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Performance of permeable media rotating reactors used
for pretreatment of wastewaters
F. Hassard, E. Cartmell, J. Biddle and T. Stephenson

ABSTRACT
The impact of organic loading rate (OLR) on carbonaceous materials and ammonia removal was
assessed in bench scale rotating media bioﬁlm reactors treating real wastewater. Media composition
inﬂuences bioﬁlm structure and therefore performance. Here, plastic mesh, reticulated coarse foam
and ﬁne foam media were operated concurrently at OLRs of 15, 35 and 60 g sCOD m2 d1 in three
bench scale shaft mounted advanced reactor technology (SMART) reactors. The sCOD removal rate
increased with loading from 6 to 25 g sCOD m2 d1 (P < 0.001). At 35 g BOD5 m2 d1, more than
2

double the arbitrary OLR limit of normal nitrifying conditions (15 g BOD5 m

1

d ); the removal

efﬁciency of NH4-N was 82 ± 5, 27 ± 19 and 39 ± 8% for the mesh, coarse foam and ﬁne foam media,
respectively. Increasing the OLR to 35 gm2 d1 decreased NH4-N removal efﬁciency to 38 ± 6, 21 ± 4
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and 21 ± 6%, respectively. The mesh media achieved the highest stable NHþ
4 -N removal rate of 6.5 ±
1.6 gm2 d1 at a sCOD loading of 35 g sCOD m2 d1. Viable bacterial numbers decreased with
increasing OLR from 2 × 1010–4 × 109 cells per ml of bioﬁlm from the low to high loading, suggesting
an accumulation of inert non-viable biomass with higher OLR. Increasing the OLR in permeable media
is of practical beneﬁt for high rate carbonaceous materials and ammonia removal in the
pretreatment of wastewater.
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INTRODUCTION
The main priorities for wastewater treatment are efﬂuent
quality, cost, energy efﬁciency and nutrient removal/recovery (STOWA ). In traditional biological treatment, the
achievable efﬂuent standard is largely dependent on the
energy applied through aeration and extended reactor retention time. This increases the cost to the operator/consumer
and the environmental impact of treatment (Vanrolleghem
et al. ). These challenges are important when commissioning or upgrading wastewater treatment plants. To
achieve discharge limits with ﬁnancial constraints it is
imperative to optimize process operation. A bioﬁlm technology known as shaft mounted advanced reactor technology
(SMART) has shown promise in addressing these challenges
(Hoyland et al. ). These units are similar to rotating biological contactors (RBCs) but the media composition is
permeable with heterogeneous architecture and a high porosity, which is thought to overcome the limitations of
RBC-like reactors (Chen et al. ). The SMART units
doi: 10.2166/wst.2014.105
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usually operate in conjunction with an activated sludge process collectively known as hybrid activated sludge. The
SMART unit operates as a roughing bulk carbon oxidation
step with nutrient removal followed by clariﬁcation in the
activated sludge stage (Hoyland et al. ). In this study,
the impact of novel media as a roughing stage was compared
for the ﬁrst time against other high speciﬁc surface area,
high porosity, commercially available alternatives.
The organic loading rate (OLR) is the principal parameter when deploying a rotating bioﬁlm reactor (RBR)
(Cortez et al. ) and impacts on bioﬁlm treatment performance (Ayoub & Saikaly ). A traditional RBR
process should have an overall maximum surface loading
of 15 g BOD5 m2 d1 to achieve simultaneous biochemical
oxygen demand (BOD5) removal and nitriﬁcation (Rittmann
& McCarty ). However, SMART units are designed as a
‘roughing step’ to rapidly remove BOD5, to reduce load for
the secondary treatment processes and improve the nitrogen
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removal capacity of the system. In RBRs the microbial population is attached on a solid medium and mean cell
residence time is independent of hydraulic residence time
(HRT), which allows greater ﬂow rates, organic loadings
and process stability than is possible in suspended culture
systems (Cortez et al. ). The addition of a roughing
step to a wastewater treatment plant can improve the stability of a process that has strong or variable loading,
increase capacity or improve the achievable efﬂuent standard (Hoyland et al. ).
Common to most bioﬁlm processes is an inert solid support medium on which the microbial community grows
(Stephenson et al. ). The physical composition and
architecture of the medium has an impact on the bioﬁlm
and the removal rate of both BOD5 and ammonia (Tawfik
& Klapwijk ). Bioﬁlm processes have unique features
that affect their bioﬁlm structure, microbial composition
and therefore substrate utilization (Wuertz et al. ).
The bioﬁlm biomass, usually expressed through the concentration of volatile solids, does not measure biological
information about the health, viability or activity of the bioﬁlm (Ziglio et al. ). The use of viability as an indicator is
useful for determining the impact of operating conditions on
bioﬁlm bacterial performance. The objectives were to establish the impact of OLR on the substrate removal rate and to
assess how the media type affects this dependency. To elucidate this relationship, the viability of the microbial
population was used to evaluate the bacterial viability
within the bioﬁlm at different surface OLRs.
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Operating conditions of the SMART units

HRT

Flow
rate

sCOD loading
rate

NHþ
4 -N loading
rate

COD/N

Load

(d)

(Ld1)

(g m2 d1)

(g m2d1)

(g COD g1N)

Low

0.115

26

15 ± 0.37

4 ± 0.14

3.25 ± 0.32

Med.

0.057

53

35 ± 2.51

10 ± 1.19

3.34 ± 0.17

High

0.028

106

60 ± 3.30

14 ± 0.27

4.35 ± 0.09

real settled sewage and were operated for a minimum of 3
weeks prior to monitoring to ensure pseudo-steady state conditions. Different OLRs were applied to each reactor: 15, 35
and 60 g sCOD m2 d1, which corresponded to 1.1, 2.2 and
4.4 L of settled sewage per hour (Table 1). To achieve stable
nitriﬁcation, a surface loading of <15 g BOD5 m2 d1 is
recommended for bioﬁlm processes (Rittmann & McCarty
). The equivalent BOD5 loading rates were ∼35, 81
and 140 g BOD5 m2 d1 based on an average sCOD:
BOD5 ratio of 1:2.3 from inﬂuent wastewater from the
study period (n ¼ 78) for low, medium and high OLRs,
respectively. The impact of OLR on trial media for
SMART units was assessed at ∼2X (low), 5X (medium)
and 10X (high) this value, as these units have high voidage
and are used in a roughing conﬁguration (Table 2). The
removal rates of sCOD and NHþ
4 -N are compared to other
process characteristics. The total operating time for the
study was 9 months with, approximately 3 months at each
loading. The SMART reactors were temperature controlled
to 15 C using a 50 W thermostatic aquarium heater (Superﬁsh, UK).
W

MATERIALS AND METHODS

Wastewater analysis and calculations

Pilot studies at varying OLRs

Inﬂuent samples were collected at 09:00, with efﬂuent
samples collected at 1, 2 and 4 h post-inﬂuent sampling
depending on the OLR studied. Wastewater was analysed
using proprietary cell test kits (VWR, UK) for total chemical
oxygen demand (tCOD) and total nitrogen (TN). The wastewater was ﬁltered through a 1.2 μm glass ﬁbre ﬁlter
(Whatman, UK). The sCOD ammonia-nitrogen (NHþ
4 -N),
nitrite-nitrogen (NO3-N) and nitrate-nitrogen (NO3-N)
were measured using a NOVA60 photometer (VWR, UK).
Total suspended solids (TSS) and volatile suspended solids
were measured according to Standard Methods (APHA
). The dissolved oxygen (DO) of the efﬂuent was
measured using an HQ30d DO probe (Hach, Germany)
and the pH of the inﬂuent and efﬂuent was measured
using a Jenway 320 pH meter (Bibby, UK). The COD was
used to assess the OLR applied as it is the more fundamental

Three bench scale SMART units were situated at Cranﬁeld
University sewage treatment works; each consisted of a plastic vessel and a single rotating shaft with permeable plastic
frames for housing the media. The media consisted of circular plates of a PVC-derived mesh, polyester reticulated foam
and polyurethane reticulated foam with speciﬁc surface area
of ±450, ±800 and ±1,000 m2 m3 — henceforth called
mesh, coarse foam and ﬁne foam, respectively. The total
media volume per reactor was 0.003 m3 (d ¼ 0.2, surface
area ¼ 0.19 m2, disk n ¼ 2, wetted volume ¼ 3 L, submergence ¼ 40%). The SMART units were operated at a
constant tip speed of 0.08 m/s (8 rpm); at this speed, the
rpm itself is unlikely to limit the substrate removal rate (Di
Palma & Verdone ). The SMART units were fed with
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Wastewater characteristics of inﬂuent feed and efﬂuent of SMART units and performance running settled sewage at different OLR ±95% conﬁdence interval
Low

Medium

High

OLR
parameter (mgL1)

Mesh

Coarse foam

Fine foam

Mesh

Coarse foam

Fine foam

Mesh

Coarse foam

Fine foam

tCODi

450 ± 82

440 ± 60

459 ± 67

297 ± 33

268 ± 39

300 ± 41

345 ± 43

347 ± 53

385 ± 60

tCODe

126 ± 27

98 ± 60

134 ± 36

135 ± 24

163 ± 26

189 ± 32

221 ± 36

183 ± 60

250 ± 48

sCODi

85 ± 13

80 ± 10.0

85 ± 9

117 ± 15

109 ± 35

129 ± 21

106 ± 15

99 ± 17

93 ± 13

sCODe

44 ± 8

40 ± 6

53.4 ± 11

73 ± 12

86 ± 13

101 ± 17

63 ± 8

67 ± 11

67 ± 12

TNi

45 ± 4

44 ± 4

42 ± 4

52 ± 9

50 ± 8

53 ± 8

42 ± 3

42 ± 2

42 ± 2

NHþ
4 -Ni

28 ± 4

26 ± 5.5

26 ± 3.5

36 ± 10

35 ± 11

NHþ
4 -Ne

5.3 ± 1.5

22 ± 7

23 ± 7

14 ± 6

30 ± 9

NO-3-Ne

18.5 ± 2

29 ± 11

24 ± 3

24 ± 2

23.1 ± 2

39.2 ± 12

23 ± 3

23 ± 2

21.0 ± 2

1.5 ± 0.25

2.0 ± 0.25

6.5 ± 1.25

1.0 ± 0.25

1.5 ± 0.5

DOe

8.4 ± 1.3

8.6 ± 0.4

7.0 ± 1.0

8.3 ± 0.3

7.4 ± 0.2

6.4 ± 0.6

4.5 ± 0.3

4.9 ± 0.5

TSSi

213 ± 56

222 ± 38

154 ± 23

150 ± 33

138 ± 23

124 ± 23

177 ± 29

161 ± 21

187 ± 35

TSSe

71 ± 13

56 ± 16

77 ± 44

25 ± 15

34 ± 11

93 ± 17

82 ± 15

103 ± 23

parameter compared to the BOD5 test (Roeleveld & van
Loosdrecht ). The media nominal surface area (Anominal)
and OLR were calculated according to Equations (1) and
(2). Nominal rates were selected, as speciﬁc surface area is
less important under high bioﬁlm growth conditions such
as the OLRs studied. The removal efﬁciency and substrate
removal rate were calculated normally
Anominal ¼ 2πr 2 þ 2πrh

(1)

OLR ¼ Si × Qi =Anominal

(2)

where r is the radius of the plate, h is the plate thickness,
Si ¼ inﬂuent substrate concentration (sCOD or NHþ
4 -N)
and Qi is inﬂuent ﬂowrate.
Microbial viability
Wastewater bioﬁlm was sampled from the media surface using
a 10 mL sterile plastic bottle at the same time as efﬂuent
samples. A dilute, dispersed cellular fraction was obtained
according to Ziglio et al. (). A 5 mL sub-sample was
mechanically disaggregated using a homogeniser (Powergen
125, Fisherbrand, UK) for 10 min at speed setting 2 (12,250
1/min). Samples were diluted using 0.22 μm ﬁlter sterilised
NaCl solution (0.085%) (Boulos et al. ). The samples
were then disaggregated for a further 5 min to obtain the maximum number of viable bacteria (Ziglio et al. ). Differential
centrifugation 180 × g (rmax ¼ 3.5, microcentaur, MSEUK,
UK) was used to separate the bacteria (in the supernatant)
from the solids and extracellular debris (pellet) (Lunau et al.

Downloaded from https://iwaponline.com/wst/article-pdf/69/9/1926/470917/1926.pdf
by guest

53

1 ± 0.25

1 ± 0.25

1 ± 0.5
3.4 ± 0.4

). The bacteria were diluted to give approximate bacterial
numbers per ﬁeld of view. Bacterial samples were stained with
LIVE/DEAD® BacLight™ test (Invitrogen, Glasgow, UK)
according to the manufacturer’s guidelines with modiﬁcations
according to Boulos et al. (). The bacterial sample was
then vacuum ﬁltered onto a black polycarbonate membrane
ﬁlter (0.22 μm pore size, 25 mm diameter; Nucleopore, Whatman, UK). The ﬁlter was washed with sterilised NaCl solution
(0.085%) and mounted on a microscope slide with a drop of
LIVE/DEAD® BacLight™ mounting oil, and a coverslip was
placed over the ﬁlter and ﬁxed with clear nail polish
(Rimmel London, UK). Cells were viewed under oil immersion
on an LSM 510 META confocal laser scanning microscope
(Carl Zeiss, Inc., Germany) with Axiovision software.
Images for cell counts were acquired using a Zeiss LSM
camera. Image processing with the imageJ program (Abramoff
et al. ) was used to prepare images for counting. The
number of viable (green) and dead (red) bacteria was then calculated, taking dilutions into account.
Experimental design
The performance aspect of this study was based on a pilot
(n ¼ 10); the averages and standard deviations were used
to calculate the sample size using G*power 3. There were
12 and 11 samples per group for sCOD and NHþ
4 -N (95%
conﬁdence interval, 50% power), respectively. A balanced
statistical design was used and the assumptions of parametric statistics were met. The grouped data of loading
and media data were normally distributed KolmogorovSmirnov, sCOD p > 0.01; NHþ
4 -N p > 0.01). To test if
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whether there was a difference in the removal rate of sCOD/
NHþ
4 -N with both organic loading and media type, separate
one way analysis of variance (ANOVA) was undertaken
(SPSS, IBM, USA). The viability test was performed on the
last 3 days of performance data. Each sample was analysed
in triplicate and incorporated recommendations by Lisle &
Hamilton () to achieve representative counts.

RESULTS AND DISCUSSION
Effect of OLR on sCOD removal
The removal rate of sCOD was ranked from greatest to least
mesh > coarse foam > ﬁne foam for all studied loadings
except for the medium OLR, where the ﬁne foam had a
higher removal rate of 8 gm2 d1 compared to 6.5 gm2 d1
for the coarse foam (Figure 1(a)). The mesh and the coarse
foam media had signiﬁcantly higher removal rates at this
loading (p < 0.05). The mesh media achieved superior
sCOD removal of 6, 14 and 26 gm2 d1 at low, medium
and high loads, respectively (Figure 1). The foam media
sCOD removal rate did not increase in proportion to OLR,
unlike the mesh media. Bioﬁlm bridging probably reduced
the active bioﬁlm surface area and reduced the transfer of
oxygen and substrates (Gujer & Boller ). At a higher
OLR, the removal rate of the permeable media increased
but the removal efﬁciency decreased, which has been
noted previously (Hiras et al. ). Sayess et al. ()
achieved consistently high COD removal efﬁciency of
>86% at loadings of 5 or 10 gm2 d1 in RBC systems.
Chen et al. () obtained an increase in removal rate
from 30 to 38 g tCOD m2 d1 with increasing OLR. Di
Palma & Verdone () found that 23 g TOC m2 d1
was the OLR threshold, after which the removal rate of
organic carbon decreased due to reduced oxygen transfer.
However, increasing rotational speed reduced this effect.
Most of these studies utilised synthetic sewage, which is
more readily biodegradable than real sewage, so results
should be compared with caution. At a volumetric organic
loading rate (vOLR) of 4.0 kg sCOD m3 d1 the mesh
media achieved a reactor volumetric removal rate of
1.4 kg sCOD m3 d1, which is similar to the upper limit
for high-rate suspended growth systems that have vOLR
from 1.5–3 kg BOD5 m3 d1 (WEF ). Roughing trickling ﬁlters are operated with a vOLR of >1.5 kgm3 d1
with a reported removal rate of <1 kgm3 d1 (WEF ).
The SMART unit achieves a higher removal rate with a
lower footprint, without excessive odour or ﬂies.

Downloaded from https://iwaponline.com/wst/article-pdf/69/9/1926/470917/1926.pdf
by guest

Figure 1
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(a) Surface removal rate of sCOD (g sCOD m2 d1) related to OLR. Error bars
indicate ±95% conﬁdence intervals (based on SEM and n ¼ 12). Numbers
þ
above bars are percentage removal: (b) Removal rate of NHþ
4 -N (g. NH4 -N

m2 d1 related to OLR. Error bars indicate ±95% conﬁdence intervals (based
on SEM and n ¼ 11). (c) Viable ‘membrane’ ‘intact’ and bacterial counts per ml
of bioﬁlm with OLR. Error bars indicate ±1 standard deviation from the mean.

Effect of OLR on nitrogen oxidation
The mesh media achieved the highest ammonia removal rate
of 3.8 and 6.5 gm2 d1 at the low and medium OLRs, which
was greater than the foam media (p < 0.05). The mesh media
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achieved greater sCOD and NHþ
4 -N removal and stable nitriﬁcation at OLR of up to 35 g sCOD m2 d1 (Figure 1(b)). Chen
et al. () achieved a ﬁrst stage removal of 1.9 g.NHþ
4 -N
removal, at a COD loading of 51 g tCOD m2 d1 at 2 hours
HRT. There was little or no TN removal as no solids separation
was incorporated in the SMART units. The mesh media exhibited three times the NHþ
4 -N removal at double the soluble
COD concentration than previously reported for traditional
solid disc RBCs fed with real municipal wastewater. An incremental increase in OLR reduced the NHþ
4 -N removal rate by a
factor of 4.3; however, an increase in COD/N ratio could have
exacerbated this (Table 1). At the high OLR, nitriﬁers incur
greater mass transport resistance and physical competition
from heterotrophs (Okabe et al. ); these performance
data for novel media suggest that a washout, selection or inhibition mechanism occurred (Gujer & Boller ). Ayoub &
Saikaly () showed that the negative effects of OLR on
NHþ
4 -N removal efﬁciency can be reduced using step feeding
and an internal recycle. To provide nitriﬁcation, a trickling
ﬁlter OLR should be <0.5 kg BOD5 m3 d1 (WEF ).
The maximum NHþ
4 -N reactor agreed volumetric removal
rate (VRR) of the mesh media was 0.4 kg sCOD m3 d1 at a
vOLR of 2.1 kg sCOD m3 d1.
Bacterial viability with OLR
The Baclight test is one of the most conservative indirect
measures of viability and has been applied previously to wastewater matrices such as activated sludge and RBC bioﬁlms
(Ziglio et al. ). In this study, the number of viable cells
ranked from mesh > coarse foam > ﬁne foam for all studied
loadings except for 35 g sCOD m2 d1 (Figure 1(c)). This
reﬂected the sCOD removal data, as 8 and 6 g sCOD m2 d1
were removed from the ﬁne foam and coarse foam,
respectively (Figure 1(a)). The viable cell number ranged from
2 × 1010–4 × 109 cells per ml at the lowest loading for the mesh
media and highest loading for the ﬁne foam media respectively
(Figure 1(c)) (Table 2). The viable bacterial cell number declined
by a factor of 2.9, 2.7 and 1.6 from low to high loading for the
mesh media. However, the sCOD removal rate increased by a
factor of 5, 3.8 and 3.6 for mesh, coarse foam and ﬁne foam,
respectively. These data showed a strong negative correlation
between removal rate and viable cell number where 92 and
73% of the variation was explained by the regression line for
mesh and coarse foam, respectively (P < 0.05), but not for ﬁne
foam (P > 0.05), due to low removal rates demonstrated under
all tests. If an identical quantity of bioﬁlm was present on the
media then the speciﬁc sCOD removal rate of each bacteria
in the bioﬁlm would increase by a factor of 14.5, 10.8 and 5.76
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for mesh, coarse foam and ﬁne foam, respectively. The data are
consistent with the bioﬁlm theory of reduced bacterial density
with increasing OLR (Okabe et al. ).
The results indicated that the most permeable media is
preferred to achieve stable ammonia removal and simultaneous carbon oxidation at the lowest OLR (Figures 1(a)
and 1(b)), even though the speciﬁc surface area for attachment and biomass thickness is lower. The bioﬁlm substrate
removal rate increases with biomass thickness up to a critical thickness, after which the rate of oxygen transfer is
greater than the rate of oxygen respired (Stewart & Franklin
). Oxygen will become limiting and a further increase in
bioﬁlm thickness will not improve the removal rate (Arvin
& Harremoës ). The mesh media with more open architecture allowed greater sCOD and ammonia removal while
propagating conditions for a higher viable bacteria cell
number (Figures 1(a)–1(c)). It is reasonable to suggest that
open structure, non-uniform media would enhance the physical oxygen transfer to the bioﬁlm compared to more closed
pore foam alternatives. The inverse association between
media speciﬁc surface area and porosity appears less important when considering OLR under high load scenarios as
bioﬁlm bridging reduces transfer and limits bacterial
activity. There was growth of Beggiatoa-like species at loadings >35 g sCOD m2 d1; this component of the bioﬁlm
was too large to feature in the viability analysis and contributed to the debris. Therefore, as the viability of the bioﬁlm
decreased, the amount of biomass could have increased,
explaining the greater performance even though average cellular activity could be reduced. The results presented suggest
that with increasing OLR, the concentration of viable cells
decreases. Further study of the architectural properties of the
media and the activity of the bioﬁlm could further elucidate
this trend with reference to performance. However, an association between operating conditions and bioﬁlm physiology
was noted. In full scale SMART reactors, a periodic air
sparge controls the bioﬁlm bridging of media; this method
could be used to control bioﬁlm growth rate analogous to
sludge wasting in activated sludge systems.

CONCLUSIONS

•
•

Increasing the OLR in all the permeable media resulted
in greater removal rates, but lower percentage removal
efﬁciency.
The mesh media exhibited the highest (6 g.NHþ
4 -N
m2 d1) ammonium removal rates, even at soluble
sCOD loads of 35 gm2 d1 and low HRT.
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Media porosity was similar for the permeable media
studied; the architecture and sizes of the apertures
appeared to impact the maximum removal rate.
The viability of the bacteria in the bioﬁlm had a signiﬁcant negative correlation with sCOD loading for the
mesh and coarse foam media.
Understanding the impact of process condition on bacterial viability could improve bioﬁlm performance
during wastewater treatment.
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