressed in COD-equivalent, during the degradation of 1-
ethoxy-2-propanol in the pilot-EGSB reactor. 

These results demonstrate the feasibility of treating— via anaerobic 

degradation – typical effluents from flexographic packaging factories, containing 

ethanol as the main solvent and 10% of 1-ethoxy-2-propanol. Sucessful removal of 

both solvents at a total load of 29.1 kg COD d-1 with an average volume of sludge 

bed of 1.1 m3 during phase EP-B indicate that a specific OLR of 26.1 kg COD m-3 bed 

d-1 could be reached, that is an OLR of 3.3 kg COD m-3 d-1 and a SLR of 0.63 kg COD  

d-1 kg VS-1 (or 0.23 kg COD d-1 kg VS-1 if the hypothesis of a constant sludge quantity 

(of 3 m3) is chosen, rather than considering the measured, granulated sludge bed 

volume, which can be fluctuating). 
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6.4 DEGRADATION OF ETHANOL: INFLUENCE OF TEMPERATURE 
IN THE SUB-MESOPHILIC OR PSYCHROPHILIC RANGE 

This sub-section presents the two main long experiments focused on the 

degradation of ethanol. The first experiment (EtOH-B) was started after the 

experiment with 2-propanol during the cold season (IPA-D and E). It was also carried 

out under psychrophilic conditions, to allow comparing the degradation of both 

substrates at such range. Subsequent experiments were all under sub-mesophilic 

temperatures. Therefore, the second experiment (EtOH-E) is undertaken under 

submesophilic conditions, to stress the difference of performances of the anaerobic 

reactor with the period under psychrophilic conditions as well as to assess the max 

OLR applicable. 

6.4.1 Biodegradation under psychrophilic temperatures 

The influence of operating under psychrophilic temperature on the 

degradation of ethanol can be seen in Figure 6.19 through the evolution of the COD 

and VFA concentrations in the water for different OLs. Corresponding removal 

efficiencies and methane recoveries, for each sub-period (B-I to B-VI) are given in 

Table 6.11. Additional information is shown in Figure 6.20, with the evolution of the 

concentrations of each solvent (as ethanol is denatured with 5% of 2-propanol). It 

has to be noted that the volume of the sludge bed, around 1.5 m3 at the beginning 

of the experiment, further decreased to 1 m3 and was restored to 2.2 m3 on day 61.  

Temperatures over the sub-period B-I were first between 18 and 20 °C and 

after a week, decreased to values close to 18 °C. The initial high COD concentrations 

dropped to concentrations under 350 mg L-1 after ten days with a low feeding of 

ethanol at 8.3 kg COD d-1 and VFA concentrations remained under 100 mg CH3COOH 

L-1, indicating an easy and complete removal of the solvents for EtOH-B-I. According 

to GC analysis, the initial COD content was attributed to an accumulation of acetone, 

from the previous feeding period with 2-propanol. The complete removal of the 

solvents was conforted by a high RE for this period, even with short and colder 

exposure to temperatures as low as 16.6 °C. On the other hand, methane recovery 

for this sub-period is the lowest of period EtOH-B (81%), which could be attributed 

to the low OL and limited sensitivity of the biogas collecting unit.   
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Figure 6.19. Evolution of the a) the OL (♦) and temperatures (x) and of the b) 
COD (□) and VFA (+) concentrations during the degradation of ethanol under 

psychrophilic conditions in the pilot-EGSB reactor. 
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Then, from B-II to B-V, the system was fed with OL alternating between 13.8 

and 27.4 kg COD d-1. The adjustment was based on the COD and VFA concentrations 

(decreasing the OL when organic matter accumulated), which were affected by the 

fluctuations of the temperature between 14 and 19 °C.   

For instance, the increased OL during EtOH-B-II (29 kg COD L-1: 27.4 kg COD 

d-1 as ethanol and 1.6 kg COD d-1 as 2-propanol), together with a decrease in the 

temperature under 16 °C, on days 13 to 16, lead to a poor degradation. The 

metabolisms of the acetoclastic bacteria slowed down (RE of 87%, otherwise ≥96% 

during EtOH-B) as well as the one of the acetogens, resulting in an increase in the 

COD and VFA concentrations up to 2500 mg O2 L-1 and 700 mg CH3COOH L-1 

respectively. This sudden drop of the temperature of 2-3 °C under psychrophilic 

conditions induced an accumulation of ethanol: its concentration, which was almost 

always under 400 mg COD L-1 during the entire phase B, was around 650-750 mg 

COD L-1 during this sub-period, as can be seen in Figure 6.20. Increased temperature 

to around 17.5-18 °C resulted in lower VFA concentrations (from day 16 on), 

followed by a decrease in COD (from day 19 on). This decrease in COD 

concentrations led partially to an increase in the VFA concentration over the 

subsequent days (days 19-24). 

Likewise, during B-III, if an OL reduced by half promoted the stabilization of 

the system by degrading the accumulated organic in the previous period over the 

first ten days (COD < 1000 mg O2 L-1 and VFA< 100 mg CH3COOH L-1), a decrease in 

the temperatures under 15 °C, from day 29 on, affected again negatively the 

degradation (higher COD and VFA concentrations on day 32). Restoring the 

temperature around 18 °C lead to a sharp decrease in the COD and VFA again (day 

41). Increased OL during B-IV resulted in higher COD and VFA concentrations (up to 

2000 mg O2 L-1 and 1000 mg CH3COOH L-1) at temperature above 18 °C and another 

time, lower temperatures (from day 57 on) caused a further decrease in the 

degradation rates, resulting in VFA accumulation up to around 2000 mg CH3COOH 

L-1. Nonetheless, the methane recovery and solvent removal efficiency for entire 

period were relatively high: 88% and 98% respectively.  

Decreasing the feeding by half during B-V, lowered again the VFA 

concentrations until around 1000 mg CH3COOH L-1. However, temperatures under 

18 °C did not allow to achieve COD levels under 1900 mg O2 L-1. When temperature 

reached above 18 °C (B-VI), degradation enhanced resulted in COD concentrations 

around 1000 mg O2 L-1, even if the OL was doubled. VFA concentrations also further 

decreased to values around 250-350 mg CH3COOH L-1. 
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Table 6.11. Removal efficiency (RE) and methane recovery during the 
degradation of ethanol under 20 °C in the pilot-EGSB reactor 

 

 

 

 

 

 

 

As can be seen in Figure 6.20, the main solvents in the water were acetone 

(in average, 440±275 mg O2 L-1 accounting for 48% of the solvents) and 2-propanol 

(around 440±285 mg O2 L-1: 38% of the solvents). Ethanol itself accounted in average 

for 14% of the total COD and was only predominant (69%) at the end of B-IV: when 

high OLR (29 kg COD d-1) were fed for the longest time (10 days) at temperatures 

under 18 °C. Excepting this peak, the concentration of ethanol was always under 

100 mg O2 L-1 after 40 days (end of B-III), indicating some psychrophilic acclimation 

could have been achieved for this solvent. Furthermore, similar residual 

concentrations of acetone and 2-propanol were found when 2-propanol was fed as 

the main substrate under sub-mesophilic temperatures and was properly degraded 

(cf Figure 6.11). This relatively constant baseline of acetone and 2-propanol, with 

higher remaining concentrations than ethanol, is conforting the hypothesis of their 

higher constants of affinity (Ks) in regards to the one of ethanol, i.e the lower 

substrates affinities for these solvents (cf 6.3). 

Phase Days OLEtOH OLIPA RE CH4 recovery  

  [kg COD d-1] [%] [%] 

B-I 1-12 8.3 0.5 100 81 

B-II 13-20 27.4 1.6 87 93 

B-III 21-44 13.8 0.8 100 87 

B-IV 45-67 27.4 1.6 98 88 

B-V 68-73 13.8 0.8 96 90 

B-VI 74-84 27.4 1.6 100 94 
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Figure 6.20. Evolution of the concentrations of ethanol (x), IPA (□) and acetone 

(♦), expressed in COD-equivalent, during the degradation of ethanol 
under psychrophilic conditions in the pilot-EGSB reactor. 

Alkalinity concentrations and pH were kept around 2420±630 mg CaCO3 L-1 

and 7.7±0.3 during the entire period B (Figure 6.21). High VFA concentrations at the 

end of B-IV led to a high consumption of alkalinity, resulting in dropping its 

concentration to 750 mg CaCO3 L-1 (day 66) and inducing a pH under neutral values 

(6.5). This punctual drop corresponded to the lowest pH and alkalinity 

concentrations of period B. The pH control strategy implemented could restore the 

alkalinity content and pH to higher and neutral values respectively, within a few days 

(during B-V), even with the high load applied (30 kg COD d-1) at low temperatures 

(16-17 °C). 
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Figure 6.21. Evolution of the alkalinity concentration (x) and pH (□) during the 
degradation of ethanol under psychrophilic conditions in the pilot-

EGSB reactor. 

This period (EtOH-B) highlighted the importance of proper temperature 

control, even with a readily biodegradable compound such as ethanol. In general, 

around 18 °C, concentrations could reach a minimum of 1000 mg COD L-1; whereas 

slightly above 20 °C (see start-up period), levels of 600 mg COD L-1 could be achieved. 

When average daily temperatures went under 17-16 °C, the system showed 

difficulties to cope with total OL of 29 or even 15 kg COD d-1 as can be seen through 

the accumulation of organic matter, especially as VFA— indicating a slowing down 

of the metabolism of the acetoclastic bacteria, as methane recovery remained 

above 87% after EtOH-B-I. Ensuring water temperatures in the anaerobic reactor 

around 19-20 °C allowed the system to completely degrade ethanol at a load of 29 

kg COD d-1, keeping relatively low VFA levels- around 200-300 mg L-1. Taking into 

account that the sludge bed volume during the last sub-periods was between 1 and 

2.2 m3, this gives equivalent OLR of 3.3 kg COD m-3 d-1, i.e. specific OLRs of 13.2 up 

to 29 kg COD m-3 of sludge bed d-1 (or SLRs of 0.30-0.65 kg COD kg VSS-1 d-1).   
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6.4.2 Ethanol degradation under sub-mesophilic conditions 

The maximal applicable OLR, with ethanol as the main substrate and at 

temperatures over 20 °C was briefly evaluated, after the successful degradation of 

2-propanol under sub-mesophilic conditions. The evolution of the daily organic load 

applied and temperature during period E are presented in Figure 6.22, together with 

the COD and VFA concentrations. Unlike period EtOH-B, temperatures showed little 

variation over period EtOH-E and stayed above 24 °C, with an average of 26.7±1.2 

°C.  

As observed during the phase EtOH-A, COD concentrations as low as 600 mg 

O2 L-1 were measured with OL around 30 kg COD d-1 (EtOH-E-I), even after suddently 

switching the main substrate fed to the reactor from 2-propanol (IPA-B) to ethanol 

(EtOH-E). VFA concentrations increased during this period, but remained under 400 

mg CH3COOH L-1. 

 Increasing the load of ethanol to 40 kg COD d-1 (EtOH-E-II) resulted in 

increased COD and VFA concentrations up to ≈1000 mg O2 L-1 and ≈700 mg 

CH3COOH L-1 respectively. This indicates that the acetoclastic bacteria— in particular 

–needed some time to adjust to the higher load.  

Over E-III, COD and VFA concentrations continued to increase, but not 

drastically, in relation to the ones measured during the previous days (at the end of 

EtOH-II). The degradation of the accumulated soluble organic matter was very quick: 

after a lower feeding on day 22 and a non-feeding break on day 23, COD 

concentration was reduced to ≈400 mg O2 L-1 and VFA were under 100 mg CH3COOH 

L-1, demonstrating that the system could handle peaks of solvents with a rapid 

restoring of the baseline conditions at sub-mesophilic temperatures. 
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Figure 6.22. Evolution of the a) OL (♦), temperature (x) and b) COD (□) and VFA 
(+) concentrations during the degradation of ethanol under 

submesophilic conditions in the pilot-EGSB reactor. 

After introducing ethanol as the main substrate again (directly after IPA-B, 

when 2-propanol was the only substrate fed to the reactor), ethanol concentration 

increased and became the solvent mostly found in the wastewaters within a few 

days (EtOH-I, Figure 6.23). Moreover, within 2 weeks, ethanol concentration 

decreased under 200 g O2 L-1, which is a lower remaining COD than during EtOH-A 

and can be attributed to the higher temperature of the experiment. The more slowly 
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degradable compounds such as 2-propanol or acetone were found in lower 

concentration during EtOH-E-I (after day 3, when the accumulated 2-propanol from 

IPA-B was degraded) then during EP-A and B: when they were fed at the same load, 

but under psychrophilic conditions (Figure 6.18). This difference could be attributed 

both to the higher temperatures (submesophilic in this case) and to a successful 

acclimation during the previous period (IPA-A and B). 

 

Figure 6.23. Evolution of the concentration of ethanol (x), IPA (□) and acetone 

(♦), expressed in COD-equivalent during the testing of ethanol under 
sub-mesophilic conditions in the pilot-EGSB reactor. 

Even with these punctual increases in the accumulated solvents 

concentrations, over the entire period EtOH-E, removal efficiencies remained 

between 97-99%, putting forth the feasibility of treating such OL (Table 6.12). The 

decrease in the methane recovery for the highest OL could indicate that additional 

time would be necessary for the system to adjust to such conditions while reaching 

full metabolisation of the organic compounds (i.e. smaller steps could be used for 

increasing the OL). 
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Table 6.12. Removal efficiency (RE), methane recovery and sludge bed volume 
during the testing of ethanol under sub-mesophilic conditions in the 

pilot-EGSB reactor. 

 

An important observation during this period is the evolution of the size of 

the granule in the EGSB reactor, which was higher at the end of EtOH-E— the only 

period when this phenomenum was seen. This can be attributed to the smoother 

conditions of this period (warmer temperatures and an easily biodegradable 

compound as substrate) in relation to the others. It also relates well with  findings 

by Kato et al. (1994), who reported that size of granular sludge increases gradually 

when fed with ethanol. It was also the only period during which the sludge bed 

volume slightly increased (Table 6.12) 

6.5 OPTIMISATION OF MACRONUTRIENTS  

Other brief side-studies were the assessement— and adjustment if 

necessary— of the dosing of the nutrients to the pilot-scale EGSB reactor. Two main 

adjustments have been intended: for the minimization of the H2S concentration in 

the biogas and on the optimisation of the N/P ratio. 

6.5.1.1 Sulfur content 

An attempt to minimize the small amount of H2S detected in the biogas 

produced by the pilot-scale EGSB reactor was to divide by two the amount of sulfate 

provided in the initial formula of the nutrients mixture (through K2SO4, from 5.12 to 

2.84 kg m-3), still allowing K to be suplied according to the general biomass 

requirements (see section 2.2.2.3). This adjusted nutrient mix was used in the pilot 

plant from the middle of December 2015 (at the beginning of phase EtOH-B). 

Analysis of the biogas composition before and after this change are reported in 

Figure 6.24, together with the indication of the periods when analysis were made. 

Phase Days 
OL 

[kg COD d-1] 
RE 
[%] 

CH4 recovery 
[%] 

Sludge bed volume 
[m3] 

E-I 1-12 29 99 94 1.17±0.12 

E-II 13-20 42.3 98 92 1.21±0.05 

E-III 21-44 76.3 97 90 1.25±0.21 
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Figure 6.24. Evolution of the H2S concentration after and before the adjustment 
of the K2SO4 supplementation (highlighted with a grey line - - -). 

During the first month after the start-up of the EGSB reactor, the H2S 

content might be (partly) explained by the remaining sulfur content in the system. 

Indeed, during the start-up, some sludge from a previous experiment remained in 

the nearly-emptied EGSB reactor, that apparently had a higher sulfur content (see 

pictures in Figure 6.25). This highlights the importance of chosing a source of sludge 

with relatively low sulfur content if H2S in the biogas should be minimized. 

 

Figure 6.25. Sludge samples from the EGSB reactor during the present study (left) 
and remaining from the previous study (right): different sulfur 

contents. 
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Analyses were repeated for a month, after the adjustment in the sulfate 

supplementation (during EtOH-B and EP-A), showing a successful reduction of the 

H2S concentration, which remained under 16 ppm. The higher concentrations 

(between 10 and 20 ppm) from the 7/03 until the 17/03/2016 of H2S concentration 

after the adjustment, might be explained by a higher nutrient dosing during this 

period of time (above 6 L d-1), which was applied to increase phosphate 

concentration (see the next sub-section 6.5.1.2).  

When the N/P ratio had been optimized, and therefore the nutrients dosing 

could be kept around 6 L d-1, the H2S concentration could be completely minimized, 

remaining around 1 ppm. Remaining sulfate concentration during that period was 

also lower than before the adjustment, with a maximum of 12 mg L-1. These results 

highlight that this first adjustment of the nutrient mix (K2SO4 reduction) could 

beneficial for the quality of the biogas produced, without hindering sufficient 

supplementation of nutrients to the biomass. 

6.5.1.2 N and P adjustment 

Likewise, it was observed over the first series of experiments (EtOH-A to 

EtOH-C), i.e. the first months of operation of the EGSB reactor, that higher levels of 

N-NH4 in comparison with P-PO4 concentrations were obtained, such as can be seen 

for period EtOH-B (Figure 6.26) for instance. A proper dosing of the nutrients could 

not be found with the original formulation, as when the volume of nutrients added 

was increased to keep P-PO4 concentrations above 0.1 mg L-1, N-NH4 concentrations 

went up to 40-50 mg L-1. Likewise, monitoring during EtOH-C showed that the 

residual N/P ratio was between 10 and 252 and when residual N-NH4 concentration 

was decreased under 50 mg L-1, the concentration of P-PO4 would decrease to very 

low concentrations (under 0.5-0.2 mg L-1). 

Therefore, an adjustment of the N/P ratio in formulation of the nutrients 

mix (see 4.3.3) was considered. The N/P ratio was originally set at 6.43, which is 

close to the ratio of N/P=6.67 in the methanogenic bacteria cells, as reported by 

Rajeshwari et al. (2000). However, this is above the reported ratio (N/P=5) by Grady 

et al. (2011), considering the general cell composition (not specific to any family of 

bacteria). Based on this consideration and results of analyses showing higher 

residual concentrations of N than P in the effluents, the N/P ratio was adjusted to 

4.85. 
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Figure 6.26. Evolution of N-NH4 (x) and P-PO4 (♦) concentrations over the period 
EtOH-B in the EGSB reactor. 

The effect of this adjustment, applied after EtOH-C, was monitored during 

the next phase with ethanol (EtOH-D) and can be seen in Figure 6.27. After the 

adjustment, the residual N/P ratio was kept in a closer and lower range: between 

3.8 and 30 (EtOH-D). This smaller ratio allowed reducing the volume of nutrients 

dosed, as reducing the nitrogen supplemented— down to N-NH4 residual 

concentrations under 10 mg L-1 (e.g. at 8.5 mg L-1) did not reduce P-PO4 

concentrations under 0.5 mg L-1. A brief trial to test the limits of the minimization of 

the nutrients, during the week after EtOH-D (first week of IPA-A) even allowed 

reducing N-NH4 concentrations between 0.5-1.5 mg L-1 while maintaining residual P-

PO4 concentrations between 0.1-0.2 mg L-1. Thereafter, for all the experiments 

(after day 8 of IPA-A to EtOH-E), the remaining N and P concentrations in the system 

were kept at higher levels (N-NH4: 12±10 mg L-1, P-PO4: 3±2 mg L-1), to avoid reaching 

any limitations for the next solvents studies. Nonetheless, during the three months 

after period EtOH-D, the adjusted nutrients formula allowed keeping a residual N/P 

ratio in the water between 1-22, with an average of 6.2 (6±7).  
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Figure 6.27. Evolution of N-NH4 (◊) and P-PO4 (♦) concentrations over the period 
EtOH-D: after the adjustment of the N/P ratio, in the EGSB reactor. 

6.6 CONCLUSIONS AND PERSPECTIVES 

The main conclusions of the study of the anaerobic biodegradation of 1-

ethoxy-2-propanol and 2-propanol in the pilot EGSB reactor are presented in this 

section. To the best of the author’s knowledge, there is no previous studies in the 

literature assessing directly the anaerobic degradation of 1-ethoxy-2-propanol at 

pilot-scale, as well as the anaerobic degradability of 2-propanol as the sole source 

of carbon in a continuous, pilot-scale EGSB reactor. 

The results of the research carried out at pilot scale indicate the feasibility 

of anaerobic treatment of typical effluents from flexographic packaging factories, 

with ethanol as the main solvent and 10% of 1-ethoxy-2-propanol, at an OLR of 3.3 

kg COD d-1 m-3, that is a SLR of 0.23 kg COD d-1 kg VSS-1 (considering a constant sludge 

quantity in the system).  

These studies have demonstrated that 2-propanol can be effectively 

degraded as the main substrate in a pilot-scale EGSB reactor, expanding the 

applicability of the anaerobic bioscrubber to industries emitting effluents with this 

solvent as the major compound. Anaerobic granular sludge from brewery 
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wastewater treatment plant was found to be able to remove 2-propanol loads up 

0.29 kg COD kg VSS-1 d-1 at 26 °C (an OLR of 3.9 kg COD m-3 d-1), when a smooth and 

progressive exposure to 2-propanol was used (increasing steps of 0.6–0.7 kg COD 

m-3 d-1). On the other hand, high degradation and methane yields could not be 

achieved for temperature under 20 °C, indicating that psychrophilic conditions are 

not adequate for 2-propanol anaerobic treatment, at least at such SLR.   

These results with 2-propanol relate well with the findings obtained at 

laboratory scale, indeed SLR of the same order of magnitude were achieved. 

Therefore, they confort that laboratory-scale experiments, in continuous and even 

in batch mode can predict to some extent the biodegradability of soluble organic 

compounds, allowing a considerable saving in time, material and energy for future 

testing in this field. 

A comparison of the tolerance of the sludge to psychrophilic temperatures, 

using ethanol as the main substrate highlighted a decreasing reactor performance 

with decreasing temperatures, with a minimum recommended temperature slightly 

lower than for 2-propanol: around 18 °C for OL of 15-30 kg COD d-1 (OLR of 1.7-3.4 

kg COD m-3 d-1). Higher temperatures (26 °C) would allow treating higher organic 

loads, even with peaks at 80 kg COD d-1 (OLR of 9.2 kg COD m-3 d-1). 

Moreover, optimisation of the composition of the nutrients could permit 

minimizing the volume of nutrients to be fed. This fine-tuning of the original formula 

of macronutrients should allow reducing operational cost at industrial scale and 

minimizing the H2S content. 

Finally, these findings give some insight on important restrictions and key 

parameters to achieve good performances at full scale. Especially if the full-scale 

installation should run with 2-propanol as the main solvent and a sludge from a 

brewery wastewater treatment plant, the period of acclimation to 2-propanol 

should be monitored with the COD and VFA concentrations, as well as the pH and 

biogas production. A transitory start-up period of around 3 weeks-1 month is 

expected for the anaerobic bioscrubber, during which step-wise increases in the OL 

should be applied, through the control of the airflow containing the solvents and 

entering the scrubber. Some addition of ethanol might be necessary, during the first 

phases with low OL of 2-propanol, in order to keep a minimum total OL for the 

consortium of bacteria. If possible, subsequent full-scale installations running with 

2-propanol should then be (partially) seeded with the adapted sludge from the first 

full-scale plant. Moreover, whatever solvent is the main substrate (ethanol or 2-

propanol), it is advisable to have the temperature of the anaerobic reactor kept 

above 20 °C, and thus this parameter should also be monitored.  
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The experiments presented in this chapter are focused on getting a better 

understanding of the optimal supply of trace metals (TM), which is essential for 

bacterial growth and activity in anaerobic processes— where they act as 

micronutrients. The trace metals considered in these experiments are: Fe, Zn, Cu, 

Mo, Ni, Co, Mn and Se. Trace metals in anaerobic systems are regulated by complex 

physicochemical reactions and may be found under different forms (free ions, 

complex-bounds, precipitates, etc.). Therefore, to determine the required 

concentrations for the system, it is necessary first, a) to gain appropriate knowledge 

about the speciation and bioavailability of the trace metals in the sources of sludges 

that will be used for the anaerobic degradation and then b) to evaluate the optimal 

composition of the micronutrients to be dosed. Results from these two points (a, b) 

could allow issuing guidelines for adjusting the dosing at pilot-scale (c). These three 

points (a, b, c) constituted the main studies for the micronutrients optimisation and 

were implemented through: 

a) The determination of the metals content, allocation and bioavailability in 

the sludges through a sequential extraction method and microwave-

assisted acid digestion. The sludge source S-FP was used, which had been 

previously exposed to the solvents of interest and with which the 

anaerobic biodegradability of the solvents was assessed in the batch 

studies (chapter 5). The influence of the source of inoculum was also 

evaluated, as different sludge sources can possess different initial metals 

content, which can affect greatly the response of the system to 

micronutrient dosing. Therefore, for comparison purposes, the sludge S-

B1 was also analysed, coming from a brewery wastewater treatment plant 

and corresponding to the initial source of sludge used to seed the pilot-

scale EGSB reactor. 

b) A laboratory-scale study on the optimal micronutrients composition to be 

supplemented, using bioreactors in batch mode (AMPTS II). The metals 

considered for this study were: Ni, Mo, Fe, Co, Mn and Zn, the sludge used 

was S-FP and the substrates tested were ethanol and 1-methoxy-2-

propanol. Given the complexity of determining an optimal dosing strategy, 

due among others to the interactions among metals, a specific 

experimental plan was designed— contistuting not only a first screening 

of the relative importance of the metals, but also providing information 

about potential synergetic/antagonistic effects. A factorial experimental 

plan was chosen for this purpose and, in order to minimize the number of 

required experiments for this plan, a fractional factorial experimental plan 
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(26-2) was favoured, with 2 concentration levels for each metal. Those 

levels were chosen based on recommended values and according to the 

microbiological values reported for metals requirement.  

c) The influence of different dosing strategies at pilot-scale via the follow-up 

of the concentration of trace metals in the sludge of the EGSB reactor. A 

comparison with the initial trace metal content of the sludge used to seed 

the anaerobic bioreactor (S-B1) was also made. The evolution of the trace 

metals concentration in the effluent of the anaerobic reactor (the liquid 

fraction), for the different dosing, was also evaluated. 

7.1 WORKING PLAN 

7.1.1 Micronutrients content and distribution in sludge samples 

The effect of trace metals on the activity of the microorganisms depends on 

environmental factors. Among other factors, it is affected by their up-taking by the 

microorganisms, assessed via their bioavailability and distribution within the 

system. The distribution of trace metals can be assessed by sequential extraction 

methods (Ortner et al., 2014). Those techniques are based on the principle that the 

absorbed metals in (or adsorbed on) different fractions of the biomass can be 

transferred using the appropriate extracting reagent (van Hullebusch et al., 2005b). 

Moreover, according to Tessier et al. (1979), the bioavailability of the trace metals 

can be related to these fractions, based on the solubility and reactivity of the metals 

in each fraction. In the metal fractions presented below, the bioavailability of the 

metals is in descending order, with the water soluble and the exchangeable fraction 

considered as highly bioavailable (Fuentes et al., 2008). In addition to the four 

commonly considered fractions, an additional extraction fraction is present in this 

list: the water-soluble fraction, introduced in the adapted modified Tessier scheme 

of sequential fractionation by Ortner et al. (2014), which is the method chosen in 

this study: 

 water-soluble, 

 exchangeable, 

 bound to carbonates,  

 bound to sulfides/organic, 

 and residual fraction.  
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Furthermore, a comparison was made between the metal concentrations 

and distributions for the sludge used to seed the pilot-scale reactor and originating 

from a brewery wastewater treatment plant (S-B1) and this sludge exposed to the 

solvents emitted by flexographic presses for more than a year (S-FP). The dosing of 

micronutrients in the pilot plant over this period of time was also based on the 

calculations described in 4.3.3, using an average safety factor for RX,daily (the daily 

requirement of the nutrient X for the biomass in g kg-1 d-1) of 35% (personal 

communication, D. Bravo, Pure Air Solutions). 

Another factor of influence is the initial metal content stored in the sludge, 

as trace elements supplementation on inoculums with high or low background level 

of metals will usually have neutral/negative or positive effect on the methane 

production, respectively (Facchin et al., 2013b). Therefore, the total metal contents 

of both sludge samples were also analysed via microwave-assisted acid digestion.  

 This study should allow meeting the following two sub-objectives: 

 Gain feedbacks on the micronutrients dosing at pilot-scale, by 

comparing the background level of metal from the type of biomass 

used to inoculate the reactor (S-B1) with the metals level of the 

biomass after running more than a year in the system (S-FP).  

 Better interpret the results of the study on the micronutrients 

supplementation carried out in batch mode, by knowing the metal 

background level of the biomass used in the trials (S-FP).  

7.1.2 Supplementation of micronutrients: study in batch bioassays 

Defining the scope: choice of the source of sludge and solvent 

This study was a screening of individual influence of the trace metals on the 

anaerobic degradation of the solvents, as well as their interactions. It should allow 

identifying micronutrients which are the most important for the concerned specific 

biomass and substrate, i.e. for the specific degradation mecanisms involved in the 

system under study. The sludge already exposed to the solvents (S-FP) was chosen 

for this study, which was previously used to assess the biodegradability of the 

solvents of interest in batch bioassays (chapter 5). 

The solvents chosen as substrates to test the influence of the micronutrients 

were ethanol and 1-methoxy-2-propanol: 
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- Ethanol, known to be an easily biodegradable compound, was mainly used 

because it is the main solvent found in the emissions of the printing 

packaging factory monitored and as a control for the bioassays; 

- 1-methoxy-2-propanol was chosen as the target glycol ether for this study, 

as the degradation of these compounds seemed to be particulary affected 

by enzyme development and activity. Trace metals are known to play 

important roles in the enzymatic systems of anaerobic microbial 

consortium, especially for the methanogens. 1-methoxy-2-propanol was 

selected as it was found to have the longest lag phase among the solvents 

studied in batch reactors, potentially allowing the sludge to adapt to the 

micronutrient supplementations. 

The chosen concentrations of solvents were the ones that had been 

previously used, that is for which the methane production had been characterized 

(1.6 g COD L-1 of ethanol and 10 g COD L-1 of 1-methoxy-2-propanol). 

Design of the fractional factorial experimental plan  

The determination of an optimal dosing strategy is complex. The approach 

chosen in this study takes into account not only the influence of individual metals 

but also their interactions through the use of a specifically designed experimental 

plan. 

The chosen factors for this study are six key necessary trace metals reported 

in the literature (Fermoso et al., 2009; Frédéric & Lugardon, 2007; Singh et al., 1999): 

Ni (factor 1), Mo (factor 2), Fe (factor 3), Co (factor 4), Mn (factor 5) and Zn (factor 

6). Given the nature of the study, a factorial experimental plan is chosen, limiting 

the number of levels for each factor to two. Moreover, to reduce the number of 

tests and still be able to study all the factors, a fractional factorial design was 

preferred. In this study, to reach a feasible number of experiments, a fractional 

factorial experimental plan (26-2) was chosen (giving a resolution IV). Here, 

interactions among 3 metals or more are neglected (hypothesis 1), which is a 

reasonable assumption for a first screening. The interpretation of the interactions 

between 2 metals will have to be made carefully and take into account their aliases.  

The model of this plan was set with 16 trials (Table 7.1, where the high and 

low levels in the trials for each factor are indicated by (1) and (-1) respectively). It 

has to be noted that the variables used are reduced, centered variables, thus 

dimensionless. The factor 5 (Mn) levels of study are given by the signs of the 

interaction among the factors 1, 2 and 3 (NiMoFe) and factor 6 (Zn) levels by the 
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signs of the interaction among the factors 2, 3 and 4 (MoFeCo). Thus, the contrasts, 

indicating which coefficients were aliased, were defined based on the following 

relation I=1235=1456=2346, in Box notation.   

Table 7.1. Fractional factorial experimental plan 

 Experiments 
F1 
Ni 

F2 
Mo 

F3 
Fe 

F 4 
Co 

F5=123 
Mn 

F6=234 
Zn 

1 1 1 1 1 1 1 

2 -1 1 1 1 -1 1 

3 1 -1 1 1 -1 -1 

4 -1 -1 1 1 1 -1 

5 1 1 -1 1 -1 -1 

6 -1 1 -1 1 1 -1 

7 1 -1 -1 1 1 1 

8 -1 -1 -1 1 -1 1 

9 1 1 1 -1 1 -1 

10 -1 1 1 -1 -1 -1 

11 1 -1 1 -1 -1 1 

12 -1 -1 1 -1 1 1 

13 1 1 -1 -1 -1 1 

14 -1 1 -1 -1 1 1 

15 1 -1 -1 -1 1 -1 

16 -1 -1 -1 -1 -1 -1 

 
Further usual hypothesis for the interpretation of fractional factorial plan 

were taken (George E. P. Box, J. Stuart Hunter, 2005; Goupy, 2013): 

- if a contrast is equals or close to zero, it means that its effects and aliased 

interactions are all equals to zero (hypothesis 2). The fact that the effects 

and interactions aliased can compensate is considered unlikely. 

- If two contrasts are low, it is assumed that their interaction is low too. 

If a contrast is low and the other high, it is assumed that their interaction is 

low (hypothesis 3). 

- If two contrasts are high, their interaction can be high too (hypothesis 4). 

Moreover, undertaking only the designed 16 experiments would not have 

allowed managing statistical errors due to the i) measurements or ii) the model: 

i. To account for the dispersion of the results (experimental error), 

trials were performed in duplicates (resulting in 32 bioassays).  
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ii. However, given the screening aspect of this study, the lack of fit 

was not tested; additional trials could be carried out for this 

purpose (central points could be tested inside areas of interest).   

Practically, given the high number of bioassays required, the experiments 

were carried out in three batches: part I, part II and part III for all the duplicates. 

Moreover, duplicates presenting a too high deviation were repeated, in order to 

ensure that the standard deviation of the experimental results remains low (Table 

7.2). The assays were run with the same source of sludge (S-FP), but given the 

partitioning of the assays, with different preservation time. As the preservation time 

had an impact on the lag phase and SMA of 1-methoxy-2-propanol degradation (as 

demonstrated previously, for a longer preservation time, see 5.2.1.2), an anti-drift 

technique was implemented, to determine if there was any significant biais 

introduced by running these assays in different batches (or blocks). As there was no 

reason for assuming this drifting would be linear, the solution chosen was to 

implement some “drift controls” for each batch (method of the points repetition 

(Goupy and Creighton, 2013)). Rather than the classical choice of using centered 

points to evaluate the drifting, controls with 1-methoxy-2-propanol at 10 g COD L-1 

were run, using the usual laboratory dosing for micronutrients (Table 7.4). Over the 

running of the trials, several of these controls were carried out, in order to be able 

to apply a corrective factor to each set of trials, to compensate this phenomenon if 

necessary. In Table 7.2, the distribution of the trials over the three parts and the 

corresponding preservation time (at room temperature, ~20 °C) of the sludge are 

explicited. 

Table 7.2. Distribution of the bioassays over part I, II and III as well as 
corresponding controls. 

Part I Part II Part III  

Trials 6 and 9 to 11 Trials 1 to 4 and 12 to 16 Trials 5, 7 and 8 

Control C-I: with S-FP, 

preserved 7 months 

Control C-II: with S-FP, 

preserved 10 months 

Control C-III: with S-FP, 

preserved 13 months 

The selected levels of the experimental plan correspond to the supplied 

concentrations of the micronutrients and are summarized in Table 7.3. As the ranges 

of concentrations encountered in the literature, for each micronutrients dosing, can 

vary by a few orders of magnitude (Schattauer et al., 2011), the studied 

concentrations were chosen based on fundamental biological requirements.  
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The low levels were chosen according to the microorganisms composition 

(Rajeshwari et al., 2000) and assuming a growth yield value of 0.083 g VSS g COD-1 

(Leslie Grady et al., 2011): 

𝑐𝑙𝑜𝑤 = 𝑟 · 𝑌 · 1000 (7.1) 
With:  

- clow: micronutrients (X) concentration per g of COD removed [μg X gCOD-1] 

- r: microbiological requirement [mg X g VSS-1] 

- Y: growth yield of the microorganisms [gVSS gCOD-1] 

The high level of concentration (chigh) was chosen equal to 10 times the required 

level clow, in order to notice a significant difference (should there be any) and take 

into account the fact that the metal supplemented is not entirely bioavailable. 

Table 7.3. Chosen metals and their concentrations per gram of COD removed for 
the study on the influence of the supplementation of micronutrients. 

 Iron Zinc Molybdenum Nickel Cobalt Manganese 

chigh: high level 
[µg∙g-1 COD] 

1500 50 50 83 67 17 

clow: low level 
[µg∙g-1 COD] 

150 5.0 5.0 8.3 6.7 1.7 

 
For the chosen total substrate concentration (11.6 g COD L-1), the respective 

concentration of the metals for the low [-1] or high level [+1] are given in Table 7.4. 

Controls were run with the concentrations of trace metals used previously in the 

batch laboratory-scale trials, which were based on average concentrations found in 

the literature (cf sub-section 2.2.2.3). 

Table 7.4. Concentrations of the micronutrients for the study on the influence of 
the supplementation of micronutrients. 

Micronutrient 
Concentration [mg L-1] 

Supplemented as: 
[+1] [-1] Control 

Fe 17 1.7 1.9 FeCl3 6H2O 
Zn 0.58 0.058 0.037 ZnSO4 7H2O 
Mo 0.58 0.058 0.06 (NH4)6Mo7O24 4H2O 
Ni 0.97 0.097 0.12 NiSO4 6H2O 
Co 0.77 0.077 0.5 CoCl2 6H2O 
Mn 0.19 0.019 0.5 MnCl2 4H2O 
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The rest of the micronutrients were kept at the same concentrations for all 

trials (Table 7.5). Their concentrations were the same as the ones of the controls, 

ensuring that these elements were not in limiting concentrations, i.e. that they were 

provided in concentrations similar or higher than the calculated required 

concentration (0.0097 mg L-1).  

Table 7.5. Supplemented metals concentrations for B, Cu and Se, for all the 
assays, including the controls. 

Micronutrient Concentration [mg L-1] Supplemented as 

Cu 0.023 CuCl2 2H2O 
Se 0.063 Na2SeO3 
B 0.0087 H3BO3 

7.1.3 Influence of micronutrients dosing at pilot-scale 

Based on the results of the two previous studies, modifications of the dosing 

of micronutrients in the pilot-scale EGSB were tested and the effect of these 

adjustments monitored via the evolution of the metal content in the system. More 

precisely, the evolution of the total metal content of the sludge, as well as the 

remaining concentrations of the trace metals in the water phase were considered. 

Two main supplementations were tested: 

1. The pilot-scale EGSB reactor was started with a dosing strategy 

using a safety factor of 70% (equivalent a total of 1200 mL of 

concentrated solution added weekly to the reactor, see 

calculations in sub-section 4.3.3): from the start-up period EtOH A 

until EP-A.  

2. After 6 months with this first dosing, the safety factor was reduced 

to 35% and the compostion of the concentrated solution slightly 

adjusted, according to Table 7.6: during 5 months, when the pilot-

scale was fed with ethanol (from EtOH-C until EtOH-E, see sub-

section 6.4.2). These changes were based on the results of the first 

series of analyzes of trace metals in the system, as well as the 

results of the experiments at laboratory scale. Copper was not 

tested in the laboratory studies; thus, its dosing was not adjusted.  
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Table 7.6. Adjustment factors for the second dosing strategy of the 
micronutrients in the pilot-scale EGSB. 

Micronutrient Fe Ni Co Mo Zn Mn Cu 

Adjustment factor 1.5 0.8 1.2 0.5 1.3 1.5 1 

7.2 MICRONUTRIENTS CONTENT AND DISTRIBUTION IN SLUDGE 
SAMPLES 

7.2.1 Total metal content 

Total trace metal concentrations were obtained with direct microwave-

assisted digestion of the sludge samples. The results from the total metal extraction 

of the sludges S-B1 and S-FP are shown in Table 7.7, together with the expected cell 

composition of methanogens (Rajeshwari et al., 2000). For S-B1, two sludge samples 

originating from the same brewery wastewater treatment plant were analysed: one 

sample from 2014 (S-B1), which was used for the acclimation studies at batch scale, 

and a later sample from 2016 (S-B1-2016), to gain knowledge on the stability of the 

metal content in the inoculum. 

The values of total metal concentrations indicated that Fe and Zn were the 

most concentrated metals found in both sludges. The high concentration of iron was 

expected, being a trace metal playing an importance role in anaerobic treatments 

and the main micronutrients supplied and in the cells composition. Thus, these 

results confirmed the importance of iron in this system On the other hand, zinc 

presence was much higher that the cell composition indicated by Rajeshwari et al., 

(2000). Concerning these differences, it is important to note that the trace metal 

contents analyzed do not represent only the bacterial content, but the total (organic 

and inorganic) content in the system. Indeed, in this type of system (anaerobic 

bioreactors), trace metals allocation are not only influenced by metals-

microorganisms interactions (such as metal uptake in the cell and potential 

integration within enzymatic system), but also by metals-granular sludge 

interactions (resulting in (co-) precipitation, absorption or adsorption and binding 

by Extracellular Polymeric Substance or the cells) as well as the metals-liquid 

interactions influenced mainly by the chemistry of the solution with the formation 

of metals precipitates or dissolved metal complexes, such as metals sulphide 

complexes (Fermoso et al., 2009b).  
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In general, the metals content in the sludge S-B1 was higher than in the 

sludge S-FP, except for cobalt. Cu, Mo, Ni and Se presented very similar total 

concentrations in both sludge samples (S-FP and S-B1). Se, Co, Mn were the 

elements found in the lowest concentrations, which is in accordance with their low 

dosing in the system. With S-FP, the ratio ¼ for Mn/Co dosing was reflected in the 

analysed concentrations. It is worth noticing that Se was present at the same 

concentration in S-B1 as in S-FP sludge, even though the element was not dosed at 

pilot-scale. On the other hand, Cu would have been expected to be present at the 

same low concentration in both sludges, but its concentration was 10 times higher 

than Co (although its dosing is lesser than the one of Co), indicating again the 

influence of complex mechanisms in the allocation of trace metals in the biorecator. 

Moreover, it can be seen from analysis of the sludge sample S-B1-2016, that 

the total metal content in the sludge used to inoculate the EGSB reactor is very 

stable, even with a 2-year difference for the sampling, except for Mn (6 times higher 

in the sample of 2016).  

Table 7.7. Comparison of the total metal content with the expected cell 
composition in [mg kgTS-1] 

 Fe Zn Cu Mo Ni Co Mn Se 

S-B1 1020 936 110 26.9 41.0 5.34 6.42 1.18 

S-B1 2016 1405 989 122 28.0 31.5 4.69 42.4 1.46 
S-FP  742 515 102 28.4 37.1 10.1 2.47 1.01 

Cell comp.* 1800 60 10 60 100 80 20 10 

*according to Rajeshwari et al. (2000) 

Another comparison worth making is between these results and the 

expected cell compositions as given by Rajeshwari et al. (2000). Most metals were 

found in concentrations between 10 and 50% of the expected cell composition. 

However, Cu and Zn were found in concentrations roughly ten times higher than in 

the expected cell composition, possibly indicating a greater storing of these metals 

for the sake of the anaerobic degradation of the substrates. These differences can 

again be attributed to a different biomass composition, as the sludge was analyzed 

and not only the methanogens. It could also be explained by the different 

mechanisms taking place in the bioreactors as mentioned earlier, that influence the 

trace metals allocation. Moreover, the sludge samples could have contained some 

non-active biomass (debris), which could explain the lower content for most trace 

metals than expected from the cell composition.  In any case, the micronutrients 

dosing formulation could be adjusted to the relative importance of the 
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micronutrients found here— taking into account that some elements might be 

deficient. 

Furthermore, another comparison is made in Table 7.8 with the results of a 

report by Zandvoort et al. (2006), indicating the total metal content of four 

biomasses coming from several UASB reactors of different origins: 

 Nedalco: a UASB treating distillery wastewaters (EtOH, VFA); 

 Eerbeek: a UASB treating paper mill wastewaters; 

 Hoogeveen: a UASB treating groundwater with perchloroethene; 

 Heineken: a UASB treating brewery wastewaters. 

Table 7.8. Comparison of the total metal in [mg kgTS-1] content with other 
reported values. 

Sludge origin Industrial activity Fe Zn Cu Mo Ni Co Mn Se  

Study by Zandvoort et al. (2006) 

Nedalco Distillery 20 800 760 690 - 130 27 55 -  

Eerbeek Paper mill 25 900 104 50 49 30 31 102 2  

Hoogeveen Perchloroethene 75 700 2270 142 52 105 33 122 49  

Heineken Brewery 36 000 1520 300 36 230 51 117 124  

The present study 

S-FP Flexography 742 515 102 28 37 10 2 1  

S-B1  Brewery 1 020 936 110 27 41 5 6 1  

This comparison, especially considering the sludge from Heineken, indicates 

that Fe, Mn, Se, Ni and Co were less concentrated in the biomasses used in the 

present study (S-FP and S-B1): 

 Se, Mn and Fe concentrations in S-B1 represent less than 10% of 

the concentration in the sludge from Heineken; 

 Ni and Co concentrations are less than 20% of the concentrations 

in the biomass from Heineken; 

 Zn, Cu and Mo concentrations are around one-two third of their 

respective concentrations in Heineken’s biomass. 

These differences highlight the metal contents of anaerobic sludges can vary 

significantly, even if they are treating wastewater from the same type of industry. 

Therefore, the selection of a source of sludge to inoculate a reactor should consider 
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its potential metal deficiencies, in order to prevent longer start-up periods or even 

reactor failure (e.g. by supplying higher micronutrients during the start-up period). 

7.2.2 Sequential extraction: trace metals distribution 

The metal distribution among the 5 fractions of the sequential extraction is 
presented in Figure 7.1 and Figure 7.2, for each metal and for the sludge S-FP and S-
B1. In these figures, the abscissa shows the 5 successive extraction fractions from 
left to right, with: 

 F0: the water-soluble fraction, 

 F1: the exchangeable fraction, 

 F2: the carbonate-bound fraction, 

 F3: the organic/sulphide-bound fraction, 

 F4: the residual fraction. 
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Figure 7.1. Metal content in each fraction as per the sequential extraction 
method for the S-FP and S-B1 sludges: Fe, Zn, Cu and Mo. 
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Figure 7.2. Metal content in each fraction as per the sequential extraction 
method for the S-FP and S-B1 sludges: Ni, Co, Mn and Se. 

The exact values are given in Table 7.9. Average values are given for the 

duplicates and the value of the metal concentration in the blanks was substracted 

from the value of the respective sample.  
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Table 7.9. Trace metals concentration [mg kg TS-1] in a) the sludge S-B1 from a brewery wastewater treament plant and b) the 
sludge S-FP from the pilot-scale EGSB after a year of operation. 

a) S-B1 Mn Fe Co Ni Cu Zn Se Mo 

Fraction 0 0.24±0.03 11.1±1.6 0.01±0.01 3.2±0.2 1.89±0.38 7.5±2.4 <LOQ 0.93±0.03 

Fraction 1 0.30±0.05 1.8±1.7 <LOQ 4.3±1.8 0.65±0.17 2.5±4.8 <LOQ 0.85±0.33 

Fraction 2 4.16±0.09 204±1 0.22±0.04 13.4±0.6 <LOQ <LOQ <LOQ 1.33±0.34 

Fraction 3 1.49±0.07 30.9±3.3 2.38±0.02 19.1±0.1 49.8±0.2 767±12 1.6±1.2 21±5 

Fraction 4 1.8±0.5 991±235 1.5±0.4 13.1±3.1 86.6±22.8 453±102 0.38±0.18 22±5 

Total 7.9±0.8 1238±242 4.1±0.4 53±5 139±23 1230±121 1.9±1.4 46±11 

         

b) S-FP Mn Fe Co Ni Cu Zn Se Mo 

Fraction 0 0.09±0.10 9.2±4.2 0.63±0.01 4.8±2.4 2.9±0.3 5.4±9.4 0.05±0.07 0.1±1.3 

Fraction 1 0.09±0.01 4.4±5.5 <LOQ 6.2±3.5 1.0±0.9 1.7±2.7 <LOQ 1.2±0.2 

Fraction 2 1.24±0.09 199±15 0.82±0.07 11.1±0.3 <LOQ <LOQ 0.08±0.32 2.2±0.2 

Fraction 3 0.28±0.22 11.8±0.1 6.05±0.15 20.1±0.4 51.8±1.9 412±5 1.8±1.1 24±18 

Fraction 4 1.01±0.08 827±14 3.19±0.41 13.4±1.8 87.1±5.3 268±34 0.26±0.02 25±2 

Total 2.72±0.49 1052±38 10.7±0.6 55.7±8.4 143±8 687±51 2.2±1.5 53±22 
*<LOQ: below the limit of quantification. 
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Concerning the comparison of the metals content in S-B1 and S-FP samples, 

results clearly indicated that most of the concentrations are very similar in both 

biomasses. There were 3 exceptions, for:  

 Co, which was more concentrated in the S-FP sludge. For the 

organic/sulphide-bound fraction, its concentration varied from 

around 4 in the original sludge S-B1 up to 11 mg kg VS-1 in the sludge 

S-FP. 

 Mn, which was found less concentrated in S-FP than in S-B1, by a 

factor of 3 for the carbonate-bound fraction and a factor of 2 for 

the organic/sulphide-bound fraction. 

 and Zn, which was less concentrated in S-FP. The original high 

content of zinc (around 1200 mg kg VS-1) in S-B1 was divided by 

almost 2, after a year in the pilot-scale EGSB reactor.  

Concerning the relative distribution of each trace metal, both sludges 

showed remarkable similarities in their metal distribution over the 5 fractions. This 

indicates that the partition and the bioavailability of the trace metals is similar in 

the brewery wastewater treatment plant where S-B1 was sampled from and in the 

pilot-scale EGSB reactor treating package printing effluents. Only manganese (Mn) 

presented a difference in distribution greater than 10%: its residual fraction 

increased from 22% in the S-B1 to 37% in the S-FP sludge, while the 

organic/sulphide-bound and carbonate fractions decreased, reducing the overall 

availability of this trace metal in the pilot-plant EGSB reactor. 

In general, the metals were mainly present in the most strongly bound 

fractions, the organic/sulphide-bound fraction (F3) and the residual fraction (F4). 

Only Mn was found less than 50% in these two fractions, due to its signification 

allocation in the carbonate-bound fraction (F2: 46-53%). Fe was predominantly 

present in the residual fraction; partly indicating a low availability, even though its 

carbonate-bound fraction was also one—relatively— of the 3 highest of all analyzed 

metals (Mn, Ni, Fe) with around 16-19% stored in this fraction. The percentage of 

trace metals considered highly bioavailable (F0 and F1) was thus minor, generally 

accounting for 1 to 4% of all the fractions. The trace metals with the maximal 

bioavailibity were Ni, Mn and Co with 20%, 7% and 6% respectively, in the S-FP 

sludge and Ni, Mn with 14% and 7% respectively in the S-B1 sludge. 

These distributions seem to be relatively stable for granular sludges coming 

from anaerobic reactors treating brewery wastewaters. Indeed, they are in 

accordance with results from Zandvoort et al. (2006), who investigated the metal 
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content and fractionation of granular sludges. Among other samples, they analysed 

a sludge originating from an EGSB reactor treating brewery wastewaters from 

Heineken (Table 7.10), which should be a priori similar to the sludge S-B1 used in 

the present study. The only noticeable difference with the current conclusions is for 

the main fraction of selenium (which might be explained by the very low 

concentrations, sometimes < LOQ, found in the present study). 

Table 7.10. Comparison of the main fractions (F2: Carbonate; F3: 
organic/sulphide; F4: residual) for each metal found in anaerobic 

granular sludges from this study (S-FP and S-B1) and another study. 

 Fe Zn Cu Mo Ni  Co Mn  Se  

Study with a sludge from Heineken by Zandvoort et al. (2006). 

Heineken F4 then F2 F3 F3 F3 F3 F3 F2 F4 

The present study 

S-B1 F4 then F2 F3 F4 then F3 F3 +F4 F3 F3 F2 F3 
S-FP F4 then F2 F3 F4 then F3 F3 + F4 F3 F3 F2 F3 

Finally, the sum of the 4 fractions obtained with the sequential extraction 

method were similar to the values of the total metal content (sub-section 7.2.1), 

even though different techniques were used. More precisely, the total metal 

contents were slightly lower, accounting usually for 70-90% of these sums, which is 

reasonable given an average standard deviation of 20% associated with the values 

of the sums.  

7.3 SUPPLEMENTATION OF MICRONUTRIENTS: STUDY IN BATCH 
MODE 

After the assessement of the metal content and distribution in the sludges 

S-B1 and S-FP, the study on the influence of the supplementation of trace metals on 

the anaerobic degradation of glycol ether was started. 16 batch biossays were 

runned in duplicates, with metals concentrations based on the design of the 

experimental plan and using only the sludge S-FP— which had shown better SMA 

and shorter lag phases for the solvents.  

The biogas production rate associated with the degradation of 1-methoxy-

2-propanol was chosen as the response of the plan. The average rate (ΔV/Δt)MP was 

taken instead of the maximal rate (as used previously for SMAs calculations), as 

punctual inflexions can be observed in the biogas production curve, which are not 

necessarily representative of the actual or at least total degradation rate. A typical 
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example of these batch tests results can be see in Figure 7.3, where the cumulative 

volume of methane produced is plotted in function of time. It illustrates the main 

values used to calculate the response of the plan. The following notations are used: 

 Vmax = total methane production [mL CH4]; 

 ΔVMP= methane production associated with the degradation of 1-

methoxy-2-propanol: ΔVMP = 𝑉𝑚𝑎𝑥 − 𝑉𝐸𝑡𝑂 , with VEtOH being the volume 

of methane associated with the degradation of 1.6 g COD L-1 of ethanol 

(224 mL CH4 based on the volume of the batch reactor of 0.4 L). 

 𝑙 being the lag phase (t1) before the degradation of 1-methoxy-2-propanol 

[h]; 

 ΔtMP being the time for the complete degradation of 1-methoxy-2-

propanol, according to TOC analyses: ΔtMP = 𝑡2 − 𝑡1 [h]. 

 
Figure 7.3. Determination of (ΔV/Δt)MP: example of trial 1 of the micronutrients 

supplementation. 

As described in chapter 5, the first methane production is associated with 

the degradation of ethanol. Subsequent methane production (after an observed 

plateau) is attributed to the degradation of 1-methoxy-2-propanol. A clear, distinct 

second inflexion was observed for the trials 13, 14, 15 and 16, which is related to 

the production of intermediate by-products and their biodegradation (as discussed 

in subsection 5.2.2.1). For these trials, both slopes associated with the degradation 

of 1-methoxy-2-propanol and by-products present similar rates. In these cases, 

(ΔV/Δt)MP was calculated based on the first slope observed for this solvent—the 

intermediate lag was taken into consideration in the discussion but not for the 

determination of the degradation rate of the solvent .  
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7.3.1 Results of the experimental plan  

The characteristics of the reactor performances run for the trials of the 

micronutrients supplementation are summarized in Table 7.11. Methane recovery 

and solvents removal calculations are based on the measured TOC values. 

Table 7.11. Experimental results of the micronutrients supplementation study: 
trials and controls. 

 Vmax [mL] 
CH4 

recovery 
[%] 

VFAfin 
[mg CH3COOH L-1] 

Lag phase 
[h] 

ΔtMP 

[h] 
(ΔV/Δt)MP 
[mL h-1] 

1(II) 1100±6 79±6 0 954±23 519±80 1.71±0.25 

2(II) 1006±25 72±3 0 1128±51 688±47 1.14±0.11 

3(II) 999±82 71±8 9±12 1020±78 589±119 1.36±0.42 

4(II) 1055±16 77±2 0 992±8 545±3 1.53±0.04 

5(III) 693±4 48* 0 532±23 2160±35 0.22±0.01 

6(I) 813±40 56±1 19±8 508±154 1622±126 0.35±0.05 

7(III) 743±52 51* 17±23 476±19 1824±182 0.29±0.06 

8(III) 725±52 50* 5±6 632±32 1849±267 0.28±0.06 

9(I) 890±23 61±1 0 699±13 1502±52 0.42±0.01 

10(I) 889±62 61±6 0 555±218 1492±262 0.43±0.04 

11(I) 864±58 58±3 285±48 651±84 1346±133 0.46±0.09 

12(II) 1010±8 70±1 8±11 470±16 436±88 1.84±0.35 

13(II) 723±60 50±3 30±10 521±55 610±21 0.61±0.01 

14(II) 600±11 41±1 8±11 540±90 622±104 0.39±0.1 

15(II) 748±65 53±1 0 550±103 576±28 0.74±0.09 

16(II) 639±28 45±2 25±9 631±5 532±25 0.49±0.03 

Controls for part I, part II and part III 

C-I 532±30 37* 11±4 635±30 1250±33 0.22±0.02 

C-II 535±36 38* 0 589±69 1286±196 0.31±0.01 

C-III 714±25 50* 0 567±7 1794±161 0.28±0.04 

*Initial TOC values were not analyzed in duplicates for these trials. 
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Conductivity (finale value: 3.7±0.1 mS cm-1), pH (final value: 7.7±0.1), 

alkalinity content (2060±160 mg CaCO3 L-1) and VFA concentrations (final values in 

Table 7.11) confirmed that similar environmental conditions were obtained for all 

trials. The only exception was for the trials 11, presenting higher VFA and lower 

alkalinity final concentrations. Anions and cations analyses indicated that the 

macronutrient dosing was sufficient and similar for all reactors (data not shown). 

Final TOC values indicated that the solvents introduced were fully degraded 

(removal efficiency ≥98%).  

The influence of the different dosing of trace metals on the degradation of 1-

methoxy-2-propanol will be discussed with the closing of the experimental plan. 

Anti-drift controls, de-acclimation phenomenon and blocking effect  

If a clear effect of the preservation time, for a period of 1.5 years at 4 °C, on 

the degradation of 1-methoxy-2-propanol has been previously highlighted (sub-

section 5.2.1.2), here the shorter time between experiments (part I, part II and part 

III) did not allow for a clear effect to be seen (as is clear from the results of the 

controls summarized in Table 7.11). For batch bioassays started at the end of July 

2014, the lag phases for 10 g COD L-1 of 1-methoxy-2-propanol were: 258 ± 25 h and 

the average (Δv/Δt)MP was of: 2.1 ± 0.5 mL h-1. Roughly half a year after, the lag 

phases have more than doubled and degradation rates decreased almost 8 times 

(see results of chapter 5). However, from this point on, no further decrease in the 

performances of the anaerobic degradation was observed. 

Two important observations about these controls are that: 
1. Their methane production rates associated with the degradation of 1-

methoxy-2-propanol are among the lowest (ΔV/Δt)MP of all trials.   

2. But present a low standard deviation (among all controls), thus the 

deviation from one trial to another (0.05) is of the same order of magnitude 

as the average standard deviation for all the experiments (0.13). This seems 

to indicate that any further de-acclimation to 1-methoxy-2-propanol during 

the running of the experimental plan was negligible. 

Based on the second observation, it was considered that it was not 

necessary to apply any anti-drift correction factor to the results of the trials. It is 

already worth noting that appropriate micronutrients dosing allowed restoring the 

degradation rate of 1-methoxy-2-propanol ((Δv/Δt)MP around 1.7-1.8 mL h-1 (Table 

7.11). However, the lag phases remained longer than in summer 2014 (with a 

minimum around 400-500h), even though they were shorter for some trials, i.e. for 



Optimisation of micronutrients dosing to enhance the anaerobic degradation of 
solvents 

235 

 

some micronutrients dosing, than others (a reduction of the lag phase by a factor 

up to two was observed for specific dosing).  

The presence of a blocking effect was also ascertained.  Blocking effects can 

be observed when the tests are divided into several parts and run separatly, as is 

the case in this study. For a correct interpretation of the results, verification should 

be made that an additional factor did not intervene because of the splitting of the 

trials into two test series (this factor may not be controlled). A quick way to test 

whether a blocking effect (BE) is present is to calculate the following expression: 

𝐵𝐸 =
𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑝𝑙𝑎𝑛 𝐼 − 𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑝𝑙𝑎𝑛 𝐼𝐼

2
 

 

If this value is not significant compared with the standard deviation of the 

contrasts, it is assumed that there is no blocking effect, and that the analysis of 

the results does not need be changed (Triboulet, 2008). Here, the blocking effect 

between part I and part II was BE=0.29 mL h-1 and the one between part II and III 

0.08 mL h-1. The standard deviation of the results being in average 0.13 with a 

maximum around 0.4 mL h-1 (if SD >0.5 duplicates were repeated), the blocking 

effect could be neglected. 

7.3.2 Closing the experimental plan: identification of the most important 
micronutrients and interferences 

Classical calculation was chosen to analyze the results (solving the equations 

of the experimental plan), among other methods available (such as using the SAS 

software package used by (Zhang et al., 2010b) or Minitab 17, etc.). The 

experimental plan was closed with the (ΔV/Δt)MP values. When values of standard 

deviation were above 0.5 (based on average and maximal rates), the results were 

discarded and duplicates repeated. Thus, the calculated effects/interactions were 

considered negligible if their values are ≤ 0.5. 

As can be seen in Table 7.12, the strongest effect was obtained for iron, 

giving a positive effect of 5.5; followed by Mn with a positive effect as well (2.3). Co 

and Zn had a slightly positive effect, while Mo higher dosing had a negative effect (-

1.7). Nickel had a slightly negative effect; however, given the low value of its main 

effect (values under 1.5 are considered low), Ni interactions were neglected 

according to the hypothesis 3.  
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Table 7.12. Results of the experimental plan: main effects 

Trials nr. 
Response F1 F2 F3 F4 

I123 
=F5 

I234 
=F6 

 (Δv/Δt)MP Ni Mo Fe Co Mn Zn 

1 1.71 1 1 1 1 1 1 

2 1.14 -1 1 1 1 -1 1 

3 1.36 1 -1 1 1 -1 -1 

4 1.53 -1 -1 1 1 1 -1 

5 0.22 1 1 -1 1 -1 -1 

6 0.35 -1 1 -1 1 1 -1 

7 0.29 1 -1 -1 1 1 1 

8 0.28 -1 -1 -1 1 -1 1 

9 0.42 1 1 1 -1 1 -1 

10 0.43 -1 1 1 -1 -1 -1 

11 0.46 1 -1 1 -1 -1 1 

12 1.84 -1 -1 1 -1 1 1 

13 0.61 1 1 -1 -1 -1 1 

14 0.39 -1 1 -1 -1 1 1 

15 0.74 1 -1 -1 -1 1 -1 

16 0.49 -1 -1 -1 -1 -1 -1 

Average  0.76       

Main effects -0.64 -1.71 5.52 1.49 2.29 1.20 

High Level [mg TM g COD-1] 0.083 0.05 1.5 0.067 0.017 0.05 

Low Level [mg TM g COD-1] 0.0083 0.005 0.15 0.0067 0.0017 0.005 

Taking the two main positive effects (Fe and Mn), it can be seen (Table 7.12) 

that when those micronutrients were provided in high dosing, the methane 

production rate was indeed higher (trials: 1, 4, 9 and 12). Only the trial 9 was lower 

than the 3 others, due to the fact that Co and Zn (having positive effects) were 

provided with a low dosing and that Ni and Mo (with negative effects) were supplied 

with the high dosing, reducing significantly the beneficial effect of the Fe and Mn 

high dosings. By taking the remaining 3 trials (1, 4 and 12), an average of 1.7 mL h-1 

was obtained for (ΔV/Δt)MP, which is more than two times higher than the average 

rate (0.76 mL h-1) of all trials and almost 9 times higher than the lowest rate for the 

trials (trial 5: 0.22 mL h-1). 

Likewise, the interactions can be calculated, taking into account the aliases 

previously made among the contrasts (Table 7.13). The main interaction was the 



Optimisation of micronutrients dosing to enhance the anaerobic degradation of 
solvents 

237 

 

confounded interaction between the pairs MoCo and FeZn (24+36): +3.69 and two 

other slightly positive interactions were between the pairs NiMo and FeMn (12+35) 

and NiZn and CoMn (16+45). The other interactions are low (<1.5) and mainly 

negative (most of them containing mainly the influence of Mo- as Ni interactions 

can be neglected, which was negative), except for NiCo and MnZn (14+56, mainly 

Mn-Zn interaction). 

Table 7.13. Results of the experimental plan: interactions. 

 Δv/Δt I12+35 I13+25 I14+56 I15+23 I16+45 I24+36 I26+34 I124 I134 

1 1.71 1 1 1 1 1 1 1 1 1 

2 1.14 -1 -1 -1 1 1 1 1 -1 -1 

3 1.36 -1 1 1 -1 -1 1 -1 -1 1 

4 1.53 1 -1 -1 -1 -1 1 -1 1 -1 

5 0.22 1 -1 1 -1 1 -1 -1 -1 -1 

6 0.35 -1 1 -1 -1 1 -1 -1 1 1 

7 0.29 -1 -1 1 1 -1 -1 1 1 -1 

8 0.28 1 1 -1 1 -1 -1 1 -1 1 

9 0.42 1 1 -1 1 -1 -1 1 -1 1 

10 0.43 -1 -1 1 1 -1 -1 1 1 -1 

11 0.46 -1 1 -1 -1 1 -1 -1 1 1 

12 1.84 1 -1 1 -1 1 -1 -1 -1 -1 

13 0.61 1 -1 -1 -1 -1 1 -1 1 -1 

14 0.39 -1 1 1 -1 -1 1 -1 -1 1 

15 0.74 -1 -1 -1 1 1 1 1 -1 -1 

16 0.49 1 1 1 1 1 1 1 1 1 

Interact. 1.95 -1.34 1.21 -1.25 1.64 3.69 -1.25 -0.52 -1.34 

 

In order to better interpret the main interactions (>1.5), the set of equations 

defining the constrasts was considered and simplified by applying the hypothesis 1. 

As interactions with Ni can be neglected, and as I124 is also weak, thus can be 

neglected, the main interactions can be attributed mainly to: Fe-Zn – the most 

important one, and then Fe-Mn and Co-Mn. These results, in addition to the findings 

of the micronutrients content study, where Fe and Zn were the most present metals 

in the trace metal extraction (cf section 7.2), support the importance of these trace 

metals in the anaerobic degradation of the effluent of interest. 

Concerning ethanol, the maximal methane production rate was 12.3 ± 2.2 

mL h-1. The low SD obtained for all the trials (data not shown) indicates that little 
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variation was observed for the trials with different trace metals dosing, as expected 

for such fast degradation. 

By crossing the results from this study and the study on the micronutrients 

content and distribution, additional conclusions can be reached. Indeed, the present 

study showed that specific metal dosing could enhance the enzymatic development 

in the degradation of 1-methoxy-2-propanol with the sludge S-FP, i.e. lower lag 

phases and higher rates were obtained. However, through the total metal content 

study, one could see that all the TM were present in S-FP. Therefore, the fact that 

different responses to different TM dosing were observed could highlight the 

importance of freshly-dosed (and thus more bioavailable) metals in the system. 

Taking iron as an example, it was proven that the sludge had a certain iron content, 

but mostly in its strongly-bound fractions, which might explain why newly-added 

iron (considered bioavailable) could still enhance the degradation of MP. 

Another comparison worth making is between the results of the present 

study and the one by Zandvoort et al. (2006), presented in Table 7.8. In our study, 

iron and manganese were found to be limiting the biodegradation, i.e. their addition 

sped up the biodegradation of the solvent. This response could be related partly to 

iron and manganese low content in the sludge. In the work of Zandvoort et al. 

(2006), the initial content of iron and manganese was 35-18 times higher 

respectively and were not reported to be deficient through their study. Thus, a 

relationship between the micronutrients content of the inoculum and their 

response to metals addition could be postulated and it could be hypothesized that 

iron and manganese concentrations should be around 104 and 102 mg kg TS-1 

respectively, to avoid initial deficiencies of these elements. 

7.4 INFLUENCE OF MICRONUTRIENTS DOSING AT PILOT-SCALE 

During the operation of the pilot-scale EGSB reactor, 8 water samples and 8 

sludge samples (4 during each period with a specific trace metals dosing) were 

stored and analyzed, in order to follow the evolution of the micronutrients in the 

system. For the sludge samples, the total metal content was analysed, as no 

substantial variation is expected in the distribution of the metals among the 

different fractions, taking into account that the distribution determined for the 

sludges previously studied (see 7.2.2) was relatively stable. It has to be noted that 

the last eight samples (four sludge and four liquid samples) were analysed in 

duplicates. Moreover, 1 m3 of sludge was added to the EGSB reactor on day 145 

(end of period EtOH-B, before the start of period EP-A), corresponding to the 
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begining of the new dosing. Thus, at the beginning of the new dosing period, a new 

baseline for the trace metals content can be considered, taking the results of the 

first sample (day 165), for the discussion of the evolution of the metals content over 

the period. 

7.4.1 Evolution of the trace metal concentrations in the sludge 

Microwave-assisted acid digestion was chosen as the method to evaluate 

the evolution of the total trace metal content in sludge of the pilot-scale EGSB 

reactor, as this method presented high metal recoveries (cf sub-section 7.2). The 

total concentrations of trace metals in samples of sludge from the pilot-scale EGSB 

reactor, before and after the change in dosing, are summarized in Table 7.14 and 

the trends of the evolution can be seen in Figure 7.4 and Figure 7.5. Results are 

presented as the average of the duplicates and their standard deviations, which are 

represented as bars in the figure. For comparison purposes, the total metal content 

of S-B1 (2016) is reminded in the table.
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Table 7.14. Evolution of the concentration of  trace metals in the sludge of the pilot-scale EGSB reactor. 

Days after  
the start-up 

Fe Zn Cu Mo Ni Co Mn Se 

Sludge used for seeding: S-B1 [mg kg TS-1] 

S-B1 1 024 936 110 26.9 41.0 5.3 6.4 1.2 

a) Concentrations with the initial dosing, [mg kg TS-1] 

0 1 060 785 101 24.9 36.0 3.2 9.3 0.5 

22 3 131 620 78.1 25.7 30.0 7.0 6.8 0.8 

76 9 512 535 83.5 26.1 35.5 8.6 6.7 0.3 

112 16 758 645 104 40.0 41.6 19.9 8.3 1.0 

b) Concentrations after the sludge addition and with the new dosing [mg kg TS-1] 

165 9 711±120 1444±57 202±7 58.1±0.9 55.4±1.4 15.1±0.6 7.8±1.0 1.5±0.2 

201 9 889±693 797±44 116±5 36.6±1.3 35.7±2.0 11.7±0.7 4.9±0.9 0.9±0.2 

249 17 820±3985 699±43 106±9 38.7±3.6 34.3±2.8 14.0±2.2 5.7±1.7 0.7±0.1 

301 17 881±1072 701±33 104±4 41.9±1.7 37.0±1.2 17.6±1.3 7.1±1.8 1.1±0.1 

 



Optimisation of micronutrients dosing to enhance the anaerobic degradation of 
solvents 

241 

 

The general trend for all metals concentrations in the sludge is an increase 

for Fe, Mo, Co and Se over the first dosing period, their concentration at the end of 

this dosing period or beginning of the next dosing period reaching a maximum; Cu 

and Ni content remained almost constant andr Zn and Mn concentrations decreased 

slightly.  

 
Figure 7.4. Evolution of the concentration of  Zn and Fe in the sludge of the pilot-

scale EGSB reactor. 

The addition of sludge, at the start of the new dosing period, had a clear 

effect on most of the metals, especially on iron, with a sharp decrease of its 

concentration in the sludge. The resulting concentration of iron on day 165 (9710 

mg g TS-1) can clearly be linked with the average of the new seeded sludge (around 

1000 mg g TS-1) and the last analysis on day 112 of the first period (around 17 000 

mg g TS-1). In contrast with the first period, over this second dosing period, the 

metals concentrations generally decreased back to around their original 

concentrations or remained stable, except for iron— which concentration increased 

significantly. This higher retention of iron might be associated either with its greater 

requirement in the system for the anaerobic degradation of the solvents, either with 

a high dosing in the system (or both).  Its concentration was more than 16 times 

higher at the end of the experiment. This final concentration was roughly half the 

one found in a sludge treating brewery wastewaters in a study by Zandvoort et al., 

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

22000

0 100 200 300

C
o

n
ce

n
tr

at
io

n
 in

 t
h

e 
sl

u
d

ge
 [

m
g 

gT
S-1

]

Time after the start-up [d]

Fe

Zn

new dosingNew dosing  

+ sludge addition  



242 
Optimisation of micronutrients dosing to enhance the anaerobic degradation of 
solvents 

 

(2006), see Table 7.8. It should also be reminded that a higher dosing of this trace 

metal was found to enhance the degradation of the glycol ether studied through the 

micronutrient dosing study. These two elements might rather point out toward the 

hypothesis that the dosing provided during the operation of the reactor allowed 

counteracting an initial deficiency of iron in the sludge, highlighting the importance 

of micronutrients dosing in such systems. 

 
Figure 7.5. Evolution of the concentration of  Mn, Co, Ni, Cu, Se and Mo in the 

sludge of the pilot-scale EGSB reactor. 

7.4.2 Evolution of the trace metal concentrations in the liquid fractions 

The total concentrations of trace metals in samples of water from the pilot-

scale EGSB reactor, before and after the change in dosing, are summarized in Table 

7.15 and the trends of the evolution can be seen in Figure 7.6 and Figure 7.7.
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Table 7.15. Evolution of the concentration of  the trace metals in the water of the pilot-scale EGSB reactor. 

Days after the start-up Fe Zn Cu Mo Ni Co Mn Se 

a) Concentrations with the initial dosing [mg L-1] 

8 4.59 0.91 0.30 0.04 0.72 0.50 0.45 0.01 

43 1.17 0.37 0.08 0.03 0.07 0.02 0.03 0.01 

75 2.48 0.66 0.27 0.12 0.05 0.05 0.06 0.01 

103 2.70 0.92 0.34 0.06 0.07 0.07 0.19 0.01 

b) Concentrations after the sludge addition and with the new dosing [mg L-1] 

146 3.7±1.1 1.9±1.1 0.55±0.04 0.20±0.08 0.14±0.02 0.08±0.01 0.16±0.04 <LOQ 

193 5.38±0.28 3.00±0.51 0.68±0.03 0.08±0.12 0.18±0.08 0.12±0.07 0.10±0.01 <LOQ 

253 3.83±0.18 3.44±0.51 1.04±0.56 0.06±0.02 0.18±0.06 0.17±0.01 0.09±0.10 <LOQ 

314 12.5±1.1 2.18±0.18 0.52±0.26 0.09±0.01 0.34±0.01 0.11±0.01 0.07±0.02 <LOQ 
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During the first dosing period, a decrease in the trace metals concentrations 

can be seen at the beginning of the period. In general, over the entire period, the 

metals concentrations of Cu, Zn, Se and Mo remained relatively stable, whereas the 

concentration of the other metals decreased. In particular, Ni and Co final 

concentrations in the water at the end of the first dosing period were very low (< 

0.1 mg L-1), although these metals accumulated in the sludge over the same period. 

This might indicate that Ni and Co were required for metabolitic purposes and were 

thus quickly retained by the sludge or might be explained by phenomena such as 

precipitation in the system (and subsequent purge). It should be noted that these 

same metals were found to be the most bioavailable in the sludge, with the 

sequential extraction method.  

 

Figure 7.6. Evolution of the concentration of Fe in the water of the pilot-scale 
EGSB reactor. 

The general trend of the evolution of the trace metals concentration in the 

water did not seem to be significantly affected by the addition of sludge at the 

beginning of the second dosing period.  

Over the second dosing period, the overall reduction in the dosing was not 

clearly observed through the concentrations in the water. Especially, the 

concentration of iron increased in the water (and to a lesser amount, zinc). Their 

relative amount was increased in the adjusted dosing, even though the general 

amount of trace metals provided was reduced. Results indicate that the general 
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reduction in the dosing could have been higher, and that maybe Fe and Zn should 

have been relatively increased to a lesser extent in the formula. Iron reached 

concentrations higher than the initial 4.5 mg L-1 (from day 8),  and this amount is 

probably too high: a study by (Yu et al., 2000) indicate that Fe2+ concentration 

starting from 0.6 mg L-1 can have an adverse effect on the sludge granulation. Lower 

micronutrients supplementation should thus maybe be applied (the size of the 

granules showed indeed a decrease over the months).  

The peak of iron and sharp decrease of zinc on day 314 was during the 

periods with high dosing of 2-propanol (beginning of IPA-IV), possibly indicating that 

this compound requires different trace metals in the enzymatic system involved in 

its degradation than ethanol. Studies on the trace metals requirements for the 

degradation of 2-propanol could be undertaken to verify this assumption. 

 
Figure 7.7. Evolution of the concentration of  Mn, Co, Ni, Cu, Se, Mo and Zn in the 

water of the pilot-scale EGSB reactor. 

7.5 CONCLUSIONS AND PERSPECTIVES 

These studies highlight the importance and complexity of determining a 

proper dosing strategy for micronutrients in anaerobic bioreactors. The sequential 

extraction study allowed to get the distribution of the metals in the biomass. Most 

of the metals were mainly present in the most strongly bound fractions, i.e. the 

organic/sulphide-bound fraction and the residual fraction. Given the remarkable 
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similarities in distribution of the different sludges studied, which were also in 

accordance with other studies found in the literature, future inoculum from the 

same origin (an UASB of Heineken) can be expected to present the same 

distribution, thus analysis of the trace metals in the sludge should not be a critical 

factor. If their fractionation was similar, it was not the case for their total metal 

contents, hence the importance of the origin of the inoculum. Indeed, sludge 

samples from different reactors, even treating the same type of wastewaters, can 

present different initial metal concentrations (e.g. low contents of Fe, Zn in our 

sludge from Heineken). Differences between the cell composition found in the 

literature and the actual composition indicate the need to slightly adjust the relative 

importance of the elements in the supplied micronutrients solution.  

Results from the micronutrients dosing pointed out that optimal dosing is 

not only important for increasing the SMA or degradation rate, but also play a 

significant role in reducing by up to two the lag phase observed with 1-methoxy-2-

propanol. Thus, this study seems to confirm that micronutrients can impact the 

onset of the activity or growth of the bacterial population through the onset of 

particular enzymes. Iron higher dosing had the most positive effect on the methane 

production rate associated with the degradation of 1-methoxy-2-propanol. 

Simultaneous higher dosing of Fe and Zn as well as Fe and Mn also significantly 

enhanced the methane production rate- indicating a positive interaction between 

these elements. These responses could confirm that there was a limitation of iron 

and zinc in the sludge, as suggested by the study of the total metal content.  

Concerning the monitoring of micronutrients at pilot-scale, adjustment in 

the dosing seemed to quickly (in a month or less) overcome initial deficiencies in the 

sludge used to seed the EGSB reactor (S-B1). Analyses have shown that the dosing 

strategy should then be reduced, after limitations have been compensated, to keep 

low residual trace metals concentrations in the water. A safety factor of 35% is 

sufficient, if not slighty too high for the dosing.  

Thus, perspectives study could include the evaluation of the required trace 

metals for the degradation of 2-propanol, which can be expected to be the main 

solvent found in some effluents of flexographic presses. Continuous studies using 

for instance the method successfully implemented by Takashima et al. (2011), 

would be valuable to refine the optimal metals concentrations. Based on the 

present findings, the main metals to consider would be Fe, Zn and Mn. Tungsten 

(W) could also be tested, as it is the only trace metals reported to enhance the 

anaerobic degradation of 2-propanol. 
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The general objectives of this work were to study and improve the 

anaerobic degradation of solvents from the packaging industry, in order to optimize 

the pollutants removal and biogas production associated with their degradation. For 

this purpose, three lines of research were designed and implemented through 

experiments carried out at laboratory and pilot-scale. The main conclusions of the 

thesis are presented in this section.  

Concerning the first line of study on the anaerobic biodegradability of the 

solvents of interest, the experiments at laboratory scale allowed to reach several 

conclusions. First of all, the results obtained indicated that anaerobic treatment of 

ethanol-rich effluents from printing packaging industries would not be inhibited by 

the presence of 1-methoxy-2-propanol, 1-ethoxy-2-propanol, ethyl acetate or 2-

propanol as secondary solvents – even if relatively high concentrations (10 or 25 g 

COD L-1) are punctually reached. These experiments were the first inhibition studies 

carried out with 1-ethoxy-2-propanol, an important solvent in the flexographic 

printing sector. Inhibitory levels of 2-propanol and ethyl acetate were higher than 

previously reported (Ince et al., 2011; Yanti et al., 2014). 

Moreover, all the solvents of interest can be degraded to concentrations up 

to 25 g COD L-1. The rates of biodegradation of 1-methoxy-2-propanol, 1-ethoxy-2-

propanol and 2-propanol were slower than the one of ethanol, explaining their 

observed accumulation in the pilot-scale anaerobic bioscrubber. The anaerobic 

degradation of the glycol ethers seemed to be made possible and enhanced via 

specific enzymatic development. On the other hand, 2-propanol required specific 

microorganisms for its degradation. Ethyl acetate, an important solvent found in the 

air emissions of the packaging industry, could also be degraded anaerobically, given 

that sufficient alkalinity content was provided to prevent reactor acidification.  

It was also demonstrated that granular anaerobic sludge from high-rate 

bioreactors treating brewery wastewaters is a suitable source of sludge for the 

treatment of the solvents mixture studied, even though some acclimation time 

might be needed for the secondary solvents. Previous exposure to the secondary 

solvents would induce better performances for their treatment (reduced lag time 

and higher SMA).  

Regarding the second line of study on the better understanding of the 

degradation kinetics of the solvents, the experiments carried out at pilot-scale 

determined the organic loading rates and necessary acclimation times for the main 

solvents of interest. Using ethanol as the main solvent, results indicated the 

feasibility of anaerobic treatment of typical effluents from flexographic packaging 
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factories, with 10% of 1-ethoxy-2-propanol, at an OLR of 3.3 kg COD d-1 m-3, that is 

a SLR of 0.23 kg COD d-1 kg VSS-1. 

Additionally, these studies have demonstrated that 2-propanol can be 

effectively degraded as the main substrate in a pilot-scale EGSB reactor, expanding 

the applicability of the anaerobic bioscrubber to industries emitting effluents with 

this solvent as the major compound. Anaerobic granular sludge from brewery 

wastewater treatment plant was found to be able to remove 2-propanol loads up 

0.29 kg COD kg VSS-1 d-1 at 26 °C (corresponding to OLR of 3.9 kg COD m-3 d-1), when 

a smooth and progressive exposure to 2-propanol was used (steps of 0.6–0.7 kg COD 

m-3 d-1). However, high degradation and methane yields could not be achieved for 

temperature under 20 °C, thus psychrophilic conditions are not adequate for 2-

propanol anaerobic treatment, at least at such SLR. Furthermore, the SLR found with 

2-propanol at pilot-scale was of the same order of magnitude than the one obtained 

at laboratory scale, conforting that laboratory-scale experiments can predict to 

some extent the biodegradability of soluble organic compounds, allowing a 

considerable saving in time, material and energy for future testing in this field. It as 

to be noted that these results are the first to assess the anaerobic degradability of 

2-propanol in continuous and as the main carbon source.  

A minimum recommended temperature was also determined using ethanol 

as the main substrate: around 18 °C for OL of 15-30 kg COD d-1 (OLR of 1.7-3.4 kg 

COD m-3 d-1), decreasing temperatures leading to lower reactor performance. 

Higher temperatures (26 °C) would allow treating higher organic loads, such as 

peaks at 80 kg COD d-1 (OLR of 9.2 kg COD m-3 d-1). Also concerning the operational 

conditions, optimisation of the composition of the nutrients permitted minimizing 

the volume of nutrients fed. Guidelines for an adjusted formula of macronutrients 

were issued, which should allow reducing operational cost at industrial scale and 

minimizing the H2S content. 

Finally, these findings gave some insight on important restrictions and key 

parameters to achieve good performances at full scale. Especially if the full-scale 

installation should run with 2-propanol as the main solvent and a sludge from a 

brewery wastewater treatment plant, the period of acclimation to 2-propanol 

should be monitored with the COD and VFA concentrations, as well as the pH and 

biogas production. A transitory start-up period of around 3 weeks-1 month is 

expected for the anaerobic bioscrubber, during which step-wise increases in the OL 

should be applied, through the control of the airflow containing the solvents and 

entering the scrubber. Some addition of ethanol might be necessary, during the first 

phases with low OL of 2-propanol, in order to keep a minimum total OL for the 
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consortium of bacteria. If possible, subsequent full-scale installations running with 

2-propanol should then be (partially) seeded with the adapted sludge from the first 

full-scale plant. Moreover, whatever solvent is the main substrate (ethanol or 2-

propanol), it is advisable to have the temperature of the anaerobic reactor kept 

above 20 °C, and thus this parameter should also be monitored.  Perspective studies 

could include the investigation of key parameters influencing the granulation of a 

sludge treating 2-propanol as sole or main substrate. 

The third line of research highlighted the importance and complexity of 

determining a proper dosing strategy for micronutrients in anaerobic bioreactors. A 

sequential extraction study allowed assessing the distribution of Fe, Zn, Cu, Mo, Ni, 

Co, Mn and Se in the biomass. The trace metals distribution in the different sludges 

was remarkably similar, most of the metals were mainly present in the most strongly 

bound fractions, i.e. the organic/sulphide-bound fraction and the residual fraction. 

However, their total metal contents varied, pointing out the importance of the 

origin of the inoculum. The findings showed that inoculi from different reactors, 

even treating the same type of wastewaters, can present different initial metal 

deficiencies, such as Fe and Zn for our sludge from Heineken S-B1, or excesses.  

Results from the fractional factorial experimental plan designed for the 

study of micronutrients dosing pointed out that optimal dosing is not only important 

for increasing the SMA or degradation rate, but also play a significant role in 

reducing (in the tested conditions, by up to two) the lag phase observed with 1-

methoxy-2-propanol. Thus, this study seems to confirm that micronutrients can 

impact the onset of the activity or growth of the bacterial population through the 

onset of particular enzymes. Iron higher dosing had the most positive effect on the 

methane production rate associated with the degradation of 1-methoxy-2-

propanol. Simultaneous higher dosing of Fe and Zn as well as Fe and Mn also 

significantly enhanced the methane production rate- indicating a positive 

interaction between these trace metals. These responses relate well with the 

highlighted limitation of iron and zinc in the sludge used in the EGSB reactor, found 

in the study of the total metal content.  

These initial deficiencies in the sludge used to seed the EGSB reactor (S-B1) 

could be overcome, after a month or less, by adjusting (increasing) the dosing of the 

deficient micronutrients at pilot-scale. Analyses have shown that the dosing strategy 

should then be reduced, after limitations have been compensated, to keep low 

residual trace metals concentrations in the water. A safety factor of 35% was found 

sufficient, if not slighty too high for the dosing. Perspectives study include the 

evaluation of the required trace metals for the degradation of 2-propanol, which 
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can be expected to be the main solvent found in some effluents of flexographic 

presses. Based on the present findings, the main metals to consider would be Fe, Zn 

and Mn. Tungsten (W) could also be tested, as it is the only trace metals reported 

to enhance the anaerobic degradation of 2-propanol. 
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BMP: Biochemical Methane Potential  

BREF: Reference document on Best Available Techniques (by the 

European Commission) 

COD: Chemical Oxygen Demand 

CSTR: Continuously Stirred Tank Reactor 

EA: Ethyl acetate 

EGSB: Expanded Granular Sludge Bed 

EID: Emission Industrial Directive 

EP: 1-ethoxy-2-propanol 

EPA: Environmental Protection Agency 

EtOH: Ethanol 

HRT: Hydraulic Retention Time 

IC50: Half maximal inhibitory concentration 

IPA: 2-propanol (isopropanol) 

MP: 1-methoxy-2-propanol 

NMVOC: Non-Methane Volatile Organic Compound 

OL, OLR: Organic Load, Organic Loading Rate 

POCP: Photochemical Ozone Creation Potential 

SED: Solvent Emission Directive 

S-B1, -B2, -FP: Sludge from a Brewery wastewater treatment plant (Heineken 

in the Netherland for B1, Font Salem in Spain for B2) or from 

pilot-plant treating effluents of a Flexographic Packaging factory 

SLR: Sludge Loading Rate 

SMA: Specific Methanogenic Activity 

TM: Trace Metal 

TOC: Total Organic Carbon 

TSS: Total Suspend Solids 

UASB:  Upflow Anaerobic Sludge Blanket 

VFA:    Volatile Fatty Acid 

VOC: Volatile Organic Compound 

VSS: Volatile Suspended Solids 

  



256 Nomenclature 

 

    
   
   
   



References 257 

 

10  REFERENCES 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



258 References 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



References 259 

 

Ahring, B. K., Sandberg, M. and Angelidaki, I. (1995). Volatile fatty acids as 
indicators of process imbalance in anaerobic digestors. Applied 
Microbiology and Biotechnology, 43(3), 559–565. 

Altenstedt, J. and Pleijel, K. (2000). An alternative approach to photochemical 
ozone creation potentials applied under European conditions. Journal of 
the Air & Waste Management Association (1995), 50(6), 1023–36. 

Angelidaki, I., Alves, M., Bolzonella, D., Borzacconi, L., Campos, J. L., Guwy, A. J., 
Kalyuzhnyi, S., Jenicek, P. and van Lier, J. B. (2009). Defining the 
biomethane potential (BMP) of solid organic wastes and energy crops: a 
proposed protocol for batch assays. Water Science & Technology, 59.5, 
927–934. 

Atkinson, R. (2000). Atmospheric chemistry of VOCs and NOx. Atmospheric 
Environment, 34(12), 2063–2101. 

Australian National Pollutant Inventory. (2015). Total Volatile Organic 
Compounds. Retrieved from: http://www.npi.gov.au/resource/total-
volatile-organic-compounds. Accessed on the 15/01/2015. 

Bouchaala, A., Chan, N. and Malmiri, H. J. (2012). Volatile organic compounds 
removal methods: a review. American Journal of Biochemistry and 
Biotechnology, 8(4), 220–229. 

Bravo, D., Ferrero, P., Penya-roja, J. M., Àlvarez-Hornos, F. J. and Gabaldon, C. 
(2017). Control of VOCs from printing press air emissions by anaerobic 
bioscrubber: performance and microbial community of an on-site pilot 
unit. Journal of Environmental Management. 

Bruneel, J., Dumortier, S., Walgraeve, C. and Langenhove, H. Van. (2015). 
Shifting gas-to-liquid partitioning coefficient of odorous compounds to 
liquid in biotechniques using additives. In: Biotechniques for Air Pollution 
Control (p. 461). Ghent. 

Bruneel, J., Walgraeve, C., Van Huffel, K. and Van Langenhove, H. (2016). 
Determination of the gas-to-liquid partitioning coefficients using a new 
dynamic absorption method (DynAb method). Chemical Engineering 
Journal, 283, 544–552. 

Burgess, J. E., Parsons, S. A. and Stuetz, R. M. (2001). Developments in odour 
control and waste gas treatment biotechnology: a review. Biotechnology 
Advances, 19(1), 35–63. 

Cabirol, N., Barragán, E. J., Durán, A. and Noyola, A. (2003). Effect of aluminium 
and sulphate on anaerobic digestion of sludge from wastewater enhanced 
primary treatment. Water Science and Technology : A Journal of the 
International Association on Water Pollution Research, 48(6), 235–40. 

Castagna Univel S.p.A.: ambiente. (n.d.). Retrieved from: http://www.castagna-
univel.com/ambiente.htm. Accessed on the 24/01/2015. 



260 References 

 

Cellpack Packaging Data. , Retrieved from: http://packaging.cellpack.com/. 
Accessed on the 24/01/2015. 

Cervantes, F. J., Pavlostathis, S. and Haandel, A. C. van. (2006). Advanced 
biological treatment processes for industrial wastewaters : principles and 
applications. IWA Publishing. 

Chen, Y., Cheng, J. J. and Creamer, K. S. (2008). Inhibition of anaerobic digestion 
process: A review. Bioresource Technology, 99(10), 4044–4064. 

Chernicharo, C. A. de L. (2007). Anaerobic reactors. London: IWA Publishing. 
Chong, S., Sen, T. K., Kayaalp, A. and Ang, H. M. (2012). The performance 

enhancements of upflow anaerobic sludge blanket (UASB) reactors for 
domestic sludge treatment - A State-of-the-art review. Water Research, 
46(11), 3434–3470. 

Choong, Y. Y., Norli, I., Abdullah, A. Z. and Yhaya, M. F. (2016). Impacts of trace 
element supplementation on the performance of anaerobic digestion 
process: A critical review. Bioresource Technology, 209, 369–79. 

Chou, W. L., Speece, R. E. and Siddiqi, R. H. (1978a). Acclimation and degradation 
of petrochemical wastewater components by methane fermentation. In: 
Biotechnol. Bioeng. Symp. (Vol. 8, pp. 391–414). 

Chou, W. L., Speece, R. E., Siddiqi, R. H. and McKeon, K. (1978b). Ninth 
International Conference on Water Pollution Research. In: The effect of 
petrochemical structure on methane fermentation toxicity (pp. 545–558). 
Elsevier. 

Collins, G., McHugh, S., Connaughton, S., Enright, A.-M., Kearney, A., Scully, C., 
Mahony, T., Madden, P. and O’Flaherty, V. (2006). New Low-Temperature 
Applications of Anaerobic Wastewater Treatment. Journal of 
Environmental Science and Health, Part A, 41(5), 881–895. 

Colussi, I., Cortesi, A., Gallo, V., Rubesa Fernandez, A. S. and Vitanza, R. (2012). 
Modelling of an anaerobic process producing biogas from winery wastes. 
Chemical Engineering Transactions, 27, 301–306. 

Cooper, O. R., Parrish, D. D., Ziemke, J., Balashov, N. V., Cupeiro, M., Galbally, I. 
E., Gilge, S., Horowitz, L., Jensen, N. R., Lamarque, J.-F., Naik, V., Oltmans, 
S. J., Schwab, J., Shindell, D. T., Thompson, A. M., Thouret, V., Wang, Y. and 
Zbinden, R. M. (2014). Global distribution and trends of tropospheric 
ozone: An observation-based review. Elementa: Science of the 
Anthropocene, 2(29). 

Costa, J. C., Moita, I., Ferreira, E. C. and Alves, M. M. (2009). Morphology and 
physiology of anaerobic granular sludge exposed to an organic solvent. 
Journal of Hazardous Materials, 167(September), 393–398. 

Crone, B. C., Garland, J. L., Sorial, G. A. and Vane, L. M. (2016). Significance of 
dissolved methane in effluents of anaerobically treated low strength 



References 261 

 

wastewater and potential for recovery as an energy product: A review. 
Water Research, 104, 520–531. 

Datta, A. and Philip, L. (2012). Biodegradation of Volatile Organic Compounds 
from Paint Industries. Applied Biochemistry and Biotechnology, 167(3), 
564–580. 

de Mes, T. Z. D., Stams, A. J. M., Reith, J. H. and Zeeman, G. (2003). Methane 
production by anaerobic digestion of wastewater and solid. In: J. Reith and 
R. Wijffels (Eds.), Biomethane & Biohydrogen, status and perspectives of 
biological methane and hydrogen production (pp. 58–102). Wageningen: 
Dutch Biological Hydrogen Foundation. 

Delhoménie, M.-C. and Heitz, M. (2005). Biofiltration of Air: A Review. Critical 
Reviews in Biotechnology, 25(1–2), 53–72. 

Demirer, G. N. and Speece, R. E. (1998). Anaerobic biotransformation of four3-
carbon compounds (acrolein, acrylic acid, allyl alcohol and n-propanol) in 
UASB reactors. Water Research, 32(3), 747–759. 

Derwent, R. G., Jenkin, M. E. and Saunders, S. M. (1996). Photochemical ozone 
creation potentials for a large number of reactive hydrocarbons under 
European conditions. Atmospheric Environment, 30(2), 181–199. 

Derwent, R. G., Jenkin, M. E., Saunders, S. M. and Pilling, M. J. (1998). 
Photochemical ozone creation potentials for organic compounds in 
northwest Europe calculated with a master chemical mechanism. 
Atmospheric Environment, 32(14–15), 2429–2441. 

Deshusses, M. A. (1997). Biological waste air treatment in biofilters. Current 
Opinion in Biotechnology, 8(3), 335–339. 

Devinny, J. S., Deshusses, M. A. and Webster, T. S. (1999). Biofiltration for air 
pollution control. Boca Raton (USA): Lewis Publishers. 

Dewulf, J., Van Langenhove, H. and Wittmann, G. (2002). Analysis of volatile 
organic compounds using gas chromatography. TrAC Trends in Analytical 
Chemistry, 21(9–10), 637–646. 

Dhaked, R. K., Singh, P. and Singh, L. (2010). Biomethanation under psychrophilic 
conditions. Waste Management, 30(12), 2490–6. 

Directive 1999/13/EC. , of the 11 March 1999, on the limitation of emissions of 
volatile organic compounds due to the use of organic solvents in certain 
activities and installations. OJ L 85, 29/03/1999. 

Directive 2008/50/EC. , of 21st of May 2008, on ambient air quality and cleaner 
air for Europe. OJ L 152, 11/6/2008. 

Directive 2010/75/EU. , of 24 November 2010, on industrial emissions 
(integrated pollution prevention and control. OJ L334, 17/12/2010. 

Dragt, A. J., Ham, J. van. and Vereniging Lucht. (1992). Biotechniques for air 
pollution abatement and odour control policies. In: Elsevier (Ed.), 



262 References 

 

Proceedings of the International School of Physics Enrico Fermi (p. 457). 
Maastricht. 

Driessen, W. and Yspeert, P. (1999). Anaerobic treatment of low, medium and 
high strength effluent in the agro-industry. Water Science and Technology, 
40(8), 221–228. 

Dullius, C. H. (2011). Physiology and biochemistry of the anaerobic 
biodegradation of isopropanol and acetone. Universität Konstanz 
(Germany). 

Enright, A.-M., Collins, G. and O’Flaherty, V. (2007). Low-temperature anaerobic 
biological treatment of toluene-containing wastewater. Water Research, 
41(7), 1465–72. 

Enright, A.-M., McHugh, S., Collins, G. and O’FLaherty, V. (2005). Low-
temperature anaerobic biological treatment of solvent-containing 
pharmaceutical wastewater. Water Research, 39(19), 4587–96. 

Environmental Protection Agency. (2008). Fate , Transport and Transformation 
Test Guidelines Anaerobic Biodegradability of Organic Compounds in 
Digested Sludge : By Measurement of Gas Production. 

European Chemicals Agency. (1999). Registration Dossier for 1-ethoxypropan-2-
ol. Retrieved from: https://echa.europa.eu/registration-dossier/-
/registered-dossier/1984/7/9/2. Accessed on the 12/10/2016. 

European Chemicals Bureau. (2006). European Union Risk Assessment Report. 
European Commision. (2007). Reference Document on Best Available 

Techniques on Surface Treatment using Organic Solvents. Sevilla, Spain. 
European Commission. (2014). Best Available Techniques (BAT) Reference 

Document for Common Waste water and Waste Gas the Chemical Sector. 
European Environment Agency. (2013). Air pollution. Retrieved from: 

http://www.eea.europa.eu/themes/air. Accessed on the 20/01/2015. 
European Pollutant Release and Transfer Register. (2013). Retrieved 

from:http://prtr.ec.europa.eu/. Accessed on the 21/01/2015. 
Facchin, V., Cavinato, C., Fatone, F., Pavan, P., Cecchi, F. and Bolzonella, D. 

(2013a). Effect of trace element supplementation on the mesophilic 
anaerobic digestion of foodwaste in batch trials: The influence of inoculum 
origin. Biochemical Engineering Journal, 70, 71–77. 

Facchin, V., Cavinato, C., Pavan, P. and Bolzonella, D. (2013b). Batch and 
continuous mesophilic anaerobic digestion of food waste : effect of trace 
elements supplementation, 32, 2–7. 

Feng, X. M., Karlsson, A., Svensson, B. H. and Bertilsson, S. (2010). Impact of 
trace element addition on biogas production from food industrial waste--
linking process to microbial communities. FEMS Microbiology Ecology, 
74(1), 226–40. 



References 263 

 

Fermoso, F. G., Bartacek, J., Chung, L. C. and Lens, P. (2008). Supplementation 
of cobalt to UASB reactors by pulse dosing: CoCl2 versus CoEDTA2− pulses. 
Biochemical Engineering Journal, 42(2), 111–119. 

Fermoso, F. G., Bartacek, J., Jansen, S. and Lens, P. N. L. (2009a). Metal 
supplementation to UASB bioreactors: from cell-metal interactions to full-
scale application. Science of the Total Environment, 407(12), 3652–3667. 

Fermoso, F. G., Bartacek, J., Jansen, S. and Lens, P. N. L. (2009b). Metal 
supplementation to UASB bioreactors: from cell-metal interactions to full-
scale application. The Science of the Total Environment, 407(12), 3652–67. 

Fermoso, F. G., Bartacek, J., Manzano, R., van Leeuwen, H. P. and Lens, P. N. L. 
(2010). Dosing of anaerobic granular sludge bioreactors with cobalt: 
Impact of cobalt retention on methanogenic activity. Bioresource 
Technology, 101(24), 9429–9437. 

Florencio, L., Jeniček, P., Field, J. A. and Lettinga, G. (1993). Effect of cobalt on 
the anaerobic degradation of methanol. Journal of Fermentation and 
Bioengineering, 75(5), 368–374. 

Frédéric, S. and Lugardon, A. (2007). Méthanisation des effluents industriels 
liquides. Techniques de l’Ingénieur, J3943. 

Fuentes, A., Lloréns, M., Sáez, J., Isabel Aguilar, M., Ortuño, J. F. and Meseguer, 
V. F. (2008). Comparative study of six different sludges by sequential 
speciation of heavy metals. Bioresource Technology, 99(3), 517–525. 

Gallert, C. and Winter, J. (2005). Bacterial Metabolism in Wastewater Treatment 
Systems. In: H.-J. Reed and G. Rehm (Eds.), Biotechnology: Environmental 
Processes I (Second Edi., pp. 1–48). Weinheim, FRG: Wiley-VCH Verlag 
GmbH & Co. KGaA. 

Gasmet TM. (2014). Measurement of Solvents in Print Factories, accessed on the 
12/10/2016. 

George E. P. Box, J. Stuart Hunter, W. G. H. (2005). Statistics for Experimenters: 
Design, Innovation, and Discovery. (Wiley-Blackwell, Ed.) (2nd editio.). 
Hoboken. 

Gerardi, M. H. (2003). The Microbiology of Anaerobic Digesters. Hoboken, NJ, 
USA: John Wiley & Sons, Inc. 

Girault, R. (2011). Étude des cinétiques de dégradation anaérobie et des 
interactions entre substrats organiques : impact sur les filières de co-
digestion (PhD thesis). University of Rennes 1. 

Girault, R., Bridoux, G., Nauleau, F., Poullain, C., Buffet, J., Peu, P., Sadowski, A. 
G. and Béline, F. (2012). Anaerobic co-digestion of waste activated sludge 
and greasy sludge from flotation process: Batch versus CSTR experiments 
to investigate optimal design. Bioresource Technology, 105, 1–8. 

Goldstein, A. H. and Galbally, I. E. (2007). Known and Unexplored Organic 



264 References 

 

Constituents in the Earth’s Atmosphere. Environmental Science & 
Technology, 41(5), 1514–1521. 

Goodwin, J. A. S., Wase, D. A. J. and Forster, C. F. (1990). Anaerobic digestion of 
ice-cream wastewaters using the UASB process. Biological Wastes, 32(2), 
125–144. 

Goodwin, P. (1998). Evaluation of the anaerobic biodegradation of 1-methoxy-
2-propanol (Dowanol* PM) and dipropylene glycol monomethyl ether 
(Dowanol*DPM) in anaerobic digester sludge. Midland, Michigan. 

Goupy, J. (2013). Introduction aux plans d’expériences. (D. Nouvelle, Ed.) (5th 
editio.). 

Goupy, J. and Creighton, L. (2013). Introduction aux plans d’expériences - 5e éd.: 
Toutes les techniques nécessaires à la conduite d’une étude. Dunod. 

Habeeb, S. and Latiff, A. (2011). A review on granules initiation and development 
inside UASB Reactor and the main factors affecting granules formation 
process. International Journal of Energy and Environment, 2(2), 311–320. 

Harada, H., Uemura, S. and Momonoi, K. (1994). Interaction between sulfate-
reducing bacteria and methane-producing bacteria in UASB reactors fed 
with low strength wastes containing different levels of sulfate. Water 
Research, 28(2), 355–367. 

Hayes, T. D. and Theis, T. L. (1978). The Distribution of Heavy Metals in 
Anaerobic Digestion. Journal of the Water Pollution Control Federation, 
50(1), 61–72. 

Healy, J. J. B., Owen, W. F., Stuckey, D. C., Young, L. Y. and McCarty, P. L. (1976). 
Heat treatment of refuse for increasing anaerobic biodegradability. 
Technical report no212, Gossett, James M. (Eds.). Stanford. 

Henry, M. P., Donlon, B. a., Lens, P. N. and Colleran, E. M. (1996). Use of 
anaerobic hybrid reactors for treatment of synthetic pharmaceutical 
wastewaters containing organic solvents. Journal of Chemical Technology 
and Biotechnology, 66, 251–264. 

Henze, M. and Harremoës, P. (1983). Anaerobic Treatment of Wastewater in 
Fixed Film Reactors – A Literature Review. Water Science and Technology, 
15(8–9). 

Hester, R. E. and Harrison, R. M. (1995). Volatile organic compounds in the 
atmosphere. Cambridge: Royal Society of Chemistry. 

Hill, D. T. and Barth, C. L. (1977). Dynamic model for simulation of animal waste 
digestion. J. Water Pollut. Control Fed.; (United States), 49:10. 

Huang, J. and Pinder, K. L. (1995). Effects of calcium on development of 
anaerobic acidogenic biofilms. Biotechnology and Bioengineering, 45(3), 
212–218. 

Hulshoff Pol, L. W., de Castro Lopes, S. I., Lettinga, G. and Lens, P. N. L. (2004). 



References 265 

 

Anaerobic sludge granulation. Water Research, 38(6), 1376–89. 
Hussain, A. and Dubey, S. K. (2013). Specific methanogenic activity test for 

anaerobic treatment of phenolic wastewater. Desalination and Water 
Treatment, 52(37–39), 7015–7025. 

Ince, B., Koksel, G., Cetecioglu, Z., Oz, N. A., Coban, H. and Ince, O. (2011). 
Inhibition effect of isopropanol on acetyl-CoA synthetase expression level 
of acetoclastic methanogen, Methanosaeta concilii. Journal of 
Biotechnology, 156(2), 95–9. 

Infantes, D., González del Campo, A., Villaseñor, J. and Fernández, F. J. (2011). 
Influence of pH, temperature and volatile fatty acids on hydrogen 
production by acidogenic fermentation. International Journal of Hydrogen 
Energy, 36(24), 15595–15601. 

International Agency for Research on Cancer. (1996). Printing Processes and 
Printing Inks, Carbon Black and Some Nitro Compounds. 

International Occupational Safety and Health Information Centre. (2011). 
Chemical Exposure Limits. Retrieved from: 
http://www.ilo.org/safework/info/publications/WCMS_151534/lang--
en/index.htm#P123_9214. Accessed on the 12/03/2016. 

Iranpour, R., Cox, H. H. J., Deshusses, M. a. and Schroeder, E. D. (2005). 
Literature review of air pollution control biofilters and biotrickling filters 
for odor and volatile organic compound removal. Environmental Progress, 
24(3), 254–267. 

Jacob, D. J. (2000). Introduction to atmospheric chemistry. Princetown (USA): 
Princeton University Press. 

Jimenez, J., Latrille, E., Harmand, J., Robles, A., Ferrer, J., Gaida, D., Wolf, C., 
Mairet, F., Bernard, O., Alcaraz-Gonzalez, V., Mendez-Acosta, H., Zitomer, 
D., Totzke, D., Spanjers, H., Jacobi, F., Guwy, A., Dinsdale, R., Premier, G., 
Mazhegrane, S., Ruiz-Filippi, G., Seco, A., Ribeiro, T., Pauss, A. and Steyer, 
J.-P. (2015). Instrumentation and control of anaerobic digestion processes: 
a review and some research challenges. Reviews in Environmental Science 
and Bio/Technology, 14(4), 615–648. 

Kabdasli, I., Tünay, O., Öztürk, İ., Yilmaz, S. and Arikan, O. (2000). Ammonia 
removal from young landfill leachate by magnesium ammonium 
phosphate precipitation and air stripping. Water Science and Technology, 
41(1), 237–240. 

Kamal, M. S., Razzak, S. A. and Hossain, M. M. (2016). Catalytic oxidation of 
volatile organic compounds (VOCs) – A review. Atmospheric Environment, 
140, 117–134. 

Kashyap, D. R., Dadhich, K. S. and Sharma, S. K. (2003). Biomethanation under 
psychrophilic conditions: a review. Bioresource Technology, 87(2), 147–53. 



266 References 

 

Kato, M. T., Field, J. A., Kleerebezem, R. and Lettinga, G. (1994). Treatment of 
low strength soluble wastewaters in UASB reactors. Journal of 
Fermentation and Bioengineering, 77(6), 679–686. 

Kato, M. T., Field, J. A. and Lettinga, G. (1997). The anaerobic treatment of low 
strength wastewaters in UASB and EGSB reactors. Water Science and 
Technology, 36(6–7), 375–382. 

Kellner, C. and Flauger, M. (1998). Reduction of VOC’s in exhaust gas of coating 
machines with a bioscrubber. In: 9Ist Annual Meeting & Exhibition Air 
Waste Management Association (pp. 1–5). San Diego: Air and Waste 
Management Association. 

Kennes, C. and Veiga, M. C. (Eds.). (2001). Bioreactors for Waste Gas Treatment 
(Vol. 4). Dordrecht: Springer Netherlands. 

Kennes, C. and Veiga, M. C. (2013). Air pollution prevention and control : 
bioreactors and bioenergy. Wiley. 

Khan, A. W. and Trottier, T. M. (1978). Effect of Sulfur-Containing Compounds 
on Anaerobic Degradation of Cellulose to Methane by Mixed Cultures 
Obtained from Sewage Sludget. Applied and Environmental Microbiology, 
35(6), 1027–1034. 

Khan, F. I. and Kr. Ghoshal, A. (2000). Removal of Volatile Organic Compounds 
from polluted air. Journal of Loss Prevention in the Process Industries, 
13(6), 527–545. 

Krylova, N. I., Khabiboulline, R. E., Naumova, R. P. and Nagel, M. A. (1997). The 
influence of ammonium and methods for removal during the anaerobic 
treatment of poultry manure. Journal of Chemical Technology & 
Biotechnology, 70(1), 99–105. 

Lafita, C. (2016). Degradación de disolventes orgánicos de uso industrial en un 
reactor anaerobio de lecho expandido. PhD thesis. Universitat de Vàlencia. 

Lafita, C., Penya-roja, J. M. and Gabaldón, C. (2015). Anaerobic removal of 1-
methoxy-2-propanol under ambient temperature in an EGSB reactor. 
Bioprocess and Biosystems Engineering, 38(11), 2137–46. 

Laurent, A. and Hauschild, M. Z. (2014). Impacts of NMVOC emissions on human 
health in European countries for 2000–2010: Use of sector-specific 
substance profiles. Atmospheric Environment, 85, 247–255. 

Le Cloirec, P. (1998). Les composés organiques volatiles dans l’environnement. 
(Tec & Doc, Ed.). Paris (France): Lavoisier. 

Le Cloirec, P., Andrès, Y., Gérente, C. and Pré, P. (2005). Biological treatment of 
waste gases containing volatile organic compounds. In: Z. Shareefdeen and 
A. Singh (Eds.), Biotechnology for Odor and Air Pollution Control (pp. 281–
302). Berlin, Heidelberg: Springer Berlin Heidelberg. 

Lee, D. S., Holland, M. R. and Falla, N. (1996). The potential impact of ozone on 



References 267 

 

materials in the U.K. Atmospheric Environment, 30(7), 1053–1065. 
Lefebvre, O. and Moletta, R. (2006). Treatment of organic pollution in industrial 

saline wastewater: A literature review. Water Research, 40(20), 3671–
3682. 

Leitão, R. C., van Haandel, A. C., Zeeman, G. and Lettinga, G. (2006). The effects 
of operational and environmental variations on anaerobic wastewater 
treatment systems: A review. Bioresource Technology, 97(9), 1105–1118. 

Lens, P., Kennes, C., Le Cloirec, P. and Deshusses, M. (2006). Waste Gas 
Treatment for Resource Recovery. (Integrated Environmental Technology, 
Ed.). London: IWA Publishing. 

Leslie Grady, C. P. J., Daigger, G. T., Lim, H. C., Love, N. G. and Filipe, C. D. M. 
(2011). Biological wastewater treatment. (CRC Press, Ed.) (Third Edit.). 
New York: IWA Publishing. 

Lettinga, G. and Pol, L. W. H. (1991). UASB-Process Design for Various Types of 
Wastewaters. Water Science and Technology, 24(8), 87–107. 

Lettinga, G., Rebac, S. and Zeeman, G. (2001). Challenge of psychrophilic 
anaerobic wastewater treatment, 19(9), 363–370. 

Lettinga, G., van Velsen, A. F. M., Hobma, S. W., de Zeeuw, W. and Klapwijk, A. 
(1980). Use of the upflow sludge blanket (USB) reactor concept for 
biological wastewater treatment, especially for anaerobic treatment. 
Biotechnology and Bioengineering, 22(4), 699–734. 

Lin Chou, W. L., Speece, R. E., Siddiqi, R. H. and McKeon, K. (1979). The effect of 
petrochemical structure on methane fermentation toxicity. In: Ninth 
International Conference on Water Pollution Research (pp. 545–558). 
Stockholm. 

Liu, S. and Suflita, J. M. (1994). Anaerobic biodegradation of methyl esters by 
Acetobacterium woodii and Eubacterium limosum. Journal of Industrial 
Microbiology, 13(5), 321–7. 

Lokshina, L. Y. and Vavilin, V. A. (1999). Kinetic analysis of the key stages of low 
temperature methanogenesis. Ecological Modelling, 117(2–3), 285–303. 

Macarie, H. (2000). Overview of the application of anaerobic treatment to 
chemical and petrochemical wastewaters. Water Science and Technology, 
42(5–6), 201–214. 

Maier, R. M. (2015). Chapter 3 – Bacterial Growth. In: Environmental 
Microbiology (pp. 37–56). 

Martín-González, L., Font, X. and Vicent, T. (2013). Alkalinity ratios to identify 
process imbalances in anaerobic digesters treating source-sorted organic 
fraction of municipal wastes. Biochemical Engineering Journal, 76, 1–5. 

Melbinger, N. R., Donnellon, J. and Zablatzky, H. R. (1971). Toxic Effects of 
Ammonia Nitrogen in High-Rate Digestion [with Discussion] on JSTOR. 



268 References 

 

Journal of the Water Pollution Control Federation, 43(8), 1658–1670. 
Michael Palmer. (2012). Lecture notes on biochemical pharmacology. 
Milestone. (2010). Acid digestion of sludge sample in a closed vessel device using 

temperature control microwave heating for metal determination by 
spectroscopic methods. Digestion application note DG-EN-11. 

Millar, M. D. J. D. (1983). Glycol Ethers: 2-Methoxyethanol and 2-Ethoxyethanol. 
NIOSH Publications and Products, 83–112(39). 

Moletta, R. (2005). Winery and distillery wastewater treatment by anaerobic 
digestion. Water Science and Technology, 51(1), 137–44. 

Moody, L. B., Burns, R. T., Bishop, G., Sell, S. T. and Spajic, R. (2011). Using 
biochemical methane potential assays to aid in co-substrate selection for 
co-digestion. Applied Engineering in Agriculture, 27(3), 433–439. 

Moosbrugger, R. E., Wentzel, M. C., Ekama, G. A. and Marais, G. R. (1992). Simple 
titration procedures to determine H2CO3 alkalinity and short chain fatty 
acids in aqueous solutions containing known concentrations of ammonium, 
phosphate and sulphide weak acid/bases. Water Research Commission. 
Report No. TT 57/92. Research Report W 74. University of cape Town, 
Pretonia, Republic of South Africa. 

Moretti, E. C. (2002). Reduce VOC and HAP emissions. Chemical Engineering 
Progress, 98(6), 30–40. 

Mulholland, K. L. and Dyer, J. A. (1999). Pollution prevention : methodology, 
technologies, and practices. Los Angeles: Wiley-American Institute of 
Chemical Engineers. 

National Atmospheric Emissions Inventory. (2002). NMVOC Speciation Profiles 
(UK), accessed on the 28/12/2015. 

Nicolella, C., van Loosdrecht, M. C. M. and Heijnen, S. J. (2000). Particle-based 
biofilm reactor technology. Trends in Biotechnology, 18(7), 312–320. 

Ortner, M., Rachbauer, L., Somitsch, W. and Fuchs, W. (2014). Can bioavailability 
of trace nutrients be measured in anaerobic digestion? Applied Energy, 
126, 190–198. 

Osuna, M. B., Iza, J., Zandvoort, M. and Lens, P. N. L. (2003). Essential metal 
depletion in an anaerobic reactor. Water Science and Technology, 48(6), 
1–8. 

Owen, W. F., Stuckey, D. C., Healy, J. B., Young, L. Y. and McCarty, P. L. (1979). 
Bioassay for monitoring biochemical methane potential and anaerobic 
toxicity. Water Research, 13(6), 485–492. 

Percheron, G., Bernet, N. and Moletta, R. (1999). Interactions between 
methanogenic and nitrate reducing bacteria during the anaerobic 
digestion of an industrial sulfate rich wastewater. FEMS Microbiology 
Ecology, 29, 341–350. 



References 269 

 

Platen, H. and Schink, B. (1987). Methanogenic degradation of acetone by an 
enrichment culture. Archives of Microbiology, 149(2), 136–141. 

Platen, H. and Schink, B. (1989). Anaerobic degradation of acetone and higher 
ketones via carboxylation by newly isolated denitrifying bacteria. Journal 
of General Microbiology, 135(4), 883–91. 

Pobeheim, H., Munk, B., Lindorfer, H. and Guebitz, G. M. (2011). Impact of nickel 
and cobalt on biogas production and process stability during semi-
continuous anaerobic fermentation of a model substrate for maize silage. 
Water Research, 45(2), 781–7. 

Rafson, H. J. (1998). Odor and VOC Control Handbook. New York: McGraw-Hill 
Professional. 

Rajeshwari, K. ., Balakrishnan, M., Kansal,  a, Lata, K. and Kishore, V. V. . (2000). 
State-of-the-art of anaerobic digestion technology for industrial 
wastewater treatment. Renewable and Sustainable Energy Reviews, 4(2), 
135–156. 

Rao, C. S. (2006). Environmental pollution control engineering. New Delhi: New 
Age International. 

Rebac, S., Van Lier, J. B., Lens, P., Stams, A., Dekkers, F., Swinkels, K. and Lettinga, 
G. (1999). Psychrophilic anaerobic treatment of low strength wastewaters. 
Water Science and Technology, 39(5), 203–210. 

Regulation (EC) No 1907/2006. , of 18 December 2006, concerning the 
Registration, Evaluation, Authorisation and Restriction of Chemicals 
(REACH). OJ L 396, 30/12/2006. 

Reith, J. H., Wijffels, R. H. and Barten, H. (2003). Bio-methane and bio-hydrogen: 
status and perspectives of biological methane and hydrogen production. 
The Hague: Dutch Biological Hydrogen Foundation. 

Ripley, L. E., Boyle, W. C. and Converse, J. C. (1986). Improved alkalimetric 
monitoring for anaerobic digestion of high-strength waste. Journal of the 
Water Pollution Control Federation, 58(5), 406–411. 

Rycroft, M. J. (1993). Confronting climate change. Risks, implications and 
responses. International Journal of Climatology, 13(3), 343–344. 

San-Valero, P., Gabaldón, C., Penya-roja, J. M. and Quijano, G. (2017). Enhanced 
styrene removal in a two-phase partitioning bioreactor operated as a 
biotrickling filter: Towards full-scale applications. Chemical Engineering 
Journal, 309, 588–595. 

San-Valero, P., Penya-Roja, J. M., Sempere, F. and Gabaldón, C. (2013). 
Biotrickling filtration of isopropanol under intermittent loading conditions. 
Bioprocess and Biosystems Engineering, 36(7), 975–984. 

Sanchez, J., Hidalgo, M. and Salvado, V. (2007). Valora: a PC program for the self-
learning of acid base titration. In: 1st International Technology, Education 



270 References 

 

and Development Conference (INTED). Valencia (Spain). 
Sander, R. (2015). Compilation of Henry’s law constants (version 4.0) for water 

as solvent. Atmospheric Chemistry and Physics, 15(8), 4399–4981. 
Schattauer, A., Abdoun, E., Weiland, P., Plöchl, M. and Heiermann, M. (2011). 

Abundance of trace elements in demonstration biogas plants. Biosystems 
Engineering, 108(1), 57–65. 

Scherer, P., Lippert, H. and Wolff, G. (1983). Composition of the major elements 
and trace elements of 10 methanogenic bacteria determined by 
inductively coupled plasma emission spectrometry. Biological Trace 
Element Research, 5(3), 149–63. 

Schönheit, P., Moll, J. and Thauer, R. K. (1979). Nickel, cobalt, and molybdenum 
requirement for growth of Methanobacterium thermoautotrophicum. 
Archives of Microbiology, 123(1), 105–7. 

Schramm, E. and Schink, B. (1991). Ether-cleaving enzyme and diol dehydratase 
involved in anaerobic polyethylene glycol degradation by a new 
Acetobacterium sp. Biodegradation, 2(2), 71–9. 

Schwartz, L. J. (1991). Toxic effects of selected industrial solvents in batch and 
continuous anaerobic reactors. Applied Biochemistry and Biotechnology, 
28–29(1), 297–305. 

Scully, C., Collins, G. and O’Flaherty, V. (2006). Anaerobic biological treatment 
of phenol at 9.5-15 degrees C in an expanded granular sludge bed (EGSB)-
based bioreactor. Water Research, 40(20), 3737–44. 

Seghezzo, L., Zeeman, G., Liel, J. B. Van, Hamelers, H. V. M. and Lettinga, G. 
(1998). A review: the anaerobic treatment of sewage in UASB and EGSB 
reactors. Bioresource Technology, 65(3), 175–190. 

Sempere, F., Gabaldón, C., Martínez-Soria, V., Marzal, P., Penya-roja, J. M. and 
Javier Álvarez-Hornos, F. (2008). Performance evaluation of a biotrickling 
filter treating a mixture of oxygenated VOCs during intermittent loading. 
Chemosphere, 73(9), 1533–1539. 

Sempere, F., Martínez-Soria, V., Penya-roja, J. M., Waalkens, A. and Gabaldón, 
C. (2011). Control of VOC emissions from a flexographic printing facility 
using an industrial biotrickling filter. Water Science & Technology, 65(1), 
177. 

Shankar, B. and Neeliah, H. (2005). Tropospheric Ozone and Winter Wheat 
Production in England and Wales: A Note. Journal of Agricultural 
Economics, 56(1), 145–151. 

Shareefdeen, Z., Herner, B. and Singh, A. (2005). Biotechnology for Air Pollution 
Control — an Overview. In: Biotechnology for Odor and Air Pollution 
Control (pp. 3–15). Berlin/Heidelberg: Springer-Verlag. 

Shareefdeen, Z. and Singh, A. (Eds.). (2005). Biotechnology for Odor and Air 



References 271 

 

Pollution Control. Berlin, Heidelberg: Springer Berlin Heidelberg. 
Sharma, J. and Singh, R. (2001). Effect of nutrients supplementation on 

anaerobic sludge development and activity for treating distillery effluent. 
Bioresource Technology, 79(2), 203–206. 

Shelton, D. R. and Tiedje, J. M. (1984). General method for determining 
anaerobic biodegradation potential. Applied and Environmental 
Microbiology, 47(4), 850–7. 

Singh, R. P., Kumar, S. and Ojha, C. S. P. (1999). Nutrient requirement for UASB 
process: a review. Biochemical Engineering Journal, 3(1), 35–54. 

Smith, M. R. and Mah, R. A. (1978). Growth and methanogenesis by 
Methanosarcina strain 227 on acetate and methanol. Applied and 
Environmental Microbiology, 36(6), 870–9. 

Speece, R. E. (1983). Anaerobic biotechnology for industrial wastewater 
treatment. Environmental Science & Technology, 17(9), 416A–27A. 

Speranza, G., Mueller, B., Orlandi, M., Morelli, C. F., Manitto, P. and Schink, B. 
(2002). Mechanism of anaerobic ether cleavage: conversion of 2-
phenoxyethanol to phenol and acetaldehyde by Acetobacterium sp. The 
Journal of Biological Chemistry, 277(14), 11684–90. 

Sprott, G. D. and Patel, G. B. (1986). Ammonia toxicity in pure cultures of 
methanogenic bacteria. Systematic and Applied Microbiology, 7(2–3), 
358–363. 

Stronach, S. M., Rudd, T. and Lester, J. N. (1986). Anaerobic Digestion Processes 
in Industrial Wastewater Treatment (Vol. 2). Berlin, Heidelberg: Springer 
Berlin Heidelberg. 

Subrenat, A. and Le Cloirec, P. (2004). Adsorption onto activated carbon cloths 
and electrothermal regeneration: its potential industrial applications. 
Journal of Environmental Engineering, 130(3), 249–257. 

Symons, G. E. and Buswell, A. M. (1933). The Methane Fermentation of 
Carbohydrates. Journal of the American Chemical Society, 55(5), 2028–
2036. 

Takashima, M., Shimada, K. and Speece, R. E. (2011). Minimum requirements for 
trace metals (iron, nickel, cobalt, and zinc) in thermophilic and mesophilic 
methane fermentation from glucose. Water Environment Research : A 
Research Publication of the Water Environment Federation, 83(4), 339–46. 

Taylor, P. G. (Ed.). (2003). Mechanism and Synthesis. Cambridge: Royal Society 
of Chemistry. 

Tchobanoglous, G., Burton, F. L. and Stensel, H. D. (2002). Wastewater 
Engineering: Treatment and Reuse. (Metcalf & Eddy, Ed.) (4th ed.). New 
York: McGraw-Hill Science. 

Tessier, A., Campbell, P. G. C. and Bisson, M. (1979). Sequential extraction 



272 References 

 

procedure for the speciation of particulate trace metals. Analytical 
Chemistry, 51(7), 844–851. 

Thanh, P. M., Ketheesan, B., Yan, Z. and Stuckey, D. (2015). Trace metal 
speciation and bioavailability in anaerobic digestion: A review. 
Biotechnology Advances, 34(2), 122–36. 

Tonouchi, A. (2004). Anaerobic 2-propanol degradation in anoxic paddy soil and 
the possible role of methanogens in its degradation. Current Microbiology, 
49(2), 75–8. 

Triboulet, P. (2008). Notions de bases sur les plan d’expériences. 
US Environmental Protection Agency. (2012). Global Anthropogenic Non-CO2 

Greenhouse Gas Emissions: 1990 - 2030. Washington DC. 
van Hullebusch, E. D., Gieteling, J., Zhang, M., Zandvoort, M. H., Daele, W. Van, 

Defrancq, J. and Lens, P. N. L. (2006). Cobalt sorption onto anaerobic 
granular sludge: Isotherm and spatial localization analysis. Journal of 
Biotechnology, 121(2), 227–240. 

van Hullebusch, E. D., Peerbolte, A., Zandvoort, M. H. and Lens, P. N. L. (2005a). 
Sorption of cobalt and nickel on anaerobic granular sludges: isotherms and 
sequential extraction. Chemosphere, 58(4), 493–505. 

van Hullebusch, E. D., Utomo, S., Zandvoort, M. H. and L Lens, P. N. (2005b). 
Comparison of three sequential extraction procedures to describe metal 
fractionation in anaerobic granular sludges. Talanta, 65(2), 549–58. 

van Lier, J. B. (2008). High-rate anaerobic wastewater treatment: diversifying 
from end-of-the-pipe treatment to resource-oriented conversion 
techniques. Water Science and Technology, 57(8), 1137–48. 

van Lier, J. B., Mahmoud, N. and Zeeman, G. (2008). Anaerobic Wastewater 
Treatment. In: M. Henze (Ed.), Biological Wastewater Treatment: 
Principles, Modelling and Design (pp. 400–441). IWA Publishing. 

van Lier, J. B., Rebac, S. and Lettinga, G. (1997). High-rate anaerobic wastewater 
treatment under psychrophilic and thermophilic conditions. Water Science 
and Technology, 35(10), 199–206. 

van Lier, J. B., Tilche, A., Ahring, B. K., Macarie, H., Moletta, R., Dohanyos, M., 
Pol, L. W., Lens, P. and Verstraete, W. (2001). New perspectives in 
anaerobic digestion. Water Science and Technology, 43(1), 1–18. 

Vecherskaya, M., Dijkema, C. and Stams,  a J. (2001). Intracellular PHB 
conversion in a Type II methanotroph studied by 13C NMR. Journal of 
Industrial Microbiology & Biotechnology, 26(1–2), 15–21. 

Ware, J. H., Spengler, J. D., Neas, L. M., Samet, J. M., Wagner, G. R., Coultas, D., 
Ozkaynak, H. and Schwab, M. (1993). Respiratory and irritant health effects 
of ambient volatile organic compounds. The Kanawha County Health 
Study. American Journal of Epidemiology, 137(12), 1287–301. 



References 273 

 

Weiland, P. (2010). Biogas production: Current state and perspectives. Applied 
Microbiology and Biotechnology, 85, 849–860. 

Widdel, F. (1986). Growth of methanogenic bacteria in pure culture with 2-
propanol and other alcohols as hydrogen donors. Applied and 
Environmental Microbiology, 51(5), 1056–62. 

Wu, S., Mickley, L. J., Jacob, D. J., Logan, J. A., Yantosca, R. M. and Rind, D. (2007). 
Why are there large differences between models in global budgets of 
tropospheric ozone? Journal of Geophysical Research, 112(D5), 302. 

Yanti, H., Wikandari, R., Millati, R., Niklasson, C. and Taherzadeh, M. J. (2014). 
Effect of ester compounds on biogas production: beneficial or 
detrimental? Energy Science & Engineering, 2(1), 22–30. 

Young, P. J., Archibald, A. T., Bowman, K. W., Lamarque, J.-F., Naik, V., 
Stevenson, D. S., Tilmes, S., Voulgarakis, A., Wild, O., Bergmann, D., 
Cameron-Smith, P., Cionni, I., Collins, W. J., Dalsøren, S. B., Doherty, R. M., 
Eyring, V., Faluvegi, G., Horowitz, L. W., Josse, B., Lee, Y. H., MacKenzie, I. 
A., Nagashima, T., Plummer, D. A., Righi, M., Rumbold, S. T., Skeie, R. B., 
Shindell, D. T., Strode, S. A., Sudo, K., Szopa, S. and Zeng, G. (2013). Pre-
industrial to end 21st century projections of tropospheric ozone from the 
Atmospheric Chemistry and Climate Model Intercomparison Project 
(ACCMIP). Atmospheric Chemistry and Physics, 13(4), 2063–2090. 

Yu, H. Q., Fang, H. H. P. and Tay, J. H. (2000). Effects of Fe2+ on sludge 
granulation in upflow anaerobic sludge blanket reactors. Water Science 
and Technology, 41(12), 199–205. 

Zandvoort, M. H., Geerts, R., Lettinga, G. and Lens, P. N. L. (2003a). Methanol 
degradation in granular sludge reactors at sub-optimal metal 
concentrations: role of iron, nickel and cobalt. Enzyme and Microbial 
Technology, 33(2–3), 190–198. 

Zandvoort, M. H., Geerts, R., Lettinga, G. and Lens, P. N. L. (2003b). Methanol 
degradation in granular sludge reactors at sub-optimal metal 
concentrations: role of iron, nickel and cobalt. Enzyme and Microbial 
Technology, 33(2), 190–198. 

Zandvoort, M. H., Hullebusch, E. D. Van, Piet, N. L. and Lettinga, G. (2004). Cobalt 
and nickel retention capacity of anaerobic granular sludge in methanol-fed 
UASB reactors. 

Zandvoort, M. H., Osuna, M. B., Geerts, R., Lettinga, G. and Lens, P. N. L. (2002). 
Effect of nickel deprivation on methanol degradation in a methanogenic 
granular sludge bioreactor. Journal of Industrial Microbiology & 
Biotechnology, 29(5), 268–74. 

Zandvoort, M. H., van Hullebusch, E. D., Gieteling, J. and Lens, P. N. L. (2006). 
Granular sludge in full-scale anaerobic bioreactors: Trace element content 



274 References 

 

and deficiencies. Enzyme and Microbial Technology, 39(2), 337–346. 
Zhang, Y., Banks, C. J., Jiang, Y., Heaven, S., Bolzonella, D., Walker, M. and Banks, 

C. J. (2010a). Final recommendations for trace element and nutrient 
supplementation for stable operation of digesters receiving food waste. 

Zhang, Y., Walker, M. and Banks, C. J. (2010b). Optimising Processes for the 
Stable Operation of Food Waste Digestion. University of Southampton. 

 


	Cover_thesisNV_v20170615b_definitivo
	1
	Thesis_NV20170906



