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Rotating biological contactors for wastewater treament — a review

Abstract

Rotating biological contactors (RBCs) for wastewater treatnibegan in the 1970’s. Removal of
organic matter has been targeted within organic loading ratestof 120 g.nfd™ with an optimum
at around 15 g.ifd™* for combined BOD and ammonia removal. Full nitrification itiecable
under appropriate process conditions with oxidation rates of up to&i§.raported for municipal
wastewater. The RBC process has been adapted for denitriifiedath reported removal rates of up
to 14 g.nfd? with nitrogen rich wastewaters. Different media types banused to improve
organic/nitrogen loading rates through selecting for differentebattgroups. The RBC has been
applied with only limited success for enhanced biological phosphorus aémog attained up to
70% total phosphorus removal. Compared to other biofilm processes, iRIBC35% lower energy
costs than trickling filters but higher demand than wetland systelowever, the land footprint for
the same treatment is lower than these alternatives RBC process has been used for removal of
priority pollutants such as pharmaceuticals and personal care protluet®BC system has been
shown to eliminate 99% of faecal coliforms and the majority lbérotvastewater pathogens. Novel
RBC reactors include systems for energy generation suchgae, anethane production and
microbial fuel cells for direct current generation. Isssiesh as scale up remain challenging for the
future application of RBC technology and topics such as phosphorus resmovaénitrification still
require further research. High volumetric removal rateidsaletention, low footprint, hydraulic
residence times are characteristics of RBCs. The RBtierefore an ideal candidate for hybrid
processes for upgrading works maximising efficiency of exisimigastructure and minimising
energy consumption for nutrient removal. This review will providela between disciplines and
discuss recent developments in RBC research and compariscecesit rprocess designs are
provided (section 2). The microbial features of the RBC biofire highlighted (section 3) and
topics such as biological nitrogen removal and priority pollutant deatien are discussed (section
4 & 5). Developments in kinetics and modelling are highlightedtie®) and future research
themes are mentioned
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Nomenclature

A4 = total disc surface area’jL 67 N = number of discs

Ay, = area of exposed discHL 68 N, = volume renewal number {J
Aqup=area of submerged disc?fL 69 Q = reactor flow rate iT™)

A, = cross sectional area of tank)L 70 r =radius of disc (L)

Cgr = compound concentration at the biofilm 71 r,= substrate removal rate (M)
surface (ML)
72 s = half space between discs (L)
C.s = compound concentration at liquid film

surface (ML) 73 tgr =contact time per rotation (T)
C; = influent compound concentration (ML 74 V = wet volume of reactor @)
C.= effluent compound concentration (ML 75 Vi; = volume of liquid film (L)

Cr = compound concentration in the tank (L~ 76 U,.=maximum substrate removal rate (VY

* = equilibrium compound concentration ata 77 X,= concentration of attached biomass (fjIL
given temperature (Mf)

78 Y,=yield coefficient for attached biomass
D, = diffusion coefficient of oxygen in water{T

Y 79 & =liquid film thickness (L)
e = distance from disc edge to the basin (L) 80 &= biofilm thickness (L)
g = acceleration due to gravity (EY 81 p = Absolute viscosity of a liquid (ML)

H = distance between the disc centre to the liquidg2 |, . = maximum specific growth rate ¥
free surface (L)

_ 83 p = fluid density (ML)
K¢ = half saturation constant for compound (ML

) 84  =rotational speed (RPM)

K. = oxygen mass transfer coefficient film 85 o = ©/60

K. = overall oxygen mass transfer coefficient (LT gg

)

[) =disc diameter (L)

, 87 [y =wetted disc diameter (L)
KLa&, = volumetric oxygen mass transfer

coefficient total (T

1. Introduction

Wastewater treatment processes should comply with standaréssh@é environmental protection,
whilst be efficient to minimise socio-economic burden (Aingeale2009). The main priorities for

wastewater treatment (WwT) are effluent quality, cosphergy efficiency and nutrient
removal/recovery (STOWA, 2012). Regulatory agencies aim tooweplocal environmental health
using advanced forms of WwT such as biological nutrient rem(®&R). To achieve tighter

effluent standards, traditional biological treatment igdér reliant on increasing energy input
through extended reactor aeration or retention time. Already, ~5%8€ energy budget for sewage
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treatment is used in aeration (Ainger et al. 2009). The dprent of wastewater treatment
technology is critical to improve the long term sustainabitifynecessary treatment capacity
(Hoyland et al. 2008; STOWA, 2012).

Rotating biological contactors (RBC) are called disc, suyfaeglia and biofilm reactors and
provide an alternative to the activated sludge (AS) process. RBC has a solid media that
encourages microbial growth in a static biofilm (Singh and Mi2812). The RBC media is
arranged in a series of plates or discs which are rotat@dshaft through a biozone trough by motor
or air drive (Patwardhan 2003). The rotation leads to bulk fluid mixaumvection through
media/biofilm pores, compound diffusion to the film and subsequent prodokarege with the
reactor and surroundings (Rittman and McCarty, 2001). Biological mesesccur inside a fixed
microbial biofilm, which contains components of active/non-achi@nass, biofilm extracellular
matrix and debris (Arvin and Harremoés, 1990). The RBC combiaeterial growth and substrate
utilization with a natural biomass separation system; howeffieient quality and process stability
is contingent on a distal sedimentation zone. The principal adeaofdgofilm processes, such as
RBCs, is that the mean cell residence time (MCRTQnsoupled from hydraulic residence time
(HRT). This could allow higher organic loadings and resistancwmxic shocks than suspended
culture systems (Najafpour et al. 2006prtez et al. 2008). Fixed RBC biofilms offer higher
substrate affinity, resistance to traumatic events and exhiliker recovery from starvation than
suspended counterparts (Batchelor et al. 1997; Bollmann et al. ZD®iS).could be due to
differential gene expression, physical or chemical isolation aadtesence of stronger diffusion
gradients (Cohen 2001). The RBC biofilm is especially useful forddgradation of refractory
agents due to high bacterial density and compound immobilisatiorh(&8ired. 2006). The presence
of gradients can promote aerobic, anaerobic and anoxic conditions witingla amalgamated
system, which promotes different removal regimes (Dutsh @007).

The RBC biofilm can undertake biochemical oxygen demand (B@mpval and BNR for
domestic and high strength sewage (Hiras et al., 2004; Vfiaknat al. 2009) and limited enhanced
phosphorus recovery (Yun et al. 2004). Mounting evidence suggestthehBRBC consortia can
offer specific contaminant remediation for certain aromaticdeaules including hydrocarbons,
heavy metals, xenobiotics and pharmaceuticals / personal cahecis (PPCP) under appropriate
process conditions (Novotny et al. 2011; Jeswani and Mukherji, 2012;ndiOe& al., 2012;
Simonich et al., 2002). Rotating biological contactors are useddstewater treatment requiring
low land area, maintenance, energy or start-up costs and chtataa more decentralised water
treatment network (Hiras et al. 2004; Dutta et al. 2007). ToaditiRBC design, maintenance and
operation relied on process theory; however the biochemistry, biafibdelling and microbial
ecology have received increased attention recently (Wueril. €2004). Patwardhan (2003),
reviewed the process design aspects of RBCs and Corte£2608) highlighted some performance
related process parameters. However despite investmedntegearch in areas such as enhanced
biological phosphorus removal, denitrification, cost and scale-upRBt is yet to achieve full
potential.

1.1.Process development history

The RBC concept originated in Germany in 1920’s where it dessribed as a ‘rotating aerobic
mass’ fixed to a media support (Chan and Stenstrom, 1981), althoufifstiant was registered
in the United States and was named the ‘Contact Filter adBic Wheel' consisting of partially
submerged rotating plates (Doman, 1929). This device servedadieimative to the trickling filter
with 1/10" the land area, and lower power cost than AS (Allen, 1929). @oamhinterest in RBCs
was minimal, until the modern emergence of the so calléa bardy immersion systems’ (Hartman,
1960). The design was patented (Hartmann, 1961) and the first r@eperimental pilot RBC
was undertaken to test performance (Popel, 1964). This landradgkistormed future RBC design
which progressed in the 1960's. For example the surfacesB@Bing from this study of ~3g il
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!is similar to modern overall organic surface loadings of &B®Ds.m’d™ that have been applied
recently (Rittmann and Mcarty, 2001). The availability of steongjghter and affordable materials
such as plastics increased the stability of media and imctethee surface area available for
microbiological growth, which improved treatment capacity. Tdllswed a plethora of capital
ventures in the 1960 and 70's. The RBC was applied for biologicaimeeea under a variety of
influent types, organic and hydraulic regimes (Ritmann and kca@01, Cortez et al. 2008). A
Japanese company known as Kubota submitted a patent application foBGrcdpable of
simultaneous nitrification and denitrification, using variabldrsergence to facilitate multiple
nutrient removal regimes (Sim 1988). A series of process failage been noted for RBCs, many
were due to inappropriate mechanical design which did not acéourtiomass growth, often
leading to shaft, bearing and media malfunctions (Mba et al. 1999port suggested that
equipment warranty should protect the owner from failure (Westorh)188wever often liability
contracts rarely exceeded 3 years which provided little stimoldix inherent mechanical issues
(Griffin and Findlay, 2000). Another challenge was supplier conpetied to an exaggeration of
possible removal rates (Rittmann and McCarty, 2001); allowaldldings varied by a factor of 7
between suppliers (Ross et al. 1994). Unlike other major biologicalesses, designers were
initially reliant on proprietors design criterion for process amn{Ross et al. 1994). Hydraulic
loading was previously applied as a design parameter, but waly usgopropriate by not
considering organic strength; biodegradability, toxicity and tenyeravhich impact microbial
process performance (Steiner 1997). Design criteria should bethegeshcorporate fundamental
parameters including microbial activity, organic loading arustate utilisation rate.

2. Process engineering of RBCs

2.1.Types
There are two main types of RBC; integral and modular. Intexystems consist of a single unit
combining primary settlement, RBC biozone and either a conta@nedparate final clarifier. (Fig.
la). Integral units are usually contained within a package plashthave a treatment capacity of
<250 population equivalents (PE) (Findlay et al. 1993). Conversely, arosigdtems have separate
operations for primary, secondary, and solids treatment resggcénd usually treat PE >1000
(Griffin and Findlay, 2000), which allows more flexible process umétions (Fig. 1b,c). However
size and weight constraints generally limit RBCs to a efz8.5 m disc diameter. Modular RBCs
can be operated using parallel flow separation between Uloigrg operation within acceptable
loading limits (Fig. 1b). In contrast, if effluent quality is pfincipal concern, RBCs are often
operated in series, with arf"rRBC operating distal in the flow sheet (Fig. 1c). Typicadly
submergence of 40% (wet disc level), is used (Cortez €08B). By increasing the submergence
(Fig. 1d), the conditions in the reactor become increasinmgr@bic which could favour processes
that require reduced oxygen levels such as denitrificatioixdife and Oliveira, 2001). Hybrid
systems operate a RBC combined with another unit operationpimve the stability of a process
that has strong or variable loading, increase load capaciignmmove the achievable effluent
standard (Vesilind, 2003; Hoyland et al. 2010). Common configuratiehsde a RBC/biofilm (Fig.
le) or RBC/suspended growth combination which can be used for thadapgf capacity
(roughing) or provide tertiary treatment (Fig. 1f) (Vesilind003, Upton et al. 1995). The
RBC/wetland combination has been applied to improve discharge corsersimall works and
provide a storm flow buffer (Griffin, 2003) (Fig. 1e). For loniggvthe RBC is protected using ultra
violet light resistant media (e.g plastic with carbon blawky covering the RBC within protective
casing which can also reduce heat loss and flies/odour.

Note to publisher: insert fig 1(a-f).
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2.2.Cost
The capital expenditure (CAPEX) and operational expenditure (OREXRBCs has been
minimised through reduced commissioning, monitoring and maintenaste compared to AS
processes. In the UK, half the CAPEX for RBCs is rel&weniechanical and electrical components.
The CAPEX cost per head in RBCs is inversely proportional t&®Ehéor treatment. At PE >1000
the CAPEX cost decreased by up to 50% (Upton et al. 1995). For exdaipélla et al. (1972)
compared the cost of an activated sludge plant (ASP) and R&€&hsyreating winery waste with a
flow of 1.8 x 1d m*d™. They noted that while capital expenditure were similaimeséd power
consumption was less than half that of a concrete tank agk&@dAn RBC was found to be on
average 35% cheaper per PE per year compared to trickllies fdue to lower land area and
running costs (Upton et al. 1995). However other authors have sutjtjestehe OPEX of an RBC
are similar to suspended growth systems and savings are only appidineGAPEX (Ware et al.
1990). Fountoulakis et al. (2009) identified that RBCs had 29% lowet48athigher CAPEX than
packed bed filters and horizontal surface flow wetlands ragpictin addition RBCs were shown
to have five times the power consumption than packed bed fiteza operated within the organic
loading rate (OLR) range of 0.53-2.01 kg.CODdn. The power efficiency of a RBC operated a
7.5 horse power motor ranged from 72-88% at 25-100% load capacity reslge@renner and
Opaken 1984). However RBCs are appropriate for decentralised tnedément systems which
generally have lower OPEX costs compared to a centralgadach which may require specialist
labour and process control (Fountoulakis et al. 2009).

2.3.Substrate
Substrate dependent parameters in RBCs are staging, orgadiag, recycle and flowsheet
position. The hydraulic considerations include hydraulic residenoe HRT), tip speed, media
specific surface area, compound transfer rate and submergemwevet there is considerable
overlap between these parameters, for example the invest®nship between HRT and OLR
(Patwardhan, 2003). Another example is the association betwexionat speed, oxygen transfer
rate (OTR) and biofilm thickness. A key criterion for RBCatess is surface organic load which is
defined as substrate (kg.COD/N/pollutant) applied per square (spgeific or nominal) of media
per day. In RBCs, as the loading rate increases the remadgahcreases in proportion until another
parameter becomes limiting (Fig. 2). For example Hirasalet(2004) operated a two stage
predenitrification and aerobic RBC for the treatment of settledicipal sewage. A decrease in the
percentage removal of COD with increasing OLR was obsereed 50 to 35% at OLR of 90 and
360 gn’d™ respectively. This can be explained by biofilm oxygen transfer liatiting the
efficiency of substrate utilisation (Di Palma et al. 2009phwever the organic removal rate
increased from 45 to 125 ¢’ suggesting that there was more capacity for bulk COD renioval
the system. Therefore the highest substrate removakratdieved at the maximum loading before
the transfer of rate limiting compound is exceeded (Fig.Il2)RBC biofilms mass transfer
restrictions usually masks biological reaction kinetic latidns. As both substrates diffuse from the
bulk fluid in the same direction and one or both will become ilngitat a certain depth in the
biofilm. In RBC biofilms there is an equilibrium between théraf substrate consumption and
diffusional transfer which influences the penetration depth (Steavad Franklin, 2008). Under
constant loading the microbial community will attain steadiedtased on available substrates and
competition for electron acceptors and space. In the biofiéretis a layering of bacteria based on
prevailing conditions with the lowest substrate redox state proxin#ie media (Okabe et al.
1999).

Note to publisher: insert fig 2.

Staging is a physical barrier employed to separate thstewater chemistry within or
between reactors (Fig. 1b), which leads to a stepwise reduntthe bio-available substrate to the
point where the reactor approaches plug-flow (Ayoub and Saikaly 2004).|ddailisation selects
for microbial populations adapted to the physiochemical conditionkirwiéach stage. This



242 improves removal rate, process stability and permits aytoir nitrification at higher organic loads
243 than normally possible (Tawfik et al., 2002; Kulikowska et al. 201(afNaur et al., 2006). Staging
244  can permit enhanced ability to manage shock loads providing theassohas sufficient substrate.
245 The positive impact of staging on RBC performance was foune toeligible after four stages
246 (Adreadakis 1987), although this is dependent on wastewater loacdembsgition. Step feeding
247 can be used to reduce the initial effective substrate coatientrAyoub and Saikaly (2004) showed
248 that step feeding had minimal impact on removal of RBC bulk C@idval rate, however NN
249 removal increased by 18%, by staggering the organic load whichegtdlue likelihood of oxygen
250 limitation (Rittmann et al. 1983). Recycling effluent permitsatge portions of the biofilm to nitrify
251 by diluting the influent organic concentration (Ayoub and Saikaly 20048.r€cycle can be either
252 pre, post or from the clarifier depending on treatment aim (Y Recycling settled solids helps
253 aid bacterial retention as sloughed biomass is returned to tberre@ther biomass associated
254  products like extracellular enzymes may be recycled which cadltha breakdown of complex
255 polymers, which constitute roughly half of domestic wastem@enfer and Logan, 1998).

256 2.4.Hydrodynamics

257 Understanding the hydrodynamics of RBCs is important to mainpgrogriate biomass thickness,
258 encourage compound mass transfer and prevent unequal biomass dist{bufalma et al. 2003;
259 Griffin and Findlay, 2000). Rotation of media creates a hea@rédifice leading to convective
260 air/water exchange. Increasing tip speed increases theoky@gen transfer rate in a pseudo-linear
261 fashion (Rittmann et al. 1983). However the energy usage dtorndrive increases exponentially
262 with increasing rotational speed. For minimal OPEX the lowest should be selected and rotor
263 speeds of 0.7-2.0 rpm are common (Mba et al. 1999). However, ligmeate systems are known
264 to exceed this speed (Hoyland et al. 2008). Microscale biotiuttare can influence compound
265 mass transfer into the RBC biofilm. For example high biofflomghness influenced the RBC
266 biofilm boundary layer thickness by changing hydraulics and flolecity perpendicular to the
267 biofilm. This increased the rate of diffusion through the boundary kEy& DO concentration in the
268 Dbiofilm (De la Rosa and Yu 2005).

269 2.5.Media composition

270 The RBC media can be present as discs, mesh plates, saddhgs in a packed bed reactor, which
271 resembles a partially submerged, rotating, moving bed biofilactoe (Ware et al 1990;
272  Sirianuntapiboon and Chumlaong, 2013). The RBC media commonly has acspeddce area of
273  150-250 mm™ for biofilm growth which supports high removal rates at low HRTsvér density
274 media is normally applied at the front-end of the works whyglically has high organic loads
275 (Cortez et al. 2008). Support media should be insoluble, have highameal and biological
276 stability, and be cost effective (Leenen et al. 1996). Midia physicochemical composition and
277 architecture both impact on the microbial biofilm and the reinmata of substrates (Tawfik and
278 Klapwijk, 2010; Stephenson et al. 2013). A comparison between the olayesfer efficiency in
279 RBCs was between 2-5 and 1-2 kgkWlor comparable packed bed and disc RBCs respectively
280 (Mathure and Patwardhan, 2005). However previously it was notedhghpedgormance gains from
281 packed bed RBCs are usually offset by higher CAPEX costs aabiligt issues (Ware et al. 1990).
282 Polyurethane foam has been utilised to increase surfacdoarbefilm growth, reported specific
283 surface areas range from 600-1008mm can provide greater solids retention, however careful
284 management of biofilm thickness and pore clogging is required (Wiedal. 2005; Tawfik et al.
285 2010). Chen et al. (2006) used a ‘net-like’ media which incredmedurface area of flat discs to
286 facilitate a nitrification rate of 0.6 g.N:fd™ (Table 1). Lui et al. (2008), utilised a pyridinium type
287 polymer sprayed to a non-woven carrier. They demonstrate@dbibility of autotrophic anaerobic
288 denitrification. It was claimed that surface properties ef plyridinium facilitated attachment of
289 nitrifiers permitting a nitritification rate >26 kgfd™. Whereas Hassard et al. (2014) studied the
290 impact of OLR on removal rates of biofilm cultivated on a piolylcholoride-like mesh, polyester
291 and polyurethane foam in RBC-like reactors operated concurrdihiy identified that under high
292 loading conditions macroscale media pore size was the mosticaghifparameter governing
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performance. As pore clogging leads to biomass inactivatidraalecrease in effective surface area
due to mass transfer restrictions.

Research suggests a link between the initial adhering commusuibgequent established
biofilm and reactor performance (Stephenson et al. 2013). Diffemedia physicochemical
properties have been suggested to select for different bactgoaps. For example media
hydrophobicity influences adhesion, due to the difference in sizheohqueous boundary layer
preventing bacterial contact. This effect is reduced in nity@ophobic materials, promoting
adhesion (Khan et al. 2013). The surface roughness can impaatdbaatesion. Singh et al.
(2011) found that media with a roughness of >20 nm has high protein adsongtion,increases
the effective media hydrophilicity, increasing the water iamed preventing adsorption of bacteria
(Singh et al. 2011). In contrast a media of intermediate rouglgaess the surface area benefit and
high bacterial adsorption. Hassard et al. (2014), studied this pheaarmsmg bench scale RBC-like
reactors at OLR from 16-160 g.sCOD’dT and identified that media with an average roughness
<20 nm had 4.5 times more biomass on average compared to gimeitha with an average
roughness of 35 nm. However the removal rates of sCOD wenidarsisuggesting the high
roughness biofilm had greater specific bacterial activity.

2.6.Scale up considerations

Appropriate scale up of RBCs is critical to validate whefiexformance will be comparable from
bench/pilot to full scale (Arvin and Harremoés, 1990).For RBsLsle up should incorporate
parameters of hydrodynamics, media active surface amm, @irganic loading, oxygen transfer,
bacterial growth rate, biofilm accumulation and detachmermdwd¥er most models only
accommodate one of these variables. For example Wilsoh €t980) developed ‘generalised
design loadings’ based on 12 months data at different scales. elowesulting models failed to
consider operating/environmental conditions or process understandimgrildés and Gonenc,
1983).The use of tip speed is rarely a suitable parameteit4racreases (along with shear forces
and mixer power) to the square of the diameter. To simuldtedale, bench scale reactors were
previously operated at higher rotational speeds (to keep congtaspeted) which decreased the
contact time per rotation (Spengel and Dzombak, 1992). This atsdiec in different shear
distributions influencing erosion and sloughing processes in théniigfieater mixing and improve
substrate removal. The empirical approach to scale-up invobrestracting reactors of different
sizes and is popular but is generally expensive. After sufficlemélopment a mechanistic model
can be developed, reducing the need for extensive testing. Vidovleese models are usually
appropriate only for identical operating and wastewater conditionsa Butil. (2010) constructed
three different sized RBCs to characterise the oxygen traoséfficient at different scales. The
model was based around existing ones: the Activated Sludge Modglfdidbiochemical reactions,
a multiculture biofilm model and an RBC model. However thennhiaiitation for this approach is
that oxygen transfer should be suitably characterised on scalevhigh is rarely the case.
Alternatively, design such that large reactors have chéndgaamic, geometric and kinematic
homogeneity to bench scale trials (Spengel and Dzombak, 1992).preciation of scale up in
RBCs is far from complete however models which based on fundalmane less sensitive to scale
up than empirical design parameters.

3. Microbiology of RBCs

The microbiology of RBC systems is governed by influent substaatditions, seed population and
hydrodynamic conditions. The biofilm which grows on RBC medialiareon initial adhesion and
the formation of glucoconjugate extracellular polymeric substaaie&) matrix for stability (Mohle
et al. 2007). The most influential variable to the microbiolo§yRBCs is the mass transfer of
compounds, which is dependent on operational parameters, biofiim srucind
attachment/detachment mechanisms, and boundary layer thickniesshave profound impact on
the chemistry and microbial community structure, function aigity (Wuertz et al. 2004).
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3.1. Structure
The growth rate and yield govern the spatial location of grougienainultispecies RBC biofilms
(Wuertz et al. 2004). Organisms with the highest maximum fpepbwth rate will be located
towards the outside of the biofilm whereas slower growing organigith be located towards the
inside (Okabe et al. 1996). Ouyang (1980) reported an RBC biofitm 74% VS, 95% water
content and a chemical composition of ;8sNg¢O,. However RBC biofilm communities also
exhibit distinct three dimensional organisation, for exampleidzand Ganczarczyk (1994) found
that early RBC biofilms are characterised by numerous gores, whereas mature biofilms have
few large pores. This could reflect biofilm community regola by quorum sensing (Strous et al.
1999). Pores influence the convective flow and diffusive nrassport within the biofilm itself. De
la Rosa and Yu (2005) found that a mature RBC biofilm had highlydggereous surface DO
concentration from 3.8 to 0 mglwhich suggested that the biofilm oxygen consumption exceeded
the rate of mass transfer through the boundary layer. Howeveridéatified pockets of high DO
(>1pgL?) at depths of 760 pm, which is attributed to convective wiar through pores within
the biofilm (Zahid and Ganczarczyk, 1994). The surface microbibtdevexposed to shear forces
and the biofilm as an entity is subject to erosion. It is ingmdrto minimise mass sloughing events
which negatively impact biofilm sludge retention time and progesrformance can ultimately
suffer. Biofilm density is important to reduce sloughing freapye Cell density increased from 3.3 X
10° to 3.9 x 1&° cells.cn? with depth from 0 to 35@m toward media surface (Okabe et al. 1996).
The inner layers are protected from erosion and contain grotips\wigher cell density (Arvin and
Harremoés 1990). The rate of diffusion decreases with depth intodfiientiue to density, mineral
formation and reduced mass driving force (Okabe et al. 1996; I$t&P83). Okabe et al. (1996)
discovered that increasing the C:N ratio from 0 to 1.5 in ai€ RBbfilm created a distinct
stratification in functional groups, where heterotrophs outcomp@tefiers for oxygen and space
in the outer layers. Further increases in the carbon ratieaksmt nitrification rate and enhanced the
biofilm functional stratification. The biofilm thickness alsnfluences the performance of RBC
reactors by providing a barrier to mass transfer. Mohle e2@D7) showed that RBC biofilm
thickness increases with substrate concentration and desreath surface shear forces. The
cohesive strength of biofilms on RBC media was identified to beafid 7.7 Nif at a biofilm
thickness of 412 and 15dm respectively, suggesting that biofilm stability is linkedhickness and
density. Under high load and or low shear environments filamentous gpoaliferate at the
surface RBC biofilm boundary. Alleman et al. (1982) showed thattaaisedox layering exists
where theDesulfovibrio sp. reduce of sulphate to sulphide in the anaerobic sublayer and the
Beggiatoa species dominate the outer aerobic layer where they oxidise kydsatphide. This was
confirmed by Kinner et al. (1985) identified bacteria containing peiydroxybutyrate and
elemental sulphur inclusions. This situation develops under highiorgad low oxygen conditions
in the biofilm which can result in reductions in RBC performamdecreased OLR subsequently
reduced the dominance of these organisms (Kinner et al. 1985).

3.2.Function and activity

Bacterial presence within an RBC biofilm does not necessftaictional activity. Satoh et al.
(2003) studied the influence of bioaugmentation and biostimulation on thacgfof nitrification
by RBC biofilms. Addition of nitrifying bacteria into the RB@sulted in elevated bacteria cell
numbers at the surface of the biofilm. This resulted in migt&,-N/NO,-N removal rates and 0.33
and 3 times lower start-up required for AOBs and NOBs respéctcompared to a control.
Kindaichi et al. (2004) showed that a carbon limited RBC biofilas comprised of 50% nitrifying
bacteria composed of AOBs and NOBs consuming the influent amnaowianitrite products
respectively. However the remaining 50% were heterotrophieti@consuming soluble microbial
products (SMPs) for nourishment from biofilm endogenous decay. A sdiveeterotrophic
community was present but sometimes inactive, however the itpapbrthe carbohydrate and
protein utilisation was by bacteria undertaking endogenous decay. &kabg2005) demonstrated
that under substrate limitation ti@hloroflexi group utilised*“C labelled products derived from
RBC biofilm endogenous decay. In contrast @yeophaga-Flavobacterium group accumulatetfC
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labelled reaction products from nitrifying growth, which suggedhat each group specialised in
utilising products from different biofilm growth phases. Hetanplic turnover of utilisation and
biomass decay products formed an equal contribution to the cell numbergreater contribution
to the total diversity within a nitrifying RBC biofilm suggesf a role in community regulation.
Kulikowska et al. (2010) demonstrated that an integral RBCs @aove up to 99% of faecal
coliforms from the influent. Tawfik et al. (2004) suggested #usorption to the RBC biofilm could
be a major mechanism for the removaEstherichia coli although grazing by higher organisms or
sedimentation could also contribute to pathogen removal in RBCs. Frefearch is warranted on
the mechanisms of initial adhesion and bacterial incorporati®BCs.

4. Biological nutrient removal in RBCs

4.1. Nitrification
Rotating biological contactors are used for nitrification and déoétion of a range of influent
conditions (Cortez et al. 2007, De Clippeleir et al. 2011). Stringges$ govern nitrogen discharge
and the energy cost/greenhouse gas emissions are a growinghg@aoger et al. 2009). The RBC
has potential benefits by reducing tank volume, HRT and aeratrmantkcoupled with nitrogen
removal at greater loadings compared to traditional treagnénirthermore RBCs have been
applied for refractory or contaminated wastes. For example Kulkewes al. (2010) achieved a
maximum nitrification rate of 4.8 g.NfN.m*d* at a loading of 6.6 g.NHN.m?d™ (Table 1).
Sequence analysis revealed microbial diversity decreaskdimé, suggesting a climax community
was attained. Diversity indices were resistant to shock ngadi >70% of normal flow and
fluctuating performance, suggesting more sensitive measucesmohunity change are required.

4.2. Denitrification

Denitrification is the dissimilarly reduction of nitrate tdrite to dinitrogen gas under anoxic
conditions (Paredes et al. 2007). Conventional heterotrophic deatioh is possible in
wastewaters with a C/N ratio >2.5, without additional cadmurces (Hippen et al. 2001). As DO is
consumed within a biofilm the community becomes oxygen limited.relye facilitating
microenvironments where each consortia can develop. Helmer andl Ki888) found that under
low DO conditions RBCs can remove up to 90% of the nitrogen load faowifill leachate.
Odegaard and Rusten (1980) found that the-N®ecycle ratio in RBCs improved denitrification
rate. Batch testing revealed that nitrogen removal walonalimited, suggesting autotrophic
degradation satisfied the nitrogen deficit. Cortez et al. (2DERthieved almost complete nitrogen
removal from landfill leachate using conventional denitrificatiommn anoxic RBC, they identified
that preozonation was required to remove refractory carbon compdsupt and Gupta (2001)
augmented a myxotroph known &aracoccus denitrificans to undertake simultaneous aerobic
carbon oxidation, nitrification and denitrificatioR. denitrificans removed a maximum of 26 and
1.9 gm°d™ of COD and nitrogen respectively in an RBC. However, the aedsiitrification rate
was slower than conventional denitrification. At high nitradacentrations (>500 mgLl) inorganic
phosphorus can limit denitrification. Cortez et al. (2011b) suggdetstat phosphorus improves
overall biofilm denitrifying activity and nitrogen removal byomoting bacterial growth. Teixeira
and Oliveira (2000) improved denitrification by 30% upon the addition of phasphidanhan et al.
(2005) compared the nitrogen removal rates in full scale prerfigng RBCs. The highest
reported removal was ~2 g.NZh' with a HRT of 0.2 d (Table 1). The nitrogen removal rate
decreased with increasing rotational speed, suggesting oxygeéitiamthled to suppression of the
denitrification pathway. Teixeira and Oliveira (2001) demonddr#iat increased disc submergence
from 64.5 to 100% improved the TN removal by 63% but had dekstgetdup.

The RBC is suitable for autotrophic denitrification as themanax bacteria have low growth
rates and therefore require reactors with a high MCRT (Stegral. 1998). Initially the thin RBC
biofilm is conductive for AOBs to proliferate and provide the colaind® matrix for slow growing
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anammox bacteria; providing the biofilm is oxygen limited or N@Bs supressed (Pynaert et al.
2004). De Clippeleir et al. (2011) showed that decreasing H&M ©.66 to 0.18 d stimulated a
decrease in removal rate from 2.2 to 1.6 g.Ndth(Table 1). This was attributed to increased
nitratation by Nitrospira sp. which proliferated at DO concentrations of >1.2 thgBtepwise
loading increases allowed removal rates in excess of 1.&1gd\ (Pynaert et al. 2004). Vlaeminck
et al. (2009) tested the feasibility of an oxygen limited aopdtic nitrification and denitrification
(OLAND) process to treat digestate from source separatett btater and achieved a removal rate
of 0.71 g.N nfd™. The nitrite oxidising bacteria were supressed at free ananewngéls >3 mgL,
however, DO levels <0.3 mgLare required for process stability. The effluent from thésta had

a N/P ratio of 1 suggesting struvite production and therefore nutgeovery is possible. However
facilitating struvite accumulating organisms in RBC biofillmas not received any attention. Windey
et al. (2005) showed that anammox bacteria could adapt to highysatintitions of up to 30 gt,
providing the RBC biofilm acclimation was gradual. The rerhoate of nitrogen decreased from
11.9 gL* using non-saline wastewater to 11.5, 9.6 and 9.6 at 5,10 arld'3tf galt respectively. A
similar study by Kartal; et al. (2006), identified that 45gif salt completely inhibited anammox
bacteria. Liu et al. (2008) suggested that the anammox consortium@s\RBe relatively resistant
to DO shocks. They found thatNatrosomonas eutropha-like species protected th#anctomycetes

by sequestrating potentially inhibiting DO levels.

Note to publisher: insert table 1

4.3.Biological phosphorus removal
Attaining biological phosphorus removal (BPR) is challenging in RB§tems, as it is difficult to
control the sequential oxic and anaerobic conditions for growth of phosphoousnulating
organisms (PAO). Kenneth (1999) grew PAOs in a modified RBpseith an anaerobic clarifier
and carbon addition for PAO growth, with subsequent sludge reaycleet RBC. This solids
recycle allowed oxygen conditions for enhanced BPR and increaseligtid phase MLSS
improving organic removal rates. Simm (1988) varied the sulmneegin a RBC operated as a
sequencing batch contactor. Initially full submergence and acetddition created anaerobic
conditions necessary for phosphorus release and fatty acid storagdaNef the fluid was stored
in a holding tank, the remaining liquid in the RBC was subjeatedxic conditions allowing
enhanced phosphorus uptake. Yun et al. (2004) used a sequencing lth($&R) approach to
undertake BPR without an additional carbon source. The authors dertezh#iia the maximum
biofilm phosphorus uptake was at a C:P range of 13 to 18 where P fanige8 to 8% of biofilm
VS. The biofilm thickness appeared to determine the TP remwithl a maximum removal
efficiency of total phosphorus of 70% was attained at a biofiloktigiss <1.8 mm. This limitation
is not apparent in suspended growth SBR. This could be a mass rin@ssfietion preventing
exchange of available phosphorus and organic substrates resthitingtake rate which is not
present in suspended growth setups. Understanding mechanisms which B&R in RBC
biofilms warrants further attention.

5. Priority pollutant remediation in RBCs

Priority pollutant remediation can require the bioaugmentationtentien of specialised strains.
Bioaugmentation in RBC systems is usually achieved through addfteither suspended or freeze
dried artificial cultures or freeze dried biomass to the RBeghenson and Stephenson, 1992).
Alternatively cultures of microbes can be grown in a side mtregactor prior to addition. The
natural solids retention of the RBC biofilm permits microbenmgbn without additional separation
or recirculation. Many systems require acclimatisationogeriand are sensitive to shock/variable
loadings or intermittent feeding of the pollutant which is of imgortthe removal of priority
substances from wastewaters (Stephenson and Stephenson, 1992;tCalgR@ld ; Amorim et al.
2013).
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5.1.Organic pollutants
Dye wastewater is a challenging form of organic pollutanih@slyes or breakdown products can be
toxic or mutagenic (Malachova et al. 2013). The RBC is ideallje treatment due to high biomass
retention, low startup costs, and appropriate technology leveefa@loping countries (Robinson et
al. 2001). Wastewater dyes are initially absorbed to the midjilt a continually exposed biomass
will eventually saturate. Most dyes do not penetrate baasrihey have a high molecular weight
and contain hydrophobic groups, which are a barrier to biocenocis (Petaale 2003). The
bioaugmentation of white rot funghi (WRF) eRhanerochaete sp. has been undertaken in RBC
systems as they excrete non-specific extracellular hydragpzgmes with dye decolouring capacity
(Pakshirajan and Kheria, 2012). Novotny et al. (2011) found a surfaoldesation rate of 0.63,
0.19 and 0.01 mg.1ih™ for Remazol Brilliant Blue R, Methylene Blue and AzureeBpectively by
the augmented fungudichomitus squalens (Table 2) Dye degradation is often undertaken as a
secondary metabolism so allochthonous carbon sources are requiradtiomaetivity. Novotny et
al. (2011) identified thaD. squalens has a minimum glucose concentration of 0.018" ghr
effective dye decolourisatioRakshirajan and Kheria, (2012) showed that the decolourisation rate of
WREF P. chrysosporium is proportional to glucose concentrations to a limit of 13.gChe use of
molasses dosing decreased the decolourisation rafe dfrysosporium by 20% compared to
glucose control (Pakshirajan and Kheria, 2012). Dye removal hasdoeeslated with activity of
manganese dependent peroxidase and lignin peroxidases. For full dggatemdrom wastewater
the dye should be decolourised and detoxified. Malachova et al. (2@l@ed an RBC
bioaugmented withrpex lacteus 931, and achieved a batch methyl blue decolourisation rate of 9.4
mgm“d™. Decolourisation resulted in reduced toxicity level of thetewaater. However the WRF
are susceptible to bacterial stress which usually preventscappt under real wastewater
conditions. Nilsson et al. (2006) used an RBC augmented Wwiéimetes versicolor to treat real
textile wastewater and achieved 60-70% decolourisation efficieResearch should identify if
WRF can be utilized in RBCs with appropriate scale up.

Note to publisher insert table 2.

Duque et al. (2011) inoculated a strain capable of degrading 2-fluomplend
demonstrated increased removal efficiency under constant poliogairtg. Under variable loading
the pollutant removal decreased even though the community remaitiezbiofilm. Amorim et al.
(2013) studied the impact of shock loadings of 4-fluorocinnamic ackC@&) on an augmented
RBC. The removal efficiency was increased from 8 to 46%réace loadings of 73 to 168 gaui™*
respectively (Table 3). Isolation of biofilm strains and batesting revealed that two strains
completely mineralised 4-FCA. Sequence analysis reveal@¥% similarity to the original
augmentedrhodococcus strain, suggesting horizontal gene transfer or genetic drift hadredc
(Singh et al. 2006).. The RBC reactor has also been appliegrdoval of non-aqueous phase
liquids (NAPL) (Mukherji and Chavan 2012). Chavan and Mukherji (2008.b) fotheitda mixed
freshwater phototrophic community augmented vidtitkholderia cepacia had a removal rate of
>26 gm?d™ for removal of diesel NAPL. The NAPL component of the wastewads likely sorbed
onto the biofilm for subsequent biodegradation of the aliphatic dragiMukherji and Chavan
(2012). Operation with the co-contaminant phenol slightly reducedetheval efficacy of NAPL
but resulted in complete phenol removal (Chavan and Mukherji, 2010). Uadstant pollutant
loading in RBCs it is therefore important to promote proliferatibthe augmented community at
functional levels.

Note to publisher insert table 3

In WWTPs micropollutants are usually eliminated through bioticatagion or abiotic sorption.
Simonich et al. (2002) compared removal of fragrances in diff$v&dTPs. Fragrances appeared to
be removed typically in the biodegradable fraction of the wastewalowever sorptive non-
biodegradable fragrance material removal is linked to solidsosi#é (Simonich et al. 2002). In
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contrast micropollutants which are non-sorptive and non-readily biadagle are of greatest
concern. In this study the RBC achieved 99% removal efficiericynethyl dihydrojasmonate
compared to 98, 93, 82% for an ASP, trickling filter and carousap sespectively. The removal of
6-Acetyl-1,1,2,4,4,7-hexamethylteraline (AHTN) in the RB@s inferior compared to other
secondary treatments which could be due to poor removal ofyaté matter. Batt et al. (2007)
compared four treatment works with similar influent concentratiohsCiprofloxacin (CP),
Sulfamethoxazole (SM), Tetracycline (TC) and Trimethoprim (Tavi§l found that the RBC had
comparable removal of antibiotics of between 52-95% removal offCRand TM to an extended
aeration ASP but with lower HRT and presumably treatment costrtrast the RBC demonstrated
43% lower SM removal compared to the ASP. The degradation belohthis antibiotic could be
due to physical differences between bacteria in biofiimssasgended growth..

5.2.Inorganic pollutants
Biological heavy metal removal relies on both the sorptiothefmetal species to biomass and the
bioaccumulation by metabolic processes (Costley and Wallis, 2006&)RBC microbial biofilm is
suitable for biosorption as there is a high contact area for sorgtid a long MCRT. However the
metal removal rate will decrease with time, as theetion sites become saturated (Matheikal et al.
1991). For example Sirianuntapiboon and Chumlaong (2013) found that an RBCdeadeased
removal efficiency of 64-45 and 80-85% with increased loading wtnchesponded to a removal
rate of between 255-400 and 255-480 mitdihfor Ni and Pb respectively (Table 4). This is similar
to removal rates reported for Cu of ~450 mdh using activated sludge consortia (Costley and
Wallis, 2001) (Table 4). To prevent saturation it is necedsamgmove the metal loaded biomass by
suitable treatment. However this is costly and produces secondaty issues (Costley and Wallis
2001). Costley and Wallis, (2001) showed that multiple cycles of safgésorption, using a dilute
(<0.5 M) acid did not impact the adsorption efficiency of a mizeltire RBC biofilm, suggesting
reuse was possible. The removal rates demonstrated by Costl®yadlis (2001) of ~ 640, 450 and
320 mg.nfd™ for Zn, Cu and Cd appeared dependent on loading and the availabitiée sorption
sites. Regression analysis reveals that the loadingratkcts removal rate between loads of 0.003-
762.8 mg.metal.ffid (R? = 0.9, P<0.001) (Table 4).

Note to publisher: insert table 4

6. Modelling of RBC reactors

Process optimization and scale-up are challenges for theeeffiose of RBCs (Spengel and
Dzombak, 1992; Dutta et al. 2010). In contrast to most suspended growtesgsgamass transfer
can often mask the impact of biokinetics on the performance osRB&nularo et al. 1978). This is
because thick biofilms and unidirectional transfer limit the chteompound exchange. Previously,
the derivations of mass transfer were described withindhtegt of penetration and surface renewal
theory (Patwardhan et al. 2003). Then focus was placed on thierrelgp between oxygen transfer
and substrate utilization biokinetics (Chavan and Mukherji, 2008).ederwusage of empirical
approaches are limited to wastewater and operational conditiorardio the derivative source of
the models (Di Palma et al. 2003). Models can also be baseghation order, substrate diffusion,
microbial growth biokinetics and the identification of different caygand nutrient conditions
(Clarke et al. 1978; Patwardhan, 2003). Finally, multiple substiraiespecies models have been
applied to RBCs using biofilm models based on description of tranafiorm and transport
processes (Gujer and Boller, 1990; Dutta et al. 2007). Histori€l¢ modeling has received
significant research attention; however the inherent complexfisystem hydrodynamics prevent
application to other biological treatment processes.

6.1. Substrate utilization in RBCs
The substrate utilization in RBCs is separated into substranel electron acceptors, model
assumptions and output. Roberts (1973) developed a model incorporatingtsubrgtss transfer



587
588
589
590
591

592

593
594
595
596

597
598
599

600

601
602

603

604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623

624

625
626
627

limitation to/from the biofilm and the kinetic considerationsvgrning biodegradable substrate
utilization. Alternatively the removal of soluble substaniesietermined by the boundary layer
diffusion resistance, into the biofilm prior to microbial degtamfawithin the interior (Arvin and
Harremoés, 1990). An empirical relationship to predict effluedDBwas determined by the US
Environmental Protection Agency (Brenner and Opaken 1984) in which:

% — K (0.000125V/Q)** (1)

In which:

K= reaction rate constant (0.3) at 13°C.
V= media volume (rf)

Q = hydraulic loading (L)

This model does not include parameters on microbial kinetics,ratédbdimitation or changes to
influent / temperature. Clark et al. (1978) developed an RBC maldefie removal rate can be
determined from influent/effluent conditions and microbial giovette in which:

Ta = (M;_:x) /Ya (2)

A modified version of the Kincannon and Stover (1982) model for RB@mgsof removal rate
integrated over disc area in which:

0 = () (@) + (o) ®

The equations mentioned above are empirical or analytical imavigich predict removal rate per
area as a function of a chosen suite of dependent variablegsermbegal rate constants and model
coefficients are obtained by regression analysis with expetahelata (Hansford et al. 1978).
However providing the system has been adequately described coorglex models allow
application to different treatment scenarios (Wanner &0&l6). An RBC model was one of the first
to describe simultaneous BOD removal and nitrification. & saggested that heterotrophic activity
is the dominant process at earlier stages in RBC treatamehnitrification occurs once the BOD
concentration is below the threshold selecting against autotroptification (Mueller et al. 1978).
Wanner and Gujer (1984) demonstrated that competition for spacelectron acceptors between
heterotrophs and autotrophs occurs in biofilms. Biofilm modeling pragiously based on Fick’s
Law of diffusion, however, Wanner and Gujer (1986) also accountethidditm behavior and
internal microbial distribution in a dynamic model. This allowkd tpplication of a modified
version of Activated Sludge Model (ASM) 1 to permit trueayic modeling of RBCs for aerobic
and anoxic degradation of organic constituents (Gujer and Boller, TB®®)model revealed that
the distal compartment of the RBC was substrate limited fioification, in which decay and
inactivation outweighed growth (Dutta et al. 2007). This idetti& potential risk to effluent quality
under shock load scenarios. Model simulations demonstrated that p8owadreversal restored the
activity to the distal compartment by countering nitrifyension. Dutta et al. (2007) developed a
model incorporating the multi-species biofilm model after Gayat Boller (1990) and the kinetics
from the ASM 3 (Guijer et al. 1999) in which:

acly _ pairAexp (ox _ oLF Asub (~T _ cLfy_ g A (CLf _ CBf

= KO = ) KT (T = )~ Ky (¢t -c |x=53f) (4)

The terms on the right hand side describe the transfer frorithiEom/to the tank and from the
liquid film to the biofilm for each substrate/electron acceptespectively. The model was
implemented on a three stage RBC and calibrated using oxygefetrdata. Increased effluent
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recycle rate from 0.25-2.0 improved the rate of nitrifatin the first stage of an RBC due to
dilution of influent BOD (Dutta et al. 2007). This model has thecipidl to describe biofilm
development with multiple bacterial groups and removal rateheir tsubstrates and electron
acceptors. The hydrodynamics should be characterized and the calioielted for oxygen transfer
prior to application, the inherent complexity limits the appicrato experienced modelers.

6.2.Oxygen transfer in RBCs
The oxygen transfer rate (OTR) determines the biofilm oxygen caatientand hence the selected
removal regime in RBCs. Initially, oxygen must diffuse frdme bulk water/gas phase across the
boundary layer, into the film layer and eventually into theiloioftself. The rate of diffusion is
dependent on the diffusion coefficient of oxygen and the distance augdodrick’s Law (Stewart,
2003). Originally it was thought that the majority of transferuosavith biofilm contact to the air
phase and therefore bulk fluid concentration was less importanin{&tart1960). Other models
were developed with the assumption that substrate alone ra#imepxtiggen is limiting in RBCs:
these are now deemed unsuitable (Clark et al. 1978; Spengel antb&k, 1992). The OTR is
related to the difference between the liquid phase and equilibriumrtoaioen, in the liquid film
and RBC biofilm (Chavan and Mukherji 2008.a). Hansford et al. (19f8%ented one of the first
attempts to include mass transport resistance to OTR. Imit@dels of OTR assumed that
turbulence, wave generation and immersion dominate (Patwardhan, 2aQ8)ernative method is
that oxygenation occurs during film breakup and renewal. This ieddnsthe air/water cycling
involving the interaction with rotational derived forces, whicleroseme film layer surface tension.
The rate of renewal is dependent on the rotational speeddidisieter, position and half spacing
(Table 5) (Chavan and Mukherji, 2008.a). A study suggested thatldieonship between liquid
film renewal and the OTR was linear under sterile conditigtismn and Molof, 1982). Attached
biofilm increases the OTR, by enhancing concentration gradientse doasumption in the film and
adsorption to the biofilm (Kim and Molof, 1982; Zeevalkink etl#l79). However biofilm growth
can reduce OTR by clogging pores which reduces mass traksidman et al. (1979) related
oxygen transfer coefficient to rpm alone. Rittmann et al. (1988htified the import of adsorption
for OT at high rotational speed (>25) whereas diffusive filmgpart dominated during operation at
normal rotor speed. Kubsad et al. (2004), compared two forms &irthand Molof (1982) model
to alternatives and found appropriate predictive fit providingvitlame renewal number can be
estimated effectively (Table 5). Di Palma et al. (2009pbcated a previously defined model and
found that the Ja increased in a linear fashion between the speeds of Blamuin at bench scale.
The majority of film renewal is thought to occur when the serf@nsion resistance is broken under
the effect of gravity after the so called ‘fallingnil theory (Zhang et al. 2009).

Note to publisher: insert table 5

7. Novel applications of RBCs

The relatively simple engineering of RBC type systems mwemio provide a platform for new
energy generating processes that treat wastewater. &teei@ variety of RBC systems that have
been applied for direct electricity generation or energy prooiuttirough biogas and algae (Sayess
et al. 2013; Cheng et al. 2011; Paule et al. 2011). Sayess (€D8B) coupled an RBC with a
microbial fuel cell configuration which allowed for contaminagrinoval and electricity production.
This RBC achieved between 6.9 and 20.9% higher denitrificatioa cat@pared to a control RBC
setup where electron generation by anodic oxidation was used by oe&gifof nitrate reduction at
the cathode. In a similar system it was shown that the opticurrent for nitrogen removal is 0.2
Amps.m? (Rodziewicz et al. 2011). Cheng et al. (2011), developed a biaelbemical RBC-type
system for indirect energy generation. Each disc was sphitregular 180° rotations which led to
inversion of the anode and cathode allowing concurrent spatial teacetddation and
methanogenesis respectively. Methane generation appeared jprgdddielectrical input with 80%
energy recovery. Christenson and Sims (2012) developed a method fectirediergy generation
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and removal of nitrogen and phosphorus utilising an algal RBC-ggetar. The reactor design
consisted of a RBC drum with ropes and scraper blades whidgtteallthe algae. The maximum
harvested biomass produced was ~30%djmof total solids. The algal RBC reactor achieved
removal rates of ~14 and 2 gudi’ of soluble nitrogen and phosphorus respectively. Paule et al.
(2011) designed a vertical RBC with an intrinsic light sourcé weéimovable polyethylene plates
produced 0.007 gifd™ of volatile solids which could be used for energy generation

8. Conclusions

The use of RBCs for conventional biological wastewater treatro remove BOPand ammonia
has been well established for the last three decades (Meekdr 1978). Application has largely
been at the lower end of the WWT scale, usually for up to 200q®riifin and Findlay 2000). The
limits of organic carbon renewal have been thoroughly investigafiéad maximum OLRs of up to
120 g. sCOD.Md™ through using improved media optimised disc immersion and adjussibnal
speeds (Teixeira and Oliveira 2001; Hanhan et al. 2005; Chen 2008; Hassard et al. 2014).
However, novel configurations of media — such as mesh types (€@ha. 2008; Lui et al. 2008;
Hassard et al. 2014) — and careful selection of media to enlggoegh of certain bacterial
populations could increase applied OLRs and nitrogen loading raté&sjNhcrementally (Khan et
al. 2012; Stephenson et al. 2013).

Recent research has demonstrated that the process carptezlddaemove nutrients, both
nitrogen and phosphorus, as with other biological processes (Yur2804l.Hahnhan et al. 2005).
Novel RBC type processes, such as Hybrid Activated Sludge A©d, has shown that new
combinations of suspended growth and fixed film on rotating medigoiande higher organic
removal rates and efficient denitrification (Hoyland et al. 208®)id and liquid phase bacterial
interactions have been mentioned previously (Wanner and Kos 1990; Kel3#h a better
understanding of these mechanisms merit further investigation igimgplybrid RBCs to energy
efficient nutrient removal. Biofilm systems are suited to liog a range of redox environments,
from wholly aerobic through anoxic to anaerobic conditions (Wuertz. €084). Exploitation of
this phenomenon in RBCs is in its infancy at full-scale: for examgmammox (Strous et al. 1999)
has been demonstrated in RBCs (Siegrist et al. 1998; Vlakrainal. 2009; De Clippeleir et al.
2011). Control of disc immersion can be used to stimulate digaition (Courtens et al. 2014).
Enhanced BPR requires alternating anaerobic and aerobic conditione{(Mlin2004); however
enforcing SBR type approaches in RBCs at full scale iserigitig. Therefore manipulation of the
gaseous headspace, submergence, rotational speed or recyREBCs could be explored to
stimulate the enhanced BPR process.

Fully submerged processes such as Biological Aerated Filterback@vashing to remove
excess bacterial growth to optimise performance, drawintpb@ea to mixed liquor wastage in
activated sludge (Mendoza Espinosa and Stephenson 1999). Deliberatalref RBC biofilm,
either by mechanical means or air scouring, to control thmdse growth rate, and therefore
performance, has not been directly employed. A full scale &roeig the air scour used to remove
biofilm in rotating biofilm SMART reactors, however, this usually applied to prevent media
clogging (Hoyland et al. 2008). Yun et al. (2004) suggested midfiickness should be controlled
every 15 days to enable BPR in a SBR type RBC, although this woulédendent on biofilm
accumulation rate. Christenson and Sims (2012) used scraper twadaove algal biofilm for
harvesting providing new surfaces for biomass growth. Manipulatifggobial growth rate to
determine performance could allow greater process control oERBECmechanical engineering of
RBCs has proven to be the most problematic issue when applied stdld, specifically shaft
material selection, media robustness and construction and designantenance of bearings (Mba
et al. 1999). ‘Lightweighting’ of these components through use of neweriala, e.g. composites,
provide opportunities for re-engineering and allowing further scaléyoplication of low resistance
bearings, e.g. air or ‘non-stick’ bearings, may allow fordownergy, higher rotational speeds that
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could enhance treatment. The removal of dyes and other tematicdrganic pollutants in RBCs
appears linked to bioaugmentation and propagation of allochthonous miguopidhtions with
pollutant degrading capacity (Novotny et al. 2012). The seitg and expense of these
communities remains an issue for application under real scendtlosepresentative wastewater.
Future research should focus on approaches suitable for scale-uhodsner upgrade or existing
works which struggle to deal with organic pollutants containing wedér. Costley and Wallis
(2001) highlighted the potential of RBC biofilms for resource recgwvith the increasing price of
metals and nutrient fertilizer new opportunities could be crefdedcost positive wastewater
treatment (STOWA, 2012). The simplicity, adaptability, laamd use and maintenance and high
volumetric activity of the RBC suggest that it will canie to help meet our wastewater treatment
requirements for years to come.
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Figure

Rotating fixed film biological contactors for wastevater treatment — a review - figures

1.A - Integral RBC 1.B — RBC flowsheet layout
Influent 297 Effluent RBCs in series
__’ ‘
Drain S

RBCs in parallel

1.C Reactor and recycle arrangements
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recycle Recycle of settler effluent

- post settling

vl T‘i — A L,
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1.D. Submergence

Aerobic setup ~40% Higher % submergence
submergence decreasing oxygen transfer
Hybrid systems

1.E. Hybrid rbc/wetland operation 1.F
Polishing step post AS tank.

Figure 1: Process configurations of RBC technology.
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