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ABSTRACT

Integrated reactors (IR) combining anaerobic, aerobic and nitrogen removal processes are a
viable alternative to reduce operational costs and footprint compared to conventional
wastewater treatment plants. An integrated bench scale (6.4 L) anaerobic-aerobic-anoxic
column reactor (ICR) was developed to remove carbon and nitrogen compounds from sewage
of Universidad Auténoma Metropolitana-lztapalapa campus. The ICR is comprised of an up-
flow anaerobic sludge blanket reactor (UASB), a membrane aerated biofilm reactor (MABR)

and a denitrifying biofilm reactor (DNB). The global COD removal efficiency (M gpa) 1S

~82% at hydraulic retention time (HRT) of 8.4 h. The partial nitrification (PN) process is

obtained with an ammonia/nitrite ratio (R_, ) of 4. The experimental data was used to calibrate

and validate an integrated carbon-nitrogen removal model (ICNRM), in order to determine
operating conditions for the improvement of the ICR performance, considering the
hydrodynamic profile and reaction Kkinetics. A good agreement between the measured and
modeled results is obtained with a least square error function (S) lower than 0.09. The model

predicts that the COD removal efficiency at the MABR (0. ,,4gz) @d nitrite accumulation at
the DNB are influenced by the volumetric oxygen transfer coefficient (k,a) and oxygen
concentration, respectively. The optimal operation zone for 0 ,,,55>90% and R_, of 1.32
were reached for k a between 1.26 to 1.36 1/h, and an inlet DO concentration of 1.5 to 1.6
mg/L respectively, standing out the importance of calibrating hydrodynamic behavior and
Kinetics.

The central part of the integrated reactor, the membrane-aerated biofilm reactor (MABR) is a

promising technology for wastewater treatment, especially for simultaneous organic and
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nitrogen removal. The knowledge of mass transfer phenomena induced by flow velocity and
flow pattern is required in order to improve the reactor design and the pollutants removal
efficiency. Tracer experiments and residence time distribution (RTD) theory were used to
characterize the flow in a special MABR oxygenating from the membrane side and from the
liquid side. The liquid phase flow patterns were investigated by means of tracer pulse
stimulus-response technique using dextran blue as model tracer. RTD curves were analyzed by
cold-model tests (axial dispersion model ADM, tanks in series model TIS and mixing cell
model MCM). The detailed flow pattern of the reactor was obtained from computational fluid
dynamic (CFD) simulation. According to experimental results of RTD studies and CFD
simulation, the flow patterns were demonstrated to be analogous to completely mixed flow
with deviations of the ideal hydrodynamic behavior; stagnant zones (low fluid velocity) in
85% of its volume, being the remainder a channeling trouble (high fluid velocity). These
deviations were quantitatively described (macromixing level-global mixing) with a minimum
quadratic error function value of (S) 0.01. The local mixing flow pattern (micromixing level)
obtained by CFD allowed determining the location of each zone; the stagnant zone is situated
in the area where membranes are located; therefore it is possible to assume that degradation
reactions of pollutants would take place in this area.

MABR are gradually adapted to water treatment trains so its hydraulic profile directly affects
the pollutant removal performance. The goal of this work was to develop a geometry design of
inlet flow distributors of the MABR using Computational Fluid Dynamics (CFD). The new
distributor geometry was experimentally evaluated with RTD experimental curves using the
stimulus-response technique and approximated with the mixing cell model (MCM) and by

solving the hydrodynamic Navier—Stokes (NS) equation for laminar flow and mass transport
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(convection—diffusion equation) equations using computational fluid dynamics (F-tracer RTD
method). Two sets of RTD experiments (common and new inlet flow distributors) in MABR
were carried out. The volumetric flows (Q) employed were from 03.6 to 10 mL/min. The new
inlet flow distributor (conical wall flow distributor) had a more homogeneous velocity field in
the entire reaction zone (membrane zone), as shown by MCM values lower than those
obtained with the common MABR (without flow distributor). The RTD curves obtained with
Comsol Multiphysics 4.3b are in agreement with RTD experimental curves reinforced the data

obtained by the MCM.

The operation of the integrated column reactor allowed the acquisition of experimental data
under different operational conditions, enabling the appropriate development and validation of
an integrated mathematical model (hydrodynamic-mass transfer-reaction). This model could
predict the behavior of the reactor with an error of <5%, demonstrating the feasibility of the
use of this model to predict the reactor behavior. According to model simulations, this system
can be improved in design aspects and experimental conditions in order to establish a
nitrification process with nitrite accumulation to obtain a suitable stoichiometry ratio by
manipulating the reaction time, dissolved oxygen and the improvement of hydrodynamic

behavior (reduction of the channeling zone).
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RESUMEN

Los reactores biologicos integrados son sistemas que permiten llevar a cabo procesos
anaerobios y aerobios en un mismo reactor. Sin embargo, poco se sabe sobre su desempefio en
el tratamiento de aguas residuales (municipales o industriales). En virtud de lo anterior, en esta
tesis se estudiaron diversos factores que afectan el desempefio de un reactor biolégico, tales
como, la hidrodinamica, la transferencia de masa en biopeliculas, asi como diversas
condiciones de operacion del sistema; permitiendo la formulacién de un modelo matematico

integrado para predecir el comportamiento del reactor bajo nuevas condiciones de operacion.

El estudio de la hidrodindmica y la transferencia de masa del reactor integrado en columna
permitieron el conocimiento del patron de mezclado del reactor utilizando la técnica de la
determinacion de tiempos de residencia. Esta técnica logro la identificacion de problemas de
estancamiento y canalizacion dentro del reactor. Estas desviaciones del patron de flujo ideal
fueron descritas correctamente mediante la utilizacion del modelo de celdas mezcladas, el cual
es un modelo mateméatico que combina reactores ideales para describir el comportamiento de
reactores reales. De acuerdo a este modelo, el reactor integrado en columna se ajusta a un

reactor CSTR con problemas de canalizacién y estancamiento.

Las desviaciones del patron de flujo del reactor fueron identificadas y corroboradas mediante
la utilizacion de la dinamica computacional de fluidos. Esta técnica computacional permitid
conocer la localizacion de cada zona de flujo, pudiendo asi darle un mayor peso al modelo de
celdas mezcladas al poder diferenciar las caracteristicas de cada zona en aspectos como;

volumen de cada zona y el flujo que pasa a traveés de ellas.
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Una vez establecido el conocimiento de la hidrodindmica y la transferencia de masa del
reactor, se procedié a su operacion. El reactor integrado fue alimentado con agua residual del
drenaje general de la universidad autonoma metropolitana unidad Iztapalapa, obteniendo
eficiencias de degradacion de materia organica (DQO) mayores al 83%, y la nitrificacion con
acumulacién de nitrito permitiendo tener un efluente que pudiera servir para el proceso

anammeox.

Una vez obtenida la informacién sobre la operacion del reactor bajo diversas condiciones de
operacion (seis etapas), se procedié a la formulacién del modelo matematico integrado
(Integrated Carbon-Nitrogen Removal Model -ICNRM-). Este modelo considera el aspecto
hidrodindmico, la transferencia de masa y reaccion del reactor, permitiendo predecir el
comportamiento del reactor con un error menor al 5% de acuerdo al proceso de validacion del

modelo.

El modelo ICNRM permitié la propuesta de nuevas condiciones de operacion que podrian
permitir aumentar la eficiencia de degradacion de materia organica a un 93% Yy un proceso de
nitrificacion con acumulacion de nitrito estable, produciendo un efluente equimolar de
amonio/nitrito adecuado para el proceso anammox. Esas simulaciones se realizacion siguiendo
dos aspectos importantes, como son; la concentracién de oxigeno y la mejora hidrodinamica.
De acuerdo a esto, se encontrd que la eficiencia del reactor podria ser aumentada mediante una

mejora hidrodindmica, es decir, disminuir la canalizacion del reactor.

En la busqueda de estrategias para mejorar el patrén de mezclado del reactor, se hizo uso de la

dindmica computacional de fluidos. Esta técnica permitié el disefio de dispositivos que

XX



permiten distribuir el flujo en todo el reactor, disminuyendo asi los problemas de canalizacion.
Acorde a los resultados obtenidos, se implementd un distribuidor de flujo denominado
“distribuidor de flujo de pared cénica”, el cual permiti6 homogenizar la velocidad del fluido
dentro del reactor, disminuyendo la relacion de velocidad de la zona canalizada y estancada de

9a?2.6.
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CHAPTER 1: General Introduction



1.1 Justification

In conurbations like Meéxico City, where the high population density and high land costs
obstruct the installation of normal wastewater treatment plants there is a need for innovative
designs that can reduce the footprint of the bioreactors providing a denitrified secondary
effluent in a single tower of three linked reactors for the anaerobic, aerobic and denitrification
steps. Separately, these systems have shown acceptable performance in the organic matter and
nitrogen degradation, and the reactor designs and operating rules are well established.
However, the proposed integrated prototype has not been studied from the Kinetic, mass

transfer-reaction and hydrodynamic aspects, which would allow a scale-up analysis.

This issue generates the need to study these integrated reactors more rigorously, using
mathematical models that involve this phenomenology. These studies could provide a better
overview of the operation and viability of applying this kind of biological wastewater

treatment reactors amid highly populated areas.

1.2 Thesis description

In order to fulfill the main goal of "Design and operation of an integrated anaerobic-aerobic-
anoxic for wastewater treatment reactor”, the results obtained during this research are

presented in the following order:

The rest of chapter one states the objectives and summarizes some background of integrated
bioreactors used in wastewater treatment. Also presents a literature review on the main

characteristics of these type of reactors as well as their advantages and disadvantages



compared to conventional treatment systems. Finally, it presents some hypotheses on the

subject under study.

Chapter two presents the analysis of the reactor operation during the treatment of wastewater.
Presents and validates an integrated mathematical simulation model (hydrodynamic-mass
transfer-reaction); the operating conditions that increase the efficiency of pollutant degradation

and possible strategies to improve the reactor design were determined.

Chapter three analyzes the hydrodynamic profile of the integrated bioreactor using the
residence time distribution technique. Several hydrodynamic models were tested as well as
computational fluid dynamics to diagnose the reactor mixed profile. A comparison of different
mathematical predictions and computational fluid dynamics models with the experimental data
is performed and finally, a model that adequately describes the flow pattern or mixing is

proposed.

Chapter four presents and analyzes some improvement alternatives for the reactor design. The
use of computational fluid dynamics for the proposed reactor modifications is exposed. This
technique permitted the visualization of comparative flow reactor profiles with each change of

design.

Finally, chapter five presents a general conclusion based on the main results of this research,
foresees the perspectives and proposes recommendations that can be helpful for future

research on this topic.



1.3 Objectives

1.3.1 General objective
To design and operate an integrated anaerobic-aerobic-anoxic column reactor for simultaneous

removal of carbon and nitrogen compounds contained in municipal wastewater.

1.3.2 Specific objectives
e Todesign and build an integrated bioreactor.
e To assess the reactor operation with municipal wastewater.
e To develop an integrated mathematical model (hydrodynamic-mass transfer-reaction)
to simulate the behavior of the integrated reactor.

e To propose an innovative integrated reactor design.

1.4 Integrated bioreactors: An overview

1.4.1 Integrated bioreactors

Conventional anaerobic-aerobic plants are usually equipped with different treatment units that
have a variety of functions to achieve acceptable treatment performances (Li et al. 2010). The
conventional systems, which utilize suspended biomass only, are well known, widely tested
and generally considered reliable. However, there are many potential issues related to the
management of these plants: first, they require onerous process controls due to the sensitivity
of the biomass to organic and hydraulic load variability, and second, a large surface area is
generally required, making limited area availability another critical issue (Antonella et al.

2012). These eventually decrease the attractiveness of conventional anaerobic-aerobic



treatments plants for reason of economy and location. Due to this, there is a tremendous need
to develop reliable technologies for the treatment of domestic wastewater. Such treatment
systems must fulfill many requirements, such as simple design, use of non-sophisticated
equipment, high treatment efficiency, and low operating and capital costs. In addition,
consonant with population growth and intensification in urbanization, the cost and availability
of land is becoming a limiting factor, and “footprint size’’ is increasingly becoming important
in the choice of a treatment system (Aiyuk et al. 2004). In recent years, substantial attention
has been paid towards compact high-rate bioreactors for wastewater treatment to meet the
strict constraints with respect to space, odor, view, and biosolids production. Thus, the
integrated bioreactors which combine the aerobic and anaerobic process in a single reactor, are
seen as a viable alternative. A combination of aerobic and anaerobic degradation pathways in
a single reactor is capable of enhancing the overall degradation efficiency. The integrated
bioreactors are cost effective, efficient and have smaller foot prints as compared to the
conventional anaerobic-aerobic systems. Nonetheless, the design, operation and process
development of integrated anaerobic-aerobic bioreactors need further studies (Chan et al.

2009).

1.4.2 Classification of the integrated anaerobic-aerobic bioreactors

The integrated bioreactors can be classified into four types of integrated anaerobic-aerobic
bioreactors. These are (a) integrated bioreactors with physical separation of anaerobic-aerobic
zone, (b) integrated bioreactors without physical separation of anaerobic-aerobic zone, (c)
Sequencing Batch Reactors (SBR) based on temporal separation of the anaerobic and the

aerobic phase, and (d) combined anaerobic-aerobic cultures system based on the principle of



limited oxygen diffusion in microbial biofilms. An overview of this classification is delineated

in Figure 1.1.
Anaerobic-aerobic
Treatment
Conventional Anaerobic-aerobic Integrated
anaerobic-aerobic system using high anaerobic-aerobic
system rate bioreactors bioreactors
[ I
Integrated Integrated Anaerobic- Combined
bioreactors with bioreactors aerobic Anaerobic-
physical without physical || Sequencing Batch || aerobic culture
separation of separation of reactor (SBR) system
anaerobic-aerobic  |anaerobic-aerobic
zone zone

Figure 1.1. Types of integrated anaerobic-aerobic bioreactors (Chan et al. 2009).

Since this work is referred to the use of integrated bioreactors without physical separation of

anaerobic-aerobic zones and the use of biofilm reactors, a better description of these types of

bioreactors is discussed next.
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Zones

Integrated bioreactors without physical separation of anaerobic and aerobic

These types of bioreactors allow the coexistence of anaerobic and aerobic population inside

the same reactor. This is done without physical separation using stacked configuration in

which aerobic conditions are maintained in the upper part. This is achieved by introducing

aeration at an intermediate height within the reactor.



1.4.4 Integrated bioreactors based on combined anaerobic-aerobic cultures

Combined culture is the mixture of anaerobic and aerobic cultures that could survive under
alternating anaerobic-aerobic conditions in the same reactor. In biofilm reactors, the biomass
can metabolize the substrate with short residence times, which results in compact reactors with
smaller area requirements. In these systems, the oxygen delivery to the liquid phase, rather
than the biomass concentration, is the limiting factor (Nicolella et al. 2000b; Tomaszek and
Grabas, 1998). The low oxygen concentrations in the inner region of the biofilm (due to the
limited diffusion of oxygen through the biofilm and consumption of oxygen by the aerobic
reactions) stratify the biofilm into two zones: an aerated outer zone and an anaerobic deeper
zone (see Figure 1.2). This stratification can lead to the removal of the nitrate by
denitrification. “Simultaneous nitrification and denitrification” (SND) in a single reactor has
been tested using different methods, such as using a flexible biofilm reactor with an adjustable
aerobic buffer and anoxic zones (Zhang et al. 2007; Guo et al. 2005); a biofilm airlift
suspension reactor operating with film-covered biodegradable carriers (Walters et al. 2009); a
fixed-film reactor with different aerobic, transition and anoxic zones (Del Pozo and Diez,
2005); or other types of integrated bioreactors. If well operated, the SND process can reduce
the reactor volume and the recirculation energy cost required by the more traditional systems

that use separate aerobic and anoxic processes.
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Figure 1.2. Oxygen supply and biofilm stratification. a) bulk liquid oxygenation, b) support

oxygenation and c) bulk liquid and support oxygenation.

It is worth mentioning that the stratification of the biofilm will depend on the oxygenation
pathway as is shown in Figure 1.2. Several research works has been done about the use of this
oxygenation ways in the treatment of wastewater (Plascencia-Jatomea et al. 2015; Hu et al.

2008, Gonzalez-Brambila et al. 2006).

1.4.5 The use of integrated reactors in wastewater treatment

In recent years, the use of integrated reactors has been extending. These systems have shown a
satisfactory performance in the removal of contaminants; reporting removal efficiencies of

carbon and nitrogen above 90%. It is worth mentioning that in all mentioned works synthetic



wastewater was used. Different works about the use of integrated bioreactors in the treatment

of wastewater are presented in Tablel.1.

Tablel.1. Integrated bioreactors used for wastewater treatment.

-
COD N-NH .
Reference Reactor 3 + f‘g 1 HRT CODO NT COD/NT
(9COD*m +d ) | (gNH m +d ) (h) n (%)
4
Hasar H., Sequencing
2000 200 12 10
2009 batch reactor
Chae etal. | With physical
) 900 116 8 8
2006 separation
Without
Chang et )
oL 200 physical 3300 288 7 >90 12
separation
] Without
Choi et al. .
physical 900 119 12 8
2008 ]
separation
Without
Fu et al. ]
2009 physical 1455 134 36 11
separation

The integrated bioreactors might be a good alternative for the wastewater treatment with
minimal footprint. However, the application of this kind of reactor is limited to lab scale and
the use of synthetic wastewater. A better insight in the real capacity if these systems could be
obtained with the operation of this integrated systems in the treatment of real wastewater
where the pollutant concentrations present considerable variations. The operation under real
conditions will help to establish some bases for the design and operation strategies in the

treatment of real wastewater.



1.5 Hypothesis

It is possible to achieve simultaneous removal of carbon and nitrogen compounds through
anaerobic digestion, aerobic digestion, partial nitrification and anammox in a three zones

integrated reactor.

The use of membranes will optimize oxygenation, both on the inside and outside of the

biofilm, to achieve the oxidation of organic matter and partial nitrification.

By controlling OLR to the UASB reactor and oxygenation rate at the MABR, COD will be
feasible to control at concentrations close to zero, dissolved oxygen concentration, flow and

reaction times to achieve partial nitrification and anammox for complete nitrogen removal.

Proper hydrodynamics will allow a suitable reactor design for the simultaneous removal of

carbon and nitrogen.

10



References

1. Antonella Luciano, Paolo Viott, Giuseppe Mancini, Vincenzo Torretta (2012). An
integrated wastewater treatment system using a BAS reactor with biomass attached to
tubular supports. Journal of Environmental Management 113, 51-60.

2. Aiyuk Sunny, Amoako Joyce, Raskin Lutgarde, Haandel Adrianus van, Verstraete
Willy (2004). Removal of carbon and nutrients from domestic wastewater using a low
investment, integrated treatment concept. Water Research 38, 3031-3042

3. Chae S.R.,, Kang S.T., Watanabe Y. and Shin H.S. (2006). Development of an
innovative vertical submerged membrane bioreactor (VSMBR) for simultaneous
removal of organic matter and nutrients. Water Research 40, 2161-2167.

4. Chan Yi Jing, Chong Mei Fong, Law Chung Lim, Hassell D. G. (2009). A review on
anaerobic-aerobic treatment of industrial and municipal wastewater. Chemical
Engineering Science 155, 1-18.

5. Chang Won-Seok, Hong Seok-Won and Park Joonkyu (2002). Effect of zeolite media
for the treatment of textile wastewater in a biological aerated filter. Process
Biochemistry 37, 693-698.

6. Choi Changkyoo, Lee Jaekeun, Lee Kwangho and Kim Moonil (2008). The effects on
operation conditions of sludge retention time and carbon/nitrogen ratio in an
intermittently aerated membrane bioreactor (IAMBR). Bioresource Technology. 99,
5397-5401.

7. Del Pozo R., Diez V. (2005). Integrated anaerobic-aerobic fixed film reactor for

slaughterhouse wastewater treatment. Water Research. 39, 1114-1122.

11



10.

11.

12.

13.

14.

15.

Fu Zhimin, Yang Fenglin, Zhou Feifei and Xue Yaun (2009). Control of DQO/N ratio
for nutrient removal in a modified membrane bioreactor MBR treating high strength
wastewater. Bioresource Technology 100, 136-141.

Gonzalez-Brambila, M., Monroy, O., LOpez-lsunza, F., 2006 Experimental and
theoretical study of membrane-attached biofilm reactor behavior under different modes
of oxygen supply for the treatment of synthetic wastewater. Chemical Engineering
Science 61, 5268-5281.

Hu, S., Yang, F., Sun, C.,, Zhang, J., Wang, T., 2008. Simultaneous removal of COD
and nitrogen using a novel carbon-membrane aerated biofilm reactor. Journal of
Environmental Sciences 20, 142-148.

Guo H., Zhou J., Su J., Zhang Z. (2005). Integration of nitrification and denitrification
in air lift bioreactor. Biochemical Engineering Journal 23, 57-62.

Hasar Halil (2009). Simultaneous removal of organic matter and nitrogen compounds
by combining a membrane bioreactor and a membrane biofilm reactor. Bioresource
Technology 100 (10), 2699-2705.

Li Z.H., Yang K., Yang X.J., Li L. (2010). Treatment of municipal wastewater using a
contact oxidation filtration separation integrated bioreactor. Journal of Environmental
Management 91, 1237-1242.

Nicolella C., Van Loosdrecht M.C.M., Heijnen S.J. (2000b). Particle-based biofilm
reactor technology. Tibtech 18, 312-320.

Plascencia-Jatomea R., Gonzélez I., Gémez J., Monroy O. (2015). Operation and
dynamic modeling of a novel integrated anaerobic—aerobic—anoxic reactor for sewage

treatment. Chemical Engineering Science 138, 31-40.

12



16. Tomaszek, J.A., Grabas, M. (1998). Biofilm reactors: a new form of wastewater
treatment. In: Pawlowski, et al. (Eds.), Environmental Science Research Chemistry for
the Protection of the Environment, vol. 55 (3). Plenum Press, p. 116.

17. Walters E., Hille A., He M., Ochmann C., Horn H. (2009). Simultaneous nitrification/
denitrification in a biofilm airlift suspension (BAS) reactor with biodegradable carrier
material. Water Research. 43, 4461-4468.

18. Zhang X., Zhou J., Guo H., Qu Y., Liu G., Zhao L. (2007). Nitrogen removal

performance in a novel combined biofilm reactor. Process Biochemistry 42, 620-626.

13



CHAPTER 2: Operation and dynamic modeling of a

novel integrated anaerobic-aerobic-anoxic reactor for

sewage treatment

R. Plascencia-Jatomea ¢ I. Gonzalez * J. Gomez * O. Monroy

Chemical Engineering Science (2015) 138, 31-40

14



Chemical Engineering Science 138 (2015) 31-40

Chemical Engineering Science

journal homepage: www.elsevier.com/locate/ces

Contents lists available at ScienceDirect

Operation and dynamic modeling of a novel integrated @Cmm
anaerobic-aerobic—-anoxic reactor for sewage treatment

R. Plascencia-Jatomea ?, I. Gonzalez®, ]. Gémez ?, O. Monroy **

* Departamento de Biotecnologia, Universidad Auténoma Metropolitana-Iztapalapa, Av. San Rafael Atlixco 186, C.P. 09340 Iztapalapa, México D. F, Mexico
" Departamento de Quimica, Universidad Auténoma Metropolitana-lztapalapa, Av. San Rafael Atlixco 186, C.P 09340 Etapalapa, México D. F, Mexico

HIGHLIGHTS

GRAPHICAL ABSTRACT

e A small footprint integrated column
reactor for wastewater treatment
was developed.

* High COD removal efficiency in short
HRT was obtained.

s Stable nitrification process with
nitrite accumulation was obtained.

* A validated dynamic model was
used for the reactor operation and
design.

ARTICLE INFO

ABSTRACT

Article history:

Received 5 March 2015
Received in revised form

9 June 2015

Accepted 26 July 2015

Available online 11 August 2015

Keywords:

Anaerobic digestion
Partial nitrification
Mathematical model
Hydrodynamic profile
Reaction kinetics

Integrated reactors (IR) combining anaerobic, aerobic and nitrogen removal processes are a viable
alternative to reduce operational costs and footprint compared to conventional wastewater treatment
plants. An integrated bench scale (6.4 L) anaerobic-aerobic-anoxic column reactor (ICR) is developed to
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Abstract

Integrated reactors (IR) combining anaerobic, aerobic and nitrogen removal processes are a
viable alternative to reduce operational costs and footprint compared to conventional
wastewater treatment plants. An integrated bench scale (6.4 L) anaerobic-aerobic-anoxic
column reactor (ICR) is developed to remove carbon and nitrogen compounds from sewage of
our university campus. The ICR is comprised of an up-flow anaerobic sludge blanket reactor
(UASB), a membrane aerated biofilm reactor (MABR) and a denitrifying biofilm reactor

(DNB). The global COD removal efficiency ) is ~82% at hydraulic retention time

(Mc_Giobal
(HRT) of 8.4 h. The partial nitrification (PN) process is obtained with an ammonia/nitrite ratio
(R,,,) of 4. The experimental data were used to calibrate and validate an integrated carbon-
nitrogen removal model (ICNRM), in order to determine operating conditions for the
improvement of the ICR performance, considering the hydrodynamic profile and reaction
Kinetics. A good agreement between the measured and modeled results is obtained with a least
square error function (S) lower than 0.09. The model predicts that the COD removal efficiency

at the MABR (1. ,,5gr) @nd nitrite accumulation at the DNB are influenced by the volumetric

oxygen transfer coefficient (k,a) and oxygen concentration, respectively. The optimal

16



operation zone for n >90% and R_, of 1.32 were reached for k a between 1.26 to 1.36
C-MABR a/n

1/h, and an inlet DO concentration of 1.5 to 1.6 mg/L respectively, standing out the
importance of calibrating hydrodynamic behavior and Kkinetics.
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2.1 Introduction

Wastewater treatment processes are typically equipped with different treatment units (up-flow
anaerobic sludge bed reactors (UASB) followed by conventional activated sludge (CAS)
systems) to achieve satisfactory water quality (Buntner et al. 2013; Chung et al. 2007).
Although UASB is compact and present low operational cost and sludge production, and
substantial quantity of generated clean energy (methane), their combination with CAS systems
still presents drawbacks, such as high operation costs (power for aeration and solids disposal)

and extensive areas (Abbasi and Abbassi, 2012; Antonella et al. 2012).

Global standards in terms of water quality are becoming stricter and land cost is increasing
(Verlicchi et al. 2011), which demands the development of more efficient treatment
technologies with minimum foot-print and capital cost. An alternative to the use of
conventional technologies could be the implementation of integrated reactors (IR) combining
anaerobic, aerobic and anoxic processes, to improve the removal of pollutants and decreasing

operation costs and land (Chan et al. 2009).

Recently, a membrane aerated biofilm reactor (MABR) with immobilization of biofilm on
permeable membranes has been proposed as an alternative to integrate biological processes,
this system can directly supply oxygen from the inner side to the biofilm (Semmens, 2008;
Hibiya et al. 2003). Oxygen supplied into the membrane lumen passes through the membrane
wall, and it is utilized by the biofilm bacteria (Liu et al. 2010). Therefore, the region near to
the membrane shell side is a favorable condition for aerobic process because of sufficient
oxygen (Wei et al. 2012), while at the appositive side, the region near to the biofilm-liquid

interface is a suitable condition for anaerobic process due to the oxygen-depleted conditions
18



(Zhang et al. 1995). Hu et al. (2008) reported chemical oxygen demand (COD), ammonia and
total nitrogen removal efficiencies of 86%, 94% and 84% respectively, at a hydraulic retention

time (HRT) of 20 h using this configuration.

A different alternative for supplying oxygen to the MABR arises from both sides of the
biofilm; through the permeable membranes wall and dissolved in the bulk liquid (Wu et al.
2008; Gonzalez-Brambila et al. 2006). Accordingly, the oxygen and substrate concentration’s
profiles within the biofilm are quite different. The region near to the bulk liquid is favorable to
oxidize the organic matter as it penetrates along with the oxygen into the biofilm. On the other
hand, the region near to the membrane shell side is suitable conditions for nitrification as a
result of sufficient oxygen and organic carbon-depleted conditions (Terada et al. 2006a; Satoh
et al. 2004). However, in the above MABR reports synthetic wastewater was used and the
effect on the pollutant removal performance due to the hydrodynamic phenomenology has not
been analyzed. Therefore, a detailed investigation on the feasibility of COD and nitrogen
removal aided by integrated mathematical (kinetic-hydrodynamic) models is needed to draw

on the application range of this technology for sewage treatment.

Based on these concepts, a novel integrated anaerobic-aerobic-anoxic column reactor (ICR) is
designed and developed for wastewater treatment with a small footprint. As a first stage, the
ICR performs an anaerobic treatment at the UASB, in order to remove most of the inlet COD.
Subsequently, the almost complete oxidation of the COD and partial nitrification (PN) of the
ammonium based on immobilization of biofilm on permeable membranes is carried out on the

MABR, and finally a third stage based on an anoxic denitrifying reactor to convert the

resulting mixture of NO, and NH, to N, by the anammox process (Tsushima et al. 2007).
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Therefore, the goal of this study is to investigate the feasibility of sewage treatment for the
removal of COD and nitrogen in the ICR, aided by a mathematical model to characterize and
predict COD and nitrogen removal Kinetics, as well as mass transport and hydrodynamic

performance.

2.2 Materials and methods

2.2.1 ICR configuration

A laboratory-scale ICR was made of three mm thick Plexiglas tube with an internal diameter
of 0.082 m, an effective volume of 6.4 L and a total height of 1.42 m (Fig. 2.1). The reactor
consisted of an UASB (3 L), a MABR (1.35 L), a denitrifying biofilm reactor (DNB) (1.95 L)
and an external saturation column (ESC) (0.1L). The heights of each reactor were 0.55
(UASB), 0.4 (MABR) and 0.47 m (DNB). The ICR had several sample ports to evaluate its
performance in different sections. The MABR has 24 tubular hollow membranes (32cm
length, 5mm inner radius, 1mm thickness, superficial membrane area of 0.17m?). Dissolved
oxygen (DO) was provided by the ESC and through the membranes. The intermembrane
pressure was maintained at two psi. The DNB had the same geometric configuration than the

MABR, but no aeration was applied. The membranes were used only as a supporting material.
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Figure 2.1. Integrated (anaerobic-aerobic-anoxic) column reactor.

The influent entered the ICR from the bottom of the UASB by a peristaltic pump, then through
the three-phase separator to separate gas and liquid from solid and deviate out of the reactor
the gas current to be quantified. The effluent of UASB flowed to the MABR and after that
flowed to DNB. The operational temperature was maintained at 29.6+0.8°C without pH

control.

2.2.2 Inoculation

The UASB and DNB were inoculated with 1 L and 0.2 L of anaerobic granular sludge (AGS)
treating the university campus sewage. MABR was inoculated with 0.2 L of activated sludge
(AS) from a domestic wastewater treatment plant in México, City. The initial volatile
suspended solid (VSS) concentrations of sludge were approximately 52.5 gVSS/L (AGS) and

5.6 gVSS/L (AS).
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2.2.3 Feed composition

The wastewater was collected from a general sewage of the university campus. Over our test
period (200 days), it contained an average COD from 200 to 550 mg/L, an ammonium
nitrogen concentration from 45 to 150 mg/L, an alkalinity from 650 to 870 mgCaCOs/L and

pH 8.51+0.3.
2.2.4 Reactor start-up and operation strategy

The ICR was started at an inlet flow rate (F) of 0.24 L/h. Initially; the UASB and MABR were

operated with a HRT of more than 12 (HRT, ,..) and 5 h (HRT ). The UASB influent

UASB MABR

concentration (I,,55) Was about 200 mgCOD/L due to the rainy season. During this period

(run 1) the aerobic biofilm was formed in the external wall of the tubular membranes at the
MABR. To induce the DNB biofilm formation the reactor was operated under batch

conditions at a recycling flow rate (F_) of 2.4 L/h, using a synthetic medium (Gonzalez-

Blanco et al. 2012). After 33 days of operation, a biofilm was formed and then was
incorporated to the ICR on day 84 (run Il). In order to calibrate and validated the integrated
carbon-nitrogen removal model (ICNRM), experimental data were acquired at different HRT
(Table 2.1) (stepwise decreased) in runs Il to IV. The data were collected for analysis at
steady-state conditions as COD removal efficiency reached 76% at the end of run 1V. In runs
V and VI, the HRT

and HRT of the DNB (HRT, ) Were increased by splitting the

MABR DNB

UASB effluent (E,p) and discharging a fraction of it. During all experimental runs the DO
at the MABR was maintained around 0.7 to 0.9 mgDO/L by changing the F_ between the

MABR and ESC.
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Table 2.1. Operation conditions of the ICR.

Run | HRTuass (") | HRTwaer() | HRTong (h)
I 125 5.6 -
] 8.3 3.8 5.4
Il 6.7 3 4.3
v 2.6 3.8
V 5.9 4.5 6.5
VI 6.4 9.3
2.2.5 Analytical methods
COD, VSS and alkalinity were determined according to standard methods

(APHAJAWWA/WEF, 2005). Ammonium was determined using a selective ammonium

electrode (Orion Electrode Co.). DO was continuously monitored by WTW (0xi3410) meter

with an optical probe. Nitrate and nitrite were determined by capillary electrophoresis (CIA)

(Beckman Coulter, proteomeLab PA 800) according to Gonzélez-Blanco et al. (2012). All

liquid samples were filtered through a 0.45 pum nylon membrane before analysis. The gas

production was measured by displacement of a NaCl solution (30%) at pH 2 and its

composition was determined by thermal conductivity gas chromatography (TCD) according to

Duréan et al. (2011).
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2.2.6 The ICNRM

This model is based on two coupled models: a) COD removal at the UASB and MABR based
on the AD1 and on a homogeneous model (Gonzalez-Brambila et al. 2006), and b) ammonia
nitrogen removal at the DNB based on a multiple species model (Huilifiir et al. 2010). The

model’s assumptions are:

- The UASB is a continuous stirred tank reactor (CSTR), and the MABR consists of two

parallel CSTR: ESC and MABR.

- According to residence time distribution (RTD) studies (data not shown) the MABR presents
flow pattern deviations; channeling in the central region and a low-velocity flow zone

(stagnant zone) where the membranes are located and reactions take place.
- The MABR and DNB attained the same hydrodynamic profile.

- The biofilm is a homogeneous solid phase, exchanging with the liquid phase all substrates by

convection.
- Constant biofilm thickness is considered.
- Oxygen is transferred through the membrane wall to the biofilm.

-The anaerobic (An) and aerobic (Ae) bacteria are represented by a single species.

-The nitrifying bacteria (X;) are represented by two species; ammonium-oxidizing bacteria
(Ao) and nitrite-oxidizing bacteria (No).

-The microbial activity remains constant at the biofilm, and it is negligible at the bulk liquid.

-Mass transfer in biofilm follows Fick’s law.
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- The interfacial mass transfer coefficient (kl) remains constant at the MABR and DNB.

Based on these assumptions the mass balances equations of the ICR are:

2.2.6.1 Bulk liquid:

» UASB:
¢ COD:

(Coy, ~Cor)—(21)- Xy

a Vv, Yan/cop

e The specific growth rate of An (p,, ) is:

Ceq
ks, an +Cc1

Han = Hmax,, ( )

e The maximum specific substrate consumption of An (Qmax) iS:

Hmax,,

q =
e Y anjcop

By substituting Eq. 3 and Eqg. 2 in and Eq. 1; the mass balance at the UASB is:

dCcy
dt

C
—TC )Xo,
Ks.an +Cc1

E
=\T'(CC]0 =Cc1) = Umax - (
1

e The methane production rate (Qcn,) is:

dQch, F
dt :VT'(CCIO _Cc1 )(YCH4/COD )

1)

)

©)

(4)

(®)
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» MABR:

The COD and oxygen mass balance at the inlet (Egs. 6 and 7), outlet (Egs. 8 and 9) and ESC

(Egs. 10 and 11) are:

Ceo = F+ Py Lot F+ Fy “Cc column (6)
Cop = = ERFR “Co column (7)
Cer=a-Ccy, +(1-a)-Ccy, €))
Coz =a-Copy, ‘*‘(]-—Ol)'cozcz )
Ce cotum = Ccz (10)
9C0onm = Fe “(Co2 —Cocolumn ) + kLa'(CS —Co column ) (11)

dt \Y

column

According to RDT, flow pattern deviations were identified (channeling (cz) and stagnant (sz)
zones), so the COD (Eqgs.12 and 14) and oxygen (Egs. 13 and 14) mass balances at the bulk

liquid are:

0Ccs, _(1-a)(F+Fg)

(Ceq,. -C
dt V. (Cez, ~Cez. ) (12)
dCos, (1-a)(F+Fg)
= (Cop. -C
dt v, (Coz, ~Coz. ) (13)
Ccy, a-(F+FR) oC
a V.. R (Ccg —Cc2, )—ap2 - Dcop 8720 - (14)
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Coz, a-(F+Fg)
a V.. R (Coz, =Coa, )—ap, " Do -
» DNB:

Co

oz

(15)

The nitrogen compounds and oxygen mass balances at the inlet (Eqgs. 16 and 17) and outlet

(Egs. 18 and 19) are:
Cig, =Cis
Cos, =Co2
Ciz=a-Cig +(1-a)-Cy.

Cos=a-Coz, +(1-a) Cog,

(16)

(17)

(18)

(19)

By considering the same hydrodynamic profile (cz and sz) as in case of the MABR, the mass

balance equations for nitrogen compounds (Egs. 20 and 22) and oxygen (Egs. 21 and 23) in

the bulk liquid are:

dCisu (1-a)-F
dt V,

cz

“(Cig, =Cig, )

dCos, (1-a)-F

(Coz —-C
at Vgu ( 03, osa)
Ciz, a-F oc;
a 7\/352 (Cig, —Cis, )—ap3 - D 672I -
Cos. a-F oC
2 =27 (Coa —Cos )—aps-Dg -2
a A (Coz, —Cos, )—aps - Do e

£74

7=Lg_

(20)

(21)

(22)

(23)
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2.2.6.2 Biofilm

Equations 24, 25, 33, 34, 35 and 36 denote the mass balances inside the biofilm considering

diffusion and reaction by aerobic oxidation of organic matter (MABR) and nitrification

(DNM).
> MABR:
oCe, d°Ce, L
74 — D . sz e . X 24
at eff -C 622 (YAE/COD ) Ae ( )
oCo» 8%Co, Lin
sz _ . sz e . 25
o “Puo () X (25)

» The specific growth rate of Ae (i, )is:

CC 2, C02SZ

X

Ksae ¥Cca, Ko +Cop,

Hpe = Hmax,, ( ) (26)

¢ Oxygen balance at the permeable membrane is given by:

&Co, _, 0°Co,
a eff O, 8272

(27)

Initial and boundary conditions are given by Eqgs. 28 to 32, which represent the mass transfer

of COD and oxygen at the interfaces between membrane-biofilm interface (Z=L,,g), biofilm-

liquid interface (Z=Lg, ) and gas-membrane interface (Z=Lg,,).

oC ac _
D0, " =Dero" for Z=L g (28)
oC
aTC:O for Z=L,5 (29)
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oCe

— Dett ¢ a Kl - (Cc jiquia —Cc ) for Z=Lg, (30)
oC
—Dett o '67202 K- (Coiquia —Co) for Z=Lg_ (31)
oCo,
— Dest -0, ° P =kg ’(Co,gas _Com ) for Z:LGM (32)
> DNB:
aCTAN 3 82CTAN 3 M
sz D . sz (o] . X 33
ot eff ~TAN 22 (YAo/TAN ) X o (33)
oC, o*C,
NG; 3, NG; 3, Hpo HnNo
=D_ . - +( Yo ) X o — (=N )X (34)
ot eff ~NO; 622 YAo/TAN NGz ITAN o No/ NO; "
oC, o*C.
NOS 351 _ . NO3 352 /’lNO . .
ot B Deff—NOg 622 ’ ( YNo/ NO; YNO?: B ) X " (35)
dCos 8%Cos L P
sz D . sz 0 . X _ No . X 36
ot eff —-O 622 (YAo/o ) Ao (YNo/o ) No ( )

The Ao (i, ) and No () specific growth rates may be expressed as Huilifiir et al. (2010):

CnH Cc
Hpo = Hax,, : X ° ) (37)
CHNOZ CNH3 (kO,AO + c:O )
Ks a0 (1+( ) +Cuh, +(k )
1,A0 IS, A0
Chino C
Hno = Himaxy,  ( : 2 X K 2 ) (38)
CNHa CHN02 ( O,No + CO )
Ks no(L1+( ))+CHN02 +( K )
1,No IS ,No

Equations 36 and 37 show that only non-ionized species are used as bacterial substrates (van

Hulle et al. 2007). Thus, NH; /NH, and NO; /HNO, equilibriums as a function of pH in the
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dynamic modeling were included.

C
C — TAN 39
NH, l+kd(NH3) _1O—pH ( )

C.~
Chino, = N (40)

H
l+kd(HNOZ) 10p

The initial and boundary conditions are given by Egs. 42 and 43 which represent the mass

transfer of nitrogen compounds and oxygen at the interfaces,

oG, _
P 0 for Z=L,,5 (41)
oC;
— Dt - (TZ': K- (Ciiquia — Ci piofitm) for Z=Lg, (42)

The bacterial concentration of Ao (X,,) and No (X,,) were defined as:

X o= Xs (43)

2.2.7 Modeling

The partial differential equations of the model were numerically solved and discretized
through the line method. The numerical method used to solve the system of ordinary
differential equations was by stiff-type equations (included in Berkeley Madonna software).

The parameter values used in the model are those published in the literature (Table 2.2).
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Table 2.2. Parameter values used in the ICNRM.

Parameter | Unit Value Reference

Hivax 0.1 Montalvo, 2003
Hivex , 1/h 0.078 Sorensen, 1993
Hivax 0.045 Weismann, 1994
Ks,an mgCOD/L 226 Bhunia and Ghangrekar, 2008
Ks, 0 mgNH;-N/L 0.028

Ki no mgHNO,-N/L 0.003

Kis a0 mgNH;-N/L 540

Ko, ro mgO,/L 0.3

Ks No mgHNO,-N/L | 3.2x107 Weismann, 1994
Ki no mgNH;-N/L 0.01

Kis,No mgHNO,-N/L | 0.26

Ko.No mgO,/L 1

Ko, ne mgO,/L 5

Ks ne mgCOD/L 50

Yewicoo | Lcna/mgCOD | 3.4x10™ Montalvo, 2003
Y pe s cOD mgSSV/mgCOD | 0.5

Yae/o mgVSS/mgO; 0.7

Y o /TAN mgVSS/mgTAN | 0.03

o mgVSSImGNO, | 0.02 Sorensen, 1993
Yno/0 mgVSS/mgO; 0.051

YNo/o mgVSS/mgO, 0.042

Ynozran | MGNOL/mgTAN | 0.98 Weismann, 1994
Yoy /N, mgNOs/mgNO, |1

Kaom,) - 3.89818x10™
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Ka(Hno,) - 3.95x10°
X pe mgVSS/L 30000 Gonzalez-Brambila et al. 2006
Detr -, 4.36x107 Atwater and Aske, 2007
Detr 1.8x10°
, 4.99x10° (MABR) | Sorensen, 1993
Deff -0 m /h 6
9.156x10°° (DNB)
Detr T 1.96x10”
Dy o 4x10”
Dy o 4x10”
1.5x10° (MABR)
Loiofiim m 3
1x10° (DNB)
T < 30 This study
o - 0.85
X 8330
mgVSS/L 25000
X ga 5
) 126 (MABR)
ap m</m
87 (DNB)
f - 0.77

2.2.8 Model calibration, validation and simulation

Calibration consisted to adjust two parameters which were determined as the ones that most
affect COD removal and nitrite accumulation according to the methodology of Huilifir et al.

(2009): g_.. and ki, using the experimental data from the continuous ICR operation. The

max

adjustment was performed via a minimization of the least square error function (S) presented

in Eq. (44).
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sz\ ! - (44)

where CieXp is the concentration of the species measured experimentally, C is model’s

i,calc

result calculated and n is the amount of data. For validation procedures, the experimental data
was compared to those calculated by the ICNRM. The parameters compared were: COD, total
ammonia nitrogen (TAN), nitrite, nitrate and DO concentrations. Experimental concentrations
with errors lower than 5% with respect to the mean value were considered acceptable for

calibration and validation procedures. From this, the effect of the oxygen concentration (C)
and the stagnant zone volume/reactor volume ratio (B=V, /\/i ) was simulated. The

temperature and simulation time were 30°C and 30000 h.

2.3 Results and discussion
2.3.1 COD removal performance of the ICR

After 125 days, the global COD removal efficiency ) of the ICR was stabilized around

Me_clopal

76% (Fig. 2.2). As the HRT was increased (run V and VI), n. g, ., only augments to

MABR
81+1.27%. Since the ICR is an integrated reactor, the COD removal and conversion of organic
matter were investigated in the UASB and MABR. The effluent of UASB was assumed as the

influent of MABR (I, \5r)-
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Figure 2.2. COD removal efficiency (nc) and COD at influent (C.) and effluents (C_.) of the

ICR. e yase () Ne-giopal () Ceruase (O), Cee-uase (O) and Cee-magr (2); ICNRM

predictions: Cce-uass (—) and Cce-masr (****).

For UASB, the organic loading rate (OLR) affected the COD removal efficiency (1 jasg)- BY

decreasing the HRT (run 1l to I11) the OLR was increased up to 2.26+0.2 gCOD/(L-d) and

UASB

maintained at this value to the end of the experiment. During this period, the UASB showed a

stable performance reaching an average . asg OF 61.2+2.4% and a biogas production of

0.37£0.03 Lpjogas/(Lreactor-d), While an average COD (C =) 0f ~95 mg/L was obtained at

CE-MAB

the effluent of MABR (E ). The organic removal using integrated reactors has been

MABR

investigated in many studies (Chan et al. 2009). The 1 asg Of 62% obtained was similar to

that obtained in the treatment of municipal wastewater in a pilot-scale UASB at HRT of 6 h
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and an OLR of 2.4 gCOD/(L-d) (Tandukar et al. 2007). On the other hand, the n_ ...

obtained (~80%) in 8.4 h of treatment is comparable to that reported operating an integrated

anaerobic-aerobic system (UASB+AS) treating municipal wastewater with a n , . of 85-93

% and HRT of 7.2 h (Sperling et al. 2001). The average pH value of the system (UASB-
MABR) was 8.25+0.2. The pH did not show high variations due to the UASB alkalinity
(74548 mg/L CaCOs3); this value is well within the range where each process works
adequately. Therefore, under these operational conditions, it can be suggested that the ICR is a

viable alternative for sewage treatment.

2.3.2 Nitrogen removal performance of the ICR

From run II to IV, the TAN removal efficiency at the MABR (1_agr) Was about 14.3+3.5%,
while in the DNB (1 pyg) Was 31.6+3.1% (run 1V) (Fig. 2.3). However, no ammonium
oxidation occurred as indicated by the low nitrate and nitrite concentrations detected in the

E,\ agr @nd DNB effluent (E, ;) (<3 mgNO; —N/Land 1 mgNO; —N/L). The low ammonia

removal observed during this operation period might be associated to nitrogen assimilation for
microbial growth. Thus, the HRT of both reactors was increased by splitting a fraction of the

effluent coming from the UASB (run V and VI).
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Figure 2.3. TAN removal efficiency (nn) and nitrogen compounds concentrations at influent

(Cni) and effluents (Cne) of the ICR. My_masr (—)> Mnone (—); TAN concentration: Ciuass
(D), CNE—UASB (O), CNE—MABR (A) and CNE—DNB (<>), mgNO; —N concentration: CNE—DNB (D),

ICNRM predictions: TAN at Cne-pns (—) and MgNO;, — N at Cnepng (+°**).

During this operation period (runs V and VI), TAN oxidation was observed at the MABR and
DNB (Fig. 2.3). The nitrogen loading rates (NLR) in the MABR were 1.18+0.1 and 0.81+0.03

gTAN/(L-d) while the nitrite production rate (NPR) was 93% lower than the expected
(0.032+0.01 and 0.021+0.01gNO, — N /(L -d)). Since alkalinity is high adequately for PN, this

low oxidation might be related to insufficient oxygen for Ao due to its competition with
heterotrophic bacteria (Wu et al. 2008). On the other hand, at the DNB nitrification activity

with accumulation to nitrite was observed related to the presence of residual C_j coming from
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the MABR (0.79+0.08 mgDO/L) due to its characteristic flow pattern behavior. The residual
TAN arrived to the DNB at NLR of 0.62+0.06 and 0.4+0.01 gTAN/(L-d), originated a NPR

equivalent to 66% of the partial TAN oxidation (0.079+0.009 and 0.063%0.005

gNO, — N/(L-d)).

The channeling zone at the MABR produced a deficient TAN and DO transfer to
microorganisms causing gradient concentrations, which passed up to the DNB (Chen et al.
2010). The presence of oxygen in the DNB might have favored the nitrifiers activity and
inhibited the anammox activity since these microorganisms are obligatory anaerobes and
reversibly inhibited by low DO concentrations (Cho et al. 2011). The DNB produced an

effluent with an ammonium/nitrite ratio (R_, ) of 5.3 and 4.17. These values are high for the

anammox process since the stoichiometric ratio recommended for an efficient process is 1.32
(Jin and Zhen, 2009). On the other hand, the pH at the Epng Was 7.9£0.09; this value showed
quite variations with respect to the pH obtained in the UASB-MABR system (8.25+0.2).

These low changes might be associated to the elevated alkalinity (~780 mg/L) of the sewage.

Several reports have suggested that a key step in the implementation of the PN is to establish

the pertinent environmental conditions for A, and adverse conditions for N,. Different
strategies have been used to suppress the N activity, including inhibition by free ammonium

(FA), temperature elevation (30°C), alkalinity/ammonium ratio (4.8) as well as control of DO
concentration (0.7-1.4 mgDO/L) (Khin and Annachhatre, 2004; Ruiz et al. 2003). While the
temperature (29.6+0.8°C), pH (7.9+£0.09) and alkalinity/ammonium ratio (4.8) were suitable

for PN at the ICR, C_ was in the lower limit (0.7 - 0.9 mgDO/L). The high R_, obtained at the
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DNB might be related to the insufficient DO concentration in the DNB influent (Ipng) as well

as its characteristics hydrodynamic profile.

2.3.3 Calibration and validation of the ICNRM
In order to have a better insight on the performance of the ICR in kinetic and mass transfer

phenomenology the ICNRM was used. The ICNRM predicted the COD (C ) at the E d

UASB an

Eyagr (F19- 2.2). At all OLR values the experimental C . were estimated by the model. The S

value was lower than 0.092, confirming that the ICNRM adequately predicts the activity of the
anaerobic sludge and aerobic biofilm of the ICR. A good agreement between the measured

and modeled results was obtained despite the natural variability of the inlet C...

As is shown in Fig. 2.2, when the OLR increased from 1.3 to 2.6 gCOD/(L-d), N, aqs

UASB

showed an increment from 24 to 61%, respectively. This trend agrees with the model’s
prediction and might be related by kinetic effects due to the adaptation of the anaerobic sludge
over the time to the experimental conditions tasted.

The adjusted parameter used to calibrate the model was Qmax in case of the UASB. The value
of g, was fitted to a sigmoidal profile over the time in order to predict the C.. The equation
used was: q_=a+((a-b)/(1-EXP((t-c)/d))), where t is the time, a=0.7185, b=0.35291,
€=113.84218 and d=8.64203. It is worth mentioning that the maximum and stable value of
00 Was 0.0145mgCOD/(mgVSS:-h) (run V to VI). This value corresponds to values of
maximum specific growth rate of An (Umax,,) and yield coefficient of Ae (Y ancop) of 2.62x10°°
1/h and 0.18 mgVSS/mgCOD, respectively. The Hmax,, Value is within the range (1.7x107-

0.038 1/h) reported by Bhunia and Gangrekar (2008). The value of Yancop resulted similar to
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that reported by Montalvo (2003).

In case of MABR, the adjusted parameter used to calibrate the model was kI (Table 2.3) whose
observed magnitude is within the wide range (0.003-0.42 m/h) reported for immobilized
biofilms (Matsumoto et al. 2007; Gonzalez-Brambila et al. 2006). This parameter seems to be

affected by the up-flow velocity (Vup) of the liquid. If the value of Vup is decreased results in a

diminish value of kl and vice versa. This might be due to diminish the film of liquid, which
offers maximum resistance to the transfer of substrate to the biofilm surface (Mudliar et al.

2008). The deduction of the Vup was done by considering the effective transversal area at the

MABR and DNB of 4.35x10® m? and the flow rate at the MABR (F +Fg) or DNB (F).

Table 2.3. The k a profile and adjusted kl parameter for the MABR.

Run | Fg (L/) | kea(L/h) | Vap (m/h) | kI (m/h)

Il 2.87 0.61 0.74 | 2.58x107

Il 5.07 1.44 1.27 4.73x107

IV | 3.74 0.96 0.97 | 3.09x10?

\Y 2.87 0.61 0.73 2.46x10

VI 1.56 0.53 0.4 1.87x1072

The oxygen was supplied through the membrane and bubbled into the liquid at the ESC;
therefore, there was an extra contribution to the total supply of oxygen. The oxygen dosage

was related to the inlet COD during the whole experiment adjusting the oxygen transfer
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coefficient of oxygen (k a) at the ESC. This strategy was made by changing F_ between the

MABR and the ESC (Table 2.3). The C estimate by the model corresponds to that obtained

experimentally (Fig. 2.4) confirming a good prediction of the aerobic microorganisms’s

activity.

Eun V
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ﬂ!}ﬂ T T T T T T —
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Figure 2.4. Oxygen concentration (C,) profile and model predictions during run IV to VI: C_

vagr (H) and ICNRM prediction; Cy yagr (—)-

As the oxygen diffuses simultaneously from two opposite boundaries of the biofilm, whereas

the substrate (COD) diffuses only from the biofilm-liquid interface, two regions of reaction

rate with different magnitude and width were predicted (Fig. 2.5). The prediction corresponds

to the operation of MABR during the run VI, assuming a constant biofilm thickness.

40



3.0

= Membrane-Biofilm interface Biofilm- L1qu1d interface — =

1.5 4

1.0 4

Reaction rate (gCOD/ L d)

0.5 1

ﬂﬂ T T T T ‘ T
0.0000 0.0003 0.0006 0.0009

Biofilm thickness (m)

L] T

T
0.0012 0.0015

Figure 2.5. ICNRM predicted reaction rate profile within the biofilm. Reaction rate (—).

The reaction rate in the biofilm-liquid interface is 2.4 times higher than the one at the
membrane-biofilm interface. This might be explained by the fact that substrate diffuses
together with the dissolved oxygen from the bulk liquid, as the substrate diffuses to the nearest

membrane wall region where oxygen is available, the reaction rate rises again.

In case of nitrogen compounds concentration (C), the ICNRM could predict the ammonium
and nitrite concentration at E . in run V to VI (Fig. 2.3). As in case of carbon compounds, a

good agreement between the measured and modeled results was obtained. The S value was
lower than 0.07, confirming that the ICNRM adequately predicts the activity of the nitrifying
biofilm under these experimental conditions. The adjusted parameter used to calibrate the
model at the DNB was kl. The value of kl (0.013 m/h) was obtained by fitting the tendency of

kl according to Vup (Table 2.3).
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2.3.4 Model simulation: effect of the k; a, Co and B on the performance of the ICR
The performance of MABR was simulated using the following operating conditions: OLR at

the MABR of 1.41 gCOD/(L-d) and HRT of 4.5 h. The F_, kaa and kl values were

MABR

adjusted according to Table 2.3. The effect of the k a on the steady-state performance of the

MABR shows that a higher k a value increases the COD removal efficiency (0. ,,gr) DESIDES

the C, at the E (Fig. 2.6A). This behavior shows that the m.,,,5; 1S found to be

MABR

determined by the external transport of oxygen. A zone of optimal operation can be observed

between k a values of 1.26 and 1.36 1/h, where the 1,55 @nd C_ at the Emagr are greater

than 90% and 1.5 mgDOJL, according to the value of f,. These operational conditions can

produce a C at the Emagr that allowed enhancing a favorable R for the partial nitrification

process at the DNB (Fig. 2.6B).
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The effect of the C on the steady-state performance at the Ipng at pH of 7.9 and NLR of 0.61

gTAN/(L-d) was simulated (Fig. 3.6B). The main conclusion that can be drawn is the great
influence of C_ on the R, confirming that the nitrification process with accumulation of
nitrite is limited by oxygen concentration. As shown in Fig. 2.6B, an ideal zone for operation

can be observed between C_ values of 1.5 and 1.7 mgDO/L according to the value of . Values
out of this range can produce inadequate R_, limiting the anammox process. As in case of the

MABR, the performance of the PN at the DNB is found to be controlled by the external

transport of oxygen. It is worth mentioning that these results are the first for operation of ICR
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and to be able to control the oxygen level and to operate different metabolic processes. On the
other hand, the improvement of the hydrodynamic profile of the reactor in order to increase
the volume of the homogeneous flow velocity zone (5>0.85) was seen to have an important
effect too. The k a and Co can be reduced in 7.4 and 11.8% with S of 0.95, respectively. This
might be related to the reduction of the channeling zone allowing having a homogenous

oxygen concentration in almost all the volume.

2.4  Conclusions

This work describes the operation of an ICR for the removal of carbon and nitrogen from
sewage. Experiments were conducted upon different operational condition to assess the
calibration and validation of the integrated model (ICNRM). The findings of this study can be
concluded as follows:

a) The ICR could produce an effluent with 95 mgCOD/L, suggesting that the proposed ICR
configuration is a good alternative for the treatment of municipal wastewater reducing the
footprint.

b) Experimental measurements showed that the ICR could carry out a partial nitrification with

an R, of 4.7 and 3.99, which is still far from the recommended value (1.32). However, there

is evidence showing that the carbon and nitrogen removal can be performed in the ICR.

¢) The anaerobic, aerobic and partial nitrification processes in the ICR operated over 200 days
were represented using a dynamic model (ICNRM). The model adequately predicted (S<0.09)
the continuous operation of ICR at different HRT and recirculation flow rates between the
MABR and the ESC, providing a higher quality in the prediction of COD, ammonium

nitrogen, nitrite, nitrate and DO concentrations.
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d) The simulation studies and experimental assays used to study ICR indicated that COD
oxidation and nitrification with nitrite accumulation presented a high sensitivity to the DO
concentration.

e) It was possible to determine that the recommended R, can be obtained at the DNB with
DO concentration of 1.5 mg/L as well as the improvement of the flow pattern profile at the

MABR and DNB. Future studies must be done in order to improve the ICR performance.
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Nomenclature

ap, specific area for i: 2)MABR and 3)DNB (m%/m°)
Cei COD for i: 1) UASB and 2)MABR (mgCODI/L)
Cceowmn  COD at the ESC (mgCOD/L)

total nitrogen concentration for i at the DNB: total ammonia nitrogen (TAN) (

Cis NH; — N+ NH; — N); total nitrite concentration (HNO, - N+ NO; —N) and total

nitrate concentration (HNO; —N+NO; —N) (mgN/L)

Coi DO concentration for i: 2)MABR and 3)DNB (mgO./L)

Cocwwmn DO concentration at the ESC (mgO,/L)

Co, oxygen concentration in the membrane (mgO,/L)

Co equilibrium concentration of oxygen (mgO-/L)

D diffusion coefficient for i: COD and 0, (m?/h)

Dt i effective diffusion coefficient for i: COD, TAN, NO; —N, NO; -N and 0, (m?h)
Detr -0, effective diffusion coefficient of 0, in the membrane (m?/h)

F inlet flow rate (L/h)

Fr recycling flow rate (L/h)

Vi reactor volume for i: 1)UASB, 2)MABR and 3)DNB (L)
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V,

column

ki

kg

Hi

Hmay,

Qch,

Qmax

volume of the ESC (L)

liquid fraction passing through the stagnant zone

stagnant zone volume/reactor volume ratio

mass transfer coefficient in the membrane-biofilm-liquid interface (m/h)

mass transfer coefficient at the gas-membrane interface (m/h)

volumetric oxygen mass transfer coefficient (1/h)

up-flow velocity (m/h)

least square error function

bacteria concentration for i: An, Ae, Ao and No (mgVSS/L)

nitrifying bacteria (mgVSS/L)

volume fraction of ammonium-oxidizing bacteria

specific growth rate for i: An, Ae, Ao and No (1/h)

maximum specific growth rate for i: An, Ae, Ao and No (1/h)

methane production rate (Lcna/(L-h))

maximum specific substrate consumption of An (mgCOD/(mgVSS-h))

saturation constant for i: An (mgCOD/L), Ae (mgCOD/L), Ao (mgNH,-N/L) and

No (mgHNO, —N/L)
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Loiofitni)

YAn /COD

Yen, /cop

YAe/i

YAo/i

YNo/i

YN@/TAN

NO; / NO;

Subindex

Cz

Sz

saturation constant of oxygen concentration for i: Ae, Ao and No (mgO,/L)

competitive inhibition for i: nitrous acid for Ao (mgHNO, —N/L) and ammonia for

No (mgNH; —N/L)

substrate inhibition for i: Ao (mgNH; —N/L) and No ( mgHNO, —N/L)

equilibrium constant for i: NH, and HNO,

biofilm thickness for i: 1))MABR and 2)DNB (m)

yield coefficient of An (mgVSS/mgCOD)

yield coefficient of methane (Lcna/mgCOD)

yield coefficient of Ae over to i: COD and DO (mgVSS/mgi)

yield coefficient of Ao over to i: TAN, NO;, NO3; and DO (mgVSS/mgi)

yield coefficient of No over to i: TAN, NO;, NO; and DO (mgVSS/mgi)

stoichiometric coefficient of component NO; over TAN (mgN/mgN)

stoichiometric coefficient of component NO3 over NO, (mgN/mgN)

inlet concentration
channeling zone

stagnant zone
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An

Ae

Ao

No

anaerobic bacteria
aerobic bacteria
ammonium-oxidizing bacteria

nitrite-oxidizing bacteria
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CHAPTER 3: Hydrodynamic study of a novel membrane

aerated biofilm reactor (MABR): Tracer experiments and

CFD simulation
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Hydrodynamic study of a novel membrane aerated biofilm

reactor (MABR): Tracer experiments and CFD simulation

R. Plascencia-Jatomea * F. J. Almazan-Ruiz * J. Gémez ¢ E. P. Rivero * O.

Monroy ¢ I. Gonzalez
Chemical Engineering Science (2015) 138, 324-332

Abstract

The membrane-aerated biofilm reactor (MABR) is a promising technology for wastewater
treatment, especially for simultaneous organic and nitrogen removal. The mass transfer
phenomena induced by flow velocity and flow pattern is required in order to improve the
reactor design and the removal pollutants efficiency. Tracer experiments and residence time
distribution (RTD) theory were used to characterize the flow in a special MABR. The liquid
phase flow patterns were investigated through tracer pulse stimulus-response technique using
dextran blue as model tracer. RTD curves were analyzed by cold-model tests (axial dispersion
model ADM, tanks in series model TIS and mixing cell model MCM). The detailed flow
pattern of the reactor was obtained from computational fluid dynamic (CFD) simulation.
According to experimental results of RTD studies and CFD simulation, the flow patterns were
demonstrated to be analogous to completely mixed flow with deviations of the ideal
hydrodynamic behavior; stagnant zones (low fluid velocity) in 85% of its volume, being the
remainder a channeling trouble (high fluid velocity). These deviations were quantitatively

described (macromixing level-global mixing) with a minimum quadratic error function value
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of (S) 0.01. The local mixing flow pattern (micromixing level) obtained by CFD allowed
determining the location of each zone; the stagnant zone is situated in the area where
membranes are located; therefore it is possible to assume that degradation reactions of

pollutants would take place in this area.

Keywords: MABR; RTD; MCM; CFD; Navier Stokes equations; Diffusion-convection

equations.
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3.1 Introduction

The MABR is a promising technology for wastewater treatment, especially for simultaneous
organic and nitrogen removal. The main advantage of the MABR over conventional biofilm
reactors is to enhance oxygen transfer into biofilms without any bubble formation, thus
overcoming oxygen supply constraints. Moreover, membranes aeration allows changing the
amount of oxygen supply by adjusting air pressure of flow rate, which reinforces rigorous

control of the system (Hu et al .2008; Matsumoto et al. 2007; Hibiya et al. 2003).

In MABR system, oxygen is supplied from membranes to biofilm, whereas pollutant is
supplied from bulk to biofilm. (Liu et al 2010). This counter-diffusive geometry creates a
region close to the membrane-biofilm interface where concentration of oxygen is high and an
anoxic zone close to the biofilm-liquid interface. Therefore, the MABR can achieve

simultaneous aerobic and anaerobic processes in a single reactor (Matsumoto et al. 2007).

Based on the concept of dual oxygen supplied (membranes and bulk), a special MABR with
high large specific surface area for the sufficient living space for the biofilm was design and
constructed as a part of an anaerobic-aerobic-anoxic reactor (integrated column reactor, ICR)
for sewage treatment with low footprint. This novel reactor has been operated in our
laboratory obtaining similar removal efficiency of carbon and nitrogen compounds than
conventional technologies. However, it is necessary to know the local oxygen flux through
both the membrane and the liquid in order to find out reactor zones where the oxygen could be

out of the appropriate limits (1-1.5 mg DOJ/L).
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Notwithstanding these advantages of MABRsS, a challenge emerges from engineering point of
view: a better understanding on mass transfer phenomena induced by flow velocity and flow
pattern is required in order to improve the reactor design and enhance the removal pollutants
efficiency (Wei et al. 2012). It is well known that the reaction kinetic on immobilized biofilms
is limited by substrate transport (Huilifiir et al. 2010; Mudliar et al. 2008), leading in the use of
integrated mathematical models (kinetic and hydrodynamic) to have a better insight on the
transport phenomena at the interfaces (membrane-biofilm-liquid) and to predict operation

problems.

Currently, MABR modeling and designing is mainly based on the biokinetic. However, the
hydrodynamics within a MABR system is critically important for the performance of the
system since directly affects the pollutant removal (Qi et al. 2013; Brannock et al. 2010).
Inadequate consideration of flow pattern inside a reactor can lead to misleading predictions
regarding the mechanism, order and selectivity of the reaction and may cause problems during
scale-up (Trinidad et al. 2006). Thus, an appropriate mathematical model to predict the
hydrodynamic performance which relies on fluid mechanics to solve continuity and
momentum of a bioreactor is likely to find wide practical application (Wang et al. 2010; Li et

al. 2003; Vrana and Schuurmann, 2002).

The determination of experimental RTD is a very effective technique to study the flow pattern
in a reactor (Rivera et al. 2010). Tracer studies are often conducted to estimate the RTD,
which is the time distribution for particles entering and leaving the system (Chen et al. 2010).
By analyzing the shape of RTD curve, some non-ideally mixed volume, such as dead zones

and short-circuits, may be inferred (Holland et al. 2004). RTD technique had been used as an
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efficient and simple approach of hydrodynamic study in tricking filters, sand filters,
constructed wetlands, aerated biological filters, fluid bed bioreactors and compartmentalized
anaerobic reactors (Qi et al 2013; Ji et al. 2012; Martinov et al. 2010; Montastruc et al. 2009).
However, the visualization of the flow pattern is undefined due to the fact that RTD does not
contain any information about the spatial distribution of the tracer, which is critical in

describing the state of mixing (Qi et al. 2013).

The use of experimental techniques (tracer experiments) combined with modern tools as the
computational fluid dynamic (CFD), which is a powerful approach that provides a detailed
spatial distribution of flow fields providing two or three-dimensional visualization of the
system (Klusener et al. 2007), might provide reliable quantitative results on hydrodynamics
performance facilitating the development of integrated models (hydrodynamic-reaction
Kinetics) to optimize variables such as reactor design, nutrient removal and energy

consumption (Glover et al. 2006; Essemiani, 2004).

In order to benefit the engineering design of MABR, (1) tracer experiments were conducted in
special MABR to analyze the flow pattern profile; (2) several mathematical models (axial
dispersion model (ADM), tanks in series model (TIS) and mixing cell model (MCM) were
used for diagnostic purposes; (3) CFD software, Comsol Multiphysics 4.3b, was used to make
a simulation and visualize the flow pattern; (4) the results of mathematical models and CFD

results were analyzed and compared and finally (5) a hydrodynamic model was proposed.
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3.2 Methods

3.2.1 Experimental set-up

The experimental study was performed in a special MABR. A schematic diagram of the liquid

flow circuit for the MABR reactor used in the RTD experiments is shown in Fig. 3.1.

d) QD —

Figure 3.1. Schematic of the membrane aerated biofilm reactor (MABR) and liquid flow
circuit used for RTD experiments: a) MABR, b) Type-Y connector, ¢) UV-Vis

spectrophotometer, d) Peristaltic pump and e) Container.

The liquid phase was contained in a 20 L polycarbonate container (Figure 1-e), from which the
liquid was fed to the bottom of the MABR (up-flow mode) (Figure 1-a) by means of a
magnetic pump, Figure 1-d (MasterFlex L/S HV-07528-10 with a MasterFlex L/S Easy-Load

Il head for precision tubing HV-77200-60). In the inlet, a type-Y connector (Figure 1-b) for
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the injection of a tracer pulse was installed. At the top of the outlet pipe, UV-Vis
spectrophotometer equipment, Figure 1-c (Jaz Spectral Sensing Suit) with an optic fiber probe
was installed to measure in-line the tracer liquid concentration. The liquid flow circuit was

made of MasterFlex tubing (E3603 L/S 16).

The reactor has an operation volume of 1.95 L and is packed with 24 tubular hollow
membranes 32 cm length, 5 mm inner side diameter, 1 mm thickness (superficial membranes
area=0.17 m?). The membranes are distributed in almost all the cross-sectional area of the
reactor (Fig. 2.2) whose internal diameter is 8.2 cm and height of 46 cm. The intermembrane
pressure was maintained at 2 psi (molecular oxygen); the pressure was set to carry out the
dissolution of oxygen preventing the formation of a steady stream of bubbles. Tubular hollow
membranes (Figure 3.2-b) are connected to an airtight distribution chamber (Fig. 2.2-d) which
has a series of perforations which allows the passage of liquid. In addition the chamber works

as a flow distributor.
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Figure 3.2. Membrane distribution at the MAB reactor (cross-section view): a) Inner wall of
the reactor, b) Tubular membranes, c) Lateral inlet, d) Airtight distribution chamber and e)

central inlet.
3.2.2 Tracer studies

In the RTD experiments dextran blue was used as model tracer in order to characterize the
liquid phase flow pattern in MABR. This compound is well known to be unavailable to absorb
or adsorb on plastic and membranes surfaces. Furthermore, due its high molecular weight, the
diffusion coefficient is low enough (Dy=1.058x10"" m%s, 25 °C, in water) to ensure that the
tracer follows the liquid stream lines thus providing correct values of parameter (Rivera et al.

2010).

Four sets of experiments were carried out varying the volumetric flow rate and were planned

to observe its effect on hydrodynamic parameters. The volumetric flows (Q) employed were

64



3.6, 6, 8 and 10 mL/min. The experimental method applied is based on the one-point-
injection/one-point-detection method (Fogler, 2008). To determine the mixing flow pattern in
the liquid phase, the stimulus-response technique was employed as indicated by Rivera et al.
2010. The dextran blue concentration was 20,000 ppm and the volume of pulse injection was 5
mL; under such conditions the injection time (about 1 s) should be negligible with respect to
the average residence time. The tracer was injected with a manual syringe of 5 mL connected
to a plastic catheter (ID of 3 mm). The Lambert-Beer coefficients obtained during calibration
of absorbance method were 0.00117 and correlation coefficient R of 0.998. The UV-Vis
spectrophotometer has a Xenon lamp flashed only when acquiring a data point (1.2 ms).
Response of tracer concentration during dye injection at cell inlet was measured and repeated
3 times in each experiment. Average degree of repeatability was 0.00135 u Abs for all dye

injection experiments, indicating that all experiments have a good reproducibility.

3.3 Mathematical models used for RTD analysis

The axial dispersion model ADM, tanks in series model TIS and mixing cell model MCM
were used to described the experimental RTD curves behavior and to determinate the flow
pattern deviations presented in the MABR. The experimental RTD data obtained was used for

calculation of RTD functions; E(t) (residence time distribution function), t (mean residence

time) and o (distribution variance), according to Fogler, 2008.

331 ADM

To characterize the spreading of the pulse within reaction area in MABR, diffusion like
process imposed on plug flow is considered. This phenomenon is identified as longitudinal
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dispersion (D,,) to distinguish it from molecular diffusion. ADM could be established by

applying the Fick’s law to the axial mixing (Rivera et al. 2010).

oc 1 d%c ac

00 Ped’ a (1)

where c is the dimensionless tracer concentration, Pe is Peclet number, & is dimensionless
time variable and z is the dimensionless variable in axial length. The tracer injection is a pulse
and not a step; however the flow behaves closely to perfect plug-flow regime before the inlet
(Z=0") and immediately after the outlet (Z=Lz"). In this way the dimensionless equation 2
considers the boundary condition at z=0 and z=1, thus these boundary conditions account the
dispersion and convection inside of reactor, these are the close-close vessel boundary

condition described by Fogler, 2008:

s oopy Lalne) . alie)_g o

Pe oz 0z

The initial condition before tracer inside MABR is:
6=0; c(zZ,0)=0 (3)

The dimensionless variables in the above expressions are:

C=—; 2=—3; O0=—; Pe=—= 4)
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where Cy is the initial concentration of tracer and C is the concentration at different times, Z is
the position in the axial direction and L; is the length of reactor, t is the discrete time, u is the
superficial velocity and D,y is the axial dispersion coefficient.

According to closed reactor boundary, Pe could be calculated by using Eq. (5):

o’ =2(Ple]—2(;ej (1-e™) (5)

where o is the dimensionless variance of the experimental RTD, o =0/ /t*. Thus, (L/Pe)
could be computed using Egs. (1) and (5). If (L/Pe)— 0, the reactor approximate to the ideal
plug-flow reactor (PFR,(I/Pe)=0), and if (L/Pe)—>1, the reactor approximate to the ideal

continuous-flow  stirred-tank reactor (CSTR,(I/Pe)=1). In case of non-ideal flow,

0<(1/Pe)<1,
332 TIS

The tracer concentration in the effluent could be expressed as:

n, tltzlt3 1 thl
CN(t)Zl_e / |:1+TS+2'(TSJ +3|(T5j +...+(N _1)(2_5] :l (6)

where 7, is the hydraulic retention time (HRT) of single tank and N is the number of tanks in

series. The RTD function could be described as follows:
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The dimensionless variance of TIS model could be calculated from Eq. (8) and N could be

obtained:

1
_ eMdo-1= " (8)
[[E(o)e  * (N-1) N
Rearranging Eq. (8), we obtained:
1
N=" )
(X

Thus N, as a main parameter of tanks in series model, could be calculated by Eq. (9) using ¢
evaluated from experimental RTD. If N — 1, the flow pattern of the reactor approach that of
continuous stirred tank reactor (CSTR), and if N —, the flow pattern of the reactor

approach that of plug-flow reactor (PFR).
3.3.3 MCM

The model (Van Swaaij et al. 1969) considers that a fraction of the inflow () passes to V,
(stagnant zone), where the flow velocity is low, and the rest of the inflow (1-a) passes to V,

(dynamic zone), where the flow velocity is high. Finally, both flows mix and produce an

output with concentration C,. To describe a pulse injection of tracer into the MAB, the

following dimensionless first-order ordinary differential equations (10 to 14) are used.
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The tracer dimensionless concentration at the stagnant zone is described by:

Co=C +——— (10)

where c, is dimensionless inlet tracer concentration, ¢, is dimensionless tracer concentration at

the stagnant zone, 7 is the sum of the HRT of the stagnant zone and dynamic zone, 7; is the

HRT of the stagnant zone and & is dimensionless time variable.

The tracer dimensionless concentration at dynamic zone is represented by:

7, dc,

T do (1)

C, =C,

where c, is dimensionless tracer concentration at the dynamic zone and 7, is the HRT of the

dynamic zone.

The dimensionless tracer concentrations of the output current of both zone is described by:

ac, + (1-a)c, =c;, (12)

where c, is the sum of dimensionless tracer concentration at the stagnant and dynamic zones.

The initial condition before tracer inside MABR is:

0=0; c,;=0 (13)

The dimensionless variables in the above expressions are:
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H:L; t=ar, +[1-a)r,; rl:V—l; T, = Ve
T (1-2)Q

oQ

(14)

where, Q is inflow (m%/s).

The dimensionless mathematical models (ADM, TIS and MCM) were solved numerically
using FlexPDE software, 6.06 academic version. To obtain numerical solution the response
predicted by the models was compared with normalized experimental data by minimalizing S

in Eq. (15):

i,exp

: Ci exp Ci,calc i
n

where C, ., is experimental concentration and C

is calculated concentration by means of

i,calc

the models. The tolerance of S value was S <0.01.

334 CFD

CFD modeling formulates and solves the fundamental momentum and mass balance equations
using numerical techniques. The fluid-flow equations, known as the Navier-Stokes (NS)
equations, are non-linear and cannot be analytically solved in almost all cases. To solve the
equations they must be linearized and solve over many small control volumes (the
computational mesh). For determinations of the flow field these simulations require input of
geometry, boundary conditions and fluid properties (Brannock et al. 2010). The geometry of

the MABR was constructed in 3D using the software Comsol Multhiphysics 4.3b (Fig. 3.3a)
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(license number: 1038192). Despite of the experimental RTD curves were obtained with an
intermembrane pressure of 2 psi, the model does not take in account this phenomenon, since
similar RTD curves were obtained without pressuring the airtight distribution chamber
(membrane module). This similarity could be explained by the fact that oxygen is transferred
directly to the bulk liquid by diffusion from the membrane surface without any bubble
formation that could disturb the flow pattern behavior (Semmens, 2008; Matsumoto et al.
2007). In order to obtain a good convergence and minimize the computing time, the geometric
construction was elaborated avoiding small elements where the meshing is considerably
increased (Fig. 3.3b). On the other hand, the computational mesh was chosen by user: a coarse
mesh was used in the domain, but near solid walls the meshing was finer; in this case only
three mesh layers were used in the walls. In order to obtain a first convergence, the simulation
was initialized with a coarser mesh; later on it was refined till the response no longer depended

on the size of the mesh.
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Figure 3.3. Geometry of the MABR and computational mesh established in Comsol

Multhiphysics 4.3b: a) Geometry of MABR and b) The computational mesh.

The computational domain meshing consisted of 2069049 tetrahedral elements, 6762 pyramid
elements, 384934 prims elements, 200044 triangular elements and 264 quadrilateral elements. The

solver used was PARDISO.
3.3.4.1 Hydrodynamic Model

The hydrodynamic of the MABR was simulated by solving the NS equations for laminar flow
coupled to continuity equation for incompressible fluid. Assuming that liquid flow is in steady
state, the solution of the hydrodynamic is not time dependent.

Assuming negligible variations in viscosity and density, NS model is:

p(U-VYU =Y |- pl+ (Y + (Vo)) |+ F (16)
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where p is the density of the fluid (Kg/m®), u is the velocity vector (m/s), p is the pressure
(Pa), & is the dynamic viscosity (Pa-s), F is the volume force vector (N/m® and T represent

the absolute temperature (K).

3.3.4.1.1 Boundary conditions

The boundary conditions employed to solve the NS equations were:

(1) At the inlet (constant velocity entry):

u=-Uyn (17)

Where U, is the initial average velocity (m/s) at the inlet of the reactor which was calculated,

taken into account the transversal area of the tube that fed the reactor and n is the normal

vector that points out of the fluid domain.

(2) At the walls (no slip condition):
Since all velocities must disappear on the wall, therefore, the wall boundary conditions
adjacent to a solid wall are:
Uu=0 (18)

(3) At the outlet of the reactor (no gradient forces):
luvu+©u))n=0 P=0 (19)
3.3.4.2 Mass transfer Model (diffusion-convection equation)

The mass transport of tracer inside the MABR was simulated with diffusion-convection

equation in transient and laminar regime using a “pulse-signal” at the inlet of the reactor. The
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pulse-signal that represent the tracer pulse injection was defined using a mathematical function

(Gaussian function) described in Comsol Multhiphysics 4.3b with a position t,=10 s and

standard deviation (o) of 2.

In order to describe the mass transport of the tracer in water (binary mixture) for a dilute

solution in transient regimen, the diffusion-convection equation in laminar regimen was used:

i;i=v.axch—u~vci (20)

where u is the average velocity field (determined from Eq. 16 of hydrodynamic model), C is

the averaged concentration field and D; is the diffusion coefficient.

3.3.4.2.1 Boundary conditions

The boundary and initial conditions employed to solve the diffusion-convection equations

were:

(1) Initial condition:

C, =0; t<0 (1)

(22)

(3) At the walls (impermeable walls):
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-n-N; =0 (23)

(4) At the reactor outlet (only convective flux):

-n-D,VC, =0 (24)

The equations of hydrodynamic (NS) for laminar flow and mass transfer (diffusion-convection
equations) were solved in 3D in an Alienware Aurora computer equipped with a quad-core
Intel® Core i7 processor, Windows® 7 Home Premium 64-bit, 16 GB, 1600 MHz RAM and

NVIDIA® Ge Force® GTX 690 4GB video card.

3.4 Results and discussion
3.4.1 Comparison of RTD curves and evaluation of the fluid dispersion with ADM, TIS

and MCM models.

Figure 2.4 shows the experimental RTD curves at different flow rates and constructed curves
with ADM, TIS and MCM models. The uncertainty of the RTD experiments was * 1.82%,
this value was determined by measuring the response of the tracer concentration three times in

each experiment indicating that all experiments have a good reproducibility. The axis y
represents the dimensionless age distributions, E,, and the axis x represents dimensionless

time, 9.
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Figure 3.4. RTD curves obtained in the MABR at different flow rates. a) 3.6 mL/min, b) 6
mL/min, ¢) 8 mL/min and d) 10 mL/min. Experimental data (open circle), constructed RTD
curves, with the different models: i) ADM (red dashed line), ii) TIS (blue dots), iii) MCM

(green continuous line) and iv) Comsol Multiphysics 4.3b (orange stars).

After each RTD experiment the total tracer at the outlet was checked being most of the tracer
recovered (~100%), in this way it is possible to have a good flow pattern estimation of the
MAB. The experimental RTD curves show (Fig. 3.4, open circles) an overall mixing behavior
close to complete mixing, however it is possible to identify the presence of flow pattern
deviations; derivation (channeling or dynamic zones) and a significant tailing, which represent
a stagnant phenomenon (stagnant zones) with less mass transfer of the tracer between them. In

order to have a better description of the flow pattern in the liquid at the MABR, different
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models were used to construct RTD curves. The characteristics parameters to identify the flow
pattern were Pe (ADM) and N (TIS), these parameters were determined using the
dimensionless variance obtained from experimental data according to Egs. (5) and (9), and are

reported in Table 3.1.

Table 3.1. Experimental conditions of MAB reactor and parameters obtained from
experimental data according to Egs. (5) and (9), used to construct the RTD curves with ADM

and TIS models.

Run | Q(mL/min) | HRT(min) | t(min) | &2 | Pe | (1/Pe) | N
1 3.6 5417 | 663.6 |0.64|152| 066 |1.56
2 6 325 420 062|164 061 |161
3 8 2438 | 3143 | 062|164 | 061 [1.61
4 10 195 2334 |0.71(1.13| 088 | 1.4

Flow pattern deviation (non-ideal flow) is often described by the ADM and TIS model. In case
of ADM, flow pattern deviation is characterized by Pe. The ADM curves constructed with Pe
values of Table 1 (Figure 3.4, dashed line) do not describe correctly the RTD experimental
curves (Fig. 4, open circle). The reciprocal of Pe value obtained for all runs was 0.7+£0.13

(Table 1). This value is 3.5 bigger than the characteristic value for plug-flow reactors,
(1/Pe)£0.2, described in other papers (Fogler, 2008; Levenspiel, 1999; Tomlinson and

Chambers, 1979), confirming that the MAB flow pattern deviates from these case.
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On the other hand, the flow pattern deviation in TIS model is characterized by N. The number
of reactors in series was obtained according to Eq. (9). The average number of tanks for all
runs was 1.55+0.1 (Table 3.1). This value tends to 1, indicating that the flow pattern of the
MABR approaches that of CSTR with non-ideal flow pattern (Qi et al. 2013). Moreover, the
value of N obtained in this study is 52% smaller than the maximum limit of characteristic
value for CSTR (N <3) previously described (Chen et al. 2010; Essemiani, 2004. It is
important to mention by the fact that is not possible to have a fractional number of reactors
this value was established as 2 reactors in series. The DRT curves constructed with TIS model

(Fig. 3.4, dots), present a similar profile than those obtained experimentally; however it was
unable to describe the zone where the maximum value of Es (1.1) was obtained (Fig. 3.4,

open circle). This behavior might be attributed to the fact that the model was not capable to

completely describe the hydrodynamic phenomenology presented at the MABR.

Since the flow pattern in MABR cannot be described by ADM and TIS, the RTD experimental
curves were fitted with a model combining ideal reactors (MCM). The parameters obtained for
the best curve fit (S<0.01) of experimental RTD curves with MCM model are shown in Table
3.2. The RTD curves constructed with these parameters (Fig. 3.4, continuous line) described

all the experimental RTD curves (Fig. 3.4, open circles).
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Table 3.2. Parameter values obtained for the best fit of RTD experimental curves with MCM

model and diffusion-convection equations (Comsol Multiphysics 4.3b) at different inflow

values.

Run | Q(mu/min) | Vi (L) | v, (L) | VMo | @ |t (min) |ty (MiN) |t comsor (MIN)
1 3.6 166 | 029 | 572 |0.852| 663.61 663.14 654.31

2 6 165 | 03 55 |0.849 | 419.95 411.33 429.43

3 8 166 | 029 | 572 |0.852| 314.27 307.69 322.64

4 10 165 | 03 55 |0.850 | 233.37 228.04 222.41

t,, Average residence time of tracer calculated by the MCM and Comsol Multiphysics 4.3b.

The MCM model describes correctly the RTD curves in all cases using only one mixing cell.
The value of t, oy showed an error lower than 2% respecting to t, value obtained

experimentally indicating that good fitting results (S <0.01). In the other hand, the MABR
presents a Vi of 1.66 L which correspond to a stagnant zone were the fluid present low
velocity. It is noteworthy that the volume of the stagnant zone (Vi) is unchanged when
increasing feed flow maintaining a ratio (V1/V,) of 5.61+0.13 in all cases (Table 3.2). This
could be explained by the fact that the laminar flow pattern of the MABR does not change

under the range of tested flow rates.

The MCM model allowed knowing the characteristics as volume and the fraction of the inlet
volumetric flow rate crossing on the dynamic and stagnant zone of the MABR. Nonetheless,

the model is unable to predict the location of each zone, because of this it was necessary to use
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the computational fluid dynamic in order to visualize and identify the flow pattern presented in

the MABR.

3.4.2 Validation of hydrodynamic and mass transport simulation using RTD

experiments

In order to verify if NS for laminar flow and diffusion-convection equations solved represent
the actual hydrodynamic profile and mass transport of tracer inside the MABR, the
experimental RTD curves were compared with those obtained by Comsol Multiphysics 4.3b.
The RTD curves obtained are in agreement with experimental RTD curves (see Figure 2.4 and

Table 2.2). The diffusion-convection equations describe correctly the RTD curves in all cases.
The value of 1, -ouso. Showed an error lower than 5% respecting to t, value obtained

experimentally indicating that good fitting results.

3.4.3 Hydrodynamic profile and mass transport of tracer inside MABR obtained with
Comsol Multiphysics 4.3b

The flow velocity field of the MABR can be characterized using the velocity field extracted

from the CFD model output. Fig. 3.5 shows the hydrodynamic (velocity field) behavior of the

fluid in steady state inside the MABR at volumetric flow rate of 10 mL/min, it is important to

mention that this flow pattern is similar at all volumetric flow rates tasted. The multicolor bars

located beside image represent the magnitude of the velocity field, dark blue color represents

the lowest velocities and red color represents the highest velocities.
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Figure 3.5. Velocity field obtained from the hydrodynamic study with Comsol Multiphysics
4.3b for the MABR (volumetric flow rate of 10 mL/min). The multicolor bars located beside
image represent the magnitude of the velocity field, dark blue color represents the lowest

velocities and red color represents the highest velocities.

Two flow velocity zones are identify; high velocity zone (channeling) identified by red color
and located in the central region beginning from the central perforation of the distributor
chamber to the outlet of the reactor, and low velocity zone (stagnant zone) identified by dark
blue color presented in a high proportion of the reactor volume and it seems to be
homogeneous. It is important to mention that CFD simulation detected similar flow pattern
deviations than those observed in the experimental RTD curves and those assumed by the

MCM.
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Fig. 3.6 shows the velocity profile in cross section at the inlet and outlet of the reactor. The
highest velocity flow is located in the center being a free region of membranes, while in the

region where the membranes are located a uniform low velocity profile appears.

Velocity magnitude (m's)
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Velocity magnitude (nv's) b)
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0.005 0.008
', 0.004 0.004
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0.002 0.002
0.001 0.001
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Figure 3.6. Velocity field (m/s) in cross section at the inlet and outlet of the MABR
(volumetric flow rate of 10 mL/min): a) inlet and b) outlet. The multicolor bars located beside
images represent the magnitude of the velocity field, dark blue color represents the lowest

velocities (minimal) and red color represents the highest velocities (maximum).

In order to get a better understanding of the velocity profile of the liquid bulk inside the
reactor a velocity study was done in a cross-section of the reactor from center to the inner wall
passing through two membranes (Figure 3.7) and at different reactor heights (membranes

zone).
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Figure 3.7. Scheme of cross-section of the MABR: a) Central perforation of the distribution

chamber, b) Tubular membrane and c) Inner wall of the reactor.

Fig. 3.8 shows the normalized velocity profile between tubular membranes at different
volumetric flow rates. The highest normalized velocity value (1) corresponds to the center of
the reactor and diminishes almost to zero in the region nearest to the external wall of the
membranes and in the inner wall of the reactor due to the shear stress. In the other hand the
region between tubular membranes and tubular membrane-inner wall of the reactor maximum

velocity is similar.
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Figure 3.8. Normalized velocity profile in cross-section of the MABR.

The ratio of maximum value of the average fluid velocity in the channeling zone and the
maximum value in the stagnant zone is around 9, and this profile is maintained at different
reactor heights (membranes zone). It is worth to mention that the zone with stagnate troubles
corresponds around the membranes are located. Due this, it can be assumed that this region is

the zone reaction for the pollutants degradation.

Since a satisfactory validation of the hydrodynamic-mass transport model was obtained, a
tracer computational experiment of particles inside the reactor was performed (Fig. 3.9). This
experiment reinforced the arguments here presented, showing a channeling in the central
region of the reactor and stagnant zone where membranes are located. A complete video in

transient regime was obtained (see supplementary data).
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t=2min t=15min t=45min t=60min t=250min

Figure 3.9. Particle tracer experiments inside the MABR in transient regime obtained with
Comsol Multiphysics 4.3b. Different times passing after the fluid entrance are indicate in the

figure (volumetric flow rate of 10 mL/min and 3000 planted particles).

According to these results, the geometry plays an important role of the MABR performance, in
this way, the implementation of a device that serves as a flow distributor in the central
perforation of the distributor chamber could diminish the ideality deviation of the flow pattern;

this research is in progress in our research team.
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3.5 Conclusions

A novel membrane aerated biofilm reactor (MABR) packed with tubular hollow membranes
was studied. Under tested operational conditions, strong deviations from ideal flow pattern
were identified thus the ADM and TIS models failed to fit experimental RTD curves. On the
other hand, the MCM model was able to adequately describe the flow pattern under these
conditions showing a large stagnant zone in the reactor. According to MCM estimations and
CFD simulation (hydrodynamic-mass transport equations), the central region of the MABR
corresponds to the channeling zone and the membrane region to the stagnant zone (85% of the
MABR volume), this zone can be designed as the region where reaction degradation of
pollutants takes place.

The results obtained in this work show that the strategy of RTD modeling combined with CFD
simulation is a useful methodology to identify ideal flow pattern deviations as well as to detect
reactor design characteristics producing such flow behavior. The gained insight might be used
to improve the reactor design, enhance the mass transport and increase the reactor space yield.
The hydrodynamic-mass transport model here described has been the base for the
development of an integrated model to find operation conditions and design control strategies
for maintaining high removal pollutants rates at the ICR operated in our laboratory (results
will be published soon).
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Nomenclature
Abbreviation
MABR

CFD

MCM

ADM

TIS

RTD

NS-LF

Symbols

Description

Membrane aerated biofilm reactor
Computational Fluid Dynamic
Mixing Cell Model

Axial Dispersion Model

Tanks in Series Model

Residence Time Distribution

Reynolds Average Navier-Stokes Equation for Lamina Flow

volume of the stagnant zone, L
volume of the dynamic zone, L

dimensionless tracer concentration of i: initial concentration of tracer
(0), stagnant zone (1), dynamic zone (2), and sum of concentrations (3)
volumetric flow rate, L/min

Velocity vector, m/s

volume force vector, N/m®

absolute temperature, K

Initial average velocity at the inlet of the reactor, m/s

pressure, Pa

normal vector
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L

D.

Greek letters

a

P

Time, s
Length of MABR, m

diffusion coefficient, m%/s

liquid fraction passing through the stagnant zone
density, kg/m®

dimensionless time

dynamic viscosity, Pa/s

average residence time, s
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Abstract

MABR are gradually being adapted for use in the water treatment and its hydraulic profile
directly affects the pollutant removal performance. The goal of this work was to develop new
geometry design of inlet flow distributors of the MABR previously designed and characterized
using Computational Fluid Dynamics (CFD). Eight geometric configurations of inlet flow
distributors were tested. The convex, straight wall and conical wall distributors were selected
since they generated similar velocity ratios at the channeling and stagnant zones. The new
distributor geometries were experimentally evaluated with RTD experimental curves using the
stimulus-response technique and approximated with the mixing cell model (MCM) and by
solving the hydrodynamic Navier—Stokes (NS) equation for laminar flow and mass transport
(convection—diffusion equation) equations using computational fluid dynamics (F-tracer RTD

method). Two sets of RTD experiments (common and new inlet flow distributors) in MABR
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were carried out. The volumetric flows rate (Q) employed were from 03.6 to 10 mL/min. The
new inlet flow distributor (conical wall flow distributor) generates a more homogeneous
velocity field in the entire reaction zone (membrane zone), as shown by Comsol Multiphysics
4.3b simulations, than those obtained with the common MABR (without inlet flow
distributor). The RTD curves obtained with Comsol Multiphysics 4.3b and MCM are in

agreement with RTD experimental curves indicating a good models validation.

Keywords: CFD, MABR, RTD, inlet flow distributor, mixing cell model
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4.1 Introduction

Bioreactors have been investigated at laboratory and plant scales and optimized through a
better knowledge of their hydrodynamic behavior (Plascencia-Jatomea et al. 2015). Moreover,
it is well known that high cell density in bioreactors, in continuous mode, leads to high
productivity. Bioreactor configuration is also important in optimizing the bioprocess (Gaida et

al. 2012).

In biofilm reactors, complex mechanisms take place which are highly dependent on
hydrodynamic. To improve and operate such MABR technology, it is necessary to understand
the physical parameters which affect the hydraulics in order to take into account these effects
through software modeling (Haoran et al. 2013). It is important for example, to assess the
contact time between the polluted stream and the biofilm responsible for pollutant
biodegradation; this contact time is directly dependent on liquid holdup and liquid film
thickness. Therefore, the mixing process is a relevant factor to take into account in the
optimization of a given design, for achieving a high performance of the biological process,

along with a suitable energy efficiency of the anaerobic digester.

The hydrodynamic behavior of the reactor can be determined through the analysis of the
Residence Time Distribution (RTD) allowing identify the presence of dead zones, channeling
or short-circuiting. The experimental results can be compared with those obtained via
mathematical models under ideal conditions (Levenspiel, 2009). The RTD can be obtained
through experimental methods by the injection of chemical tracers at the inlet of the reactor

and the measurement of the concentration evolution of the tracer at inlet and outlet of the
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reactor (Fogler, 2009). However, these results do not yield information on the characteristics

of the flow inside the digester (Plascencia-Jatomea et al. 2015).

The experimental methods are costly and time consuming, require internal placement of
instrumentation and sometime may not be feasible in a full-scale plant. Computational Fluid
Dynamics (CFD) modelling emerges as an effective method to design and optimize many
applications in the wastewater treatment field. CFD provides a method for prediction of the
effect design features have on the hydrodynamics from a fundamental level (Brannock et al.
2010). By means of the numerical modelling of the fluid flow inside a reactor is possible to
analyze the mixing process and the distribution of residence times, to predict fluid velocity
vectors, turbulence, streamlines and particle trajectories or the volume of dead zones (Hurtado
et al. 2015). Moreover, the design of the bioreactor and the mixing process can be optimized

by CFD modelling.

In the present work, a global hydrodynamic study was carried out with the MABR previously
designed and characterized (Plascencia-Jatomea et al. 2015). CFD and RTD test which
constitute efficient tools to give new insight into complex hydrodynamic phenomena

occurring in bioreactor.

Our scientific objectives focus on the hydrodynamic investigation of MABR through CFD and
RTD studies in order to (i) get new insights in hydrodynamic phenomena inside MABR with
the improvement of the flow distribution at the inlet of the bioreactor and (ii) study and model
RTD in order to validate the CFD simulation. An overall hydrodynamic characterization

(under abiotic conditions) was carried out by using residence time (RTD) and internal age
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(IAD) distribution studies, according to suitable methodology described by Plascencia-
Jatomea et al. 2015. Firstly, CFD experiments with different geometric configuration were
determined to improve the flow pattern at MABR in continuous mode. Secondly, a selection
of the geometric configuration that works better was selected and used to identify its
characteristic flow pattern trough RTD test. Finally, results of CFD and RTD studies were
analyzed and validated proposing a new geometry (inlet flow distributor) with an improved

hydrodynamic performance.

4.2 Experimental

4.2.1 Reactor structure and flow distributors design

The experiments were carried out in a MABR with an effective volume of 1.95 L. A complete
description of the reactor and the circulation system is described by Plascencia-Jatomea et al.
2015. The flow distributors were design using CFD (Comsol Multiphisic 4.3b) with a
hydrodynamic- mass transfer model that had been completely described and validated in the
mentioned work. Eight flow distributors were design and tested by CFD. By analyzing the
hydrodynamic profile of each distributor, three devices were selected and constructed with
Nylon. These devices were mounted at the central perforation of airtight distribution chamber

of the MABR and the RTD test was carry on with each distributor.

4.2.2 Residence time distribution (RTD) experiments
The reactor was fed with water as the carrying fluid, at different volumetric flow rates (Q) (3.6
to 10 mL/min). The flow pattern experiment used tracer-response technology using dextran

blue as a model tracer (20 g/L). This experiment adopted a pulse input method (Levenspiel,
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2013). Data collection was initiated at the time of tracer injection. Water samples were
analysis on line at the exit of the reactor every 5 s as is described by Plascencia-Jatomea et al.
2015. At least 9000 samples were used to describe the flow pattern. The experimental RTD
data obtained was used for calculation of RTD functions; E(t) (residence time distribution

function) and t (mean residence time) according to Fogler, 2008.

4.3 Inlet flow distribution distributor design and RTD curve description with

mathematical models and Comsol Multiphysics

The computing strategies and mathematical models for the new geometry design of inlet

distributors of MABR will be described in the following issues.

4.3.1 Mathematical model of tracer concentration in MABR
To approximate the experimental RTD curves behavior and determine the dispersion degree of
previously designed and characterized and new MABR, the mixing cell model was used. This

model has been completely described in the work reported by Plascencia-Jatomea et al. 2015.

4.3.2 New geometry design of inlet flow distributors of MABR

The new geometry design of inlet distributors was established through CFD simulation, using
the Hydrodynamic-mass transfer model previously described by Plascencia-Jatomea et al.
2015. The characteristics dimensions of the conventional MABR and the liquid flow circuit
reported in the mentioned work were retained. A schematic diagram of the liquid flow circuit

for the MABR reactor used in the RTD experiments is shown in Fig. 4.1.
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Figure 4.1. Schematic of the membrane aerated biofilm reactor (MABR) and liquid flow
circuit used for RTD experiments: a) MABR, b) Type-Y connector, ¢) UV-Vis

spectrophotometer, d) Peristaltic pump and e) Container (Plascencia-Jatomea et al. 2015).

The reactor has an operation volume of 1.95 L and is packed with 24 tubular hollow
membranes 32 cm length, 5 mm inner side diameter, 1 mm thickness (superficial membranes
area=0.17 m?). The membranes are distributed in almost all the cross-sectional area of the
reactor whose internal diameter is 8.2 cm and height of 46 cm. The intermembrane pressure
was maintained at 2 psi (molecular oxygen); the pressure was set to carry out the dissolution of

oxygen preventing the formation of a steady stream of bubbles.

Different geometric configurations of inlet flow distributors were design and tested using

Comsol Multyphisycs 4.3b; plane distributor, concave distributor, coronary distributor, plane-
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convex distributor, plane-inverted cone distributor, convex distributor, plane wall distributor,
and conical wall distributor. The inlet flow distributors are 1 inch of external diameter and
high of 0.25 inches. In Fig. 4.2, the geometric configurations of the inlet flow distributors
tasted are presented in cross-section view. The external diameter is represented by x and the

high of the inlet flow distributors is represented by y.

y a) b) c) d)
I~ [ ——m— ] | (> ]
} o {
e) f) g h)

Figure 4.2. Geometric configuration of the inlet flow distributors. a) plane distributor, b)
concave distributor, ¢) coronary distributor, d) plane-convex distributor, e) plane-inverted
cone distributor, f) convex distributor, g) plane wall distributor and h) conical wall distributor.
The scheme of the flow distributors are presented in cross section view. The external diameter

is represented by x and the high of the inlet flow distributors is represented by y.

These new geometry distributors met four constrains: a) the same velocity of fluid elements at
the beginning of the active zone (membrane zone); b) minimize high and low velocity zones
inside the active area; c) achieve a fully developed flow within the active area and d) the flow
distributors should be collocated at the central perforation of the airtight distribution chamber

of the MABR (see Figure 4.3).
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Figure 4.3. Inlet flow distributors position at the MABR. a) tubular membranes, b) airtight

distribution chamber and c) flow distributor

4.3.3 Simulation of experimental RTD curve with hydrodynamic-mass transfer model for
laminar flow

The description of RTD experimental curves by “theoretical step-signal method” in CFD was
carried out in order to emulate the RTD experimental curves obtained by a “pulse-signal
experimental method”. Therefore, to emulate the flow pattern inside the MABR it was
necessary to introduce the geometry of the reactor in Comsol Multiphysics 4.3b, then solve the

hydrodynamic for laminar flow and mass transport (convection-diffusion equation) models

101



and transform mass step signal at the reactor outlet to Gaussian curve throughout the
derivative of the cumulative function [d(F(t))=d(Ci/Cys)], where Cqys is the concentration at
the reactor inlet in steady state. A detailed description of the hydrodynamic-mass transfer

model has been presented by Plascencia-Jatomea et al. 2015.

4.3.3.1 Hydrodynamic model
The hydrodynamic of the MABR was simulated by solving the NS equations for laminar flow
coupled to continuity equation for incompressible fluid. Assuming that liquid flow is in steady

state, the solution of the hydrodynamic is not time dependent.

Assuming negligible variations in viscosity and density, NS model is:

plu-Vu=- |- pl+ ulvu+ (vVa) )+ F &)

where p is the density of the fluid (Kg/m3), u is the velocity vector (m/s), P is the pressure
(Pa), u is the dynamic viscosity (Pass), F is the volume force vector (N/m3) and T represent

the absolute temperature (K).
The boundary conditions employed to solve NS equations were:
a) At the inlet (constant velocity entry):
u=-U,n (2)

Where U, is the initial average velocity (m/s) at the inlet of the reactor which was calculated,
taken into account the transversal area of the tube that fed the reactor and n is the normal

vector that points out the fluid domain.
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b) At the walls (no slip conditions):

Since all velocities must disappear on the wall, therefore, the wall boundary conditions

adjacent to a solid wall are:
u=0 3)

c) At the outlet of the reactor (no gradient forces):
[(Vu+vu) [n=0 P=0 @)

4.3.3.2 Mass transport model (convection-diffusion equation)

The mass transport of the tracer inside the MABR was simulated with convection—diffusion
equation in transient and laminar regime using a “step-signal” at the inlet of the reactor. In this
study we did not use a “pulse-signal” as it was used in RTD experimental curves, because the
major difficulty when using a pulse function is to define a mathematical function (Gaussian or
Dirac delta functions) that represents an actual tracer pulse injection in precise fashion. For
this, it is necessary the use of a little step sizes of analysis requiring long time period of
simulations besides the requirements of large storage capacity of the hardware. To overcome
this difficulty a step signal (-n-No=U,Cyp) was used at the inlet and the mass step signal at the
reactor outlet was transformed to Gaussian curve through the derivative of the cumulative

function:

()

103



Therefore, to describe mass transport of the tracer in water (binary mixture) for a dilute

solution in transient regimen, the equation convection-diffusion in laminar regimen was used:

‘3;‘ =V-(D,VC;)-u-VC,

(6)

Where u is the average velocity field, Ci is the averaged concentration field and Di is the

diffusion coefficient.

The boundary and initial conditions employed to solve Eq. 6 were:

a) Initial conditions

i = (7)
b) At the reactor inlet (step-signal at entry)
C, =0, t>0, —n-N,=U,C, (8)
c) At the walls (impermeable walls)
-n-N, =0 )
d) At the reactor outlet (no more mass flux):
-n-D,VC, =0 (10)

The equations of hydrodynamics and mass transport (convention—diffusion equation) were

solved in 3D using the software Comsol Multiphysics 4.3b, in an Alienware Aurora computer
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equipped with a quad-core Intel® Core i7 processor, Windows® 7 HomePremium64-

bit,16GB,1600MHz RAM and NVIDIA® GeForce® GTX 6904GBvideocard.

In order to obtain a good convergence and minimize the computing time, the geometric
construction was elaborated avoiding small elements where the meshing is considerably
increased. On the other hand, the simulation meshing was chosen by user: a coarse mesh was
used in the domain, but near solid walls the meshing was finer; in this case only three mesh
layers were used in the walls. In order to obtain a first convergence, the simulation was
initialized with a coarser mesh, later on it was refined till the response curves no longer
depended on the size of the mesh. The computational domain meshing consisted of 998,322
cell elements (669,556 tetrahedral elements; 323,894 prismatic elements; 3552 hexahedral

elements; 1320 pyramidal elements), the solver used was PARDISO.

4.3.3.3 RTD curves from step signal response
Once hydrodynamic and mass transport equations in laminar regimen were solved, the average

concentration at the out let tube surface (outlet boundary condition) as a function of time was
obtained, which corresponds to response curves of the step-signal introduced at the beginning
of the MABR. Fig. 4.4 shows the response curves of the step-signal for the MABR without
inlet flow distributor, and with inlet flow distributors; plane wall, conical wall and convex

flow distributor at a Q of 10 mL/min.
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Figure 4.4. Output response curves of the step-signal at the entrance of MABR. Without flow

distributor (black line), convex (red circle), conical wall (green diamond) and straight wall

flow distributor (blue triangle). Volumetric flow rate (Q) of 10 mL/min.

The next step was to find the dimensionless cumulative function of the response curves:

(11)

The derivative of Eq. (11) is equivalent to age distribution function E(t) obtained with a pulse-

signal (Levenspiel, 1999):
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dF (1) _d(ci(t)} £

dt dt| C,, 12

Then a dimensionless age distribution curve was obtained from E(t) data by employing the

average residence time (7 or #) according to the method of moments:

fredt LCAL )
=3 0 0, =, E(0)=E()

Ted "caAy T
o %

(13)

4.4 Results and discussion

4.4.1 Analysis and selection of the inlet flow distributor; comparison of hydrodynamic
behavior

Eight flow distributors with different geometric configuration were tasted using CFD. A
quantitative analysis of the fluid velocity profile was done for the selection of the best
geometric configuration of the flow distributor. In Figure 4.5, the velocity profiles of the
MABR reactor without and the eight flow distributors are shown. The multicolor bar located
beside image represents the magnitude of the velocity field, dark blue color represent the

lowest velocities and red color represents the highest velocities.
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Figure 4.5. Influence of the geometry of flow distributors on fluid velocity profiles (m/s) of
the MABR obtained with Comsol Mutiphysics 4.3 b (volumetric flow rate (Q) of 10 mL/min).
a) without distributor, b) plane distributor, ¢) concave distributor, d) coronary distributor, e)
plane-convex distributor, f) plane-inverted cone distributor, g) convex distributor, h) plane
wall distributor and i) conical wall distributor. The images have shown the first 10 cm of the

MABR from the inlet to the top.
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Figure 4.5-a), represent the normal hydrodynamic profile of the MABR reactor (without
design improvement). According to the hydrodynamic profile, two flow velocity zones can be
identify: high velocity zone (channeling zone, cz) identified by red color and located in the
central region beginning from the central perforation of the distributor chamber to the outlet of
the reactor, and low velocity zone (stagnant zone, sz) identified by dark blue color presented in
a high proportion of the reactor volume and it seems to be homogeneous. The hydrodynamic
behavior of the common MABR (without distributor), shown in Fig. 4.5-a, was previously

reported by our research group in Plascencia-Jatomea et al. 2015.

According to these results, all of the flow distributors shown satisfactory correction of the cz
(center of the reactor) since these new geometry flow distributors were proposed to meeting
the following constrains: a) the same velocity of fluid elements at the beginning of the active
zone (membrane zone); b) minimize high and low velocity zones inside the active area; c)
achieve a fully developed flow within the active area. However, the selection of the flow
distributor that works better is difficult to observe, since the color does not allow identifying a

real difference between the new inlet flow distributors.
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In order to get a better understanding of the velocity profile of the bulk liquid inside the
reactor a velocity study was done in a cross-section of the reactor from center to the inner wall

of the reactor passing through two membranes (see Fig. 4.6) and at different reactor heights

(membranes zone).

Figure 4.6. Scheme of cross-section of the MABR: a) Central perforation of the distribution

chamber, b) Tubular membrane and c) Inner wall of the reactor.
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Figure 4.7, shows the normalized velocity field between tubular membranes at specific Q of
10 mL/min. The velocity profile was analyzed at different heights founding that there was no
difference in the membrane zone. The velocity profile is similar at all volumetric flow rates

(Q) tested for each flow distributors.
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Figure 4.7. Comparison of normalized velocity profile in cross-section obtained with different
geometries of inner flow distributors in steady state of the MABR. Without distributor (black
square), plane distributor (red circle), concave distributor (green triangle), coronary distributor
(blue inverted triangle), plane-convex distributor (ciani diamond), plane-inverted cone
distributor (purple left triangle), convex distributor (yellow right triangle), plane wall
distributor (olive hexagon) and conical wall distributor (blue star). Volumetric flow rate (Q) of

10 mL/min.
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The normalized velocity profile is the ration of the average fluid velocity and the maximum
value of the in the cz without flow distributor (Vmaxusg). The highest normalized velocity
value (1) obtained without flow distributor corresponds to the center of the reactor and
diminishes almost to zero in the region nearest to the external wall of the membranes and in
the inner wall of the reactor due to the shear stress (see Fig.4.7, black square). In the other
hand the region between tubular membranes and tubular membrane-inner wall of the reactor

maximum velocity is similar.

The use of the new inlet flow distributors can diminished the fluid velocity at the cz (center of
the reactor) in 62-70%, indicating that the use of a inlet flow distributor is a promising
alternative to improve the hydrodynamic profile of the MABR. This fact is reinforced by
analizing the velocity ration (Rvmaxczvmaxsz) Of the maximum average fluid velocity in the
channeling zone (Vmax.) and the maximum average fluid velocity in the stagnant zone

(Vmaxs).

The MABR without flow distributor presented a (Rvmaxczvmaxsz) Of 8.8, and this profile is
maintained at different reactor heights (membranes zone). Table 4.1 shows the velocity ratio
(Rvmaxczvmaxsz) OF maximum average fluid velocity in the channeling zone and the maximum

average fluid velocity in the stagnant zone.

112



Table 4.1. Velocity ratio (Rymaxczvmaxsz) Of maximum average fluid velocity in the channeling

zone and the maximum average fluid velocity in the stagnant zone of the MABR, with and

without inlet flow distributors.

Distributor Vmaxc; (M/s) | VmaXxs; (M/S) | Rvmaxcz/vmaxsz
a) Without 0.0067 0.00076 8.82
b) Plane 0.0025 0.00083 3.01
c) Concave 0.0023 0.00085 2.71
d) Coronary 0.0025 0.00081 3.09
e) Plane-convex 0.0024 0.00084 2.86
f) Plane-Inverted cone 0.0024 0.00085 2.82
g) Convex 0.0023 0.00088 2.61
h) Straight wall 0.0022 0.00087 2.53
i) Conical wall 0.0022 0.00086 2.56
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According to these results (see Table 4.1) is possible to determined that the geometric of inlet
flow distribution which present a better correction of the hydrodynamic profile of the MABR
were three; the convex distributor, straight wall distributor and conical wall distributor. These
devices presented a velocity ratio (Rvmaxczvmaxsz) Of 2.56£0.04, which represent a diminution
of 70% with respect to the velocity ratio obtained without inlet flow distribution
(Rvmaxczvmaxsz=8.8). Due to this, these inlet flow distributors were selected and constructed to

being used in the RTD experimental test.

4.4.2 Comparison of RTD experimental curves and evaluation of the dispersion grade of
MABR reactor with COMSOL Multiphysics 4.3b and mixing cell model (MCM)

The improved hydrodynamic flow pattern inside the MABR due to new inlet geometry (inlet
flow distributor) was confirmed by RTD experiments carried out to evaluate the dispersion
degree. The RTD curves constructed by the hydrodynamic and mass transport evaluation
using Comsol Multiphysics 4.3b, and MCM were compared with RTD experimental data. Fig.
4.8 shows the comparison of RTD experimental curves obtained with common (without flow
distributor) and new geometry (convex, straight wall and conical wall flow distributors). In
both cases, the RTD curves for 3.6, 6, 8 and 10 mL/min were approximated with MCM. For

all Q the RTD experimental curve showed the same profile.
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Figure 4.8. RTD curves obtained in the MABR with different geometric arranges of inlet flow
distributors at a volumetric flow rate (Q) of 10 mL/min. a) without flow distributor (normal
operation), b) straight wall flow distributor, c) conical wall flow distributor and d) convex
flow distributor. Experimental data (black dots) and constructed RTD curves with different

model: COMSOL Multiphysics 4.3b (continuous red line) and MCM (blue dashed line).

The uncertainty of the RTD experiments was +1.95%, this value was determined by
measuring the response of the tracer concentration three times in each experiment, after which
the average of standard deviations was calculated, indicating that all experiments have a good

reproducibility.

115



4.4.2.1 Validation of hydrodynamic and mass transport simulation using RTD experiments

In order to verify if NS for laminar flow and convection—diffusion equations solved with
Comsol Multiphysics 4.3b adequately represent the actual hydrodynamic profile and mass
transport of the tracer inside the MABR, the RTD experimental curves were compared with
those obtained by Comsol Multiphysics 4.3b ( see Figure 4.8). The model was capable to
describe de hydrodynamic and mass transfer phenomena inside the MABR for all tasted
experimental conditions (see Figure 4.8). In Table 4.2, a comparison between the RTD

function (¢, mean residence time) obtained from RTD data using Comsol Multiphysics and

RTD experimental data is shown.

Table 4.2. RTD experimental conditions and parameter values obtained from experimental

data, mixing cell model (MCM) and Comsol Multiphisics 4.3b.

without flow distributor 233.4 225.1 228.04

straight wall flow

o 219.7 211.2 204.9
distributor
conical wall flow

o 221.1 213.1 210.42
distributor
convex flow distributor 218.6 211.9 205.7

t, average residence time of tracer
*values corresponds to a volumetric flow rate of 10 mL/min
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The RTD curves obtained with Comsol Multiphysics 4.3b are in agreement with RTD
experimental curves with a percentage of error lower than 4% for all cases (see Figure 4.8 and
Table 4.2). This reinforced the validation of the NS for laminar flow and convection—diffusion
equations solved with Comsol Multiphysics 4.3b, indicating that the model has good reliability

in the simulated data.

4.4.2.2 Validation of hydrodynamic and mass transport simulation using RTD experiments

The RTD curves were approximated with the MCM because the presence of channeling zones
and tailing phenomena (stagnant zone). This mathematical model has the capacity to describe
this phenomenon as it was demonstrated by Plascencia-Jatomea et al. 2015. The model

considers that a fraction of the inflow (a) passes to V, (stagnant zone), where the flow velocity
is low, and the rest of the inflow (1-) passes to V, (dynamic zone), where the flow velocity is

high. Finally, both flows mix and produce an output with concentration C,.

The parameter values obtained with the MCM are reported in Table 4.2. According to results,
the MCM was capable to describe correctly all experimental RTD curves using only one
mixing cell with and without inlet flow distributor. The MCM showed an error of ~6%,

indicating that the model has good reliability.

4.4.3 Effect of the inlet flow distributors in the hydrodynamic and mass transfer inside

the MABR.

Once that the NS for laminar flow and convection—diffusion equations solved with Comsol
Multiphysics 4.3b and the MCM were validated a complete analysis was done in order to

identify the real impact of the new inlet flow distributors. For this, the MCM model was used
117



to select the inlet flow distributor that best works in the improvement of the hydrodynamic
performance of the MABR. In Table 4.3, the parameter values obtained with the MCM
without flow distributor (data reported by Plascencia-Jatomea et al 2015) and with the inlet

flow distributors are presented.

Table 4.3. Parameter values obtained for the best fit of experimental RTD curves with the

mixing cell model (MCM).

Experimental condition V1 (L) V, (L) V1V, a

without flow distributor 1.65 0.3 55 0.85
convex flow distributor 1.72 0.13 13.2 0.93
straight wall flow distributor 1.71 0.14 12.2 0.92
conical wall flow distributor 1.74 0.11 15.8 0.94

*values corresponds to a volumetric flow rate of 10 mL/min

The common operation (without flow distributor) of MABR presents a Vi of 1.65L which
correspond to a stagnant zone were the fluid present low velocity with a volume ratio of
stagnant and channeling zone of 5.5. The implementation of the inlet flow distributors
(convex, straight wall and conical wall) showed an improvement of the hydrodynamic
performance of the MABR by augmenting the volume ratio of stagnant and channeling zone
around 240+34 %. However, the inlet flow distributor that shown the bests results is the

conical wall flow distributor with a volume ratio of stagnant and channeling zone of 15.8. In
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addition, this inlet flow distributor presented the lowest error value in the validation of MCM
(4.8%). These results proved that the conical wall flow distributor is the best device that can

improved the hydrodynamic performance of the MABR.

4.4.4 Hydrodynamic profile and mass transport of the tracer inside MABR with flow
distributors obtained with Comsol Multiphysiscs 4.3b.

Although the RTD study is an effective technique to determine whether a reactor has an ideal
flow pattern behavior (CSTR or plug flow) or shows deviations from an ideal reactor (stagnant
or dead zones, channeling, recirculation, by-pass and back mixing), the information obtained
with this technique is at macromixing level (global mixing). The local mixing flow pattern
(micromixing), however, helps to find zones that cause deviations in the ideal flow pattern
inside the reactor. In the present work these data were obtained by solving hydrodynamics in
steady state and mass transport of the tracer (step signal) in transient regimen using Comsol
Multiphysics 4.3b. The liquid flow rates here presented correspond to 10 mL/min (laminar

regimen.

Fig. 4.9 shows the mass transport of the tracer distribution inside the MABR with the conical
flow distributor in transient regimen at different times and distances along the reactor; in each
figure the multicolor scale bars correspond to tracer concentration (mol/m®), red color

indicates higher concentration and green color corresponding to lower values.
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Figure 4.9. Mass transport distribution of tracer inside along the MABR in transient regimen

obtained with Comsol Multiphysics 4.3b. Different times passing after the fluid entrance on
the reactor are indicated in the figure. The figure corresponds to a volumetric flow rate of 10

mL/min..

After 30 min of the tracer injection (see Fig. 4.9), the tracer is displacing with higher
concentration in the center of the reactor with respect to active zone (membranes zone), and
this behavior is damped as the tracer moves along the channel (30-65 min), forming two
concentration zones with almost the same concentration along the reactor width, but always in

the active zone displace a little slower than middle zone (center).
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4.5 Conclusions

New geometry of the MABR inlet (flow distributors) consisting in the colocation of several
flow distributors design in the central perforation of the airtight distribution chamber. These
new geometry inlet flow distributors satisfied three constraints: a) the same velocity of fluid
elements at the beginning of the active zone (membrane zone); b) minimize high and low
velocity zones inside the active area; c) achieve a fully developed flow within the active area
and d) the flow distributors should be collocated at the central perforation of the airtight
distribution chamber of the MABR. According to CFD results, it was observed that with the
new inlet flow distributor the velocity at the center of the reactor in each distributor duct at the
beginning showed an important diminution providing a more homogeneous velocity field in
entire reaction zone (membrane zone). The RTD experimentals curves were compared with
those RTD curves obtained through CFD (Comsol Mutiphysics 4.3b) and MCM. The
parameter values of the RTD experimental curves evaluated with MCM, using the inlet flow
distributors (conical straight wall) shown a reduction of the channeling zone volume.
Therefore, liquid flow pattern with the flow distributor has less deviation from a complete

stirred tank reactor (CSTR).

121



References

1. Comsol Multiphisycs 4.3b. License number: 1038192.

2. F.J. Hurtado, A.S. Kaiser, B. Zamora (2015). Fluid dynamic analysis of a continuous stirred tank reactor
for technical optimization of wastewater digestion. Water Research 71, 282-293.

3. Lamia Ben Gaida, Christophe Andre, Carine Bideaux, Sandrine Alfenore, Xavier Cameleyre, Carole
Molina-Jouve, Luc Fillaudeau (2012). Modeling of hydrodynamic behavior of a two-stage bioreactor
with cell recycling dedicated to intensive microbial production. Chemical Engineering Journal 183, 222-
230.

4. Levenspiel, Octave. Chemical Reaction Engineering, 3th edition, Limusa-Wiley, Mexico.

5. M. Brannock, G. Leslie, Y. Wang, S. Buetehorn (2010). Optimising mixing and nutrient removal in
membrane bioreactors: CFD modeling and experimental validation. Desalination 250, 815-818.

6. R. Plascencia-Jatomea, |I. Gonzélez, J. Gmez, O. Monroy (2015). Operation and dynamic modeling of a
novel integrated anaerobic—aerobic—anoxic reactor for sewage treatment. Chemical Engineering Science
138, 31-40.

7. R. Plascencia-Jatomea, F. J. Almazan-Ruiz, J. Gomez, E. P. Rivero, O. Monroy, |. Gonzalez (2015).
Hydrodynamic study of a novel membrane aerated biofilm reactor (MABR): Tracer experiments and
CFD simulation. Chemical Engineering Science 138, 324-332.

8. Pang Haoran, Letisse Valérie, Paul Etienne, Hébrard Gilles (2013). The influence of porous structure
and biofilm on the hydrodynamics of two types of trickle filters. Chemical Engineering Journal 231,

163-171.

122



CHAPTER 5: Epilog
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5.1 General Conclusions

This work is one of the first studies about the use of integrated biological reactors for
municipal wastewater treatment, which is important due to the significant advantages of these
systems compared to conventional treatment systems. The results of this study allowed
developed knowledge of this type of reactors on carbon and nitrogen compound degradation in
the same system and its close relationship with diffusional phenomena (hydrodynamic-mass
transfer hydrodynamic-reaction). Finally, everything mentioned above allowed the possibility
of design improvements of this kind reactor for large-scale application in the treatment of

municipal wastewater.

Operation and dynamic modeling of a novel integrated anaerobic-aerobic-anoxic reactor

for sewage treatment.

The uses of the integrated column reactor in the municipal wastewater treatment for the
degradation of organic matter allowed obtain COD removal efficiencies of 83%,
approximately. This efficiency degradation is similar to that obtained in conventional
wastewater systems, demonstrating the feasibility of its application. In case of nitrogen
compound's oxidation, the reactor could carry out a stable nitrification process with nitrite
accumulation; however, the obtained ammonia/nitrite ratio is still above the required

stoichiometric value (1.32).

The operation of the integrated column reactor allowed the acquisition of experimental data
under different operational conditions, enabling the appropriate development and validation of

an integrated mathematical model (hydrodynamic-mass transfer-reaction). This model could
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predict the behavior of the reactor with an error of <5%, demonstrating the feasibility of the
use of this model to predict the reactor behavior. According to model simulations, this system
can be improved in design aspects and experimental conditions in order to establish a
nitrification process with nitrite accumulation to obtain a suitable stoichiometry ratio by
manipulating the reaction time, dissolved oxygen and the improvement of hydrodynamic

behavior (reduction of the channeling zone).

Hydrodynamic study of a novel membrane aerated biofilm reactor (MABR) Tracer

experiments and CFD simulation.

The hydrodynamic study of a reactor is critical, as this directly affects the transport of
contaminants and therefore, the reaction of degradation of polluting compounds. For this
purpose in the membrane aerated biofilm reactor (MABR) different teste carry out; the
technique of residence time distribution using blue dextran as a model tracer, mathematical
models of mass transfer (mixing cell model) and computational fluid dynamics (CFD).
According to these results, the MABR presents deviations from the ideal flow pattern;
preferential flow (center of the reactor) and stagnant zones where the fluid has a low speed in
the membrane area. The hydrodynamic flow pattern of the reactor was described with an error
of <5%. Once the flow patter was described, the hydrodynamic model was used as the base for

the formulation of an integrated mathematical model (hydrodynamic mass-transfer reaction).

Hydrodynamic improvement of a MABR using CFD and experimental validation with

residence time distribution (RTD)

The importance of formulating mathematical models with a correct validation process for

improving the reactor performance relies to simulate the behavior of the system under
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different experimental conditions. The use of the integrated models allowed the knowledge
that the reactor design improvements can increase the degradation efficiencies of organic
matter and nitrogen, giving a guideline to find out possible strategies for the improvement of

the mixing flow pattern within the reactor.

Computational fluid dynamics (CFD), allowed designing devices that allowed improving the
flow pattern behavior of the MABR by reducing the channeling of the reactor. These devices
were analyzed by the technique of the residence time distribution, providing that the use of a
flow distributor in the airtight distribution chamber of the MABR decreases the channeling
zone by 50%. This computational tool proved to be extremely valuable for the design of

biological reactors.
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5.2 Perspectives

The implementation of integrated reactors is a reliable option for the treatment of municipal
wastewater. This would represent an important advance in the implementation of new
treatment processes with minimum space requirements and operational cost. However, it is
worth to mention that this type of system is still developing, even missing work to be done in

terms of operations and design aspects.

According to the results described in this paper, the proposed reactor prototype showed
satisfactory results in the degradation of organic matter and nitrogen contained in municipal
wastewater. However, some aspects in the design and operation strategies of the reactor

should be improved making necessary future investigation.

Some interesting aspects are the implementation of devices that improve the flow pattern of
the reactor which according to simulations obtained with integrated carbon-nitrogen removal

model (ICNRM) the efficiency of COD degradation can be increased.

The operation of the integrated column reactor under the operational conditions described by
the integrated mathematical model (ICNRM) will be critical to give greater certainty to the

model. It will allow the proper operation of nitrification with nitrite accumulation.

“This was just the end of the beginning, there is still work to do...”

127



5.3 Recomendations

The integrated column reactor should be operated with the implementation of the new flow
distributors (conical wall flow distributor) in order to diminish the channeling zone of the

MABR. It is expected that this device increases the pollutant's degradation efficiency.

The analysis about the operational volumes of the system could be determinate by the
integrated model (hydrodynamic-mass transfer-reaction). The knowledge of the design
equations of the system which are completely described by the integrated model will allow
carrying out this procedure as well as known the reactor performance under these operational

conditions.

It is recommended to carry out a complete study by using the computational fluid dynamics
about the redesign of the airtight distribution chamber. This study will help in the reduction of

the channeling zone in a better way.

The study about the physical characteristics of the biofilm (thickness) will make possible to
modify the integrated model which could increase its certainty degree in predicting the reactor

operation.
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Conclusiones generales

Este trabajo se encuentra entre algunos de los primeros estudios sobre el uso de reactores
bioldgicos integrados para el tratamiento de aguas residuales municipales, lo que resulta
importante debido a las significativas mejoras que presentan estos sistemas en comparacion a
los sistemas convencionales de tratamiento. Asimismo, los resultados de este estudio permiten
profundizar el conocimiento de este tipo de reactores sobre la degradacion de compuestos
carbonados y nitrogenados en un mismo sistema y su estrecha relacion con los fenémenos
disfuncionales (hidrodinamica-transferencia de masa-reaccién). Finalmente, todo lo
mencionado anteriormente abre la posibilidad de mejorar el disefio de estos reactores para su

aplicacion a gran escala en el tratamiento de aguas residuales municipales.

Operation and dynamic modeling of a novel integrated anaerobic-aerobic-anoxic reactor

for sewage treatment

El uso del reactor integrado en columna en el tratamiento de aguas residuales municipales para
la degradacion de material organica, permitié obtener eficiencias de degradacién de DQO de
aproximadamente 83%. Esta eficiencia de degradacion es comparable a la obtenida en
sistemas convencionales, demostrando con esto su viabilidad de aplicacion. En cuanto a la
oxidacion de compuestos nitrogenados, el reactor fue capaz de llevar a cabo el proceso de
nitrificacion con acumulacién de nitrito de una manera estable, sin embargo la relacion
obtenida de amonio/nitrito se encuentra aun por arriba del valor estequimétrico requerido

(1.32).

La operacion del reactor integrado en columna permitié obtener informacion experimental
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bajo diferentes condiciones operacionales, permitiendo la formulacién y validacion adecuada
de un modelo matematico integrado (hidrodinamica-transferencia de masa-reaccion). Este
modelo fue capaz de predecir el comportamiento del reactor con un error menor al 5%,
demostrando la viabilidad del uso de este modelo para predecir el comportamiento del reactor
bajo diversas condiciones experimentales. De acuerdo a las simulaciones del modelo, este
sistema puede ser mejorado en aspectos de disefio y condiciones experimentales que permiten
mejorar el proceso de la nitrificaciébn con acumulaciéon de nitrito al obtener una relacion
estequiometria adecuada, mediante la manipulacién de los tiempos de reaccion,
concentraciones de oxigeno disuelto, asi como la mejor hidrodinamica (reduccién de zonas
canalizadas dentro del reactor).

Hydrodynamic study of a novel membrane aerated biofilm reactor (MABR): Tracer

experiments and CFD simulation

El estudio hidrodindmico de un reactor es de suma importancia, ya que ésta afecta de manera
directa el transporte de contaminantes y por ende la reaccion de degradacion de compuestos
contaminantes. De acuerdo a los estudios hidrodindmicos realizados en el reactor de
biopelicula de membrana aireada (MABR) mediante la utilizacion de la técnica de distribucion
de tiempos de residencia usando un trazador inerte (azul dextran), modelos matematicos de
transferencia de masa (celdas mezcladas) y dindmica computacional de fluidos (CFD). El
patrén hidrodindmico del reactor fue descrito con un error menor al 5%, estimando que éste
presenta desviaciones de la hidrodinamica ideal, es decir, presenta una zona de flujo
preferencial (centro del reactor) y zonas estancadas donde el fluido presenta baja velocidad en

la zona de membranas. Una vez descrito el patron caracteristico de este reactor, se establecio
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un modelo hidrodinamico que sirvio de base para la formulacion del modelo matematico
integrado (hidrodinamica-transferencia de masa reaccion) utilizado en la validacion y

simulacion del funcionamiento del reactor integrado en columna.

Hydrodynamic improvement of a MABR using CFD and experimental validation with

residence time distribution (RTD)

La importancia de la formulacion de modelos matematicos validados para la mejora en el
funcionamiento de un reactor radica en que permiten simular el comportamiento del sistema
bajo diversas condiciones experimentales. ElI uso del modelo integrado permitié el
conocimiento de que el mejoramiento en el disefio del reactor permitia incrementar las
eficiencias de degradacion de materia orgéanica y nitrogenada, dando pauta a la bisqueda de

estrategias para la mejora del patron de mezclado dentro del reactor.

La dindmica computacional de fluidos (CFD), permitié disefiar dispositivos que permitian
mejorar el patron de flujo al disminuir la canalizacion del reactor. Estos dispositivos fueron
analizados mediante la técnica de distribucion de tiempos de residencia, estableciendo que el
uso de un distribuidor de flujo dentro del reactor disminuye la canalizacién del reactor en un

50%. Esta herramienta demostré ser de suma valia para el disefio de reactores bioldgicos.
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Perspectivas

La implementacion de los reactores integrados es una alternativa confiable para el tratamiento
de aguas residuales municipales. Esto representaria un importante avance en la
implementacion de nuevos procesos de tratamiento con requisitos minimos de espacio y costo
operativo. Sin embargo, es importante mencionar que este tipo de sistema adn estid en

desarrollo, aln falta trabajo por hacer en términos de estrategias operacionales y de disefio.

De acuerdo con los resultados descritos en este documento, el prototipo utilizado mostro
resultados satisfactorios en la degradacion de la materia organica contenida en las aguas
residuales municipales. Sin embargo, algunos aspectos en el disefio y su operacion deben ser

investigados mas afondo, haciendo necesario la continuacion de esta investigacion cientifica.

Algunos aspectos interesantes son la implementacion de dispositivos que mejoran el patron de
flujo del reactor, que de acuerdo con las simulaciones obtenidas con el modelo de eliminacién
de nitrégeno de carbono integrado (ICNRM); la eficiencia de la degradacion de DQO se puede

aumentar.

El funcionamiento del reactor de columna integrada en las condiciones operativas descritas
por el modelo matematico integrado (ICNRM) sera fundamental para dar mayor certeza a la
modelo. Esto permitira el funcionamiento correcto de la nitrificacion con la acumulacion de

nitrito.

“Esto solo nos acerca al final del principio, aun queda trabajo por hacer”
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Recomendaciones

El reactor integrado en columna debe ser operado con los distribuidores de flujo (distribuidor
de flujo de pared cdnica) para permitir disminuir la zona canalizada del reactor. Se espera que

este dispositivo permita aumentar la eficiencia de degradacion de contaminantes.

El andlisis sobre la distribucion de volumenes del sistema puede ser determinado mediante el
uso del modelo integrado (hidrodinamica-transferencia de masa-reaccién). EI conocimiento de
las ecuaciones de disefio del reactor; las cuales estan descritas en el modelo integrado
permitiran realizar este paso, asi como conocer su comportamiento bajo estas nuevas

condiciones.

Se recomienda realizar un estudio haciendo uso de la dindmica computacional de fluidos para
el redisefio total de la cAmara de distribucion de oxigeno. Este estudio permitiria reducir la

zona de canalizacion del reactor de mejor manera.

El estudio de las caracteristicas fisicas de la biopelicula en cuanto a su espesor, permitira hacer
modificaciones al modelo integrado que podrian aumentar su grado de certidumbre en la

prediccién del funcionamiento del reactor.
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ATTACHMENTS

Al. Tubular hollow membranes (PClI Membranes)

A2. Airtight distribution Chamber and support for the tubular membranes.
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A3. Integrated Column Reactor (ICR)
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