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ABSTRACT

Moving attached growth processes are commonly used for the effective removal
of organic pollutants and nitrogen in wastewater treatment plants. In these
processes, biofilm grows attached to plastic media. Moving attached growth
systems, such as submerged aerated filters (SAF), moving bed biofilm reactors
(MBBR) and integrated fixed film activated sludge (IFAS), are traditionally
designed and operated based on the carrier media protected surface area (PSA).
Therefore, much attention has been given to maximising carrier PSA, neglecting
other carrier media physical proprieties, such as geometry, size, shape and

voidage.

This thesis investigated the influence of carrier media physical properties on
moving attached growth systems, contributing to improved reactor performance.
A pilot plant treating municipal wastewater was operated with five media that
varied in shape (cylindrical and spherical), size, voidage and protected surface
area (112-610 m?/m?). Hydrodynamic and aeration tests revealed that carrier
media enhanced the overall oxygen transfer and hydraulic efficiency (HE) by 23-
45% and 41-53%, respectively. A weak correlation was identified between these
parameters and carrier media PSA, the variable traditionally selected to design
biofilm processes. However strong correlations were identified when considering
a combination of carrier media physical parameters; specifically, dimensionality
(Di) and voidage (Voi) (R?= 0.88-0.92). When the pilot plant was operated under
the same organic (7.52+0.81 g COD/m?.day) and ammonia loading rates
(0.94+0.10 g NH4*-N/m2.day), start-up studies indicated that spherical and lower
PSA (112-220 m?/m?) carrier media achieved faster biofilm formation rates and
shorter start-up periods (15-30 days) compared with cylindrical and higher PSA
(348-610 m?/m?3) carrier media (23-47 days). During steady state, obtainable
COD removal and ammonia removal was 87+1.4 and 74+6.1% with spherical
media and 85.5+0.5 and 38+5.0% with cylindrical shape media. Heterotrophic
and nitrifiers’ activity tests demonstrated that spherical media presented the
highest organic removals (19.2-34.8 mg sCOD/g TS.h) while smaller spherical

shape media achieved the highest nitrification removals (5.2-7.2 mg NHa4*-N/g



TS.h) compared to cylindrical shape media (13.4 mg sCOD/g TS.h and 4.9-5.2
mg NHa4*-N/g TS.h). Strong correlations were achieved between biofilm formation
rates, maximum COD utilisation rate and ammonia removal rate and the
association of parameters (Di x Voi)/HE (R?= 0.92-0.95).

Studies on boundary layer thickness (geometry) and external mass transfer
helped with the interpretation of these results. The mass transfer boundary layer
(MTBL) thickness values were smaller in the spherical media and high voidage
media (low PSA) (71.4, 15.5 ym) in comparison with cylindrical media and low
voidage media (high PSA) (122.9 pm). Hence, media voidage and shape
impacted on MTLB and played a role in reducing mass transfer limitations. Media
with high PSA was greatly affected by mass transfer limitations. Poor correlation
was observed between PSA and MTBL thickness (R?= 0.27) and stronger
correlations were verified with the combination of parameters: (Di x Voi)/HE (R?=
0.86). This thesis showed that the traditional indicator used to design and model
biofilm processes, PSA, was insufficient to explain the behaviour of moving
attached growth systems. Media physical parameters (such as shape, Di and Voi)
should be considered when evaluating existing process hydraulic efficiency,
oxygen mass transfer, start-up, performance, modelling as well as during the

development of new carrier media and design of biofilm processes.
Keywords:

Biofilm, biofilm formation rate, biofilm thickness, biofilm activity, boundary layer
thickness, carrier media, dimensionality, hydraulic efficiency, moving attached
growth systems, oxygen transfer efficiency, protected surface area, start-up,

voidage.
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1 INTRODUCTION

1.1 Background

The increasingly stringent discharge limits set by the European Union regulations
(e.g. Water Framework Directive 2000/60/EC and Urban Wastewater Treatment
Directive 91/271/EC (European Parliament. Council of the European Union,
1991, 2009)) have driven the installation of new and the retrofitting and upgrading
of wastewater treatment plants (WWTPs). For more than two decades, moving
attached growth systems have been increasingly used for the treatment of both
municipal wastewater and complex industrial effluents as they provide a robust,
reliable and cost effective treatment solution for the removal of organic matter
and nitrogen in both secondary and tertiary applications (Daigger and Boltz,
2017).

Moving attached growth systems, such as submerged aerated filters (SAF),
moving bed biofilm reactors (MBBR) and integrated fixed film activated sludge
(IFAS) are biological attached growth systems that use media as a biofilm growth
support material (WEF, 2011). The media is fully submerged in the wastewater
promoting the attachment and growth of microorganisms (comprised of
heterotrophic and autotrophic bacteria) that form an active biofilm promoting high
biomass concentration allowing for a very compact system (Lewandowski and
Boltz, 2011). The media is held in suspension and thoroughly mixed with the
wastewater by the aeration system or mechanical mixing. Thus, in aerobic
MBBRs sufficient air needs to be provided to meet bacterial oxygen requirements
and keeping the media in suspension (McQuarrie and Boltz, 2011). This mode of
operation enhances biofilm/bulk liquid mass transfer, reducing biofilm diffusion
limitations and accelerates biochemical reactions, therefore improving treatment

performance (Boltz and Daigger, 2010).

The high demand for moving attached growth systems has led to an increase in
the number of carrier media manufacturers and a wide variety are currently on
offer. Protected surface area (PSA), has been the main focus of carrier media
development (Piculell, Welander and Jorisson, 2014). Hence, an increase in PSA

is directly linked with an increased biofilm concentration, treatment capacity and



performance. Therefore, biofilm reactors’ design and performance are commonly

based on the carrier media protected surface area (ddegaard, 2006).

The selection of appropriate material properties on the adhesion and growth of
biofilm is also subject of considerable importance in moving attached growth
systems. Different kind of media have been used, including plastic, polyurethane
foam, woven, ceramic, glass, etc. and chemical modified polymer) (Deng et al.,
2016; Eldyasti, Nakhla and Zhu, 2012). Among the commercial media, plastic has
been selected as an excellent biofilm support media owing to its attractive
attributes such as longevity, resistance to decay, hydrophobicity and low-surface
energy (Chu and Wang, 2011). Therefore, polyethylene (PE), polypropylene (PP)
and high-density polyethylene are commonly used as carrier media material (Mao
et al., 2017).

To date, current studies fail to consider the influence of the carriers’ physical
properties (shape, size and voidage) on the biofilm community structure and
activity, as well as mass transfer and process hydrodynamics, on the process
performance. Although, knowledge and research on biofilm processes involving
media carriers is extensive, most of the studies are focussed on reactor
performance i.e. by varying organic and volumetric loadings, media filling ratios
and aeration loadings, with little focus on the impact of carrier media physical
properties. Nevertheless, carrier media physical properties can influence internal
hydrodynamic conditions with an impact on oxygen and substrate mass transfer
(Herrling et al., 2015) and biofilm dynamics including growth, thickness and
detachment (Rusten et al., 2006) that can have a considerable effect on the
overall process performance. Consequently, there is a need to improve the
understanding of carrier media physical properties (shape, size and voidage) on
moving attached growth systems, to assist in process design and optimisation,
providing opportunities for capital and operational cost savings, thereby, making
moving attached growth systems more competitive with alternative technologies.
Thus, in this study one of the most commercially successful polymeric materials,
PP, with the same density, are compared whilst varying other physical carrier

media properties.



1.2 Aim and objectives

This research aims to understand the key media physical properties (e.g.:

geometry, surface area, voidage, shape, size, etc) that govern oxygen mass

transfer, hydrodynamics, biofilm formation rates, biofilm mass transfer limitations

and overall treatment efficiency in attached growth systems treating municipal

wastewater.

The key project objectives are to:

1.

Review scientific literature on the different carrier media designs used at
full-scale, pilot-scale and lab-scale studies in moving attached growth
systems. Identify the role of carrier shape, size and material surface
physical and chemical properties on microorganisms’ adhesion, growth
and biofilm activity.

Identify the key carrier media physical properties that impact oxygen mass
transfer and hydraulic efficiency in a moving attached growth system
through an understanding of gas-liquid mass transfer, flow hydrodynamics
and mixing characteristics with and without biofilm.

Understand how carrier media physical properties can accelerate bacteria
adhesion and biofilm formation rates during wastewater treatment in a
moving attached growth system and how they can also influence
subsequent reactor performance towards delivering improved effluent
quality.

Measure the influence of the carrier media physical properties on organic
carbon removal and nitrification through the investigation of biofilm activity
and substrate utilisation rates.

Measure the boundary layer thickness to understand the impact of carrier
media with different physical properties on biofim mass transfer

limitations, further influencing substrate availability and removal.

1.3 Thesis plan

The thesis is presented and organised as a series of papers for publication and

divided into chapters addressing each objective. Figure 1-1 illustrates a flow



diagram of thesis structure. Each chapter was written by the first author Joana
Manuel Silva Dias and supervisor's comments were provided by Dr Ana Soares

and Prof Tom Stephenson.

Pilot plant design, and experimental work methodology was developed by the first
author Joana Manuel Silva Dias supervised by Dr Ana Soares. Pilot-plant and
lab-scale reactors were operated by Joana Manuel Silva Dias and the laboratory
work was undertaken by Joana Manuel Silva Dias. Pilot plant operation and
laboratory support was received in Chapter 4 and 6 from Anjani Parsotamo

(placement student) under supervision of Joana Manuel Silva Dias.

Chapter 2 constitutes a literature review on the current knowledge of different
types of carrier media (surface area, shape, size, voidage and physical and
chemical surface properties) used in moving attached growth systems and linked
with biofilm (attachment, viability and metabolic activity). Chapter 2 has been

submitted to Environmental Technology Reviews.

Chapter 3 aims to complement the limited numbers of studies found in the
literature on the impact of carrier media physical properties on: oxygen transfer
efficiency, hydraulic flow patterns and mixing conditions in clean media and with
biofilm attached. Results from this chapter were partially presented during the 9t
European Waste Water Management Conference (2015), the 3" IWA Specialized
International Conference Ecotechnologies for Wastewater Treatment (ecoSTP)
(2016) and the 10" International Conference on Biofilm Reactors (2017). Chapter
3 - Dias, J., Stephenson, T., Bellingham, M., Hassan, J., Barrett, M. and Soares,
A. (2018) ‘Impact of carrier media on oxygen transfer and wastewater
hydrodynamics on a moving attached growth system’, Chemical Engineering

Journal, 351, pp. 399-408. Published in Chemical Engineering Journal.

Chapter 4 describes the influence of carrier media physical properties on start-up
of moving attached growth systems. It therefore provides a better understanding
on how physical properties can increase biofilm formation ability and accelerated
start-up enabling faster commissioning periods and treatment robustness during
steady state. The outcomes of this paper can provide guidance for design and

start-up of full-scale moving attached growth systems. Chapter 4 - Dias, J.,



Bellingham, M., Hassan, J., Barrett, M., Stephenson, T. and Soares, A. (2018)
‘Influence of carrier media physical properties on start-up of moving attached
growth systems’, Bioresource Technology, 266, pp. 463—-471. Published in
Bioresource Technology.

Chapter 5 focuses on the impact of media physical properties on biofilm dynamics
and activity, that further influences performance of moving attached growth
systems used for combined organic removal and nitrification. Chapter 5 was in
part, presented at the 10" International Conference on Biofilm Reactors (2017).

Chapter 5 was written up to be submitted to Water Research.

Chapter 6 examines the impact of carrier media physical properties on boundary
layer thickness and external mass transfer on a lab-scale moving attached growth
system performing COD removal. This chapter complements the key findings of

previous chapters. Chapter 6 has been submitted to Water Research.

Chapter 7 presents the overall discussion of the research outputs. Consolidating
the key findings on the importance of carrier media physical properties on carrier
and moving attached growth systems optimisation. This chapter also states the

PhD thesis contributions to knowledge and areas for future work.

Chapter 8 concludes this PhD research study with synthesis of the whole thesis

in regards to the established research objectives.






Chapter 1: Introduction

!

Chapter 2: Review existing literature on different
carrier media design and identify the role of carrier

physical properties.

¥ ..

Chapter 3: Evaluate the effect of carrier media
physical properties on gas-liquid mass transfer and

flow hydrodynamics with and without biofilm.

media physical properties on the reactor start-up and

performance.

Chapter 4 and 5: Assess the influence of carrier —

Chapter 6: Investigate the impact of three media with
different shape and voidage on the external mass

transfer.

Chapter 7: Discussion

Chapter 8: Conclusions

Figure 1-1 PhD thesis structure and interaction between chapters.
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Abstract

Moving attached growth systems, such as moving bed biofilm reactors (MBBRS),
integrated fixed film activated sludge (IFAS) and submerged aerated filters (SAF),
are increasingly popular due to their reliability to produce high quality effluents in
municipal and industrial wastewater treatment plants (WWTPSs). The carrier
media plays a fundamental role in microbial adhesion and biofilm growth allowing
for substantially greater quantities of microorganisms inside the reactor, up to 10-
60 g/L, in comparison to trickling filters (1-3 g/L) and rotating biological contactors
(2.5-4 g/L). Moving biological attached growth systems are mainly designed
based on organic and nutrient loading per carrier media surface and less
commonly on volumetric organic loading. Consequently, much attention has been
given to the increase of the carrier media protected surface area to maximise
substrate removal efficiency. Less attention, however, has been given to the
carrier media design (geometry, size, shape and voidage) and material that may
affect initial adhesion, biofilm development, microbial activity, reactor
hydrodynamics and substrate removal. This review is focused on the role of the
carrier media in moving attached growth systems and attempts to associate the
carrier’s physical and chemical properties with the biofilm attachment, viability,
and metabolic activity. The link between these parameters can contribute to a
better understanding of the role of carrier media on moving attached growth
systems and ultimately contribute to carrier media optimisation and improved

process performance.

Keywords: Biofilm, physical and chemical properties, protected surface area,
shape and size.



2.1 Introduction

Biological processes are often applied to removed, dissolved and particulate
pollutants from wastewater prior to reuse, or discharge into the environment
(Tchobanoglous, Burton and Stensel, 2003). There has been extensive
development in both scientific knowledge and technologies to treat wastewater
by biological means (UN Water, 2015). Among the suspended growth type of
technologies, activated sludge processes (ASPs) are the most common and
widely used (Borkar, Gulhane and Kotangale, 2013). However, the tightened
standard limits implemented by the European Union Regulations (e.g. Water
Framework Directive 2000/60/EC and Urban Wastewater Treatment Directive
91/271/EC (European Parliament. Council of the European Union, 1991, 2009))
has led to construction of new wastewater treatment plants, and the expansion,
upgrade and refurbishment of many of the existing ones. Attached growth
processes such as moving bed biofilm reactors (MBBR), integrated fixed film
activated sludge (IFAS), and submerged aerated filters (SAF), are being widely
utilised as add-on or an alternative to the conventional ASPs, due to the greater
microbial concentration (10-60 g of volatile suspended solids) (VSS)/L compared
to the concentration expected in suspended growth systems (1-8 g VSSI/L)
(Lewandowski and Boltz, 2011; WEF, 2011). The higher microbial concentration
allows higher loads to be treated, leading to more compact systems and reduced
sensitivity to toxicity and shock loadings (Dezotti, Lippel and Bassin, 2017). In
moving attached growth systems an inert solid support, also referred to as carrier
media, is incorporated into the process providing a large volumetric protected
surface area for biologically active microorganisms to attach and grow. The
movement of the carrier media is promoted by aeration in aerobic conditions, and
mechanical mixers in anoxic/anaerobic conditions (McQuarrie and Boltz, 2011).
The continuous motion of carrier media inside the reactor has improved benefits
such as the reduction of mass transfer at the biofilm-liquid interface, reducing
biofilm diffusion limitations and accelerating biochemical reactions resulting in a
specialised and active biofilm (Lewandowski and Boltz, 2011). The presence of
carrier media also promotes the retention of slow growing bacteria such as

nitrifying bacteria and anammox bacteria (Kermani et al., 2008; WEF, 2011). Due



to the interaction between the biofilm matrix and the surrounding bulk wastewater,
the structure and activity of biofilms is highly dependent on environmental factors
(e.g.: influent wastewater composition and temperature), design and operation
procedures, carrier media, oxygen supply and nutrient mass transport within the
biofilm (Figure 2-1). Hence, it is difficult to discuss each of the factors individually

once they interact with each other in numerous ways.

There are a significant number of scientific reviews on moving attached growth
systems reporting process design, development, application, performance and
optimisation (Barwal and Chaudhary, 2014; Borkar, Gulhane and Kotangale,
2013; Dezotti, Lippel and Bassin, 2017; Lariyah et al., 2016; McQuarrie and Boltz,
2011; @degaard, 2016; Qiqi, Qiang and Husham, 2012). This review focuses on
factors related with carrier media, paying special attention to shape, size and
material surface physical and chemical properties that ultimately link with biofilm
properties (attachment, viability and metabolic activity). These factors can
ultimately contribute to carrier media optimisation and consequently improve

moving attached growth systems efficiency and stability.

P - N
// Operation:
/ Wastewaterand = Aeration (DO)
[ environmental factors: = Hydraulic retention time

* Loading rates
= Carrier filling ratio

* Wastewater composition
= Temperature

—_— Effluent quality
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Design:

) LI Biofilm:
= Size

(volume/length/height)
= Number of cells

° ° = Surface chemistry
o ®°® » Hydrophobicity

= Number baffles e, = Biofilm density, thickness and morphology
= Type of aeration LA = Biofilm adhesion and detachment
z e——— = Biofilm age and activity
= Diversity

Carrier shape, configuration and surface properties:

. Transport of the substrate into the biofilm and oxygen
= Surface area (total and protected) = Size and shape
mass transfer:

= Material = Porosity = Surface roughness = Density Mcrobie!
= Hydrophobicity = Surface energy = Surface charge

Figure 2-1 Schematic representation of the factors influencing moving attached

growth systems performance efficiency.




2.1.1 Type and properties of the support material

The key component of moving attached growth systems is the carrier media.
Carrier media plays a fundamental role in microbial adhesion and biofilm growth
while also needing to be light enough so mixing and mass transfer are not
compromised. Existing studies that are focused on carrier media development
mainly document the impact of protected surface area (PSA) and filling ratios on
process loading rates. Few recent studies report the impact of different materials
on bacteria adhesion. However, little attention has been given to the carrier media
design (geometry, size, shape and voidage).

Table 2-1 lists media manufacturers and types of carrier media currently available
on the market. There are more than 20 different carrier suppliers offering a wide
variety of carrier media, with different physical properties including materials,
voidage, shape, size and PSA (200-3000 m?/m®) (Table 2-1). Among the
commercial media, plastic has been found to be an excellent scaffold for biofilm
colonisation, owing to its attractive attributes such as longevity, resistance to
decay, hydrophobicity and low-surface energy (Chu and Wang, 2011). The most
commonly used plastic is polyethylene or polypropylene with a density ranging
from 0.94 to 1.02 g/cm?3, allowing sufficient buoyancy and enabling good mixing
(Table 2-1) (WEF, 2011). Carrier suppliers offer media with a wide variety of
shapes: flat, spherical, square, honeycomb, saddle and chip (Table 2-1). The
most commonly used carrier media, AnoxKaldnes™ K1, has a cylindrical shape
with an internal space divided by a cross longitudinal fin, with a length of
approximately 7 mm, 10 mm diameter and a PSA of 500 m?/m? (Table 2-1).
Variants of cylindrical shape carrier are popular. Many incorporate internal walls,
transverse ridges and grooves to increase the surface areas, including the Bioflo*
and Biotube commercialised by Warden Biomedia, with 800 and 1000 m?/m?,
respectively, Biosphere produced by Evoqua Water Technologies with 630
m2/m3, BMX 2 produced by Vinci Environment (1200 m?/m3) and MB3 media
manufactured by Water Management Technologies, Inc. with a PSA of 604 m?/m3
(Table 2-1). Other companies also offer different shapes at increased PSA. For
example Veolia Water Technologies has commercialised at least 5 alternative

shapes: a flat shape media with larger diameters (30-48 mm) and internal dividing



walls (Chip P and Chip M, 900-1200 m?/m?3); a cylindrical shape with honeycomb
shaped apertures, K3 and K5 (500-800 m?/m?). Alternatively, a square shaped
media, with different dimensions, is commercialised by Biowater Technology
BTW (PSA of 650-828 m?/m3). Aqwise created a “hollow square spiral” divided
internally by a cross fin with a PSA of 600-650 m?/m3. Nevertheless, other new
and established carrier suppliers are determined to design innovative carrier
media to answer to an increasingly competitive market and emerging wastewater
treatment technologies. Warden Biomedia offers media with spherical shape with
feature triangular fins with a total surface area that varied from 135-310 m?/m?3
and high voidage (90-95%). A chip paraboloid carrier media with fine porous
surface was developed by Mutag Umwelttechnologie AG offering the highest
PSA in the carrier media market (3000 m?/m?3) (Table 2-1). The most recent
carrier media design from Veolia Water Technologies is a saddle shaped media
(Z-carrier), that is aimed at improving and controlling biofilm thickness (Piculell et
al., 2016b). Recently, complex geometries and high PSA carrier media have been
fabricated using 3D printing (Fullerene-type carrier media, spindle shape,
spherical gyroid) (Dong et al., 2015; Elliott, 2017; Tang et al., 2017b). However,
when designing alternative carrier media, manufacturers need to identify the
optimum compromise between production complexity and costs (Martinez-
Huerta et al., 2009).



Table 2-1 Information on typical biofilm carriers used in moving attached growth systems.

q Surface area Dimensions Specific
. Media (m?m?3) (mm) Voidage gravity/ Carriers . Carrier Application/ Carrier
Supplier type TSA* PSA* L D (%) weight /m?3 Material description FR (%) Photograph References
(kg/m®)
Small cylindrical shape 2}%%’\/%?'3
AnoxKaldnes with two cross pieces TP - .
™K1 700 500 7 10 95 0.96-098/ 975600 HDPE  on the inside and nitrification [ A¢ (Salvetti et
145-159 L . and @ al., 2006)
longitudinal fins on the denitrificati ”
outside enitrification
' 50-70%
BOD/COD
o . removal, I (Falletti,
AnoxKaldnes fr:\)t/gpnde:;crﬁhlst?a:ge i nitrification s Conte and
™ K3 600 500 12 25 0.95/95 144000 HDPE honevcomb spha e Partial é’} Maestri,
ass?a/ es P Nitritation/ e 2014; Hoang
P ges. Anammox et al., 2014)
35-66%
AnoxKaldnes Flat Circular plate with Nitrification /
™ 0.96-1.02 square apertures Partial [ (Gilbert et
o ) 1400 1200 2.2 48 160 000 HDPE forming a plurality of Nitritation/ N al., 2015)
Kruger Inc. (Bl\lllo)fllm Chip 234 passages,1.7 mm X 1.7 Anammox v
(Veolia Water mm compartment size 30-40%
System) L. v s
Flat Circular plate with l;htrlflclatlon fBMasm,
Biofilm Chip 0.96-1.02 square apertures artial engtsson
990 900 3 45 132000 HDPE ; . Nitritation/ and
(P) 173 forming a plurality of A hri
assages. nammox Christensso
P 30-40% n, 2010)
1031 5 30 707326 HDPE Flat Circular plate with
MiniChip™ fsqua_re apelrtur(le_f f Nitritation- (Almstrand
orming a piuraiity o Anammox et al., 2014)
1933 3 30 471 463 HDPE passages (121 and
314).
(Piculell,
AnoxKaldnes Cylinder hollow carrier BOD/COD Welander
™ K5 800 4 25 0.96 331000 HDPE with plurality removal, and
honeycomb apertures 50-60% Jorisson,
2014)

10


http://www.environmental-expert.com/companies/kruger-inc-veolia-water-system-11117
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Surface area Dimensions Specific
. Media (m%m?) (mm) Voidage gravity/ Carriers . Carrier Application/ Carrier
Supplier type %) weight /m? Material oscription FR (%) Photograph  References
TSA* PSA* L D 3
(kg/m°)
Coin shaped carrier I .
250 1270 1120° 50¢ 32 HDPE  1.5x1.5mm g‘g;tatm g"cgt')el'gﬁt)
compartment size 0 "
Z200 1740 1280 200 30 HDPE
BOD/COD
Saddle-shaped carrier removal, (Piculell et
Kruger Inc. Z300 1960 1280 300 30 HDPE with 2.3 x 2.3 mm nitrification al., 2016c)
(Veolia Water compartment size Nitritation N
System) Z400 2190 1280 400% 30 HDPE 30-66%
Z500 2420 1280 500 30 HDPE
Natrix C2 265 220 30 36 HDPE . .
Each carrier is built up (Gapes and
Natrix F3 230 200 50 64 ) of 12 walls arranged Nitrification Keller, 2009;
a1 1.02-1.04 24800 HDPE radially to form a 30-70% Miinch et al.,
Natrix - cylindrical bod 2000
C10/10 310 32 o Y Y )
o (Maas,
450 402 15 22 0.96/134 HDPE fvﬁ‘hag .Cﬁt'é?ﬂgfiv' ;rsape BOD removal E:g;eer and
2007)
Headworks . s
A (™
BIO ctiveCe 515 485 0.96/144 Small cylmdrlcal shape
with 12 internal walls
Small square shape
920 680 with 9 internal walls
Water
Management Nitrification (Pfeiffer and
Technologie, MB3 604 158 205 0.96/126 <70% Wills, 2011)
Inc.
_ ABC4™ 600 14 12 0.94-0.96 Hollow square spiral COD removal 4 (Martin-
AgWise 150 308,000 HDPE with inner cross-shaped  Nitrification ‘ Pascual et
ABC5™ 650 14 12 370 cut out 20-50% al., 2012)
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Surface area Dimensions Specific
. Media (m%m?) (mm) Voidage gravity/ Carriers . Carrier Application/ Carrier
Supplier type (%) weight /m3 Material description FR (%) Photograph References
TSA* PSA* L D 3
(kg/m?)
COD removal %
Bioportz™ 589 14 18 96 Nitrification (Kim et al,
50% @' 2009)
Entex
Technologies )
Inc. BioSphere 800 5-9 13 PE
BioSphere N 800 9 13 .
Evoqua 145 omers with internal G
™ wany
Water BWT15 840 145 Wx HDPE dividing walls with 25
technologies 5H Ll
apertures.
14.5 Square with rounded m’ ,
W x corners with internal |
™ &
BWT X 650 145 g5 HDPE  4ividing walls with 9 i
H apertures.
Inclined rectangular (77
%/35 shaped with rounded
BWT S™ 650 145 HDPE corners with internal
7.3 S ;
q dividing walls with 9
apertures.
Plastic corrugated tube
USF lItalia RMP-HPS® 277 18.2 205 PP with a cross piece on
the inside
Flocor RS 230 35 35 96 1.4/52 Plastic corrugated tube
Henderson
Plastics Ltd  Fjocor RM 400 25 20 88 1.4/63 Plastic corrugated tube
- Spherical design /
Biofil 135 112 65 95 95 0.97/45 2500 rPP COD removal
Serrated edges
Warden - .
; . Nitrification (Dias et al.,
Biomedia Spherical design 2018)
Bioball 220 148 53 65 92 0.97/50 5833 PP pherical desig 60%
Serrated edges

12



Surface area Dimensions Specific
. Media (m%m?) (mm) Voidage gravity/ Carriers . Carrier Application/ Carrier
Supplier type TSA* PSA* L D (%) weight /m3 Material description FR (%) Photograph References
(kg/m?)
) Spherical design t‘
Biomarble 310 220 36 46 90 0.97/76 17833 rPP Serrated edges COD removal O
Pipe shaped filter media Nitrification (Z%TSS et al,
Biopipe 600 348 13 215 825 0.97/150 163,000 rPP with internal and 60% @ )
external fins
Warden Biopipe* 500 10 25 83 1.05/105 PP L e
Biomedia S
16.7 Tubular shaped filter )
Bioflo* 1036 800 10.5 5 ' 63 0.97/210 rPP media with internal and g
external fins
Pipe shaped filter media COD removal
Biotube 1000 610 8 12 80 0.97/217 727,000 rPP with internal and Nitrification Q
external fins 60%
Random 0.93/158 An inner ring and tall
media 2H- 750 635 15 15 1'20/210 255,000 PP fins and a ring on the a
BCP 750 ’ outer diameter
GEA 2H
Water 2H-BCC 011 1180 890 10 11 1.42/260 PVC Large number of tall fins
Technologies 2H-BCC 020 640 530 20 20 1.42/190 on the pipe wall.
Ltd
= (Tangkitjawi
ALBONOIZ  g5q 704 150 HDPE Nitrification ._ sutetal.,
- 2016)
Brightwater BMax® |
FL I media 700 rHDPE g
450 22 Q
Suez
environment )
Degremont Meteor 515
technologies
660
Multi Chip paraboloid shaped COD removal .
Umwelttech '\B/Iigtcah% ™ 3000 11 gg 0.96/70 PE carrier with fine pore Nitrification é?a;%'&gt
nologie AG P structure 8% v
Yuhuan Oblique cylinder, with
Water longitudinal fins that Nitrification (zZhang et
Treatment 230 25 20 1.0 PE divide the cylinder into 30-70% al., 2013)
Group Co. Six sectors
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Surface area Dimensions Specific
. Media (m%m?) (mm) Voidage gravity/ Carriers . Carrier Application/ Carrier
Supplier o . 3 Material L o References
type TSA* PSA* L D (%) Welgh3t /m description FR (%) Photograph
(kg/m?)
(Podedworn
. i . a,
\Ij\?;tlgre ~ Newfloat Irregular spherical CoD removal 5 { Zubrowska-
Systems i 700 500 20 1.1/250 HDPE sha%e p Nitrification o e Sudot and
o 5 e e
GmbH 10% S Sl r(_Bra'blnska
oniewska,
2009)
. . Barwal and
COOLFloat 0.90- Ring shape with cross (
CD-BF22 450 20 2 # 0.95/300 PP inside Chaudhary,
2016)
COOLDECK  cp-BF30 250 90 0.93-0.98 400 PP Trapezoidal cylinder
Q\jjtul_sttéles (Barwal and
CD-BF25 650 82 0.93-0.96 170 PHDPE  Disc shape ggfg)dhary,
CD-BF1K 1000 76 0.93-0.96 135 HDPE Disc shape
BOD/COD
BMX 1 500 431 7 9 0.96 HDPE  Cylindrical shape Il:leltTf(I)(\:,:tllo .
. 44-60%
Vln(:.:l BOD/COD (Barry et al.,
environment  gyx 2 1200 1000 7 45 HDPE Cylindrical shape removal 2017)
60%
BMJ 40 1700 960 39 3w HDPE  Square shape g'ggwatmn
Cylindrical shape with BOD/COD (Siciliano
AMITEC srl Biomaster 680 15 15 83 HDPE an open structure on removal m and De
the outside surface 50% Rosa, 2016)
UPM Waste Spherical shape with 4 7 (Hussain,
Technology Cosmoball™ 160 85 85 0.9/75 >2000 PE holes on each surface @ Tan and
Centre and fins across Idris, 2010)
RVT
Process Small cylindrical shape ?ecr)n[z)/vi(l)D g;!ugg%e.t
Equipment Bioflow 9 800 7 9 145 PE with internal and itrifi N I Sr']’ ' |
GmbH external fins nitrification S e ao et al,
50-60% 2017)
Company
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Surface area Dimensions Specific

Supplier Media (m%m?) (mm) Voidage gravity/ Carriers Material Carrier Application/ Carrier References
PP type TSA* PSA* L D (%) weight /m3 description FR (%) Photograph
(kg/m?)
(Pedersen,
0.93/158 ’ PP Oosterveld
RKPIast gilfaelements 750 750 1.001172 PP gslr;/?nf::trr)iial design g(l)t‘:/ljlcatlon ® and
1.20/210 Pedersen,
2015)
BOD/COD
. . removal, (Kopec, ki
EvU  Kielce EvU Perl 700 600 8 8 0.92- rPVA Ring shape_ corrugated nitrification/de ‘ Drewnowski
Ltd 0.94/250 in and outside e and Kopec,
nitrification 2016)
25%
COD removal -
460 25 90 0.95 85,000 PP Polyhedron empty ball Nitrification 4 (Tang etal,
2016)
35% ;
KSK Agua Saddle-chips 700 1.0-1.2 Saddle shape Nitrification W (KSK, 2017)

PSA- Protected surface area, TSA- Total surface area, L-length, W-width, D-diameter, H-height, FR-Filling ratio, PP- Polypropylene, rPP-Recycled polypropylene, HDPE- High density polyethylene, PHDPE-
Porous high density polyethylene, PVC- Polyvinyl chloride, rPVA- recycled polyvinyl alcohol
*Based on 100% FR * Grid height (um)
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2.1.2 Carrier surface properties
2.1.2.1 Physical and chemical surface properties

The physical and chemical surface properties of the carrier media, such as
surface charge, surface topography, roughness, surface hydrophobicity and
surface free energy (SFE) have a significant impact on initial bacterial attachment
and biofilm formation (Habimana, Semido and Casey, 2014; Siegismund et al.,
2014). However, the impact of physical properties of carrier media surfaces on
biofilm adhesion is still poorly documented. Flat shaped support plates or
coupons have been used in experimental tests to study the impact of different
material on bacteria attachment and development. Table 2-2 details the contact
angle, SFE, surface charge and roughness of common polymers. High density
polyethylene (HDPE), polypropylene (PP) and polyethylene (PE) have been
widely used as materials of MBBR carrier construction, presenting relatively low
SFE (30-39.5 mJ/m?), high hydrophobicity (85-94.3°) and negative charge (-20.4
and -45 mV). Fluorinated polymer, such as polytetrafluoroethylene (PTFE)
presents the most hydrophobic surface, with a contact angle of 120" and a

negative charge of -68 mV.

Surface topography and roughness plays an important role on bacteria adhesion
and biofilm development.as surface irregularities can increase surface area and
protect biofilms from shear stress (Alnnasouri et al., 2011; Ammar et al., 2015).
However, few studies have reported a positive correlation between roughness
and microbial adhesion. In a study completed by Habouzit et al. (2011) low
correlation between bacterial adhesion and surface roughness was shown when
five plastic materials were studied, polypropylene (PP), polyethylene (PE),
polyvinyl chloride (PVC), acrylonitrile butadiene styrene (ABS) and polycarbonate
(PC) (R?< 0.50, with surface roughness of 41, 132, 49, 20 and 38 nm, for PP, PE,
ABS, PC and PVC, respectively) (Table 2-2). Higher bacterial adhesion was
reported in PP and PE, with 1.37% and 1.29% of the surface covered in
comparison with 0.79, 0.68 and 0.19% achieved for ABS, PC and PVC,

respectively. These results are corroborated by studies from Rodriguez (2012)
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and Stephenson et al. (2013) where no correlation between material surface

roughness and biofilm growth was found (R?<0.05).

Habouzit et al. (2011) demonstrated a strong negative correlation between total
SFE and microbial adhesion (R?=-0.92). Carrier materials with high SFE such as
PVC (51.2+1.9 mJ/m?), PC (52.0£1.3 mJ/m?) and ABS (45.3t2.5 mJ/m?)
achieved the lowest microbial adhesion in comparison with PP (35.6+1.7 mJ/m?)
and PE (39.8+£1.7 mJ/m?). Recent studies from Saur et al. (2017) confirmed these
results where lower SFE, PP was associated with higher adhesion in comparison
with PVC (Table 2-2).
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Table 2-2 Contact angle, SFE, zeta potential and roughness of common materials used to manufacture carrier media.

Material Chemical structure Contact Surface free Free energy of Density Zeta Roughness  References
angle energy adhesion glcm?® potential (Ranm)
(deg rees) (mJ/mz) (A Giwi)water (mV)
pH=7
PVA [CHCH(OH)]a 10 37 (Levstek and Plazl, 2009)
Nylon ~[CO(CH,)4CO- 53 49 107 (Khan et al., 2013; Stephenson et al.,
NH(CHz)sNH]» 2013)

PS —[CH2-CH(CéHs)]— 66.9 47.2 -70.18 1.05 -30/-59 1.3 (Dimitrov, Hadjiev and Nikov, 2007; Lee,
Ong and Ng, 2004)

PVC —(CH2-CHCI)— 72.2 35/51.2 -22.0 -37.7 75/38 (Hadjiev et al., 2007; Nguyen et al., 2016;
Saur et al., 2017)

PMMA —[CHz-C(CH3)COCH3lw—  74.3 40/43.5 -16.01 -28.8 0.4 (Hadjiev et al., 2007)

PETG 76.1 43.5 -11.31 (Nguyen et al., 2016; Rodriguez, 2012)

PCL (CsH1002)n 76.6 57.6 (Hadjiev et al., 2007)

PVDF -(C2H2F2)n- 77.4 33.8/37.3 -39.3 18 (Nguyen et al., 2016; Rodriguez, 2012)

PC Ci15H1602 82 44/52.0 -78 6/20 (Habouzit et al., 2011; Stephenson et al.,
2013)

ABS (CsHg C4HesC3H3N)q 82 35/45.3 34/49 (Habouzit et al., 2011)

Melamine  C3HeNe 84 45.7 (Khan et al., 2013)

PE (C2H4), 84.8 39.5 -20.4 132 (Hadjiev et al., 2007)

PEVA (C2Ha)n(CaHeO2)m 86.3 41.2 -2.56 (Hadjiev et al., 2007; Nguyen et al., 2016)

PP —[CH2-CH(CH3)]— 89 39.1 -67.2 0.9 -45 25/41 (Hadjiev et al., 2007; Nguyen et al., 2016;
Saur et al., 2017)

HDPE —(CH2-CH2),— 94.3 30.4/39.5 -59.2 0.952 -38.3 111 (Khan et al., 2013; Mao et al., 2017)

POM (CH0)n 98 21 (Khan et al., 2013)

PET (C10H8O4)n 101 47.8 19.11 1.3 -54 6.91 (Hadjiev et al., 2007)

PTFE —(CF2-CFy)n— 120 19/27 -98.39 2.2 -68/-48 162/47 (Ammar et al., 2015; Lee, Ong and Ng,

2004; Nguyen et al., 2016)

Polyvinyl alcohol (PVA), Polystyrene (PS), Poly(methyl methacrylate) (PMMA), Polyethylene Terephthalate Glycol (PETG),Polycaprolactone (PCL), Poly(vinylidene fluoride) (PVDF),
Polycarbonate (PC), P Acrylonitrile butadiene styrene (ABS), Polyethylene (PE), Poly ethylenvinylacetate (PEVA), Poly (ethylene terephthalate) (PET), Polypropylene (PP), poly(vinyl chloride)
(PVC), High-density polyethylene (HDPE), Polyoxymethylene - acetal (POM), Polyethylene terephthalate (PET), Fluoroethylene Propylene-teflon (PTFE).
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Sousa et al. (1997) studied nitrifying bacteria adhesion to five different polymeric
materials; high density polystyrene (HDPS), HDPE, PP, PVC and PMMA.
Polypropylene was the material that achieved the highest ammonia oxidation with
a linear correlation attained between bacterial adhesion and surface
hydrophobicity. Moreover, attachment was favoured on higher contact angles
(79°). Teixeira and Oliveira (1999) studied effects of four types of polymeric
material (HDPE, PP, PVC and PMMA) on Staphylococcus epidermidis adhesion.
Results were reported as a function of the SFE of interaction between two
surfaces (AGiwi). Polypropylene was reported to promote higher bacteria
adhesion, followed by PVC, HDPE and PMMA. Polypropylene presented the
lowest SFE of adhesion (-67.2 mJ/m?) and an average number of adhered cells
of 32.1 mm?x10-2 (Figure 2-2a) in comparison to 20.0+1.1, 13.7+1.0 and 3.1+0.1
mm?2x10-2 registered with HDPE (-59.2 mJ/m?), PVC (-22.0 mJ/m?) and PMMA (-
16.8 mJ/m?), respectively. Additionally, the material surface charge was also
correlated with cell adhesion (R?= 0.96); a larger number of cells adhered to the
greatest negatively charged surface material PP (-45 mV) (Figure 2-2a). At a
typical pH range (6-9) bacteria and material presented negative zeta potential
values. Thus, the electrostatic forces were expected to be repulsive.
Nevertheless, the adhesion still occurred possibly due to charge rearrangement,
by small molecules, ions and proteins and the repulsion was then inhibited by the
layer of extracellular organelles that promote the adhesion to the plastic surface

(Harimawan, Rajasekar and Ting, 2011).
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Figure 2-2 Relation between SFE of adhesion AGiwi (open circles, R?>= 0.83) and
zeta potential (filled circles, R?= 0.96) alongside with attached biofilm (Teixeira and
Oliveira, 1999) (a) relation between SFE and attached biofilm (R?= 0.88) (Khan et
al., 2013) (b).

Khan et al. (2013) studied the effect of the surface properties of four plastic
sheets’ surfaces, acetal polymer plastic, HDPE, melanine and nylon on biofilm
attachment and nitrification treatment performance for a full scale nitrifying
activated sludge process. The results revealed a linear correlation between
attached biomass with SFE (R?= 0.88) and an inverse correlation with attached
surface hydrophobicity (R?= 0.95) (Figure 2-2b). These results contradicted the
findings of Sousa et al. (1997), which stated that the most hydrophobic surface
had the highest adhesion. Higher values of surface energy (48.9 mJ/m?) and the
total biomass (5.7 g/m?) were obtained in nylon and the lowest in acetal (20.9
mJ/m?2 and 2.1 g/m? respectively). Dimitrov, Hadjiev and Nikov (2007) presented
results consistent with Khan et al. (2013). An improvement in biofilm growth was
observed whenever the surface energy increased and contact angle decreased.
Dimitrov, Hadjiev and Nikov (2007) also studied the effect of initial colonisation
on biofilm formation. The first deposited cells modified the initial surface energy

having influenced the adhesion process.

Rodriguez (2012) and Stephenson et al. (2013) studied the influence of media
surface properties on the adhesion and colonisation of bacteria using settled

wastewater. Stephenson et al. (2013) focused on a nitrifying biofilm, whilst,
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Rodriguez (2012) focused on heterotrophs and nitrifying biofilms. Stephenson et
al. (2013) found no evident correlation between adhesion forces and attached
biomass (Figure 2-3a), however, nylon, with the highest adhesion force (40 nN),
achieved the highest attached biomass (56.4 g/m?). Rodriguez (2013) observed
that PP was not the most hydrophobic material (89° and 30 mJ/m?) but presented
the highest biofilm attachment (8.75 g/m?). PTFE, a fluorinated material that
presents large contact angles (120°) and low SFE (19 mJ/m?), achieved lower
bacteria adhesion (5.83 g/m?), confirming the preference of bacteria for less

hydrophobic surfaces (lower contact angles) (Figure 2-3b).
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Figure 2-3 Biofilm attached against adhesion forces for the different plastic
supports, (R?= 0.12) (Stephenson et al., 2013) (a) and (R?=0.09) (Rodriguez, 2012)

(b).

Rodriguez (2012) studied the influence of physicochemical material surface
properties, surface energy and roughness on biofilm attachment and treatment
performance. The results demonstrated that PTFE resulted in the highest organic
removal (15.3 g COD/m2.d), however, it did not present the highest amount of
attached biomass (5.83 g/m?). Despite the higher biofilm attached obtained on
PP (8.75 g/m?), PP achieved the lowest organic removal (8 g COD/m?.d) (Figure
2-4). Additionally, no correlation was observed between the attached growth and
nitrification removal rate R?=0.05. PTFE and PP obtained the highest nitrification
removal rate of 2.7 and 1.95 g NH4*-N/m2.d with attached biomass of 5.83 and
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8.75 g/m?. A thinner biofilm obtained on PTFE may have promoted the greatest

nitrification achieved (Figure 2-5).
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Figure 2-4 Biofilm attached against COD removal rates for the different plastic
supports R?=0.39.
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Figure 2-5 Biofilm attached against nitrification removal rates for the different
plastic supports, (R?= 0.05) (Stephenson et al., 2013) (a) and (R?=0.05) (Rodriguez,
2012)(b).

Khan et al. (2013) demonstrated a correlation between surface energy and
nitrification removal rates, showing an increase in nitrifying activity with the
surface energy (R?= 0.96) (Figure 2-6a) and with the attached biomass (R?=0.91)
(Figure 2-6b). Nitrification removal rate values ranged from 0.55 to 2.53 g/m2.d,

for acetal and nylon respectively. Nitrifiers preference for higher surface energy
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material was therefore demonstrated. In this study the author concluded that
surface energy is better correlated with attached biomass than hydrophobicity
(Khan et al., 2013).
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Figure 2-6 Nitrification removal rates against SFE (R?=0.96) (a) and against biofilm
attached (R?= 0.91) (b) for the different plastic supports (Khan et al., 2013).

When comparing the results of different studies the different conditions of each
experimental work e.g. COD/N ratios, ratio of heterotrophs/nitrifiers or biofilm
development and test duration should be considered. PTFE was the most
hydrophobic surface found (120°), with the lowest surface energy (19 mJ/m?) and
highest ammonia removal (2.7 g/m2.d) and one of the lowest biofilm attachments
(5.83 g/m?). PP exhibited the higest value of attached biomass (8.75 g/m?) but
not the best ammonia removal (1.95 g/m?.d). HDPE, commonly used as carrier
media, was the third most hydrophobic material (90°) with a surface energy of 30
mJ/m? but it had the second lowest ammonia removal (0.87 g/m?.d) (Figure 2-7).
Regarding the specific nitrification activity, there was no clear correlation with
contact angle, and higher specific nitrification was achieved for melamine, Nylon
and PTFE (21.2, 18.5 and 19.3 mg NH4*-N/(g TS.h, respectively) (Figure 2-8).
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Other studies demonstrated that the nitrifier biomass appeared to attach better to
high surface energy material, and values were better correlated than with
hydrophobicity (Dimitrov, Hadjiev and Nikov, 2007; Khan et al., 2013). It is
therefore important to study the different surface energy components and other
physicochemical factors which may be involved. The studies presented above
were based on experimental works carried out in fixed flat sheets and not in

floating carrier media, commonly used in SAFs, MBBRs and IFAs. Therefore
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more experiments are required to verify the effect of carrier surface properties on

biofilm attachement and treatment performance.

2.1.2.2 Carrier media surface chemistry

The chemical properties of carrier media surface has a significant influence on
the initial bacterial attachment, subsequent biofilm formation and ultimately a
quick start-up leading to stable process performance (Dimitrov, Hadjiev and
Nikov, 2007; Mao et al., 2017). Carrier media surface modifications such as
hydrophobicity, surface charge, topography and roughness can lead to improved
microbial attachment and therefore enhance bacterial adhesion and biofilm

formation.

Many developments have been made to manipulate surface chemistry, including
the development of chemically modified polymer coating using self-assembled
monolayers (SAMs) by chemical grafting. The use of SAMs contributes to
attaining desired plastic carrier surface properties, with high affinity/selectivity for

certain bacterial groups (Khan et al., 2011, 2013).

Hadjiev et al. (2007) studied a conditioning film of polymethyl methacrylate and
powdered activated carbon (PMMA/PAC) on poly ethylenvinylacetate (PEVA)
and PE coated with PAC. The results showed that for surfaces conditioned by
PMMA/PAC the biofilm colonisation was higher compared to non-conditioned
material. Furthermore the coating considerably increased the surface roughness
(approximately 10 fold) (Hadjiev et al., 2007). The attached biofilm was higher in
PE/PAC (3 x10° cells/mm?) than PMMA/PAC coated PEVA (0.99 x10° cells/mm?)
and PEVA (0.45 x10° cellss/mm?). However, higher COD removal rates were
achieved using PMMA/PAC coated PEVA (41.7 g/m3.h) compared with PE/PAC
(28.7 g/m3.h) (Hadjiev et al., 2007). In another study, enhanced biofilm formation
was observed when a poly(ethylene glycol) associated with amino groups (PEG—
NH2) modification was used on PP (15.1+0.9 ym3/um?) and PE (6.4+1.0 ym3/um?)
surface in comparison with limited growth on non-modified membrane PP
(2.84+4.3 um3/um?) and PE (2.7+£0.6 um3/um?) (Lackner et al., 2009). Poor biofilm
formation was registered when PP and PE were modified with PEG grafted with
a functional group (-CHz),1.1+0.2 and 0.1+£0.05 ym3/um?, respectively (Lackner
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et al., 2009). Another study has shown that adding ferric ions and gelatine on PE
carrier media surface, modified the contact angle from 77° to 65° and 45°,
respectively. A 37.5 and 60% improvement on biofilm formation rate was
achieved compared to unmodified carrier, shortening the start-up in 37.5% and
60%, respectively (Zhu and Chen, 2002). In a study by Ma et al. (2014) foam,
calcium carbonate and plasma surface treatment were added to a HDPE carrier
to modify surface properties such as: roughness, hydrophobicity and surface
energy. The original HDPE media with roughness of 336 nm and contact angle
of 73.1° achieved lower attached biofilm 5.77 mg/carrier, compared with foam
addition (7.73 mg/carrier) with higher roughness and contact angle (1360 nm,
76.4°). The foam porous structure increased carrier media roughness and surface
area for bacteria to attach, achieving 34% higher attached biofilm when compared
with unmodified media. While plasma treatment (270 nm, 49.2°) and calcium
carbonate (526 nm, 99.0°) had the lowest quantity of biofilm, 5.79 and 4.61
mg/carrier, respectively (Ma et al., 2014).

Another study assessed treatment performance and biofilm characteristics of a
commercial non-porous carrier and a home-made porous carrier, by placing a
porous layer on the internal and external walls of a PE ring shaped carrier media
(Chen et al., 2015). In terms of substrate consumption rates and nitrification rate,
high porous media had much higher removal compared to the other media,
essentially due to the large PSA for attachment. Almost 100% COD removal
when compared with 67% was achieved by the non-porous media after 7 days of
operation. Ammonia removal efficiencies of 94% were also achieved on the 7t
day compared with 33% of the non-porous media (Chen et al., 2015). Sponges
have also been added to a cylindrical carrier media in Deng et al. (2016) studies.
Results showed that higher attached biofilm was found on the modified carrier’s
(0.14 g MLSS/g carrier) compared with unmodified carrier (0.07 g MLSS/g
carrier). The sponge’s high porosity offered larger spaces for biofilm to attach.
Modified carriers at steady state achieved better effluent quality, 93.3+£2.8,
83.8%+4.1, 75.3+2.2% of COD, NH4*-N and total nitrogen (TN) removal compared
with 92.0+£3.2,74.9+5.2 and 59.9+6.3 %. The foam modified carriers promoted the
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adhesion of slow growing organisms enhancing ammonia removal and

simultaneous nitrification and denitrification (SND).

Moreover, various studies, suggested the use of electrophilic materials
polyquaternium-10 (PQAS-10) and cationic polyacrylamides (CPAM), to modify
surface charge of a conventional negatively charged HDPE carrier media to
improve biofilm development and start-up (Mao et al., 2017). Surface charge was
increased from -39+0.7 mV (HDPE) to 12.9+1.4 (PQAS-10) and
10.8+1.7(CPAM), while contact angles decreased, from 94.3+3.2° (HDPE) to
59.8+4.2° (PQAS-10) and 58.8+2.8" (CPAM). Higher biofilm growth rates were
achieved with modified PQAS-10 (0.222 1/h) compared to 0.165 and 0.099 1/h
achieved in CPAM and unmodified carrier, respectively. Reactor start-up times
were longer on the unmodified carrier (27 days), when compared with 13 and 19
days of PQAS-10 and CPAM, respectively (Mao et al., 2017). Bacteria are
commonly negatively charged at neutral pH, therefore positive charge surfaces
attracted bacteria cells, whereas, in the unmodified surface repulsive forces were
experienced. The same modified carriers (PQAS-10 and CPAM) were used on
the start-up of a partial nitrification (PN) process in a study by Liu et al. (2017). A
faster growth of ammonia oxidizing bacteria (AOBs) promoted a quicker start-up

when compared with unmodified carriers.

The use of bio coated carrier media (preliminary heterotrophic bacteria layer) has
been recently proven to positively affect the start-up of deammonification
processes. An increase in 400% was verified during specific anammox activity
tests (250 mg NH4*-N/g VSS/L.d) using the bio coated in comparison with seeded
reactor values (50 mg NH4*-N/g VSS/L.d). Whereas, a coated granular-activated
carbon (GAC) carrier media only increased annamox activity by 50% in
comparison with seeded reactor (Kowalski, Devlin and Oleszkiewicz, 2017). This
result corroborates Klaus et al. (2016) studies, where anammox activity was
increased in the presence of a preliminary biofilm. This study also tested other
carrier media surface modifications; Fenton’s reagent and potassium

permanganate resulted in higher anammox activity.
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2.1.2.3 Protected surface area, shape and voidage

Protected surface area is generally referred as the surface area available for the
biofilm to grow protected from carrier collision and shear force and is commonly
used as a design and operational parameter in moving attached growth systems
(ddegaard, Gisvold and Strickland, 2000). Comparison studies among carrier
shape and size identified correlations between removal rates and media PSA
(Barwal and Chaudhary, 2014; Bolton et al., 2006; @degaard, Gisvold and
Strickland, 2000; Welander, Henrysson and Welander, 1998), therefore, much
attention has been given to maximising the carrier media PSA, independently of

carrier design (Piculell et al., 2016c).

Figure 2-9a illustrates the length to diameter ratio (L/D ratio) in function of
protected surface area. As the PSA increases (200-1200 m?/m3), L:D ratio
decreases (0.83-0.01), and carrier media shape tends to thin down with larger
diameters (flat shaped). Higher PSA >1200 m?/m? leads to a chip shape carrier
media with smaller internal dividing walls (reduced diameter of the grid meshes)
that generally limit the space for biofilm growth (Table 2-1) (Goode, 2010). Small
internal surfaces can have detrimental effects on wastewater flow through the
carrier and biofilm control (i.e. detachment and clogging) negatively impacting the
overall treatment performance (Bassin et al., 2016). Boltz and Daigger (2010)
indicated that an increased biofilm thickness promoted a reduction in carrier
media protected surface area, while Goode (2010) suggested a PSA correction
for carrier media with cylindrical shape following mature biofilm development
(Figure 2-9b). An increase in thickness up to 1000 pm reduced the PSA of a
cylindrical shaped carrier by 60% (180 m?/m?3) and at 700 um a reduction of 22%
in PSA, respectively (Goode, 2010). Protected surface carrier correction seems
to be an important factor to consider, with special significance for higher PSA
carriers that tend to have smaller internal voids. A similar observation was
registered in another study, where an increased biofilm thickness from 250 to
1000 pum reduced the PSA by 33% (Sen et al., 2007). Bjornberg, Lin and
Zimmerman (2010) suggested the use of active biofilm surface area together with
specific surface perimeter (active biofilm thickness). Recent studies have

emphasised the importance of biofilm active thickness on PSA definition
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suggesting the use of active surface area as the area of biofilm that is exposed
to the bulk-liquid (Piculell et al., 2016c).
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Figure 2-9 Ratio between plastic carrier length and diameter with PSA (a) and

biofilm surface area reduction with increased biofilm thickness (b) (Goode, 2010).

2.1.2.4 Carrier media functionality
2.1.2.4.1 Filling fraction and carrier media fluidisation

Media filling ratio is an important parameter on MBBR design affecting investment
cost, energy consumption and treatment performance (Feng et al., 2012).
Despite, an increase in the filling ratio being of benefit to the increased biofilm
available, increased energy (aeration and/ or mechanical mixing) needs to be
provided to maintain carrier media in suspension (McQuarrie and Boltz, 2011).
Moreover, an increase in carrier media filling ratio can also lead to carrier to
carrier collision encouraging biofilm detachment (Gu et al., 2014). Values of 65%
media filling ratio have been recommended in most of the literature (Jdegaard,
2016). However, different filling ratios have been used by different researchers.
Studies on the performance of two carriers under different filling ratios (20, 35
and 50%), K1 (500 m?/m3) ABC5 (650 m?/m3) stated that the highest COD
removal obtained was realised at 35 and 50% filling ratio, of 59+7% and 57+6%,
for K1 and ABCS5, respectively (Martin-Pascual et al., 2012). Studies on the

impact of media filling ratio using cylindrical shaped media (10-70%) on oxygen
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uptake rates (OUR), showed higher OUR at 40% filling ratio (1.65+0.49 mg
O2/L.h), decreasing when filling ratio was increased up to 70% (1.31+0.59 mg
O2/L.h). Additionally, optimal mixing intensities were indicated at 40% filling ratio
(Barwal and Chaudhary, 2015). Studies using a polyvinyl chloride carrier (PVC)
demonstrated that with an increase in carrier media filling ratio from 10% to 75%,
the COD removal efficiency improved by 17%. An optimal filling ratio of 50% for
COD removal and 70% for nitrification was suggested (Wang, Wen and Qian,
2005). Other studies on the impact of media filling ratio showed that a 50% filling
ratio presented optimal conditions for BODs removal, whereas a 100% filling ratio
was beneficial for ammonia removal (Holloway and Soares, 2018). Furthermore,
internal hydrodynamic experiments showed that 100% carrier media filling ratio
achieved the lowest internal recirculation rate, while 50% and 25% registered a

moderate and complete fluidisation, respectively (Holloway and Soares, 2018).

Other aspects to consider regarding carrier media fluidisation, are the effect of
mixing intensities and carrier media on mass transfer boundary layer thickness
(MTBL) and external mass transfer (Prehn et al., 2012). The transfer of substrate,
and oxygen from the bulk liquid to the interior of the biofilm occurs mainly by
diffusion and is often separated by a stagnant liquid layer commonly designated
as MTBL (Boltz, Morgenroth and Sen, 2010; Herrling et al., 2015). An increase in
flow velocities and mixing intensity can significantly reduce MTBL thickness,
promoting fast movement of the carrier media, increasing oxygen transfer within
the biofilm, enhancing bacteria activity and overall substrate conversion rate
(WEF, 2011). Mixing intensities’ influence on MTBL thickness has been proven
in many studies (Gapes and Keller, 2009; Hem, Rusten and Odegaard, 1994;
Masi¢, Bengtsson and Christensson, 2010; Melcer and Schuler, 2014; Nogueira
et al., 2015). Within the mixing intensities studies using in-situ methodologies and
carrier media, Nogueira et al. (2015) achieved ranges of external mass transfer
coefficients and MTBL thickness of 0.68-13.50 m/d and 2.9-22.4 m/d, and 12.9-
256.6 ym and 7.8-61.1 um for nitrification and COD removal, respectively.
However, no clear evidence of the impact on carrier media of different physical

properties (e.g.; voidage, shape and size) has been demonstrated to date.
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2.1.2.4.2 Carrier media properties: oxygen transfer

Different studies have demonstrated the positive impact of plastic carrier media
on the standard oxygen transfer efficiency (SOTE) in coarse bubble aeration
(Collignon, 2006; Jing, Feng and Li, 2009). It is proposed that the contact of air
bubbles with the carrier media and tank’s surface causes bubble break-up,
increasing the time for oxygen to transfer and enhancing gas-liquid interface area
renewal (Jing, Feng and Li, 2009). An increase of 20 to 40% on SOTE in the
presence of carrier media was reported when a coarse bubble aeration was used
(Pham, Viswanathan and Kelly, 2008). Another study reported a 50% increase
on SOTE when a cylindrical carrier media was used at 50% filling ratio (Sander,
Behnisch and Wagner, 2017). Values of mass transfer coefficient (kLa) with a
40% carrier media filling ratio were nearly three times higher compared with no
media in Barwal and Chaudhary (2015) studies. In the same study a further

increase on carrier media filling ratio decreased oxygen mass transfer.

Contrasting results were observed for fine bubble aeration, where the addition of
media decreased SOTE substantially and promoted fine bubbles coalescence
(Collignon, 2006; Hodkinson, 1997). The only studies found in the literature that
compared the impact of carrier media shape and size on oxygen mass transfer,
stated an improvement of 6-22% using a coarse bubble aeration when the ring-
shaped carrier media was used while flat shaped media caused bubbles to
coalesce, thus reducing oxygen mass transfer (Collignon, 2006). Very few
studies were found in the literature regarding pilot and full-scale operation. Pham,
Viswanathan and Kelly (2008) using off-gas techniques observed that the
presence of media had negligible effect on a fine-bubble aeration process at full
scale. Similar results were observed at pilot scale under operational conditions
for fine bubble aeration. However, an increase in aSOTE (2.4 to 3.7 %/m) was
reported when a coarse bubble aeration and 50% media filling ratio was applied
(Sander, Behnisch and Wagner, 2017).

2.1.2.4.3 Operating conditions and biofilm function

The use of different media alongside process operation/reactor configurations

can potentially favour the adhesion and growth of specific bacteria such as
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heterotrophs, autotrophs (ammonia oxidizing bacteria - AOB - and nitrogen
oxidizing bacteria - NOB), heterotrophs denitrifying species, phosphorus
accumulating microorganisms (PAO) and anammox (Haandel and Lubbe, 2012).
The variety of carrier media, have contributed to the wide range of specific
applications such as: simultaneous nitrification and denitrification (SND), partial
nitritation and anammox (PNA), where redox and anoxic layers are required
within the same media (McQuarrie and Boltz, 2011) and micropollutants removal
(Torresi et al., 2017).

In a SND-MBBR process using two differently shaped carrier media, the ring
corrugated shaped media showed better TN removal than a cylindrical shaped
carrier media, where anoxic conditions were favoured due to carrier structure
(Zinatizadeh and Ghaytooli, 2015). Christensson et al. (2013) studied the impact
of different carrier media design on PNA process performance. The results
obtained indicate that cylindrical shaped carrier media (500 m?/m?3) developed
more biomass per surface area than the carriers with a PSA higher than 1000
m2/m?3 with chip format, due to their high voidage and cavities that allowed an
inner thicker biofilm to be formed (Christensson et al., 2013). The chip design
revealed a denser and more compact biofilm when compared with cylindrical
shape media. Nitrogen removal rate was higher when cylindrical shaped media
(3.8 g N/m?.d) was used in ex-situ anoxic batch tests compared to chip design
(1.5 g N/m2.d). Similar results were found in Gilbert et al. (2015) studies where, a
cylindrical shaped media (500 m?/m3) with 10 mm thickness had the best
performance when compared with a chip-shaped carrier media (1200 m?/m?) with
2 mm thickness which provided more anaerobic conditions for anammox activity
(Gilbert et al., 2015). New saddle shaped carrier with predefined biofilm thickness
of 200 ym (Z carrier, AnoxKaldnes™) has been successfully applied in a
nitritation stage achieving 75-85% of nitrite accumulation (Piculell et al., 2016a).
The positive effect of having a thin biofilm was complemented in another study,
where a greater nitrite production was achieved in a predefined carrier grid of 50
pMm (Z50) compared with a predefined grid carrier of 400 um (Z400) (Piculell et
al., 2016b). Further studies demonstrate that complete nitrification was achieved

in a thin biofilm developed on the Z50 (50 ym) saddle shaped carriers in
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comparison with Z200, Z300, Z400, and Z500. With nitrification rates of 0.75, 0.2
and 0.18 gN-NH4*/gTSS.d for Z50, Z200 and Z500, respectively (Torresi et al.,
2016). While thicker biofilms developed in Z500 (500 ym) promoted higher
removals of 60% of the target micropollutants (Torresi et al., 2016, 2017). In Falas
et al. (2012, 2013) studies, no differences were identified between cylindrical and
chip shaped carrier media on the removal of micropollutants, however carrier
media promoted higher removals in comparison to activated sludge (Falas et al.,
2012, 2013). Two different shape and size media were applied for the removal of
micropollutants, the chip shaped with a porous surface media (PSA, 3000 m?/m?3)
achieved higher removal efficiencies (85+10%) when compared with a cylindrical
shaped carrier media (74+22%) with PSA of 500 m2/m3 (Zupanc et al., 2013).

2.1.2.4.4 Biofilm distribution and specific activity

Biofilm activity is commonly used to quantify and monitor biofilm substrate
utilisation rates in MBBR. Biological growth kinetic studies are of greatest interest
once biofilm activity is not directly proportional to the quantity of biomass attached
to the carrier media or biofilm thickness. To some extent kinetics increases with
biofilm attachment and thickness, beyond the optimal thickness (“active
thickness”), the nutrient and oxygen diffusion decrease becoming a limiting factor
(Lazarova and Manem, 1995). Different activity tests have been applied to
compare carrier media, using batch tests, including substrate utilisation rates
(Siciliano and De Rosa, 2016), oxygen utilisation rates (OUR) (Dong et al., 2015),
ammonia and nitrate utilisation rates (Hoang et al., 2014; Regmi et al., 2011).

Hoang et al. (2014), Forrest, Delatolla and Kennedy (2016) and Young et al.
(2016) studied the “nitrification kinetics normalised to biofilm and biomass” by
means of relating ammonia removal rate with average biofilm thickness and
viable cell coverage (% of viable cell coverage). At high loading conditions,
cylindrical shaped carrier media (500 m?/m?3) achieved higher levels of cellular
activity 17.2+2.0 g N/m3.d.% viable cells compared to the flat shaped carrier
media (900 m?/m? and 1200 m?/m3) with activity of 10.9+1.8 and 7.6+1.6 ¢
N/m3.d.%viable cells, respectively. Under normal loading conditions, higher
cellular activity was still achieved with the lowest surface area media 500 m?/m?
(7.5+1.7 g N/m3.d.% viable cells) compared to 3.9+0.7 and 4.8+0.4 g N/m3.d.%
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viable cells reached by 900 and 1200 m?/m?3 (Young et al., 2016). The increased
biofilm thickness measured on the flat shaped media, decreased nitrification
efficiency due to reduced pore space and changes to flow hydrodynamics
reducing the substrate mass transfer within the biofilm. A cylindrical shape carrier
(800 m?/m3) was compared with three fullerene-type carriers with spherical shape
(437-600 m?/m3) and activities were 8.7-27.6% higher in the spherical media than
the cylindrical media (Dong et al., 2015). Other studies observed higher attached
biomass on a cylindrical shape media 500 m?/m? compared with a 3000 m?/m3
chip shaped carrier. Bassin et al. (2016) proposed that there was no positive
correlation between the amount of attached biofilm and carrier media surface
area, and that other media characteristics should be considered (shape, size and
surface) (Bassin et al., 2016).

2.2 Discussion

Moving attached growth systems, such as MBBR, have been implemented
worldwide, and there are more than 1200 full scale operating plants (Boltz et al.,
2017). However, the increased restriction in the wastewater discharge legislation
together with the increased load and diversity of wastewater sources, has
resulted in the crucial need for the further development and optimisation of MBBR
processes. Despite the considerable amount of research carried out on MBBR
process optimisation, most of the work assumed carrier media PSA as the key
parameter for MBBR design, modelling and operational control. This is based on
the knowledge that the greater the carrier media PSA the greater the biomass
attached and substrate removal capacity. However, studies have started to
question the fundamental use of PSA and give importance to other carrier
characteristics, such as carrier media shape and structure (Herrling et al., 2015;
Melcer and Schuler, 2014; Piculell et al., 2016c). These properties have been
shown to affect the bacterial distributions and biofilm formation over the carrier
shielding biofilm from hydrodynamic conditions. Carrier media physical properties
help to control biofilm thickness enhancing oxygen and substrate penetration.
Carrier media physical properties enabled the generation of microhabitats:
aerobic, anoxic and anaerobic layers within the biofilm that can expand the range
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of MBBR applications, as integrated technology or on its own. Carrier media
properties have been shown to increase oxygen transfer efficiency with greater
energy efficiencies. Improved mixing conditions prevent clogging and increase
hydraulic diameter for wastewater to flow ensuring good oxygen and substrate
mass transfer. Evidently, the available area for biofilm growth is one of the
essential parameters that guarantee a compact and robust process. However,
more research is needed to better understand the carrier media physical
proprieties. MBBR research and carrier optimisation needs to look beyond the
use of conventional carriers (cylinder-shaped) produced by established

manufacturers and other carrier shapes and sizes should be compared.

Overall, the selection of a suitable media continues to be a difficult task due to
the different types of media existent in the market (Table 2-1). Carrier media
exhibit different behaviours according to application, and future research should
link carrier geometry with treatment purposes. Manipulating carrier physical
properties that can create macro and microenvironment arrangements (aerobic
anoxic and anaerobic), generating different environments that can
simultaneously promote aerobic and anaerobic processes seems to be an
interesting topic. Thus, to treat a broad range of wastewaters and follow different

removal process pathways, carrier media needs to be continually modified.

Future developments can pass from exploring the use of chemical modification
of the carrier media surface to enhancing bacteria adhesion and biofilm formation.
Where plastic is mixed with positively charged polymers, plastic hydrophilicity and
electrophilicity is altered (Mao et al., 2017), or through the incorporating of open
macro-porous structures (graphene, carbon based materials reticulated carbon
foam) onto carrier media surface or other foam type surfaces. Use of existent by-
products, such as aluminium by products from water treatment to remove
phosphorus, have been used in wetlands and other suggestions within the
phosphorus removal will be to cultivate microalgae onto the carriers or polymeric

hydrogels.

It is expected that carrier media optimisation will result in increased costs

(materials and manufacture), which may be justified by the improved treatment
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performance, a more compact process and operational cost savings making this

process more competitive with alternative technologies.

2.3 Conclusions

Little value has been given to carrier physical properties on moving attached
growth systems. Thus, the key outcome of this review was to challenge the PSA
as the sole efficiency/optimisation parameter and consider others, namely
physical properties and carrier functionality in the overall removal efficiency of the
process. Besides, carrier protected surface area:

e Surface material, roughness and hydrophobicity play a vital role on biofilm
formation. A weak correlation was found between roughness and
adhesion. Adhesion appears to be higher on high SFE material and lower
hydrophobicity (lower contact angles).

e Surface modification by chemical additives or foam addition has proved to
be a potential solution to improve bacteria adhesion and accelerate start-
up.

e Protected surface carrier correction appears to be an important factor to
consider, with special significance for higher PSA carriers that tend to have
smaller internal voids.

e Optimal carrier media design requires a balance between carrier media
surface area and open spaces to allow free flow and enhance mass
transfer and substrate penetration.

e Carrier functionality represents an important parameter; thus, carriers
should be linked with treatment application as a way to create distinctive

zones for specific biofilm formation and stratification.

The need to revise WWTPs associated with high energy demand, resources and
energy recovery gives a high potential to apply technologies that involve the use

of carrier media.
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3 IMPACT OF CARRIER MEDIA ON OXYGEN
TRANSFER AND WASTEWATER HYDRODYNAMICS
ON A MOVING ATTACHED GROWTH SYSTEM

J. Dias?, M. Bellingham®, J. Hassan®, M. Barrett®, T. Stephenson?, A. Soares?

aCranfield University Water Sciences Institute, Cranfield, MK43 OAL, UK.
bWarden Biomedia, 31 Sundon Industrial Estate, Dencora Way, Luton, Bedford, LU3 3HP, UK.

Abstract

This study investigated the impact of five different carrier media on oxygen mass
transfer efficiency and flow mixing in a 2 m® moving attached growth system pilot-
plant. The five media studied varied in shape (cylindrical and spherical), size,
voidage and protected surface area (112-610 m?/m?3). In clean water tests, the
media enhanced the overall oxygen transfer efficiency by 23-45% and hydraulic
efficiency (HE) by 41-53%, compared with operation with no media. When using
spherical media (Media 1, 2 and 3), the presence of biofilm increased the HE to
89, 93 and 100%, respectively. Conversely, Media 4 and 5 with biofilm
contributed to a reduction in HE to 74 and 63%, respectively. The media protected
surface area, the parameter traditionally selected to design biofilm processes, did
not correlate with HE or with oxygen mass transfer efficiency in clean water tests.
This study provides clear evidence that other media physical properties play a
role in the mixing and oxygen mass transfer in moving attached growth systems.
A correlation (R?) of 0.89 and 0.90 was obtained between the media
dimensionality times voidage (Di x Voi) and HE, with and without biofilm
development, respectively. The combination of parameters (Di x Voi / HE) also
correlated well with oxygen mass transfer efficiency in clean water (R? of 0.92
without biofilm and R? of 0.88 with biofilm). Dimensionality and voidage should be
utilised to design and optimise media size and shape, to enhance mixing and
oxygen mass transfer, ultimately contributing to energy savings and higher

removal efficiencies.

Keywords: Aeration efficiency, carrier media, dimensionality, hydraulic
efficiency, voidage.
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3.1 Introduction

Aeration of secondary processes requires high energy consumption in
wastewater treatment plants (WWTPSs), which can account for 20-60% of the total
energy demand, depending on the plant configuration (Longo et al., 2016).The
energy requirements to operate activated sludge processes (ASPs) are
estimated to be in the order of 0.18-0.8 kWh/m?3 in the UK (Longo et al., 2016),
0.16-0.45 kwh/m?in the United States (US), 0.46 kWh/m?3 in Australia, and 0.43-
2.07 kWh/m? in Japan (Bodik and Kubaska, 2013).The increasing cost of energy
in the UK, and worldwide, have made ASP less attractive to the water industry.
Furthermore, in Europe, the Urban Wastewater Treatment Directive 91/271/EEC,
IS tightening the ammonium-nitrogen (mg NH4*-N/L) discharge consent level from
5 mg NH4*-N/L to 3 mg NH4*-N/L, and in certain sensitive areas down to 1 mg N-
NHa4*/L (European Parliament. Council of the European Union, 1991). In the US,
as authorised by the Clean Water Act, the National Pollutant Discharge
Elimination System (NPDES) effluent limit for mg NH4*-N/L ranges from 0.1 to
1.0 mg NH4*-N/L. The energy requirements to treat the wastewater to this level
are expected to increase, as the oxygen requirement for nitrification is 4.6 kg
O2/kg NH4*-N (Jenkins, D. and J. Wanner, 2014).

Moving attached growth system, such as submerged aerated filters (SAF) moving
bed biofilm reactors (MBBR) and integrated fixed film activated sludge (IFAS),
have been increasingly used as cost effective processes and alternatives to ASP,
to meet the more-stringent nutrient/ammonia consents (Rusten, @degaard and
Lundar, 1992; Sen and Randall, 1996). Moving attached growth systems make
use of buoyant carrier media, which support and allow biofilms to grow promoting
high biomass concentrations. The use of carrier media promotes the
development of slow growing bacteria such as nitrifiers, preventing wash out and
enhancing the nitrification efficiency (Rusten et al., 2006). The constant
movement of the carrier media increases biofilm/bulk liquid oxygen levels and
substrate mass transfer, compared with fixed media processes. Moving attached
growth systems maximise the loading capacity and efficiency of the conventional
biological processes at reduced footprints due to high biomass retention

(McQuarrie and Boltz, 2011). Sufficient air needs to be provided for the
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degradation of organic matter, endogenous respiration, nitrification as well as
mixing and scouring of the biofilm (McQuarrie and Boltz, 2011). In moving
attached growth systems, dissolved oxygen (DO) set points are usually high (3-
5 mg/L), compared to conventional ASP (1-2 mg/L) (Jenkins, D. and J. Wanner,
2014). Owing to the increased oxygen demand associated with greater microbial
concentration and to overcome the resistance to mass transfer and higher
diffusional resistances, higher DO set point are needed in biofilm systems. Thus,
it is important to optimise aeration efficiency, thereby minimising energy
consumption and operational costs, while ensuring good process performance
(Rosso et al., 2011).

Different studies have investigated the impact of plastic carrier media on oxygen
transfer efficiency and have demonstrated consistent results on the enhancement
of oxygen mass transfer with different media and filling ratios (Jing, Feng and Li,
2009; Pham, Viswanathan and Kelly, 2008; Sander, Behnisch and Wagner, 2017;
Sun et al., 2016). An increase of 15-32% in standard oxygen transfer efficiency
(SOTE) has been described when the media filling ratio was 25% (Pham,
Viswanathan and Kelly, 2008), and an increase in SOTE of 50% was observed
with a media filling ratio of 50% (Sander, Behnisch and Wagner, 2017). A 48-61%
enhancement on the volumetric mass transfer coefficient (kLa) was reached using
a lab scale reactor filled with 40% of media (Jing, Feng and Li, 2009). Other
studies stated a 10% increase with a 50% filling ratio (Sun et al., 2016). Results
generated indicated that air bubbles were sheared into small bubbles through
contact with the carriers, thereby increasing the gas-liquid interfacial area. Carrier
media also promoted bubble dispersion increasing bubble retention time within
the reactor. Nevertheless, only a small number of studies compared different
sizes and shapes of carriers. Two media with ring shape (500 and 650 m?/m3 of
protected surface area) and a plane surface (1200 m?/m?3) were studied by
Collignon (2006). Results generated indicated that little difference was observed
in standard oxygen transfer efficiency (SOTE) using fine bubble aeration with and
without media. A more pronounced impact was observed using coarse bubble
aeration. With regards to size, shape and density of the media, the ring shape

media helped the break-up of coarse bubbles. This in turn increased kiLa by 6-
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22% at a 40% filling ratio and the circular flat shape encouraged bubble

coalescence (Collignon, 2006).

The hydraulic characteristics of moving attached growth systems have a
significant impact on system performance. Hence, different size and shape
carriers can influence flow pathways and hydraulic velocities with an impact on
oxygen and substrate mass transfer (Herrling et al., 2015) and biofilm dynamics
including growth, thickness and detachment (Rusten et al., 2006). Little is known
about the impact of plastic carrier media on hydraulic flow patterns and mixing
conditions. Tracer studies are frequently used to characterise hydraulic profiles
and mixing behaviour in reactors. These studies help to identify hydraulic
limitations, such as inactive volume (stagnant flow), hydraulic short circuiting and
preferential flow paths, channelling (Holloway and Soares, 2018). Dead volume
or stagnant zones reduce the actual volume available for chemical and
biochemical reactions, reducing the treatment capacity (Sharma and Kazmi,
2015).Tracer analyses are also vital in illustrating the influence of aeration in a
reactor. Often, well aerated reactors have a maximum use volume for biological
treatment (Mann, 1997).

Although there are different studies on the effect of plastic carriers on oxygen
mass transfer and a few studies on moving attached growth systems
hydrodynamics, physical media properties appear to have been overlooked. To
the best of the authors’ knowledge, no studies have correlated media physical
properties with oxygen mass transfer and moving attached growth systems
hydrodynamics. Therefore, in this study, five media with different physical
properties (surface area, voidage, shape and size) were used to study their
impact on reactor hydrodynamics and oxygen mass transfer efficiency in a
moving attached growth systems pilot plant. The study was performed with and
without biofilm, from which correlations between physical properties of the media

and hydrodynamic and oxygen mass transfer parameters were obtained.
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3.2 Material and methods

3.2.1 Experimental setup

The experimental tests were conducted at Cranfield University WWTP (Cranfield,
UK), treating 600 m3/day of municipal wastewater. The pilot plant consisted of a
reactor divided into three aerobic cells of equal volume with a total volume of 2
m3 (1.0 m width x 1.5 m length and 1.30 m height) (Figure 3-1). The wastewater
was introduced at the bottom of the tank and exited at the top, with narrow vertical
baffles included to improve wastewater distribution to all of the cells. The media
was retained within each cell by flat perforated sieves with 6 mm openings. A
medium bubble aeration grid made of a 25 mm diameter PVC pipe drilled with 4
mm diameter holes, was fitted into each section of the tank. Air distribution was
adjusted and controlled using three individual air flow rotameters installed in each
of the cells and flow regulated by valves. Three recycled polypropylene spherical
shape carrier media (Media 1, 2 and 3) with a protected surface area of 112, 148,
220 m?/m?3 and two recycled polypropylene cylindrical shape media (Media 4 and
5) with a protected surface area of 348 and 610 m?/m? were tested (Table 3-1).
Protected surface area was defined in this study as the surface area available for
the biofilm to grow protected from carrier collision and shear force (ddegaard,
Gisvold and Strickland, 2000). The five carrier media were provided by Warden
Biomedia (Luton, UK). Organic and nutrient loading rates was based on surface
area and calculated using equation (3-1). Where, SLR is the surface area loading
rate (g COD/m2.d or N-NH4*/m?.d), C is the pollutant concentration (g/m3), Q is
the influent flow rate (m3/day), V is the reactor volume (m3), Asc surface area to
volume ratio (m?/m?) and a is the media filling ratio (%).The organic and nutrient
loading per surface area was kept constant by fixing the media filling ratio at 60%,
within the values recommended in the literature (McQuarrie and Boltz, 2011). The
feeding loading rates were 6.1+0.2 g COD/m?.day, 3.0+0.4 g BOD/m?.day and
0.6£0.1 g NH4*-N/m?.day. The pilot-plant was designed to deliver variable air flow
velocities (between 3.6-18.7 m3/m?2.h) and variable wastewater flow (between
2.5-18.0 m3/day).
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SLR = M (3_1)

-

Treated effluent

Settled wastewater

Figure 3-1 Schematic side view of the pilot-plant used to study hydrodynamic
behaviour and aeration efficiency of 5 carrier media.

Table 3-1 Characteristics of the carrier media tests in the moving attached growth
systems. Media 1 (Biofil), Media 2 (Bioball), Media 3 (Biomarble), Media 4 (Biopipe)
and Media 5 (Biotube). Media was supplied by Warden Biomedia

(http://www.wardenbiomedia.com/).

Total Protected Shape Dimensions Voidage Material Density
] surface surface % Jem?3
Media (m2md) area Length Diameter ) @ )
(m#m?) (mm) (mm)
1 135 112 Spherical 65 95 95
2 220 148 Spherical 53 65 92
. Recycled 0.97

3 310 220 Spherical 36 46 90 polypropylene

4 600 348 Cylindrical 13 215 82.5 (PP)

5 1000 610 Cylindrical 8 12 80

3.2.2 Tracer studies

Tracer studies were performed using Rhodamine (Rhodamine WT 20%; Fisher
Scientific, Loughborough, UK). The tracer was injected in the reactor by the
“pulse input technique” as described by Levenspiel (1999). A volume of 5 ml of
Rhodamine was injected instantaneously into the inlet of the reactor. The
Rhodamine concentration was then monitored in the effluent using a submersible

fluorometer (Cyclops-7; RS Aqua Ltd, Hampshire, UK) and data collected was
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recorded on a data logger (Databank Handheld Dataloggers; RS Aqua Ltd,
Hampshire, UK). Measurements were taken every 30 seconds over a period
equivalent to 3 to 4 hydraulic retention times (HRT) equation (3-2). Tracer mass
recovered was calculated directly from the measured flowrate and concentration
data. A tracer mass recovered within 80-100% was considered to be acceptable.
An initial set of tests was completed without media and with and without aeration.
A second set of tests included media with and without aeration at a wastewater
flow of 4 and 9 m3/day (at HRT of 11.8 and 5.30h) and two air flow velocities of
2.2 and 9 m3/m?2.h (a total of 72 tracer studies). All tests were carried out in

triplicate.
HRT =V /Q (3-2)

3.2.2.1 Determination of the residence time distribution (RTD) curves

Residence time distribution (E(t)) curves were obtained from the tracer
concentrations measured at the outlet of the reactor (C(ti)) as function of time (t;)
and calculated using equation (3-3) as described by Levenspiel (1999).

Based on the E(t), the average time that the tracer remained in the reactor (mean
residence time - tm), and the distribution variance (o?) were calculated using
equation (3-4) and equation (3-5). To allow for a comparison between RTD
profiles, tracer concentration E(6) and time (6) were normalised, where 6 is the
ratio between tiand HRT.

An analytical dispersion model was used to represent non-ideal flows (between
Plug Flow and Mixed Flow) as described by Levenspiel (1999). Dispersion
number (6= D/ulL) and variance (oe?) were calculated based on iterative
calculations and used as mixing indicators, where D is the axial dispersion
coefficient (m?/s), L is the axial distance of the reactor (m) and u is the velocity
(m/s) equation (3-6). Dimensionless Peclet is defined to be the ratio of the rate of
transport by convection and the rate of transport by diffusion or dispersion and it
is used to describe the back-mixing behaviour using the axial dispersion model
(3-6). Thus, Peclet number, can be calculated as the inverse of dispersion
number (Pe=10), and a threshold value of 5 (Pe<1/0.2) was predicted by the
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dispersion model in Levenspiel (1999) and Tomlinson and Chambers (1979) has

the criterion of greater back mixing.

RTD curves can be interpreted and quantified in different ways. Brannock et al.
(2010) stated a number of relationships commonly used to evaluate RTD curves,
such as dead zones, or short-circuiting flow. Dead zones (Vq4) and hydraulic
efficiency (HE) were calculated according to equation (3-7) and (3-8) (Li et al.,
2015b; Li, Nan and Gao, 2016). Hydraulic efficiency (HE) was used to measure
the hydraulic behaviour of the reactor (wastewater flow distribution and mixing)
and calculated based on the ratio between mean residence time and hydraulic
retention time (tm/HRT). The effective volume was calculated based on total
volume correction (Vi), considering the HE and bed voidage (Voi) and equation
(3-9).

E©) =) [ . dew (3-9)

ty = Z t;C(t;). At; / Z C(t).At; (3-4)

0 0

o = z (ti —tm )ZC(tl)Atl/z C(tl)Atl (3-5)
0

0

oZ =2(D/uL) — 2(D/uL)?[1 — e7¥t/P] (3-6)
HE (%) = t,,/HRT (3-7)
Va(m®) = (1 = (t;/HRT)) (3-8)
Veffective = V- Voi. HE (3-9)

3.2.3 Clean water oxygen mass transfer tests

Oxygen mass transfer was assessed using the procedure described in the
standard methods “Measurement of Oxygen Transfer Capacity in Clean Water”
(ASCE, 2007). Batch trials were performed in one of the three reactor cells at
three air flow velocities: 2.2, 9.0 and 16.2 m3m?2.h. A first set of tests was
completed without media, then with media at a 60% filling ratio. The DO

concentrations were measured using two DO portable metres (HACH HQ40d;
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Camlab, Cambridge, UK). The DO probes were placed at two fixed positions in
the tank 0.2 m and 0.8 m below the water level. All tests were completed in

triplicate to assess reproducibility.

3.2.3.1 Determination of the oxygen mass transfer parameters

Measurements of the increasing DO concentrations were taken during the
aeration period, at time intervals of 10s (tp). Following Gourich et al. (2008) and
Garcia-Ochoa and Gomez (2009) the dynamics of the oxygen sensor can be
neglected only if the characteristic time of mass transfer, tr= 1/Kra, is higher than
10tp =100 s. The volumetric oxygen mass transfer coefficient (k.a) (1/h), was
calculated based on equation (3-10) and equation (3-11), where Co is the initial
dissolved oxygen concentration, C;bulk oxygen concentration at time t and C’
the oxygen saturation concentration (mg/L). All the values collected were
adjusted to standard conditions (zero DO, 20 °C, and 1 atm) (ASCE, 2007). The
standard oxygen transfer rate (SOTR, kgOz2/h) and the standard oxygen transfer
efficiency (SOTE, %/m) were also determined in equation (3-12) to (3-15), where

W,,is calculated based on the mass fraction of oxygen into dry air, the flow rate

(Q) and p air density.

Ce = Ch — (Ch — Cp).eTRralt=to) (3-10)
ln(C:o — Co) = KL azo- t+ ln(C;o - Co) (3-11)
SOTR == KL azo- V . CZ*O (3'12)
KL a(T) == KL azo . 9T_20 (3-13)
wo, = pQ (3-14)
corp = SOTR _ SOTR

" W,, hpxQx0299 (3-15)

Standard aeration efficiency (SAE, kgO2/kwWh) for each media was also
calculated based on the power requirements (Pw) from air flow rates (2.2, 9.0 and
16.2 m3m?2.h) and on compressor efficiency (e=60%), where R is the gas
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constant for air, P2 and P1 absolute inlet and outlet pressure, respectively
(equation (3-16) and (3-17)).

P, = WRT/29.7 n.e [(P,/P;)%?8% — 1] (3-16)

SAE = SOTR/P,, (3-17)

3.2.4 Oxygen mass transfer and hydrodynamic behaviour under
operational conditions

To study the effect of biofilm development in the hydrodynamic behaviour, tracer
studies were conducted when the operation reached steady state and the biofilm
was fully attached to each media. Oxygen transfer efficiency during operation
was measured using off-gas techniques according to the ASCE (1997). A plastic
cover with two layers was used to cover each cell, a sealed hose was used to
collect the off-gas released (gas flow rates were measured using rotameters and
DO). Temperature, and COD at inlet and outlet were also measured. A portable
gas analyser (Geotech's BIOGAS 5000, Leamington Spa, UK) was used to
measure the percentage of Oz (0-25%) and CO2 (0-100%) from the off-gas with
an accuracy of £1%. The oxygen transfer efficiency was calculated based on a
mass balance between the gas feeding and the off-gas equation (3-18). The
operation standard oxygen transfer efficiency («¢SOTE) was then calculated using
equation (3-19), where, 0 is the temperature correction factor (6=1.024) for
wastewater temperature (Tw), B8 beta factor, Cs20 concentration of oxygen at 20
degrees (mg/L), DO concentration of dissolved oxygen (mg/L), and Cst oxygen
concentration under operational conditions. The a value was determined by the
ratio between aSOTE and the clean SOTE (ASCE, 1997).

OTE = (Oxygen air,%) — (Oxygen of f — gas,%)/(0xygen air, %) (3-18)

aSOTE = Cy 0. OTE.0@%~™) /B.C; 1 — DO (3-19)
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3.3 Results and discussion

3.3.1 Hydrodynamic behaviour without biofilm growth

Residence time distribution (RTD) curves were investigated in clean media
(without biofilm) and wastewater. Hydraulic efficiency (tm/HRT) was calculated for
each condition studied, with and without media (with and without aeration) at a
wastewater flow rate of 4 and 9 m3/day and two air flow velocities of 2.2 and 9
m3/m?.h (Table 3-2).

Differences between HRT and tmindicated that the reactor deviated from the ideal
plug-flow behaviour. The results obtained (with and without media) demonstrated
that the hydraulic efficiency was always inferior to 100%. When aeration was off,
the mean residence time varied from 3.15-5.85, 3.32-7.51, 3.92-7.66, 3.40-8.07,
3.45-7.61, 3.39-7.43 h, without media and with Media 1, 2, 3, 4 and 5,
respectively, for a theoretical value of 5.30-11.80 h. When aeration was on, the
mean residence time varied from 3.22-9.00, 4.00-9.51, 4.85-10.07, 4.83-10.09,
3.58-10.23, 3.60-10.94 h without media and with Media 1, 2, 3,4 and 5,
respectively (Table 3-2). The mean residence time was always shorter than the
theoretical value. These results indicated that the occurrence of hydraulic short

circuits or dead zones, reduced the effective volume of the reactor.

The average hydraulic efficiency was found to improve by 5-28% when the results
obtained were compared for when the aeration was off and in the presence of
media. Without media, values of hydraulic efficiency varied from 40-52%
compared with 63-64% with Media 1, 66-74% with Media 2, 64-68% with Media
3, 64-65% with Media 4 and 63-64% with Media 5, for the two HRTs studied
(Table 3-2). Once aeration was introduced, hydraulic efficiency increased from
25-38% without media compared with 14-25% with Media 1, 19-24% with Media
2, 8-30% with Media 3, 4-27% with Media 4 and 6-32% with Media 5. Other
studies also observed the positive effect of aeration and media on hydraulic
efficiency. This is because the reactor behaviour tended to be completely mixed
due to agitation promoted by the air (Holloway and Soares, 2018; Morgan-
Sagastume and Noyola, 2008). Morgan-Sagatume and Noyola (2008)

demonstrated that the presence of media (volcanic scoria media) increased the
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hydraulic efficiency by 72% when compared with the aerated filter without media.
Other studies revealed that the introduction of 100% media filling ratio in a
submerged aerated filter, improved the hydraulic efficiency by 48% (Holloway
and Soares, 2018).

Comparing the hydraulic efficiency results statistically, using paired t tests, was
verified that hydraulic efficiency for Media 1 was statistically different (p<0.05)
from all the other media. Between Media 2 and 3 and between Media 4 and 5
there was no statistical difference in the hydraulic efficiency results. However,
there was a statistical difference between the spherical (1, 2 and 3) and the

cylindrical (4 and 5).
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Table 3-2 Summary of the hydraulic parameters determined based on two wastewater flow rates (4 m*day and 9 m3/day). Media 1
(Biofil), Media 2 (Bioball), Media 3 (Biomarble), Media 4 (Biopipe) and Media 5 (Biotube). Media was supplied by Warden Biomedia

(http://Iwww.wardenbiomedia.com/).

Alr F.IO.W No air Air flow rate 2.2 m3m2.h Air flow rate 9 m%/m2h
velocities
Clean Media 1 Media 2 Clean Media 1 Media 2 Clean Media 1 Media 2
HRT (h) 11.8 5.30 11.8 5.30 11.8 5.30 11.8 5.30 11.8 5.30 11.8 5.30 11.8 5.30 11.8 5.30 11.8 5.30
tn () 5.8 3.2+ 7.5+ 3.3+ 7.7+ 3.9+ 8.240.1 3.2+ 9.5+ 4.4+ 9.4+ 4.8+ 9.0+ 3.5+ 8.7+ 4.0+ 10.1+ 4.9+
m +0.5 0.2 0.2 0.3 0.3 0.9 e 0.1 0.2 0.1 0.6 0.1 0.3 0.1 0.1 0.2 0.4 0.3
Vi 0.44+ 059+ 058+t 060+ 0.55+ 0.41+ 0.36+ 0.37+ 0.31+ 0.27+ 263(1) 0.092 0.16x 0.272 0.43+ 0.4+ 0.35+  0.17+
(md 0.01 0.04 0.03 0.05 0.02 0.02 0.02 0.00 0.02 0.01 5 +0.04 0.3 +0.01 0.96 0.03 0.03 0.04
HE (%) 52 40 64 63 64 77 69 61 81 83 79 92 76 65 73 75 77 94
Dispersion 021+ 0.20+ 0.22+ 0.18+ 0.22+ 0.23t 0.18+ 0.17+ 022+ 021+ 019 0.21+ | 0.18+ 0.20+ 0.20+ 021+ 0.20+ 0.198
Fy 0.12 0.08 0.03 0.01 0.04 0.04 0.01 0.01 0.04 0.01 +0.0 0.00 0.02 0.03 0.01 0.02 0.01 +0.01
3.4+ 2.3+ 3.2+ 3.4+ 3.2+ 2.9+ 3.4+ 2.9+ 2.1+ 3.2 3.0+ 3.5+ 3.2+ 3.1+ 3.0+ 3.1+ 3.0+
N-CSTR 3.4+0.1
0.1 0.4 0.1 0.1 0.5 0.3 0.14 0.4 0.1 +0.2 0.1 0.3 0.3 0.1 0.2 0.1 0.2
Air Flow No air Air flow rate 2.2 (m%m?2.h) Air flow rate 9 m¥m2h
velocities
Media 3 Media 4 Media 5 Media 3 Media 4 Media 5 Media 3 Media 4 Media 5
HRT (h) 11.8 5.30 11.8 5.30 11.8 5.30 11.8 5.30 11.8 5.30 11.8 5.30 11.8 5.30 11.8 5.30 11.8 5.30
tn () 8.1+ 3.4+ 7.6% 3.5+ 7.3 3.4+ 10.140.2 4.8+ 10.2+ 3.6+ 10.9 3.6+ 8.8+ 4.9+ 8.9+ 4.7+ 7.4+ 4.7+
m 0.6 0.2 0.3 0.7 0.6 0.6 e 0.4 0.1 0.1 +0.1 0.7 0.5 0.1 0.1 0.3 0.6 0.3
Vg 049+ 056+ 052+ 051+ 054+ 054+ 023 010+ 020+ 0.34t Sblé 036 | 040+ 007+ 036+ 005+ 005+ 150+
(md 0.01 0.04 0.01 0.05 0.02 0.02 0.01 0.01 0.02 0.01 5 +0.01 0.02 0.01 0.01 0.03 0.03 0.04
HE (%) 66 62 59 60 57 58 83 91 80 71 84 68 72 92 76 89 63 89
Dispersion  0.18t 0.18+ 0.16+ 0.16+ 0.22+ 0.22+ 0.18+ 0.20+ 0.18+  0.20% 2'018 0.21+ | 0.19+ 0.20+ 0.21+ 0.25+ 0.19+ 0.188
Fy 0.12 0.08 0.03 0.01 0.02 0.01 0.01 0.01 0.04 0.01 1 0.00 0.02 0.03 0.01 0.02 0.01 +0.01
3.2+ 3.1+ 3.5+ 3.0+ 3.4+ 2.8+ 3.1+ 3.4+ 3.1+ 3.3+ 3.1+ 3.3+ 3.1+ 3.0+ 2.8+ 3.0 3.040
N-CSTR 3.2+0.1
0.3 0.2 0.3 0.1 0.5 0.2 0.1 0.3 0.2 0.1 0.2 0.2 0.3 0.1 0.2 0.2 2

HRT theoretical retention time, t, mean residence time, V4 volume of dead zones, HE hydraulic efficiency, é dispersion number, N-CSTR number of Continuous Stirred Tank Reactors
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Results indicated a decrease of dead zones from 28 to 77% for both air flow rates
and with media. In this study, the dead volume percentages varied from 17-26%,
8-20%, 8-26%, 11-32% and 7-37% with Media 1,2, 3, 4 and 5, respectively (Table
3-2). Aeration has been shown to have a greater impact on mixing. The presence
of media and aeration held the tracer for a longer period inside the reactor,
reducing dead zones. Similar results were obtained by Morgan-Sagastume and
Noyola (2008) demonstrating that dead zones were decreased by 53% when

aeration and media were used.

Mixing patterns (back-mixing) were analysed based on dispersion number (D/uL).
Tomlinson and Chambers (1979) defined a low degree of mixing when D/uL <
0.02 and a large degree of mixing when D/pL = 0.2. For an ideal plug-flow reactor,
the dispersion coefficient D/pUL = 0, whereas D/uL = «, is expected in a perfectly
mixed reactor. The values of dispersion coefficient (Table 3-2) varied from 0.16
to 0.25 suggesting a moderate to high degree of mixing. An average Peclet
number, the inverse of dispersion number (1/68), of 5.1+0.4 also confirmed the
large degree of dispersion Pe<5, as stated by Fogler (2006). The presence of
media did not increase the dispersion coefficient values, rather, the same results
were verified in the studies by Morgan-Sagastume and Noyola (2008). Back
mixing can also be characterised by the value of N-CSTR, with an N < 3 indicating
higher back mixing (Fogler, 2006). The values varied from 2.11 and 3.53 within

the media.

3.3.2 Hydrodynamic behaviour under operational conditions (with
biofilm growth)

To study the impact of biofilm growth in the hydrodynamic behaviour of the
reactor, tracer studies were conducted after biofilm development. Values of mean
residence time of 16.90+0.29h, 11.20+0.65h, 8.69+0.29h, 5.25+0.34h and
3.02+0.65h were obtained at operation conditions for Media 1, 2, 3, 4 and 5,
respectively (Table 3-3). The hydraulic efficiency achieved with Media 1 and 2
was 89+2% and 93+5%, respectively. With Media 3 the mean residence time
exceeded the theoretical value of 8h, 8.69+0.29h (tracer retention within the

biofilm). The same observation was verified in Holloway and Soares (2018),
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where tm exceeded by 27-40% the HRT. The presence of biofilm in Media 1, 2
and 3 led to an increase in the residence time, reducing channelling, increasing
reactor effective volume and back mixing. Effective volume of 1.34+0.02,
1.33+0.05 and 1.68 +0.02 m? were registered with Media 1, 2 and 3. The same
effect was observed in Holloway and Soares (2018) where biofilm growth
increased tracer retention and back mixing by 33%, at 50% media filling ratio. A
5% increase on tracer retention was also reported by Morgan-Sagastume and
Noyola (2008). For Media 4 and 5, the biofilm contributed to a reduction in mean
residence time, 5.25+0.34h and 3.02+0.65h compared to theoretical values of 6.8
and 4h. Hydraulic efficiency of 74+1 and 63+2% were registered for Media 4 and
5, respectively, with effective volumes of 1.14+0.02 and 1.10+0.05 m3 (Table 3-3).
Dispersion coefficient values were very similar within the media value of 0.22; this
value was indicative of intermediate to high dispersion. The parameter, N-CSTR,
also exhibited similarities within the media, with values of 2.81+0.05 were
calculated for Media 1, 2.98+0.01 for Media 2 and 2.78+0.05 for Media 3. Media
4 and 5 shifted the flow behaviour towards a plug flow with values of N-CSTR of
3.0£0.23 for Media 4 and 3.0+0.01 for Media 5.

Table 3-3 Summary of the hydraulic parameters and aeration efficiency at
operation conditions with biofilm attached. Media 1 (Biofil), Media 2 (Bioball),
Media 3 (Biomarble), Media 4 (Biopipe) and Media 5 (Biotube). Media was supplied
by Warden Biomedia (http://www.wardenbiomedia.com/).

Media 1 Media 2 Media 3 Media 4 Media 5
tm (h) 16.9+0.3 11.2+0.6 8.7+0.3 5.2+0.3 3.0+0.6
S 0.22+0.03 0.22+0.04 0.22+0.03 0.21+0.04 0.22+0.04
N-CSTR 2.81+0.05 2.98+0.01 2.78+0.05 3.0+0.23 3.0+0.01
Ve (M3) 1.34+0.02 1.33+0.05 1.68 +0.02 1.14+0.02 1.10+0.05
HE (%) 89+2 9345 100+2 74+1 63+2
a factor 0.80+0.10 0.59+0.17 0.63+0.17 0.62+0.20 0.63+0.03
aSOTE (%/m) 3.98+0.10 3.65+0.17 3.50+0.17 2.72+0.20 1.58+0.03
aKla (1/h) 4.71 5.94 8.64 11.02 12.82
aSAE
(kgOa/kWh) 3.65 2.85 2.75 2.28 1.70
kWh/kgO2 0.6 0.6 05 05 0.4
consumed
kWh/m3astewater 0.23 0.19 0.19 0.17 0.14
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3.3.3 Clean water oxygen mass transfer

The results obtained for kLa for each media are presented in Figure 3-2a. The
results demonstrated that aeration mass transfer in clean water was enhanced
by the presence of the media. The kLa values without media varied from 3.07,
9.53 and 15.44 1/h at aeration rates of 2.2, 9.0 and 16.2 m3m?Z.h, respectively.
When the media was introduced the kiLa increased from 3.97 and 25.57 1/h. The
kia in clean water was significantly different for all the media (p<0.05). Media 1
improved kLa from 23-37%, Media 2 from 35-45%, Media 3 from 36-45%, Media
4 from 37-44% and Media 5 from 31-36%, when compared with clean water.
Comparing the results obtained within the media, statistical analysis using the
paired t tests was performed and this demonstrated that k.a for Media 1 and 5

were statistically different (p<0.05) from Media 2, 3 and 4.

A kiLa increase from 21-55% has been reported by different authors that studied
the influence of carrier media on aeration (Collignon, 2006; Jing, Feng and Li,
2009).The presence of carrier media had been shown to influence bubble break-
up, decreasing bubble size, increasing gas hold-up and hence the contact time
between the gas and liquid. Limited studies have been conducted on the impact
of media physical properties on oxygen mass transfer in moving attached growth
systems. Using different packing material properties (size, density and shape),
Fujie et al. (1992), found that physical properties play an important role in gas-
liquid oxygen mass transfer, by bubble hold up and dispersion. Among the
materials studied, smaller material promoted bubble coalescence, reducing kia,
while larger materials increased kia by bubble hold-up. Three plastic carrier
media, two cylindrical and a circular flat shaped, were studied by Collignon (2006)
using coarse bubble aeration. The results confirmed an improvement in oxygen
transfer by 6-22% in the presence of cylindrical media at a 40% filling ratio,
whereas the addition of circular flat shaped media affected the kLa negatively.
The different reactor designs (water depth), type of dispersed air system, media
carrier and filling ratios used, make comparisons between studies challenging.
Considering the clean water kiLa data in more detail, and comparing against other
studies, the values registered in this study were higher. However, when the

influence of water depth was considered, the values were lower (15.67 ¢
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O2/m3.m) than the ones obtained by Collignon (2006) 21.18 g O2/m3.m . The
aeration efficiency (g O2/m3 water per meter of submergence) was calculated
following Al-Ahmady (2011); considering the air flow velocity and the oxygen
transfer capacity of the system (g O2/m3.hr). @degaard (2015) presented values
of 10 g O2/m? water per meter of submergence in clean water, 13 and 15 ¢
O2/m3.m when a 500 m?/m3 media was used at 30 and 50% filling ratio.

(a) (b)

74 N Clean 3 Media 3
[ Medial HEE Media 4
N Media2 EEE Media5

SOTE(%/m)

2.2 9.0 . 2.2 9.0 16.2
Air flow velocity (m/h) Air flow velocity (m/h)

Figure 3-2 kia (a) and SOTE (%/m) (b) measurements in clean water and with 5
different media at three air flow velocities. Media 1 (Biofil), Media 2 (Bioball), Media
3 (Biomarble), Media 4 (Biopipe) and Media 5 (Biotube). Media was supplied by

Warden Biomedia (http://www.wardenbiomedia.com/).

The SOTE (%/m) with media at 2.2 m3/m?.h ranged from 5.01-6.56 %/m, 3.62-
5.56 %/m at 9.0 m/h and 3.02-4.85 %/m at 16.2 m3/m?.h (Figure 3-2b). Lower
values were registered by Collignon (2006) at a 40% media filling ratio and 17
m3/m2.h, 2.27 and 2.41%/m and Pham et al. (2008) at a 50% filling ratio registered
values of SOTE of 2.6 %/m at an air flow velocity of 9.9 m3/m?.h. The values of
SOTE obtained were also slightly higher compared to the theoretical design
values used in MBBRs with coarse bubble diffusers that are usually around 2.5
to 3.5 %/m (McQuarrie and Boltz, 2011). The addition of media improved the
SOTE (%/m) by 10 to 44%. SOTE enhancement in Collignon (2006) was 22%
compared to the results achieved without media. In Sander, Behnisch and
Wagner (2017) the addition of carrier media increased SOTE from 2.9%/m

(without media) to 5.6%/m (at 50% filling ratio) using a coarse bubble aeration.
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3.3.4 Oxygen mass transfer under operational conditions (with
biofilm growth)

To estimate the impact of the media with biofilm on oxygen transfer efficiency
(OTE), off-gas tests were conducted under steady-state conditions. Values of a
factor of 0.80+0.10, 0.59+0.17, 0.63+0.17, 0.62+0.20 and 0.63+0.03 were
attained with Media 1, 2, 3, 4 and 5, respectively (Table 3-3). The a factors
obtained were within the typical values for coarse bubble aeration, 0.55 and 0.94
(Groves et al., 1992) and consistent with an a factor of 0.63 calculated in Sander,
Behnisch and Wagner (2017). A high variability in a factors was registered during
the sampling. This was mainly due to the natural variability of the influent and
operation limitations such as reactor depth and operation with no defined DO set
point. The aSOTE obtained were 3.98+0.10, 3.65+0.17, 2.83+0.17, 2.72+0.20,
and 1.58+0.03%/m for Media 1, 2, 3, 4 and 5, respectively (Table 3-3). These
values are consistent with the ones achieved by Pham et al. (2008) of 2.9%/m
and a value of 0.6 with plastic carrier media and fine bubble aeration. A aSOTE
in the range of 3.79 and 3.88 %/m using fine bubble aeration was achieved in a
full scale IFAS, with flat shaped carrier media with a values varying from 0.57 up
to 0.85 (Kappel, 2009). An aSOTE of 3.72 %/m with coarse bubble aeration was
also reported by Sander, Behnisch and Wagner (2017), respectively.

The energy efficiency values at operation conditions were 3.65, 2.85, 2.75, 2.28
and 1.7 kg O2/kWh for Media 1, 2, 3, 4 and 5, respectively. The values were
higher than the ones described for coarse bubble 0.6-1.5 kg O2/kWh in Stenstrom
and Rosso (2008) and similar to the ones specified by Kappel (2009) for an IFAS
within 1.5-3.6 kg O2/kWh using fine bubble aeration. The values of oxygen
consumption per cubic metre of wastewater treated ranged from 0.14-0.23
kWh/m3, the lower range values were registered with Media 5 and the higher
value in Media 1. Compared with the literature, the aeration energy consumption
registered by Belloir et al. (2015) in two oxidation ditches was 0.95 kWh/m? and
0.64 kwh/m3. Values in the order of 0.15-0.7 kWh/m? were estimated for ASP in
Bodik and Kubaska (2013). An MBBR operated with oxygen had been supplied
continuously registered a 0.25 kWh/m3 (Amatya, 2015). Other studies presented
values of 0.17 kWh/m?3 (Rusten and Paulsrud, 2009).
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3.3.5 Influence of media physical properties on hydrodynamics and
oxygen mass transfer

3.3.5.1 Without biofilm growth

The results obtained on HE and on oxygen mass transfer efficiency (SOTE) were
correlated with the carrier media protected surface area (Figure 3-3). A linear
fitting of R?>= 0.67 and R?= 0.48 suggested that the protected surface area does

not correlate with hydraulic efficiency and SOTE.

Other physical parameters, such as porosity, have been mentioned in the
literature as more suitable, compared to the specific surface area, to describe
hydraulic behaviour and performance on an upflow biofilter (Show and Tay,
1999). Others suggested that additional media properties should be considered
and not only surface area, such as voidage (Dupla et al., 2006). Physical
properties (length to diameter ratio) were indicated as an influential parameter on
the fluidization velocity (Zhong et al. 2008).

To gain a better understanding, other physical properties of the five media studied
were investigated and correlated with HE and SOTE. Parameters such as:
diameter, length to diameter ratio (L:D), sphericity, Sauter mean diameter, shape
factor and voidage were considered and correlated with HE and on oxygen mass
transfer efficiency SOTE (Appendix A). Due to the three-dimensional geometric
shapes of the carrier media other geometric properties were used to normalise
the carrier media shape. Dimensionality (Di) was used and was defined by Jones
(2011) as the “maximum-dimension-normalised sum” and calculated using
eqguation (3-20) for a sphere and equation (3-21) for a cylinder. Where D, r and L

are the radius and side/edge lengths, respectively.

Di= (Ly+Ly,+L,)/max (Ly,Ly,Ly,) (3-20)

Di= 1+ (4r.L/[2r% + 12]) + (2r/|\4r2 + 12]) (3-21)

A strong correlation was given between the combination of Di and Voi with HE
(R? of 0.89) (Figure 3-4a). A relationship between dimensionality and voidage
influenced the wastewater flow and mixing impacting the reactor hydraulic

efficiency. The spherical shape media with high voidage (90-95%) promoted a
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better use of the reactor effective volume (1.33-1.44 m3) compared with the
cylindrical shape media, with lower voidage (80-82.5%) (reactor effective volume
of 0.93-0.96 m3). The lower voidage (80-82.5%) and the smaller size of the
cylindrical media (221.5 and 12 mm) compared with larger spherical size media
(295, 65 and 46 mm) influenced the flow path when the air flow velocity was 2.2
m3/m?2.h, and this later improved the reactor effective volume by 29%. At higher
air flow velocity (9 m3m?.h) the difference between media was not significant,
effective volume in spherical media was 5% higher than cylindrical media.
Increasing aeration velocity from 2.2 to 9 m3/m?2.h promoted greater turbulence
that had a positive effect on the hydraulic efficiency when cylindrical media was
used 87+7% compared to 68+£1%.
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Figure 3-3 Correlation between hydraulic efficiency (a) and SOTE (%/m) (b) with
the media protected surface area (m?m3). Media 1 (Biofil), Media 2 (Bioball), Media
3 (Biomarble), Media 4 (Biopipe) and Media 5 (Biotube). Media was supplied by
Warden Biomedia (http://www.wardenbiomedia.com/).

Regarding the results achieved during the oxygen mass transfer tests in clean
media, a strong correlation was attained when comparing SOTE with HE (R?=
0.88) (Figure 3 4b).
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When spherical media were added to the reactor, SOTE improved by 38+10%
compared with cylindrical shape media; 16+6%. Large voidage and the shape of
Media 1 appeared to break up the bubbles enhancing the SOTE by 27% when
compared with no media in the reactor. However, the shearing effect and bubble
hold up was insufficient to promote greater oxygen mass transfer when compared
with 44% and 43% enhancement obtained with Media 2 and 3, respectively. Once
the larger number of media inside the tank was coupled with the smaller voidage
they appear to break up the bubbles, retaining them for longer in the tank. A
smaller improvement on SOTE was registered when using the cylindrical shape
and lower voidage media (Media 4 and 5), 20 and 12%, respectively. Although
gas bubble visualisation experiments were not completed in this study, it was
hypothesised that, the increased number of media promoted higher collision
within the bubbles and bubble entrainment, hindering the oxygen mass transfer
by aggregating the smaller bubbles into larger bubbles reducing the contact
between the gas and the liquid. A similar effect was reported in Dean and Webb
(1986) where a solid fraction up to 0.10 (1-Voi) increased the oxygen mass
transfer, however a further increase in solid, decreased the oxygen mass transfer
due to the bubble coalescing effect. Negative influence in k.a was also observed
by Ferreira et al. (2010) and Freitas and Teixeira (2001) when an increase in
solids concentration promoted bubble collision and subsequent coalescence and
reduction of specific interfacial area.
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Figure 3-4 Correlation between hydraulic efficiency and Di x Voi (a) and correlation
between SOTE (%/m) and hydraulic efficiency (b) without biofilm growth. Media 1
(Biofil), Media 2 (Bioball), Media 3 (Biomarble), Media 4 (Biopipe) and Media 5
(Biotube). Media was supplied by Warden Biomedia

(http://www.wardenbiomedia.com/).

3.3.5.2 Operational conditions with biofilm growth

The same data analysis was performed when biofilm was developed in the media.
Considering the same combination of parameters, as in clean conditions,
dimensionality and voidage. Nevertheless, voidage reduction was considered
and calculated based on the biofilm growth (thickness) and total surface area
correction. For the spherical media, Alonso et al. (1997) and Dumont, Woudberg
and Van Jaarsveld (2016) equation was used (3-22). Where Voi is the voidage
with biofilm, Lt is the biofilm thickness, Voipis the initial voidage, without biofilm, r
is the radius and n, a coordination number calculated based on equation (3-23),
as described by Dullien (1992). For the cylindrical shape media, the equation
presented in Goode (2010), was used (3 24).

Li\* n/Ln?/ L
Voi=1— (1 - Voiy) [(1 + —f) - —(—f) (2 Ly 3)] (3-22)
T 4\r T
Voiy = 1.072 — 0.1193n + 0.004312n? (3-23)
2 2
a= (8(r - 2Lf) + 27r(r - 2Lf)) h + (nr - n(r - 2Lf) ) (3-24)

Thickness values when the biofilm was fully developed were considered. For the
spherical media, Media 1, 2 and 3 the thickness was of 426+88, 375+45 and
328170 um, respectively. For the cylindrical media, an average biofilm thickness
of 449+82 um for Media 4 and 268+79 um for Media 5 were measured. Taking
into consideration the voidage reduction, hydraulic efficiency was compared with
dimensionality and voidage for each media, and a correlation of R?= 0.90 was
obtained (Figure 3-5a).

Due to the media physical structure, the biofilm growth (thickness) in Media 1, 2
and 3 did not significantly impact the media voidage. However, for Media 4 and

5, the biofilm thickness led to a reduction in voidage of 6 to 14%, respectively.
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Biofilm accumulation in the internal parts of Media 4 and 5, reduced the hydraulic
diameter for water to flow through, creating preferential flow paths, accelerating
short-circuiting due to media clogging, and therefore decreasing hydraulic
efficiency by 74+1 and 63+£2%, respectively. It was estimated that voidage could
achieve a further 12 and 26% if the biofilm thickness reaches 1000 um, for
example under operation with high organic loads. Regarding the oxygen mass
transfer, a higher correlation was achieved when comparing the aSOTE with
corrected voidage and hydraulic efficiency, R? of 0.88 (Figure 3-5b). Furthermore,
the SOTE correlated well with protected surface area after biofilm growth (R?=
0.95).
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Figure 3-5 Correlation between hydraulic efficiency (a) and aSOTE (b) with biofilm
developed on the carrier at steady state. Media 1 (Biofil), Media 2 (Bioball), Media
3 (Biomarble), Media 4 (Biopipe) and Media 5 (Biotube). Media was supplied by

Warden Biomedia (http://www.wardenbiomedia.com/).

The strong correlations between hydraulic efficiency, dimensionality and voidage
(R2= 0.90) presented within this study demonstrate that carrier physical
properties do have an impact in the reactor hydraulic regime. The findings support
the importance of shape and voidage on the carrier design, which has been
neglected in favour of an increase in surface area of media per volume. The
conventional cylindrical shaped media, with smaller open voids are more likely to

clog as biofilm thickness increases, thereby not allowing efficient contact between
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the biofilm and wastewater. The poor mixing, associated with channelling and
short-circuiting make this media less efficient hydraulically. Similar observations
were performed in other studies, where a larger and flat shaped media with small
pore spaces were also affected by clogging. This is especially when used at high
loading conditions due to high biofilm growth, and despite their high specific
surface area (Forrest, Delatolla and Kennedy, 2016). These results are also in
line with Show and Tay (1999), where a decrease in media voidage, induced
clogging and dead spaces, resulting in lower hydrodynamic and treatment
performance. The poor mixing and the slightly negative effect on oxygen transfer
of large and flat shaped media was also observed by Collignon (2006), by
decreasing bubble retention time and increasing bubble coalescence. Information
obtained from this work is expected to develop into a useful reference for media
size and shape optimisation. These will act to improve process performance
providing opportunities for capital and operational cost savings, making this

process more competitive with alternative technologies.

3.4 Conclusions

e The presence of media and aeration had a positive impact on the reactor
effective volume increasing hydraulic efficiency (HE) by 41-53%,
compared with no media, holding the tracer for longer period inside the

reactor, and reducing the amount of short-circuiting and dead zones.

e The presence of media had improved aeration performance in comparison
to results achieved without media. In clean water tests, the media

enhanced the overall oxygen transfer efficiency by 23-45%.

e The biofilm developed on the carrier media increased HE when spherical
media (Media 1, 2 and 3) was used by 89+3, 93+5 and 100%, respectively.
For Media 4 and 5, the biofilm contributed to a reduction in HE, with values
of 74+1 and 63+2%, respectively.

e Physical properties, dimensionality and voidage were highly correlated
with HE without and with biofilm (R?=0.89 and 0.90), in comparison to
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protected surface area (R?= 0.67, without biofilm and R?= 0.76 with biofilm
growth).

e Physical properties, dimensionality and voidage, associated with hydraulic
efficiency also correlated with oxygen mass transfer efficiency without
(R?=0.92). and with biofilm (R?= 0.88), in comparison to protected surface
area (R?= 0.76, without biofilm and R?= 0.95 with biofilm growth).

e The combination of parameters: dimensionality and voidage, can be used
to optimise media size and shape, enhancing mixing and oxygen mass
transfer; and ultimately contributing towards energy savings and higher

removal efficiencies.
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Abstract

The influence of carrier media physical properties on the start-up duration of a
moving attached growth system such as a moving bed biofilm reactor (MBBRS)
and submerged aerated filters (SAFs) was investigated. Five carrier media with
different shapes (spherical and cylindrical), sizes, voidage and protected surface
areas (112-610 m?/m3) were studied. This study aimed to assess start-up
duration using the biofilm formation rates, by considering the time required to
achieve a constant attached biofilm per unit of carrier media protected surface
area (g TS/m?). Results indicated that the spherical and lower protected surface
area carrier media achieved shorter chemical oxygen demand (COD) removal
start-up (18, 15 and 17 days for Media 1, 2 and 3), compared to the 23 and 24
days required by the cylindrical high surface area media (Media 4 and 5).
Ammonia removal start-up was also shorter for Media 1, 2 and 3 (30, 22 and 17
days) when compared with Media 4 and 5 (46 and 47 days). During the final days
of start-up, the obtainable COD removal efficiencies achieved were similar for all
the media (88+4, 81+4, 85+3, 80+3 and 86+4% for Media 1 to 5). Media 1, 2 and
3 achieved ammonia removal efficiencies of 50£13, 64+1, 6317 % and for Media
4 and 5 the removal efficiencies were 32+17 and 345 % by the end of start-up.
This work demonstrated that the traditional parameter, protected surface area,
had weaker correlations with the biofilm formation rate for COD and ammonia
removal (R?>= 0.83 and 0.76). However, good correlations were observed with a
combination of physical factors. These were dimensionality (Di) and voidage
(Voi), and hydraulic efficiency (HE), (Di x Voi)/HE, which were strongly correlated
with biofilm formation rates (R?= 0.95 and 0.92). Hence, this study proposes that

physical properties can contribute to enhancing biofilm formation; shortening the
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start-up, contributing to improved removal rates and fast commissioning of the

moving attached growth system process.

Keywords: Biofilm formation rate, dimensionality, moving attached growth, start-

up, voidage.

4.1 Introduction

The need to meet increasingly stringent discharge limits has made biofilm
processes popular for the removal of organic pollutants and nitrogen in
wastewater treatment plants (WWTPs) (Barwal and Chaudhary, 2016). Moving
attached growth systems, such as submerged aerated filters (SAFs) moving bed
biofilm reactor (MBBRS) and integrated fixed film activated sludge (IFAS) use
buoyant carrier media as a biofilm growth support material. MBBRs have been
established in the past 25 years as robust, versatile and compact solutions and
have been successfully implemented in municipal and industrial wastewater
treatment (ddegaard, 2016).

The initial biofilm adhesion plays a crucial role on attached growth systems (Mao
etal., 2017; Tang et al., 2017b). Due to the nature of the process the time required
to achieve a well-established biofilm can vary considerably from 1 to 6 weeks
(Bassin et al., 2016; Dong et al., 2015; Tang et al., 2016). Start-up duration has
been a major drawback on full-scale applications especially in nitrification
processes (Lackner et al., 2009) due to the slow growth rate of nitrifiers (Habouzit
et al., 2014). Bacterial adhesion to support surfaces has been extensively
studied, and physical (size, shape, density, roughness) and chemical properties
(surface materials: plastic, foam, woven, ceramic, glass, etc. and chemical
modified polymer) have been shown to strongly affect early stages of biofilm
formation (Deng et al., 2016; Eldyasti, Nakhla and Zhu, 2012).

Biofilm formation occurs after initial cell adhesion to the surface of the carrier
media that then leads to bacteria accumulation and extracellular polymeric
substances (EPS) production. This helps bacteria bind and form the biofilm (Zhu
et al., 2015). However, bacterial adhesion and subsequent biofilm development

is a dynamic process that can be affected by external factors such as operating
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conditions, organic and nutrient loading and hydrodynamics within the reactor
(Liu and Tay, 2002; Pellicer-Nacher and Smets, 2014). The latter plays a critical
role during start-up as it controls biofilm detachment caused by shear forces
(superficial air velocity) and abrasion (carrier media concentration) (Goel et al.,
2011; Mao et al., 2017). To ensure a fast-start up and stable biofilm formation a
balance has to be achieved between biofilm growth and detachment processes
(Lackner et al., 2009).

To date, there have been limited studies on start-up of moving attached growth
systems. Most studies identified in the literature are performed at the laboratory
scale, and focus on strategies to accelerate the adhesion of the microorganisms,
to the carrier reducing the start-up duration. Zhu et al. (2015) fed a 9 L laboratory
scale reactor with easy biodegradable substrates (synthetic wastewater)
inoculated with activated sludge from a secondary clarifier. The reactor was used
to describe different start-up stages in biofilm systems with a cylindrical shape
carrier media with a protected surface area of 460 m?/m3. Stable COD and
ammonia removals of 92% and 50% were achieved after 6 and 14 days of start-
up respectively. The same strategy was used by Bassin et al. (2016) on the start-
up using two different carrier media; a cylindrical and chip shaped media with 500
and 3000 m?/m?2 at 50 and 8.3% filling ratio. Twenty to thirty days were necessary
for a constant attached biofilm to be achieved. Seeding sludge and synthetic
wastewater was also used in Mao et al. (2017) where start-up was compared
using three carriers (two modified and one unmodified), resulting in 13, 19 and
27 days, respectively. Batch feeding and prolonged hydraulic retention times
were adopted as a start-up strategy in Tang et al. (2016) using a round
polyethylene ball and start-up was achieved in only 6 days. These studies mainly
demonstrate the dynamic nature of the process but also highlight the variation of
how start-up is interpreted and defined. Start-up in moving attached growth
systems has been described in a multitude of parameters, including: biofilm
growth, time to form a fully developed biofilm, biofilm activity and reactor
performance (i.e. substrate removal efficiencies) (Bassin et al., 2016; Mao et al.,
2017; Zhu et al., 2015).
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Research on moving attached growth system start-up has been limited so far and
to date, no studies have investigated the relationships between carrier media
physical properties and start-up. The significance of this is emphasised in the
importance of start-up towards achieving low commission periods and treatment
robustness during steady state. This in turn can lead to improvement of the
economic competitiveness of the moving attached growth system technology.
Therefore, this study aims to investigate how carrier media physical properties
influence process start-up using real wastewater. The expected outcome of this
work is intended to provide guidance for design and start-up of a full-scale moving
attached growth system plant. Furthermore, the fast biofilm formation rate, can
be of benefit for operation conditions modification (increased flow and organic
loading) as well as for upgrade of existing wastewater treatment plants

contributing to the extended application of moving attached growth systems.

4.2 Material and methods

4.2.1 Pilot plant setup and operation conditions

A 2 m? rectangular shaped pilot plant divided into three separate aerobic cells of
equal volume (1.0 m width x 1.5 m length and 1.30 m height), was designed to
study process start-up (Figure 4-1). Medium bubble aeration was utilised to
supply the required aeration and mixing. The pilot was designed to cope with
variable air velocities 3.6-18.7 m3/m2.h and wastewater flows, ranging from 2.5-
18 m3/day. Air and wastewater flows were normalised per protected surface area
of media. Wastewater distribution was enhanced by the instalment of two baffles
on the cells. The five carrier media with different physical properties investigated
were supplied by Warden Biomedia (Table 4-1). Media 1, 2 and 3 were spherical
media with a protected surface area of 112, 149 and 220 m?/m? respectively
whilst Media 4 and 5 were cylindrical in shape with a protected surface area of
350 and 610 m?/m3 (Table 4-1). The pilot plant was fed with settled wastewater
from Cranfield University wastewater treatment plant (Cranfield, UK). The pilot
plant was operated at identical surface organic and ammonia loading at a filling
ratio of 60% (Vcarrier/Vreactor) (Table 4-2).
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Figure 4-1 Schematic of the moving attached growth pilot plant and schematic
representation of media used during the study.

Table 4-1 Media characteristics used in this study. Media 1 (Biofil), Media 2
(Bioball), Media 3 (Biomarble), Media 4 (Biopipe) and Media 5 (Biotube). Media was

supplied by Warden Biomedia (http://www.wardenbiomedia.com).

Total Protected Shape Dimensions Voidage Material Density
~ surface  surface % Jem?®
Media (m2m?) area Length Diameter ) © )
(m?/m?) (mm)  (mm)
1 135 112 Spherical 65 95 95
2 220 148 Spherical 53 65 92
. Recycled 0.97

3 310 220 Spherical 36 46 90 polypropylene

4 600 348 Cylindrical 13 215 82.5 (PP)

5 1000 610 Cylindrical 8 12 80

4.2.2 Analytical methods

The wastewater of the influent and effluent was sampled three times a week
during process start-up. Samples were analysed for total 5-day carbonaceous
biochemical oxygen demand (BODs) and soluble BODs, total and volatile
suspended solids (TSS and VSS) and alkalinity according to standard methods
(APHA, 2005). Total and soluble chemical oxygen demand (tCOD and sCOD),
ammonium-nitrogen (NH4*-N), and nitrate-nitrogen (NOs™-N) were analysed using
Merck cell tests kits (Merck KGaA, Darmstadt, Germany) and measured with a
NOVAGO photometer (VWR, UK). Temperature, dissolved oxygen (DO) and pH
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were measured onsite daily using portable meters (HACH HQ40d; Camlab,
Cambridge, UK).

Attached growth biofilm on the carriers was analysed two to three times a week
following the procedure described in Regmi et al. (2011). Carriers were sampled
and dried at 105°C overnight and weighed. The biofilm was removed by placing
the carriers in a H2SO4 solution (2 N) which was stirred vigorously for 24 hours.
The carriers were washed with tap water and then biofilm brushed off and dried
at 105°C. The total attached biofilm was calculated based on the difference in
media dry weight before and after removing all biofilm attached. The results were
expressed as grams of total solids per metre square of protected surface area of

carrier media (g TS/m?).

Protected surface area was defined in this study as the area of carrier covered
with biofilm. The protected surface area was calculated for each media. Individual
carriers were cut and separated into small pieces and photographed.
Comparisons were made between the area covered with biofilm and the area
without biofilm attached. All the images were analysed using ImageJ Software

and biofilm coverage area determined.

Organic removal performance was evaluated according to @degaard (Jddegaard,
2006). An “obtainable removal rate” was calculated based on 100% solids
separation. Influent tCOD and effluent sSCOD were compared with flow and
protected surface area.

Equation (4-1) was used to fit a curve to the attached biofilm measured (Szilagyi
et al., 2013). Where m(t) is the attached biofilm as a function of time, mmax the
maximum amount of biofilm and Km coefficient of growth. The curve was fitted by
manipulating the Km in order to obtain the best fitted curve (Szilagyi et al., 2013).
(4-1)

m(t) = Mpyqy A
m

To enable non-destructive measurements of biofilm thickness, biofilm thickness
was measured through Optical Coherence Tomography (OCT) using a Thorlabs
Standard (SR-OCT 930nm; Thorlabs. Germany). The obtained signal was

multiplied with a factor of 1.33 (refractive index of water) to match the optical
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depth with the true depth of the biofilm sample. The media was cut into small
pieces with a surgical scalpel and placed on a stage under the OCT probe. Two-
dimensional cross-sectional images were acquired from different pieces and
locations of the carriers. Biofilm thickness was estimated based on 20 OCT

images and the average of 60 measurements.

Extracellular polymeric substances (EPSs) were determined following biofilm
detachment from the media using the methodology described by Le-Clech, Chen
and Fane (2006). Carbohydrate and protein concentrations were determined
according to the Dubois phenol-sulphuric acid method (UV490 nm) with D-
glucose (Acros Organics, UK) as the standard (Dubois et al., 1956) and Protein
by the Folin method (UV750 nm) with bovine serum albumin (BSA) (Sigma-
Aldrich, UK) as the standard (Lowery et al., 1951) respectively.

Observed yields were calculated based on Eldyasti, Nakhla and Zhu (2012) using
the linear regression between the cumulative production of volatile suspended
solids (VSS) in the effluent and the cumulative COD removed (tCODin-sCODout).

The detachment coefficient (kde) was estimated using the equation described in
Patel, Nakhla and Zhu (2005) and Eldyasti, Nakhla and Zhu (2012) (equation

(4-2)).

Q X [VSSyy] (4-2)
™ A x M,

Where, VSSout is the solids leaving the pilot plant and Q is the flow rate, Mt is the
biofilm attached per protected area of carrier media and A is the media protected

surface area.

4.3 Results and discussion

4.3.1 Performance of moving attached growth system during start-up

The temperature of the wastewater varied from 18.6£1.9, 19.8+2.3, 20.2+0.6,
13.842.3 and 13.1£1.8°C during operation with Media 1, 2, 3, 4 and 5,
respectively (Table 4-2) due to natural annual wastewater temperature
fluctuations. The average total COD influent varied 389+71, 257+44, 305132,

236x15 and 251+24 mg/L for Media 1 to 5, respectively. Ammonia concentration
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varied from 3515, 34+11, 36+3, 38+6 and 3115 mg NH4"-N/L for Media 1 to 5,
respectively. Natural wastewater variability resulted in changes in the COD and
ammonia concentrations fed to the pilot plant. The average surface organic
loading rate varied between 8.7+1.6, 6.8+1.2, 8.3+0.9, 6.8+0.4 and 7.0+0.7 g total
COD/m?.day for Media 1, 2, 3, 4 and 5, respectively (Table 4-2). Nevertheless,
the organic loading rates were statistically similar during the operation with the
various media (except for Media 1, which demonstrated a difference in the COD
loading rate (p<0.05), but the total BODs was comparable and between Media 2
and 4, which showed differences in the total BOD loading rate (p<0.05), but the
COD was comparable). Ammonia loadings varied from 0.8+0.1, 0.9+0.3, 1.0+0.1,
1.1+0.1 and 0.9+0.1 g NHs*-N/m2.day for Media 1, 2, 3, 4 and 5 respectively.
There was no statistical difference between the five media for ammonia loading.
The DO was maintained at 4.1+1.03, 4.0+1.2, 3.0+0.6, 5.1+1.6 and 3.2+1.1 mg
O2/L in Cell 1 and 5.6£0.5, 6.1+0.9, 6.9+1.2, 5.6+1.1 and 6.6+1.0 mg O2/L in Cell
3.

Table 4-2 Characterisation of the wastewater fed to the pilot plant operated with

different media during start up.

Parameter Unit Media 1 Media 2 Media 3 Media 4 Media 5
Temperature °C 151+22 192+22 209+1.7* 13.8+2.3* 13.1+1.8
pH 76 0.1 8.0£0.2 7702 7.7+03 8.1%x0.2
Total COD (tCOD) mag/L 389+71 257x44 305+£32 236+x15 25124
Particulate COD mglL  317+77 189+41 234+30 147+20 187 +25
(pCOD)

Soluble COD (sCOD) mg/L 72+7 68 +12 715 89+11 63+8
BOD, mg/L  143+47 81+28 125+27 158+39 148+ 38
Soluble BODs (sBOD,)  mg/L 11+6 18+2 22+4 37+8 32+9
TSS mag/L 225+54 154+88 205+45 162+33 202x78
Ammonia (NHs*-N) mg/L 35+5 34+£11 36+3 386 315

*Due to temperature variability, temperature for Media 4 and 5 were statistically different from Media 1, 2
and 3 (p<0.05).

The COD removal efficiency and biofilm formation was tracked during the first 60
days of operation. After 6 days of operation the COD removal was high with
values of 78, 82, 78, 75 and 79% with Media 1, 2, 3, 4 and 5, respectively (Figure

4-2a). The COD removal efficiencies reached stable values of 88+4% in Media 1
(after day 18), 81+4% in Media 2 (after day 15), 85+3% in Media 3 (after day 17),
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80+£3% in Media 4 (after 23 days) and 86+4% in Media 5 (after 24 days) (Figure
4-2a).
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Figure 4-2 Removal efficiencies for obtainable COD (a) and ammonia (b) during
start-up during operation with Media 1, 2, 3, 4 and 5, respectively.

Throughout the first 10 days of operation, ammonia removal efficiencies were low
for all media, with values reaching 24+7, 3317, 31+15, 24+11 and 19+11% for
Media 1 to 5, respectively. Media 1, 2 and 3 (spherical shape) achieved ammonia
removal efficiencies of 5013, 64+13, 63+7% after 30, 22 and 17 days,
respectively. Media 4 and 5 (cylindrical shape) achieved ammonia removal
efficiencies of 32+17% after 46 days and 34+5% after 47 days, respectively
(Figure 4-2b).

Ammonia removal rates were 0.4+0.1 g NH4*-N/m2.day (30 days), 0.5+0.1 g
NHa*-N/m2.day (22 days), 0.7+0.1 g NH4*-N/m?.day (17 days), 0.2+0.1 g NHa4*-
N/m2.day (46 days) and 0.3+0.1 g NH4*-N/m2.day (47 days) for Media 1, 2, 3, 4
and 5, respectively. It is likely that low nitrification was impacted by the
concentration of organic matter (BOD) reaching the third cell. The third cell
organic loading rates was 1.4+0.9, 1.6+0.9, 2.1+1.0, 2.8+0.9 and 2.9+0.7 ¢
BODs/m?.day when the reactor was operated with Media 1, 2, 3, 4 and 5
respectively. The values for Media 4 and 5 were slightly higher than those
recommended by Hem, Rusten and Odegaard (1994) of approximately < 2 g
BODs/m?.day. The presence of organics, in the third cell, had promoted growth

of heterotrophs and competing nitrifiers slowing down nitrification (Hem, Rusten
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and Odegaard, 1994). A similar finding was reported by Zhu et al. (2015), which
registered only 50% ammonia removal after 14 days of operation, and the low
nitrification was attributed to the high carbon: nitrogen ratio (C/N). From the data
reported in the literature, the range of temperatures measured did not indicate
nitrification to be impacted by temperature (temperatures in Cell 3 for Media 4
and 5, 13.8+2.3 and 13.1+1.8°C respectively) (Salvetti et al., 2006). In Zhu and
Chen (2002) studies no difference on nitrification rate was registered between 14,
20 and 27°C.

4.3.2 Biofilm formation and start-up

In this study, process start-up was defined as the period of time for biofilm
formation rates to reach stable values. Bacterial adhesion was observed after the
second day of operation, and values of 0.67, 0.90, 1.21, 1.44 and 1.40 g TS/m?
were measured in Media 1, 2, 3, 4 and 5, respectively (Figure 4-3a). This can be
defined as the 15t stage of biofilm formation (Zhu et al., 2015).The biofilm
continued developing gradually until day 18, 15, 17, 23 and 24 for Media 1, 2, 3,
4 and 5, respectively, when the attached biofilm reached stable values (8.73,
8.66, 8.79, 8.09 and 6.38 g TS/m? for Media 1, 2, 3, 4 and 5, respectively) (Figure
4-3a). This corresponds to the 2" and 3™ stages of biofiim growth and
accumulation respectively. The biofilm formation rate was calculated based on
the slope of the biofilm attachment until it reached stable values (Figure 4-3b).
The estimated biofilm formation rates during start up were 0.50, 0.52, 0.55, 0.36
and 0.27 g TS/m2.day for Media 1, 2, 3, 4 and 5, respectively. The results clearly
indicate that the biofilm formation rate was faster on spherical media, with higher
voidage and diameter, compared with the cylindrical media. The larger voids and
structure of the spherical carrier media, Media 1, 2 and 3, enhanced air and
wastewater distribution leading to increased mass transfer encouraging
heterotrophic and nitrifying bacteria to attach and form biofilm. In Media 4 and 5
(cylindrical media) much of the area available for bacteria adhesion and biofilm
growth is on the outer perimeter surface of the carrier media where exposure to
high shear stress from local flow velocities may occur and limit biofilm attachment.

Moreover, wastewater and air distribution become very low on the internal narrow
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voids hindering biofilm formation rate. Di Trapani et al. (2008), stated that one
month was required to reach stable conditions, with an attached biofilm of around
11.57 g TS/m? and 15.15 g TS/m? at 35 and 65% filling ratio, respectively using
a cylindrical shape carrier media. Falletti, Conte and Maestri (2014) observed a
visibly fully grown biofilm after five weeks of operation (39.3 g TSS/m?) using a
cylindrical media. Dong et al. (2015), considered that biofilm was stable and
mature in 25 days with a hollow spherical honeycomb and a cylindrical shape
carrier media, with attached biofilm of 0.04 g/cm3. With pre-settled wastewater,
Siciliano and De Rosa (2016) observed that heterotrophic biofilm start up required
seven days reaching a 3 g TS/m? of attached biofilm in a cylindrical shape carrier
media. Bassin et al. (2016) observed, after 20 and 30 days of start-up, a biofilm
attached concentration of 13 g TS/m? in a 500 m?/m? cylindrical shape carrier

media and 7 g TS/m?in a 3000 m?/m?3 chip shaped carrier media.
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Figure 4-3 Biofilm attachment during 60 days of operation in Cell 1 (COD removal)
(a) and fitting of a trendline to calculate the slope corresponding to the biofilm

formation rate (b) during start-up.

For the nitrification process start-up in Cell 3, bacteria attachment was observed
on the second day of operation with 0.54, 0.31, 0.45, 0.33, 0.48 g TS/m? for Media
1to 5, respectively. The biofilm continued to increase until it attained stabilisation
around day 30, 22, 17, 46 and 47 for Media 1, 2, 3, 4 and 5, respectively (6.56,
5.48, 3.83, 9.34, 7.57 g TS/m?, Media 1 to 5, respectively) (Figure 4-4a). Others
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have reported average values of 7 g TSS/m? after 1 month on a nitrifying
integrated fixed-film activated sludge system (IFAS) start-up using cylindrical
shaped carrier media (Regmi et al., 2011). In Bassin et al. (2012) two months
were required to start-up a reactor operating under autotrophic conditions using

a cylindrical shaped carrier media.

The biofilm formation rate was determined based on the slope of the biofilm
attached until stable values were reached, from day 0 to day 30, 22,17, 46 and
47. These estimated values were 0.21, 0.24, 0.22, 0.18, 0.17 g TS/m?.day for
Media 1, 2, 3, 4 and 5 respectively (Figure 4-4b). The biofilm formation rate is
usually linked with the nitrification rate (Wiesmann, 1994). Spherical shape media
achieved higher ammonia removal efficiencies (Figure 4-2b) and thus a higher
biofilm formation rate than cylindrical media.
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Figure 4-4 Biofilm attached during the 60 days of operation in Cell 3 (ammonia
removal) (a) and fitting of a trendline to calculate the slope corresponding to the
biofilm formation rate (b) during start-up.

The biofilm thicknesses in Cell 1 were 36, 51, 84, 50 and 82 um on the second
day, for Media 1 to 5, respectively (Figure 4-5a). The biofilm thickness reached
stable values at 225+£52, 172+25, 195+35, 250+73 and 190+£63 um for Media 1,
2, 3,4 and 5 at day 18, 15, 17, 23 and 24, respectively (Figure 4-5a). For the
cylindrical media, the biofilm was mainly situated in the internal fins, in the small

ridges of the media and the biofilm thickness attained values between 365-465
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um and 224-361 um for Media 4 and 5, respectively, by the end of start-up. The
biofilm in Media 1, 2 and 3 was spread uniformly. In Cell 3, aimed at ammonia
removal, the initial biofilm thickness was 22+24, 31+30, 39+14, 19+10 and 2811
pm for Media 1, 2, 3, 4 and 5, respectively. The thickness increased to values of
130425, 71422, 8629, 1904+50 and 149+47 um at day 30, 22, 17, 46 and 47,
respectively (Figure 4-5b and Figure 4-6).

Protected surface area of each media was estimated at the macroscopic scale
with photography. In Media 1 (large spherical shape), the biofilm was distributed
evenly over the media. Approximately 83% of the carrier media area was covered
with biofilm, giving a protected surface area of 112 m?/m3. For Media 2 and 3
(medium and smaller spherical media) the biofilm was mainly situated in the
internal fins, covering 68 and 71% of the total area (protected surface area of 148
and 220 m?/m3, respectively). In Media 4 and 5 (cylindrical shape) the biofilm was
located exclusively on the internal fins. No biofilm attachment was verified on the
external surface of Media 4 and 5. As such 58 and 61% of Media 4 and 5 were
covered with biofilm, yielding a protected surface area of 348 and 610 m%/m?2,

respectively.
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Figure 4-5 Biofilm thickness during 60 days of operation Cell 1 (a) and Cell 3 (b).
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Figure 4-6 Images captured during OCT measurements on different media.

During the first days of operation, a similar EPS profile was observed for all the
media in Cell 1 (organic removal). The EPS concentration increased, reaching
values of 20.6+0.4, 21.3+0.3, 28.3+0.1, 28.2+0.75 and 27.4+0.81 mg tEPS /g
VSS for Media 1, 2, 3, 4 and 5, respectively (Figure 4-7a). As expected, the EPS
production was higher throughout the first days of operation due to the adhesion
phenomena and interaction between the heterotrophic bacteria and the carrier
surface (Badireddy et al., 2010). A gradual increase in total EPS was also
observed in Tang et al. (2017b) with values of 15, 22, 32.5 and 38 mg tEPS /g
VSS measured at the initial stage of biofilm formation (0, 3, 11, 18 and day 25
days). Similar observations, also identified by Tang et al. (2015) demonstrated
an increase from 30 mg EPS /g VSS on day 5 up to 250 mg EPS/g VSS on day
27. In Oberoi and Philip (2017) the concentration of EPS increased from 36.8 to
72.2 mg EPS/g VSS at the end of start-up. Total EPS content in an IFAS varied
from 44 to 71 mg tEPS/g VSS using different media (Mahendran, Lishman and
Liss, 2012).

A gradual decrease in EPS concentration was observed after the first week and
values stabilised at 16.0+0.4, 18.2+0.9, 9.18+0.1, 11.83+0.9 and 12.83+0.2 mg
tEPS/g VSS on day 16, 15, 19, 17 and 16 for Media 1, 2, 3, 4 and 5, respectively.
As predicted the values of EPS decreased after bacteria adhesion and growth.
As the biofilm grows in thickness, diffusion becomes critical, and cells start to
grow slower reducing EPS production and biofilm cohesion resulting in biofilm
detachment (Ahimou et al., 2007). After day 25 a gradual decrease in EPS
production was also observed in Tang et al. (2017b) during the maturity and

detachment phases.
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The total EPS associated with the biofilm in Cell 3 of the pilot plant during the first
days of operation were 22.1+0.5, 22.5+0.4, 20.1+0.3, 27.3+0.6 and 34.8+1.9 mg
tEPS/g VSS for Media 1, 2, 3, 4 and 5, respectively (Figure 4-7b). Similarly, the
EPS decreased as operation progressed. After days 30, 22, 17, 46 and 47 days
of operation, the EPS were 17.2+0.3, 5.7+0.3, 6.6+0.1, 10.6£0.1 and 9.7+0.3 mg
tEPS/g VSS for Media 1, 2, 3, 4 and 5, respectively. Values of EPS were very
similar between the first cell and third cell. Nonetheless, nitrifiers are slow growing
bacteria with low EPS production compared to heterotrophic bacteria. The high
EPS formation in Cell 3, might have been produced by heterotrophic bacteria due
to the high COD reaching the third cell during start-up. Bassin et al. (2012) stated
that EPS produced by heterotrophic bacteria were utilised by nitrifiers for biofilm
formation during start-up.
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Figure 4-7 Total EPS values registered in Cell 1 (a) and Cell 3 (b) during 60 days of

operation.

During start up the biofilm attached on carrier per amount of COD converted was
compared between media. Values of 0.26, 0.27, 0.28, 0.65 and 0.41 g VSS/g
COD were calculated in Media 1, 2, 3, 4 and 5, respectively (Figure 4-8a). The
higher biomass yield achieved in media 4 and 5 correlated well with the lower
biofilm formation rate estimated during the start-up period. Values of 0.5 g SS/g
fitered COD are reported on the literature (@degaard, 2006). An initial
detachment rate coefficient was calculated based on a mass balance between

the solids leaving the reactor and the biofilm attached per area of carrier media
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(Eldyasti, Nakhla and Zhu, 2012). The normalised average detachment rate (1/d)
was compared between media, and the attached biofilm considered for COD
removal was from Cell 1 of the reactor. Due to the dynamic of biofilm
accumulation in moving attached growth systems, detachment rates displayed
significant variations during the start-up for all the five media studied. Values of
0.24+0.10, 0.29£0.14, 0.37+0.18, 0.80+0.25 and 0.66+0.25 1/d were measured
in Cell 1 for Media 1 to 5, respectively (Figure 4-8b). Media 4 and 5 (cylindrical
shape) promoted higher detachment due to interaction with aeration during initial
biofilm formation, while the open spherical structure of Media 1, 2 and 3 enhanced
initial biofilm formation, protecting the biofilm from shear. Values of 0.12 g VSS/g
COD and detachment rates of 0.05 1/d were reported in Eldyasti, Nakhla and Zhu
(2012) for a high spherical media compared with 0.19 g VSS/g COD and

detachment rates of 0.17 1/d for a low sphericity media.
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Figure 4-8 Biofilm yield (a) and biofilm detachment rate (b) calculated for the five

media during COD start-up.

4.4 Influence of the media physical properties on start-up
duration

In moving attached growth systems, the main factor assuring a fast start-up is the
biofilm development. In this study start-up duration was assessed based on the
attached biofilm (g TS/m?). In order to study the influence of media physical

properties on the pilot plant start-up, the biofilm formation rate was correlated with
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media physical properties (Appendix B). The media physical properties were
previously identified in Dias et al. (2018b), to correlate with process
hydrodynamics and oxygen mass transfer. More specifically, media
dimensionality (Di) and voidage (Voi) were found to strongly correlate with oxygen
mass transfer (R?= 0.89) and pilot plant hydraulic efficiency (HE) (R?= 0.92) both
in clean media and with biofilm attached to the media (Dias et al., 2018b). When
the rate of biofilm formation in Cell 1 (COD removal) and Cell 3 (ammonia
removal) was compared with the media protected surface area, good correlations
were achieved (R? of 0.83 and R? of 0.76, respectively) (Figure 4-9a). A stronger
correlation was identified between the combination of parameters (Di x Voi)/HE,
and the rate of biofilm formation during COD removal start up (R?= 0.95) and an
R? of 0.92 during ammonia removal start-up (Figure 4-9b).
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Figure 4-9 The correlation between rate of biofilm formation and protected surface
area (a) and combination of parameters (Di x Voi)/HE (b) during COD (-) and

ammonia removal start-up (--).

The physical media properties and hydraulic efficiency clearly demonstrate the
importance of media shape and size on biofilm attachment and start-up. Biofilm
formation rates were 30+1% higher in the spherical media during organic removal
start-up and 20+3% higher during ammonia removal start-up, when compared
with cylindrical media. The high voidage (95, 92 and 90%) and open structure of
spherical media (Media 1, 2 and 3) was associated with higher hydraulic
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efficiencies (89+2, 93+5 and 100%) as outlined in Dias et al. (2018b). This led to
increased oxygen mass transfer offering better conditions for biofilm to attach,
leading to a faster start-up. In turn, this provided improved mass transfer at the
bulk/biofilm interface increasing biofilm activity and treatment performance (Tang
et al., 2017b). The reduction on hydraulic efficiencies and media voidage,
obtained with cylindrical media (Media 4: HE 74+1% and Voi reduction of 6%;
Media 5: HE 63+£2% and Voi reduction of 14%) (Dias et al., 2018), explained the
longer start-up (46 and 47 days).

The diffusion of oxygen is usually limited after a critical biofilm thickness of 50-
150 um (Syron and Casey, 2008). Values of biofilm thickness of 190+50 and
149+47 ym were measured in Media 4 and 5 during start-up. Despite the higher
protected surface area of Media 4 and 5 the start-up duration and biofilm
formation rate were slower compared with the lower protected surface area
(Media 1, 2 and 3). This confirms the contribution and the important roles played
by other properties in the media. Similar observations were stated in Bassin et al.
(2016) where higher attached biofilm concentrations were reached in a smaller
protected surface area media compared with higher protected surface area
media. In Eldyasti, Nakhla and Zhu (2012) work, surface shape (sphericity),
played an important role on biofilm structure with 70% lower biofilm yield and
detachments rate observed on high sphericity media (0.9) compared to low
sphericity media (0.5).

The open spherical structure of Media 1, 2 and 3 notwithstanding the lower
protected surface area, favoured wastewater circulation and oxygen distribution
within all areas of the media. Therefore, this study highlights the importance of
media physical properties on biofilm growth and retention and their impact on the
start-up duration on moving attached growth systems. The knowledge gained
through this study will challenge current literature knowledge and commercial
strategies that appointed the protected surface area as the key factor for the
design and operation of moving attached growth system (ddegaard, Gisvold and
Strickland, 2000). Findings highlighted the importance of voidage on biofilm

growth and maintenance and thus on treatment performance during start-up.
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Hence, considering the importance of start-up to achieve stable operational
performance at low commission periods, the economic competitiveness of the
moving attached growth system technology can be improved through additional

focus on carrier media properties (voidage and shape).

4.5 Conclusions

In this study, the influence of carrier media physical properties on the start-up
duration of a moving attached growth system was investigated. Five carrier media
with different shapes (spherical and cylindrical), size, voidage and protected
surface area (112-610 m?m3) were studied. Given the data obtained and

respective analysis, start-up was monitored using the biofilm formation rate.

e Biofilm formation rates of 0.50, 0.52, 0.55, 0.36 and 0.27 g/mZ?.day were
obtained in Cell 1 (COD removal), during 18, 15, 17, 23 and 24 days for
Media 1, 2, 3 4 and 5, respectively.

e Biofilm formation rates of 0.21, 0.24, 0.22, 0.18 and 0.17 g/mZ?.day were
obtained in Cell 3 (ammonia removal) start up, during 30, 22, 17, 46 and
47 for Media 1, 2, 3, 4 and 5, respectively.

e Correlations (R? of 0.83 and 0.76) were identified between carrier media
protected surface area and biofilm formation rates for obtained COD and

ammonia removal.

e Stronger correlations were observed between the biofilm formation rates
and the combination of physical factors and hydraulic efficiency (Di x
Voi)/HE for COD and ammonia removal rates (R?= 0.95 and 0.92).

e This study demonstrates that moving attached growth systems start-up
does not rely solely on protected surface area but also physical properties

(shape and voidage) which impacts biofilm development.

e This study highlighted that the conventional way to design moving
attached growth systems and estimate substrate removal rates should not

be exclusively according to its protected surface area and future moving
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attached growth system design and evaluation should focus equally on

carrier media physical properties.
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Abstract

A 2 m2 pilot plant was used to evaluate the influence of carrier physical properties
on the performance of moving attached growth systems. In this study, three
spherical shaped carrier media (Media 1, 2 and 3) with protected surface areas
of 112-220 m?/m?® and voidage of 95-90%; and two cylindrical shaped media
(Media 4 and 5) with a protected surface area of 348-610 m?/m3 and voidage
82.5-80%, were tested. When the pilot plant was operated at steady state, under
the similar organic and ammonia loading rates, the average obtainable COD
removal efficiency was 89+3, 86+2, 86+3, 85+4 and 86+2%, for Media 1, 2, 3, 4
and 5, respectively. Ammonia removal was higher for the spherical media,
achieving values of 7011, 71+10 and 81+3% compared with the cylindrical
media that attained values of 42+6 and 35%12%. Specific activity tests
demonstrated that Media 1 achieved the highest rate of organic removals
(34.8+2.0 mg sCOD/g TS.h), and the smaller spherical shape, Media 3, achieved
the highest rates of nitrification removals (7.2+0.7 mg NH4*-N/g TS.h). The
maximum COD utilisation rates (Um) correlated with a carrier media specific
surface area, (R?= 0.88) but a stronger correlation was established between Un
and carrier media physical properties (dimensionality, Di, voidage, Voi and
hydraulic efficiency, HE) (R?= 0.92). Correlation between ammonia removal rate
and protected surface area was R?= 0.65 but a stronger correlation was achieved
with the media physical properties (Di x Voi)/HE (R?= 0.92). These findings clearly
demonstrate, that beside carrier protected surface area, physical parameters

such as dimensionality and voidage, play a key role on moving attached growth
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systems (e.g.: MBBRs, IFAS and SAFs) and these must be considered towards

achieving high reactor performance and effluent quality.

Keywords: Biofilm activity, dimensionality, moving bed biofilm reactor, thickness,
voidage.

5.1 Introduction

The use of moving attached growth systems such as submerged aerated filters
(SAF), moving bed biofilm reactors (MBBRs) and integrated fixed film activated
sludge (IFAS) is increasing due to their effective removal of pollutants from
municipal and industrial wastewater. These processes form a biofilm by relying
on microorganisms attached to a carrier media. As a result, long biomass
retention times are achieved, maximising the capacity and efficiency of these
processes when compared with conventional suspended systems, such as
activated sludge processes (ASP). Moving attached growth systems present
other advantages such as reduced footprint and low sludge production and have
been used in a variety of applications including upgrading, replacing and
expanding existing wastewater treatment plants (WWTPs) (ddegaard, 2006).
Furthermore, MBBRs are also frequently applied for tertiary nitrification, due to
the capacity of the carrier media to retain and protect slow growing

microorganisms such as nitrifiers (Kermani et al., 2008).

A key component of moving attached growth systems, is the carrier media, that
is fully submerged within wastewater. Mechanical or diffused aeration promote
the mixing of the carrier media, allowing an effective substrate and oxygen
distribution over the carrier increasing biochemical reactions and formation of an
active biofilm (McQuarrie and Boltz, 2011).

Moving attached growth systems are designed and operated based on the carrier
media surface area (area available for biofilm to attach per volume of reactor)
and carrier media surface loading rates (Piculell, Welander and Jofisson, 2014).
However, not all the area of the carrier media is covered with biofilm due to carrier
collision. For this reason, the term protected or specific surface area was defined
by @degaard, Rusten and Westrum (1994) as the potential area for biofilm growth

under a protected environment. Thus, much attention has been given to maximise
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the carrier media protected surface area as a means of increasing overall
treatment performance. Research has mainly focused on process performance,
l.e. investigating the impact of varying organic/nutrient and volumetric loads,
carrier media filling ratios (the fraction of volume occupied by the carriers) and
aeration rates (Martin-Pascual et al., 2012). Previous studies have also
investigated the impact of different carrier media materials, including different
plastics and polymeric materials (Sousa et al., 1997). Recently, 3D printing has
been used to explore carrier media with complex geometries and high surface
area (Elliott, 2017; Tang et al., 2017b). Sponges and electrophilic materials have
been added to plastic carriers to improve biofilm development, reducing start-up
times and improving organic and nutrient removal (Deng et al., 2016; Mao et al.,
2017). Nevertheless, few studies compare the impact of plastic carrier media size
and shape on treatment performance. Results on the comparison of different
carrier shape and size on MBBR performance, indicated that their performance
is primarily dependent on carrier media protected surface area with shape and
size being less important given that the protected surface area in the reactor is
the same (ddegaard, Gisvold and Strickland, 2000).

Other studies also demonstrated that shape and size, had little effect on MBBR
performance (Bassin et al., 2016; Martin-Pascual et al., 2012; Zinatizadeh and
Ghaytooli, 2015). Nevertheless, more recent studies contradict these findings
and indicate that carrier media physical properties seem to play an important role
on performance. Melcer and Schuler (2014) revealed that when comparing two
media with the same surface area (650 and 630 m?/m3), the larger structure
carrier media (822 mm x 17 mm) performed better than the small structure media
(912 mm x 14 mm) independent of the protected surface area. The same results
were achieved when two different polypropylene media were compared. The
cylindrical shape with two helices achieved 12% higher COD removal when
compared with the most widely used cylindrical shaped carrier media, with similar
protected surface area (950 m?/m3) (Martinez-Huerta et al., 2009). At high
ammonia loadings, two chip shaped media with 900 and 1200 m?/m?3 of carrier
protected surface area, presented a high tendency to become clogged when

compared with cylindrical shaped media and 500 m?/m?3 protected surface area
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(Forrest, Delatolla and Kennedy, 2016; Young et al., 2016). Results on flow
distribution and carrier media orientation emphasise the importance of carrier
media shape on biomass distribution and morphology, however the experimental
set-up used was a single fixed carrier in a tube (Herrling et al., 2015). Other
studies suggested that biofilm activity may not be necessarily linked with carrier

media protected surface area (Piculell et al., 2016c).

Most of the existing literature has focused on the performance of MBBR systems
based on the carrier media protected surface area, not yet identifying the effect
of the carrier media shape and size. Thus, the purpose of the study is to
investigate the influence of carrier physical properties on substrate utilisation that
ultimately influence the overall performance of processes treating municipal

wastewater.

5.2 Material and methods

5.2.1 Pilot plant setup and operation conditions

In order to study the effect of carrier media physical properties on moving
attached growth system performance, a 2 m? pilot plant (1.0 m width x 1.5 m
length and 1.3 m height) was designed. The pilot plant was composed of three
aerobic cells of equal volume (Figure 5-1). Air and mixing were provided by
medium bubble aeration. Three recycled polypropylene spherical shape carrier
media (Media 1, 2 and 3) and two recycled polypropylene cylindrical shape carrier
media (Media 4 and Media 5) with protected surface area of 112 (Media 1), 148
(Media 2), 220 (Media 3), 348 (Media 4) and 610 m?/m? (Media 5) were tested
(Table 5-1). Carrier media was supplied by Warden Biomedia (Luton, UK).
Throughout the experimental period, the pilot plant was continuously fed with
settled municipal wastewater from Cranfield University WWTP (Cranfield, UK)
(Table 5-2). Organic and nutrient loading rates were kept constant at 6.9+0.4 g
COD/m?.day and 0.9+0.1 g NH4*-N/m2.day, respectively, by fixing the carrier
media filling ratio at 60%. The wastewater characterisation is presented in Table
5-2.
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Figure 5-1 Schematic representation of the moving attached growth system pilot

plant.

Table 5-1 Characteristics of the carrier media tested: Media 1 (Biofil), Media 2
(Bioball), Media 3 (Biomarble), Media 4 (Biopipe) and Media 5 (Biotube). Media was

supplied by Warden Biomedia (http://www.wardenbiomedia.com).

Total Protected Shape Dimensions Voidage Material Density
surface surface (%) (glcm?)
Media 23 area .
(m?/m?3) (m?/m?) Length Diameter
(mm) (mm)
1 135 112 Spherical 65 95 95
2 220 148 Spherical 53 65 92
. Recycled 0.97

3 310 220 Spherical 36 46 90 polypropylene
4 600 348 Cylindrical 13 21.5 82.5 (PP)
5 1000 610 Cylindrical 8 12 80

Table 5-2 Influent settled wastewater characterisation for different carrier media

(average values measured after star-up until steady state). Media 1 (Biofil), Media
2 (Bioball), Media 3 (Biomarble), Media 4 (Biopipe) and Media 5 (Biotube). Media

was supplied by Warden Biomedia (http://www.wardenbiomedia.com/).

Parameter Unit Media 1 Media 2 Media 3 Media 4 Media 5
*
Temperature °C 19.5+15 19.741.2 20.1+ 0.7 15.8+1.8 15.9+1.5
pH
7.6%0.1 8.0+0.2 7.7+0.2 7.740.3 8.1+0.2
Total COD
+ + + + +
(tcOD) mg/L 301+ 37.1 258+ 44 281+34 225+19 242+32
Particulate
+ + + + +
COD (pCOD) mg/L 245+74 194+45 204+29 134+20 164+34
Soluble COD
L +11 4+12 77+1 2424 78+1
(sCOD) mg/ 55 6 8 9 8+18
BOD, mg/L 128+46 107+42 135+27 160+28 138+31
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Parameter Unit Media 1 Media 2 Media 3 Media 4 Media 5

Soluble BOD5

mg/L 14+8 18+4 22+6 3949 28+9
(sBODs)
TSS mg/L 182+48 156+43 171428 166134 212453
Ammonia
+ + + + +
(NHzN) mg/L 33+7 3316 34+7 3016 34+4

tCOD, pCOD and sCOD - total, particulate and soluble chemical oxygen demand. tBODs and sBODs -total
and soluble 5-day carbonaceous biochemical oxygen demand. TSS - total suspended solids.

COD removal efficiencies were evaluated according to @ddegaard (2006). The
“obtainable removal rate” was calculated based on 100% solids separation
(equation (5-1)).

Q X [tCOD — sCOD]
COD = 1 (5-1)

The detachment coefficient (kq¢e) was estimated using the equation described in
Patel, Nakhla and Zhu (2005) and (Eldyasti, Nakhla and Zhu, 2012) (equation

(5-2)).

Q X[VSSyu

Where VSSout are the solids leaving the pilot plant, Q is the flow rate. Mt is the
biofilm attached per area of carrier media and A is the carrier media protected

surface area.

Observed yields were calculated based on Eldyasti, Nakhla and Zhu (2012) using
the linear regression between the cumulative production of volatile suspended
solids (VSS) in the effluent and the cumulative COD removed (tCODin-sCODout).

The Stover-Kincannon equation (5-3), was used to analyse the pilot plant
performance, based on the COD data obtained during steady state operation for
each carrier media studied. Where So is the tCOD influent concentration, Se is
the sCOD effluent concentration, Q is the wastewater flow, A is the carrier media
protected surface area, k is the proportional constant and Un is the maximal
substrate removal rate (Orantes and Gonzéalez-Martinez, 2004). Maximal
substrate removal rate was calculated by the inverse of the organic loading rates

plotted against the inverse of organic removal rates.
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1 A kA 1 (5-3)

= = +
ds/dt  Q(So—Se) UnQSoy Un

Hydraulic efficiency (HE) was determined through tracer studies using
Rhodamine (Rhodamine WT 20%; Fisher Scientific, Loughborough, UK) when
the operation reached steady state and the biofilm was fully attached to each
media. A volume of 5 ml of Rhodamine was injected instantaneously into the inlet
of the reactor. The Rhodamine concentration was then monitored in the effluent
using a submersible fluorometer (Cyclops-7; RS Aqua Ltd, Hampshire, UK) and
data collected was recorded on a data logger (Databank Handheld Dataloggers;
RS Aqua Ltd, Hampshire, UK). Measurements were taken every 30 seconds over
a period equivalent to 3 to 4 hydraulic retention times (HRT) to ensure 80-100 %
of tracer recovery. All tests were carried out in triplicate. Residence time
distribution (RTD) curves were obtained from the tracer concentrations measured
at the outlet of the reactor as function of time and parameters for RTD

interpretations were calculated following Levenspiel (1999) and Dias et al. (2018).

5.2.2 Attached biofilm

The quantity of attached biofilm to the carrier media was measured twice a week
after steady state was achieved (between 30 to 90 days of continuous operation,
start-up took place during the initial 30 days of operation) following the procedure
described in Regmi et al. (2011). Carriers were sampled from the three cells of
the pilot plant (at least 10 carriers of Media 1, 2 and 3 and 40 carriers of Media 4
and 5) and dried at 105°C overnight and weighed. The biofilm was removed by
placing the carriers in a H2SO4 solution (2 N) which was stirred vigorously for 24
hours. The carriers were washed with tap water then biofilm brushed off and dried
at 105°C. The total attached biofilm was calculated based on the difference in
media dry weight before and after removing all the attached biofilm. The results
were expressed as grams of total solids per metre square of protected surface

area of carrier media (g TS/m?).

To enable non-destructive measurements of biofilm thickness, biofilm thickness

was measured through Optical Coherence Tomography (OCT) using a Thorlabs
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Standard (SR-OCT 930nm; Thorlabs. Germany). The obtained signal was
multiplied with a factor of 1.33 (refractive index of water) to match the optical
depth with the true depth of the biofilm sample. The media was cut into small
pieces with a surgical scalpel and placed on a stage under the OCT probe. Two-
dimensional cross-sectional images were acquired from different pieces and
locations of the carriers. Biofilm thickness was estimated based on 20 OCT

images and the average of 60 measurements.

5.2.3 Biofilm activity tests

Biofilm specific activity tests were conducted at steady state using batch
experiments. These were performed in a 40 L bioreactor (30 width x 30 length
and 45 cm height). Medium bubble aeration, through 4 mm diameter holes, was
provided mimicking pilot plant operation. The temperature was maintained at
20°C by using a heater and pH adjusted to 7.5. Dissolved oxygen was always
greater than 5 mg/L. The aeration and carrier media filling ratio was 60% and was
kept constant to replicate the one used in the pilot plant. The organic batch activity
tests were completed according to Nogueira et al. (2015). Endogenous
respiration conditions were attained by taking wastewater and carrier media from
Cell 1 of the pilot plant and aerating for 12 hours. Sodium acetate (C2H3sNaO2)
(Fisher Scientific, Loughborough, UK) was used as a readily biodegradable
organic substrate (150-200 mg/L) and 10 mg/L of allylthiourea (ATU) was added
to inhibit nitrification.

The nitrification batch activity tests were completed according to Regmi et al.
(2011). The final effluent of Cranfield University WWTP was used and ammonia
added as ammonium chloride (NH4Cl) to reach 40-50 mg NHa4*-N /L with sodium
carbonate (Na2COs3) for pH control (Fisher Scientific, Loughborough, UK). During
the batch tests, samples were collected every 30 minutes for 2 and 3 hours and
analysed for sCOD (filtered with a 0.45 pum pore size syringe-drive filter units)
(Millipore™), Billerica, United States), NH4*-N and nitrate-nitrogen (NOs"-N)
analysis. Attached biofilm were measured at the start of each batch test, as
previously described. A sample from the mixed liquor suspended solids was

collected before and after the batch tests to consider biofilm detachment. Results
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were then expressed as specific organic removal rates (mg sCOD/g TS.day) and

specific ammonia removal rates (mg NH4*-N/g TS.day).

5.2.4 Analytical methods

Temperature, dissolved oxygen (DO) and pH were measured daily on the
different cells of the pilot plant using portable meters (HACH HQ40d; Camlab,
Cambridge, UK). Influent and effluent quality were monitored three times a week
and sBODs, sBODs, TSS, VSS and alkalinity were measured following Standard
Methods for the Examination of Water and Wastewater (APHA, 2005). tCOD and
sCOD, NH4*-N and NOs-N were measured using cell tests (NOVAG60 photometer,
VWR, UK).

5.3 Results and discussion

5.3.1 Biofilm accumulation

In Cell 1, average values of biofilm attached to the media were 14.5%1.3,
12.4+0.8, 13.8+1.7, 10.7+2.3 and 8.53+1.6 g TS/m? for Media 1, 2, 3, 4 and 5,
respectively. Hence, the levels of the attached biofilm were higher in the spherical
carrier media (Media 1, 2 and 3) compared to the cylindrical carrier media (Media
4 and 5). An evaluation of biofilm attached to the media across the pilot plant,
indicated that, in general, media in Cell 1 and Cell 2 presented higher biofilm
attached. The higher organic load reaching Cell 1 promoted the attachment of
faster growing heterotrophic bacteria as observed in other studies (Li et al.,
2015a). The attached biofilm values were comparable to the ones reported in
other studies. Values of 6-8 g TS/m? were registered at surface organic loading
of 6 g COD/m?.day (Siciliano and De Rosa, 2016). Values of 6.1 and 6.6 g TS/m?
were obtained with organic loading rates of 6.4 g COD/m?.day, for a cylindrical

shape and a parabolic shape carrier media, respectively (Bassin et al., 2016).

In Cell 3 the attached biofilm was 6.2+0.5, 6.6+0.6 4.4+0.4, 8.8+0.4 and 6.3£0.5
g TS/m? for Media 1, 2, 3, 4 and 5, respectively. Values measured for Media 4
were slightly higher than Media 1, 2, 3 and 5. These are in the same order of
magnitude of the 9.3 g TS/m? reported as mean high biofilm content and 6.6 g
TS/m?2 mean low biofilm content in a tertiary nitrification MBBR (Salvetti et al.,
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2006). The results are also comparable to those reported in an IFAS reactor,
where nitrifying biofilm achieved an average attached biofilm of 6 g TS/m? (Regmi
et al., 2011).

Biofilm thickness varied for the five carrier media studied. In Cell 1, Media 1, 2
and 3, the biofilm was evenly distributed with average thicknesses of 289152,
302+41, 282+71 pum, respectively. In Media 4 and 5 the distribution was uneven,
varying within the internal areas and edges of the carrier media. Values of 334+71
um were measured on the flat surface while 634+50 um were measured on the
carrier media ridges. In Media 5 the average thickness on the flat surface was
241+45 and thicknesses of 329457 and 485170 um were measured in the internal
ridges and fins of the carrier media. In Cell 3, the biofilm thickness varied with
recorded values of 136+44, 124426, 115+22, 213+35 and 207+22 um, for Media
1, 2, 3, 4 and 5, respectively. The same behaviour was observed with thicker
biofilm being observed at the internal fins and ridges of Media 4 and 5 reaching
values of 406152 um (Media 4) and 283+70 um (Media 5).

5.3.2 COD and ammonia removal performance

The process performance was assessed after start-up (between day 30 and 90
of operation) for each carrier media (Table 5-3). The temperatures in different
cells were maintained at 20.0+0.5, 19.9+0.2, 20.1£0.1, 15.6+1.0 and 16.0£1.0°C
for Media 1, 2, 3, 4 and 5, respectively. Due to wastewater variability, the average
surface organic loading rate varied between 6.7+1.8, 7.0+1.3, 7.7£0.9, 6.5+0.6
and 6.8+0.7 g COD/m?.day for Media 1, 2, 3, 4 and 5, respectively. The average
obtainable COD removal efficiency was 89+3, 86+2, 86+3, 85+4, 86+2%, for
Media 1, 2, 3, 4 and 5, respectively, and thus very close to the ideal curve for
100% removal (Figure 5-2a). Soluble BOD removal efficiencies were 82+11,
8615, 8714, 70+3, 66+4%, for Media 1, 2, 3, 4 and 5, respectively.

During operation, the ammonia loadings varied from 0.7+£0.2, 0.9+0.2, 0.8+0.2,
1.1+0.2 and 0.9+0.1 g NH4*-N/m?.day for Media 1, 2, 3, 4 and 5, respectively
(Table 5-3). The highest ammonia removal efficiencies were achieved with Media
3 (81+3 %). The mean effluent ammonia concentrations were 3.3+1.0 mg NH4*-

N/L and ammonia removal rates of approximately 0.7+0.12 g NH4*-N /m2.day
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using Media 3. The effluent quality achieved lower values than the 5 mg NH4*-
N/L stated in the Urban Wastewater Treatment Directive 91/271/EEC (European
Parliament. Council of the European Union, 1991).

Table 5-3 Summary of the pilot plant temperature, DO, influent loadings and
removals, for the 5 carrier media studied. Media 1 (Biofil), Media 2 (Bioball), Media
3 (Biomarble), Media 4 (Biopipe) and Media 5 (Biotube). Media was supplied by
Warden Biomedia (http://www.wardenbiomedia.com/).

Media 1 Media2 Media3 Media 4 Media 5
Temperature (°C)
Cell 1 19.6+1.4 19.7+1.4 20.1+0.7 14.741.4 15.1+1.4
Cell 2 20.5+#1.0 20.1+0.8 20.2+0.7 15.4+1.5 16.0+0.7
Cell 3 20.0+#1.0 20.0+0.8 20.0+0.7 16.7+1.7* 17.0+1.2*
DO mg O,/L
Cell 1 3.1+1.1 2513 2.0+0.8 3.7+1.1 4.1+1.1 54+11 52+1.0 5.8+0.3
Cell 2 4.5+0.7 47+1.36 4.8+1.1 6.0+1.2 6.2+0.6 6.6+0.6  6.7+0.7 6.4+0.5
Cell 3 5.2+0.6 55¢1.40 6.0+1.2 6.72#1.0 5.9:0.5 6.7¢t0.5%* 6.920.5 6.4+0.4
Loading rates
g COD/m2.d 6.7+1.8%* 7.0+1.3 7.7t09 6.5+0.6 6.0+0.6 6.6+0.8 6.3+1.9 3.3+0.9
g BODs/m2-d 2.9+1.1 2.9+0.1 3.7+0.7 45+05 35+0.2 4.0+0.6 2.7+0.8 1.7+0.3
g NH;*-N /m2.d 0.7+0.2 0.9+0.2 0.8+0.2 1.1+0.2 0.7+0.1 0.9+0.1 0.620.1 0.4+0.1
Removal rates and
removal efficiency
COD (g COD/m’-d) 60:17  60:L2 66:09 52105  oof 57307 56+19 20:06
BODs (g BODS,mZ.d) 3.2+1.1 1.6+0.6 2.2+0.4 1.7+0.4 1673i 2.0£0.6 1.2+0.6 0.9+0.2
“;';zjg')(g NHa™ 0.5+0.1 0.7#0.2  0.7+0.2 0.3+0.1 0.5+0.1 0.3+0.1 0.4%0.1 0.4+0.1
COD removal (%) 89+3 862 86+3 85+4 87+3 86+2 88+2 92+3
BOD; and sBODs 66+16 56+10 64+11 42+6 46+6 35+12 43+9 5045
removal (%) 82+11 8615 87+4 70+3 93+3 66+4 86+4 94+3
NH4*-N removal (%) 70+11 71+10 81+3 3849 81+6 28+7 5849 84+3
TSS removal (%) 44+17 54+18 51+14 28+5 33+9 4745 47+13  42+7

*Due to natural temperature variability, temperature in Cell 3 for Media 4 and 5 were statistically different from other carrier
media (p<0.05). **DO in Media 5 was statistically different from other carrier media (p<0.05). ***Due to wastewater natural
variability, the total COD loadings during operation with Media 1 were statistically different from the other carrier media
(p=0.05). There was no statistical difference between the ammonia loadings during operation with the different carrier
media.

Media 4 and 5 exhibited lower ammonia removals compared to the ones achieved
with spherical carrier media (Figure 5-2b). Ammonia removals of 42+6 and
35+12%, were achieved with Media 4 and 5, respectively, at ammonia loadings
of 1.1+0.2 and 0.94£0.1 g NH4*-N/m?.day (Table 5-3). Temperatures in Cell 3 were
slightly lower when the pilot plant was operated with Media 4 and 5, 16.7+1.7 and
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17.0+£1.2°C, respectively. The range of temperatures in Cell 3 (averages between
16.7-20°C) are not expected to impact nitrification. This is supported by other
researchers who have indicated no significant impact on nitrification rate at
temperatures of 14, 20 and 27°C with maximum ammonia removal of 1.69, 1.72
and 1.86 g/m2.day, respectively (Zhu and Chen, 2002).
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Figure 5-2 Obtainable removal COD (a) and ammonia removal (b) as a function of
loading rates for the five media studied.

Organic loading is one of the most influential parameters on nitrification but often
not properly accounted for. Studies on the influence of organic loading on
nitrification reported that a BODs load of 1-2 g BODs/m?.d in the nitrification
zone/cell resulted in nitrification rates between 0.7-1.2 g NH4*-N/m?.day. When
BODs loadings increased to 2-3 g BODs/m?.d, the nitrification rates decreased by
50% to values of 0.3-0.8 g NH4*-N/m?.day at a DO concentration of 6 mgO2/L
(Hem, Rusten and Odegaard, 1994). A 50% reduction on nitrification removal rate
was also observed with increased inlet carbon: nitrogen (C/N) ratio in a study
completed by Torkaman et al. (2015). Nitrification rate was reduced by 70% using
a cylindrical shape carrier media (623 m?/m?3) when C/N ratio was increased from
1 to 2 (Zhu and Chen, 2001). A drop in the nitrifiers’ activity was also stated in

Piculell (2016) when the C/N ratio was increased to 2 using two carrier media of
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a cylindrical (800 m?/m3) and a saddle shape (1280 m?/m3), resulting in a
reduction from 2.2 and 3 g NH4*-N/m?.day to 0.5 and 0.95 g NH4*-N/m2.day,

respectively.

In this study, the organic load that reached Cell 3 was 2.8+0.9 and 2.9+0.7 g
BODs/m?.day, corresponding to C/N ratios of 2.8 and 2.7, during operation with
Media 4 and 5, respectively. These values were close to the upper range stated
in the literature of 2-3 g BODs/m?.d to ensure effective nitrification (Hem, Rusten
and Odegaard, 1994). Presence of biodegradable organic matter affects the
competition between heterotrophic and nitrifying bacteria. Heterotrophs have fast
growth rates and develop on the external layer of the biofilm, in contact with
wastewater, while nitrifiers are formed in the internal layer attached to the surface
of the carrier media (Lee, Ong and Ng, 2004). This heterotrophic biofilm layer
develops in the presence of biodegradable organic matter, increasing resistance
to ammonia diffusion and auto competing with nitrifiers for space and oxygen.
Furthermore, the biofilm in Media 4 and 5 had a thickness of 406+52 ym (Media
4) and 28370 pym (Media 5) with higher mass of biofilm accumulated at the
internal fins and ridges of the carrier media, also characteristic of heterotrophic
biofilms (Karizmeh, Delatolla and Narbaitz, 2014). Additionally, the increased
thickness may have affected ammonia and oxygen diffusion from the bulk liquid
to the core nitrifying biofilm layer. Studies indicated an ammonia penetration
depth of less than 100 ym (@degaard, 2006; Pfeiffer and Wills, 2011). Other
studies indicated that biofilm is partially penetrated by ammonia at about 200 uym
(Zhang and Bishop, 1994).

To increase the nitrification rate when Media 4 and 5 were tested, the BOD and
NH4*-N loadings were reduced to 3.5+0.2 and 0.7+0.1, 1.7+0.3 g BODs/m?2.day
and 0.4+0.1 g NH4*-N/m2.day, reaching C/N ratios of 1.3+0.4 and 1.1+0.2, for
Media 4 and 5, respectively. Air flow rates were also increased on Cell 1 and 2
for Media 4 and 5 (Table 5-3).

Under these conditions, the ammonia removals achieved were 81+6% with Media
4 and 84+3% with Media 5, with biofilm thicknesses in Cell 3 of 18565 and
149433 um, for Media 4 and 5, respectively. These corresponded to ammonia

removal rates of 0.5+0.1 and 0.4+0.1 g/m2.day, for Media 4 and 5, respectively.
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The decrease in organic loading rate, promoted the increase of ammonia removal
efficiencies. To optimise the potential of the carrier media, lower and more
conservative BOD loadings should be used in the design process, so that higher
nitrification could be achieved in the downstream cells (WEF, 2011). In biofilms,
oxygen penetration depth depends on the oxygen bulk liquid concentration.
Alternatively, dissolved oxygen concentration could also be further increased to
compensate high organic loadings and thicker biofilms. The reduction of oxygen
available for nitrification due to heterotrophic activity was found to be
approximately 2.5 mg/L when a nitrification reactor was operated at 1.5 g
BODs/m?.day in Rusten et al. (2006). Other studies stated that values above 6
and 8 mg O2/L were required to start and maintain nitrification at 3.5 g
BODs/m?.day (@degaard, 2006; Rusten et al., 2006).

Regarding the amount of suspended solids measured in the pilot plant effluent,
values varied between 100.9£29.5, 75.2+30.4, 74.9+14.3, 124.9+23.1,
120.7+£18.8 mg TSS/L during operation with Media 1, 2, 3, 4 and 5, respectively.
Values of TSS and VSS in the effluent were within the range stated in the
literature (150-250 g SS/m?3) (Bassin et al., 2016). The VSS/TSS ratio was
measured with all the carrier media, giving values of 0.86+0.14, 0.87+0.13,
0.96+0.12, 0.94+0.02 and 0.90+0.03 g VSS/g TSS for Media 1, 2, 3, 4 and 5,

respectively.

The average biofilm detachment coefficients were calculated during steady state
operation. Average values of 0.13+0.1, 0.17+0.1, 0.13+0.1, 0.27+0.1 and
0.31+0.1 1/d were registered for Media 1, 2, 3, 4 and 5, respectively. Furthermore,
biofilm yield per COD removal was calculated for each carrier media, and values
of 0.28, 0.33, 0.34, 0.52 and 0.43 g VSS/g COD were measured with Media 1, 2,
3, 4 and 5 respectively. A higher biomass yield was observed in the cylindrical
carrier media (Media 4 and 5) compared with spherical carrier media (Media 1, 2
and 3). Values were comparable with values reported in the literature 0.5 g SS/
g filtered COD (ddegaard, 2006).
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5.3.3 Biofilm activity tests

Biofilm activity tests were performed to determine specific organic and nitrification
rates of the biofilm attached to each carrier media tested (Table 5-4). The biofilm
grown on Media 1 presented a specific organic removal of 34.8+2.0 mg sCOD/g
TS.h, compared to Media 2 and 3 that obtained 26.9+0.6 mg sCOD/g TS.h,
19.2+1.7, respectively. For Media 4 and 5 the specific organic removal was
13.4+£1.1 mg sCOD/g TS.h and 13.4+£0.2 mg sCOD/g TS.h, respectively. Hence,
the specific organic activity was higher in Media 1, demonstrating that oxygen
diffusion and substrate mass transfer was greater in Media 1, despite the high
attached biofilm measured at 14.3+0.2 g TS/m?. Likewise, when the values of
specific organic removal were normalised by protected surface area, the highest
values were obtained for Media 1, 11.9+0.3 g COD/m2.day compared with other
carrier media (6.4+0.1, 9.4+0.2, 4.2+0.8 and 2.3+0.2 g COD/m?2.day for Media 2,
3, 4 and 5, respectively). Overall, the spherical carrier media achieved greater
specific organic removal rates compared with cylindrical carrier media. The lower
heterotrophic activity obtained in Cell 1 with Media 4 and 5, helped to support the
observations of high C/N ratio in Cell 3 and reduced nitrification. Other authors
have reported a wide range of values for specific organic removal in biofilm
systems. For example, a value of 67 mg COD/g TS.h was attained in a system
fed with 1.77 g COD/m?.day and an attached biofilm 1.1 g TS/m? with a cylindrical
500 m?/m? carrier media (Falletti, Conte and Maestri, 2014). In another study a
20.5 mg sCOD/g TS.h was attained in a reactor fed with acetate, with cylindrical

shape carrier media of 680 m?/m? surface area (Siciliano and De Rosa, 2016).

Regarding specific nitrification rates, values of 5.5+0.9, 5.2+0.3 and 7.2+0.7,
4.9+0.9 and 5.2+0.5 mg NH4*-N/g TS.h, were measured with Media 1, 2, 3, 4 and
5, respectively (Table 5-4). Media 3 presented higher specific nitrification rates.
However, regarding the specific ammonia removal normalised by protected
surface area, the highest values were obtained with Media 1 and 2 (1.1 g NHa4*-
N/m2.day) compared to 0.8, 0.6, 0.7 g NH4*-N/m?.day of Media 3, 4 and 5,
respectively. Compared to the ammonia removal rates achieved in the pilot plant,
batch scale values were higher with values of 0.5£0.1, 0.7£0.2, 0.7+0.2, 0.5+0.1
and 0.4+0.1 g NH4*-N/m2.day for Media 1, 2, 3, 4 and 5 respectively. Other
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studies report specific nitrification rates of 15 mg NH4*-N/g TS.h with a 9.3 g
TS/m?and 18.4 mg NH4*-N/g TS.h with 6.6 g TS/m?in a tertiary nitrification MBBR
using cylindrical carrier media with 500 m?/m? at 50% filling ratio (Salvetti et al.,
2006). A 10.6 mg NH4*-N/g TS.h with a 3-4 g TS/m? was reported in a hybrid
MBBR, with cylindrical carrier media with 500m?/m?3 protected surface area at
60% filling ratio (Falletti and Conte, 2007). A specific nitrification rate of 5.89 mg
NHs*-N/g TS.h and 1.12 g NH4*-N/m?.day were reported in an IFAS using
cylindrical shape carrier media with 500 m?/m? protected surface area at a 30%
filling ratio (Onnis-Hayden et al., 2011). Values of approximately 4 mg NH4*-N/g
VTS.h (volatile total solids, VTS) were achieved for a laboratory scale reactor
using a cylindrical shape carrier media with 500 m?/m?2 and 8 mg NH4*-N/ g VTS.
h using a round parabolic shape carrier media with 3000 m?/m? at surface organic
loading rate of 6 g COD/m?.day (Bassin et al., 2016). Other report values of 29.5,
9.2 and 7.5 mg NH4*-N/g TSS.h for a “saddle shaped grid covered surface” carrier
media with 50, 200 and 500 um thickness, with normalised surface area values

of approximately 1.8, 1.0 and 1.7 gNH4*-N/m2.day (Torresi et al., 2016).

Table 5-4 Specific organic and nitrification rates obtained during batch tests with

the five carrier media studied.

Medial Media2 Media3 Media4 Media5b

Organic removal
Attached biofilm (g TS/m?) 14.3+1.2 10.0+0.5 14.4+0.7 13.3+0.1 7.2+0.6

Specific COD removal rate (mg

sCOD/g TS.h) 34.842.0 26.9+0.6 19.2+1.7 13.4+1.1 13.4+0.2

Organic removal rate 11.9+0.3 6.4+0.1 9.4+0.2 4.2+0.8 2.3+0.2
(g sCOD/m2.day)

Ammoniaremoval
Attached biofilm (g TS/m?) 8.7+0.2 8.9+0.3 5.2+0.8 7.2+0.7 5.4+0.6

Specific NH4* removal rate
(mg NH4*-N/g TS.h)
Nitrification rate (g NH4*-N/mZ2.day) 1.1+0.2 1.1+0.1 0.8#0.1 0.6+0.1 0.7+0.1

*After flow reduction

5.5¢0.9 5.2+0.3 7.2+0.7 4.9+0.9* 5.2+0.5*

122



5.3.4 Physical carrier media properties and operation performance

When steady state conditions were achieved, maximum COD removal rates were
predicted based on the Stover-Kincannon model (equation (5-3)). The maximum
substrate utilisation rate per area of carrier (Um) obtained for the different carrier
media was 75.2, 65.4, 68.4, 44.4 and 36.0 g COD/m2.day, for Media 1, 2, 3, 4
and 5, respectively. Higher substrate utilisation rates were observed with the
spherical carrier media compared with cylindrical carrier media. A strong
correlation was obtained between Um and protected surface area (R?= 0.88)
(Figure 5-3a). A decrease in the maximum substrate removal rate was observed
with an increase in protected surface area (44.4 and 36.0 g COD/m?2.day, for
Media 4 and 5, with protected surface area of 348 and 610 m?/m3, respectively).
Whereas, an Un of 75.2, 65.4, 68.4 g COD/m?.day was measured for Media 1
with protected surface area of 112 m?/m3, Media 2 with 148 m?/m?3 and Media 3

with 220 m?/m3, respectively.

To examine the impact of carrier media physical properties on the pilot plant
performance, Um, was correlated with different physical parameters (Appendix
C). Parameters such as: diameter, length, length to diameter ratio, sphericity,
Sauter mean diameter, shape factor and voidage were investigated. Moving
attached growth system hydrodynamics and oxygen mass transfer was
previously shown to be influenced by carrier media physical properties,
dimensionality (Di) and voidage (Voi) (Dias et al., 2018). The media
dimensionality and voidage influenced the wastewater flow pattern and mixing
impacting the reactor hydraulic efficiency. A strong correlation was given between
the combination of these two parameters (Di and Voi) with HE (R? of 0.89), and
SOTE with HE (R2= 0.88). The influence of dimensionality and voidage on
hydraulic efficiency increased with biofilm development. In the cylindrical shape
media, an increase in biofilm thickness reduced the internal voids, hindering the
contact between the biofilm and the wastewater, thereby affecting the hydraulic
and treatment efficiency of the reactor. By contrast, no negative influence was
observed on the spherical and higher voidage media at increased biofilm
thickness. The maximum substrate utilisation rate per area of carrier (Um) was

also correlated with the same combination parameters; physical properties
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associated with hydraulic efficiency (Di x Voi)/HE. For that voidage was corrected
considering the biofilm thickness measured at steady state. Values of 426+88,
375%45, 328170, 449+82 and 26879 um were considered for the biofilm
thickness and 89+2, 93+5,100, 74+1 and 63+2%, for the hydraulic efficiency
measured with each carrier media at steady state in Media 1, 2, 3, 4 and 5,
respectively. Comparing statistically the HE results between the media, results
were significantly different (p<0.05). A greater degree of association was
achieved when comparing the Um and (Di x Voi)/HE (R?= 0.92) (Figure 5-3b).
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Figure 5-3 Correlation between Uy, and protected surface area (a) and the
combination of parameters (Di x Voi)/HE (b).

Surface ammonia removal rates were correlated with carrier media protected
surface area and carrier media physical properties. The correlation obtained
between ammonia removal rate and protected surface area was R? of 0.65
(Figure 5-4a). The lower ammonia removal rates achieved with Media 4 and 5,
the higher protected surface area carrier media, challenges what is currently
stated in the literature; that MBBR treatment performance is a function of
protected surface area. A higher correlation was obtained when ammonia
removal rates were compared with carrier media physical parameters (Di X
Voi)/HE (R?= 0.92) (Figure 5-4b).
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Figure 5-4 Correlation between ammonia removal rate and protected surface area

(a) and the combination of parameters (Di x Voi)/HE (b).

Despite the high protected surface area, the cylindrical shape and small internal
voids of Media 4 and 5 made this carrier media more prone to clogging. The
increase in biofilm thickness due to overgrowth of heterotrophic biofilm in the
inner areas have limited diffusion. This resulted in a reduction in biofilm activity
as was observed by the biofilm activity tests, where organic and ammonia
removal rates were lower for Media 4 and 5. The low hydrodynamics efficiencies
and low turbulence (dead spaces) inside the voids had also contributed towards
the limited ammonia diffusion and oxygen mass transfer (Forrest, Delatolla and
Kennedy, 2016). Other studies have identified the importance of increased
thickness on the reduction of the protected surface area. A 33% reduction on
protected surface area was calculated when the thickness of the biofilm increased
from 0.25 mm to 1 mm in a cylindrical shape carrier media (Sen et al., 2007). In
Media 4 and 5, the increase in biofilm thickness 449+82 and 268+79 um led to a
reduction in voidage of 6 to 14%, respectively. As stated in other studies, the
small internal voids became clogged which in turn affected substrate and oxygen
diffusion having a significant impact on nitrification performance (Goode, 2010;
Sen et al., 2007). The larger voids of the spherical carrier media, Media 1, 2 and
3, improved the wastewater flow through the media encouraging heterotrophic

and nitrifying biofilm to colonise the entire carrier surface (68-83%) resulting in
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higher biofilm activity. In Media 4 and 5, biofilm was mainly situated in the internal
part of the carrier media (58-61% coverage) that was further reduced due to
increased thickness. In the cylindrical shape carrier media biofilm was less
exposed to shear when compared with spherical carrier media, hindering biofilm

scouring and diffusion of substrates.

Nevertheless, MBBR are still designed and evaluated according to carrier media
protected surface area and physical properties have been observed to have a
small impact on MBBR performance (ddegaard, Gisvold and Strickland, 2000).
The present findings support that carrier media physical properties play a
significant role on biofilm growth and activity and that, carrier media protected
surface area is not the only parameter that should be considered. In practice, for
some carrier media shapes the estimation/prediction of removal rates can be
inaccurate when using protected surface area. This in particular is because
nitrification does not take place in all the carrier media protected area, due to
increased thickness and carrier media clogging (Piculell et al., 2016c). As such,
opting for carrier media with high voidage and open structure, will avoid variations
on protected surface area and misleading substrate removal rates estimations

while maintaining high treatment performance.

5.4 Conclusions

e Average COD removal efficiency of 89+3, 86+2, 86+3, 8514, 86+2% were
obtained for Media 1, 2, 3, 4 and 5, respectively.

¢ Ammonia removal was higher for the spherical Media 1, 2 and 3 achieving
values of 70+11, 71+10 and 81+3% compared with 42+6 and 35+12%
achieved with cylindrical carrier media (Media 4 and 5).

e The <50% ammonia removal rates obtained with Media 4 and 5 were due
to C/N ratios of 2.8 and 2.7 in the nitrification zone of the reactor.

e Heterotrophic and nitrifiers activity tests demonstrated that Media 1
presented the highest specific biofilm activity (34.8+2.0 mg COD/g TS.h)
and the smaller spherical shape carrier media (Media 3) achieved the
highest specific nitrification activity (7.2+0.7 mg N-NH4*/g TS.h).
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e Maximum COD utilisation rates correlated well with carrier media
protected surface area, (R?= 0.88). A stronger correlation was obtained
between Un and carrier media dimensionality (Di), voidage (Voi) and
hydraulic efficiency (HE) (R?>= 0.92).

e Correlation (R?) between ammonia removal rate and protected surface
area was 0.65, but a stronger correlation was obtained with the
combination of physical parameters and reactor hydrodynamics (Di X
Voi)/HE (R?= 0.92).

e These findings support that not only carrier surface area plays an
important role on MBBR performance, but size, voidage and carrier media
shape can be optimised to improve process performance.

e The spherical shape carrier media with high voidage improved wastewater
flow through the carrier media promoting an active biofilm and good

process performance.
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Abstract

This study aimed at understanding the impact of media of different shape (two
spherical and one cylindrical) and voidage on the mass transfer boundary layer
(MTBL) thickness and external mass transfer coefficients in a heterotrophic
biofilm in a moving attached growth system (e.g.: a moving bed biofilm reactor,
MBBRs, or submerged aerated filters, SAFs). Spherical, dimensionality 2.68 and
spherical, dimensionality 2.78 media with surface area (SA) of 135 and 310
m?/m3, respectively. Cylindrical, dimensionality 4.27, a SA of 600 m?/m3. The
MTBL thickness was lower in spherical, dimensionality 2.78 media, varying
between 15.5-129.6 ym whereas spherical, dimensionality 2.68 and cylindrical,
dimensionality 4.27 presented values of 28.6-172.4 and 39.7-170.5 um,
respectively, dependent on the wastewater mixing velocities. External mass
transfer coefficients ranged from 1.0-6.1, 1.3-9.1 and 1.0-4.4 m/day for Media 1,
2 and 3, respectively. The influence of external mass transfer on COD removal
were 59, 40 and 30% for spherical, dimensionality 2.68, spherical, dimensionality
2.78 and cylindrical, dimensionality 4.27 media, respectively. A poor correlation
was observed between protected surface area and MTBL thickness (R?= 0.27).
A stronger correlation was achieved when comparing carrier media physical
properties: dimensionality (Di) and voidage (Voi) with MTBL thickness (R?= 0.86).
These high correlations obtained, indicated that other parameters beyond carrier
media protected surface area play a role in MBBR/SAF performance. This study
clearly signifies the importance of the carrier physical properties on external mass
transfer and diffusion within biofilm. Investigating the potential of carrier media

physical properties can provide opportunities for capital and operational cost
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savings making MBBR processes more competitive and attractive than

alternative processes, while also informing the design of new media.

Keywords: Biofilm, carrier media, mixing intensities, moving bed biofilm reactors,

MTBL, organic removal.

6.1 Introduction

The reliability of moving attached growth systems (e.g.. moving bed biofilm
reactors, MBBRs, integrated fixed film activated sludge, IFAS, and submerged
aerated filters, SAFs) to produce high quality wastewater effluents has been
demonstrated in many pilot studies as well as full-scale wastewater treatment
plants (WWTPs). MBBRs are implemented to remove organic matter as well as
ammonia from municipal and industrial effluents (@ddegaard, Gisvold and
Strickland, 2000; Rusten et al., 2006). In these systems, a biofilm grows attached
to the surface of a carrier media that is fully submerged and maintained in
movement within the wastewater. The continuous movement between the carrier
media and the bulk liquid is typically promoted by mechanical mixers (anaerobic
and anoxic reactors) or diffuser aeration (aerobic reactors) (McQuarrie and Boltz,
2011). The carrier media is one of the most important components of MBBRs,
ensuring a large surface area for biofilm growth and simultaneously exhibiting a
geometry that promotes the transport of substrates and oxygen distribution into
the biofilm (McQuarrie and Boltz, 2011).

In biofilm processes, as well as in suspended growth, the transfer of substrates
and oxygen from the bulk liquid to the interior of the biofilm transpires in three
stages: (1) transport from the bulk liquid to stagnant liquid layer commonly
designated by a mass transfer boundary layer (MTBL), (2) diffusion within the
biofilm matrix and (3) consumption of substrate (Boltz, Morgenroth and Sen,
2010; Wilén, Gapes and Keller, 2004). All the stages are essential for the overall
substrate removal efficiency, however the first stage is the most critical. On the
other hand, this stage, often expressed as MTBL thickness, is frequently
neglected. In most activated sludge process studies, the bulk liquid and
aggregate-flocs are assumed to be a single phase (Wilén, Gapes and Keller,

2004). In biofilms, the substrate transfer in the proximity and within the biofilm

136



occurs mainly by diffusion but the MTBL, assumes a greater importance as it
adds an additional resistance to mass transfer (Boltz, Morgenroth and Sen,
2010). Diffusion is commonly the limiting factor for microbial growth and metabolic
activity in systems where bacteria do not grow as a single planktonic cell (Herrling
et al., 2015). Thus, the thickness of MTBL plays an important role in the

performance of moving attached growth systems.

The MTBL is strongly influenced by reactor hydrodynamics, biofilm structure,
support structure and substrate diffusivity (Prehn et al., 2012; Wilén, Gapes and
Keller, 2004). The hydrodynamic conditions in the biofilm-bulk phase, which are
governed by flow velocities and mixing intensities, can significantly affect the
boundary layer thickness. Different studies have researched the impact of mixing
intensities on MTBL thickness. In these studies the increase in flow velocities and
mixing intensities was shown to decrease the MTBL thickness, enhancing mass
transport in biofilms (Gapes and Keller, 2009; Hem, Rusten and Odegaard, 1994;
Nicolella, van Loosdrecht and Heijnen, 1998; Nogueira et al., 2015).

The number of studies that have investigated the impact of MTBL and external
mass transfer in moving biofilm systems is limited, and most of them are restricted
to nitrifying systems. The influence of two different size and shape carrier media
(Nat-S1, 310 and K1, 505 m?/m?3) on external mass transfer on a nitrifying biofilm
demonstrated that, values of external mass transfer were quite similar between
the two carriers Nat-S1 (2.0-5.6 m/d) and K1 (1.3-4.1 m/d) (Gapes and Keller,
2009). Using oxygen microelectrodes to measure the oxygen profile within the
biofilm on a flat shaped carrier media, Masi¢, Bengtsson and Christensson (2010)
demonstrated an increase in MTBL thickness at lower flow rates and a decrease
in DO concentration in the boundary layer. Results confirmed the importance of
a reduced MTBL thickness for an efficient DO utilisation. However, it is important

to emphasise that the study was completed using a fixed flat shaped carrier.

Studies using semi-suspended carrier media also stated the influence of MTBL
as an external mass transfer resistance on the DO distribution within the biofilm
(Tang et al., 2017a). The effect of mixing, on ammonia utilisation rates, was
studied by Melcer and Schuler (2014) and Nogueira et al. (2015) in batch tests.

137



Melcer and Schuler (2014) compared the effect of two different shape and size
media with similar protected surface area on external mass transfer. Higher
mixing intensities led to a reduction of MTBL and promoted higher mass transport
to the biofilm, thereby increasing reaction rates. Higher nitrifying activity was
found on the larger structure carrier media (822 mm x 17 mm) compared to the
small structure carrier media (812 mm x 14 mm), despite having an equal

protected surface area (Melcer and Schuler, 2014).

An in-situ methodology was recently developed to estimate external mass
transfer in a moving bed biofilm reactor removing chemical oxygen demand
(COD) and ammonia (Nogueira et al., 2015). Results confirmed the importance
of mixing towards reducing the MTBL thickness. Moreover, the ammonia removal
rate was more impacted by the MTBL thickness, compared with carbon oxidation
(Nogueira et al., 2015).

Despite the importance of MTBL thickness on biofilm performance, only the study
from Gapes and Keller (2009) assessed the influence of carrier media type on
MTBL and external mass transfer in a MBBR operated solely for nitrification and

using low carrier media filling ratios (20%).

Following the methodology described by Nogueira et al. (2015), the study here
presented aimed at understanding the impact of media with different surface
area, shape and voidage (two spherical and one cylindrical) on MTBL thickness
and external mass transfer in a heterotrophic biofilm (COD removal) in a moving

bed biofilm reactor.

6.2 Material and methods

6.2.1 Lab scale reactor configuration and experimental process

A lab scale reactor with a capacity of 40 L (30 cm width x 30 cm length and 45
cm height) was used to determine the MTBL thickness and external mass transfer
(Figure 6-1). The reactor was continuously fed with settled municipal wastewater
from Cranfield University’s wastewater treatment plant treating 2840 population
equivalent (PE) (Cranfield, UK). The aeration and mixing were actioned by
medium-bubble aeration (air inlet pressure of 1.01x10° Pa). The carrier media
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was supplied by Warden Biomedia (Luton, UK): two recycled polypropylene
spherical shape carrier media (spherical, dimensionality 2.68 and spherical,
dimensionality 2.78) and one recycled polypropylene cylindrical shape media
(cylindrical, dimensionality 4.27). The media total surface area (TSA) varied
between 135 (spherical, dimensionality 2.68), 310 (spherical, dimensionality
2.78) and 600 m?/m? (cylindrical, dimensionality 4.27) and the protected surface
area (PSA) was 112, 220 and 348 m?/m?3, respectively. The latter was determined
by actually measuring the area of the carrier media that was covered with visible
biofilm according to the methodology described by Dias et al. (2018a). All the
media were tested at a 60% filling ratio (Table 6-1). The carrier to tank diameter
ratio (dp/Dv), for the spherical media with 2.68 of dimensionality was 0.32, the
values were comparable with other lab scale reactors that presented ratios of
0.45 and 0.48, where wall effect was minimised (Young et al., 2016).

@)

% @

Spherical, Spherical, Cylindrical,
di lity 2.68 di ionality 2.78  dimensionality ¢

Figure 6-1 Schematic of lab scale reactor and media studied (a) cylindrical,

dimensionality 4.27 media on the lab scale reactor (b).
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Table 6-1 Media characteristics and reactor operation conditions. Spherical,
dimensionality 2.68 (Biofil), spherical, dimensionality 2.78 (Biomarble), cylindrical,
dimensionality 4.27 (Biopipe). Media was supplied by Warden Biomedia

(http://Iwww.wardenbiomedia.com/)

Total Protected Dimensions
. surface surface Voidage ) Density
Media area area (m Shape Length Diameter (%) Material (glem®)
(m?/m?) m?) (mm) (mm)
Spherical,
dimensionality 135 112 Spherical 65 95 95
2.68
Spherical, Recveled
dimensionality 310 220 Spherical 36 46 90 PyP 0.97
2.78
Cylindrical,
dimensionality 600 348 Cylindrical 13 215 82.5
4.27

6.2.2 Determination of the external mass transfer

The boundary layer thickness and external mass transfer coefficient were
determined following the methodology described by Nogueira et al. (2015). To
promote biofilm growth on the media, clean media was placed in a 2 m? pilot plant
operated in parallel and continuously fed with the same settled municipal
wastewater. Once biofilm was fully developed, media was removed from the pilot
plant and transferred into the laboratory scale reactor and operated continuously
with settled wastewater for 2 to 3 weeks prior to initiating the mass transfer
experiments. During the batch tests, temperature was maintained at 20°C using
a heater and pH continuously adjusted to a pH=%7.5. Dissolved oxygen was
regulated by controlling air and nitrogen flow rate and kept around 2.5-3.5 mg
O2/L (limiting factor). These batch tests were conducted at varying mixing
intensities, according to Nogueira et al. (2015). Mixing intensities were varied
based on the airflow rate normalised by the liquid volume inside the reactor (L).
Mixing intensities were increased until the COD removal rates stabilised, within a
range of 2.5-30 L/min (0.07-0.83 L/L.min).

Before starting each test, the wastewater feed was stopped, and mixed liquor
containing the carrier media aerated for 12 hours until the microorganisms
reached the endogenous respiration stage. Sodium acetate (C2HsNaO2) (Fisher

Scientific, Loughborough, UK) was then added to the reactor as the sole source
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of organic carbon at an equivalent COD concentration of 120-150 mg COD/L (150
mg acetate/L). However, in several batch tests the soluble COD concentration
values were higher, reaching values of 187 mg COD/L, due to small
concentrations of soluble COD presented inside the reactor.

Each test lasted 1h and the wastewater was sampled every 15 min for soluble
COD (sCOD) measurements. The linear regression of the sCOD removal (as a
function of time) was used to calculate the sCOD removal rate (re**) and
expressed as (mg sCOD/L.min).

The calculations used in this study to measure the external mass transfer
coefficient followed the methodology described by Nogueira et al. (2015).The
external mass transfer coefficient (ko2) and the MTBL thickness (&) were obtained
using equations (6-1) and (6-2), respectively. The limiting substrate in these
experiments was oxygen as its concentration was kept constant around 2.5-3.5
mg O2/L”

7EXP 4« R2 Y o2

ko, = Vbuik " substrate (6-1)
A R2 — (rexp)z Sénétlk
water
5= Dc;: (6-2)
02

Where, Vpuk is the liquid volume in the reactor (m®), A is the carrier media
protected surface (m?/m?3), R is the volumetric removal rate where external mass
transfer is neglected (mg/L.h), yozisubstrate iS the ratio of the oxygen to the substrate
uptake, and S54 is the dissolved oxygen in the liquid phase and D}&t" is the
oxygen diffusivity in water m?/day. R was determined using the average variance
of the tests completed at high mixing intensities following equation 6-3. Where,
a? is the experimental variance of the experiment (j) at high mixing intensity
(Nogueira et al., 2015).

exp / 2
X7 /of

ARV 63
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6.2.3 Analytical methods

Soluble COD was determined by filtering samples using a pore size filter of 0.45
um (Millipore™, Billerica, United States) and the sCOD concentration determined
using Merck cell tests kits (Merck KGaA, Darmstadt, Germany) measured with a
NOVAG0 photometer (VWR, UK). Temperature, dissolved oxygen (DO) and pH
were controlled using portable meters (HACH HQ40d; Camlab, Cambridge, UK).
A sample from the mixed liquor suspended solids was collected before and after
the batch tests to consider biofilm detachment according and measured following
Standard Methods for the Examination of Water and Wastewater (APHA, 2005).
The attached biofilm to the carriers was analysed prior to initiating the
experiments following the procedure described in Regmi et al. (2011). Carriers
were sampled and dried at 105°C overnight and weighed. The biofilm was
removed by placing the carriers in a H2SO4 solution (2 N) and stirred vigorously
for 24 hours. The carriers were washed with tap water then biofilm brushed off
and dried at 105°C. The total attached biofilm was calculated based on the
difference in media dry weight before and after removing all biofilm attached. The
results were expressed as grams of total solids per metre square of protected
surface area of carrier media (g TS/m?). Biofilm density measured in the carrier
media were obtained by dividing attached biofilm and biofilm thickness.

Biofilm thickness was measured through Optical Coherence Tomography (OCT)
using a Thorlabs Standard (SR-OCT 930nm; Thorlabs. Germany), with a
refractive index of 1.33 (water). The media was cut into small pieces with a
surgical scalpel and images captured in different pieces of the carriers. Biofilm

thickness was estimated based on the average measurements.

6.3 Results and discussion

6.3.1 Attached biofilm and thickness

Biofilm thickness was measured at the start of the mass transfer determination
tests. The average biofilm thickness obtained for spherical, dimensionality 2.68,
spherical, dimensionality 2.78 and cylindrical, dimensionality 4.27 media was
363188, 250+35 and 232+35 um, respectively. Biofilm was attached all over the
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spherical media, and only in the internal surfaces of cylindrical media (Figure 6-2).
The attached biofilm was estimated at 13.4+2.2, 14.2+2.1 and 13.35+2.3 g TS/m?
for spherical, dimensionality 2.68, spherical, dimensionality 2.78 and cylindrical,
dimensionality 4.27 media, respectively. Biofilm density measured in the carrier
media was 36.9, 56.8 and 57.5 g TS/L for spherical, dimensionality 2.68,
spherical, dimensionality 2.78 and cylindrical, dimensionality 4.27 media,
respectively. No significant biofilm detachment was observed during the different
tests.

Figure 6-2 Biofilm attached to the carrier media: spherical, dimensionality 2.68
(left), spherical, dimensionality 2.78 (centre) and cylindrical, dimensionality 4.27

(right).

6.3.2 External mass transfer

After the endogenous respiration was achieved in the laboratory scale moving
bed biofilm reactor, the sCOD removal was measured over time, at increasing
mixing intensities, for the different media tested (Figure 6-3). In general, a
significant increase in sSCOD removal was observed with the increase in mixing
intensities, for all the media (Figure 6-3). At the lowest mixing intensity tested, of
0.07 and 0.10 L/L.m, the sCOD removal was 39, 67.3 and 64.3 mg sCOD/L.h for
spherical, dimensionality 2.68, spherical, dimensionality 2.78 and cylindrical,
dimensionality 4.27 media, respectively. At the higher mixing intensity tested of
0.69 and 0.83 L/L.min, the sCOD removal rate was 95.8, 111.2 and 99.8 mg /L.h
for spherical, dimensionality 2.68, spherical, dimensionality 2.78 and cylindrical,

dimensionality 4.27 media, respectively.
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Removal rates (re*?) were calculated from the slope of sSCOD removed for each
mixing intensity tested as function of time, according to the methodology by
Nogueira et al., 2015 (Table 6-2).
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Figure 6-3 Soluble COD removed at different mixing intensities (L/L.min) for
spherical, dimensionality 2.68 (a), spherical, dimensionality 2.78 (b) and

cylindrical, dimensionality 4.27 (c) as a function of time.
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Table 6-2 Soluble COD removal rates obtained at different mixing intensities for
spherical, dimensionality 2.68, spherical, dimensionality 2.78 and cylindrical,
dimensionality 4.27 media.

re*? (mg sCODI/L.h)

Gas Flow Mixing

Rate Intensity spherical, spherical, cylindrical,
dimensionality dimensionality dimensionality

L/min L/L.min 2.68 2.78 4.27

2.5 0.07 - 67.30 64.30

35 0.10 39.00 83.50 66.00

5 0.14 55.20 103.40 -

7.5 0.21 60.80 105.10 70.80

10 0.28 75.41 112.80 84.20

15 0.42 83.20 - 92.00

20 0.56 117.90 87.40

25 0.69 95.80 - -

30 0.83 - 111.20 99.80

The sCOD removal rates presented a typical substrate saturation curve shape
(i.e., increasing sCOD removal until maximum value, followed by stabilisation)
(Figure 6-4). For spherical, dimensionality 2.78 and cylindrical, dimensionality
4.27 media, the sCOD removal rates stabilised at 0.14 L/L.min and 0.21 L/L.min
mixing intensities, respectively (Figure 6-4). For spherical, dimensionality 2.68,
the sCOD removal rates increased sharply until 0.42 L/L.min mixing intensity and
continued to increase, however at a much slower rate after 0.42 L/L.min (Figure
6-4).

When the sCOD removal rates stabilised, external mass transfer no longer
exerted an influence on treatment performance (Nogueira et al.,, 2015).
Comparing COD removal rates over the range of experiments, the difference
between the lowest (with influence of external mass transfer) and the highest
(without influence of external mass transfer) were approximately 59, 40 and 30%

for spherical, dimensionality 2.68, spherical, dimensionality 2.78 and cylindrical,
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dimensionality 4.27 media, respectively. An increase in COD removal rates was
also observed in Nogueira et al. (2015) when the mixing intensity was increased,
the difference between lowest and highest removal rates was approximately
27%.
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Figure 6-4 Soluble COD removal rates at different mixing intensities.

The sCOD removal rates, without external mass transfer influence (R), were
calculated as per the methodology described by Nogueira et al. (2015), using the
average variance of the batch tests completed at high mixing intensities. Values
of 95.8, 111.9 and 91.6 mg COD/L.h were obtained for spherical, dimensionality
2.68, spherical, dimensionality 2.78 and cylindrical, dimensionality 4.27 media,
respectively. Similar sCOD removal rates were found in Nogueira et al. (2015)

129.9+2.0 mg COD/L.h, when external mass transfer was neglected.

Values of R were used on the determination of the mass transfer coefficient (Ko2)
following equation (6-1) for each batch test removal rates (re*r), taking into
consideration the volume in the reactor, the carrier media protected surface area
and the ratio of the oxygen to the substrate uptake Yozssubstrate (0.35 g O2/g COD)
(Mannina et al., 2011; Nogueira et al., 2015).

The estimated external mass transfer coefficients ranged from 1.0-6.1, 1.3-9.1
and 1.0-4.4 m/day for spherical, dimensionality 2.68, spherical, dimensionality

2.78 and cylindrical, dimensionality 4.27 media, respectively (Figure 6-5). These
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results indicated that the external mass transfer coefficient increased with mixing
intensities. Spherical, dimensionality 2.78 media showed higher external mass
transfer (9.1 m/day at 0.14 L/L.min), compared with spherical, dimensionality 2.68
media that achieved an external mass transfer coefficient of 6.1 m/day at 0.28
L/L.min, and cylindrical, dimensionality 4.27 media of 4.4 m/day at 0.28 L/L.min.

10 1
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m] Cylindrical dimensionality, 4.27

Figure 6-5 External mass transfer coefficients for spherical, dimensionality 2.68,

spherical, dimensionality 2.78 and cylindrical, dimensionality 4.27 media.

The values of external mass transfer coefficients (1.0-6.1, 1.3-9.1 and 1.0-4.4
m/day for spherical, dimensionality 2.68, spherical, dimensionality 2.78 and
cylindrical, dimensionality 4.27 media, respectively) were consistent with the
range of the values stated in Nogueira et al. (2015) under comparable
hydrodynamic conditions (2.9-6.8 m/d). Other studies, on nitrifying biofilms
described external mass transfer values of 1.3 m/d using cylindrical shaped
media (Hem, Rusten and Odegaard, 1994) and 3.2-1.5 m/d using a flat shaped
carrier media (Masi¢, Bengtsson and Christensson, 2010). In an airlift reactor,
Nicolella, van Loosdrecht and Heijnen (1998) using spherical solid particle,
achieved an external mass transfer of 6.91 m/d. Gapes and Keller (2009)
compared two carrier types with cylindrical shape ( Nat-S1, 310 and K1, 505
m?/m?3 of protected surface area) operating under high and low ammonium load.
Values of external mass transfer were quite similar between the two carriers Nat-
S1 (2.0-5.6 m/d) and K1 (1.3-4.1 m/d) and the ones achieved in spherical,
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dimensionality 2.68, spherical, dimensionality 2.78 and cylindrical, dimensionality

4.27 media at similar hydrodynamic conditions (Gapes and Keller, 2009).

Values of MTBL thickness were then determined using equation (6-2) for each
batch test taking into consideration the diffusivity of oxygen in water (D}§*"=1.74
x 104 m?/d) and the external mass transfer coefficient (Koz). The MTBL thickness
values for all the mixing intensities varied between 28.6-172.4, 15.5-129.6 and
39.7-170.5 ym for spherical, dimensionality 2.68, spherical, dimensionality 2.78
and cylindrical, dimensionality 4.27 media, respectively (Figure 6-6a). A reduction
in the MTBL thickness was observed with an increase of mixing intensities for all
the media. The MTBL thickness values were in agreement with external mass

transfer coefficients, decreasing when the MTBL thickness increased.

The influence of the mixing intensity on the estimated MTLB thickness is
presented in Figure 6-6a. The higher influence of mixing on sCOD removal was
observed to be in spherical, dimensionality 2.78 media where the slope value was
higher recorded as 733.6, compared to 709.4 and 574.9 obtained with spherical,
dimensionality 2.68 and cylindrical, dimensionality 4.27 media, respectively.
Mixing intensities were converted to energy dissipation rates to allow for the
comparison of the results with Nogueira et al. (2015) (Figure 6-6b). At similar
energy dissipation rates, 0.014 W/kg, MTBL thickness values of 71.4 ym were
achieved for spherical, dimensionality 2.68 media , 15.5 um in spherical,
dimensionality 2.78 media and 122.9 with cylindrical, dimensionality 4.27 media
compared to 61.1 um achieved in Nogueira et al. (2015) using a different carrier
media and reactor filling ratio (K1 of Anoxkaldnes™ and 40% filling ratio). In
agreement with the external mass transfer; that at similar energy dissipation
rates, in Nogueira et al. (2015) was lower, 2.9 m/d, compared with 9.1 m/day
registered with spherical, dimensionality 2.78 media. Compared with spherical,
dimensionality 2.68 media and, cylindrical, dimensionality 4.27 media values
achieved by Nogueira et al. (2015) were similar for spherical, dimensionality 2.68
media (2.4 m/d) and slightly higher than cylindrical, dimensionality 4.27 media
(1.4 m/d).
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Figure 6-6 MTBL thickness as a function of mixing intensity obtained in the
different media tested (a) and comparison between MTBL thickness at different
energy dissipation rates identified in this study and in Nogueira et al. (2015) (b).

Existing literature on MTBL thickness is scarce. The majority of the work
published to date focuses on nitrifying reactors, detailing MTBL thicknesses of
40-85 pm, however static carrier media was used (Masi¢, Bengtsson and
Christensson, 2010).

Models have been used to calculate MTBL thicknesses based on the Sherwood
and Reynolds numbers, using set values of approximately 100 um. However this
theoretical correlation cannot be used for a particular carrier media geometry
(Boltz et al., 2011). Values of MTBL thickness (ranged from 68.9-141 uym) have
been estimated using steady-state biofilm models and simulated values, but
these are dependent on system hydrodynamics rather than biofilm thickness
(Wanner et al., 2006). Other studies, using a semi-suspended carrier media,
achieved higher MTBL thickness value compared with results of the presented
study. A minimum and a maximum MTBL thickness of 17020 um (biofilm
thickness 350+10 ym) and 290+40 um (biofilm thickness 1710+ 20 um) were
measured during different biofilm ages, using microelectrode systems to measure
DO profile (Tang et al., 2017a).

Regarding biofilm structure, the measured thickness in spherical, dimensionality
2.68 media was higher than in spherical, dimensionality 2.78 media, and
cylindrical, dimensionality 4.27 media, 363+88, 250+35 and 232+35 pm,
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respectively. An increase in biofilm thickness reduced the biofilm density in
spherical, dimensionality 2.68 media of 36.9 g TS/L compared with 56.8 and 57.5
g TS/L for spherical, dimensionality 2.78 media, and cylindrical, dimensionality
4.27 media, respectively. Thin biofilm is expected to produce a denser and more
homogeneous structure leading to lower external mass transfer while thick biofilm
has more pores and voids producing a less dense and more heterogeneous
biofilm (David et al.,, 2016). Consequently, the thinner biofilm in spherical,
dimensionality 2.78 media, and cylindrical, dimensionality 4.27 media was
expected to promote greater resistance to mass transfer than the thicker biofilm
measured in spherical, dimensionality 2.68. However, results do show that
spherical, dimensionality 2.78 media enhanced external mass transfer, indicating

that biofilm density was of less influence.

6.3.3 Physical carrier media properties and MTBL thickness

The influence of carrier media protected surface area on the MTBL thickness was
assessed. A poor correlation was observed between the protected surface area
with MTBL thickness, (R?= 0.27) (Figure 6-7a). As opposed to what has been
stated in most literature that carrier media protected surface area imparts the
most influential role on MBBRs and SAFs performance (ddegaard, Gisvold and

Strickland, 2000), other carrier media properties also seem to play an important

role.
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Figure 6-7 Correlation between MTBL thickness and protected surface area (a) and

combination of parameters (Di x Voi)/HE (b) at 0.21 L/L.min.
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Other carrier media physical properties were then correlated with MTBL thickness
(Appendix D). Weak correlations were observed when MTBL thickness values
were correlated with physical properties such as: diameter, length, length to
diameter ratio, sphericity, Sauter mean diameter, shape factor and voidage. From
previous studies, carrier media physical properties: dimensionality (Di) and
voidage (Voi), were strongly correlated with MBBRs and SAFs hydrodynamics,
oxygen mass transfer, start-up and performance (Dias et al., 2018a, 2018b)
Following this study, MTBL thickness was correlated with the physical properties
associated with hydraulic efficiency (Di x Voi)/HE and a clear correlation was
obtained (R?= 0.86) (Figure 6-7b). The high correlation obtained suggested that
other parameters beyond protected surface area do play a role on MBBRs
performance. Despite the similar methodology used in this study, the MTBL
thickness value stated by Nogueira et al. (2015) at the same energy dissipation
rate (61.1 um) did not correlate with (Di x Voi)/HE. A possible explanation is the
fact that Nogueira et al. (2015) used (i) synthetic wastewater to grow the biofilm
(i) the different carrier media filling ratios used together with the smaller scale
reactor and (iii) the lower thickness obtained with the grown biofilm (data not

shown in the cited article).

The thicker MTBL registered in cylindrical, dimensionality 4.27 media (122.9 pym)
compared with spherical, dimensionality 2.68 media (71.4 um) and spherical,
dimensionality 2.78 media (15.5 ym) might be caused by liquid velocity reduction
through the cylindrical carrier media due to biofilm accumulation in the internal
parts of cylindrical, dimensionality 4.27 media, resulting in lower biofilm activity

and conversion rates.

A clear relationship has been reported between the decrease in MTBL thickness
and the increase in reactor performance efficiency, due to higher mass transfer
of substrates and products and microbial activity (MaS$i¢, Bengtsson and
Christensson, 2010; Wanner et al., 2006). Using biofilm models it was
demonstrated that an increase in MTLB thickness from 0 to 100 um reduced
sCOD flux by 19% in a carbon oxidation and nitrification MBBR reactor and 85%
in a IFAS configuration (Boltz et al., 2011). In the same study, a decrease in

ammonia flux of 16% was revealed when the MTLB thickness increased from O
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to 100 uym. The results corroborated with Zhu and Chen (2001) studies, where in
a nitrifying biofilm reactor ammonium flux increased when the MTBL thickness
decreased. Sensitivity analyses carried out in studies by Boltz et al. (2011) have
presented a strong influence of MTBL thickness on the model results.

The results indicated that cylindrical, dimensionality 4.27 media, with high
protected surface area (348 m?/m?3), cylindrical shape and low voidage attained
higher MTBL thickness (122.9 ym) compared with spherical shape and higher
voidage media (71.4 and 15.5 ym). The higher MTBL thickness and external
mass transfer resistance compromised substrate and oxygen mass transfer in
cylindrical, dimensionality 4.27 media. That was likely related to the obstruction
of the internal voids by biofilm growth that hindered wastewater to pass through.
Thus, to overcome external mass transfer limitations, in cylindrical,
dimensionality 4.27 media will need to be operated at higher mixing intensities
(higher airflow rates), that can possibly result in higher energy operating costs.
Moreover, high mixing intensities can lead to uncontrolled biofilm detachment that
can subsequently have an adverse effect on treatment performance.

This study illustrated the importance of the carrier media physical properties on
MTBL thickness and external mass transfer. Studying the potential of carrier
media physical properties on the MBBRs/SAFs process optimisation, can provide
opportunities for capital and operational cost reduction. This is by means of more
compact systems and lower carrier media filling ratio needed due to high carrier
media efficiency and improved oxygen utilisation making this process more

competitive with alternative technologies.

6.4 Conclusions

e MTBL thickness was calculated for 3 different media with varying
geometries covered with a mature heterotrophic biofilm using existing
methodologies. The MTBL thickness values of 71.4, 15.5 and 122.9
Mm were observed for spherical, dimensionality 2.68, spherical,
dimensionality 2.78 and cylindrical, dimensionality 4.27 media,
respectively at 0.21 L/L.min.
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e Soluble COD removal rates of 95.8, 111.9 and 91.6 mg sCOD/L.h were
registered for spherical, dimensionality 2.68, spherical, dimensionality
2.78 and cylindrical, dimensionality 4.27 media, respectively,

respectively when external mass transfer was negligible.

e Lower external mass transfer values where registered in cylindrical,
dimensionality 4.27 media (4.4 m/d) compared with 6.1 and 9.1 m/d of
spherical, dimensionality 2.68, spherical, dimensionality 2.78,

respectively, resulting in lower conversion rates.

e Strong correlation was attained between MTBL thickness and physical
properties of the media associated with hydraulic efficiency (Di x
Voi)/HE (R?= 0.86).

e External mass transfer was enhanced with spherical shape and high
voidage media, whilst cylindrical shape and low voidage media limited
mass transfer. Thus, higher airflow rates will be required to operate
cylindrical, dimensionality 4.27 media, that will result in higher

operational costs.
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7 DISCUSSION

Regulations governing wastewater treatment plants effluent discharge are becoming
increasingly stringent. As a consequence compliance with such regulations while
trying to maintain low costs using sustainable technologies has become challenging.
In the last few decades moving attached growth systems have been widely
implemented in WWTPSs. Efforts have been made to improve scientific knowledge of
moving attached growth systems through research and development and thorough
documented case studies. Moving attached growth systems are economic solutions
due to smaller reactor volumes, high effluent quality and viability to upgrade and retrofit
existing WWTPs in comparison with suspended growth treatment systems. However,
further improvements in these technologies (MBBRS, IFAS, SAFs etc) can potentially
result in increased capacity and performance thereby further enhancing the economics
of the process. The protected surface area of a carrier media has been the
conventional parameter used for design, operation and modelling of moving attached
growth systems such as MBBRs, SAFs, IFAS etc. Thus, much attention has been
given to increasing carrier protected surface area. A variety of carriers are currently
being offered in the market. The cylinder-shaped carrier with a cross on the inside and
external fins outside is the most used carrier media on MBBRs and investigated within
the research community (McQuarrie and Boltz, 2011). Nevertheless, research studies
start to question and investigate other parameters that potentially play a role in MBBR
performance and should be included in the design criteria. Since @Jdegaard’s
fundamental study in the year 2000 on the influence of carrier media shape and size
on MBBR performance, carrier shape and size have not been directly addressed in

the literature.

In this PhD thesis, the underpinning science required to understand the influence of
carrier media physical properties (e.g.; voidage, shape and size) on oxygen mass
transfer, hydraulic efficiency, biofilm attachment, process performance and substrate
diffusion on moving attached growth systems is investigated. The outputs of this PhD
thesis challenge the use of protected surface area as the sole design parameter in
moving attached growth systems. The five media studied in this research varied in
shape (cylindrical and spherical), size, voidage and protected surface area (112-610

m?/m3). The five media were tested at pilot scale and operated with real wastewater.
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7.1 The effect of carrier media on oxygen mass transfer and
wastewater hydrodynamics

Biological oxygen requirements and air necessary for the maintenance of media in
constant movement conditions make energy consumption a challenge for moving bed
biofilm reactors. Dissolved oxygen set points are usually higher than for activated
sludge processes, 3-5 mg/L compared to 1-2 mg/L (Jenkins, D. and J. Wanner, 2014).
In this study, in Chapter 3, the presence of carrier media enhanced the oxygen transfer
efficiency by 23-45%, in a medium bubble aeration system, corroborating with existing
literature (Collignon, 2006; Jing, Feng and Li, 2009; Pham, Viswanathan and Kelly,
2008; Sander, Behnisch and Wagner, 2017). Different studies stated that carrier media
promoted the shear of bubbles in to smaller ones thereby increasing the gas-liquid
interfacial area. However, physical media properties appear to have been overlooked
in all these studies. In this study five plastic media, three spherical (Media 1, 2 and 3)
and two cylindrical (Media 4 and 5) improved the kLa in clean water by 23-37, 35-45,
36-45, 37-44 and 31-36%, for Media 1, 2, 3,4 and 5, respectively. Achieving values
that varied between 3.97-25.57 1/h in comparison with 3.07-15.44 1/h without media.
Concurrently, in moving bed biofilm systems the presence of carrier media can impact
the hydraulic behaviour of the reactor. Results obtained indicated the presence of
hydraulic short circuits or dead zones, in the presence of clean media, reducing the
effective volume of the reactor. However, when the media was colonised with biofilm,
an increase in residence time in three spherical media studied was achieved and
hydraulic efficiencies of 89, 93 and 100% in Media 1, 2 and 3 respectively. On the
other side, the presence of biofilm on cylindrical media contributed to a reduction of

hydraulic efficiency to 74 and 63% with Media 4 and 5, respectively.

7.2 Influence of carrier media on start-up

The start-up period is crucial to moving attached growth systems, and fast biofilm
formation on the carrier media plays a vital role in short commission periods and
treatment robustness during steady state (Mao et al., 2017; Tang et al., 2017b).
Previously reported studies addressing start-up on moving attached growth systems
were performed at the laboratory scale and using strategies to reduce start-up (Bassin
et al., 2016; Mao et al., 2017; Tang et al., 2016; Zhu et al., 2015). To the best of the
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author's knowledge, Chapter 4 describes the first study that correlated carrier media
physical properties and start-up using real wastewater at pilot scale.

Organic removal and nitrification start-up (for each carrier media tested) was
completed in a pilot plant operated under the same organic and ammonia loading
rates. COD removal start-up was faster 0.50, 0.52, 0.55 g TS/m?.day for Media 1,2
and 3 compared with 0.36 and 0.27 g TS/m2.day in Media 4 and 5, respectively. The
nitrification biofilm formation rate was also lower in the cylindrical media, 0.18 and 0.17
g TS/m?.day (Media 4 and 5) in comparison with spherical media of 0.21, 0.24 and
0.22 g TS/m?.day, Media 1, 2 and 3, respectively.

Hence the results clearly demonstrate that start-up (defined as biofilm formation rate)
was faster when spherical carrier media was used in comparison with cylindrical
media. The potential of spherical media to reduce start-up was attributed to the higher
voidage and enhanced air and wastewater distribution leading to increased mass
transfer promoting faster adhesion and biofilm growth. This outcome, can be of use as
a guidance on MBBRs, SAFs and IFAS start-up. Fast biofilm formation can be
considered for the upgrade and retrofit of existing WWTPs as well as in operation

conditions modifications (increased flow or loading).

7.3 Effect of carrier media on process performance

Previous studies on process performance have focused their attention on operation
conditions such as: organic and nutrient and volumetric loading rates, carrier media
filling ratios and aeration. Most of the studies relied on protected surface area as the
key factor to design. So far, few studies have focused their attention on the comparison
of carrier media size and shape on treatment performance. In this PhD, by fixing the
carrier media filling ratio at 60%, organic and ammonia loading rates were kept
constant at 6.9+0.4 g COD/m?.day and 0.9+0.1 g NH4*-N/m2.day for the five media
studied. Obtainable COD removals efficiencies very close to the ideal 100% were
registered with all the five media tested. However, soluble BOD removal efficiencies
were lower when cylindrical shape media was applied (70+3, 66+4%, for Media 4 and
5) compared with spherical media, 82+t11, 86+5, 87+4% for Media 1, 2 and 3,
respectively. Regarding ammonia removal, highest efficiencies were registered with
Media 3 (81+3%), the smaller spherical media investigated in this PhD. Larger

spherical media, Media 1 and 2, registered values of 70+11 and 71+10%, respectively.
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Cylindrical media (Media 4 and 5) registered lower ammonia removals 42+6 and
35+12%, respectively. Lower nitrification efficiencies were mainly attributed to the poor
removal of easily biodegradable carbon in Cell 1. The organic loading that reached
Cell 3 when pilot was operated with Media 4 and 5 was 2.8+0.9 and 2.9+0.7 g
BODs/m?.day, reaching C/N ratios of 2.8 and 2.7, respectively. At this load
heterotrophic bacteria will compete and overgrow slow growing nitrifying bacteria. The
upper regions of the biofilm was thus occupied by faster growing heterotrophic bacteria
where the highest activity occurs, while nitrifiers tended to grow in the internal region
of the carrier due to their slower growth rates (Boltz et al., 2011; Herrling et al., 2015).
The overgrowth of heterotrophic bacteria and the increased biofilm thickness in the
internal fins and ridges of the cylindrical media, in the nitrification zone (Cell 3),
negatively influenced the oxygen mass transfer, substrate diffusion and utilisation by
nitrifiers. Specific organic and nitrification rates confirmed the higher biofilm activity on
the spherical media. Specific organic removal of 34.8+2.0, 26.9+0.6 and 19.2+1.7 mg
sCOD/g TS.h were obtained with Media 1, 2 and 3, respectively (spherical media)
while 13.4+£1.1 and 13.4+0.2 mg sCOD/g TS.h were obtained with Media 4 and 5,
respectively (cylindrical media). The cylindrical media had the lowest heterotrophic
activity, therefore supporting the argument for poor nitrification achieved in Cell 3. The
specific nitrification rates achieved when spherical media was used were 5.5+0.9,
5.24£0.3 and 7.2+£0.7 mg NH4*-N/g TS.h, with Media 1, 2 and 3, respectively. Values of
4.9+0.9 and 5.2+0.5 mg NH4*-N/g TS.h, were measured with Media 4 and 5,
respectively. However, the specific nitrification rates achieved with Media 4 and 5 were
determined following loading reduction. Based on this study it is proposed that moving
bed biofilm systems can be operated with mixed media to improve the overall
performance and increase effluent quality. Organic removal can be improved by using
spherical media in the first stages of the process (Media 1, 2 or 3), complemented with

a higher protected surface area media to improve nitrification (Media 4 or 5).

7.4 Boundary layer thickness, external mass transfer and carrier
media

To corroborate the results achieved in previous chapters, the influence of mixing
intensity on boundary layer thickness (MTBL) and external mass transfer was tested
on three different shape and size media following biofilm development (spherical,
dimensionality 2.68, spherical, dimensionality 2.78 and cylindrical, dimensionality 4.27
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media) (Chapter 6). Overall results concurred with previous research that external
mass transfer is strongly dependent on the system hydrodynamics (Prehn et al., 2012;
Wilén, Gapes and Keller, 2004). Through alteration of mixing intensities, MTBL
thickness values of 71.4, 155 and 122.9 pum were measured for spherical,
dimensionality 2.68, spherical, dimensionality 2.78 and cylindrical, dimensionality 4.27
media, respectively at 0.21 L/L.min. Hence, the MTBL thickness was lower in
spherical, dimensionality 2.78 (smaller spherical media) and higher external mass
transfer coefficients were obtained with this media (9.1 m/d), compared with 6.1 and
4.4 m/day for spherical, dimensionality 2.68 and cylindrical, dimensionality 4.27 media,
respectively. Hence, media voidage and shape impacted MTLB and contributed

towards reducing mass transfer limitations.

7.5 Impact of media physical properties on moving attached growth
systems

Results achieved on the different chapters of this thesis were correlated with protected
surface area, the conventional parameter used on moving attached growth system
design and operation. From Chapter 3, findings suggested a moderate correlation
between oxygen mass transfer efficiency and wastewater hydrodynamics with
protected surface area. With HE, a correlation of, R?= 0.67, was observed without
biofilm and R?= 0.76 with biofilm. When protected surface area was correlated with
SOTE a moderate correlation was achieved (R?= 0.48) without biofilm. However, when
biofilm was developed a very high correlation was achieved between SOTE and
protected surface area (R?= 0.95). During start-up studies results revealed correlation
between protected surface area and biofilm formation rate of, R? of 0.83 and 0.76 for
COD and ammonia removal, respectively (Chapter 4). On treatment performance
(Chapter 5), maximum COD utilisation rates were well correlated with carrier media
protected surface area, (R?= 0.88) and a moderate correlation was identified with
ammonia removal rate (R>= 0.65). A weak correlation was observed between the

protected surface area and the MTBL values attained in Chapter 6 (R?= 0.27).

Within the aims of this PhD is the identification of other physical properties that could
potentially play a role alongside carrier protected surface area. Different physical
properties of the five media studied were investigated, parameters such as: diameter,

length to diameter ratio (L:D), sphericity, Sauter mean diameter, shape factor and
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voidage. However, due to the three-dimensional geometric shapes of the carrier media
other geometric properties were used to normalise the carrier media shape.
Dimensionality (Di) was used and was defined by Jones (2011) as the “maximum-
dimension-normalised sum”. Dimensionality was then calculated for the 5 media
studied; this was 2.68, 2.82 and 2.78 for spherical media, Media 1, 2 and 3,
respectively and 4.27 and 4.50 for the cylindrical shaped media, Media 4 and 5,
respectively. Besides, dimensionality other carrier media physical properties could
simultaneously influence the carrier media performance. Thus, due to the importance
of carrier voidage (Dupla et al., 2006) on wastewater circulation and contact with
biofilm on the carrier media, a combination of parameters, Di and voidage (Voi), were
considered. A very strong association was achieved between hydraulic efficiency (HE)
(Chapter 3) and Di and Voi with and without biofilm attached to the carrier media (R?of
0.89 and 0.90) (Figure 7-1). A very strong association was also found when the same
combination of physical parameters (Di x Voi) was used in association with HE, and
correlated with oxygen mass transfer efficiency without (R?= 0.92). and with biofilm
(R?= 0.88) (Chapter 3).

Along the same line of thought, pilot plant start-up results were correlated with physical
parameters (Di x Voi) associated with HE (Chapter 4). Very strong correlations were
achieved between biofilm formation rates and the association of parameters (Di x
Voi)/HE, R?= 0.95 for COD removal (Cell 1) and R?= 0.92 for ammonia removal (Cell
3). Correlation was also investigated with performance results achieved during steady
state operation (Chapter 5). A strong correlation was verified when the maximum COD
utilisation rate and ammonia removal rate was compared with association of
parameters (Di x Voi)/HE (R?= 0.92 for both) (Chapter 5). A stronger correlation was
also observed between MTBL and (Di x Voi)/HE (R?= 0.86).

Overall, strong correlations were identified between the results achieved in Chapters
3, 4, 5 and 6 of this thesis and the combination of parameter dimensionality, voidage
and hydraulic efficiency. These findings support that open structure of spherical media
with dimensionality of 2.68, 2.82 and 2.78 and high voidage (95, 92 and 90%) of Media
1, 2 and 3, respectively was associated with good mixing and higher hydraulic
efficiencies, higher substrate and oxygen mass transfer in combination with a faster
start-up and improved treatment performance (Figure 7-1). In contrast, the cylindrical

shaped media with dimensionality of 4.27 and 4.50 and lower voidage 82.5 and 80%
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(Media 4 and 5), was associated with poor mixing, lower hydraulic efficiencies and
slower start-up. The smaller internal voids were more prone to clogging, hindering the

contact between the biofilm and the effluent, thereby affecting treatment efficiencies.

Taking into consideration the results compilation (Figure 7-1) there are clear benefits
when the Media had a (Di x Voi)/HE lower than 3. A sensitivity analysis was performed
to analyse the effects of the individual parameters Di and Voi on a (Di x Voi), as shown
in Table 7-1 . The sensitivity analysis was performed by varying each parameter Di
and Voi down in value and observing the magnitude of the changes in turn of a Di x
Voi equal to 2.4. An extrapolation of the results obtained coupled with the sensitivity
analysis indicate that keeping the media spherical shape at a dimensionality between
2.4 and 3, can reduce voidage from 95% up to values of 65% (Table 7-1), without
detrimental impact on the factors investigated (on oxygen mass transfer, hydraulic

efficiency, biofilm attachment, process performance, substrate diffusion).

Table 7-1 Sensitivity analysis for spherical media with a Di x Voi of 2.4.

Dimensionality

2.4 3] 295 29| 285 28 | 2.75 2.7 | 2.65 2.6 | 255 25| 245 24

095 | 238 | 244 | 250 | 257 | 264 | 271 | 279 | 287 | 295| 3.05| 3.15| 3.25 | 3.36

090 | 226 | 232 | 238 | 244 | 250 | 257 | 264 | 271 | 279 | 288 | 297 | 3.06 | 3.17

085 | 2.15| 220 | 226 | 231 | 237 | 243 | 250 | 257 | 264 | 2.72 | 280 | 2.89 | 2.98

080 | 205 | 2.09 | 214 | 220 | 225 | 231 | 237 | 243 | 250 | 257 | 265 | 2.73 | 2.81

075|194 | 199 | 203 | 2.08 | 213 | 219 | 224 | 230 | 2.36 | 243 | 2.50 | 2.57 | 2.65

Voidage

070 | 1.85| 1.89 | 193 | 198 | 2.02 | 2.07 | 213 | 218 | 224 | 230 | 236 | 243 | 2.50

065|176 | 1.79 | 1.83 | 1.88 | 192 | 196 | 201 | 2.06 | 2.12 | 2.17 | 223 | 2.29 | 2.36

060 | 167|170 | 1.74| 1.78 | 1.82 | 1.86 | 1.90 | 1.95| 2.00 | 2.05| 2.11 | 216 | 2.22

055|158 | 161 | 165| 168 | 1.72 | 1.76 | 1.80 | 1.85| 1.89 | 1.94 | 1.99 | 2.04 | 2.09

050 | 150 | 153 | 156 ) 160 ) 163 | 167|170 | 1.74| 1.79 | 183 | 1.88 | 1.92 | 1.97

Conversely, for the cylindrical shaped carrier media investigated, the values of (Di x
Voi)/HE were always higher than 3. By keeping a cylindrical shape and a
dimensionality equal or lower than 3, carrier media diameter should be increased and
length lowered. However, this media shape is more impacted by voidage due to the

small internal voids.
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From a process design and modelling standpoint, the use of media surface loading
rates as the sole approach can introduce increased uncertainty for the design of full
scale plants and in assumptions made during modelling simulations. From this study,
suppliers and practitioners should re-evaluate the theory behind carrier media in
moving attached growth systems. Removal efficiencies and biofilm activity are not
proportional to carrier media protected surface area and to the quantity of biofilm
attached. Other factors, such as carrier media physical properties, should be
considered. This study proposed an association of parameters (Di x Voi)/HE that can
be used as drivers for carrier optimisation. Thus, carrier media physical properties
should be re-evaluated by manufactures together with a more realistic protected
surface area, thus, contributing to both capital and operational savings and in turn a

more economically viable solution.
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7.6 Contribution to knowledge

This work has furthered the understanding of the influence of carrier media physical
properties on oxygen mass transfer, reactor hydrodynamics and mixing conditions that
are ultimately associated with biofilm attachment rates and overall treatment
performance. Table 7-2 summarises the contributions of the research to the current

knowledge.
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Table 7-2 Thesis contribution to the current state of knowledge.

What has been confirmed?

What has been developed?

What has been found which

is brand new?

Theoretical knowledge

Understanding the impact of carrier
media physical properties on moving
growth

attached systems (all

chapters).

Chapter 4 and 5 challenge current
literature knowledge and commercial
strategies (treatment efficiency as a
function of carrier media protected

surface area).

Empirical evidence

Chapter 3 - Carrier media enhanced the
overall oxygen transfer efficiency using
bubble

hydrodynamic mixing conditions.

medium aeration and

Chapter 3, 4, 5 and 6 — The increased
biofilm thickness promotes voidage
reduction (carrier media clogging) and
partially penetration of the biofilm
conferring a detrimental effect on

reactor performance.

Chapter 3, 4, 5 and 6— Understanding
the impact of carrier media properties
(ex.: geometry, surface area, voidage,
shape, size) on: oxygen efficiency,
hydrodynamic conditions, start up,
performance and mass transfer in a
pilot  plant

treating municipal

wastewater.

Chapter 3 - Surface area cannot fully

explain  oxygen transfer and
hydrodynamics, and for the first time,
carrier media dimensionality and
voidage were identified as the

controlling physical parameters.

Chapter 4 — Biofilm formation rate is
dependent on carrier media physical
properties. Findings highlighted the
importance  of voidage and
dimensionality in accelerating initial
biofilm growth and maintenance

thereby shortening start-up.
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What has been confirmed?

What has been developed?

What has been found which

is brand new?

Chapter 4 and 5 — The dependence of
nitrification efficiency on the increase of

C/N ratios on the 3 cell.

Chapter 6 — A clear

between mixing intensity and overall

relationship

treatment efficiencies.

Chapter 5 — Challenges what is
currently known in the literature; that
moving attached growth systems’
treatment capacity and performance
is mainly a function of protected

surface area.

Chapter 5 — Spherical shape media
PSA)

specific organic and nitrification

(lower presented higher
activity in comparison with cylindrical

shape media (higher PSA).

Chapter 5 — Maximum COD removal
rates (Um) decreased when PSA

increased.

5 —

between Um, ammonia removal rate

Chapter Strong correlation
and the combination of carrier media
physical reactor

hydrodynamics (Di x Voi)/HE.

parameters and
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What has been confirmed?

What has been developed?

What has been found which

is brand new?

Chapter 3, 4, 5 and 6 — Physical
properties,  dimensionality  and
voidage, should be considered when
developing a new carrier media,
together with hydrodynamic

efficiencies, mixing and mass
transfer. Opting for a carrier media
with high voidage and open structure

is therefore required.

Chapter 5 — To Improve the overall

treatment process moving bed
attached growth systems can be

operated with mixed sized Media.

Chapter 3, 4, 5 and 6 — Based on this
study and sensitivity analysis carrier
media with spherical shape and a
dimensionality between 2.4 and 3, is
preferred. By maintaining a spherical
shape, voidage can be reduced from

95% down to values of 65%.
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What has been confirmed?

What has been developed?

What has been found which

is brand new?

Methodology

Chapter 6 — Reliable methodology
described by Nogueira et al. (2015) on

the external mass transfer

determination.

Chapter 4 — Biofilm formation rate
can be utilised to define start-up,
thus, providing guidance for design
and commissioning of full scale

plants.

Chapter 6 — Assess simultaneously
the effect of mixing and carrier media
physical properties on mass transfer

boundary layer thickness.
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8 CONCLUSIONS

The conclusions are presented in line with the objectives of this thesis:

Objective 1: Review scientific literature on the different carrier media designs

used at full-scale, pilot-scale and lab-scale studies in moving attached growth

systems. ldentify the role of carrier shape, size and material surface physical and

chemical properties on microorganisms’ adhesion, growth and biofilm activity.

The characteristics of the surface material of the carrier media are vital for

the development of the biofilm in it.

Surface modification, such as an increase in roughness confers protection

on the biofilm against shear stresses that cause detachment.

Protected surface carrier correction appears to be an important factor to
consider, with special significance for higher PSA carriers that tend to have

smaller internal voids.

Carrier functionality represents an important parameter; thus, carriers
should be linked with treatment application as a way to create distinctive

zones for specific biofilm formation and stratification.

Objective 2: Identify the key carrier media physical properties that impact oxygen

mass transfer and hydraulic efficiency in a moving attached growth system

through an understanding of gas-liquid mass transfer, flow hydrodynamics and

mixing characteristics with and without biofilm.

Media enhanced the overall oxygen transfer efficiency by 23-45% and
hydraulic efficiency (HE) by 41-53%, compared with operation with no

media in clean water tests.

Spherical media (Media 1, 2 and 3), in the presence of biofilm increased
the HE by 89, 93 and 100%, respectively. Conversely, cylindrical media
(Media 4 and 5) contributed to a reduction in HE by 74 and 63%,

respectively.
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The parameter traditionally selected to design biofilm processes, did not
correlate with HE or with oxygen mass transfer efficiency in clean water
tests.

A strong correlation between mixing and media dimensionality and
voidage (Di x Voi) was obtained without and with biofilm (R? 0.89 and
0.90).

Carrier media dimensionality and voidage associated with HE ((Di x
Voi)/HE) correlated with oxygen mass transfer without and with biofilm
(without, R? 0.92 and with R? 0.88).

The combination of parameters: Dimensionality and voidage can
potentially be used to improve mixing and oxygen mass transfer
contributing to energy savings and higher removal efficiencies.

Objective 3: Understand how carrier media physical properties can accelerate

bacteria adhesion and biofilm formation rates during wastewater treatment in a

moving attached growth system and how they can also influence subsequent

reactor performance towards delivering improved effluent quality.

Carrier media with spherical and lower protected surface area achieved
shorter chemical oxygen demand (COD) removal start-up (18, 15 and 17
days for Media 1, 2 and 3), compared to 23 and 24 days required by the

cylindrical and high surface area media (Media 4 and 5).

Ammonia removal start-up was also shorter for Media 1, 2 and 3 (30, 22

and 17 days) when compared with Media 4 and 5 (46 and 47 days).

During the last days of start-up, the obtainable COD removal efficiencies
achieved were similar for all the media (88+4, 81+4, 8543, 80+3 and
86+4% for Media 1 to 5).

Media 1, 2 and 3 (spherical media) achieved ammonia removal efficiencies
of 50+13, 64+13, 63£7% and Media 4 and 5 (cylindrical media) removal
efficiencies of 32+17 and 34+5% by the end of start-up.
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e A good correlation was observed between protected surface area and
biofilm formation rate for COD and ammonia removal (R?of 0.83 and 0.76).

e A combination of physical factors, dimensionality (Di) and voidage (Voi),
and hydraulic efficiency (HE), (Di x Voi)/HE, was strongly associated with
biofilm formation rates (R?= 0.95 and 0.92).

e Physical properties can contribute to enhance biofiim formation,
shortening the start-up, contributing to improved removal rates and fast
commissioning of the moving attached growth system process.

Objective 4: Measure the influence of the carrier media physical properties on
organic carbon removal and nitrification through the investigation of biofilm

activity and substrate utilisation rates.

e Average obtainable COD removal efficiency was similar for the 5 medias
studied, 89+3, 86+2, 86+3, 85+4 and 86+x2%, for Media 1, 2, 3, 4 and 5,
respectively.

e Ammonia removal was higher for the spherical media, achieving values of
70+£11, 71+£10 and 81+3% (Media 1, 2 and 3) compared with the cylindrical
media that reached 42+6 and 35+12% (Media 4 and 5).

e Heterotrophic and nitrifiers activity tests demonstrated that Media 1
achieved the highest organic removals (34.8+2.0 mg sCOD/g TS.h), and
the smaller spherical shape, Media 3, achieved the highest nitrification
removals (7.2+0.7 mg NH4*-N/g TS.h).

e The maximum COD utilisation rates (Um) correlated well with carrier media
protected surface area, (R>= 0.88) but a stronger correlation was obtained
between Un and carrier media physical properties associated with
hydraulic efficiency (Di x Voi)/HE (R?=0.92).

e Correlation between ammonia removal rate and protected surface area
was weak (R?= 0.65) when compared with correlation obtained with the
media physical properties (Di x Voi)/HE (R?= 0.92).
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These findings clearly demonstrate, that beside carrier protected surface
area, physical parameters such as dimensionality and voidage, play a key
role on moving attached growth systems design and carrier media

selection, towards achieving high reactor performance and effluent quality.

Objective 5: Measure the boundary layer thickness to understand the impact of

carrier media with different physical properties on biofilm mass transfer

limitations, further influencing substrate availability and removal.

The MTBL thickness was found to be lower in the spherical, dimensionality
2.78 media (smaller spherical media and PSA of 220 m?/m?3), varying
between 15.5-129.6 ym whereas spherical, dimensionality 2.68 media
(bigger smaller spherical media and PSA of 112 m?/m3) and cylindrical,
dimensionality 4.27 media (cylindrical shape media and PSA of 348
m2/m?) presented values of 28.6-172.4 and 39.7-170.5 um, respectively.

External mass transfer coefficients ranged from 1.0-6.1, 1.3-9.1 and 1.0-
4.4 m/day for the spherical, dimensionality 2.68, spherical, dimensionality

2.78 and cylindrical, dimensionality 4.27 media, respectively.

A poor correlation was observed between protected surface area and
MTBL thickness (R? 0.27). A stronger correlation was achieved comparing
carrier media physical properties: dimensionality (Di) and voidage (Voi)
with MTBL thickness (R? 0.86).

Studying the potential of carrier media physical properties can provide
opportunities for capital and operational cost savings making the moving
attached growth systems process more competitive and attractive than

other alternative processes.
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9 FUTURE WORK

Based on this PhD thesis, the following research efforts should be put within:

Investigate the impact of carrier media on oxygen mass transfer in clean
water using higher tank depth supported with bubble visualisation
experiments.

Further work is required to optimise off-gas monitoring. Analyses were
undertaken on a pilot plant and measurements were very sensitive, even
if equipment was constantly checked.

Investigate reactor hydrodynamics and carrier movement at different filling
ratios.

Develop and test new carriers with spherical shape considering
dimensionality and voidage and compare with conventional carriers.
Investigate media performance in biological nutrient removal, e.g.
anammox and phosphorus accumulating organisms (PAO) where mass
transport limitations are of benefit. This is to create different microbial
activity layers within the biofilm permitting different biochemical processes
(aerobic, anoxic or anaerobic processes). Investigate media performance
on micropollutants removal.

Create a simple mathematical model using the experimental data
including: carrier physical properties (dimensionality and voidage),
protected surface, biofilm attached to the carrier media, biofilm thickness

and mass transport boundary layer thickness.
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APPENDICES

Appendix A Correlation between SOTE and HE (with
and without biofilm growth) with different carrier media
physical properties

Table A-1 Correlation between SOTE and HE (with and without biofilm growth) with

different carrier media physical properties.

Without biofilm

growth With biofilm growth

SOTE (%/m) &E) aSOTE (%/m) HE (%)
Weight 0.54 0.79 0.88 0.83
Diameter (D) 0.16 0.45 0.86 0.47
Length (L) 0.27 059 0.86 0.56
Voidage (Voi) 0.38 0.70 0.85 0.74
Number of carriers (N) 0.53 0.59 0.77 0.75
(Vmedia/VOi) x N 0.41 0.73 0.85 0.75
1/(Vmedia/ VOI) 0.51 0.77 0.89 0.52
L/D 0.77 0.80 0.14 0.57
(L/D) x Voi 0.76 0.80 0.41 0.80
Total surface area (TSA) 0.49 0.67 0.91 0.80
Protected surface area (PSA) 0.48 0.67 0.93 0.76
1/D 0.54 0.74 0.89 0.83
Sphericity (¢) 065 0.76 0.13 0.55
(TSAmedia/N) x Voi 0.11 0.38 0.82 0.36
(PSAmedia/N) X Voi 0.06 0.30 0.82 0.30
Hydraulic diameter (Dw) 0.16 0.44 0.81 0.45
Volume equivalent diameter (d) 0.19 0.49 0.86 0.77
Sauter mean diameter (dsv) 0.20 0.50 0.86 0.51
Shape factor (yp) 0.65 0.76 0.13 0.55
Dimensionality (Di) 0.57 0.87 0.09 0.62
Di x Voi 0.61 0.89 0.69 0.90
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Without biofilm

growth With biofilm growth

SOTE (%/m) &E) aSOTE (%/m) HE (%)
Di x Voi x HE 0.28 0.60
(Di x Voi)/HE 0.92 0.88
(Di/Voi) X HE 0.39 0.14

D - diameter, L — length, Voi — voidage, N - number of carriers, Vmedsia — Carrier media volume, TSA - total surface area,
PSA - protected surface area, ¢ — sphericity, Dy — hydraulic diameter, d, - volume equivalent diameter, dsy - Sauter mean
diameter, y — shape factor Di — dimensionality, HE — hydraulic efficiency.

Hydraulic diameter
Dy = (4.Voi.V)/(PSA.V) (A-1)
Volume equivalent diameter:
d, = (3/2 D% L)'/3 (A-2)
Sphericity
¢ =dz/0.5D? + D.L (A-3)
Sauter mean diameter (dsv)
dg, =d,.d (A-4)
Shape factor
Y = (1/36.m).(ds,/D) (A-5)
Dimensionality sphere
Di= (Ly+Ly,+L,)/max (Ly,LyLy,) (A-6)
Dimensionality cylinder

Di= 1+ (4r.L/[2r + 12]) + (2r/|\ar2 + 12]) (A-7)

r - radius

181






Appendix B Correlation between rate of biofilm with
different carrier media physical properties during COD
and ammonia removal start-up

Table B-1 Correlation between rate of biofilm with different carrier media physical

properties during COD and ammonia removal start-up

Start-up
COD removal Ammonia
removal

Weight 0.73 0.81
Diameter (D) 0.47 0.49
Length (L) 0.59 0.64
Voidage (Voi) 0.71 0.71
Number of carriers (N) 0.49 0.59
(Vimedia/VOIi) x N 0.73 0.73
1/(Vmedia/VOI) 0.72 0.78
L/D 0.76 0.77
(L/D) x Voi 0.91 0.90
Total surface area (TSA) 0.65 0.73
Protected surface area (PSA) 0.61 0.75
1/D 0.67 0.78
Sphericity (¢) 0.78 0.71
(TSAmedia/N) x Voi 0.39 0.45
(PSAmedia/N) X Voi 0.40 0.42
Hydraulic diameter (Dy) 0.38 0.38
Volume equivalent diameter (dv) 0.51 0.54
Sauter mean diameter (dsv) 0.52 0.55
Shape factor (yp) 0.78 0.71
Dimensionality (Di) 0.90 0.83
Di x Voi 0.94 0.90
Di x Voi x HE 0.04 0.04

183



Start-up

COD removal Ammonia

removal
(Di x Voi)/HE 0.96 0.92
(Di/Voi) x HE 0.81 0.82

D - diameter, L — length, Voi — voidage, N - number of carriers, Vimedia — carrier media volume, TSA - total surface area,
PSA - protected surface area, ¢ — sphericity, Dy — hydraulic diameter, d, - volume equivalent diameter, dsy - Sauter mean

diameter, y — shape factor Di — dimensionality, HE — hydraulic efficiency.
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Appendix C Correlation between Unand ammonia
removal rate with different carrier media physical
properties.

Table C-1 Correlation between U, and ammonia removal rate with different carrier

media physical properties.

Performance
COD removal Ammonia
removal

Weight 0.93 0.76
Diameter (D) 0.84 0.45
Length (L) 0.87 0.58
Voidage (Voi) 0.96 0.70
Number of carriers (N) 0.70 0.55
(Vimedia/VOIi) x N 0.97 0.30
1/(Vmedia/VOI) 0.94 0.75
L/D 0.35 0.78
(L/D) x Voi 0.66 0.93
Total surface area (TSA) 0.92 0.69
Protected surface area (PSA) 0.87 0.65
1/D 0.90 0.72
Sphericity (¢) 0.38 0.77
(TSAmedia/N) x Voi 0.74 0.38
(PSAmedia/N) X Voi 0.75 0.30
Hydraulic diameter (Dy) 0.78 0.35
Volume equivalent diameter (dv) 0.85 0.49
Sauter mean diameter (dsv) 0.86 0.50
Shape factor (yp) 0.38 0.77
Dimensionality (Di) 0.96 0.72
Di x Voi 0.93 0.84
Di x Voi x HE 0.14 0.26
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Performance

COD removal Ammonia

removal
(Di x Voi)/HE 0.91 0.92
(Di/Voi) x HE 0.85 0.82

D - diameter, L — length, Voi — voidage, N - number of carriers, Vimedia — carrier media volume, TSA - total surface area,
PSA - protected surface area, ¢ — sphericity, Dy — hydraulic diameter, d, - volume equivalent diameter, dsy - Sauter mean

diameter, y — shape factor Di — dimensionality, HE — hydraulic efficiency.
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Appendix D Correlation between MTBL thickness and
media physical properties.

Table D-1 Correlation between MTBL thickness and physical properties.

MTBL
thickness
Weight 0.44
Diameter (D) 0.09
Length (L) 0.17
Voidage (Voi) 0.33
Number of carriers (N) 0.65
(Vmedia/VOI) X N 0.36
1/(Vmedia/VOI) 0.40
Total surface area (TSA) 0.35
Protected surface area (PSA) 0.27
1/D 0.44
Sphericity (¢) 0.99
(TSAmedia/N) x Voi 0.05
(PSAmedia/N) X VOi 0.05
Hydraulic diameter (Dy) 0.05
Volume equivalent diameter (dy) 0.11
Sauter mean diameter (dsv) 0.12
Shape factor (yp) 0.99
Dimensionality (Di) 0.76
Di x Voi 0.76
Di x Voi x HE 0.07
(Di x Voi)/HE 0.86
(Di/Voi) x HE 0.74

D - diameter, L — length, Voi — voidage, N - number of carriers, Vmedia — Carrier media volume, TSA - total surface area,
PSA - protected surface area, @ — sphericity, Dy — hydraulic diameter, d, - volume equivalent diameter, dsy - Sauter mean

diameter, y — shape factor Di — dimensionality, HE — hydraulic efficiency.
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