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RESUMEN

Efecto de los pardmetros operacionales sobre la biofiltracion de metanol
acoplada a la produccion de Endoquitinasa 42

Palabras clave: Biofiltracion, Metanol, Proteina heteréloga, Divergencia, P. pastoris.

En la presente tesis se estudié la biofiltracion de metanol acoplada con la produccién de proteinas heterélogas.
Para ello, se utilizé un cultivo de P. pastoris transformado con el gen Ech42 responsable de producir la Endoqui-
tinasa 42 de Trichoderma Atroviride (Pérez-Martinez et al., 2007). Se disefiaron tres biofiltros idénticos y se
operaron bajo diferentes condiciones de carga de metanol, concentracion de nitrégeno, pH y tiempo de residen-
cia. La maxima capacidad de eliminaciéon de metanol observada fue de 643.5 g/m3*h a una carga de metanol
de 800 g/m3*h, 5 g/L (NH,4),SO,, pH 5 y 60 segundos de tiempo de residencia. La actividad de Ech42 varié entre
578 y 1172 U/L siendo el pH el pardmetro mas importante para el proceso. Ademas, se encontré que la capaci-
dad de eliminacion del sistema fue muy sensible a los cambios de condiciones manejadas. Sin embargo, la

actividad de la proteina heteréloga fue notablemente estable.

Por otro lado, también se estudi6 la divergencia del sistema a través de un andlisis estadistico simple, micros-
copia electrénica de barrido y analisis cinético, durante las primeras tres etapas de operacién. Se observé que
dos o0 mas sistemas de biofiltracion pueden comportarse de distinta manera con el tiempo, aun y cuando son
operados bajo las mismas condiciones. Algunas explicaciones probables son los procesos aleatorios de coloni-
zacion de otras especias asi como la impredecible evolucién de comunidades microbianas. En cualquier caso,

los resultados mostrados en esta tesis son el primer reporte de divergencia en biofiltros.

Finalmente, se desarrollé un modelo matematico dinamico para describir el desempefio de los sistemas de bio-
filtracion acoplados a la produccién de proteinas. Este se basé en ecuaciones para reactores CSTR (Comple-
tely Stirred Tank Reactor) pero en una estructura discretizada del sistema. Para la degradacion de metanol se
utilizé el modelo de Monod. Se consideré la presencia de dos grupos de microorganismos creciendo en los sis-
temas: P. pastoris y otros microorganismos. El modelo mostr6é un buen ajuste en relacién con las capacidades
de eliminacién experimentales y la produccion proteica. Sin embargo, fue dificil ajustar los valores experimenta-
les de biomasa total presente (volumen). Tal discrepancia puede deberse a que el modelo no considera bioma-

sa inerte. Por lo anterior, es recomendable que el modelo matematico sea modificado o replanteado.
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ABSTRACT

Effect of operational parameters on methanol biofiltration coupled with
Endochitinase 42 production

Key words: Biofiltration, Methanol, Heterologous protein, Divergence, P. pastoris.

In this thesis, methanol biofiltration coupled with heterologous protein production was studied. A P. pastoris strain
transformed with the gen Ech42 responsible for producing Endochitinase 42 (Ech42) was used (Pérez-Martinez
et al., 2007). Three different biofilters were designed and tested under different methanol loads, nitrogen concen-
trations, pH and EBRT (Empty Bed Residence Time) conditions. The maximum elimination capacity observed
was 643.5 g/m3*h under a methanol load of 800 g/m3*h, 5 g/L (NH4)»,S0O,4, pH 5 and 60 seconds of EBRT. Also,
the Ech42 activity ranged from 578 to 1172 U/L and was mainly affected by pH changes. Additionally, it was ob-
served that EC was very sensitive to changes under the mentioned operational conditions. However, the heter-

ologous protein activity was quite stable.

On the other hand, divergence in the system was approached. It was noted that two or more systems operating
under identical conditions can behave differently over time. Thus, repeatability in biofiltration shouldn’t be taken
for granted. Some probable explanations for such divergence are the random colonization of foreign species as
well as the unpredictable evolution of microbial communities. In any case, this is the first report of operational

divergence in biofilters.

Finally, a dynamic mathematical model was developed based on CSTR equations. A Monod kinetic was used in
order to describe methanol consumption behavior. Also, microbial growth was considered for two different kinds
of microorganisms: P. pastoris and others. The model fit well with experimental elimination capacities and protein
production. However, total biomass volume was not well described. The source of the model discrepancy could

be the failure to consider inert biomass. Therefore, the mathematical model must be further explored.
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The world is a dangerous place to live; not because
of the people who are evil, but because of the people
who don't do anything about it. (Albert Einstein)

INTRODUCTION

ATMOSPHERIC POLLUTION

Since the origin of mankind, science and technology have improved human welfare; however, it has been ac-
companied by increased industrial activity and excessive exploitation and use of natural resources (e.g. wood,
water, petroleum, gas, coal, etc.). The consequence is that huge amounts of pollutants have been released into

bodies of water, soil, and the atmosphere, jeopardizing the future of life on Earth.

Nowadays, atmospheric air pollution, the focus of this work, causes thousands of deaths around the world. In
our country, more than 10,800 people die annually because of poor air quality. Actually, air pollution in Mexico is

one of the top ten causes of death (Secretaria de Salud, 2005).

According to the latest national emissions inventory, 40.5 million tons of pollutants (Carbon monoxide, CO; sulfur
oxides, SOx; nitrogen oxides, NOx; particulate matter, PM10 y PM2.5; volatile organic compounds, VOCs; and
ammonia) were emitted into the atmosphere in 1999 (SEMARNAT, 2005). Such research also revealed that

VOCs represent 15% of the total emissions behind only carbon monoxide and sulfur oxides.

VOCs, substances volatile at room temperature (EPA, 2012), are important not only from the environmental
standpoint but also from that of human health. It is well known that breathing VOCs may result in many health
problems ranging from headaches and nausea to heart disorders and cancer (Table 1). Therefore, their treat-

ment and control must be a priority in healthcare systems.

Methanol is a colorless VOC with an annual worldwide production of around 45.6 million tons. It is used and
emitted by different industries such as construction, plastics, automotive, home and paper production (IMPCA,

2011; MI, 2011). Moreover, it is important for the synthesis of acetic acid, formaldehyde, and biodiesel.

For many years, methanol (boiling point (1 atm.) 65.15°C; density (20°C) = 0.7914g/cm3) has been considered
as an alternative automotive fuel to reduce pollution in the urban environment (Gordon and Austine, 1992). Nev-

ertheless, its characteristics, such as hydrophobicity, make it a highly toxic compound. When inhaled, methanol
1



can lead to blindness, neurobehavioral disorders, shorter gestational length in pregnant women and cancer
(Ikeda 1992; Chuwers et al., 1995; Health Effects Institute, 1999). These reasons and others have led methanol
be considered a Hazardous Air Pollutant by the Environmental Protection Agency (USA) . In any case, it seems
that methanol treatment is preferred in order to safeguard human health and avoid any other undesirable sce-

narios.

Table 1. Volatile organic compounds and their effects on the human health derived from its con-
sumption by breathing.

VOC Human Health Effects Reference
1,3-Butadiene  Carcinogenic Health Effects Institute (2000)
Benzene Leukemia and blood disorders Health Effects Institute (2003)

Central nervous system encum-

Toluene e IRIS EPA (2005)
brances, neurotoxicity
Decreased gestational length
Methanol Health Effects institute (1999)
Neurobehavioral negative effects in
kids
Styrene Myocardial ischemia Health Effects Institute (2002)

Formaldehyde Carcinogenic International Agency for Research on Cancer

(2006)
Xvlene Leukopenia, cyanosis, migraine, International Agency for Research on Cancer
y abnormalities of the heart (1989)

STRATEGIES FOR AIR POLLUTION CONTROL

Different technologies are available for the treatment and control of air pollutants. In general, selection is guided
by availability, cost, required efficiency, physicochemical properties, concentration, and flow rate. Figure 1 shows
a widely known selection guide made on the basis of the pollutant flow rate and its concentration (Devinny et al.,

1999). In general, the different treatment technologies can be classified as physicochemical and biological.



Physicochemical methods

Condensation: It is achieved by decreasing A
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P y Figure 1. Treatment methods for atmospheric pollutants

unviable (Devinny et al., 1999). based on flow rate and concentration

Incineration: It is the conversion of organic compounds into carbon dioxide and water through combustion.
Commonly used combustion methods are: a) direct flame combustion, b) thermal combustion and c) catalytic
combustion. Regardless of the method, it is important to achieve complete pollutant combustion to avoid the
synthesis of aldehydes, organic acids, and carbon monoxide, which are, in some cases, more dangerous than

the original pollutant (Green and Perry, 2007).

Adsorption: It is a selective transfer of pollutants from a gaseous phase to a surface of solid particles (adsorption
column). At ordinary temperatures, adsorption occurs due to intermolecular forces (especially Van der Waal forc-
es) and it is known as physical adsorption. At higher temperatures (greater than 200 °C), system energy is high
enough to overcome the activation energy, required to form bonds (covalent or ionic) between pollutants and

adsorption surface. In the latter case, adsorption is called chemisorption (Green and Perry, 2007).

Selective capacity of adsorbent materials allows recovering different waste that is interesting from an economic
standpoint. In fact, selective capacity is probably the most important thing that should be addressed when de-

signing adsorption processes.

Absorption: It is based on the gas pollutant inclusion into an absorbent liquid phase. In this process the most

important parameters are the pollutant solubility and solvent absorption capacity (Green and Perry, 2007). The



principal disadvantage of absorption is the need to have some other method for recovering or treating the pollu-

tant (Devinny et al., 1999).
Biological methods

Biological methods take advantage of metabolic reactions to degrade a wide range of organic substances pro-
ducing carbon dioxide, water, and biomass (Devinny et al., 1999). One of the most important advantages of bio-
logical treatment is that it can be carried at room temperature (10-40 C). Also, biological methods are inexpen-

sive, easy to operate, and environmentally friendly.

Biological reactors can be classified as bioscrubbers, biotrickling filters, or biofilters. Their advantages and draw-
backs are described in Table 2.

Table 2. Advantages and drawbacks of gas treatment biosystems. Adapted from Utkin et al.
(1992); Groenestijn and Hesselink (1993).

System Advantages Drawbacks

Small gas-liquid contact surface
Perceptible to feeding changes

Better control of reactions Generates waste sludge
. Avoids byproducts accumulation Complicated start
Bioscrubber . .
Compact Requires more aeration
Low pressure loss High investment, operation, and

maintenance costs
Requires nutrients supply

Small gas-liquid contact area
Generates waste sludge
Perceptible to feeding changes

B|ot_r|ckl|ng Similar to bioscrubbers Requires nutrients supply
filter :
Complicated start
High investment, operation, and
maintenance costs
High gas-liquid contact area Little control over reaction phenomena
o Easy start and operation Poorly adaptation to changes in gas
Biofilter . .
Low investment and operation costs flow rate
Resist feeding changes Needs more area
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Figure 2. Biofiltration scheme.

Bioscrubbers. This kind of system is characterized by a pollutant gas phase that is absorbed to an aqueous con-
tinuously re-circulated phase. The treatment is reached with the use of an absorption column. Later, water and
the absorbed pollutant are aerobically treated in an activated sludge system. The control of parameters (pH,
temperature, oxygen concentration, nutrients concentration, etc.) is simple, but the system is limited by gas-
liquid contact area, and so it is recommended for soluble pollutants with Henry’s coefficients below 5 or 10

(Groenestijn and Hesselink, 1993).

Biotrickling filters. In these systems, the pollutant gas flows through an absorption column in which microorgan-
isms grow. They develop a biofilm where the contaminant can be degraded. Water is continuously trickling in
order to maintain moisture, and at the same time, pollutant is absorbed to the biofilm and then degraded. Fur-
thermore, everything occurs in only one system (Groenestijn and Hesselink, 1993). The transfer area is again an
important limiting step. Nonetheless, water offers an excellent way to control important parameters to enhance
the biotrickling filter performance, for instance, pH, nutrients availability, temperature, biomass growth rate, and

biomass accumulation (Cox and Dehusses, 1998; Yang et al., 2010).

Biofilters. In biofiltration, a waste airstream flows through a column packed with a porous medium where different

microorganisms are fixed and growing. Those microorganisms are responsible for gas pollutant degradation, at
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the same time releasing CO,, water and likely some byproducts. As noted, biofilters are very similar to biotrick-
ling filters, but biofilters are not constantly sprinkled with liquid, so their control is a bit more difficult. This tech-
nology in particular will be approached in greater detail in the next section because it has been of great im-

portance in the abatement of different pollutants, including methanol, at an industrial scale.

BIOFILTRATION

Biofiltration (Figure 2) is a technology for the treatment of atmospheric pollutants. It has been employed to treat
multiple organic and inorganic air contaminants such as hydrogen sulfide, dimethyl sulfide, methanol, acetalde-
hyde, formaldehyde, ethylene, toluene, xylenes, ethyl benzene, trimethyl benzene, butyl acetate, methyl ethyl
ketone, etc. (Ralebitso-Senior et al., 2012). Its proven functionality and efficiency make it a frequent option for

treating odors and VOCs from waste air streams.

This process involves several transfer and reaction phenomena. Convection, gas-biofilm equilibrium, diffusion,
biodegradation, and microbial growth are the most important. Understanding these phenomena is essential for a
better design, evaluation and improvement of biofiltration systems; therefore, they will be briefly described below

and addressed in detail in Chapter IV.

a) Convective mass transfer is the mechanism that brings the pollutant and oxygen molecules to the
proximity of microbial surface. Also, it carries CO, and byproducts out of the biofilter. The quality of con-
vection is reflected on treatment efficiency; if pollutant and oxygen do not reach every site in the bed be-
cause of poor convection, some space in the column will be wasted and the process performance will
fall. In practice, convection is not usually a problem, but it is always suggested to keep a clean bed in

order to avoid clogging.

b) When the gas phase approaches the gas-biofilm boundary, its components are transferred. The pollu-
tant, oxygen and any other compound of airflow is transported to the biofilm until a specific equilibrium
concentration is reached. The concentrations at both sides of the gas-liquid boundary are well correlated

through Henry’s law.
CL=Cg/H 1)

where C, and Cg are the concentrations of pollutant in the liquid and gas phase, respectively; and H is

the proportionality constant well known as Henry’s constant (Green and Perry, 2007).
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The pollutant capacity to be transported toward the biofilm phase is directly related to its hydrophilicity.

The more hydrophilic the more difficult its transfer and consequent degradation are.

¢) Once the pollutant is in the biofilm phase, it diffuses in the direction of the lower concentration. Diffusive
transport is driven by the concentration gradient between the surface of the biofilm and the interior
thereof. The higher the gradient, the higher the transfer rate is. This phenomenon is accurately de-

scribed by first Fick’s law:
ac
J=-D— 2

where J is the diffusion flux (kg/s'm?), D is the diffusion coefficient (m%s), C is the pollutant concentra-

tion, x is the diffusion direction (m) and Z—z (kg/m“) is the local gradient in the biofilm.

d) Biodegradation is generally referred to as pollutant oxidation although this is not a rule. Throughout this
process, microorganisms take the pollutant and use it as a carbon and/or energy source. Derived from
that pollutant abatement, CO, and H,O are produced as well as biomass and some byproducts. The ra-
tios of such products depend on numerous factors, for instance, microbial species in the biofilm, pollu-

tant availability, oxygen and nutrients concentration, temperature, pH, etcetera.

e) Microbial growth is the increase of cells in the biofilm and consequently its volume. It is linked to bio-
degradation through the f° coefficient which indicates the amount of electrons, from the energy source,
used for cell synthesis (Rittman, 2002). The way microbial growth affects biofiltration performance is well
known. On the one hand, growth is necessary to increase the system biodegradation capacity, while on
the other, an excessive growth can drive the system to poor efficiencies due to dead zones and clogging

problems.

In summary, biofiltration is a quite complex technology which is yet useful and effective to control air pollution.

More details and discussion about the biofiltration mechanism are given in Chapter IV.
METHANOL BIOFILTRATION

Methanol vapor treatment has been recently approached by different researchers around the world (Table 3). As

can be observed, many packing materials and inocula as well as nitrogen sources, pH values, and methanol



loading rates, have been studied. Accordingly, the elimination capacity (EC) values, which are the ratio between

the amount of pollutant degraded and methanol fed, are also heterogeneous.

Sologar et al. (2003) studied methanol and hydrogen sulfide biofiltration as well as its kinetic aspects. They
found a maximum methanol removal rate of 380 g/ms*h. The steady states were reached within the first two
days of operation. Moreover, the methanol removal rate increased linearly with the loading rate throughout the
study. These results were expected from a pollutant with such a high solubility and relatively low microbial toxici-

ty.

Prado et al., (2004) compared the efficiencies of four bioreactors for the removal of formaldehyde and methanol.
Three of them were operated as convectional biofilters while the fourth was operated as a biotrickling filter. The
biofilters were also packed with different materials: lava rock, perlite and activated carbon. The results showed
that lava rock was the most suitable material for effective methanol and formaldehyde biofiltration while perlite
was the worst. Further, biofiltration must be preferred rather than biotrickling biofiltration. The maximum metha-

nol EC reached was 619.4 g/m**h.

Chetpattananondh et al., (2005) investigated the biofiltration of methanol, toluene and its mixture using palm
shells and activated sludge as packing materials. With such system, they observed a maximum elimination ca-
pacity of 188 g/m3*h with a removal efficiency of 100%. It was possible to increase the EC until 380 g/ms*h,

however the efficiency was affected and dropped to 62%.

Moreover they remarked, as did many others, that removal efficiency does not reflect the real performance of a
biofilter. This is because removal efficiency can be simply modified by increasing or decreasing the reactor vol-
ume despite its capacity. Therefore, the best way to compare two or more biofilters is through their EC. Actually,

EC is by definition normalized on the reactor volume as well as on the empty bed retention time (EBRT).

Media composition and pH effects have been also tested (Prado et al., 2006). For the specific case of methanol
degradation, it was found that efficiency is affected at low pH values (near 4). In contrast, it is improved at pH
values close to 7.5. Such findings are coherently linked with the optimal pH of 8 reported for formaldehyde de-

hydrogenase which is an important enzyme in methanol metabolic pathway (Kato et al., 1983).

On the other hand, they observed that the nitrogen source is not important in the performance of the system,
although it was slightly better when using ammonia than when nitrate is applied. Furthermore the maximum elim-

ination capacity was 552 g/m>+*h.



Prado et al., (2008) studied the removal of a mixture of formaldehyde, methanol, dimethylether and carbon mon-
oxide from waste gases using a multistage reactor (made up of a biotrickling filter and a biofilter). Among pollu-
tants tested, methanol and formaldehyde were the most readily eliminated, followed by carbon monoxide and
dimethylether. Concerning methanol biofiltration, a maximum EC of 533 g/m3*h was observed. It was also prov-
en that the use of combined bioreactors can overcome problems frequently presented in biofilters or biotrickling

filters alone.

Dastous et al., (2008) have also done research on methanol biofiltration. They reported a maximum EC of 82
g/m3*h at an optimal nitrogen concentration of 3.8 g-N/L. At lower nitrogen concentrations, the EC drops be-
cause nitrogen becomes the limiting substrate. On the other hand, at higher concentrations, nitrogen had nega-
tive effects in the biofiltration performance indicating it becomes increasingly toxic for the microbial community.
Therefore, a high nitrogen supply was not necessary to improve the biofilter performance, but it had to be

enough in order to support adequate microbial growth.

Avalos-Ramirez et al., (2008) studied growth kinetics and methanol-toluene biodegradation. They compared two
kinds of packing materials, clay spheres against polypropylene spheres. In addition, they also studied the effects
of nitrogen concentration on system performance. Their research focused on the kinetics of microbial growth and

degradation. Haldane and Michaelis-Menten kinetics were used to fit experimental data.

As a result of fitting with Michaelis-Menten kinetics (the most suitable for the set of results), a theoretical maxi-
mum EC of 2230 g/m*h was determined. Nevertheless, the experimental maximum EC obtained was 650

g/m**h.

Furthermore, the effects of packing material and nitrogen concentration were evaluated through microbial growth
estimates. It was clearly demonstrated that clay spheres promote major growth as does higher nitrogen concen-
tration. However, it was also observed that there was no relation between the biomass concentration and the

elimination capacity.

Babbitt et al., (2009) showed that a biofilter packed with activated carbon and inoculated either with or without an
adapted consortium is efficient when removing methanol from an air stream. However, when the inlet loading
rate was modified, the biofilter not inoculated presented dramatic changes in performance. This phenomenon
was clearly related with a low robustness on the second case that could be a consequence of the start-up strat-

egy. Regardless of the inoculation strategy, the maximum elimination capacity was 20 g/m>*h.
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Table 3. Recent methanol biofiltration studies.

Packing material Pollutants* Nitrogen source Inoculum Inlet concentration EBRT pH Pressure drop MEC RE Reference

PVC tubes MetOH (NH4),SO,4 - 1 g/L Methanol biofilter 2.14 g/m® 355 ** 6.7 - 172.91 g/m**h 78% Thalasso et al., 2000
Nova Inert (glass) ~ MetOH - - 2.1g/m? 16s 7 - 380 g/m*h 80% Sologar et al. 2003
Z?tlin\:aiggnssiuadngde MetOH (NH.)>SO,-1.97 g/ Indigenous 1.53 g/m® 9s 7 <78mmH0/m 380 g/m*h 62%  Chetpattananondh et al. 2005
i?lﬁafgﬁ'ﬁuingde MetOH (NH.):S0,-1.97 g/l Indigenous 1.83 g/m? 35s 7 <78mmH.O0/m 188 g/m*h 100%  Chetpattananondh et al. 2005
Lava rock E/Iﬁt(())H- NH,CI - 2g/L Aerobic sludge 14.31 g/m® 80s - - 619.4 g/m*h 96% Prado et al., 2004

2
Lava rock '(\:/Iﬁt%H' NH,4CI - 2g/L Aerobic sludge 0.10 g/m® 81.6s - <17.8mmH,0/m 4.7 g/m*h 96.2%  Prado et al., 2004

2
Lava rock '(\:"f't%H' NH.CI - 2g/L Aerobic sludge 6.6 g/m’ 36s - <4mm H,0 /m 552 g/m*h 83%  Prado et al., 2006

2
Lava rock '\CﬂﬁtgH' NH,CI - 2g/L Aerobic sludge 26.6 g/m® 80s 7.5 - 1000 g/m**h 83% Prado et al., 2008

2
Compost '\EﬂgaH_ (NH,),SO, - 3.8 g/L Indigenous 3.2 g/m®** 85s* - - 82 g/m*h 63% Dastous et al. 2008
SPF(JJrI]);ereospylene MetOH Urea - 0.005 gN/L Biofilter lixiviate 9 g/m® 30s - - 650 g/m**h 60% Avalos Ramirez et al., 2008
Clay spheres MetOH Urea - 0.6 gN/L Biofilter lixiviate 2.45 g/m® = 30 s** - - 80 g/m*h 26% **  Avalos Ramirez et al., 2008
S;f‘bnourlar activated  \\oion ; Eg;‘? da\’l‘visptaepv’gt'er 1.41 gim? 300s - - 17 gim*h 100%  Babbitt et al 2009
Peanut shells MetOH (NH,4).SO, - 0.87 g/L Indigenous 0.66 g/m® 19s 7 <200 Pa/m 120.41 g/m**h 96% Ramirez-Lopez et al. 2010
Peanut shells MetOH (NH,4),SO, - 0.87 g/L Indigenous 1.35 g/m? 19s 7 - 232.9 g/m*h 92% Ramirez-Lopez et al. 2010
Peanut shells MetOH (NH,4),SO, - 0.87 g/L Indigenous 10.64 g/m® 19s 7 - 1438 g/m**h 69% Ramirez-Lopez et al. 2010
Polyvinyl chloride MetOH (NH,4).S0O,4 - 0.5 g/L \Ijgsct:lgggrisaor:gum 0.76 g/m® 25s - - 99 g/m**h 90% Balasubramanian et al., 2012
g"e‘frct’{]“acews '\H"g)t(g:e ; ; 2.16 gim® 120s 7 - 63.7 g/m*™h 98%  Zehraoui etal.,, 2012
\é\é?;sd pine bark MetOH (NH.);SO0. - 1 g/L - 2.2 g/m® 82s* - <100 mmH,0/m  86.4 g/m*h 90% Barcén et al., 2012.
PVvC MetOH (NH4),SO,4 - 1 g/L - 2.2 gim® 82 s ** 6.5-7 <10mm H,O/m 96 g/m**h 100% Barcén et al., 2012.

EBRT: Empty Bed Residence Time
*All reports are about methanol treatment but in some cases it was treated as part of a mixture.
** Information not reported explicitly.

MEC: Methanol Elimination Capacity
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Ramirez-Lopez et al., used a biofilter packed with peanut shells to evaluate methanol biofiltration
under different methanol loads. The best average removal efficiencies reported (96%) were ob-
tained under a loading rate of 125 g/m®*h. Nevertheless, the maximum EC was 1438 g/m®h, which

is one of the highest EC values reported ever, if not the highest.

Additionally, they noted increased pressure drop across the biofilter. The shift was attributed to an
increase in biomass on the support. However, during the 180 days of the experiment no operational

problems came about.

Balasubramanian et al., (2012) investigated the treatment of VOCs from pharmaceutical industries.
A mixture of methanol, ethanol, acetone, and toluene was forced to flow through a biotrickling filter.
A maximum VOC EC of around 335 g/m**h was observed. Particularly, the maximum methanol EC

was approximately 99 g/m®h.

Also, Zehraoui et al., (2012) used methanol in order to increase the bioavailability of n-hexane in a
biotrickling filter. The study revealed that using methanol is an interesting strategy for the effective
treatment of hydrophobic pollutants. Furthermore, a maximum methanol EC of 63.7 g/m3*h was

observed.

Finally, Barcon et al., (2012) studied methanol biofiltration using two different packing materials:
wood bark chips and PVC rings. The results revealed better performance of the biofilter packed with
the inorganic material. One of the main reasons was that the biofilter packed with wood bark chips
was characterized by changing pH conditions (no pH control was set up), while the other system,
the biofilter packed with PVC rings, did have pH control which enabled reaching a higher removal

capacity(EC = 96g/m*®*h).

As noted in preceding paragraphs, biofiltration is a technology briefly used to treat methanol air-
streams. On average, the maximum methanol EC from the studies is around 347 g/m**h. Therefore,
methanol EC is higher than typical elimination capacities commonly reported for VOCs such as

styrene, ethanol, xylenes, hexane, toluene, phenol, etc. (Iranpour et al., 2005).
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A novel microorganism for methanol biofiltration: Pichia pastoris.

As it was reviewed, methanol bicfiltration is a highly efficient technology in which different microbial
populations are involved (either directly or indirectly). Although few studies have been focused on
this topic, an enormous number of microbial genera such as Pseudomonas, Sphingomonas,
Rhodotorula, Methylobacterium, Methylophylus, Methylocella, Methylocystis, Methylococcus,
Methylomonasand, Candida, Nectria and Scytalidinum, have been identified (Babbit, et al., 2009;

Moreno-Terrazas et al., 2010, Barcon et al., 2012).

Pichia pastoris is a methylotrophic (meaning it can degrade methanol) yeast recently used in meth-
anol biofiltration. In contrast to the rest of microorganisms commonly inoculated or found in biofil-
ters, P. pastoris is a suitable expression system for heterologous proteins. The main advantages of
using P. pastoris, not only in biofilters but also in other kinds of bioreactors, for proteins production

are the following (Potvin et al., 2012):
1. Highly efficient Alcohol Oxidase 1 promoter (pAOX1), which is induced by methanol.
2. Low levels of endogenous protein secretion, which simplifies heterologous protein recovery.
3. Performance of post-translational modifications, including glycosylation and disulfide bonds.
4. Its respiratory metabolism which dominates over a fermentative pathway.

AOX promoter.

Alcohol oxidase (AOX) is the first enzyme involved on the methanol degradation pathway. It cata-
lyzes the oxidation of methanol to formaldehyde. Two different genes in P. pastoris are responsible
for its expression: AOX1 and AOX2. The first one produces between 90 and 95% of total AOX ex-

pressed by P. pastoris, while the second affords the rest (Macauley-Patrick et al., 2005).

Due to such efficiency, the promoter of the AOX1 gene is used for constructions of recombinant
protein expressing cassettes, which are integrated into the genome of the yeast. The resulting P.
pastoris strains are capable of producing the peptide of interest under the control of methanol avail-

ability. (Kupcsulik and Sevella, 2004)
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In the framework of biofiltration, P. pastoris represents in theory a remarkable opportunity to make

methanol biofiltration less expensive and more interesting for industry.

Methanol metabolism

The P. pastoris methanol metabolism is comprised of two different routes: dissimilative and assimi-
lative (Figure 3). The first one is focused on energy production and the second on biomass produc-

tion.

The dissimilatory pathway starts with methanol oxidation to formaldehyde through an alcohol oxi-
dase in peroxisomes. Simultaneously, hydrogen peroxide is produced and immediately transformed
to oxygen and water through a catalase. Formaldehyde diffuses from peroxisomas to cytosol, where
it is finally oxidized to CO, by formaldehyde dehydrogenase, S-formyl glutathione hydrolase and

formate dehydrogenase (Negruta et al., 2010; Yurimoto et al., 2011).

Alternatively, the methanol degradation pathway can lead to the synthesis of acetic acid. It starts
with the synthesis of aldehyde from a methanol molecule and a subsequent combination with an-
other in order to produce methyl hydroxymethyl ether. Afterwards, the ether oxidation takes place

through an alcohol dehydrogenase leading to acetic acid formation (Yurimoto et al., 2011).

On the other hand, the assimilatory pathway starts with the conversion of methanol to formalde-
hyde. It's followed by a reaction between formaldehyde and xylulosa-5-fosfato to synthesize glycer-
aldehyde-3-phosphate and dihydroxyacetone. This last reaction is catalyzed by a dihydroxyacetone
synthase. Newly formed Dihydroxyacetone diffuses to cytosol and is phosphorylated by a dihydrox-
yacetone kinase to produce dihydroxyacetone phosphate. This compound and glyceraldehyde-3-
phosphate, which also diffuses to cytosol, are combined to form fructose-1,6-biphosphate. Subse-

quently, fructose-1,6-biphosphate is transformed in fructose-6-phosphate by a phosphatase.

Finally, xylulose-5-phosphate is regenerated from two molecules of fructose-6-phosphate and one
molecule of triose phosphate in non-oxidative part of pentose cycle (Santana, 2004; Negruta et al.,

2010; Yurimoto et al., 2011).
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Clearly, the use of P. pastoris in biofiltration is a promising concept. Nevertheless, scarce research
has been developed on the topic. In the next section, a review of biofiltration coupled with protein

production is approached as well as the future challenges.

PEROXISOME

NAD NADH
9
CH;0H ——— CH3;0H - CH,(OH)OCH,4 > HCOOCH,
0, —
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4 5
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Non-oxidative > 1/3 GAF
GAF  DHA reactions of
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7
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s v g
o e > FBF —p FeF CYTOSOL
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Figure 3. Methylotrophic yeast metabolism. 1 - Alcohol oxidase, 2 - catalase, 3 - formaldehyde
dehydrogenase, 4 - S-formyl glutathione hydrolase, 5 - formate dehydrogenase, 6 - dihydroxya-
cetone synthase, 7 - dihydroxyacetone kinase, 8 - fructose-2 ,6-bisphosphatase, 9 - alcohol
dehydrogenase, GSH - glutathione, GAP - glyceraldehyde phosphate, DHA - dihydroxyacetone,
DHAP - dihydroxyacetone phosphate, FBP - fructose-1 ,6-bisphosphate, F6P - fructose-6-
phosphate, Xu5P - xylulose-5-phosphate. (Negruta et al., 2010; Yurimoto et al., 2011)

Table 4. Heterologous proteins expressed in P. pastoris.

Heterologous protein Reference

Xylanase Jun-Qing et al., 2013
Glycoside hydrolase of 7-b-xylosyltaxanes Wen-Bo et al., 2013
Haemagglutinin protein Murugan et al., 2013
Human heteromeric amino acid transporters Costa et al.,2013
VMIP-1I-IgG3-TfN Wang et al., 2013
Cellobiohydrolase Oliveira et al., 2013
Enhanced green fluorescent protein Liang et al., 2013
Lipasa Liang et al., 2013
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Methanol biofiltration coupled with heterologous proteins production

Cornabé et al., (2002) found that it is possible to employ P. pastoris to remove methanol from air
streams and to produce a heterologous protein at the same time. Cornabé’s work was focused on
the production of laccase with a genetically modified P. pastoris strain. They achieved elimination
capacities as high as 175 g/m3*h and correlated them with the highest laccase activity of 916 U/L
(Cornabé et al., 2002). Laccase activities ranged from 283 to 916 U/L during the 90 days of opera-

tion.

Arriaga et al., (2010) reported the biodegradation of methanol coupled with the expression of Endo-
chitinase (Ech42) from Trichoderma atroviride in P. pastoris. Maximal volumetric methanol con-
sumption rates ranging from 23.6 to 88.7 g/ms*h were determined from the experiments conducted.
Although the experiments were not conducted on biofilter columns, it was observed that Ech42

recovered was active at all methanol concentrations.

Lately, methanol biofiltration coupled with the production of Ech42 has been successfully carried
within a biofilter (Arriaga et al., 2012). The system showed an elimination capacity of 165 g/ms*h at
an inlet loading rate of 170 g/m3*h. From a loading shock study a maximum EC of 1320 g/ms*h was
obtained (loading rate of 1465 g/ms*h). Certainly, this EC is one of the highest reported for methanol
biofiltration, but the loading shock experiments were very brief. Therefore, it's unknown if the newly

discovered process can support such loads under long times.

On the other hand, the Ech42 activity fluctuated between 82 and 125 U/L throughout the study.
Based on those results, it was calculated that 50,000 USD/ereactor could be obtained after a year of
biofilter operation. Hence, it was demonstrated that the system is not only a suitable option for

methanol treatment but also for heterologous protein production.
OBJECTIVES AND STRUCTURE

Although important progress has been made by testing the efficiency of P. pastoris in lab-scale bio-
filters (Arriaga et al., 2012), there is still poor knowledge concerning responses under different op-

erational strategies. Therefore, the objective of this thesis was to evaluate methanol biofiltration
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coupled with heterologous protein production when operated under different methanol loads, pH
values, nitrogen concentrations, and EBRTs. Additionally, based on the experimental results found,
we aimed to study the divergence in biofilters, especially those inoculated with only one strain. Fi-
nally, we targeted developing a mathematical model that fits the behavior of biofiltration coupled

with protein production.

In Chapter Il of this thesis, the behavior of methanol biofiltration using P. pastoris was shown under
different conditions of methanol load, nitrogen concentration, pH and EBRT. In Chapter I, repeata-
bility in biofiltration systems was questioned and discussed. In Chapter 1V, a mathematical model
based on simple CSTR equations and Monod kinetics is shown. Lastly, in Chapter V we give a gen-
eral discussion about the experimental findings as well as some suggestions for a better develop of

the technology.
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ABSTRACT

A novel methanol biofiltration process coupled with Ech42 protein production using a genetically
modified Pichia pastoris strain was investigated. Four important parameters: methanol loading rate,
pH, nitrogen source concentration and empty bed residence time (EBRT) were tested employing
three identical biofilters. The maximum elimination capacity observed was 643.5 g/mS*h under a
methanol load of 800 g/m?’*h, 5 g/L (NH4),SO,, pH 5 and 60 seconds of EBRT. In general, the novel
biofiltration system showed a fragile equilibrium which was easily perturbed through changes in the

different parameters aforementioned.

Also, the Ech42 activity ranged from 578 to 1172 U/L being pH the most important parameter in the
process. Methanol loading rate and EBRT did not have an important effect on the Ech42 produc-

tion.
INTRODUCTION

Methanol is a volatile organic compound highly soluble in water (1000g/L) which is commonly re-
leased by several industries (e.g. paper, automotive, paint, etc.). If inhaled, methanol can cause
headache and nauseas, cause shorter gestational length in pregnant women and alter the neuro-
behavioral development in children (Health Effects Institute, 1999). Due to these and other potential
effects, methanol is considered one of the most hazardous air pollutants by the Environmental Pro-

tection Agency (Clean Air Act, 1990).
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Among the different technologies available for methanol treatment, biofiltration is the most widely
used (Arulneyam and Swaminathan, 2003; Sologar et al., 2003; Chetpattananondh et al., 2005;
Dastous et al., 2008; Babbit et al., 2009; Ramirez-Lopez et al., 2010). Biofiltration is characterized
by the use of microorganisms capable of degrading pollutants. Such microorganisms are fixed and
growing on the surface of a particulate material packed in a biofilter column. When the air flows

through the bed, the pollutant is decomposed as a result of the microbial catalytic activity.

Microorganisms with the ability to degrade methanol are called methylotrophs. In methanol biofiltra-
tion, a wide variety of that kind of microorganisms has been found, e.g. Pseudomonas sp.,
Methylobacterium sp., Methylococcus sp. and Scytalidinum sp. (Babbit et al., 2010; Moreno-
Terrazas et al., 2010; Barcon et al., 2012). Recently, Pichia pastoris was used in methanol biofiltra-
tion in order to simultaneously obtain a valuable product: a heterologous protein (Cornabé et al.,

2002; Arriaga et al., 2010; Arriaga et al., 2012).

P. pastoris is a methylotrophic yeast well known for its efficiency in heterologous protein expression
(Potvin et al., 2012). Among its multiple features, three advantages can be highlighted: its highly
efficient methanol inducible promoter (pAOX1), its low endogenous protein secretion, and its capac-
ity for post-translational modifications (Negruta et al., 2010; Potvin et al., 2012). All of these together

make P. pastoris one of the best options for protein production.

So far, methanol elimination capacities (EC), reached with the novel P. pastoris biofiltration system,
have been as high as those obtained in conventional methanol biofiltration (Cornabe et al., 2002;
Arriaga et al., 2012). Also, according to the recovered protein, the system has proven its economic
profitability (Arriaga et al., 2012). However, the process is still little known and more research is

needed for its industrial implementation.

In this study we evaluate the effect of operational parameters such as methanol load, nitrogen con-

centration, pH and empty bed retention time (EBRT), on the performance of the coupled process.
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METHODOLOGY

Inoculum and growth medium

P. pastoris GS115 transformed with the plasmid pPIC-ech42 (Perez-Matinez et al, 2007), which
contains the 42 kDa endochitinase gene from T. atroviride was used as a model of study. The strain
was grown in 5 mL of YPD growth medium (10 g/L yeast extract, 20 g/L dextrose, 20 g/L peptone,
and 10 g/L bacto-agar) plus 250 pg/mL geneticin (G418 sulfate, Phyto Technologies Laboratories,
USA) at 28 C overnight (Arriaga et al., 2010). Cultures were centrifuged for 5 min at 13000 rpm and
the resulting pellets were re-suspended in 500 mL of mineral medium (1.7g/L YNB w/o amino acids
and ammonium sulphate; 2.5 g/L (NH4)»,SO,; 100mM Citrate-Phosphate Buffer pH5) and methanol
(1%, v/v). The flasks were incubated for 48 h at 28 C. The resulting cultures were recirculated

through the biofilters during 2 h.
Biofilters

Three identical glass biofilters were designed and packed with perlite. Each reactor was comprised
of three sections with gas and biomass sampling ports. The internal diameter and efficient height in
all sections were 8.89 cm and 18 cm, respectively. Therefore, the total volume for each reactor was

approximately 3.3 L. The arrangement of the systems is presented in Figure 1.
Experimental setup

In order to evaluate the effects of methanol loading rate, nitrogen concentration, pH and EBRT, the
experimental operation was comprised of 6 different stages (Table 1). In Stages 1, 2 and 3, biofilters
were identically operated under three different inlet methanol concentrations. Furthermore, in Stag-

es 4, 5 and 6, biofilters were used to evaluate nitrogen concentration, pH and EBRT effects.

The methanol loading rate and EBRT were adjusted by changing the airflow through the methanol
reservoir as well as the total air entering the system. Nitrogen supply and pH regulation were ac-
complished by the addition of 500 mL of mineral solution, which was sprinkled on the top of the

column and recirculated for one hour every two days.
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Figure 1. Diagram of the experimental biofilters. 1.- rotameter, 2.- needle valve, 3.- humidifier, 4.-
methanol reservoir, 5.- biofilter, 6.- mineral solution, 7.- recirculation of leachate, 8.- sprinkler.

Performance evaluation

Methanol and CO, concentrations were tested every other day at three different heights along the
biofilters (18, 36, and 54 cm from inlet). Thereafter, the performance in every section and the whole
system was evaluated through the elimination capacity (EC), removal efficiency (RE) and minerali-

zation, according to the following equations:

C in)—C *
EC — ( MetOH (in) VMetOH(out)) Q % 100% (1)
f
C in)—C
EE — MetOH (in) —“MetOH (out) % 100% (2)
CMetOH(in)

(CCOZ(out)_CCOZ(in))

Mineralization = *100% 3)

CMetoH(in)~CMetoH(out))*1,375
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Table 1. Experimental setup.

BIOFILTER | BIOFILTER II BIOFILTER lII
srace ™R (NH,),SO, EBRT ILR (NH,),SO, EBRT ILR (NH,),SO, EBRT

(g/m**h) (/L) (s) (g/m**h)  (g/L) (s) (g/m**h)  (g/L) (s)
1 330 5 5 60 330 5 5 60 330 5 5 60
2 600 5 5 60 600 5 5 60 600 5 5 60
3 800 5 5 60 800 5 5 60 800 5 5 60
4 400 7.5 5 60 400 5 35 60 400 5 5 60
5 400 2.5 5 60 400 5 65 60 400 5 5 120
6 400 5 5 45

ILR: Inlet Loading Rate

EBRT: Empty Bed Residence Time

Where Cyeton(in) @Nd Cyetonour) are gas methanol concentrations at inlet and outlet, respectively. Q
is airflow and V; is the biofiltration effective volume under evaluation. Similarly, Cco,nyand

Cco,(oury@re CO, concentrations at inlet and outlet of control volume.

Mineralization percentage is the ratio between methanol biodegraded to CO, and total methanol

removed from inflow. The biochemical mineralization reaction for methanol is:

Microorganisms

CH3OH + > 0, —————— C0, + 2H,0
In this way, 1.375g of CO, are produced per each methanol gram consumed.

Analytical methods

Methanol concentrations were determined by injecting 200uL gas samples into a 6890 series gas
chromatograph (Agilent Technologies, CA, USA) with a flame ionization detector (FID) and a capil-
lary column DB-624. Nitrogen was used as a carrier gas at a flow rate of 25 mL/min. The tempera-
tures of the injector, oven and detector were 150, 80 and 250 C, respectively. On the other hand,
CO, production was measured with a gas chromatograph (Agilent Technologies, CA, USA)
equipped with a thermal conductivity detector (TCD) and capillary column HP-PLOT Q. Helium was

used as a carrier gas at a flow rate of 10.1 mL/min. The temperatures of the injector, column, and
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detector were 200, 50, and 250 C, respectively. The volume of injection for CO, determinations was

400}L.

Moreover, biomass in the support was determined through a total organic carbon analyzer (Shi-
madzu, Kyoto, Japan). Also, biomass in the leachates was measured by total solids methodology

according to the standard method.
Total proteins

Total proteins were tested in filtered leachate samples through Bradford methodology. Bovine serum
albumin was used as standard. For each determination, 10 pL of sample was mixed with 200uL of
Bradford solution (1X), the mixture was shaken and given 5 minutes to react. After that, absorbance

at 595 nm was determined and compared with a calibration curve.
Enzymatic activity

The enzymatic activity assay was determined with 4-methyl-ubenylferyl quitotriose (4MUQT) at a
final concentration of 1 uM with 100 pl of sample. Reactions were incubated at 40 C for 10 min and
then stopped by the addition of 1.9 mL of 500mM calcium carbonate addition. Fluorescence data
were measured with VersaFluor equipment (BioRad, Hercules, CA, USA) at 360 nm and 460nm for

excitation and emission, respectively.
RESULTS AND DISCUSSION

Methanol load effect

Three identical biofilters were operated 82 days in order to investigate the methanol load effects on
biofiltration performance and protein production efficiency. During the first stage (28 days), metha-
nol was fed at a loading rate of 330 g/ms*h. Within seven days, the biofilters reached ECs of
30518, 304+20 and 273+44 g/m®**h, respectively (Figure 1). The performance was comparable

with the highest ECs reported so far (Sologar et al., 2003; Ramirez-Lopez et al., 2010).

Around the twelfth day of operation, the EC was negatively affected by a delay of 24 hours in the
mineral medium addition. This was a first indicator of the system’s high sensitivity. This particular

response may be caused by the very low microbial diversity in the biofilter (only one species) which
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impacts its resilience. Such ecological theory has been extensively studied (e.g. Goodman, 1975;
Diaz and Cabido, 2001; Tscharntke et al., 2005; Huang et al., 2013); however, the link is neither

simple nor universal, and every ecosystem should be studied separately.

With time and adequate irrigation, the biofilters recovered almost all the EC previously shown. By
the end of the first stage, the ECs were 273+24, 280+£27 and 280+28 g/ms*h, in Biofilters I, Il and I,
respectively (Figure 1). In the second stage, the biofilters were operated at a methanol loading rate
of 600 g/m3*h. Under such conditions, the biofilters performances were slightly increased. The ECs
obtained in Biofilters I, 1l and Ill, were 29749, 33817 and 341+2 g/ms*h, respectively. Finally, in the
third stage (30 days), the methanol loading rate was increased to 800 g/m3*h. In said stage the
performance of the systems was notably affected. The ECs in the Biofilters I, 1l and Ill, were 330£2,

461+1 and 643+5 g/m>*h, respectively.

Clearly, the behavior of the three biofilters varied widely, especially in Stage 3. If biomass is taken
into consideration (Figure 2), it can be observed that it is not a determinant factor on the irregular
performance. Thus, the possible explanations are reduced to unpredictable natural phenomena
such as microbial colonization and evolution. Naturally, more research is needed to completely un-

derstand the aforementioned findings.

Protein production rate similarly increased from one stage to another among the three biofilters
(Table 2). Nonetheless, the Ech42 enzymatic activity did not follow the same pattern. In the Biofilter
I, the Ech42 activity at the end of the first stage was 1020 U/L, while 802 U/L was observed at the
end of Stage 2 and 934 U/L at the end of Stage 3. This behavior reflects that in Biofilter | the total
protein production was not linked to Ech42 activity. In contrast, Ech42 activity seemed to be quite

stable indicating that Ech42 secretion was not highly affected by the different feeding strategies.

In Biofilter Il, the enzymatic activity decreased from 965 U/L in Stage 1, to 811 U/L in Stage 2. Addi-
tionally, a slight difference was observed between the enzymatic activities in Stages 2 and 3. So, in

this particular biofilter, the total protein production and enzymatic activity were also difficult to bind.
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Finally, in Biofilter 1ll, it was observed that enzymatic activity increased from 762 U/L in the first
stage to 813 U/L in the second stage, and 1020 U/L in the third stage. Apparently, the total protein

and Ech42 productivities were better correlated.

In general, it was observed that the protein production rate increased over time (Table 2). However,
Ech42 activity was stable along the three stages mentioned above. The results of Ech42 activity
were between 6.5 and 8.3 times higher than the previous report in a biofiltration system (Arriaga et
al., 2012). Still, the Ech42 activity was between 28 and 44% lower than those obtained from batch
experiments (Perez-Martinez et al., 2007). A likely reason for this last observation is that in batch
systems, methanol, nutrients and other conditions are uniform due to mechanical mixing. This leads
the system to avoid mass transfer limitations which are commonly present in biofilters. Additionally,
the batch systems are characterized by a well-controlled growth conditions which keep other spe-

cies away. In contrast, biofilters are opened units where other microorganisms can easily enter.
Nitrogen concentration effect

In Stages 4 and 5, Biofilter | was used to evaluate the nitrogen concentration effects on the biofiltra-
tion efficiency and Ech42 production. For such purpose, two sets of conditions were tested (Stages
4 and 5). In the first one, (NH,),SO,4 concentration was set at 7.5 g/L while the methanol loading
rate was 400 g/m3*h, which is equivalent to a carbon to nitrogen concentration of 3 gC/gN, approx-
imately (see Annex 4). During the first days, the efficiency of the system dropped to very low values
which indicated desorption of methanol from the biofilm (Marek et al., 2000; Fazaelipoor et al.,

2006). With time (around 30 days), the system efficiency reached a steady state of 203 £+ 12 g/m3*h.

In this study, the steady state EC of 4th stage was negatively impacted at the high nitrogen concen-
tration tested. As observed in Figure 2A (day 126), the biomass was diminished, which is consistent
with the EC value found. This behavior could be related to reported nitrogen transformation to am-
monia, which is toxic to microorganisms and can completely halt the fermentation (Rughoonundun

et al., 2012). Nevertheless, its presence was not confirmed in this work.
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Table 2. Summary of protein production and Ech42 activity.

Operational conditions . . . Ech42 Activity
MLR (NH.),S0, EBRT tFr’r?iterl]n C?anen— rPrtotem %oductlon .
Stage (g/m®h) (/L) pH ©) ation (g/L) ate (mg/h) nmol/min*mg  U/L
Biofilter | 1 330 5 5 60 0.33+0.18 3.53+1.87 4081 + 815 1020 £ 203
2 600 5 5 60 1.26 + 0.24 13.13+2.5 3210 + 950 802 + 237
3 800 5 5 60 2.08+£0.21 21.74+2.18 3740 £ 739 934 + 184
4 400 7.5 5 60 2.55+0.16 26.57 + 1.66 4688 + 605 1172 £ 151
5 400 2.5 5 60 2.20+0.34 22.92+3.54 3780 + 723 945 + 180
Biofilter Il 1 330 5 5 60 0.37£0.22 3.87+2.29 3863 + 722 965 + 180
2 600 5 5 60 1.29+041 13.52 £ 4.27 3247 + 461 811 £ 115
3 800 5 5 60 2.17 £ 0.33 22.63 +3.43 3274 £ 651 818 + 162
4 400 5 35 60 2.37+0.18 24.72 +1.87 2641 + 306 660 + 76
5 400 5 6.5 60 2.47 £0.29 25.75 + 3.02 2312 + 498 578 £ 124
Biofilter Ill 1 330 5 5 60 0.38+0.16 3.96 + 1.66 3049 + 733 762 + 183
2 600 5 5 60 1.36 £0.20 14.20 £ 2.08 3255 + 534 813+ 133
3 800 5 5 60 2.25+0.27 23.51+2381 4081 + 697 1020 £ 174
4 400 5 5 60 2.37£0.19 24.68 + 1.97 4210 + 648 1052 + 162
5 400 5 5 120 1.28+£0.29 13.36 £ 3.02 3300 + 422 825 + 105
6 400 5 5 45 1.00+0.21 10.42 +2.18 3240 + 501 810 + 125

MLR: Methanol Loading Rate
EBRT: Empty Bed Residence Time
U/L : Enzymatic Units per Liter
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Alternatively, if biomass is considered, it is possible
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Figure 3. Biomass density in A) biofilter I, B) biofilter immediately reflected on the biofilter performance

I, and C) bidfilter III.
(Figure 1). By the end of the stage, the biofilter

reached an EC of 237 g/ma*h which was 30% lower than the EC from previous stage. However, when the
amount of biomass was considered, the EC turned into 0.014 g/gC*h which is 16% higher than in the fourth

stage. This behavior indicates that a higher carbon to nitrogen ratio was beneficial to the system. Also, the lower
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biomass amount (Figure 2A, day 204) caused a better gas flow. Thus, methanol, nitrogen, and other nutrients

were better distributed and more accessible for microorganisms.

Particularly, the optimum ammonium sulphate concentration for P. pastoris is 5 g/L (Plantz et al., 2006) or
79C/gN. The values tested in this work were higher and lower than such optimum, respectively. Thus, it is logical

to suggest that an ammonium concentration of 5 g/L was the most suitable condition for high EC in this study.

On the other hand, according to Table 2, the nitrogen concentration impacted on the total protein and Ech42
production. At high nitrogen loads, the protein was produced at a rate of 26.5 mg/h with 1172 U/L of enzymatic
activity. On the other hand, at low nitrogen concentrations, the protein productivity dropped to 22.9 mg/h with an
enzymatic activity of 945 U/L. The low nitrogen system behaviour was totally expected since nitrogen is well
known as a limiting factor of protein synthesis (Song et al., 2003; Hartner and Glieder, 2006). However, when
nitrogen concentration was increased, the system became limited not by nitrogen concentration but by cellular
capacity, i.e. although more nitrogen is available, the cells reached a limit of production. Moreover, such results
were coherent with the optimum nitrogen concentration of 5 g/L previously reported for P. pastoris in batch cul-

tures (Yu et al., 2011).
pH effect

Biofilter 1l was operated under two different pH conditions. In Stage 4, it was operated with a pH of 3.5 while in
Stage 5, the pH was 6.5. Also, methanol loading rate was 400 g/ms*h. Beyond that, all other conditions remained

constant.

As shown in Figure 1b, the shift caused a very unstable period of approximately 30 days. This phenomenon was
also presented in the other two systems, indicating that the effect was not caused by the pH but probably by
methanol desorption as has been identified in biofilters that decrease their inlet loads (Marek et al., 2000;
Fazaelipoor et al., 2006). With time, the biofilter reached a stable EC of 263 + 32 g/m®**h. It means that the low

pH affected negatively the performance of the system.

Moreover, the irrigation pattern was also modified. From Days 150 to 167, the biofilter was sprinkled with a fre-
guency of 4 days instead of 2 days. Afterwards, the performance was improved reaching an EC of 341 + 11
g/m?’*h. As in Biofilter |, the performance reached a value very close to that obtained in the first three stages. In
this case, as well as described in the nitrogen effects section, the specific microbial degradation rate was stimu-

lated. We hypothesized that the change in irrigation pattern acted as a stress factor that triggered the strength-
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ening of microbial community, which was reflected when suitable conditions were restored. Such phenomenon
has been previously described for microbial populations subjected to starvation periods (Finkel and Kolter, 1999;
Gresham, et al., 2008). Nevertheless, this field has been poorly explored in biofilters and more evidence should

be generated.

In Stage 5, the biofilter showed a decrease on the elimination capacity (EC=269g/m>h). However, the microbial
activity was increased (Figure A9). Thus, the higher pH represents a more suitable environment not only for P.
pastoris but also for other microorganisms that could be present in the system. This finding is consistent with a
previous report of biofiltration of formaldehyde and methanol (Prado et al., 2006) where it was found that better
results could be obtained at pH values around 7.5. It's also known that formaldehyde dehydrogenase, which is a

key enzyme in methanol degradation, is more active at circumneutral pH values (Kato et al., 1983).

On other hand, pH value was the most important parameter affecting heterologous protein production. Protein
activity in stages 4 and 5 decreased to values of 660 U/L and 578 U/L, respectively. Thus pH of 5.5 was the most
favorable for enzymatic synthesis. An optimum pH close to 5.5 has been also found for the expression of other
proteins in P. pastoris (Thiruvengadam et al., 2011; Gao et al., 2012). Nevertheless, reasons for such behavior

are still unclear and should be approached in future studies.
EBRT effect

The third biofilter was used to evaluate the EBRT effects on methanol biofiltration performance as well as on
protein productivity. During the fifth stage, the biofilter was fed with a methanol loading rate of 400 g/m>*h and at
an EBRT of 120s. Under such conditions, the EC was 261+27 g/ms*h, which was equivalent to 70% of the EC

reached in stage 4 (Methanol load =400 g/m3*h; EC=367+15 g/m3*h).

At high EBRT values, microorganisms get more time to degrade the pollutant, which is reflected as an increase
of the EC and efficiency. However, the system reported in this study was not improved under such conditions. A
probably cause is anew the low resilience of the system and also the higher methanol concentration, which is

necessary to maintain the inlet load in 400 g/ms*h.

Moreover, in the last stage, the biofilter performance dropped until reaching an EC of 143126 g/m3*h. This effi-
ciency was the lowest among all stages in all biofilters. The main reason is the abrupt decrease on time for

methanol degradation.
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On the other hand, protein production was highly impacted by the EBRT of the system. As shown in Table 2,
protein productivity at an EBRT of 120s was 13.36mg/h. Enzymatic activity was also lower (825 U/L) but still
close to the average registered in this same biofilter during the first three stages (865 g/m®h) . In the last stage
(EBRT=45s) the system showed similar response, the protein productivity was 10.42mg/h and the enzymatic

activity 810 U/L. This behavior is probably linked to the quite lower EC values reported.
Carbon balance

Carbon balance was developed based on total organic carbon fed to the biofilters in first three stages. Biomass
growth, CO, production, and carbon in leachates were considered. The results showed that around 70% of car-
bon degraded in the biofilters was transformed into CO,. Also around 10% went into biomass, 2.5% into the
leachate and the rest was lost in gas phase. A previous study developed by Arriaga et al., (2012) showed similar

carbon distribution; nevertheless, our study reached a higher performance.

Table 3. Carbon distribution.

Total Methanol Eliminated, gC 217.3 222.6 209.8
CO; (%) 69.0 69.3 72.0
Biomass in the support (%) 10.1 10.7 14.7
Dissolved carbon (%) 1.7 1.6 2.3
Biomass detached (%) 0.6 0.5 0.6
By-products in gas phase (%) 18.7 17.6 10.4

gC= grams of carbon

SUMMARY AND PERSPECTIVES

It was showed that methanol EC of the coupled system was affected by four operational parameters in the fol-
lowing order: methanol load, pH, EBRT and ammonium sulfate concentration, being methanol load the most

important while ammonium sulfate concentration being the lowest.

On the other hand, aforementioned operational conditions affected the Ech42 production in the following order:
pH, methanol load, EBRT, and ammonium sulfate concentration, being pH the most important parameter and

ammonium sulfate concentration being the lowest.

It is worth to remark that EC and Ech42 production were not directly related each other, and therefore, they were
not affected in the same way by the experimented changes. For instance, pH importance was higher for Ech42

recovery than for methanol EC. Particularly, this work was developed from an environmental perspective, where
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methanol EC was prioritized above Ech42 production. However, industrial perspective requires the profit to be as
high as possible, sometimes regardless the environmental impact. Thereon, two different alternatives are sug-
gested to maximize the Ech42 production without jeopardizing methanol degradation. The first one includes
sterilization of the nutrimental solution fed to the reactor, sanitization of the air flow entering the system, and
keeping the biofilter column closed to foreign microorganisms. The second option implies the separation of the
processes into a bio-scrubber and a biofilter. In the bio-scrubber, the growth of P. pastoris would be well con-
trolled prioritizing the Ech42 production. On the other hand, the biofilter operation would be focused on the com-

plete degradation of methanol.

Furthermore, it is well known that biofiltration coupled with heterologous protein production using P. pastoris is a
promising alternative for methanol treatment. However several tasks must be addressed before an industrial
implementation. A couple of examples are the study of the effects of hydrogen sulfide (commonly issued with

methanol) on the performance of the system, and the robustness evaluation of the P. pastoris biofilm.

CONCLUSIONS

A whole analysis of the EC in all biofilters let us to note that biofiltration coupled with heterologous protein pro-
duction is a very sensitive process. Nonetheless, from the protein production point of view, the system was quite
stable. This singular behavior makes this technology a promising alternative for damping air treatment costs
through the synthesis of valuable proteins. However, more research should be done in order to prevent it de-

creases in methanol degradation capacity.

In this report it was observed that an optimal nitrogen concentration of 5g (NH,4),SO,/L should be maintained in
order to avoid operational problems. Also, it was found that a pH of 5 is suitable for high ECs as well as high
enzymatic activities. Moreover, the EBRT of 60 second was appropriate to reach a good performance. Finally,

the biofilters showed that the methanol inlet loading rate does not play an important role in the process.
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ABSTRACT

Biofiltration is a technology widely used to remove organic and inorganic pollutants from waste airstreams. It
consists of a packed column containing a microbial community immobilized on a porous material. When the air
flows through the column, the pollutant is taken by the microorganisms and CO,, H,O and biomass are pro-
duced. Several studies have been conducted on the biofiltration field and due to multiple reasons system’s re-
peatability is rarely considered. In this study we report the performance differentiation of three identically operat-
ed biofilters inoculated with a pure strain. The statistics indicates that biofilters became different with time. Fur-
thermore, microscopic analysis suggests that the phenomenon could be due to random colonization of airborne
microbial species. The primary reasons are still unknown; nevertheless, it's clear that the system of study is di-

vergent rather than repeatable.

INTRODUCTION

Biofilms are defined as matrix-enclosed bacterial populations adherent to each other and/or to surfaces (Coster-
ton et al., 1995). The structure of a biofilm constitutes a protected mode of growth that allows survival under
hostile conditions. It provides a widely spectrum of suitable microenvironments where microorganisms can live

and interact (Costerton et al., 1999, Poltak and Cooper, 2011).

Biofilms are very dynamic structures where several interactions can take place (Costerton et al., 1999; Stoodley
et al., 2002; Poltak and Cooper, 2011; Moormeier et al., 2013; Wright et al., 2012; Schlisselberg and Yaron,
2013). In addition, its evolution is a randomly divergent process that is difficult to predict (Lensky et al., 1991;
Lenski and Travisano, 1994). So, neither repeatability nor stability is a characteristic of biofilms and must not be

taken for granted. However, in bicfiltration it seems to be the opposite.

Biofiltration is a technology widely investigated for the treatment of numerous atmospheric pollutants. It is a bio-

logical process where the contaminant flows through a column packed with a porous material. Different microor-
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ganisms are attached and growing on the material surface. Consequently, when the pollutant is transferred from
the airstream to the biofilm, microorganisms can degrade it. As a result of such biological activity, CO,, H,O and
biomass are produced. CO, is transported back to the airflow while the newly biomass is retained inside the

biofilter increasing the total degradation capacity of pollutants.

Biofiltration is considered to be a repeatable process that reaches stability within few days. Apparently, the dy-
namism of biofilms in biofilters is not reflected on its efficiency. In fact, it has been shown that different biofiltra-
tion microbial communities are able to reach equal degradation capacities (Cabrol et al., 2012). Thus, microbial

dynamics as well as its repeatability have been poorly explored.

Recently, a new kind of biofiltration has been reported (Arriaga et al., 2012). The novel system couples biofiltra-
tion with the production of heterologous proteins. An important feature of this process is that, at the very begin-
ning of the operation, there is only one strain in the biofilter. Eventually, the packing material could be colonized
by airborne species creating a completely new ecosystem with its particular networks of interaction. It finally

leads us to the principal question posed on this work: would it be repeatable?

In this study, we focus on the evaluation of system divergence. We examine the behavior of three identically
operated biofiltration columns in order to determine whether their evolution and performance are identical. Oth-

erwise, it should be necessary to propose new strategies for its operation.

MATERIALS AND METHODS

Inoculum

A P. pastoris strain transformed with the plasmid pPIC-ech42, which contains the 42 kDa endochitinase gene
from T. atroviride, was previously obtained (Perez-Martinez et al., 2007). Recombinant P. pastoris was grown in
5 mL of yeast extract, peptone, dextrose medium (YPD) plus 250 pug/mL of Geneticin (G418 sulfate, PhytoTech-

nologies Laboratories, USA) at 28 C overnight (Arriaga et al., 2010).

Culture was centrifuged for 5 min at 13000g and the resulting cell pellet was resuspended in 500 mL of fresh
mineral medium supplemented with methanol. The flasks were incubated during 48h at 28 C and 250 rpm. Af-

terwards, the biofilters were sprinkled with the resulting media.
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Biofilter setup

Three identical biofilters were manufactured with an internal diameter of 8.9 cm and an effective height of 54 cm,
thus the total volume was 3.3L. The columns were equipped with multiple sampling ports to measure gas and
biomass. Perlite was selected as the packing material in order to avoid bed compression as well as to eliminate

an additional nutrimental source (Arriaga et al., 2012).

Methanol feeding strategy was integrated by three consecutive stages. In the first stage methanol was fed at a
concentration of 5.5 g/m*h. During the second stage methanol inlet concentration was 10 g/m°. Finally, in the
third stage, methanol concentration was increased to 13.3 g/m3. An empty bed retention time (EBRT) of 1 min

was kept during the whole experiment.
Analytical Methods

Gas samples were taken at 0, 18, 36 and 54 cm from the inlet every other day. Methanol concentration was de-
termined through gas chromatography (Agilent Technologies, CA, USA) coupled with a flame ionization detector.
Nitrogen was used as carrier gas at a flow of 25 mL/min. Further, the temperatures of the injector, oven and de-

tector were 150, 80 and 250 C, respectively.

SEM Images were taken from biomass samples. Such samples were dried and fixed onto a conductive support
using a carbon adhesive tape. Also, the fixed samples were covered with gold layer according to standard pro-
cedures. The scanning electron microscope (XL 30 SFEG, Philips, Amsterdam, Netherlands) was operated at 86

pA and 5 kV.
Statistics

Pseudo steady states were compared each other among the different stages operated. One-way ANOVA was
used to compare the ECs among the different biofilters along the three stages reported on this work. Further-
more, t-test was carried out in order to contrast biofilters one by one. Specialized statistical software was em-

ployed with such purposes (STATISTICA, Statsoft, USA).
Monod Kinetics

In order to predict the EC behavior of the systems, data were adjusted to a Monod kinetic equation where the

term of biomass decay was neglected:
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ILR
max g +ILR

EC=EC

where EC,. is the theoretical maximum EC, ILR the inlet loading rate and ks the half saturation constant.

Monod equation has shown to be an adequately description of biofiltration systems (Gallastegui et al., 2011;

Avalos-Ramirez et al., 2008; Romero et al., 2013).

RESULTS AND DISCUSSION

Biofilter performance

Three identical biofilters inoculated with Pichia pastoris were operated 82 days (Table 1). During the first 28

days, the Biofilters I, I, and Ill reached ECs of 274+24, 280+27, and 280+28 g/ms*h, respectively. As shown by

the concentration profile (Figure 1A), the performance of the three systems was quite similar. Statistical analysis

confirmed that biofiltration performances were technically identic (Table 2). Such fact was actually expected giv-

en that the startup procedures as well as the operation were the same in all biofilters.

Table 1. Summary of pseudo steady state methanol removal.

Section 1 Section 2 Section 3 Total
First Stage Average 93 132 49 274
SD 34 47 12 24
BIOFILTER|  Second Stage '~V erage 98 122 78 297
SD 9 10 10 9
Third Stage Average 44 160 127 331
SD 8 7 4 2
First Stage Average 110 123 47 280
SD 36 28 17 27
BIOFILTER Il Second Stage ~erage 108 123 106 338
SD 6 2 11 7
Third Stage Average 177 161 125 462
SD 6 4 3 1
First Stage Average 97 141 42 280
SD 22 41 20 28
1 1 1
BIOFILTER Ill  Second Stage /- erage 103 43 9 34
SD 6 3 6 2
Third Stage Average 396 103 144 644
SD 24 15 6 5

First stage: Methanol loading rate, 330 g/m>*h.
Second stage: Methanol loading rate, 600 g/m>*h.
First stage: Methanol loading rate, 800 g/m>*h.

SD: Standard deviation

Values are expressed in g/m>*

44



0.8 - ‘“='--'.-';_:;_;5__.:.__._‘____;;_‘_:_:_:3;;;:?: L A

o "--':55.33333_'-355-'=1'—""

0.2

N .--.r..q::a.--.:.-:- B

0.6 '5555555;5556555555;;;5;;:.._
on | iiIiiiies ‘%

0,2 o

® 0
@)

08 4

Dimensionless methanol concentration, C/Cin

0,6 4

0'4_ . -———————-————— _
--& - - Biofitter 1

0,2 - - - & - - Biofiter 2

- - & - - Biofilter 3

1] T T T T T T T T T
0 0,1 nz na na ns R 0.7 a8 0,9 1

¢ 90
&

Dimensionless biofilter height, h/H

Figure 1. Profiles of methanol concentrations along biofilters for stages A) 1 1-28 days
1, B) 2 29-52 days, and C) 3 53-82 days.

In this first stage, 24, 28 and 18% of methanol was degraded within the first 18cm of the columns in Bidfilters I,
II, and IllI, respectively. In the second section (18-36 cm), 35, 33 and 39% of methanol was eliminated. Finally, in

the last third (36-54cm) 15, 14 and 14% of methanol was degraded.

The profile showed that biofilters experienced a stratification phenomenon along the biofilter height. As ob-
served, methanol degradation capacity was higher in the middle, while the bottom section had the lowest effi-
ciency. This phenomenon was probably originated by the low methanol inlet concentration of this section which
impacted negatively in methanol degradation. Nevertheless the upper section, which has the highest methanol
inlet concentration, did not present the maximum efficiency. This is probably because of poor moisture conditions
close to airflow inlet. Indeed, drying of the packing material in the upper section is a commonly found problem in

biofiltration systems that operated in a down flow mode (Auria et al., 1998; Bohn and Bohn, 1999; Morales, et
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al., 2003; Sakuma et al., 2009). The moisture degree was not determined in this study but it was visually con-

firmed.

After day 29 and until day 52, methanol inlet concentration was increased. The system capacities in this second
stage were markedly higher but the efficiencies were much lower (Table 1). The methanol profile seemed to be
pretty similar (Figure 1B). Nevertheless, statistical analysis showed clearly evidence of divergent performances.

t-test confirmed that the Biofilter | was statistically different from the others (p<0.05)

The degradation percentages reached by the first section were 17, 19 and 18%, in Biofilters I, Il and 1ll, respec-
tively. In the middle sections (18-36 cm), 20, 20 and 24% of methanol degradation was achieved. Lastly, 14, 18
and 16% of methanol was degraded in the last third of biofiltration columns. The total ECs found in Biofilters 1, I

and Il were 297+9, 338+7, 341+2 g/m3*h, respectively.

From day 53 until the end of the experiment, methanol concentration was increased to 13.3 g/m®. Methanol pro-
files clearly show that the performance among biofilters was completely different. Within the first 18 cm of the
biofilter, the efficiency was around only 6% in reactor I, while 21% and 44% were observed in Biofilters Il and llI,
respectively. From this data, it's possible to indicate that the first sections of biofilters were greatly affected by the

change on inlet concentration.

Table 2. ANOVA analysis on the pseudo steady state efficiencies. P values lower than 0.05
indicate significant difference among biofilters.

Degrees of

SS freedom MS F P
: Biofilter 97,1 2 48,5 0,0217 0,97
§0 Error 26813,8 12 2234,5
% Biofilter 5967 2 2983 65,89 3 E-07
§ Error 543 12 45
i Biofilter 246959 2 123480 10957,7 0,00
§ Error 135 12 11

Stage 1: Methanol loading rate, 330 g/m>*h.
Stage 2: Methanol loading rate, 600 g/m>*h.
Stage 3: Methanol loading rate, 800 g/m>*h.
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Furthermore, in the second section of the biofilters the efficiencies were 19, 18 and 12% while in the third sec-
tion, 16, 15 and 16% of methanol degraded. Total methanol EC in this last stage was equal to 331+2, 462+1,
64445 g/m®, in Biofilters I, Il and IlI, respectively. Statistical analysis proved that biofilters’ behaviors became

completely divergent from each other (p<0.05).

Multiple reasons could be given to explain such phenomena. Some of them are related to the manipulation of
biofilters, the composition of mineral media, the bed structure, etc. However, assuming that those experimental
errors could not lead the systems to such different scenarios, the most logical explanation is focused on the col-

onization and evolution processes.

The colonization (microbial contamination) is a process poorly understood and difficult to predict (Lensky et al.,
1991; Lenski and Travisano, 1994; Cabrol et al., 2012). Notwithstanding, it is known that two principal conditions

should be reached for a microorganism to colonize: attachment and persistence.

Following the Yao’s granular filtration model (Yao et al., 1971), there are three different mechanisms by which
microorganisms can be attached to a packing particle: interception, inertia and diffusion. On the other hand, mi-
croorganisms also need to find the appropriate micro environmental conditions (e.g. pH, temperature, nutrients
availability, etc) in order to subsist and successfully establish a colony. If one of the requirements is not

achieved, then the colonization will fail.

Once the colony is established, it can evolve in different ways. All depends on changes of the local environment
and interactions with other species. Unfortunately, such micro-environmental changes as well as microbial inter-
actions are, up today, unpredictable. Therefore, the evolution of a biofilm is by the moment a randomly divergent

process.
SEM analysis

SEM images were obtained from the support samples of the first section in all different biofilters. At the end of
first stage (Figure 2A,B,C) the majority of microorganisms found in the support were morphologically similar to P.
pastoris with a cell size between 2 and 4 uym (Terpitz et al., 2012). Such visible predominance of P. pastoris
could be due to the inoculation strategy. When P. pastoris cells were added to the biofilters, they rapidly colo-
nized the material surface and no opportunity to other microorganisms was given. Moreover, biofilm structure

was noticeable composed by cells as well as adherent material (exopolysacharides, EPS).
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After the second stage, biofilm structure became more complex in Biofilters 1l and Ill (Figure 2E,F). The biofilm
was visually wider and some foreign microorganisms were distinguished. Nonetheless, the biofilm from Biofilter |

(Figure 2D) was apparently very similar to first stage.

The biofilms after third stage were completely different from those of the first and second phases. Their struc-
tures were highly complex and wide. In all cases, abundant EPS was found as well as foreign species. Addition-

ally, interesting differences were observable among the biofilters.

Figure 2. SEM images from the first stage of three biofilters. A) Biofilter | - stage 1, B) Bio-
filter 1l - stage 1, C) Biofilter Il - stage 1, D) Biofilter | - stage 2, E) Biofilter Il - stage 2, F)
Biofilter 11l - stage 2, G) Biofilter | - stage 3, H) Biofilter Il - stage 3, I) Biofilter Il - stage 3.

The biofilm sample taken from Biofilter | was the most uniform and the least microbially invaded (Figure 2G).
Such feature could be responsible of its low resistance at high methanol concentrations. Without a strong biofilm

layer protecting the cells, the microenvironment could become hostile and poor performance would result. On
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the other hand, the biofilm taken from Biofilter Il
was markedly wider (Figure 2H) and no other rele-
vant change was noted. This confirms that width is
an important characteristic of resistant biofilms.
However, experiments should be performed in or-
der to validate such hypothesis. Moreover, the bio-
film taken from Biofilter 11l showed the highest com-
plexity (Figure 2I). Plenty EPS and biomass as well
as different foreign microorganisms were observed.
Probably, the presence of other different microor-
ganisms was ligated to the higher removal efficien-
cy reported. Nonetheless, more studies such as

microbial identification are needed.
Monod Kinetics

The steady-state experimental data were adjusted
to a Monod kinetic in order to identify kinetic differ-
ences among biofilters (Figure 3). Estimated pa-
rameters showed that the system with the maxi-
mum EC was Biofilter Ill, which EC increase ac-
cording to the inlet loading rate up to a maximum
EC of 2172 g/ms*h. Similar predictions has been
obtained for methanol biofiltration (Avalos-Ramirez
et al., 2008). In such study as well as in ours,
methanol degradation was not inhibited even at
very high loading rates. Additionally, Ks values ob-
tained for Biofilter 1 and Il were markedly higher

than to those reported in literature (Avalos-Ramirez
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Figure 3. Monod kinetics. A) Biofilter I; B) Biofilter 1I; C)
Biofilter 111. Dotted line represents 100% efficiency.

et al., 2009). Additionally, there is not any report with a Ks value as high as the obtained in the Biofilter III.
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The magnitude of aforementioned ECmax can be used for designing, but only if diffusional problems caused by
biomass accumulation remain negligible. The model also predicted a maximum EC of 391 g/m®h for Biofilter |
and 462 g/m®h for Biofilter II. Those results are in the range of previously reported maximum ECs for methanol
biofiltration systems (Shareefden et al., 1993; Mohseni and Allen, 2000; Arulneyam and Swaminathan, 2003;
Chetpattananondh et al., 2005; Ramirez-Lopez et al., 2010). However, they are very low compared with predic-

tions in Biofilter Il showing that biofilters differences could have originated by kinetic differences.

Moreover, the experimental data fitted quite well with the model indicating that Monod equations were appropri-
ate for describing the systems. In addition, according to Figure 3, all biofilters were limited by the microbial deg-
radation rate which means that no diffusional problem was presented. Such finding is consistent with the high

methanol concentrations used.
CONCLUSIONS

Three biofilters were operated under identical conditions, and it was demonstrated that they became different
with time. The mechanism of such divergence is still poorly understood. Here we suggested that the key of this
phenomenon could be related to microbial evolution and foreign microorganisms’ colonization. Such phenomena

are also a cause of different degradation kinetics, which were approached through Monod equations.

Nowadays, aforementioned phenomena seem to be unnoticed in the biofiltration researches. In most cases be-
cause the target of the systems is to effectively degrade some pollutant regardless of the microbial species in-
volved. However, research in community evolution in biofiltration processes would be useful to have a better
control over the system. Also, the investigation of colonization mechanisms would give tools needed to avoid
microbial contamination in biofilters. Therefore, it is necessary to begin exploring deeper in the biofiltration black

box.
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ABSTRACT

A dynamic mathematical model for biofiltration systems coupled with the production of a heterologous protein
was developed. The model was constructed from mass balances as well as growth and consumption kinetics. A
set of simulations under different scenarios showed that the parameters with higher importance in the protein
production are Biomass yield (YY), Maximum elimination capacity (ECmax ) and biomass decay (b ) while a lower
importance is ascribed to half saturation constant (Ks). When compared with experimental data, the model accu-
rately describes the elimination capacity of the system as well as its protein production. However, important dif-
ferences were observed between experimental measurements and predictions of the total volume of the system.

The results suggest that such differences are attributable to the presence of inactive biomass.

INTRODUCTION

Biofiltration has been studied as an effective technology for the treatment of volatile organic compounds (VOCSs).
In particular, biofiltration of hydrophilic pollutants like methanol has achieved very acceptable results (Arulneyam
and Swaminathan, 2003; Sologar et al., 2003; Chetpattananondh et al., 2005; Dastous et al., 2008; Babbit et al.,

2009; Ramirez-Lopez et al., 2010).

Recently, the future and potential of VOCs treatment has been widened due to the emergence of a novel con-
ception of the biofiltration process (Cornabé et al., 2002; Arriaga et al., 2010; Arriaga et al., 2012). In the innova-
tive biotechnique, an air stream contaminated with methanol flows through a porous media which supports a P.
pastoris biofilm. The methanol in gas phase diffuses into the biofilm layer where it becomes vulnerable to biolog-
ical activity. The presence of methanol inside a properly transformed P. pastoris cell triggers the synthesis of
enzymes needed for its consumption and also for the production of a heterologous peptide. So then, it is possi-

ble to recover the valuable protein in the leachate when the biofilter is sprinkled.
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To describe and predict the behavior of the methanol biofiltration coupled with protein production is necessary to
develop a mathematical model able to capture all different phenomena occurring in the system. Following similar

aims, many models have been conceived to describe biofiltration.

Ottengraf and Van den Oever employed a model with diffusion and first and zero-order kinetics to model a bio-
logical filter treating a mixture of VOCs (Ottengraf and Van den Oever, 1983). An extension of this model was
proposed to describe methanol biofiltration (Shareefdeen et al., 1993). In this model, simplified expressions for
biological degradation were replaced with those obtained from shake-flask experiments. Afterwards, Shareef-
deen and Baltzis (1994), and Deshusses et al., (1995a-b) worked on a mathematical model to describe the
treatment of toluene and a mixture of pollutants under transient conditions which is a more detailed and accurate

representation of a real biofiltration system.

Alonso et al., (1996, 1998) showed that biomass growth is an important phenomenon when modeling such sys-
tems, especially for long-term operations. Shareefdeen et al., (1998) improved the model considering dispersion

and then, Spigno et al., (2004) showed that such effects are important just for some values of the Peclet number.

However, in spite of the significant advances in the field, none of the current models would be useful to predict
the biofiltration behavior. The principal reason is that they do not consider the presence of multiple species nei-
ther the different kinetics they could have. In addition, growth under transient conditions has never been ap-

proached in such systems.

Therefore, the objective of this work was to develop a mathematical model able to represent the methanol biofil-
tration coupled with protein production over time. Several simulations were carried out in order to show the ef-
fects of different model parameters (Yx/s, ECmax, b and Ks). The effectiveness of the model was validated using

experimental data.

METHODOLOGY

Model design

The column height of a biofilter was divided into W layers. Each section integrated by three subdivisions: the gas
phase, the biofilm and the packing material (Figure 1). The gas phase carries the methanol throughout the biofil-

ter and each of its layers is considered ideally mixed. The biofilm subdivision is in time sliced into N well mixed

elements where biological activity takes place. The packing material was considered inert, being the support of
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cells its unique role. Further, two different kinds of microorganisms are considered since the very beginning of
the operation. Biomass A has the capacity to degrade methanol and produce a heterologous protein at the same

time. Biomass B is also able to degrade methanol, but the proteins produced by this group are not considered a

valuable product.
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Figure 1. Conceptual representation of the biofiltration process. M1, Module 1; M2, Module 2;
M3, Module 3; W: number of divisions along biofilter height; N: number of divisions along biofilm
depth; [C]: Methanol concentration in gas phase; [S]: Methanol concentration in the biofilm.

Assumptions

Methanol is the unique carbon source and microorganisms can grow only if they can degrade methanol.

Methanol is the limiting substrate.

w

All microorganisms are able to produce protein, but only Biomass A can produce the heterologous pro-
tein.

Protein production is proportional to methanol degradation.

The effect of increase the transfer area is not significant.

Active biomass is only considered.

Mass transport in the biofilm can be described by Fick’s diffusion.

Concentration in liquid phase can be estimated with a partition coefficient.

© ©® N o g &

There is no reaction in the gas phase.

10. Biomass density is constant and it is the same for all species.
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11. There is no direct interaction among different species.

Mass balances

Following the nomenclature given by the grid, an appropriate balance over any element will indicate the change
of mass over time. For the gas phase, the change of methanol in the element i can be described by the following

equation:

d(Methanol)gas
dt

=Q(Ci-1 — C) — J; jA 1)

where Q is the gas flow, C;; is the methanol concentration at inlet, C; is the methanol concentration at outlet, J;;
is the flux of methanol to the biofilm layer and A is the transfer area. Furthermore, J;; can be defined with the

following expression:

C.
]. =D Sij — D(si,surface_si,l) — D(ﬁl_si'l) (2)
LJ dz z=0 51"1 8,:'1

Where D is the effective methanol diffusivity, (Sisurace - Si,1) iS the concentration difference between surface and
first biofilm layer while & is thickness of the i,1 biofilm element. In accordance, the methanol concentration in the

surface, S;suraces Can be calculated with the concentration in gas phase (Ci) divided by a partition coefficient, H.

Concerning to the biofilm phase, the mass balance can be illustrated with the following equation:

d(Methanol) _ DA(Sij-1=Si)) _ DA(Sij=Sije1) _ o ybr (3)
at (Bij—1+6D/2  (8ij+8ij41)/2 b

Where S is the methanol concentration in the element i,j, R is the methanol degradation rate and V' is the bio-

DA(S;j-1-Si )

, heeds
(61,j-1+6;j)/2

film volume. Note that for the first layer of the biofilm, the term for mass entering the element,

to be substituted with: 2(Sisurfece=Si1)

i1
Growth and degradation kinetics

Growth balance in both Biomass A and Biomass B is given by the following expressions:

d(BiomassA) _ ., bf _ Sij bf
= YadaXaV ) — o baXaV,j @
d(BiomassB) _ ., bf _ Sij bf
= YedsXpY; Kmp+5,; bpXpV, ; ©
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where Y is the biomass yield, q is the maximum specific substrate utilization rate, X is the biomass density, Ks is

the half saturation constant, and b is the decay coefficient.

From the biomass amounts, it is possible to calculate partial (V;"/* and V;"/*) and total (V;/) volumes in a biofilm

element i,j according with the next expressions:

beA __ BiomassA; ; (6)
i Xa

bfB BiomassB; j

vy = 2 (7)

b BiomassAjj = BiomassBj
v f — J 4+ J (8)
/] Xa XB

In addition, methanol degradation rate (R) can be calculated with the following Michaelis-Menten type equations:

Sii

Ra;j = XaQ, KmAisi,j 9
—y A _ Sij

Rbi,j = Xp{p Kmp+5;; (10)

Ri,j = Rai,]‘ + Rbi’]‘ (11)

Protein production

Protein production was linked with methanol consumption by a simple parameter called protein productivity, Y ys.
This parameter is specific for each specie or group presented in the biofilter. Thus, the protein production of the

system can be expressed with the next equation:

ar;; bfa bfB
T = RV Ve, T RE Y -

Additionally, the equation below can be used to calculate the amount of a specific protein produced by microor-

ganisms in the group A.

apPi; bfA
dt] = Rai'jV;J- YgAYP/p (13)

where P is the mass of the specific protein and Yy, the fraction of heterologous protein produced by the group A.
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Frontier equations

Frontier equations need to be added in order to solve the system. The first one corresponds to the top layer of
gas phase where the methanol concentration entering the element is given by the air quality to be treated with

the biofilter. Thus, the equation can be re-written as follows:

d(Methanol)gas
dt

= Q(Crnier — C) — Ji jA (14)

The second equation corresponds to the last layer of the biofilm. Here, the term of mass leaving the element
needs to be eliminated because there is no transfer to the packing material. Accordingly, the equation is rewritten

as follows:

d(Methanol) _ DA(Sij-1—Si) _ybf
i = (5i,j_1+5i,j)/2 Rl.jl/i,j (15)

System setup

The biofilter characteristics were set similar to those from our previous experimental work. Therefore, the system
was a glass column packed with 3.3x10° m® of perlite. Every particle was considered as a perfect sphere of
3.35x10° m in diameter. Void fraction (VF) before the start-up of the system was 0.43. However, after the inocu-
lation with the Ech42 - P. pastoris strain and along time, VF became slightly lower due to the presence and
growth of biomass. Furthermore, the initial volume of biomass was calculated to be 2.5x10* m® and was as-

sumed to be homogenously distributed along the biofilter.

From the top of the column, methanol was fed at concentrations of 5.5, 10 and 13.3 g/m3 during 28, 24 and 30
days, respectively. The air and methanol mixture flowed at a rate of 3.3x10° m*min. Moreover, a mineral solu-
tion containing (NH,4),SO,, vitamins and minerals, was sprinkled every two days to harvest the heterologous

peptide. More details about characteristics of the system are presented in Table 1.
Biomass fraction and growth kinetics evaluation

Simulations were developed in the software Berkeley-Madonna using Rosenbrock algorithm. The code was writ-
ten based in a system with two different biomass groups. The first group is constituted by biomass able to pro-
duce a specific heterologous protein, henceforth called Ech42. The second group, also named Biomass B, in-

cludes biomass that is not desirable but it is present because of the typical aseptic limitations in industrial scale.
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Different scenarios were devised to evaluate consistency and sensibility of the model. During the first one, both
biomass groups were considered to have similar growth kinetics coefficients (Yx/s, Qsx, Ks, b), but the fraction
of P. pastoris at the start of operation was varied between 0 and 1. Elsewhere, four more scenarios were con-
ceived to evaluate the growth kinetics coefficients effects of Biomass B on the model behavior. With such pur-
pose, it was assumed that the presence of P. pastoris was equal to 95% of initial biomass volume and its param-

eters remained constant. Details of these five simulations are presented in Table 2.

Table 1. Start up parameters used in the model.

Parameter Value Description Source
w 6 Number of vertical layers of the biofilter -
N 10 Number of horizontal layer in the biofilm -
D 0.000005904 Methanol diffusivity, m*/h Lee and Li, 1991
Q 0.198 Gas flowrate, m*h Experimental
VF 0.5 Void fraction, dimensionless Experimental
H 0.00025 Henry's law coefficient, dimensionless Guota et al., 2000
A 1020 Specific area, m*/m® Experimental
v 0.0033 Reactor volume, m® Experimental
Xa 51930 Biomass density, gC/m> Experimental
Xg 51930 Biomass density, gC/m* Experimental
Ya 0.0322 Biomass yield, gsiomass/ImetoH Presetting
Ye 0.0322 Biomass yield, ggiomass/ImetoH Presetting
ECmax, 5269 Maximum eliamination capacity based in biofilm .
volume, g/m~*h Presetting
ECmaxe 5269 Maximum eli3mination capacity based in biofilm _
volume, g/m™*h Presetting
Ksa 3280 Half saturation coefficient, g/m* Presetting
Ksg 3280 Half saturation coefficient, g/m* Presetting
ba 0.0028 Decay coefficient, 1/h Presetting
bg 0.0028 Decay coefficient, 1/h Presetting
Yp/sa 0.2 Protein yield, Gprotein/Imethor Presetting
Yp/sg 0.2 Protein yield, Qprotein/Gmethor Presetting
0 G=ECrarlXa zsgzzmran::ﬁanol consumption rate, gye. resetting
A 4=ECoad/Xs zszizmr:jmanol consumption rate, gye. resetting

Presetting refers to previous simulations where the model was adjusted to experimental data. The
values obtained were taken as starting point.

Ya, Yg, ECmax,, ECmaxg, Ksa, Ksg, by and bg were first considered to be equal among the two
species considered, but then they were adjusted to the best fitting.
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Validation

Experimental data from chapter Il was used to validate the model. In order to achieve it, fitting function of Berke-
ley-Madonna software was employed. The purpose of such validation was to find values for Y,, Yg, ECmaxa,

ECmaxg, Ksa, Ksg, ba and bg that best fits with the experimental information.

RESULTS AND DISCUSSION

Biomass fraction

Biomass

Biomass fraction effects were tested by varying the Biomass A fraction, ( ), and fixing all other
B

Biomass 4+Biomass
model parameters (Ksa, Ksg, ECmax,, ECmaxg, Xa, Xg, Ya, Y&, Da, bs, Ypis) @ssuming that both groups of micro-
organisms shared identical kinetics. The results showed that the heterologous protein production was reduced
with the increase in the Biomass A fraction value. However, no other response was affected (methanol degrada-

tion, biomass growth, or total protein production).

The main reason for this behavior is that both kinds of microorganisms grow, decay and produce proteins at
identical rates. The only difference is the kind of protein they produce. As defined previously, Biomass A is re-
sponsible of the heterologous protein production while Biomass B produces proteins without any economic in-
terest. Therefore, as shown in Figure 2A, the higher the fraction of Biomass A, the higher is the cumulative valu-

able protein produced.

Protein is produced apparently at a constant rate along all operational time simulated. However, it is foreknown
that the protein production is actually linked to methanol concentration in every element in the biofilm and thus,
the slope must change accordingly. Also, since biomass is increasing with time, it is expected to have an in-

crease on the protein production caused by a higher biomass in the system.

Moreover, the model showed an appropriate representation of biomass growth and stratification phenomena. As
noted in Figure 2B, the growth was dependent of time and methanol concentration at inlet. Also, it can be ob-
served (Figure 2C) that growth was not uniform along the height of the column. In fact, the biomass growth was
stratified according to the methanol availability in each section of the biofilter. Thereby, by the end of the opera-

tion time simulated, the thickness of the biofilm at the top of the column (205 um) was around twice the thickness

estimated for the biofilm at the bottom (126 um). Experimentally, the biomass stratification phenomenon is usual-
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ly attributed to the existence of a concentration profile but also to hydrodynamic differences along the biofilter

(Stewart and Franklin, 2008; Schreyer and Coughlin, 1999; Song and Kinney, 2000).
Y effect

In order to evaluate the effects of the biomass yield on the model behavior, Biomass B yield (Yg) was tested from
0.005 to 0.05 gC/gMetOH. As shown in Figure 3A, Yz changes gave an answer spectrum in the cumulative
Ech42 production ranging from 532 to 544 mg of cumulative Ech42 protein. According to model structure, the
increase of the Y coefficient triggers an increase of BiomassB, which is not able to produce Ech42 and thus the

Ech42 production drops.

On the other side, the effect of Yg value over methanol was remarkable (Figure 3B). The increase of Yz value
leaded to a lower outlet concentration. An appropriate explanation for the observed behavior is that every in-
crease of Yg will be accompanied with an increase of growth rates of the second group. This is also reflected in
an increase of volume and thickness (Figure 3C, D). However, the amount of Biomass A remains much higher

than the Biomass B group and therefore the Ech42 production is slightly different from one condition to another.

Concerning to the increase of methanol degradation, it seems to be clear that an increase in the parameter Y
leads to the increase of total biomass which means the presence of more microorganisms capable to carry out

methanol degradation.
ECmax effects

The effect of the maximum elimination capacity coefficient was evaluated by running the model with several val-
ues ranging from 1000 g/m3*h to 8000 g/ms*h. The responses showed that this parameter was of big importance
for the degradation efficiency and cumulative Ech42 production. As observed in Figure 4A, when the ECmaxg
was increased there was also a decrease of methanol concentration and vice versa. To better illustrate it, in one

boundary it was possible to reach an efficiency of 100%, while in the other only 50% of methanol was degraded.

Furthermore, Ech42 cumulative production was greatly affected by the change of ECmax in Biomass B. The
higher the ECmax the less Ech42 obtained (Figure 4B). A logical explanation for this phenomenon is that P. pas-
toris is displaced by the other biomass group. In other words, species with higher capacity for methanol degrada-
tion compete better for the resources and its growth is enhanced. As a consequence, P. pastoris growth is limited

and displaced. Such shift in the ecology of the system can be observed in Figure 4 (C, D, E) where P. pastoris
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biomass started to decay when the ECmaxg value was over 60009/m3*h. Simultaneously, the amount of Bio-

mass B increased and became dominant.
Ks effects

As can be observed in Figure 5, the half saturation constant has minimal effects over the elimination efficiency
and cumulative Ech42 production. Based on Figure 5A it is possible to aim that the capacity for methanol elimi-
nation of the system was not important even if the parameter was modified up to 2 orders of magnitude. Never-
theless, the lower the Ks value, the higher the removal efficiency is. This behavior is consistent with the shape of
the monod equation which dictates that Ks is the inlet load at which the half of the maximum elimination capacity

is reached. Therefore, the lower the Ks value, the sooner the ECmax is achieved.

On the other hand, cumulative Ech42 production became lower at low Ksg values (Figure 5B). In this case, the
low Ksg values increased the methanol degradation rate (gMetOH/h) of Biomass B. This fact triggered the
growth of Biomass B and a consequently displacement of Biomass A. Therefore, the proportion of protein with-

out value was also increased.
Decay coefficient effects

The decay coefficient effect over the model responses was studied ranging the bg values from 0.0005 to 0.0027
1/h. As observed in Figure 6, decay coefficient can have very different consequences in the elimination efficien-
cy. Under high bg values, the elimination efficiency of the system was 50% while under low bg values the effi-
ciency was boosted until 80%. Clearly, a lower decay coefficient allows the development of a wider biofilm and

therefore, the capacity of the biofilter is increased.

The drawback of a higher growth of Biomass B reached at low values of bg is that Biomass B became dominant
in the system. Consequently, the amount of Ech42 produced by the system is negatively affected. It can be ob-
served in Figure 6 that the cumulative Ech42 produced was 3% lower at low bg values in comparison with the

Ech42 produced at high bg values.
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Sensitivity

Multiple simulations of the model have shown that Yg, ECg.max and bg, play an important role in the system. In
addition, Ks parameter seems to be not relevant under the conditions tested. In order to assign an appropriate

relative importance to aforementioned parameters, a sensitivity analysis was developed.

As shown in Table 2, the parameters were classified according to its relative importance, which was defined as
the ratio between the variation in the input and output. The results showed that the most important parameter in
the model was the maximum elimination capacity (ECmax), followed by the decay coefficient (b), the biomass

yield (), and the half saturation constant (Ks).

Validation

Data obtained from our experimental work was used to validate the model proposed. For such objective, P. pas-
toris fraction at the beginning of operation was considered to be 0.95. Biofilm volume, cumulative protein produc-
tion, cumulative Ech42 production and methanol outlet concentration were fit with the model system by changing
values of the key parameters. Results summarized in Figure 7 show that the model cannot converge well with

experimental determinations.

Particularly, the model predicts with acceptable accuracy the methanol degradation behavior. However, the
slopes of the model are progressively decreasing and the predicted removal efficiency tends to be higher than it
actually is. Such change is one of the consequences of an increasing biofilm volume. Nonetheless, in the exper-

imental data such effect is apparently balanced with another.

Table 2. Estimation of sensitivity ratios to assign a relative importance.

Response amplitude Sensitivity ratio
Input am- i i
Parameter |c|)olitude Cug:: Lrj]lzgve Methanol Biofilm Cug:: L;]Ijgve Methanol Biofilm
; concentration Volume ) concentration Volume
production production
Ys 0.9 0.0227 0.443 0.3248 0.025 0.492 0.360
ECg max 0.9993 0.875 0.3108 0.505 0.875 0.311 0.505
Kgm 0.99 0.0133 0.064 0.0534 0.013 0.064 0.053
bg 0.9666 0.0297 0.6001 0.402 0.030 0.620 0.415

69



15

_5 @ Oulet concentration (Experimental) A
E Outlet concentration (model)
‘q:: _ 10 ~ Inlet concentration

s
O o
S E EgnRoyP0EE0En0
ol
oM
S 5 0 OpEpdog
s O DD =
2 &

o=
o & 8y m n
1200 °
o
1000 - © Total proteins (experimental) @
® Ech42 (Experimental) 2
800 - Ech42 (model) @

Total proteins (model)

Cumulative protein
production, mg
(o]

o
o

@ D‘
@ Experimental

O Pseudo-experimental o o O o
O
0.0008 - Model goQd

o

o

o

=
I

0.0006 -

0.0004 - g O

Biofilm volume, m3

0.0002 -

O T T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time, h

Figure 7. Model validation. A)Methanol degradation, B) Ech42 production, C)Biofilm volume. Param-
eters: ECmax,=1887.5g/m>h, ECmaxs=1156.79 g/m>*h, Ks,=300.3g/m*®, Ksg=300.4 g/m°,
Ya=0.069c/Ometors  YB=.022  gc/Qveton,  0a=0.0017/h,  bB=0.0001/h,  Ypa=0.20potein/ImetoH
YpB:15-529Protein/gMetOH-

Elsewhere, cumulative protein production fitted well with the model. Notwithstanding, in the last days of opera-

tion, total protein suddenly increased and then the model was not able to follow that shape anymore. That's

probably because at some point in the experiment, new airborne species were introduced to the system and the

model is not conceived to predict that random scenarios.
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Table 3. Parameters comparison between this study and literature.

Estimated parameter This study Literature Source

Eemax 1887.5g/m**h 2230 g/m*h Avalos-Ramirez et al., 2008
1156.79 g/m>*h - -

‘s 300.3g/m® 34.23g/lL-72.77 g/m>  Avalos-Ramirez et al., 2009
300.4 g/m® 1g/m® Alonso et al., 2000

v 0.06 gc/Ometon 0.015- 0.217 gc/gmeton~ Avalos-Ramirez et al., 2009
0.022 gc/gumeton 0.108 gc/gvoc Alonso et al., 2000
0.0017/h 0.004/h Alonso et al., 2000

b 0.0001/h

Vb 0.2 mQproteina/ ImetoH - -
15.52 Mgproteina/ OmetoH 148 MQproteinal Imeton Arriaga et al, 2010. (Batch)

Schreyer and  Coughlin,
Biofilm thickness o9 pm - 267um A2i0um %999-y ’
50-100 pym Alvarez-Hornos et al., 2009.

ECmax: Maximum Methanol Elimination Capacity
Ks: Monod’s half saturation constant

Y: Biomass yield coefficient

B: Biomass decay coefficient

Yp: Protein yield coefficient

Moreover, the set of equations shown in this work failed to predict the volume changes associates with growth.
The model predicted a volume that is close to the half of experimental volume. A possible explanation is the
presence of another kind of biomass that was not considered in the model, namely inactive biomass. In the
frame of this work, inactive biomass could be considered biomass that is not involved in the degradation process

neither considered in the decay coefficient. Typical examples of that kind of biomass are exopolysaccharides.

Finally, it is important to give the parameters values an appropriate context. Table 3 shows the different values of
the model parameters that were found through model fitting. ECmax predicted values for both groups of micro-
organisms considered in the model were close not only to kinetic parameters reported (Avalos-Ramirez et al.,
2008), but also to different ECmax values that are commonly found in biofilters treating methanol (Prado et al.,
2008; Ramirez-Lopez et al., 2010). On the other hand, Ks value predicted in this study was markedly different

from values reported in literature. However, it is consistent with the ECmax predicted.

Moreover, Y values predicted in this report were also well correlated with reports in literature. It has been report-

ed that biomass yield values in methanol biofiltration ranged from 0.015 to 0.217 gC/gMetOH (Avalos-Ramirez et
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al.,, 2009). The estimated values of both groups of biomass, Biomass A and Biomass B, were within the men-

tioned values.

In addition, the b value predicted was slightly higher than other b values found in biofiltration systems (Alonso et
al., 2000). However, they are lower than results commonly found in other biological treatment systems (Akhbari
et al.,, 2012; El-Kamah and Mahmoud, 2012; Emerald et al., 2012). This last fact was actually expented since

biofiltration technology is a fixed biomass system.

CONCLUSIONS

The model described on this work showed to be a simple, but useful tool for prediction, control and design of
bifiltration systems. Different important phenomena, such mass transfer, mass diffusion, degradation kinetics,
microbial growth, protein production, and evolution of a simple community, were included in the structure of the

model and analyzed under transient conditions.

Aforementioned features make this model a very complete approximation of the behavior of a biofilter coupled
with production of heterologous proteins. However, some details can be added in order to improve the model
(e.g. non-active biomass, competition, etc). In fact, non-active biomass seems to be a promising consideration

that can be helpful to get a better fit with biomass volume and degradation efficiency.
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CONCLUSIONS AND PERSPECTIVES

CONCLUSIONS

In the present thesis it was showed the performance of three biofilters inoculated with a P. pastoris strain. Such
microorganism was previously transformed with a gene from Trichoderma atroviride in order to produce a valua-
ble heterologous protein: Endochitinase 42. Results showed that 5 g/L of (NH,4),SO,, pH 5 and an EBRT of 60s
are suitable conditions to reach an acceptable elimination capacity. Minor changes on such conditions can dra-
matically change the performance of the system. In contrast, the Ech42 activity was principally impacted by pH
changes, being the pH 5.5 the most suitable. In the rest of conditions, the enzymatic activity ranged from 762 to

1172 U/L.

Beyond that, it was found that two or more biofiltration systems inoculated with only one species of microorgan-
isms (in this case P. pastoris) diverge from each other even if they are operated under identical conditions.
Thereon, it was theorized that the population inoculated into each biofilter was affected in unequaled ways by

external factors such as foreign microorganisms. Thus, repeatability in biofilters should not be taken for granted.

Furthermore, a simple mathematical model was developed to describe the methanol biofiltration coupled with
heterologous protein production. It was assumed that two different groups of microorganisms were growing in
the biofilter in order to approach divergence phenomena observed. Results showed that the model describes
well the EC and protein production of the process. Nevertheless, some characteristics in the model can be im-

proved in order to do a better prediction of volume changes.

PERSPECTIVES

Industrial perspective requires the profit of the methanol biofiltration coupled with Ech42 production to be as high
as possible. On the other hand, methanol is a hazardous compound which requires to be completely eliminated.
According to the results showed in this thesis, EC and Ech42 production were not directly related each other,
making difficult to achieve a high Ech42 production with efficient methanol degradation. Hence, it is necessary to

develop a novel strategy that allows obtaining both aforementioned benefits.

Thereon, two different alternatives are suggested. The first one includes the sterilization of nutrimental solution
fed to the reactor, sanitization of the air flow entering the system, and keeping the biofilter column closed to for-

eign microorganisms. The second option implies the separation of the processes into a bio-scrubber and a biofil-
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ter. In the bio-scrubber, the growth of P. pastoris would be well controlled prioritizing the Ech42 production. On

the other hand, the biofilter operation would be focused on the complete degradation of methanol.

Also, it is important to note that there are multiple biofilter conditions that were out of the analysis of this work, for
example: moisture, temperature, packing material, etc. Moreover, it is needed to take into consideration (in the
way to a practical application) the effects of other gases issued with methanol, such as hydrogen sulfide which is

also emitted by the paper industry.

On other side, it was assumed that airborne microorganisms randomly colonized the biofilters along the time
they were operated. Afterwards, many interactions between P. pastoris and the others microorganisms could
have taken place. However, since in this thesis the microbial composition evolution was not followed, it is difficult
to conclude anything. Therefore, it is crucial to study the microbial evolution in the system. Additionally, it is im-
portant to start researching the specific interactions that P. pastoris could have with other microorganisms in

order to better understand possible inhibition or enhancement of the yeast population.

Finally, the model proposed in this work considered two groups of microorganisms existing since the very begin-
ning of operation, but such assumption is not completely right. Rather, it is more likely, due to the inoculation
strategy, that only P. pastoris was present then. Eventually, another microorganism could enter the system and
colonize it. The difficulty to describe such phenomenon rests on the unpredictable nature of it. A first approach
suggested is to implement a timer in order to simulate colonization events. On the other hand, the model failed
to predict the biomass volume. Thereon, it is suggested to consider the existence of inert biomass. As well as
active biomass, inert one is increasing with time and creating volume that has to be considered, but no additional

methanol is degraded.
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ANNEX |

ENDOCHITINASE 42

Chitine is the second most abundant polysaccharide in the planet. Its natural production is estimated to be 10™
tons. This polymer of N-acetyl-glucosamine is the principal component of exoskeleton of insects, crustacean,

and arachnids as well as the principal component of fungi cell wall.

Chitin, discovered by Henri Braconnot in 1811, is an important product for different industries such as pharma-
ceutical, cosmetics, paper, textiles, and wastewater treatment

Table Al. Principal areas for chitin application. (Dutta et al., 2004; L&rez et al., 2006,
Troger y Niranjan, 2010)

Area Application

Agriculture Seed coating for preservation
Fertilizers releasing systems

Bactericides and fungicides

Medicine Surgical sutures
Gauze and bandages
Burns treatment creams

Contact lens manufacture

Drug dosing
Wastewater Coagulant
treatment Flocculants
Heavy metals removal
Dyes removal
Cosmetics Help in the control of obesity

Bactericidal additive in soaps, skin creams, toothpaste

Skin moisturizing agent

Biosensors Blood glucose sensor

Phenol detection sensor
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Enzymes associated to enzymatic extraction are chitinases, cellulases, deacetylases, and proteases (Troéger and
Niranjan, 2010). chitinases, particularly, are a group of glycosyl-hydrolases enzymes which includes exoquitina-
ses, endoquitinasas, and N-acetylglucosaminidases. In particular, the endochitinases cuts in -1,4 bonds and
the resulting pieces vary in size (3 to 8 residues of N-acetylglucosamine) depending on reaction conditions. En-
zymatic quitine extraction is preferred over the chemical and physical extraction because, enzymes do not gen-

erate hazardous pollutants and the environmental impact is very low.

Recently, a Pichia pastoris strain which is a methylotrophic yeast was transformed with an endochitinase gene
from T. atroviride (Perez-Matinez et al., 2007). Afterwards, the strain was inoculated in a biofilter in order to ob-
tain such protein from the degradation of methanol vapors. The process showed pretty decent efficiencies not
only in methanol elimination but also in Ech42 production. Therefore, it is expected to boost companies to treat

their methanol emissions by obtaining at the same time Chitinase, and then recovery part of the money spent.

However, it would be a mistake does not realize that the process is not limited to produce that specific enzyme.
In theory, every protein which gene code can be introduced into the genome of P. pastoris could be produced at

the same time of degrading methanol vapors.
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ANNEX Il

CALIBRATION CURVES
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Figure Al. Methanol calibration curve.
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Figure A2. CO, calibration curve.
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Total Organic Carbon (TOC)
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Figure A5. TOC calibration curve.
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ANNEX [lI

CARBON TO NITROGEN RATIO CALCULUS METHOD

Assumptions:

The biofilm reaches the same nitrogen concentration than in the nutrimental solution.

The partition coefficient biofilm-gas is the same as in water-gas (2.5*10'4 Cgas/Cliq)
Calculus method:

The calculus method is based on the volume of biofilm at the end of the stage to be analized

1. Biomass density is previously determined through experimental analysis. In this study it was equal to
51930 gC/m°.

2. Total biomass volume is calculated from biomass (determined through TOC) mass data and biomass
density.

3. Liquid methanol concentration is calculated from gas concentration (experimentally determined) and the
henry partition coefficient.

4. Methanol mass is calculated from biofilm methanol concentration and biomass volume.

5. Ammonium mass is calculated from ammonium concentration and biomass volume.

6. Carbon mass is calculated from methanol mass and the carbon mass fraction for methanol. This last is
equal to 0.375 (gC/gMetOH).

7. Nitrogen mass is calculated from ammonium sulfate mass and the nitrogen mass fraction for ammonium
sulfate. This last is equal to 0.21 (gC/g(NH,),SOy,).

8. Finally, the carbon to nitrogen ratio is calculated dividing carbon mass over nitrogen mass.
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ANNEX IV

Biomass/EC correlation
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Figure A6. EC and biomass correlation during the whole operation time in biofilter I.
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Figure A7. Biomass based elimination capacity in biofilter I.
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Biofilter Il
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Figure A8. EC and biomass correlation during the whole operation time in biofilter 1.

0.025

0.02 T

0.015 T —
| |

Hi

0.01 _—

EC, gMetOH/gbiomass*h

0.005 —

1 2 3 4a 4c 5
Stage

Figure A9. Biomass based elimination capacity in biofilter 11.
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Figure A10. EC and biomass correlation during the whole operation time in biofilter lIl.
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Figure A1l. Biomass based elimination capacity in biofilter IlI.
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