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• Activated sludge (AS) processwasmod-
ified using a rotating biofilm reactor
(RBR).

• Extracellular enzyme activity (EEA) in
the biofilmwas 4.6–13.5 × greater com-
pared to AS biomass.

• RBR EEA increased with increasing or-
ganic loading rate (OLR) to a maximum
at 190 g·tCOD·m−2d−1.

• Modified activated sludge had 2 and 1.5
× the volumetric removal rate of COD
and NH4-N respectively.

• Elevated EEA correlated with tCOD re-
moval performance.
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The rate-limiting step of wastewater treatment is the breakdown of polymers by extracellular enzyme activity
(EEA). The efficacy of EEA on biomass from full scale conventional activated sludge (AS) and modified AS with
bench scale and full scale rotating biofilm reactors (RBR) was compared. The maximum amino-peptidase EEA
was 394 ± 34 μmolL−1 min−1 for the bench RBR which was 11.7 and 4.5 times greater than maximum α-
glucosidase and phosphatase EEA in these reactors. At full scale the RBR gave ~4.6, 13.5 and 6.3 times the EEA
for amino-peptidase, α-glucosidase and phosphatase (based on enzyme Vmax) compared to the highest EEA in
conventional AS biomass. Controlled overloading of the bench RBRs revealed that EEA increased with OLR up
to 190 g tCOD m−2d−1 and further increases in OLR reduced the EEA. Pretreatment of wastewater by EEA in
the RBR was linked to better performance of the modified activated sludge process. Maintaining high EEA of
biofilms is critical for the design of high OLR wastewater treatment systems.

© 2018 Published by Elsevier B.V.
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1. Introduction

Extracellular enzymatic hydrolysis is required as a first step in the
breakdown, utilisation and therefore treatment of organic
wastewater polymers (Cadoret et al., 2002). Municipal wastewater
ssard).
is a complex matrix of carbohydrates, proteins and lipids, ~50% of
which has a molecular weight N 1 kDa, limiting mass transfer into
bacterial cells (Burgess and Pletschke, 2008). The majority of
extracellular enzyme activity (EEA) is associated with bacterial cell
walls, floc, granule and biofilm, depending on the biological process
in operation (Wingender and Jaeger, 2002). High enzyme stability
in the environment has been noted previously; however, the EEA in
activated sludge systems is ultimately reliant on continued enzyme
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synthesis, due to wasting of bacteria and enzymes from biological re-
actors (Confer and Logan, 1998; Goel et al., 1999; Morgenroth et al.,
2002). Polymers are utilised by bacteria through: (1), transport/ad-
sorption, (2), stepwise depolymerisation and (3), assimilation/stor-
age. Together, these factors limits achievable removal rates in
wastewater treatment (WWT) and therefore organic loading rates
(OLRs) that can be applied (Orhon and Çokgör, 1997; Martins et al.,
2003; De Kreuk et al., 2010).

Conventional AS bacteria regulate enzymatic activity and affinity
based on available substrates (Li and Chróst, 2006), electron accep-
tor conditions (Hauduc et al., 2013) and microbial growth rate
(Shackle et al., 2000). Teuber and Brodisch (1977) showed that acti-
vated sludge bacteria increased their EEA to a source of polymeric
substrate in b2 h, suggesting the adaptive response is faster than,
but linked to, population level changes (Wingender and Jaeger,
2002). Therefore, manipulation of bacterial growth rates and EEAs,
could be used to maximise the efficacy of wastewater treatment by
controlling biomass/biofilm sludge age (Shackle et al., 2000). This
is pertinent, considering the environment of increasingly stringent
wastewater discharge consents, within a regulatory framework of
whole life costs for commissioning and operation of wastewater
treatment assets (Ainger et al., 2009). Therefore, to meet these chal-
lenges, improvements to the efficiency and operation of existing bi-
ological wastewater processes are required (Truu et al., 2009)
which could be attained through greater understanding of EEA
(Curtis et al., 2003).

To achieve effluent standards within financial constraints with low
energy usage, it is imperative to innovate through new technology
and optimise process operation (STOWA, 2010). Numerous technolo-
gies exist for upgrading existing wastewater treatment works
(WWTW) e.g., membrane bio-reactors (MBRs) (Judd, 2010; Judd,
2017) which treat high organic loads to appropriate effluent standards
but can have much increased power consumption per m3 treated com-
pared to conventional activated sludge systems (Fenu et al., 2010). Inte-
grated fixed film activated sludge (IFAS) and ‘hybrid’ moving bed
biofilm reactors (MBBRs) have been successfully utilised to upgrade
existing works (Mannina and Viviani, 2009); however, they have limit-
ed ability to control biofilm growth and can have high capital expendi-
ture (CAPEX) costs principally due to media purchase. A modified
activated sludge (AS) process known as Hybrid Activated Sludge
(HYBACS) uses an upstream rotating biofilm reactor (RBR) for high or-
ganic load treatment (Hassard et al., 2014). These have a rotating semi-
submerged open architecturemedia comprised of a high porositymesh,
combinedwith a daily air scour for biofilm control, which enables oper-
ation at high organic loading rates (OLR) typically upstream of other
secondary treatment reactors (Chen et al., 2006; Hassard et al., 2015;
Hassard et al., 2016). The impact of overloading on RBR performance
and the impact of these physicochemical conditions (e.g. anaerobic bio-
mass, low oxygen concentration) on the biofilm EEA has yet to be dem-
onstrated at full scale.

High OLR conditions in the RBRs present challenges for diffusion
of high molecular weight compounds and electron acceptors which
could limit expression or activity of the extracellular enzymes and
therefore the rate of treatment which can be achieved. In modified
AS, the return activated sludge (RAS) enters the head of the process,
which is thought to improve treatment efficacy through enhanced
bacterial solids contact and EEAs (Daigger and Boltz, 2011; Daigger
et al., 1993). It is hypothesised that RBR and modified AS bacteria
have elevated EEA which could contribute to better performance
compared to conventional biological processes earlier observed
(Biddle et al., 2014; Hassard et al., 2014). To test this, the microbial
EEA and performance in a conventional AS and a modified AS system
with an RBR were compared at a full scale WWTW. Controlled
organic overloading was also performedwith bench scale RBRs to as-
sess the impact of high OLRs on EEA of amino-peptidase, α-
glucosidase and phosphatase under controlled conditions.
2. Materials and methods

2.1. Full scale study site

Tubli WWTW serves the city of Manama, Bahrain with a design ca-
pacity of 200,000 m3d−1 and 41,000 kg·BOD5·d−1, representing
~700,000 PE (Table S1). The effluent standard was 15mgL−1 BOD5, 20
mgL−1 suspended solids and 3 mgL−1 NH4-N at the time of the study.
The WWTW had 8 lanes of conventional AS and 2 lanes of modified
AS. The modified AS consisted of 42 RBRs upstream of 2 aeration
lanes, with a single pre-anoxic zone and 3 aerated zones (EDI, Flexair
9″ membrane diffusers, USA) of total volume ~25,000 m3. The RBRs
were located downstream of the mixing point of wastewater with
RAS. Each RBR incorporated motor driven (2.2 kW, Sumitomo
Buddybox, Japan) porous polyvinyl chloride (PVC) mesh plates
(Bluewater Bio, UK) for biofilm growth (n = 30, d = 2 m, thickness
= 0.05 m, pitch spacing = 0.095 m, porosity = 95%, submergence =
40%, wetted reactor volume = 9 m3). The RBR rotational speed was
set to 5.8 rpm. The wastewater flowed from the RBRs to the anoxic
stage of the 2 activated sludge lanes (Fig. 1). An internal recycle pump
in the final zone of each aeration tank returned approximately 50% of
the incoming wastewater flow to the anoxic zone for denitrification.
The wastewater was passed to the final clarifiers and the sludge was ei-
ther recycled or wasted (Fig. 1). For the period of study, the RAS recycle
ratio was maintained at 0.75 as a proportion of influent flow rate.

The conventional AS consisted of eight lanes of aerated (40 × 80 kW
surface aerators) operatedwith identical wastewater influent but with-
out a pre-anoxic stage for biological nitrogen removal. The RAS recycle
rate in the conventional AS was 0.75–0.9 as a proportion of influent
flow rate. The full-scale study was commissioned between July 2013
and June 2014. Wastewater analysis was undertaken daily from the
sampling points outlined in Fig. 1. The EEA study was undertaken at
Tubli WTW in February 2014 for a period of 1 month.

2.2. Bench scale study

Four bench scale RBRs, each being a polycarbonate vessel with plas-
tic frames for housing the media (Hassard et al., 2014), treating settled
wastewater from Cranfield University wastewater treatment works
(WWTW). The media consisted of 2 circular mesh plates (Bluewater
Bio, UK) in each reactor contained PVC material with a specific surface
area of 150 m2 m−3 which was similar to that used in the full-scale
study. The RBRoperation is outlined inHassard et al. (2016), with differ-
ent surface organic loading rates (OLRs) selected based on soluble COD
and ammonia (NH4-N). The reactors were commissioned at a low
flowrate of 1.1 Lh−1 and increased over time to 2.2, 4.4, 8.8, 17.2 and
34.4 Lh−1. These flowrates corresponded to nominal hydraulic reten-
tion times of 200, 100, 50, 25, 12 and 6 min respectively. The bench
scale study was conducted between March 2014 and June 2014, with
the RBR operated for approximately 1 month at each nominal hydraulic
retention time.

2.3. Sampling and pretreatment of biofilm and biomass

Mesh media biofilm was harvested from the three RBRs at the Tubli
WWTW for analysis of EEA after the method outlined in Hassard et al.
(2014, 2016) and mixed liquor suspended solids (MLSS) was taken
from the sampling points outlined in Fig. 1. At Tubli WWTW, the EEA
was measured in the modified AS in the biofilm, the MLSS, the RAS
and in the plant effluent. This was compared to the influent, the MLSS,
the RAS and the plant effluent from the conventional AS operated con-
currently (Fig. 1). Biofilm from bench scale RBRs was harvested as
above. Duplicate analysis of the EEA assays and biofilm solids were un-
dertaken on three samples for each sampling event which occurred at
each sample point. The biofilm total solids concentrationwasmeasured
after the method of Regmi et al. (2011).



Fig. 1. Sampling points for enzyme study presented in brackets. A. conventional activated sludge at full scale plants B. modified activated sludge. Dashed line represents the an internal
recycle of wastewater.
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For EEA assays all batch samples were subjected to identical pre-
treatment: (1) to batch samples (100 mL for MLSS/RAS and 50 mL for
biofilm) buffer (50% v:v) was added, (2) to this buffer/biomassmixture,
methanol was added (10% v:v) (Lunau et al., 2005), (3) 100 mL of this
biomass was disrupted mechanically using a homogeniser (T50 Ultra-
turrax, IKA, Germany) for 1 min at 6000 rpm, to reduce mass transfer
limitation (Hassard et al., 2014), (4) the disrupted biomasswas handled
bypipetting (Finntip™WideOrifice Pipette Tips, Thermofisher, UK) and
0.5 mL of this disrupted biomass was transferred to 48 well microtiter
plates prior to the EEA assays.

2.4. Extracellular enzyme activity assays

Biomass samples (from the above pretreatment) were incubated in
the dark at ~25 °C and mixed for 10 s at 200 rpm (Minishaker, VWR,
UK) with appropriate synthetic substrate which was dissolved in the
same buffer as the diluted biomass (50% biomass: substrate v:v)
(Sigma Aldrich, UK). This resulted in a final volume of 1 mL for each bio-
mass and substrate assay permicrotiter well. The EEAwasmeasured by
analysing the production of the chromophore product of the extracellu-
lar enzyme reactions. Details of buffers are given in Li and Chróst
(2006). Three different EEA assays tests were performed for each bio-
mass sample, which together represent the majority polymeric degra-
dation required for the heterotrophic removal of bulk organics. This is
because the organic component of municipal wastewater is principally
comprised of carbohydrates and proteins (Molina-Muñoz et al., 2010).
The phosphatase enzyme group was selected for study due to the im-
portance of phosphate accumulation for biological phosphorus removal
and as an important step within lipid degradation. The three EEAs were
performed for protein hydrolysis, carbohydrate degradation and organ-
ic phosphate hydrolysis i.e. the generic enzyme types amino-peptidases,
α-glucosidases and phosphatases respectively. This wasmeasured after
catalysis of synthetic substrates: l-leucine-p-nitroanilide (Sigma
L9125), p-nitrophenyl-α-d-glucopyranoside (Sigma N1377), p-
nitrophenyl-phosphate (Sigma 104-0) respectively. The EEA assay run
times was set to 2 h, which provided sufficient time for the absorbance
to plateau, despite the dynamic variability of the enzyme activity be-
tween the different enzymes and sample points. The absorbance of p-
nitroaniline (λmax = 380 nm) and p-nitrophenol (λmax = 348 nm)
was measured at six substrate concentrations (ranging from 10 to
250 μM) using a spectrophotometer (Hach-Lange, DR 2800) and a mi-
croplate reader (M2000 infinite pro, Tecan, Austria) for samples taken
at full and bench scale respectively. The experimental setup included
of biomass with substrate and controls no substrate control, no biomass
control and deionisedwater (DI) blanks to ensure therewas no intrinsic
change in absorbance or contamination of substrate stocks. Calibration
curves were created using analytical grade 4-Nitrophenol (4-NP) 10
mM solution (N7660, Sigma-Aldrich, UK) and 4-Nitroaniline powder
(4-NA, 31569, Sigma-Aldrich, UK). A stock solution of 4-NAwas created
by dissolving the power in 100% ethanol (1.38 mg/mL) which was
stored at−20 °C. A dilution series was created by diluting the stock so-
lutions with appropriate buffers to a final concentration of 10–100 μM.
These calibration curves were used to calculate the concentration of
substrate liberated per time. The initial rate of the enzyme substrate re-
action was used to calculate the EEA. The V0 is defined as the initial ve-
locity of the enzyme/substrate reaction. The Vmax is defined as the
maximumenzyme velocity which can be achieved in a dynamic system,
where substrate (S) itself does not limit the reaction rate which can be
achieved. The Km is the Michaelis–Menten constant and is defined as
the substrate concentration at half the Vmax (Chen et al., 2010).
(1) the Michaelis–Menten equation (Eq. (1)) was solved using a non-
linear least squares method for kinetic parameter estimation (Vmax,
Km) after Kemmer and Keller (2010); (2) the standard error of mean
and significance of model fit were calculated using a Hessian matrix
and t-test respectively (Venables and Smith, 2011). The specific enzy-
matic activity was quoted as the maximum rate per gram of volatile

Image of Fig. 1


Table 1
Wastewater characteristics for conventional AS and modified AS full-scale plants during
study period.

Parameter
(mgL−1)

Influent Conventional activated
sludge

Modified activated
sludge

tCOD 483 ± 172 65 ± 48 27.9 ± 13
sCOD 175 ± 73 – –
TN – – 4.2 ± 3.3
NH4-N 24 ± 5.4 13 ± 2.8 0 .06 ± 1.2
NO3-N – – 5.5 ± 1.3
TP 4.1 ± 1.3 – 2.1 ± 0.6
TSS 288 ± 139 – 15.2 ± 10

(–) = not measured.
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suspended or immobilised solids calculated after Eqs. (2) and (3)
respectively:

V0 ¼ Vmax � Sð Þ= Km þ Sð Þ ð1Þ

Maximum specific EEA suspended biomass ¼ Vmax=VSS ð2Þ

Maximum specific EEA biofilm ¼ Vmax=TS ð3Þ

2.5. Wastewater analysis

A composite influent sample was analysed from two discrete grab
samples whichwere collected at 10:00± 1 hwithin a two-hour period.
A composite effluent sample was analysed from two discrete grab sam-
ples over a two-hour period after a single hydraulic residence time
(HRT) from the point when the influent samples were taken.Wastewa-
terwas analysed using proprietary cell test kits (Hach-Lange, Germany)
for total chemical oxygen demand (tCOD), total nitrogen (TN),
ammonia-nitrogen (NH4-N), nitrite nitrogen (NO2-N) and nitrate-
nitrogen (NO3-N) using a Hach DR 2800 spectrophotometer (Hach-
Lange, Germany). Soluble chemical oxygen demand (sCOD) was
assessed during the intensive enzyme study (February 2014) only. 20
mL of wastewater was filtered using cellulose nitrate filters (0.45 μm,
Millapore, UK) and the filtratewas analysed for COD as above. Biochem-
ical oxygen demand (BOD), mixed liquor suspended solids (MLSS), vol-
atile suspended solids (VSS) were measured according to standard
methods (APHA-AWWA-WEF, 2012). The pH of the influent and efflu-
ent was measured using a Jenway 320 pH meter (Bibby, UK). The
redox potentialwasmeasured by redox probe (HI-98201, Hanna Instru-
ments, US). The removal efficiency, substrate removal rate, substrate
utilisation rates (SUR), food to microorganism ratio (F: M) were calcu-
lated based on standardmethods for suspended growth and biofilm re-
actors (APHA-AWWA-WEF, 2012). For the suspended growth reactors,
the sludge retention time (SRT), sludge volume index (SVI) were calcu-
lated (APHA-AWWA-WEF, 2012). Flocs were characterised under light
microscopy (100× magnification) and subjectively quantified com-
pared to a reference filamentous scale after Madoni et al. (2000).

2.6. Statistical analysis

Data were analysed using SPSS v22 (IBM, USA) for calculation of
analysis of variance and t-tests between sites/locations. To compare bi-
ological variables (e.g. Michaelis–Menten parameters) with operating
variables (Biofilm TS, VS, OLRs, % removal, effluent quality) a non-
parametric Spearman Rank Correlation Coefficient was used, as the
data was not normally distributed after transformation was applied.
Of these variables, the biofilm VS was removed due to strong auto-
correlation with biofilm TS. Influent concentrations were not included
due to strong auto-correlation with OLRs.

3. Results and discussion

3.1. Wastewater characteristics

The influent wastewater at Tubli WWTW had an average tCOD of
483 mgL−1, sCOD of 175 mgL−1, NH4-N of 24 mgL−1 and TSS of 287
mgL−1 (Table 1). Influent conditions were similar during the study pe-
riod, except December 2013–February 2014 when the tCOD was signif-
icantly higher at 639 ± 55 mgL−1 compared to normal operation of
396 ± 48 mgL−1 (p = .03), attributable primarily to a 40% increase in
influent suspended solids concentration. The wastewater pH, sCOD
andNH4-N did not differ significantly. Thewastewater entering the con-
ventional AS and themodified AS plantswere from the same source and
therefore the same in composition. The volumetric loading rate was 1.3
times less in the conventional AS compared to the modified AS
(Table S1). The performance of the conventional and modified AS
prior to EEA study is described in the supplementary material. The bench
scale study influent wastewater had an average tCOD of 498mgL−1, a
BOD5 of 259 mgL−1 a NH4-N of 29.7 mgL−1 and a TSS of 245 mgL−1

which was statistically similar to that characterised previously (Hassard
et al., 2016). The effluent quality in terms of sCOD and NH4-N of bench
scale RBRs worsen with increased OLR. In contrast the tCOD effluent
quality improved at OLRs N190 g·tCOD·m−2·d−1 (Fig. S3).

The modified AS plant had a 42% better NH4-N volumetric removal
rate of 0.096 ± 0.02 kg·NH4-N·m−3d−1 compared to 0.057 ± 0.015
kg·NH4-N·m−3d−1 for the conventional AS site (p b .001) (Fig. S1C) al-
though this could be due to incomplete nitrification in the conventional
AS site. The tCODOLRwas equivalent between the RBR at bench and the
modified AS (Table 2). The conventional AS had a nitrification efficiency
of 54.7 ± 10.5% on average, suggesting incomplete nitrification whilst,
themodified AS achieved an average of 97.5 ± 4.2% (Table 1) efficiency
despite significantly higher F:M (Table 3). The SUR of NH4-Nwas 0.031
kg·NH4-N·kg·MLSS, in the modified AS compared to 0.022 kg·NH4-
N·kg·MLSS for the conventional AS suggesting greater nitrification
rates (Table 3). The predenitrification anoxic zones which are present
in themodified AS but absent in the conventional AS, reduced the effec-
tive volume for nitrification in the modified AS. However, improved ni-
trification performance could be attributed to: alkalinity addition by
denitrification, improved nitrifier abundance or activity (Hassard et al.,
2015; You et al., 2003) or improved mass transfer in the aeration
tanks due to difference in the method of aeration.

The effluent NH4-N was on average 0.6 mgL−1 (Table 1) for the du-
ration of the study, irrespective of F: M applied (Fig. S2). You et al.
(2003) found that hybrid processes allow treatment at greater OLRs, ni-
trification at lower SRT and increased resilience to disruption of nitrifi-
cation performance compared to conventional AS. Nitrifier abundance
could play a determinant role governing performance in hybrid systems
(Hassard et al., 2015).

Themodified AS had a better sludge volume index (SVI) of 43 ± 5.5
mLg−1 compared to 96.9 ± 1.7 mLg−1 for conventional AS (p b .05)
(Table 3). Themodified AS had for larger, denser flocs, which could con-
tribute to the formation and stability of modified AS compared to con-
ventional AS flocs (Lin et al., 2010). A filament index of between 0 and
1 revealed minimal filamentous bacterial groups in the modified AS
compared to 3–4 for a well maintained conventional AS (Jenkins et al.,
2003). The enzymatic pretreatment by RBR EEA could select against fil-
amentous groups (Liao et al., 2004) by facilitating greater substrate pen-
etration depth and three-dimensional floc growth as described
previously (De Kreuk et al., 2010). Incorporation of dispersed solids
from the biofilm reactor could contribute to floc density, elevated EEA
and therefore performance (Costerton et al., 1995). The RBR acted as a
pretreatment prior to the aeration lanes through biofilm growth and en-
hanced solids contact compared to the conventional AS plant (Daigger
and Boltz, 2011). Increased EEA in the RBR could aid degradation of
the polymeric fraction of the wastewater, improving the degradability
and reactions rates downstream.



Table 2
tCODorganic loading rate, organic removal rate and % removal data of conventional activated sludge,modified activated sludge and bench scale rotatingbiofilm reactors. Data presented as
average and range.

Reactor Organic loading rate (kg·tCOD·m−3·d−1) Effluent tCOD removal % Organic removal rate (kg·tCOD·m−3·d−1)

Conventional AS 1.1 (0.7–1.6) 81.8 (48.4–95) 0.87 (0.4–1.3)
Modified AS 1.9 (0.6–4.1) 91.9 (74.4–97.1) 1.8 (0.6–3.97)
Bench scale RBR 10.2 (2.2–33.4) 43.6 (19–62) 4.3 (0.6–14.2)
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3.2. Extracellular enzyme activity

Extracellular enzyme activity asmeasured by Vmax for all three types
of enzyme – amino-peptidases, glucosidases and phosphatases was be-
tween 4.6 and 13.5 times higher in RBRs than the next greatest value for
suspended growth at full scale (Table 4). The maximum amino-
peptidase EEA of 394 ± 34 μmolL−1 min−1 was for the bench RBR
which was 11.7 and 4.5 times greater than maximum α-glucosidase
and phosphatase EEA at the same sample point (Fig. 2A). At equivalent
very high organic loading rates (OLR) of ~10 kg·tCOD·m−3d−1

(Table 2) the full scale RBR had 2.1 times greater EEA than the bench
scale RBR for amino-peptidases andα-glucosidases and 3.2 times great-
er EEA for phosphatases (Table 4). However, the Vmax was similar be-
tween the suspended growth section of the modified AS and
equivalent sections of the conventional AS. Themodified AS has a great-
er affinity for amino-peptidases, glucosidases and phosphatases
resulting in elevated EEA at lower substrate concentration. The RBRs
had a Km which averaged 518, 375 and 531 μM for amino-peptidases,
α-glucosidase and phosphatase respectively which was less than
suspended growth for amino-peptidases and α-glucosidase but higher
for phosphatase (Table 4). Greater protein demand or diffusion limita-
tion has been noted for biofilms previously which could be attributed
to observed elevated amino-peptidase enzyme quantity and EEA per
cell in biofilms compared to planktonic bacteria (Jones and Lock,
1989); however, this also could be linked to higher cell densities and
the intrinsic extra growth requirements of biofilms (Allison and
Vitousek, 2005). The EEA in a WWTW may increase because; (1) suit-
able substrates do not repress enzyme systems; (2) EEA liberate more
low Mw substrate which becomes bioavailable; (3) microbial popula-
tion growth and therefore enzyme quantity or activity increases;
(4) the enzymes are shed into the wastewater biofilm/floc matrix and
remain active (Shackle et al., 2000). Themodified ASmicrobiota had in-
creased α-glucosidase EEA of 0.7 and 4.5 μM·min−1 for the aeration
tank and RAS respectively suggesting greater requirement for sources
of readily biodegradable carbon, due to feast/famine conditions be-
tween the AS and RAS in the modified AS (Bengtsson et al., 2008). Het-
erotrophic scavenging in modified AS could contribute to elevated
depolymerisation and removal of long chain carbonaceous compounds
compared to conventional AS. Duringnutrient limitationmany catabolic
enzyme operons are expressed, although EEA is suppressed until suit-
able organic inducers are present (Konopka, 2000), therefore high EEA
in RBRs could provide a mechanism for elevated substrate removal
Table 3
Aeration tank characteristics for conventional activated sludge andmodified activated sludge fu
EEA from two sample points each.

Parameter Conventional AS (S2 + S3) M

MLSS (mgL−1) 3059 ± 536 3
SVI (mLg−1) 96.9 ± 1.7 4
SRT (d)
F:M (kg·COD·kg·MLSS−1) 0.5 ± 0.26 0
tCOD removal rate kg·tCOD·m−3d−1 1.08 ± 0.21 2
NH4-N removal rate (kg·NH4-Nm−3d−1) 0.06 ± 0.02 0
COD SUR (kg·COD·kg·MLSS) 0.35 ± 0.19 0
NH4-N SUR
(kg·NH4-N·kg·MLSS)

0.022 ± 0.01 0
rates in modified AS aeration lanes. San Pedro et al. (1994) suggested
that the starch hydrolysis rate was independent of biomass concentra-
tion and that glucosidases were in excess in conventional AS. In this
study using a different enzyme target we demonstrated that the α-
glucosidase EEAwas greater in RBRbiofilm compared to theAS biomass,
although catabolite repression was identified at the substrate concen-
trations N125 μM. High EEA with high Km was found at numerous sam-
ple locations for both modified AS and conventional AS. This is
attributed either to low affinity of the wastewater bacteria enzymes
for the 4-NA and 4-NP labelled substrates and/or to concomitant high
concentrations of natural substrates which could have competitively in-
terfered with formation of the substrate/enzyme complex in the batch
tests (Li and Chróst, 2006).

The experimental data did not differ significantly from the
Michaelis–Menten model for all Vmax and Km treatments (t-test be-
tween observed and expected, p b .05) which suggested this model
was suitable. The maximum number of interations to convergence for
the EEAmodels was b2 in all cases. The achieved convergence tolerance
was b5 × 10–6, which is below the accepted upper limit of 1 × 10–4, sug-
gesting low error accumulation and therefore model accuracy to
achieve convergence (Sacchi Landriani et al., 1983). To elucidate the im-
pact of organic overloading on EEA, controlled overloading experiments
were undertaken using bench scale RBRs. The Vmax of amino-peptidases
increased from 124 μMmin−1 to 394 μM·min−1 in a linear fashion as
average OLR increased from 60 g·tCOD·m−2d−1 to 190 g·tCOD·m−

2d−1 (Table 4, Fig. 2a). However, at OLRs N190 g·tCOD·m−2d−1 the
EEA decreased significantly (p b .05) (Fig. 2 a). The phosphatase EEA ini-
tially increased from 52 μMmin−1 to 98 μMmin−1 from 60 g·tCOD·m−

2d−1 to 140 g·tCOD·m−2d−1 before decreasing at OLRs N190
g·tCOD·m−2d−1. The trend was similar for α-glucosidase but with
EEAs ~15 and 3 x than amino-peptidases and phosphatase respectively.
The maximum specific EEA also yielded an identical trend, suggesting
increased net activity and not simply an increase in microbial solids
(Fig. 2 c). Significant correlations were observed between influent
tCOD (Rs = 0.52, p = .007), sCOD (Rs = 0.56, p = .003) and NH4-N
(Rs = 0.57, p = .004) loading rates and phosphatase EEA (Table 4).
The best tCOD effluent quality occurred when amino-peptidase (Rs=−
0.62, p = .002) and phosphatase (Rs =−0.66, p = .001) extracellular
enzymesweremost active (Table 5). In addition there was a positive cor-
relation between tCODeffluent quality and phosphatase Km (Rs= 0.63, p
= .001). This suggests removal performance for bulk organics and total
solids is linked to the EEA in wastewater biofilms in this system.
ll-scale plants during study period. Conventional AS andmodifiedAS represent the average

odified AS (S8 + S9) Difference in performance significant at 95% (p b .05)

254 ± 768 No
3.9 ± 5.5 Yes

.8 ± 0.31 No

.27 ± 0.52 Yes

.09 ± 0.02 Yes

.57 ± 0.07 Yes

.03 ± 0.01 Yes



Table 4
Extracellular enzyme activity (Vmax) and substrate Km for amino-peptidases, α-glucosi-
dase and phosphatase enzymes. Biomass samples were taken from biofilm on RBR at
bench and full scale andmixed liquor from conventional activated sludge andmodified ac-
tivated sludge full-scale plants. The RBR bench EEA data are from equivalent tCOD organic
loading rates between bench RBR and modified AS. N.D= no data available due to poor
model fit. Sample points from Fig. 1 are presented in brackets. Conventional AS andmod-
ified AS represent the average EEA from two samples points each.

Biomass Amino-peptidase α-Glucosidase Phosphatase

Average EEA Vmax (μM min−1)
Conventional AS (S2 + S3) 12.3 ± 1.5b 1 ± 0.05a 7.3 ± 0.08a

Conventional RAS (S4) 18.0 ± 1.4a 2.82 ± 0.1a 8.8 ± 0.05a

Modified AS (S8 + S9) 13.8 ± 0.6a 0.7 ± 0.05a 5.4 ± 0.2a

Modified RAS (S10) 17.6 ± 1.7a 4.3 ± 0.2a 8.5 ± 0.05a

RBR modified AS full scale (S2) 83.6 ± 10.2b 38.2 ± 1.2a 55.5 ± 3.4a

RBR bench 36.6 ± 6.1b 16.2 ± 5.2c 16.9 ± 1.2b

Average EEA Km (μM)
Conventional AS (S2 + S3) 1212 ± 435c 990 ± 155b 58.9 ± 5.2a

Conventional RAS (S4) 995 ± 249c 263 ± 60c 22.4 ± 2.1a

Modified AS (S8 + S9) 744 ± 121b 355 ± 104 c 77 ± 17c

Modified RAS (S10) 803 ± 267c 207 ± 56c 22.4 ± 2.1a

RBR modified AS full scale (S2) 518 ± 278d 375 ± 48b 531 ± 104b

RBR bench 1094 ± 504c N.D 142.4 ± 36.7

Significance of data fit to Michaelis–Menten model a = b0.001, b = b0.01, c = b0.05,
d N 0.05.
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The biofilm redox potential was−31mV at 60 g·tCOD·m−2d−1 be-
fore decreasing to −245 mV at 190 g·tCOD·m−2d−1; further increases
in OLR decreased redox potential further (Fig. 2 d). The elevated amino-
peptidase EEA in the RBR suggests that the biofilm has a greater intrinsic
demand for protein compared to phosphate or carbohydrate (Jones and
Lock, 1989) and that this demand is strongly influenced by OLR and/or
Fig. 2. Extracellular enzyme kinetic characterisation of bench rotating biofilm reactors opera
period). A. Vmax, B. Km C. specific enzyme activity (SEA) for amino-peptidases, α-glucosidase a
data could not be determined at 550 g·tCOD·m−2d−1.
prevailing electron acceptor conditions in the biofilm (Fig. 2
d) (Hauduc et al., 2013). Goel et al. (1999) suggested that redox envi-
ronment does not influence the activity, only expression/synthesis of
extracellular enzymes. The decrease in EEA which occurred in the RBR
biofilm at high OLR suggested a role for higher organisms, such as pro-
tozoa and metazoa, which decay under extended periods of anaerobio-
sis, but have a large impact on the EEA of the system (Morgenroth et al.,
2002; Hauduc et al., 2013). The significant correlation between α-
glucosidase Km and phosphatase Vmax suggest that biofilm solids could
be used to infer EEA in other biological systems. In terms of performance
the amino-peptidase Vmax appears a suitable parameter to help predict
effluent quality. Performance in aerobic biological treatment processes
is directly related to biological growth rates therefore the strong posi-
tive correlation between key effluent quality criterion and amino-
peptidase Vmax suggest this could be a global indicator of the health of
biological treatment processes (Loukidou and Zouboulis, 2001).

The Km ranked in order amino-peptidases Nα-glucosidase N phospha-
tase, therefore the RBR biofilm had greater affinity (lower Km) for phos-
phatase despite significantly higher Vmax (Fig. 2 b). This trend was most
striking between190 g·tCOD·m−2d−1 and290 g·tCOD·m−2d−1, possibly
due to demand for phosphate storage under anaerobic conditions (Fig. 2
d) (Hauduc et al., 2013). A lower particulate fraction at the full scale
plant (due to high temperature and longer sewer HRT) compared to
CranfieldWWTW(temperate conditions, very short sewerHRT) could ex-
plain the higher bench RBR EEA (Table 5, Fig. 2 a) (Tas et al., 2009). The air
scour employed on full scale RBRs could prevent slow growing strains
(Allison and Vitousek, 2005) or significant higher organism growth (De
Kreuk et al., 2010). It should be noted that the air scour facility provides
anopportunity tomodify the biofilmgrowth rate andEEA in order tomax-
imise the efficacy of WWT through elevated EEA (Shackle et al., 2000).
ted at incrementally increasing OLR (based on average tCOD OLR for each experimental
nd phosphatase respectively, D. redox potential (mV) of biofilm. α-glucosidase EEA assay

Image of Fig. 2


Table 5
Spearman's correlation coefficients of extracellular enzyme activity with effluent quality and performance parameters.

Extracellular enzyme
Michaelis–Menten
parameter

Loading rates Effluent quality % removal

tCOD sCOD NH4-N tCOD sCOD NH4-N NH4-N Biofilm TS

Amino-peptidase Vmax 0.1 0.16 0.11 −0.62⁎⁎ −0.1 0.4⁎ −0.27 0.13
Amino-peptidase Km 0.27 0.29 0.25 −0.29 0.25 0.21 −0.3 0.28
α-Glucosidase Vmax −0.28 −0.27 −0.33 −0.28 −0.26 −0.14 0.19 −0.29
α-Glucosidase Km 0.66⁎⁎ 0.7⁎⁎ 0.67⁎⁎ −0.64⁎⁎ 0.41⁎ 0.78⁎⁎ −0.76⁎⁎ 0.73**
Phosphatase Vmax 0.52⁎⁎ 0.56⁎⁎ 0.57⁎⁎ −0.66⁎⁎ 0.38 0.59⁎⁎ −0.61⁎⁎ 0.61**
Phophatase Km −0.62⁎⁎ −0.6⁎⁎ −0.63⁎⁎ 0.63⁎⁎ −0.32 −0.78⁎⁎ 0.7⁎⁎ −0.68**

* Correlation is significant at the 0.05 level, ** Correlation is significant at the 0.01 level.
N= 23.
% removal of sCOD and tCOD did not correlate to Extracellular enzyme Michaelis–Menten parameters.
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This study demonstrates the impact of a modified AS upgrade on
performance and microbial EEA of soluble substrates. Enzyme testing
shed light on the regulatory effect microorganisms have on EEA in re-
sponse to operating/physico-chemical conditions which is important
for other biological processes and remains poorly characterised in
wastewater treatment models.

4. Conclusions

• TheRBRs had between 4.6 and 13.5 times the EEA (measuredbyVmax)
compared to the highest suspended growth biomass studied.

• Themodified ASmicrobial enzymes displayed greater substrate affin-
ity compared to a conventional AS for most sites and enzymes.

• Bench studies revealed distinct regulation of EEA with OLR which
could be linked to prevailing redox conditions in the biofilm.

• The volumetric removal rate was 52% and 40% higher for tCOD and
NH4-N respectively for modified AS compared to conventional AS (p
b .001).
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