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a b s t r a c t

This paper characterized a new fixed rope media system to upgrade decentralized and
small-scale wastewater treatment plants. A primary effluent of municipal wastewater
was treated using two pilot-scale reactors equipped with full-scale sized fixed rope
media technology, one of the reactors was aerated using a coarse bubble tube and the
other using a custom fine bubble aeration system. The study examined the impact of the
aeration scheme and intensities and the COD/NH3-N ratio on ammonia and COD removal
rates, excessive biofilm growth, slough-off, and microbial communities’ composition. The
average biofilm ammonia and COD removal rates ranged from 0.23 ± 0.15 to 0.38 ± 0.26
gNH3-N/m2.d and 1.35 ± 0.95 to 3.05 ± 1.21 gCOD/m2.d, respectively. The fine and
coarse bubble reactors showed comparable carbon oxidation rates; however, the fine
bubble reactor showed a higher nitrification rate than the coarse bubble reactor at lower
aeration intensities despite the similar dissolved oxygen concentration. Correspondingly,
an increase in COD/NH3-N and excessive biofilm growth decreased the NH3-N removal
performance but did not affect the COD removal efficiency. Further analysis of the
microbial communities composition revealed that the reactors supported a relatively
substantial amount of AOB (55 and 63%) and denitrifying bacteria (36 and 21%) with a
relatively lower NOB (7 and 8%) and anammox (1 and 8%) species in the fine and coarse
bubble aeration reactors, respectively. Overall this study demonstrated the feasibility of
one stage fixed rope media to treat COD and ammonia and meet treatment objectives,
thus providing an alternative solution to decentralized and smaller plant upgrades.

© 2022 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Demand for fixed-film biological wastewater treatment is growing for conventional plant upgrades to attain nitrifi-
ation and subsequent secondary effluent standards and increase plant capacity through increased biomass inventory
er plant footprint. Furthermore, fixed-film technologies for decentralized or onsite nutrient removal are increasingly
onsidered to meet future realistic effluent nutrient regulations (Rout et al., 2021). Fixed-film treatment systems include
rickling filters, rotating biological contactors, fluidized bed, moving bed biofilm reactors, biological granular activated
arbon, membrane aerated biofilm and immobilized cell reactors. The advantages of fixed-film reactors compared to
onventional activated sludge systems include (i) simple operation; (ii) handling shock loads; (iii) better process stability
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and resiliency; (iv) lower sludge production and (v) reduced footprint (WEF, 2011; Waqas et al., 2020; Nowrouzi and
Abyar, 2021; Xu et al., 2021; Mehrabi et al., 2020; Mannina et al., 2020).

The disadvantages of fixed-film processes are more specific to each technology. However, some general concerns
ssociated with fixed-film processes include (i) potential clogging of the media system as a result of inadequate
creening; (ii) excessive growth, which could plug the media system or cause free-floating media to sink, (iii) high energy
equirement and (iv) inadequate mixing or short-circuiting resulting in inefficient use of the media (WEF, 2011).

In recent years, smaller and passive wastewater treatment operations, including decentralized systems and lagoons
nitially designed for carbon removal, are required to meet ammonia removal objectives. This requirement has brought
ttention to developing robust, resilient, and cheaper biofilm systems for decentralized and small-scale wastewater
reatment systems. So far, different types of advanced low-cost fixed-film media systems have been developed to enhance
reatment capacity and nutrient-removal capabilities that include (1) Looped-cord or strand media: a rope-type media, (2)
ccuWeb: a mesh-type media, (3) BioWeb: a woven media that has a mesh-like pattern and (4) Sponge media (Captor
r Linpor) (Sen et al., 2006; Bushey et al., 2009; Borchert et al., 2011; WEF, 2011). Bushey et al. (2009) performed an
ntegrated fixed-film activated sludge (IFAS) pilot study using Bioweb fixed media to enhance tank capacity and cold
eather nitrification. The addition of BioWeb allowed for the conversion of 25% of the aeration basin to an anoxic basin,
roviding additional denitrification capacity at a facility with no room for expansion. Borchert et al. (2011) demonstrated
design nitrification rate of 0.039 g/m2 of BioWeb media at a minimum wastewater temperature of 9 ◦C. The previous
tudies on these advanced fixed-biofilm systems focused mainly on evaluating the treatment efficiency under a given
perating condition. The reported nitrification rates were on the lower side, requiring further process optimization and
haracterization of biofilm performance under diverse wastewater characteristics. Besides the impact of different aeration
chemes on the media system’s performance and microbial growth, aeration efficiency and modeling of these fixed-film
astewater technologies to improve performance were not considered.
This study used fixed rope media in a flow-through mode to assess how such fixed-media performs in different

eration environments and wastewater characteristics. The operating conditions considered in the current study were
epresentative of small communities or distributed systems. The specific objectives of this study were to (i) evaluate the
mpact of different aeration schemes and aeration intensities on the fixed-film system performance, and the dynamics
f microbial communities developed and (ii) examine the impact of COD/NH3–N ratio and biofilm excessive growth and
lough off on NH3–N and COD removal rates.

. Materials and methods

.1. Reactor setup and operation

The type of media used in this study was a fixed rope media called BioCord (Fig. S1, Supplementary material). BioCord
s a solid woven material made of polypropylene and developed by Bishop Water Technologies (Renfrew, Ontario, Canada)
Gan et al., 2018). The study was conducted using two pilot systems consisting of two full-scale BioCord cassettes
ndividually housed in 2 m3 reactors (Fig. 1). The pilot reactors were installed at a test bay located in the Greenway
ollution Control Plant (PCP) (London, ON, Canada). Reactor 1 (referred herein as R1) is a biofilm reactor equipped with
coarse bubble tube and a blower (Model No. DBMX300, Diann Bao Inc., Changhua, Taiwan) aeration system. Reactor 2
referred herein as R2) is equipped with a custom fine bubble and compressor (Canadian pond CSP14.50, Québec, Canada)
eration system. The system also had a third tank that serves as a holding tank and helps to equalize the flow to each
eactor. All the reactors were seeded with waste-activated sludge (WAS) from the Greenway PCP. The reactors were
ontinuously fed with a primary effluent (PE) from the break tank using two dedicated peristaltic pumps (WT600-4F,
onger Precision Pump Co., Ltd., Hebei, China) per the design flow.
Reactors R1 and R2 were operated in parallel under similar process and operating conditions, including hydraulic

etention time (HRT), influent characteristics, and specific surface area of the media. The surface area of the fixed rope
edia cassette in each reactor was 140–145 m2. All the reactors have a working volume of 1890 L and were operated at a

low rate of 2 L/min. The diffusers were mounted at the bottom of each media cassette, and cleaning of the air pipes and
iffusers was done whenever necessary using bio-purge liquid (Anjou Technologies Inc., Marieville, Canada). The bio-purge
iquid eliminates the biofilm and calcium deposits that may be hindering the efficiency of the aeration system.

This study was conducted at design and reduced airflows; the design airflows for reactors R1 and R2 were 96 L/min
nd 50 L/min, respectively. The reduced flows were 50 and 30 L/min for reactor R1 and 30 L/min for reactor R2. The
xperimental design is summarized in Table S1 (in the supporting document). The changeover of the airflows was made
nce a steady-state condition was achieved.

.2. Influent characteristics

The pilots were fed authentic municipal PE with an average tCOD and NH3–N concentrations of 210.1 ± 68.6 and
3.9 ± 6.9 mg/L, respectively. The pH for reactors R1 and R2 were 7.68 ± 0.22 and 7.59 ± 0.15, respectively. The average PE
haracteristics are shown in Table 1. The pilot was operated in a flow-through mode, and the performance was monitored
ver 200 days for NH3–N and COD removal. A variation in feed NH3–N and COD concentration was observed during
he duration of this study. The COD/NH3–N ratio observed in the present study ranges from 5 to 20, which allowed
haracterizing the system performance under dynamic loading and wastewater composition.
2
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Fig. 1. Schematic of reactor operation.

Table 1
Characteristics of primary effluent.
Parameter Average ± SD

pH 7.2 ± 0.2
Alkalinity as (CaCO3), mg/L 330.5 ± 46.6
tCOD (mg/L) 210.1 ± 68.6
TSS (mg/L) 109.3 ± 44.1
TKN (mg/L) 34.1 ± 5.0
NO2–N (mg/L) 1.8 ± 1.27
NO3–N (mg/L) 0.5 ± 0.05
NH3–N (mg/L) 23.9 ± 6.9

2.3. Analytical schedule and methods

Bioreactor temperature, dissolved oxygen (DO), and pH were monitored daily. Influent and effluent samples were
ollected twice per week for total and soluble COD, NH3–N, NO2–N, NO3–N, alkalinity, TSS, and VSS analysis. The samples
ere measured for BOD5 and TKN once a week. The DO concentration, pH and temperature were measured using a YSI
ortable meter (YSI, Xylem). COD, NH3–N, NO2–N, NO3–N, and TKN were measured using HACH kits and HACH DR/2000
hotometer (HACH, Loveland, CO). Alkalinity (APHA 2320B), TSS (APHA 2540 B), VSS (APHA 2540 E), and BOD5 (APHA
210 B) were measured using the standard method of APHA (APHA et al., 2005).

.4. Microbial analysis

The biofilm and mixed liquor microbial analysis was done at a commercial molecular research DNA LAB. The mixed
iquor samples were centrifuged at 4500 rpm for 5 min, and the pellets were shipped for analysis. The mixed liquor
nd the biofilm samples were frozen before being sent for analysis. The DNA analysis was conducted utilizing 16S rRNA
ene V4 variable region PCR primers 515/806 in a single-step 30 cycle PCR using the HotStarTaq Plus Master Mix Kit
Qiagen, USA). The analysis was conducted under the following PCR program conditions: 94 ◦C for 3 min, followed by
0 cycles (5 cycles used on PCR products) of 94 ◦C for 30 s, 53 ◦C for 40 s and 72 ◦C for 1 min, after which a final

elongation step at 72 ◦C for 5 min was performed. Sequencing was performed on an Ion Torrent PGM following the
manufacturer’s guidelines. Sequence data were processed using a proprietary analysis pipeline (MR DNA, Shallowater,
TX, USA). In summary, sequences were depleted of barcodes and primers, then sequences <150bp, ambiguous base
calls, and homopolymer run exceeding 6bp were removed. The sequences were denoised, operational taxonomic units
(OTUs) generated, and chimeras removed. OTUs were defined by clustering at a 3% divergence (97% similarity). Final
OTUs were taxonomically classified using BLASTn against a database derived from RDPII (http://rdp.cme.msu.edu) and
NCBI (www.ncbi.nlm.nih.gov).
3
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2.5. Off-gas oxygen concentration analyzer setup

A simplified off-gas analyzer was constructed and installed for measuring the off-gas oxygen fraction twice per week,
ollowing a method proposed by Redmon et al. (1983). In the present study, the collected oxygen fraction data was used
o determine the oxygen transfer efficiency (OTE) and evaluate each aeration system’s dynamic oxygen transfer rates and
heir relationship to microbial oxygen consumption. The off-gas analyzer consists of a hood (95 cm × 95 cm × 10 cm)
made of acrylic, oxygen analyzer (AMI model 70R1, Huntington Beach, CA, USA), diaphragm pump, Drierite gas drying
column (Xenia, OH, USA) and a column (2.5 cm × 20 cm) filled with NaOH pellets (Sigma-Aldrich) (Fig. S2, Supplementary
material)

2.6. Oxygen transfer rate analysis and calculations

Biofilm systems are primarily diffusion-limited, contrary to suspended growth systems, which are kinetically limited
(Boltz and Daigger, 2010); hence characterizing mass transfer phenomena in biofilm systems is necessary. Oxygen transfer
is often the rate-limiting step in aerobic biofilm processes due to the low solubility of oxygen in the medium (Garcia-Ochoa
and Gomez, 2009). The mass balance for the dissolved oxygen in a complete mixed system was established, as shown in
Eq. (1) (Garcia-Ochoa and Gomez, 2009; Garcia-Ochoa et al., 2010). These equations relate two critical nonlinear time-
varying parameters that characterize the DO concentration dynamics, including the oxygen uptake rate (OUR) related to
microorganism activity and the volumetric oxygen mass transfer function, represented by the oxygen transfer rate (OTR)
(Pittoors et al., 2014). This study determined the OTR based on the dynamic OTE values using the measured off-gas oxygen
concentration (Eq. (2)) and compared it with the actual oxygen requirement determined as per Eq. (3). The OTR and OUR
comparison identify the fraction of oxygen transferred to the system and consumed by the biomass. Fundamentally, if
OTR is equal to OUR, there will be no excess or deficit oxygen to increase/decrease dissolved oxygen levels in the reactor
(Trillo et al., 2004).

dC/dt = OTR − OUR (1)

OTR = Q ∗ OTE ∗ O2air (2a)

OTE =
O2 in − O2 out

O2 in
(2b)

OUR = OURN + OURC + OURD (3)

here dC/dt = oxygen accumulation rate in the liquid phase (mgO2/L h), OTR = the oxygen transfer rate from the gas to
he liquid (mgO2/L h), OUR = the oxygen uptake rate by the microorganism (mgO2/L h),OTE = oxygen transfer efficiency,

= airflow rate (L/h),O2air = oxygen concentration entering the system (mg/L), O2in = Oxygen fraction entering the
ystem, O2out = Oxygen fraction leaving the system (measured by the off-gas analyzer, Section 2.4), AOR = actual oxygen
equirement (kg/h); OURN = oxygen uptake rate of nitrification (kg/m2 h), OURC = oxygen uptake rate of carbon oxidation
kg/m2 h), OURD = oxygen uptake rate for endogenous respiration (kg/m2 h).

.7. Statistical analysis

Data analysis was done using MINITAB 16 (Minitab Inc., State College, PA). The level of statistical significance was
etermined using a t-test, and correlations were considered statistically significant at the 95% confidence interval (p <
.05).

. Results and discussions

.1. Evaluation of aeration efficiency and oxygen uptake rate

In most water and resource recovery facilities (WRRFs) in Europe and North America, aeration is still the most energy-
ntensive process (up to 50%–80%) of the total facility energy cost and corresponds to 1% of these countries’ total electricity
sage (Amaral et al., 2018). One of the key objectives of this study was to discern the minimum energy expenditure of
he aeration system necessary to treat the PE using fixed media and reduce ammonia levels below regulatory limits.
everal factors related to the aerator system and biological performance were considered to identify the optimal energy
xpenditure. Table 2 shows a summary of the average bulk liquid dissolved oxygen (DO) level, the oxygen transfer rate
OTR) and oxygen uptake rate (OUR under different airflow conditions and aeration systems.

Comparing the bulk liquid DO levels under the two aeration schemes at different airflow rates, it can be seen that
he DO was not impacted significantly by the airflow rates (Table 2, Fig. S3 (Supporting material)). Table 2 also shows no
ignificant difference in the bulk liquid DO for a custom fine bubble aeration scheme when the gas flow rate was reduced
4
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Table 2
Average aeration efficiency, oxygen uptake rate, and process performance.
Parameters Fine bubble (R2)

airflow rate (L/min)
Coarse bubble (R1)airflow rate (L/min)

50 30 96 50 30

Days of operation 110 130 110 100 30
Bulk liquid DO (mg/L) 5.45 5.12 6.47 4.90 4.29
OUR (kg/h) 0.016 0.013 NA 0.016 0.011
OTR (kg/h) 0.017 0.017 NA 0.018 0.015

from 50 L/min (average DO = 5.45 mg/L) to 30 L/min (average DO = 5.12 mg/L). Similarly, air flow change from the
esign airflow (96 L/min) to a reduced airflow rate (50 and 30 L/min) did not significantly impact the bulk liquid DO for
he coarse bubble aeration scheme (Table 2 and Fig. S3 (Supporting material)). At all airflow rates, the fine bubble aeration
aintained a sufficient bulk liquid DO (Table 2) and was comparable to the optimal 5 mg/L bulk liquid DO concentration

equired for stable nitrification in biofilm systems (Park et al., 2008; Hwang et al., 2009). The 5 mg/L optimal bulk liquid
O level is higher than that in suspended processes (DO = 2 mg/L). It is important to note that the actual DO at the
iofilm would be less than the bulk liquid DO due to oxygen transfer resistances from the bulk liquid to the biofilm.
The results from the pilot study were compared with the airflow requirements of the full-scale Greenway activated

ludge plant equipped with fine bubble aeration. The theoretical airflow requirement was calculated for an operating
ondition of 15 h. hT and considering the past/historical wastewater characteristics of Greenway PCP (average influent
OD5 and TKN concentration of 55 and 27.7 mg/L, respectively) was 44 L/min (Table S2, Supporting material). The
alculated airflow is lower than the one used for coarse bubble aeration but higher than the one obtained for fine bubble
eration in this study. This study showed that 30 L/min and 50 L/min for the fine bubble (reactor R2) and coarse bubble
reactor R1) aeration systems were the lower thresholds specific air flowrates resulting in corresponding DO levels 5.12
g/L and 4.19 mg/L, respectively. These lower threshold flowrates help achieve lower energy consumption and lower
perating costs.
Airflow typically is governed by process oxygen requirements in carbon oxidation and combined carbon oxidation

nd nitrification systems. A study on airflow rate on MBBR indicated that the minimum specific airflow rate required to
istribute plastic biofilm carriers uniformly is 120 to 240 m3/m2 d, with a typical design value in the range of 144 to
92 m3/m2 d (McQuarrie and Boltz, 2011). In this study, the specific airflow rates for the coarse bubble (reactor R1) and
he fine bubble (reactor R2) aeration systems at design airflow were 0.984 m3/m2 d and 0.48 m3/m2 d, respectively. The
eager-specific airflow rate compared to MBBR is an advantage and result in reduced operating costs. Note that MBBRs

equire more air for moving or mixing the plastic carriers, whereas, in the case of BioCord, there is no need to move the
edia.
Further, the fraction of oxygen transferred to the system (OTR) and oxygen consumed by the biomass (OUR) was

ompared to assess the aeration efficiency (Table 2, Fig. S4 (Supporting material)). An aeration system is considered
fficient if the system transfers oxygen to meet the demand if the AOTR and AOR values are comparable. Overall, no
ignificant difference was observed between the OTR and OUR at the 50 LPM airflow rates; however, the observed OUR
as lower than the OTR at reduced (30 LPM) airflow rates indicating a less efficient oxygen transfer process in the latter
est condition.

.2. Comparison of reactor performance

.2.1. Nitrogen removal performance
Table 3 shows the average NH3–N and tCOD loading and removal rates noted for each system and the corresponding

ulk liquid DO concentration during the specific aeration flow rates employed in this study. Comparable removals up
o 99% for NH3–N were achieved in the reactors operated with the fine bubble and coarse bubble aeration systems at
esign airflow rates of 50 L/min and 96 L/min, respectively, with an average NH3–N removal rate of 0.38 and 0.37 g/m2

, respectively (Table 3). The average ammonia removals obtained in this study were one order of magnitude higher
han the 0.039 g/m2 d reported earlier using low-cost fixed film media systems such as BioWeb media (Borchert et al.,
011). The maximum NH3–N removal rate achieved was 0.75 and 0.72 g/m2 d for fine bubble and coarse bubble aeration
ystems. In addition, the t-test also indicated that the mean effluent NH3–N concentration for both aeration systems was
ot statistically different (p = 0.22) at these design airflow rates. Therefore, comparable ammonia removal rates can be
chieved with a lower airflow rate (50 L/min) using the custom fine bubble aeration and a higher airflow rate (96 L/min)
sing the coarse bubble tube aeration. The considered design air flowrates were based on Bishop Water Technology’s
ecommendation and current design practice. Upon reducing the airflow rates to 30 L/min, the observed ammonia removal
ate in R2 remained the same at 0.38 g/m2-d. However, the NH3–N removal achieved with the coarse bubble aeration
ropped to 0.23 g/m2-d (less than 60%), which could be attributed to mass transfer resistance related to mixing and/or
iofilm scouring intensity as discussed below (Table 3).
Aeration provides scouring (for biofilm thickness control) and mixing (for replenishing the media with a new substrate)

apability beyond satisfying the biological process aeration demand. In this study, the NH –N performance of R2 (coarse
3

5
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Table 3
Comparison of fine and coarse bubble aeration systems at different airflow rates.
Reactor Airflowb DOa NH3–N mean (std) tCOD mean (std)

type rate (L/min) (mg/L)
mean (std)

Removal
(%)

Loadingb rate
(g/m2 d)

Removal rate
(g/m2 d)

Removal
(%)

Loading rate
(g/m2 d)

Removal rate
(g/m2 d)

R2 50 5.45
(1.69)

89.9 0.42
(0.24)

0.38
(0.26)

82.3 2.90
(1.20)

2.39
(1.21)

30 5.12
(1.05)

85.2 0.45
(0.35)

0.38
(0.27)

64.8 2.27
(1.29)

1.47
(1.08)

R1 96 6.47
(1.67)

79.6 0.47
(0.13)

0.37
(0.13)

71.7 4.25
(1.43)

3.05
(1.21)

50 4.90
(1.00)

88.0 0.44
(0.26)

0.38
(0.24)

81.2 2.51
(1.15)

2.04
(1.10)

30 4.29
(1.05)

58.0 0.40
(0.35)

0.23
(0.15)

59.5 2.27
(1.29)

1.35
(0.95)

aDO = bulk liquid dissolved oxygen concentration.
Design airflow rates and ammonia loading rates were based on Bishop Water Technology’s recommendation and current design practice.

ubble aerator reactor), when operated at air flows of 50 L/min and 30 L/min, were 88% and 58%, respectively. Note
hat the DO at these air flows (4.90 and 4.29 mg/L, respectively) were comparable. Therefore, although the 70% process
irflow decrease in R1 (coarse bubble aeration) did not decrease the bulk liquid DO level, the impact on the ammonia
emoval performance was detrimental (a corresponding 40% decrease). This impact could have been caused by the lack
f scouring and/or mixing at the reduced airflow rate. The nitrifiers (ammonia and nitrite-oxidizing bacteria) typically
row in the most inside layer of the biofilm, whereas the other heterotrophic bacteria (aerobic carbon oxidizers) grow on
he outer side. The lower ammonia removal performance at the lower airflow but similar bulk liquid DO concentration
ndicates poor biofilm control leading to potential overgrowth of heterotrophic bacteria that limited the ammonia and
xygen diffusion from the bulk liquid to the biofilm. Another reason could be a limitation in substrate mixing that limits
ubstrate diffusion from the bulk liquid into the biofilm. The observation from the coarse-bubble reactor was consistent
ith previous studies. For example, experimental results from nitrification kinetics of biofilm studies conducted by Chen
t al. (2006) indicated that mixing caused by aeration significantly impacted the nitrification rate in fixed film reactors.

.2.2. COD removal performance
The fixed-film reactors run with design 50 L/min and reduced 30 L/min airflows using custom fine bubble aeration

Reactor R2) achieved tCOD removal rates of 2.39 and 1.47 g COD/m2 d, respectively. The corresponding tCOD removal
ates found with the coarse bubble tube aeration were 2.04 and 1.35 g COD/m2 d at 50 L/min and 30 L/min airflows,
espectively. Therefore, the COD removal capacity of the fixed rope media is higher for custom fine bubble aeration
ompared to the coarse bubble aeration by about 15% (for 50 L/min airflows) and by 8% (for 30 L/min airflows). The
ighest COD removal rate was observed in R1 (coarse bubble aeration) operated at the highest 96 L/min; however, the
orresponding removal was 72% lower than the 50 L/min airflow operation. The discrepancy comes from the difference
n the loading rate, which was 4.25 (at 96 L/min) versus 3.19 (at 50 LPM). Generally, removal rates are proportional to
oading rates, where high removal rates correspond to higher loading rates and vice versa (Jianlong et al., 2000; Mehrabi
t al., 2020). Therefore, these results should be interpreted carefully.
The results from the current study were also compared with the previous similar type of biofilm studies primarily

esigned for COD removal (Table 4). Comparing the fixed rope media in the current study with other fixed-film reactors
ay be a challenge because of the variation in the specific area of the fixed media, process configuration such as
iofilm-based (this study) versus IFAS (biofilm + suspended biomass-based) type treatment (Table 4), and the strength
f wastewater treated. The COD removal performance achieved by this study (82.3 and 82.1 for the fine bubble and
oarse bubble tube aeration, respectively) is comparable to those reported in other IFAS studies except the loop knitted
olypropylene fabric that achieved a COD removal of 92% (Table 4). It should be noted that the loop knitted polypropylene
abric IFAS processes were operated at a higher COD loading rate of 1786 g/m3 d compared to this study, which was
perated at 200–225 g/m3 d.

.2.3. Influence of COD/ammonia ratio on treatment efficiency
Another parameter that was investigated in this study is how the tCOD/ammonia nitrogen (COD/N) ratio influences the

eactor performance relative to carbon and ammonia removal. Note that a study conducted by Mannina et al. (2020) on an
FAS-MBR system confirmed that the COD/N ratio is a critical variable affecting treatment efficiency. The COD/NH3–N ratio
observed in the present study ranges from 5 to 20 (the average being 9.8) (Fig. 2). An increase in COD and corresponding
sudden increase in COD/N ratio occurred on the 8th, 17th, 56th, 77th, 128th, 140th and 185th day of pilot operation (Figs. 2
and 3) that allowed assessment of the COD/N ratio on the pilot performance. The increase in COD had never affected the
dynamic COD removal efficiency of the reactors that remained above 71% irrespective of the COD load. However, the
ammonia removal was affected, often taking 2 to 3 days to recover and come to the optimum NH –N removal (Fig. 2).
3
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Table 4
Average COD loading and removal rates of different fixed-film bioreactors.
Type of fixed-film media COD loading (g/m3 d) COD loading (g/m2 d) % Removal Reference

Looped-cord NA NA 78–90b Haley III (2001)
Loofa Sponge 400–2400 81.3–93.4 Nabizadeh et al. (2008)
Loop knitted polypropylene fabric 1786 NA 92 Singh and Kazmi (2016)
Submerged ceramic tiles NA 5–20a 67.8–73.6 Hamoda and Al-Sharekh (1999)
Polyurethane foam NA NA 85–90 Jou and Huang (2003)
Plexiglas sheets 110–1300 0.31–3.71 80–92.5 Eslami et al. (2018)
Fixed rope media (custom fine bubble aeration) 202.94 2.90 82.3 This study
Fixed rope media (tube aeration) 223.46 3.19 81.2 This study

ag BOD/m2/d.
% BOD removal.

or example, for the custom fine bubble aeration up to 110th day (airflow = 50 l/min), the average influent and effluent
H3–N concentrations were 23.31 and 4.74 mg/L, respectively, resulting in an 80% ammonia removal. However, the NH3–N
emoval decreased to 52% and 47% on the 17th and 56th day, respectively, when the COD spike was observed. The decline
hows that carbon oxidation prioritizes nitrification with the co-diffusion biofilm systems like fixed rope media, where
ll substrates diffuse from the bulk liquid to the biofilm. In these systems, the carbon oxidizers grow on the exterior of
he biofilm, where it is rich in both oxygen and carbon substrates. The increase of organic loading rate (OLR) promotes
ompetition among heterotrophic species with ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB) to
ccess the available DO and organic matter (Nowrouzi and Abyar, 2021). Therefore, when there is an abundant organic
arbon source, the heterotrophic bacteria proliferate rapidly, compete for oxygen with nitrifying bacteria, and inhibit
itrification activity (Lin et al., 2016; Mahto and Das, 2022).
In contrast, the nitrifiers grow inside the biofilm, where there is a potential deficit in oxygen. While the system could

ecover over shock loads, long-term exposure to higher COD concentrations will favor the development of faster-growing
eterotrophs over autotrophs, leading to a loss in nitrification. A decrease in nitrification at higher C/N ratios was also
eported by Kocaturk and Erguder (2016) and Hwang et al. (2009). A similar experimental study conducted under different
OD: N ratios by Zhang et al. (2021) verified a similar trend in ammonia removal efficiencies. To minimize the impact of
OD load spikes in the nitrification performance, chemically enhanced primary treatment (Shewa et al., 2020) or tank in
series approach (Lin et al., 2020) can be considered to increase the nitrogen removal efficiency. In addition, if CEPT is
mployed, the aeration units could be operated at airflow rates less than the lower threshold airflow rates suggested by
his study.

.3. Impact of biofilm detachment on ammonia and COD removal

Developing biofilms in fixed-film media is a multistage process (Wang and Zhang, 2010). First, free-floating planktonic
acterial cells land on a damp surface and are later attached. After a sufficiently high cell density is reached, cells begin
xcreting an extracellular polymeric substance (EPS) and forming an EPS matrix. The EPS function as cementation agents
‘‘glue’’), aiding the fixation of the microorganisms to the support medium and each other (Lippel and Cerqueira, 2018).
he bacteria population inside the matrix grows as well by consuming nutritious substrates supplied by the surrounding
nvironment. As a result, the biofilm begins to grow. In this study, the biofilm formation and detachment of the fixed
ope media were assessed for the R2 reactor by visually observing the biofilm module and comparing it to the removal
erformance for a selected duration (Day 56 to Day 116). Most importantly, an emphasis was given to characterize
he biofilm’s ammonia and COD removal performance after observing excessive growth followed by biofilm/sludge
etachment. Fig. 4a shows the analytical data points in orange color where biofilm images were taken before and after
loughing off, and Fig. 4b shows the corresponding images of the biofilm modules.
Fig. 4b clearly shows the occurrence of sloughing off excessive biofilm growth from the fixed rope media. It can

isually be observed that there is a variation in the biofilm/sludge thickness on the media. It can be seen in Fig. 4b that
here is excessive growth observed on Day 84, and there was a decrease in the dynamic NH3–N removal rate (from 0.31
o 0.15 g/m2 d) on this day compared to the other days where there is no excessive biofilm growth. Correspondingly,
he NH3–N removal was 23.2% compared to the different days, which achieved 89 to 100% removal efficiency (Fig. 4a).
owever, the tCOD removal rates are comparable and not affected by the biofilm’s excessive growth or slough-off (Fig. 4a
nd b). This study shows that slough off is not a concern for the type of media studied here; during slough off, it appears
significant portion of the biomass remained attached to the media. The slough-off for the media studies here works

avorably as a self-cleaning, thereby recovering ammonia removal performance that was reduced due to thicker biofilm
ormation. From the observation of this study, it was also noted that carbon oxidation is not significantly affected by
iofilm thickness. The lower ammonia removal in thicker biofilms could be attributed to reduced diffusion of oxygen to
OB and NOBs mainly populated on the rope media that are adapted to the wastewater. Several studies investigating
iofilm thickness have revealed similar observations regarding biofilm thickness and ammonia removal relationship
Torresi et al., 2016; Alpkvist et al., 2007). It should also be noted that a study conducted by Piculell et al. (2016) on
7
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Fig. 2. Effect of C/N ratio on NH3–N removal (a) Reactor R1 (b) Reactor R2.

moving bed biofilm reactors indicated that biofilm thickness alone does not significantly affect the ammonium. However,
Piculell et al. (2016) conducted the study with a specific maximum biofilm thickness range (200–500 µm).

Self-sloughing off of excessive biofilm avoids the cleaning of the BioCord. Therefore, BioCord has additional advantages:
no need for sludge recirculation, no potential clogging, and self-cleaning capacity. Due to the excessive biofilm growth
sloughing, suspended biomass could be observed in the reactors.

3.4. Comparison of microbial community

Different bacteria in the biofilm respond to their specific microenvironmental conditions with different growth
patterns, and a structurally complex mature biofilm gradually develops (Costerton et al., 1995). The identification and
quantification of members of particular microbial communities and a clear understanding of the functional relationship
between members are required to appreciate and possibly manage these communities’ complex processes fully. In
nitrifying activated sludge plants, the principal genera, Nitrosomonas and Nitrobacter are responsible for the oxidation
of ammonium to nitrite and of nitrite to nitrate, respectively.

In this study, we examined the microbial community structure in the biofilms and investigated the composition of
AOB and NOB in the biofilm. The abundance of other microbial communities, including anammox, denitrifies, and other
heterotrophs, were also investigated. Heterotrophs constitute the larger portion of the microbial communities in both
biofilms (95% in Reactor R2 and 91% in reactor R1). The microbial community analysis indicated that Proteobacteria,
Firmicutes, Bacteroidetes, and Actinobacteria were the predominant phyla in the fixed rope media biofilm. The relative
percentages of Firmicutes, Bacteroidetes and Actinobacteria were higher on the biofilms of Reactor R2 (custom fine bubble
eration) compared to that of Reactor R1 (coarse bubble tube aeration) (Firmicutes: 4.3% (Reactor R2), 2.1% (Reactor R1);
acteroidetes: 3.1% (Reactor R2), 2.6% (Reactor R1); and Actinobacteria: 2.2% (Reactor R2), 1.4% (Reactor R1)). Generally, the
ominant bacterial genera for fixed-film processes are very similar to those found in activated sludge (Lessard and Bihan,
003). Studies conducted on IFAS biofilms by Bai et al. (2016) and Huang et al. (2017) reported similar observations
bout the dominant phyla. Bai et al. (2016) reported that Proteobacteria, Nitrospirae, Chloroflexi, and Firmicutes were
he predominant phyla in the IFAS system. In contrast, Huang et al. (2017) identified are Proteobacteria, Nitrospirae,
cidobacteria, and Bacteroidetes.
8
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Fig. 3. Effect of COD loading on NH3–N removal (a) Reactor R1 (Coarse bubble aeration) (b) Reactor R2 (fine bubble aeration).

The relative abundance of AOB, NOB, anammox, and denitrifying bacteria in Reactors R1 and R2 are shown in Fig. 5.
t is also important to note that the fine bubble biofilm reactor supported a relatively larger fraction of denitrifying
acteria, indicating the development of an anoxic environment rich in carbon. Whereas the inside of the coarse bubble
iofilm reactor may have created a more anaerobic and carbon-limited environment hence supporting a larger fraction
f anammox bacteria. This information can be used for the further development of second-generation nitrogen removal
rocesses.
Out of the AOB species identified in the biofilms of the fixed rope media nitrosococcus, nitrosospira, nitrosomonas,

itrosovibrio species were identified in both biofilms of Reactors R1 and R2, and nitrosomonas is the dominant species.
revious studies have also indicated that Nitrosomonas species is the most common ammonium-oxidizing bacteria in
onventional activated sludge-based wastewater treatment systems (Winkler et al., 2012). The NOB species found in
he fixed rope media biofilms were nitrospira and nitrobacter species. In addition to the nitrifiers, the DNA analysis
howed an abundance of denitrifying and anammox bacteria, including Paracoccus denitrificans and Candidatus kuenenia
p., respectively. This was not expected as the system was fully aerated; however, their presence shows that some sections
eep in the biofilm layer could be anoxic and anaerobic.

.5. Future prospects and application

Recently, with climate change, areas initially required to meet only carbon removal are now being mandated to meet
itrogen removal. Most of these regions and several underserved regions worldwide share the same characteristics,
ncluding remote sites, smaller plants, decentralized systems, lack of skilled power, often requiring passive treatment
ystems. This created a challenge for environmental engineers to develop and re-visit technologies and optimize them,
aking them attractive to address the problem at hand. Thus, the objective of this research was to assess a new type of

ixed rope media and characterize its performance under varying aeration schemes and other process operating conditions
uch as loading and varying carbon to nitrogen ratio. The work was conducted using a full-scale-sized rope-type media
assette at a test bay located in a wastewater treatment plant. The research conditions were challenging due to the high
egree of variability; however, the research had successfully generated detailed information, including ammonia and COD
oading and removal rates, aeration intensity and schemes and footprint requirements that can be applied for the design
f these systems. In the subsequent study, the potential of the technology on total nitrogen removal will be assessed.
9
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Fig. 4. (a) Performance of reactor R2 (Day 56 to Day 116) (b) Representative digital images of biofilm formation. . (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

4. Conclusions

This work characterized a fixed rope media bioreactor performance under different aeration environments and
NH3–N/COD ratios. Fixed rope media technology is feasible for treating PE under fine and coarse bubble aeration systems
handling 0.2–0.9 NH3–N g/m2 d and as high as 10 g tCOD/m2 d loadings with up to 99% NH3–N removals. No significant
variation in bulk liquid DO was observed at design and reduced air flows in both aeration methods. However, lower airflow
10
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Fig. 5. Relative abundance of AOB, NOB, anammox, and denitrifying bacteria in biofilm samples.

ates resulted in lower removal efficiencies because of the impact on the scouring of excess biofilm and turbulence of the
ulk liquid that enhanced the transfer of substrates to the nitrifying microbial population. Lower ammonia removal was
lso observed during higher COD loading and thicker biofilms. Subsequently, sloughing off excessive biofilm growth from
he fixed rope media was observed, which can also be considered a self-cleaning fixed-film media, recovering the ammonia
emoval performance.

RediT authorship contribution statement

Wudneh Ayele Shewa: Conceived and designed the experiments, Analyzed the data, Wrote the draft paper. Lin Sun:
erformed the experiments and analyzed the data. Christine Gan: Supervised the project and assisted in data analysis.
evin Bossy: Project administration, Funding acquisition. Martha Dagnew: Conceived and designed the experiments,
eviewed and edited the paper, Funding acquisition, Overall supervision of the project.

eclaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have
ppeared to influence the work reported in this paper.

cknowledgments

This work was supported by South Ontario Water Consortium (SOWC) [grant number SUB02730] and NSERC-CRD
543948-19]. In addition, the authors thank Admiro Ndala and Rinujan Kamalachandran, who assisted with the wastewater
nalysis and daily monitoring of the reactors.

ppendix A. Supplementary data

Supplementary material related to this article can be found online at https://doi.org/10.1016/j.eti.2022.102387.See the
ploaded supplementary material.

eferences

lpkvist, E., Bengtsson, J., Overgaard, N.C., Christensson, M., Heyden, A., 2007. Simulation of nitrification of municipal wastewater in a Moving
BedTM biofilm process: A bottom-up approach based on a 2D-continuum model for growth and detachment. Water Sci. Technol. 55, 247–255.
http://dx.doi.org/10.2166/wst.2007.265.

maral, A., Bellandi, G., Rehman, U., Neves, R., Amerlinck, Y., Nopens, I., 2018. Towards improved accuracy in modeling aeration efficiency through
understanding bubble size distribution dynamics. Water Res. 131, 346–355. http://dx.doi.org/10.1016/j.watres.2017.10.062.

PHA, AWWA, WPCF, 2005. Standard Methods for the Examination of Water and Wastewater, twenty-first ed. American Public Health Association,
Washington, D.C.

ai, Y., Zhang, Y., Quan, X., Chen, S., 2016. Nutrient removal performance and microbial characteristics of a full-scale IFAS-EBPR process treating
municipal wastewater. Water Sci. Technol. 73, 1261–1268. http://dx.doi.org/10.2166/wst.2015.604.

oltz, J.P., Daigger, G.T., 2010. Uncertainty in bulk-liquid hydrodynamics and biofilm dynamics creates uncertainties in biofilm reactor design. Water
Sci. Technol. 61, 307–316. http://dx.doi.org/10.2166/wst.2010.829.
11

https://doi.org/10.1016/j.eti.2022.102387
http://dx.doi.org/10.2166/wst.2007.265
http://dx.doi.org/10.1016/j.watres.2017.10.062
http://refhub.elsevier.com/S2352-1864(22)00061-X/sb3
http://refhub.elsevier.com/S2352-1864(22)00061-X/sb3
http://refhub.elsevier.com/S2352-1864(22)00061-X/sb3
http://dx.doi.org/10.2166/wst.2015.604
http://dx.doi.org/10.2166/wst.2010.829


W.A. Shewa, L. Sun, C. Gan et al. Environmental Technology & Innovation 27 (2022) 102387

B

C

C

E

G

G

G

H

H

H

H

J

J

K

L

L

L

L

M

M

M

M

N

N

P

P

P

R

R

S

S

S

T

Borchert, J., Hubbell, S., Rupp, H., 2011. Demonstration of IFAS technology for cold temperature nitrification in Lagoon WWTFs at Clare and Ludington,
Michigan. In: WEFTEC 2011. pp. 5257–5264.

ushey, J., Rupp, H., Roy, G., Tautic, B., 2009. IFAS pilot study for cold weather nitrogen reduction. Proc. Water Environ. Fed. 12, 4453–4461.
http://dx.doi.org/10.2175/193864709793953700.

hen, S., Ling, J., Blancheton, J.P., 2006. Nitrification kinetics of biofilm as affected by water quality factors. Aquac. Eng. 34, 179–197. http:
//dx.doi.org/10.1016/j.aquaeng.2005.09.004.

osterton, J.W., Lewandowski, Z., Caldwell, D.E., Korber, D.R., Lappin-Scott, H.M., 1995. Microbial biofilms. Annu. Rev. Microbiol. 49, 711–745.
http://dx.doi.org/10.1146/annurev.mi.49.100195.003431.

slami, H., Ehrampoush, M.H., Falahzadeh, H., Hematabadi, P.T., Khosravi, R., Dalvand, A., Esmaeili, A., Taghavi, M., Ebrahimi, A.A., 2018. Biodegradation
and nutrients removal from greywater by an integrated fixed-film activated sludge (IFAS) in different organic loadings rates. AMB Express 8, 3.
http://dx.doi.org/10.1186/s13568-017-0532-9.

an, C., Wakelin, R., Bossy, K., Liss, S., Apeel, H., 2018. Feasibility of a fixed-film technology to treat high-strength ammonia synthetic wastewaters.
In: Proceedings of ecoSTP 2018, fourth IWA Specialized International Conference, July 25 to July 27, 2018, London, Canada.

arcia-Ochoa, F., Gomez, E., 2009. Bioreactor scale-up and oxygen transfer rate in microbial processes: An overview. Biotechnol. Adv. 27, 153–176.
http://dx.doi.org/10.1016/j.biotechadv.2008.10.006.

arcia-Ochoa, F., Gomez, E., Santos, V.E., Merchuk, J.C., 2010. Oxygen uptake rate in microbial processes: An overview. Biochem. Eng. J. 49, 289–307.
http://dx.doi.org/10.1016/j.bej.2010.01.011.

aley III, J.W., 2001. Trickle Tower Filter Apparatus and Looped Cord Biomedia Filter Cartridge for Use Therein. U.S. Patent and Trademark Office,
Washington, DC, U.S. Patent No. 6, 241, 889.

amoda, M.F., Al-Sharekh, H.A., 1999. Sugar wastewater treatment with aerated fixed-film biological systems. Water Sci. Technol. 40, 313–321.
http://dx.doi.org/10.1016/S0273-1223(99)00400-X.

uang, C., Shi, Y., Sheng, Z., Gamal El-Din, M., Liu, Y., 2017. Characterization of microbial communities during start-up of integrated fixed-
film activated sludge (IFAS) systems for the treatment of oil sands process-affected water (OSPW). Biochem. Eng. J. 122, 123–132. http:
//dx.doi.org/10.1016/j.bej.2017.03.003.

wang, J.H., Cicek, N., Oleszkiewicz, J., 2009. Effect of loading rate and oxygen supply on nitrification in a non-porous membrane biofilm reactor.
Water Res. 43, 3301–3307. http://dx.doi.org/10.1016/j.watres.2009.04.034.

ianlong, W., Hanchang, S., Yi, Q., 2000. Wastewater treatment in a hybrid biological reactor (HBR): Effect of organic loading rates. Process Biochem.
36, 297–303. http://dx.doi.org/10.1016/S0032-9592(00)00153-9.

ou, C.J.G., Huang, G.C., 2003. A pilot study for oil refinery wastewater treatment using a fixed film bioreactor. Adv. Environ. Res. 7, 463–469.
http://dx.doi.org/10.1016/S1093-0191(02)00016-3.

ocaturk, I., Erguder, T.H., 2016. Influent COD/TAN ratio affects the carbon and nitrogen removal efficiency and stability of aerobic granules. Ecol.
Eng. 90, 12–24. http://dx.doi.org/10.1016/j.ecoleng.2016.01.077.

essard, P., Bihan, Y.L., 2003. Fixed film processes. In: Mara, D., Horan, N. (Eds.), Handbook of Water and Wastewater Microbiology. Academic Press,
USA, pp. 317–336.

in, S., Shewa, W., Gan, C., Bossy, K., Dagnew, M., 2020. Simultaneous nitrification and denitrification treatment of municipal primary effluent using
Biocord fixed-film technology. In: WEAO 2020 Technical Conference. Toronto, Ontario.

in, J., Zhang, P., Li, G., Yin, J., Li, J., Zhao, X., 2016. Effect of COD/N ratio on nitrogen removal in a membrane-aerated biofilm reactor. Int. Biodeterior.
Biodegrad. 113, 74–79. http://dx.doi.org/10.1016/j.ibiod.2016.01.009.

ippel, G., Cerqueira, A.C., 2018. Membrane bioreactors (MBRs). In: Dezotti, D., Geraldo Lippel, G., Bassin, J.L. (Eds.), Advanced Biological Processes
for Wastewater Treatment: Emerging, Consolidated Technologies and Introduction to Molecular Techniques. Springer International Publishing AG,
Cham, Switzerland, pp. 9–35.

ahto, K.U., Das, S., 2022. Bacterial biofilm and extracellular polymeric substances in the moving bed biofilm reactor for wastewater treatment: A
review. Bioresour. Technol. 345, 126476. http://dx.doi.org/10.1016/j.biortech.2021.126476.

annina, G., Capodici, M., Cosenza, A., Di Trapani, D., Zhu, Z., Li, Y., 2020. Integrated Fixed Film Activated Sludge (IFAS) membrane BioReactor: The
influence of the operational parameters. Bioresour. Technol. 301, 122752. http://dx.doi.org/10.1016/j.biortech.2020.122752.

cQuarrie, J.P., Boltz, J.P., 2011. Moving bed biofilm reactor technology: Process applications, design, and performance. Water Environ. Res. 83,
560–575. http://dx.doi.org/10.2175/106143010x12851009156286.

ehrabi, S., Houweling, D., Dagnew, M., 2020. Establishing mainstream nitrite shunt process in membrane aerated biofilm reactors: Impact of organic
carbon and biofilm scouring intensity. J. Water Process Eng. 37, 101460. http://dx.doi.org/10.1016/j.jwpe.2020.101460.

abizadeh, R., Naddafi, K., Mesdaghinia, A., Nafez, A.H., 2008. Feasibility study of organic matter and Ammonium removal using loofa sponge as a
supporting medium in an aerated submerged fixed-film reactor (ASFFR). Electron. J. Biotechnol. 11, 6–7. http://dx.doi.org/10.2225/vol11-issue4-
fulltext-8.

owrouzi, M., Abyar, H., 2021. A framework for the design and optimization of integrated fixed-film activated sludge-membrane bioreactor
configuration by focusing on cost-coupled life cycle assessment. J. Clean. Prod. 296, 126557. http://dx.doi.org/10.1016/j.jclepro.2021.126557.

ark, J.J., Byun, I.G., Yu, J.C., Park, S.R., Ju, D.J., Hur, S.H., Park, T.J., 2008. Analysis of nitrifying bacterial communities in aerobic biofilm reactors with
different DO conditions using molecular techniques. Water Sci. Technol. 57, 1889–1899. http://dx.doi.org/10.2166/wst.2008.622.

iculell, M., Welander, P., Jönsson, K., Welander, T., 2016. Evaluating the effect of biofilm thickness on nitrification in moving bed biofilm reactors.
Environ. Technol. 37 (6), 732–743. http://dx.doi.org/10.1080/09593330.2015.1080308.

ittoors, E., Guo, Y., Van Hulle, S.W.H., 2014. Modeling dissolved oxygen concentration for optimizing aeration systems and reducing oxygen
consumption in activated sludge processes: A review. Chem. Eng. Commun. 201, 983–1002. http://dx.doi.org/10.1080/00986445.2014.883974.

edmon, D., Boyle, W.C., Ewing, L., 1983. Oxygen transfer efficiency measurements in mixed liquor using off-gas techniques. J. Water Pollut. Control
Fed. 55, 1338–1347, https://www.jstor.org/stable/25042104.

out, P.R., Shahid, M.K., Dash, R.R., Bhunia, P., Liu, D., Varjani, S., Zhang, T.C., Surampalli, R.Y., 2021. Nutrient removal from domestic wastewater:
A comprehensive review on conventional and advanced technologies. J. Environ. Manag. 296, 113246. http://dx.doi.org/10.1016/j.jenvman.2021.
113246.

en, D., Copithorn, R.R., Randall, C.W., 2006. Successful evaulation of ten IFAS and MMBR facilities by applying the unified model to quantify biofilm
surface area requirements for nitrificaiton, determine its accuracy in prediciting effluent characteristics, and understand the contribution of media
towards organics removal and nitrification. Proc. Water Environ. Fed. 13, 185–199.

hewa, W.A., Dong, T., Mu, W., Murray, K., Dagnew, M., 2020. The impact of chemically enhanced primary treatment on the downstream liquid and
solid train processes. Water Environ. Res. 92, 359–368. http://dx.doi.org/10.1002/wer.1170.

ingh, N.K., Kazmi, A.A., 2016. Environmental performance and microbial investigation of a single stage aerobic integrated fixed-film activated sludge
(IFAS) reactor treating municipal wastewater. J. Environ. Chem. Eng. 4, 2225–2237. http://dx.doi.org/10.1016/j.jece.2016.04.001.

orresi, E., Fowler, S.J., Polesel, F., Bester, K., Andersen, H.R., Smets, B.F., Plósz, B.G., Christensson, M., 2016. Biofilm thickness influences biodiversity
in nitrifying MBBRs - Implications on micropollutant removal. Environ. Sci. Technol. 50, 9279–9288. http://dx.doi.org/10.1021/acs.est.6b02007.
12

http://refhub.elsevier.com/S2352-1864(22)00061-X/sb6
http://refhub.elsevier.com/S2352-1864(22)00061-X/sb6
http://refhub.elsevier.com/S2352-1864(22)00061-X/sb6
http://dx.doi.org/10.2175/193864709793953700
http://dx.doi.org/10.1016/j.aquaeng.2005.09.004
http://dx.doi.org/10.1016/j.aquaeng.2005.09.004
http://dx.doi.org/10.1016/j.aquaeng.2005.09.004
http://dx.doi.org/10.1146/annurev.mi.49.100195.003431
http://dx.doi.org/10.1186/s13568-017-0532-9
http://dx.doi.org/10.1016/j.biotechadv.2008.10.006
http://dx.doi.org/10.1016/j.bej.2010.01.011
http://refhub.elsevier.com/S2352-1864(22)00061-X/sb14
http://refhub.elsevier.com/S2352-1864(22)00061-X/sb14
http://refhub.elsevier.com/S2352-1864(22)00061-X/sb14
http://dx.doi.org/10.1016/S0273-1223(99)00400-X
http://dx.doi.org/10.1016/j.bej.2017.03.003
http://dx.doi.org/10.1016/j.bej.2017.03.003
http://dx.doi.org/10.1016/j.bej.2017.03.003
http://dx.doi.org/10.1016/j.watres.2009.04.034
http://dx.doi.org/10.1016/S0032-9592(00)00153-9
http://dx.doi.org/10.1016/S1093-0191(02)00016-3
http://dx.doi.org/10.1016/j.ecoleng.2016.01.077
http://refhub.elsevier.com/S2352-1864(22)00061-X/sb21
http://refhub.elsevier.com/S2352-1864(22)00061-X/sb21
http://refhub.elsevier.com/S2352-1864(22)00061-X/sb21
http://refhub.elsevier.com/S2352-1864(22)00061-X/sb22
http://refhub.elsevier.com/S2352-1864(22)00061-X/sb22
http://refhub.elsevier.com/S2352-1864(22)00061-X/sb22
http://dx.doi.org/10.1016/j.ibiod.2016.01.009
http://refhub.elsevier.com/S2352-1864(22)00061-X/sb24
http://refhub.elsevier.com/S2352-1864(22)00061-X/sb24
http://refhub.elsevier.com/S2352-1864(22)00061-X/sb24
http://refhub.elsevier.com/S2352-1864(22)00061-X/sb24
http://refhub.elsevier.com/S2352-1864(22)00061-X/sb24
http://dx.doi.org/10.1016/j.biortech.2021.126476
http://dx.doi.org/10.1016/j.biortech.2020.122752
http://dx.doi.org/10.2175/106143010x12851009156286
http://dx.doi.org/10.1016/j.jwpe.2020.101460
http://dx.doi.org/10.2225/vol11-issue4-fulltext-8
http://dx.doi.org/10.2225/vol11-issue4-fulltext-8
http://dx.doi.org/10.2225/vol11-issue4-fulltext-8
http://dx.doi.org/10.1016/j.jclepro.2021.126557
http://dx.doi.org/10.2166/wst.2008.622
http://dx.doi.org/10.1080/09593330.2015.1080308
http://dx.doi.org/10.1080/00986445.2014.883974
https://www.jstor.org/stable/25042104
http://dx.doi.org/10.1016/j.jenvman.2021.113246
http://dx.doi.org/10.1016/j.jenvman.2021.113246
http://dx.doi.org/10.1016/j.jenvman.2021.113246
http://refhub.elsevier.com/S2352-1864(22)00061-X/sb36
http://refhub.elsevier.com/S2352-1864(22)00061-X/sb36
http://refhub.elsevier.com/S2352-1864(22)00061-X/sb36
http://refhub.elsevier.com/S2352-1864(22)00061-X/sb36
http://refhub.elsevier.com/S2352-1864(22)00061-X/sb36
http://dx.doi.org/10.1002/wer.1170
http://dx.doi.org/10.1016/j.jece.2016.04.001
http://dx.doi.org/10.1021/acs.est.6b02007


W.A. Shewa, L. Sun, C. Gan et al. Environmental Technology & Innovation 27 (2022) 102387

W

W

W
W

X

Z

Trillo, I., Jenkins, T.E., Redmon, D., Hilgart, T., Trillo, J., 2004. Implementation of feedforward aeration control using on-line offgas analysis: The Grafton
WWTP experience. Proc. Water Environ. Fed. 7, 27–45. http://dx.doi.org/10.2175/193864704784180497.

ang, Q., Zhang, T., 2010. Review of mathematical models for biofilms. Solid State Commun. 150, 1009–1022. http://dx.doi.org/10.1016/j.ssc.2010.
01.021.

aqas, S., Bilad, M.R., Man, Z., Wibisono, Y., Jaafar, J., Indra Mahlia, T.M., Khan, A.L., Aslam, M., 2020. Recent progress in integrated fixed-film activated
sludge process for wastewater treatment: A review. J. Environ. Manag. 268, 110718. http://dx.doi.org/10.1016/j.jenvman.2020.110718.

EF, 2011. Biofilm Reactors, Water Environment Federation Manual of Practice No. 35. WEF Press, Alexandria, Virginia.
inkler, M.K.H., Bassin, J.P., Kleerebezem, R., Sorokin, D.Y., Van Loosdrecht, M.C.M., 2012. Unravelling the reasons for disproportion in the ratio of
AOB and NOB in aerobic granular sludge. Appl. Microbiol. Biotechnol. 94, 1657–1666. http://dx.doi.org/10.1007/s00253-012-4126-9.

u, X., Liu, G. hua, Li, Q., Wang, H., Sun, X., Shao, Y., Zhang, J., Liu, S., Luo, F., Wei, Q., Sun, W., Li, Y., Qi, L., 2021. Optimization nutrient
removal at different volume ratio of anoxic-to-aerobic zone in integrated fixed-film activated sludge (IFAS) system. Sci. Total Environ. 795,
http://dx.doi.org/10.1016/j.scitotenv.2021.148824.

hang, X., Nan, J., Liu, T., Xiao, Q., Liu, B., He, X., Ngo, H.H., Ding, A., 2021. Modeling and simulation of an extended ASM2d model for the treatment
of wastewater under different COD: N ratio. J. Water Process Eng. 40, http://dx.doi.org/10.1016/j.jwpe.2020.101831.
13

http://dx.doi.org/10.2175/193864704784180497
http://dx.doi.org/10.1016/j.ssc.2010.01.021
http://dx.doi.org/10.1016/j.ssc.2010.01.021
http://dx.doi.org/10.1016/j.ssc.2010.01.021
http://dx.doi.org/10.1016/j.jenvman.2020.110718
http://refhub.elsevier.com/S2352-1864(22)00061-X/sb43
http://dx.doi.org/10.1007/s00253-012-4126-9
http://dx.doi.org/10.1016/j.scitotenv.2021.148824
http://dx.doi.org/10.1016/j.jwpe.2020.101831

	Biological treatment of municipal wastewater using fixed rope media technology: Impact of aeration scheme
	Introduction
	Materials and methods
	Reactor setup and operation
	Influent characteristics
	Analytical schedule and methods
	Microbial analysis
	Off-gas oxygen concentration analyzer setup
	Oxygen transfer rate analysis and calculations
	Statistical analysis

	Results and discussions
	Evaluation of aeration efficiency and oxygen uptake rate
	Comparison of reactor performance
	Nitrogen removal performance
	COD removal performance
	Influence of COD/ammonia ratio on treatment efficiency

	Impact of biofilm detachment on ammonia and COD removal
	Comparison of microbial community
	Future prospects and application

	Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A. Supplementary data
	References


