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Abstract

Last two decades have brought commendable respect for biofilm processes in wastewater treatment. Preeminent components
from both the biofilter processes and activated sludge are utilized in evolving the moving bed process which eliminates
major pollutants, organic matter and nutrients from municipal as well as industrial wastewater. The present review work is
an endeavor to focus on the moving bed biofilm process for wastewater treatment applied in different aspects. An overview of
MBBR development along with the factors affecting the operational performance of the system is discussed. It also analyses
and investigates the state of the art of MBBR process for organic matter and nutrient removal. The review further assesses
the MBBR technology as a hybrid system with current findings. Furthermore, the scope for future research prospects and

challenges of the moving bed process has been discussed.
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Need for a hybrid system

The conventional systems for wastewater treatment prior to
the development of moving bed biofilm reactors were trick-
ling filters, rotating biological reactors, fixed-film reactors,
aerated submerged reactors, and membrane bioreactors
(Rittmann 1982). These systems portray several demerits
like large area requirement, mechanical failure and mainte-
nance in case of rotating biological reactor; high capital and
operational cost and malodor problem in trickling filters.
Submerged reactors often face the issue of hydraulic insta-
bility and fixed film faces the problem of uneven distribution
of biofilm and clogging of the biofilm growth media (Ode-
gaard 2006). Biofilm treatment systems already in opera-
tion faced some operational difficulties such as improper
development of biofilm and reduced transfer of mass lead-
ing to system inefficiency. Also, due to stringent discharge
standards and pressure on the existing wastewater treatment
plants, new technologies and modifications to the existing
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ones were realized. Hence, low-cost innovative technologies
such as the addition of freely floating plastic media in the
activated sludge for higher biomass concentration appeared.
The main drivers behind the development of a system with
free moving biofilm carriers were upgradation of existing
wastewater treatment facilities and an increase in volume
treatment capacity. Hence, an alternative of free-moving bio-
carriers was proposed to overcome the problems of other
biofilm systems. The hybrid systems such as the LINPOR
process and the moving bed biofilm reactor (MBBR) were
developed in the late 80 s and early 90 s (Morper 1994;
Gilligan and Morper 1999; Odegaard et al. 1994; Odegaard
et al. 1999; Bassin and Dezotti 2018). The objective of con-
tinuously operating system without clogged media, a high
specific biofilm area, and a low head loss led to the develop-
ment of MBBR system (Odegaard et al. 1994).

Overview of MBBR process

In the late 80 s, a Norwegian corporation AnoxKaldnes col-
laborated with NTNU-Norwegian University of Science
and Technology, a Water Treatment Research Group and
invented the MBBR process. This new technology got pat-
ented and came to be known as Kaldnes Moving Bed™ Bio-
film process (U.S. Patent No. 5,458,779; European Patent
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No. 0575314; Odegaard 1999; Rodgers and Zhan 2003). In
1990 in Lardnal, Norway the first MBBR facility became
operational (Weiss et al. 2005). The Norwegian Dairies
Association carried out some pilot-scale studies and sug-
gested this new moving bed biofilm reactor is appropriate-
ness to treat dairy effluents (Rusten et al. 1992). The techno-
logical advancements and economical design made moving
bed biofilm reactors more attractive and popular. In 2006,
around 400 real-scale wastewater treatment plants in 22 dif-
ferent countries using MBBR technology were in operation
(Rusten et al. 2006; Kermani et al. 2008; Zafarzadeh et al.
2010; Koupaie et al. 2011). In 2007, Veolia acquired the
AnoxKaldnes and continued with the original names for the
developed biocarriers. In 2014, the number of functional
MBBR plants increased to 1200 in around 50 countries (Bis-
was et al. 2014).

Moving bed biofilm process happens to be a modified
version of the combination of a biofilter and the activated
sludge process by utilizing the best from both without inte-
grating the worst. The biomass is developed on freely mov-
ing carriers called biocarriers placed within the reactor using
a suitable sieve system at the reactor outlet. The biocarriers
come in different configurations, the most common being
small plastic hollow cylinders. The biofilm in the reactor
develops on these small polyethylene biocarriers having a
high density of 0.95-0.98 g/cm?>. In aerobic processes, the
agitation caused during aeration process helps in the move-
ment of biofilm carrier while in anoxic and anaerobic pro-
cesses the movement of biofilm carrier is carried out by
the agitator mechanically as shown in Fig. 1. The MBBR
technology offers some advantages such as; increased volu-
metric treatment capacity, less clogging of carrier media
and a low head loss. The reactor of the moving bed biofilm
system encompasses the full working tank volume, like acti-
vated sludge, for the development of biomass. In contrast
to the activated sludge and other biofilm reactors, there is
no requirement for sludge recycling which saves from the

Fig. 1 Working principle of \]/
moving bed biofilm reactor in
aerobic and anoxic process %

(a) Aerobic Reactor
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hassle of removal of excess biomass. Another major benefit
of using a moving bed biofilm reactor reveals that the vol-
ume of the biofilm media carrier to be used can be assessed
as per the requirement and quantum of treatment. Thus, the
specific biofilm area can be altered accordingly. However,
the criteria for the volume of carriers to be used are recom-
mended to be 67% of the total reactor volume and in any
case, should not be more than 70%. For instance, the 70%
filling criteria is applied with potential growth area of the
film of 500m%/m?® and the specific surface for the biofilm
growth will be around 350m?/m? as biofilm development
is inside the carrier (Odegaard 2006). The concentration
of biomass in MBBR approximately lies within a range of
3-4 kg SS/m? which is analogous to that of activated sludge,
while the fixed biomass can go up to 10,000-12,000 mg/L.
Due to such a high biomass concentration, the volumetric
removal rate in a moving bed process is high well enough
as compared to other such systems and therefore considered
as a much more feasible process (Odegaard 1999). Figure 1
shows the working principle of moving bed biofilm reactor
in aerobic and anoxic processes.

The past two decades led to the establishment of MBBR
technology which gained recognition due to its simplicity,
robustness, flexibility, and compactness for the treatment of
wastewater (Weiss et al. 2005; Jenkins and Sanders 2012).
The system proves to be a step ahead of the surface aera-
tion system revealing an enormous potential in reducing the
contamination and pollution load (Das and Naga 2011). The
MBBRs establish to be one of the best alternatives and are an
astonishing alternative involved in the treatment of numerous
types of wastewaters due to the consistency of the system and
ease of operation. Also, advancements in the design and opera-
tion result in decreased footprints, considerably lowering the
suspended solids generation, generation of better quality, and
reusable water that ultimately minimizes the disposal of efflu-
ents. Investigation by various researchers revealed the fact that
MBBR technology has proved to be successful in treatment
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of municipal and industrial wastewater such as pharmaceuti-
cal wastewater, pulp and paper, laundry, and dairy wastewa-
ter (Brinkley et al. 2007; Vaidhegi 2013; Biswas et al. 2014;
Bering et al. 2018; Singh et al. 2018; Santos et al. 2020). The
system is also advantageous in aquaculture, denitrification of
drinking water and other surface water operations (Kermani
et al. 2008; McQuarrie and Boltz 2011). Several investiga-
tions revealed that MBBR proves to be an improved treatment
technology for industrial and municipal wastewater. The
MBBR system has a removal efficiency of 90% for COD when
compared to an activated sludge process for tannery effluent
(Goswami and Mazumdar 2016). When it comes to textile
wastewater, efficiency as high as 98.5% was achieved (Erkan
et al. 2020).

The MBBR has many variants established in different parts
of the world as a result of diverse carriers used for biofilm
development with the same underlying principle. Some of the
prominent are LINPOR, Captor, PEGASUS, and others. The
LINPOR process (Morper 1994; Gilligan and Morper 1999)
developed in Germany makes use of highly porous plastic
foam cubes that act as biofilm carriers and occupy 10-30% of
the liquid volume. This suspended porous media along with
the freely suspended biomass gives a much higher total bio-
mass concentration allowing the system to operate at higher
loading rates. The LINPOR process can be configured accord-
ing to the objective of carbon-ammonia reduction (LINPOR-
CN) and total nitrogen (LINPOR-N) removal. The suspended
biomass varies from 4000 to 6000 mg/L. whereas the fixed
biomass can be as high as 12,000-16,000 mg/L. PEGASUS,
a Japan registered trademark of Hitachi is an advanced tech-
nique favouring nitrification which involves immobilization of
microorganisms on nitrifying pellets known as Bio-N-cubes
made of polyethylene glycol. It has a low residence time
of 6-8 h and can be easily applied to the existing tank size
(Pegasus, Japan; Benakova et al. 2018).

Regardless of the huge number of MBBR plants world-
wide, the literature owing to MBBR, especially on organic
matter, nutrients removal and MBBR as hybrid systems is
limited in comparison to other traditional systems (Dezotti
et al. 2018). In times like today, it is the need of the hour to
upgrade the existing treatment plants with stumpy additional
costs to escalate the volumetric treatment capacity burdened
due to increasing population. Furthermore, it is crucial to
look for treatments that lessen the burden on the environ-
mental resources owing to easy installation and function by
occupying limited space.

Factors affecting formation of biofilm
Biofilms are complex heterogeneous microbial aggre-

gates interacting in a self-produced system of extracellular
polymeric systems. The extracellular framework contains

polysaccharides, nucleic acids, proteins, lipids and some
other biopolymers and humic substances. The formation of
biofilm on the surface of biocarriers takes place through the
process of cell attachment and growth leading to a mature
biofilm (Flemming et al. 2016). The physicochemical char-
acteristics of the biofilm which incorporate configuration,
surface charge, settling and dewatering properties, floc-
culation, and adsorption ability are profoundly affected by
the EPS (Flemming and Wingender 2010). The factors that
proselytize the process of formation of biofilm are nutrients,
pH, temperature, surface topography, velocity, turbulence,
and hydrodynamics.

Effect of pH, nutrients and temperature

Biofilm development is at the control of the availability of
nutrients and hence it flourishes when nutrient availability
is high. The bacteria derive nutrients by purging traces of
organic compounds in the form of extracellular polymers
and by accumulating biochemical resources through differ-
ent enzymes for breaking down food. pH fluctuations vastly
affect the growth of biofilm as it overpowers several mecha-
nisms and casts detrimental effects on microorganisms (Ells
and Hansen 2006). During major pH fluctuations, bacteria
modify protein activity and synthesis related to various cel-
lular processes. The ideal pH of polysaccharide production
differs among a variety of species, but for most bacteria, it
is neutral at around 7 (Oliveira et al. 1994). Activities of
microbes are extremely receptive to temperature changes.
Optimum temperature leads to abundant healthy bacterial
population growth whereas a small change could scale back
the efficiency of bacterial growth (Ells and Hansen 2006).

Hydrodynamics, turbulence and velocity

This parameter governs the bacterial potential to bind to
a surface. During the colonization process, the surfaces
ruggedness increases the bacteria's adhesion to substrates,
with increased surface area for cell immobilization. Addi-
tional factors like hydrophobicity, charge and elasticity also
impact microbial attachment (Prakash et al. 2003). A bound-
ary layer is a film where turbulent flow is not experienced.
The region outside of this layer has elevated turbulent flow
and influences cell attachment to the surface. When exposed
to a high turbulence boundary layer reduces in size. The
structure, formation, EPS production, biofilm’s metabolic
activities, and thickness are greatly influenced by hydrody-
namic conditions (Simoes et al. 2007). In MBBR, the role
of biofilm is of utmost significance as without a functional
biofilm the system would fail. It has been shown that an
effective thickness of less than 100 um facilitates substrate
diffusion (Dezotti et al. 2011). Moreover, for maximum sub-
strate diffusion, even thin biofilms are preferred which can
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be achieved through sufficient turbulence by homogeneous
mixing.

Factors affecting MBBR operational
performance

Biofilm carriers

The biofilm carriers act as the soul of the system and the
efficiency of the MBBR systems is primarily dependent on
them apart from other parameters. Effective or specific sur-
face area is the portion of the biomedia which is inside the
biocarrier on which the biofilm grows and directly affects
the efficiency of the process. The biocarriers to be used can
be modified according to the process be it aerobic or anoxic/
anaerobic which also is a huge and prime advantage of the
MBBR technology. Such as, for rapid growing heterotrophic
biofilm in aerobic systems a suitable biocarrier would con-
tain wider openings to minimize specific surface area loss.
Whereas, media with small openings and large effective
surface area benefit the slow-growing autotrophic micro-
bial biofilm (nitrification and annamox processes). Odegaard
et al. (2000) in an investigation suggested that the configura-
tion of the biomedia carrier must also rely on OLR in terms
of g COD/m?.d for organic matter removal. The hydrolysis
of particulate and slowly biodegradable organic matter can
be affected by long residence time (>2-3 h) in a bioreactor.
Also, the settleability of the biomass leaving the bioreactor
diminishes with rising organic loading rate. Therefore, the
high-rate systems should be equipped with enhanced set-
tling systems such as coagulation or other separation tech-
niques to minimize clogging of biomedia (Odegaard 2000;
Al-Amshawee and Yunus 2021). Chu and Wang (2011) con-
ducted an investigation and compared two different biofilm
carriers, polymer polycaprolactone (PCL) and inert polyure-
thane foam (PUF) for organic matter and nitrogen exclusion
from wastewater with low C/N ratio. The outcomes indicated
that TOC and ammonium removal efficiency was 90% and
65% and observed to be higher in case of using PUF as car-
riers. By using PCL carriers, removal efficiency of TOC and
ammonium was 72% and 56% with 14 h HRT. The study
inferred that with biodegradable PCL carriers MBBR was
capable of proficiently treating the wastewater with low C/N
ratio in terms of TN removal. Ashkanani et al. (2019) inves-
tigated the effect of biocarrier shape and surface area on
ammonia removal from secondary wastewater using MBBR
with three AnoxKaldnes media (K3 (500 m*m?), K5 (800
m?/m?) and M (1200 m?*/m?) with 30% media filling capac-
ity. The ammonia removal percentage found at 20 °C was
87.3%, 71.8% and 47.2% for the biocarrier K3, K5 and M,
respectively. They concluded that biocarriers with higher
specific areas have a higher tendency to become clogged and
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hence K3 media performed the best among the three. Com-
parison between sponge biocarriers and K5 plastic carrier
at HRT of 6 h revealed that 86.67% and 91.65% ammonia
removal was achieved from aquaculture wastewater (Shitu
et al. 2020). Mazioti et al. 2021 used AnoxKaldnes K3 and
Mutag BioChip media in lab-scale aerobic MBBR for saline
bilge water treatment at 40% fill. Here also, K3 media per-
formed better with 86% COD removal as compared to Mutag
BioChip with 76% COD removal. Hence it is of utmost
importance to choose a biofilm carrier as it greatly impacts
the system’s cost-effectiveness, development of biofilm and
treatment efficiency. It is essential to maintain the requisite
biofilm thickness for pollutant removal (Luo 2001; Zhao
2019a, b). A superior biocarrier should possess the follow-
ing qualities; non-biodegradability, insolubility, low density,
high mechanical resistance, high effective specific surface
area with an inert, and non-toxic environment for microbial
growth (Chaudhary 2003; Dias et al. 2018).

Different types of biocarriers including high-density poly-
ethylene (HDPE), polypropylene (PP) or polyethylene (PE)
are available in various shapes and sizes having a density
less than water. Of the various brands of media available, the
original AnoxKaldnes K1 media is the most dominating for
the treatment of various categories of wastewater, while the
K3 and K35 carriers are more suitable and often preferred for
new systems. However, for slow-growing microorganisms
including nitrifiers and Annamox the patent name biofilm
Chip M is explicitly considered due to its enormously high-
specific area (Haandel et al. 2012). The plastic carriers used
has a long-life span of 10-30 years, while in operation as
the media do not disintegrate and degrade easily and also
do not require frequent replacement or replenishment. The
physical properties of numerous biofilm carriers available in
the market and in use have been composed and summarized
in Table 1.

Filling fraction

The quantity of biofilm media carriers added to the reac-
tor is referred to as the filling fraction. One of the main
advantages that the MBBR system offers is that the filling
fraction can be altered according to the requirements. The
efficacy of MBBR generally relies on the volume percent-
age filling of the biocarrier which is around 60 to 70% of the
empty volume of the reactor (Odegaard 1999; Leiknes and
@degaard 2001). However, this high percentage of carrier
filling is reported to decrease the mixing efficiency in the
reactor which might happen due to the constant collision of
carriers. This shearing action prevents significant biofilm
development on the exterior surface of biofilm carriers lead-
ing to the importance of the inner specific surface area to
be a vital design component (Weiss et al. 2005). However,
the biomass growth can be affected by the shape and size
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Table 1 Physical properties of different biofilm carrier elements

Model Company Material Length (mm) Diameter (mm) Specific References
surface (m?
m_3)
Kl AnoxKaldnes™ (Sweden) HDPE 7 9 500 Das and Naga (2011), Aygun et al.
(2008)

K2 AnoxKaldnes™ (Sweden) HDPE 15 15 350 Das and Naga (2011)
K3 AnoxKaldnes™ (Sweden) HDPE 12 25 500 Das and Naga (2011)
Cc2 AnoxKaldnes™ (Sweden) HDPE 30 36 220 Das and Naga (2011)
M2 AnoxKaldnes" (Sweden) HDPE 50 64 200 Das and Naga (2011)
Biofilm-Chip M AnoxKaldnes" (Sweden) HDPE 22 48 1200 Das and Naga (2011)
Biofilm-Chip P AnoxKaldnes™ (Sweden) HDPE 3.0 45 900 Das and Naga (2011)
FLOCOR-RMP FLOCOR-Henderson PP 10 15 260 Kermani et al. (2008), Das and Naga

Plastics Ltd. (UK) (2011)
FLOCOR RS FLOCOR-Henderson PP 35+3 35+2 >230 FLOCOR

Plastics Ltd. (UK)
FLOCOR RM  FLOCOR-Henderson PP 25+3 20+1 >400 FLOCOR

Plastics Ltd. (UK)
BioSphere Seimens (USA) PE 5-9 13 800 BioSphere™
BioSphere N Seimens (USA) PE 9 13 800 BioSphere™
Spira 12 Seimens (USA) PE 12 12 650 BioSphere™
Spira 14 Seimens (USA) PE 14 14 600 BioSphere™
Active Cell 450 Hydroxyl systems inc. (USA) HDPE - 22 402 Aqua point
FXP-25/10 Fxsino (China) PE 10 25 600 Fxsino-MBBR carrier
Bio-media Fxsino (China) PE 9 16 >50 Fxsino-MBBR carrier
BioMini Pack Fxsino (China) PE 10 10 500 Fxsino-MBBR carrier

HDPE, High density polyethylene; PP, polypropylene; PE polyethylene

availability of various types of carrier media that depend on
the effective specific surface area per unit reactor volume.
Di Trapani et al. (2008) carried out various studies related
to diverse fill-fractions used for MBBR and depicted that
the COD and TSS removal efficiency of a reactor decreases
with respect to adequate fill-fraction. This ultimately results
in competitiveness between the biomass suspended and
attached to the media carrier in the reactor. It was evaluated
that the COD removal efficiency at a fill fraction of 35%
was higher as compared to 66% of fill-fraction. On the other
hand, with a 66% fill fraction, the nitrification efficiency
was observed to be higher due to the high amount of slowly
growing nitrifiers preserved in the tank. Gu et al. (2014)
studied the consequences of media filling ratio on MBBR’s
efficacy in terms of thiocyanate, COD, phenol, and ammonia
removal at 20 h HRT from coking wastewater. The experi-
mental investigations were carried out under diverse media
filling ratios variation from 20 to 60%. The highest COD,
phenol and thiocyanate removal efficiency of 89%, 99% and
99% were obtained at carrier filling ratio of 50%. Pascual
et al. (2016) carried out a pilot-scale study with MBBR-
MBR system in Spain to treat urban wastewater. They used
K1 AnoxKaldnes media at 20%, 35% and 50% fill with 24 h
HRT. They reported that 86% COD and 91% BODs were

removed at filling ratio of 35%. Zhao et al. 2019a, b stud-
ied organic matter and nitrate from municipal wastewater in
China at filling ratios of 20%, 30%, 40%, and 50%. Maxi-
mum COD removal of 55% was achieved at filling ratio of
50% while nitrate removal of 94% was achieved at both 20%
and 50%. Bakar et al. (2020) studied the performance of lab-
scale MBBR for palm oil effluent treatment and used two
media, namely black plastic filter and hexafilter with 25%,
50% and 70% filling fractions. They concluded that both
the media showed 59.4% COD and 94.4% NH;-N removal
at 50% filling fraction. Hence, it is evitable to determine the
objective of MBBR and accordingly adjust the filling ratio
as organic matter is removed at a higher filling fraction of
50% and 60% while nutrient removal is more effective at
30% and 40%.

Dissolved oxygen

In an examination by Wang et al. (2006) to facilitate viable
COD removal it was recommended that dissolved oxygen
concentration be kept to more than 2 mg/L. It was also
reported that as the concentration of DO decreased from 2
to 1 mg/L. COD removal efficiency in a reactor decreased by
13% thus indicating DO to be a limiting factor. Erstwhile,

@ Springer



141 Page6o0of13

Applied Water Science (2022) 12:141

COD removal efficiency increases by 5.8% as DO level in
the tank increases from 2 to 6 mg/L. Also, DO diffusion
through the biofilm is presumed to be a rate-determining
step for the media during nitrification. It is pertinent to men-
tion that nitrification is a DO-dependent process. It was put
down that a maximum N-removal efficiency of 89.1% was
obtained at a DO concentration of 2 mg/L. However, at DO
concentrations of “1 mg/L, the anoxic conditions in the sys-
tem ultimately result in the enrichment of ammonia in the
effluent. The oxygen supply is responsible for providing air
as well as sustaining the carriers in suspension. Hence, the
reactor should be designed in ways that ensure a uniform air
supply that keeps the carriers moving and does not shear off
the prime biofilm from the media (Bassin and Dezotti 2018).

Hydrodynamics and biofilm development

The mass transfer of compounds in and out of the biofilm
is a rapid process and determines the transfer of solutes
from liquid to the biofilm. In a thick biofilm, the diffusion
of compounds from the liquid to the microbial cells is slow
to the interior of the biofilm on the media. Hence, thin
and uniformly distributed smooth biofilm is required to be
developed on the carrier media for smooth functioning of
the system which should be around 100 um for penetration
of substrate to the interior of the biofilm. For such a biofilm,
the nature of the carrier media and sufficient turbulence is
necessary for the maintenance of a thin biofilm and efficient
performance of the reactor. The turbulence shears off the
excessive biomass from the carrier retaining the adequate
thickness of the biofilm creating space for the growth of new
cells. Hence, maintaining an appropriate level of turbulence
additionally sustains flow velocity which makes the reac-
tor efficient in terms of performance and stability. However,
too high turbulence causes collision and abrasion of media
and is prohibited as it tends to detach the biomass from the
carrier media decreasing the system’s performance. So, the
carrier media is supplied with external fins to protect the
established biofilm and to encourage the development of
biofilms in the reactor (Leiknes and Odegaard 2001; Bassin
and Dezotti 2018).

Biofilm development may be defined as the difference
between attachment and detachment of the total biofilm
growth in the system. This process of biofilm development
is based on a phenomenon that depends on microorganisms’
ability of adsorption and desorption on the solid surface
along with biofilm thickness, attachment and detachment of
the biofilm from the biofilm carrier (Characklis 1990). One
of the most favorable environments for microorganisms to
adhere and develop on the carrier media is the solid—liquid
interface in between the biofilm and medium. The physico-
chemical characteristics of the water such as temperature,
nutrient concentration, pH, and ions carry out a significant
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role in developing the biofilm on the solid surface (Donlan
2002). During the startup of the reactor, the formation of
biofilm is slow, especially with high turbulence which pre-
vents the biofilm to develop on the media. Hence, inocula-
tion of mixed culture of microorganisms from an activated
sludge system is a necessary and crucial step to ensure the
stable performance of the reactor. After some time the bio-
mass adapts to the conditions of the reactor and the nature
of wastewater leading to a uniform growth of biofilm on the
media (Morgan-Sagastume 2018).

State of the art
Organic matter removal

The MBBR technology is excessively used for COD and
BOD removal with the design of the system depending on
the characteristics of wastewater, biodegradability of efflu-
ent, available surface area for biofilm growth, and prescribed
effluent discharge standards. Table 2 shows the application
of MBBR for different categories of wastewater. Odegaard
(20006) reported that the total organic loading should not
surpass 65-85 g COD,,,/m?/d or 15-20 g BODs/m?/d for
wastewater comprising of high rate systems.

The premier investigations incorporating pilot MBBR
plants were conducted for dairy wastewater (Rusten et al.
1992), municipal wastewater (Odegaard et al. 1994), and
mill effluent (Broch-Due et al. 1994). Aygun et al. (2008)
in lab-scale study examined the consequences of high OLR
on removal efficiency of COD using MBBR with Kaldnes
biomedia K1 at filling percentage of 50%. The system was
operated under different OLRs of 6, 12, 24, 48, and 96 g
COD/m’d. With increase in OLR from 6 to 96 g COD/m*d,
COD removal efficiency diminished from 95.1 to 45.2%.
The average biofilm concentration of 3.28 kg TSS/m® was
observed in the reactor with the highest OLR. However, at
an influent COD,,; concentration of 500 mg/L, the TSS
production and total COD removal ratio was found to be
0.12 kg TSS/kg COD,,- Chen et al. (2008) conducted a
leachate treatment examination using MBBR with sequenc-
ing anaerobic—aerobic configuration and investigated the
reactor’s performance for concurrent COD and ammonia
removal. The COD removal efficiency of 91% at an OLR
of 4.08 kg COD was observed in the anaerobic MBBR.
However, with an increase in OLR to 15.70 kg COD/m’d
total COD removal of 86% was reported. The total COD
removal efficiency of the system diminished slightly to 92%
from 94% as OLR was amplified from 4.08 to 15.70 kg
COD/m?d concluding that removal efficiency can margin-
ally decline with increase in OLR. So, it can be confirmed
that due to high biomass accumulation in a biofilm process
MBBR reactor can be operated under high OLR conditions
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along with ensuring elevated treatment capacity and opera-
tional constancy making MBBR a prospective option for
treatment of high strength wastewater. Javid et al. (2013)
conducted a study by upgrading aerobic pilot-scale MBBR
process with 60% of media filling for municipal wastewa-
ter treatment with a specific biofilm surface area of 500m?/
m®. Removal efficiency of BODs and COD was assessed at
different HRT of 1, 1.5, 2, 2.5, 3, and 4 h. It was reported
that at low HRT values the system produced better qual-
ity effluents with average BOD; removal efficiency of 88%.
Gulhane and Ingale (2016) in a lab scale study used three
different MBBRs with an amalgamation of attached and
attached-suspended growth processes. The maximum BOD,
COD and TS removal efficiency of 86%, 84%, and 83%
were reported at 10 rpm rotational speed while the mini-
mum removal efficiency of COD, BOD, TS was 72%, 75%,
64% at rotational speed of 20 rpm. Pal Shailesh et al. (2016)
conducted a study using MBBR and assessed the BOD and
COD removal from dairy wastewater. The reactor was quite
successful in the removal of 85% of BOD and 55% of COD
with 12 h HRT. The filling ratios for the MBBR tanks in
between 30 to 50% indicated that MBBR with polypropylene
media as biofilm carrier proves as a very successful method
for organic matter removal from dairy wastewater. Pratiwi
et al. (2018) investigated the elimination of COD and azo
dye (Remazol Black 5/RB 5) by MBBR along with ozona-
tion as a pre-treatment process. In MBBR with 1 h detention
time, the efficiency of color removal was 86.74% along with
pre-treatment using ozonation. The color removal efficiency
of 68.6% was achieved without ozone pre-treatment. It was
observed that a higher detention time led to a higher removal
efficiency of COD and color. The optimum COD and color
removal efficiency of 96.9% and 89.13% was achieved in
24-h detention time respectively. Patel et al. (2018) and
di Biase et al. (2019) have given extensive reviews about
the applicability of MBBR for removal of a wide variety
of pollutants from municipal and industrial effluents. Zkeri
et al. (2021) studied methanogenic MBBR combined with
aerobic MBBR for dairy wastewater treatment. The COD
removal efficiency was 93% and TKN removal was 99%.
Thus, the MBBR can be configured as per requirement keep-
ing in view the purpose of wastewater treatment as shown in
Fig. 2. Step 1 can be configured when phosphorus removal is
required with chemical coagulation and flocculation as post
treatment. Whereas Step 2 is for high rate MBBRs. Step 3
is for upgrading the activated sludge plants with MBBR as
pretreatment.

Nutrient removal
Nitrogen can be exceedingly eliminated by nitrification and

denitrification. Denitrification is an anoxic process in which
denitrifying microbes consume biodegradable carbon and
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solubilize nitrates and nitrites to nitrogen gas. Aerobic auto-
trophic bacteria, mainly Nitrosomonas and Nitrobacter are
responsible for nitrification. Nitrosomonas oxidizes ammo-
nia to nitrite whereas Nitrobacter oxidizes nitrite to nitrate.
Phosphorus and nitrogen both can be readily removed using
different MBBR configurations as shown in Fig. 2. Removal
of nitrogen can be achieved by different combinations where
nitrification process can be configured depending on the
pre-treatment used and water characteristics (Step 4). For
improved nitrification, MBBR can be placed after a conven-
tional activated sludge (Step 5). This enhances the perfor-
mance of the reactor and enables it to meet stricter ammonia
standards. Activated sludge and MBBR can also be com-
bined as shown in Step 6 for decreased retention time. Step
5 and 6 both are efficient in the removal of ammonia as well.
For removal of phosphorus, pre-denitrification is configured
where coagulants are added in the last stage (Step 7). In
the post-denitrification process, carbon can be added after
which chemicals are added for phosphorus removal (Step
8). Another feasible option is pre and post denitrification
which significantly lowers the reactor volume and carbon
requirements (Step 9) (Odegaard 2006).

Zafarzadeh et al. (2010) came out with a study using
MBBR based on anoxic and aerobic reactors for the treat-
ment of synthetic wastewater containing glucose and ammo-
nium filled with 40 and 50% (v/v) with K1 biofilm carri-
ers, respectively. The aerobic reactor was shown to have a
high and average typical nitrification rate of 49.4 and 16.6 g
NOx-N/kg VSS per day. The anoxic reactor has however
reported high and average specific denitrification rates of
156.8 and 40.1 g NOx-N/kg VSS/day. The findings demon-
strated that in the aerobic reactor a steady partial nitrifica-
tion with high ratio of 80% to 85% of NO,-N/NO,-N can be
achieved during high ammonium concentration and DO con-
centration less than 1.5 mg/L. The average removal efficien-
cies of ammonia, total nitrogen, and COD . were 99.75%,
98.23%, and 99.4% under optimum conditions respectively.
Shore et al. (2012) conducted a lab scale study using MBBR
as a tertiary treatment stage for removal of ammonia in efflu-
ents with 3545 °C temperature. At these temperature con-
ditions, the reactors effectively removed more than 90% of
influent ammonia at concentration of 19 mg/L NH;-N in
both industrial and synthetic wastewater. However, biodeg-
radation was not observed at 45 °C, even though nitrification
was found to be improved rapidly at 30 °C. Hence, the tem-
perature is a crucial parameter that affects biofilm formation
as microorganisms carry out metabolic activities within a
specific temperature range. Poojashri et al. (2016) in a study
examined the nutrient removal using polyurethane foam in
MBBR from synthetic wastewater. The COD, phosphate,
ammonia nitrogen, and nitrate removal efficiency of 97.74%,
94.16%, 95.48%, and 95.23% were observed in MBBR with
10% polyurethane foam (PUF) by volume respectively.

However, phosphate, ammonical nitrogen and nitrate
removal of 75.52%, 97.32% and 97.18% were reported with
PUF of 20% volume, respectively. The MBBR with PUF of
30% volume efficiently removed 98.2%, 87.02%, 87.02%, of
ammonia nitrogen, nitrate and phosphate, respectively. Rudi
et al. (2019) studied the microbial process in the biofilm of
moving bed reactor for removal of biological phosphorus for
a year. The average removal efficiency of phosphorus was
94 +0.5% and CODy, ;. Was 66 +0.07%. It was reported
that temperature was the main element affecting the micro-
bial processes and phosphorus removal. Thus, MBBR con-
figurations are capable of treating industrial and municipal
wastewater, denitrification for potable water, and can be effi-
ciently applied at secondary or tertiary stages (McQuarrie
and Boltz 2011; Dash and Mallikarjuna 2022).

MBBR as hybrid systems

MBBRs not only work exceptionally well as a single unit
with pre-treatment but also portray escalating efficiency
when combined with other treatment systems. Rusten et al.
(1997) compared operating conditions of three converted
and two new MBBR plants with chemical precipitation using
AIP* as coagulant. For the three converted plants, removal
efficiency of phosphorus was more than 90% and that of
BOD was 94%. Whereas for the new plants, COD removal
efficiency was 94%, 96% for BOD and 97% for phospho-
rus. They also included the conversion costs to MBBR plant
which was US$ 7,000. This included aeration system, bio-
film carriers, sieves etc. However, if the original RBC had
to be replaced, it would have cost US$ 16,700 proving that
MBBR significantly reduces capital and operational costs.
Wang et al. (2006) used chemical precipitation and MBBR
as a combined system for sewage treatment. The MBBR sys-
tem was employed for removal of nitrogen with simultane-
ous nitrification and denitrification (SND). The Iron(II) sul-
phate heptahydrate solution was added to MBBR at different
ratios of total phosphorus to iron(II). The SND successfully
removed around 89.9% of total nitrogen when DO concen-
tration was 2 mg/L. The TP and TN removal efficiency of
90.6% and 89.1% respectively was found thus indicating that
a combination of chemical precipitation and MBBR proves
to be a very successful route for comprehensive removal
of nutrients from wastewater. Shin et al. (2006) carried out
investigations using MBBR and chemical coagulation as a
combined process for textile wastewater treatment. The pilot
plant system comprising of 3MBBRs including anaerobic,
aerobic and aerobic connected in sequence and packed with
20% (v/v) of polyurethane-activated carbon (PU-AC) as a
biofilm carrier were used for treatment. The effluent from
these reactors was treated by using chemical coagulation
process with FeCl, as coagulant. MBBR had HRT of 44 h
and 70% of color with 85% of COD removal was observed
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along with relatively low MLSS concentration. The outlet
from MBBR was fed to chemical coagulation process with
FeCl, as coagulant which eradicated 97% of color with 95%
of COD. Therefore, MBBR and chemical coagulation as a
combined system also is highly efficient in treating the dye-
ing wastewater.

Tawfik et al. (2010) examined the effectiveness of a lab-
based sewage treatment plant constituting of UASB fol-
lowed by MBBR at a temperature range of 22-35 °C under
different HRT conditions of 13.3, 10 and 5.0 h. At 5-10h
HRT condition the COD reduction of 80-86% along with
COD,j1iga Temoval of 51-73% and COD, ;. removal of
20-55% was recorded. When HRT was increased from 10
to 13.3 h, COD,;, COD_}1piga; and COD . removal effi-
ciency was found to be 92%, 89% and 80%, respectively.
The UASB-MBBR combined system achieved 92% and
99% removal of COD,,,; and BOD;. Goncalves et al. (2019)
conducted a study on biodiesel industry effluent treatment
using MBBR as first stage and advanced oxidation process
as the second stage. It was found that MBBR was able to
reduce 69% COD and 68% TOC with enhanced biomass
growth conditions. The advanced oxidation process chosen
was Fenton oxidation which was able to further decrease
the impurities. Hybrid MBBR and Fenton oxidation both
reduced the COD content by 95% removing the toxicity from
the effluent. Wan et al. (2019) conducted a study by integrat-
ing MBBR-MFC technologies for treatment of pulp-paper
effluent and generation of bioelectricity. At a HRT of 72 h,
the maximum power density was 94.5 mW/m? and COD
removal was 65.6%. Thus, by integrating other technologies
as pre or post treatment, MBBR has shown excellent results
and can prove itself as a sustainable wastewater treatment
technology. However, this is just the beginning and there
always remains room for more.

Conclusion

The moving bed biofilm process is robust, compact and
self-driven established technology in the area of advanced
wastewater treatment. There is successful implementation
of MBBRs in treatment of sewage as well as the waste-
water emanating from pulp and paper industries, slaugh-
ter houses, poultry processing, phenol industries, dairies,
pharmaceuticals, refineries and as well as aquaculture
and for potable water. The MBBRs can efficiently be used
under high volumetric loading conditions ranging from 25
to 30 kg COD/m>d. The advantages of MBBR over other
biofilm systems include its flexibility with respect to reac-
tor shape and choice of carrier filling with minimum spe-
cific surface area of 200-250m?*/m’and at carrier filling of
30-70%. The maximum BOD, COD, total phosphorus and
total nitrogen removal efficiency of 97%, 96%, 99% and 99%
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can be achieved both for municipal and industrial wastewa-
ter at HRT of 2-6 h. The biomass concentration as high as
6900-7200 mg/L adhered on surface of bio-carriers with
elevated biofilm activeness insures a higher COD reduction.
This steady operation thus conforms the use of MBBR to
admirable advantages including flexibility, ease in operation,
smaller carbon footprint and strong resistance against load-
ing impact. The MBBR technology offers unrivalled effi-
ciency in municipal and industrial wastewater treatment with
smaller carbon footprint. It also proves to be very cost effec-
tive cutting down capital and operational expenditures while
maintaining superior efficiency. This system can be easily
blended with other technologies such as activated sludge,
oxidation ponds and even microbial fuel cells to increase
the overall efficiency. MBBR lays down various process
configurations and options for organic matter and nutrient
removal. A further step in taking this technology forward
would be additional nitrifying, denitrifying and annamox
variations for proficient removal of nitrogen and biological
phosphorus. High rate MBBRs with more SRT and low HRT
can integrate with IFAS for future applications. More focus
on the research in overcoming the challenges of each can
surely make ways for their increased practical application
at pilot scales.
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