STUDIES ON ROTATING PACKED DISC
BIOREACTOR

THESIS

Submitted in partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY

by
ROHIT P KALNAKE

Register No. 155024CH15F09

DEPARTMENT OF CHEMICAL ENGINEERING
NATIONAL INSTITUTE OF TECHNOLOGY KARNATAKA,
SURATHKAL, MANGALORE - 575 025
JULY, 2021






DECLARATION

| hereby declare that the Research Thesis entitled "STUDIES ON ROTATING PACKED DISC
BIOREACTOR™ which is being submitted to the National Institute of Technology Karnataka,
Surathkal in partial fulfillment of the requirements for the award of the Degree of Doctor of
Philosophy in Chemical Engineering is a bonafide report of the research work carried out by me.
The material contained in this Research Thesis has not been submitted to any University or

Institution for the award of any degree.

Name: Rohit P Kalnake
Register number: 155024CH15F09

Department of Chemical Engineering

Place: Surathkal

Date: 04-01-2021






CERTIFICATE

This is to certify that the Research Thesis entitled "STUDIES ON ROTATING PACKED DISC
BIOREACTOR" submitted by ROHIT P KALNAKE (Register Number: 155024CH15F09)
as the record of the research work carried out by him, is accepted as the Research Thesis
submission in partial fulfillment of the requirements for the award of degree of Doctor of

Philosophy.

Research Guides

Dr. Keyur Raval

Associate Professor

Department of Chemical Engineering
NITK, Surathkal

Dr. D.V.R. Murthy

Professor (Retd.)

Department of Chemical Engineering
NITK, Surathkal

Chairman- DRPC



ACKNOWLEDGMENTS

This thesis is developed in years of research that has been undertaken since | came to this
prestigious institute, NITK. By that time, | had an opportunity to work with a number of people
whose contribution in different ways to the research and the making of the thesis deserves a special

mention. It is a pleasure to convey my gratitude to all of them in my humble acknowledgment.

First and foremost, | wish to express my sincere gratitude to my Research Guide, Dr. D.V.R.
Murthy, Professor and Dr. Keyur Raval, Associate Professor, Department of Chemical
Engineering, NITK Surathkal. Without their valuable guidance, support, enthusiasm and
encouragement, | could never finish my Doctoral work. His vast knowledge of chemical
engineering and logical way of thinking has been great value for me. | thank him for graciously
taking the time to read and offer the required improvements to the manuscripts and thesis. It is not

sufficient to express my gratitude with only a few words.

| am extremely thankful to the RPAC committee members, Dr. Arun, M., Associate Professor,
Department of Mechanical Engineering and Dr. Vidya Shetty K., Professor, Department of
Chemical Engineering, for their valuable advice and suggestions which enabled me to notice the
flaws in my research work and make necessary improvements according to their reviews and

comments.

I humbly express my sincere gratitude to The Director, NITK Surathkal. | wish to thank our former
H.O.D.s Dr. Vidya Shetty K., Professor, Dr. Rajmohan B, Professor, Dr. Hari Mahalingam,
Associate professor, and present H. O. D., Dr. Prasanna B.D., Associate Professor, Department of
Chemical Engineering, NITK Surathkal for providing me necessary facilities, funding, and support
during the phase of this research work. | would also like to thank all the faculty members of the
Department of Chemical Engineering, NITK Surathkal for their valuable support and
encouragement. | would as well like to express my sincere thanks to Mr. Suresh, Mr. Ramesh, Mr.
Harish, Mr. Sukesh, Mrs. Shashikala Mohan, Mr. Sadashiva, Mrs. Thrithila, Mrs. Bhavyashree,
and Mrs. Vijetha and all other non-teaching staffs for their helpful suggestions and timely

maintenance of the laboratory equipment.



| gratefully acknowledge to my friends Mrs. Amruta S. Shet, Mr. Lister H. Falleiro, Dr. Suman
Das, Dr. Sushma Havanur, Mr. Akash Anand, Dr. Rajshekhar, Dr. Kunal, Dr. Harsha, Dr. Vishnu,
Mr. Basavaraj S. Nainegali, Mrs. Archana, Mrs. Vrushali Kadam, Mr. Ritesh Sambhare, Miss

Priyanka Bhat, Mrs. Diksha Sharma, Mr. Omkar, for their care, support and encouragement.

Rohit P. Kalnake



DEDICATED
10

MY PARENTS









ABSTRACT

A novel rotating packed disc bioreactor (RPDB) with the maximum working volume of 65 liter is
designed for biological waste water treatment. A hollow disc with radial vanes mounted on the
disc was a novel design of this contactor. Stimulus-response experiments were conducted in the
contactor to understand liquid mixing behavior under different operating conditions. The recycle
stream was also used in the operation of the contactor. The disc design and recycle ratio had
marked influence on the mixing behavior. A mathematical model was developed for the flow
behavior under recycle and a good agreement was found between the model and experimental
results. Moreover, the surface area available in the RPDB was about 4 times more than the surface
area available in a standard rotating biological contactor (RBC) operating at similar conditions.
The modified design characterized in terms of oxygen volumetric mass transfer coefficient (k.a),
in the physical gas—liquid system. The oxygen volumetric mass transfer coefficients (k.a) obtained
in this bioreactor are about eight times higher than the similar size of the conventional rotating
biological contactors at similar operating conditions. The dimensionless empirical model is
developed, by incorporating the operating parameters.

In RPDB, mixed cultures of white-rot fungi (WRF), namely, P.chrysosporium and T.versicolor
are used to degrade reactive black-5 (RB-5) under different rotational speeds as well as recycle
ratios. Degradation mechanism of Reactive Black -5 is critically discussed and intermediate
products following P.chrysosporium and T.versicolor are identified using LC-MS. The
decolourization efficiency of more than 90% and chemical oxygen demand (COD) reduction of
more than 85% was achieved in continuous operation. The recycle stream improved COD
reduction by about 15% as compared to that without recycle. The rate of COD removal was 737.9
mg/L/h at 30 rpm and 9.75 recycle ratio in the continuous operation, which is the highest removal
rate reported for a synthetic RB-5 effluent in a continuous bioreactor of size 65 liter so far in the

literature.

Keywords: Rotating biological contactor (RBC), recycle reactor, stimulus-response experiments,
COD
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CHAPTER 1
1. INTRODUCTION

The quality of water, soil, and air are prime issues in the present scenario. Chemicals, which
pollute water, soil, and air, create a potential health hazard for any living organism and
affect the environment. Pollutants bring about an undesirable change in the atmosphere.
(Grover, 2006). The fast depletion of fresh water and a steep increase in the world
population, and rapid industrialization has increased the demand for clean drinking water,
a prime concern today.

It is practically difficult to dispose of industrial wastewater effluents, especially from the
food, pharmaceutical, and textile industries. In addition to the environmental problem, they
are consuming a large amount of fresh water in the textile industry's finishing and dyeing
operations. Hence, wastewater recycling has been recommended to decrease freshwater
intake and its impact on the environment. Approximately 100,000 commercial dyes and
dyestuff are used as a coloring agent (cosmetic, leather, textile) industry. Out of which, 10
to 20% of the dyes are discharged in the wastewater (Anliker, 1979; Sarkar et al., 2017).
Azo dyes are commonly used dyes in pharmaceutical, textile, cosmetic and food industries
(Yamjala et al. 2016; Briischweiler and Merlot 2017; Sulekova et al. 2017; Guerra et al.
2018;). About 70% of the dyes used are azo dyes, which are toxic and carcinogenic to
micro and macro-organisms and their habitats in aquatic and terrestrial ecosystems
(Saratale et al., 2009; Ayed et al., 2011; Singh 2014; Sarkar et al., 2017). The degradation
of wastewaters from textile industries are technically challenging because of the high
chemical stability and toxic nature of the azo dye (Soares et al., 2004; Arregui et al., 2019;
Allegre et al., 2006)

Dawood and Sen (2014) discussed (Table 1.1) the advantages and disadvantages of various
physical and chemical treatment approaches for dye degradation, such as photocatalyst,
membrane filtration, ozonation, adsorption, and ion exchange. Usually, the existing
techniques of dye effluent treatments involve an integration of chemical, physical, and
biological methods such as coagulation-flocculation, adsorption, chemical oxidation,
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microfiltration, electrochemical and membrane filtration followed by activated sludge
process (Hai et al. 2007; Sima et al. 2016).
Table 1.1. Various treatment methods for dye degradation (Dawood and Sen, 2014)

Separation Technique Advantages Disadvantages
Physiochemical
Adsorption High adsorption The high cost of adsorbents.
capacity for all dyes Need to dispose of adsorbents.
Low surface area for some
adsorbents
lon exchange loss of sorbents less limited for dispersing
dyes.
Membrane Useful for all dyes Suitable for treating low
filtration with high quality volume and production of
effluent. sludge.
Chemical
Ozonation No production of sludge. Half-life is very short (20
min) and operational cost is
high.
Photocatalyst Economically feasible and | Produce toxic byproducts
low operational cost after degradation of
photocatalyst
Biological
Aerobic degradation Efficient in the removal of | Prolonged  process  and
azo dyes and low operational | provide a suitable
cost environment for the growth of
microorganisms
Anaerobic degradation By-products used as energy | Need further treatment under
sources aerobic conditions and vyield
of methane and hydrogen
sulfide
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It is challenging to have a single type of effluent treatment method for complete removal
of the dye since it is uneconomical and may generate toxic or hazardous by-products. The
final biological wastewater treatment of effluent dye is the critical step because the
microorganisms used to treat the dye effluent in the final stage are most susceptible to the
inhibitory or toxic effects of dyes. There are two basic categories of biological treatment:
aerobic and anaerobic. In the anaerobic method, azo dyes biodegrade in aromatic amines
and other contaminants, which require further aerobic treatment process.

Aerobic treatment processes are classified into two major types: activated sludge processes
and biofilm processes (Wang et al., 2011). In the activated sludge process, microorganisms
are freely suspended, which leads to operational problems such as bulking sludge, rising
sludge, and foam, which affects the effluent treatment (Metcalf. 2003). Moreover, the
activated sludge process is susceptible to washout if there is a variation in hydraulic loading
or organic loading in influent. Contrary to the activated sludge process, the biofilm
processes anchor the microorganisms on the support matrix. Since a matrix supports
microorganisms, the biofilm processes use a small plant footprint and are not as susceptible
to variations in effluent quality as the activated sludge process (Wang et al. 2011; Ogugbue
etal. 2012).

Rotating biological contactors, fluidized beds, and packed beds are examples of biofilm
processes. The advantages and limitations of various biofilm processes are given in Table
1.2. It is evident from Table 1.2 that packed bed and rotating biological contactors are
preferred choices because of few disadvantages and relatively low operating costs.
Moreover, the comparison between the packed bed and rotating biological contactors
indicates that rotating biological contactors are more advantageous in mixing and mass
transfer aspects. However, their commercial use is limited to a municipal water treatment
facility and effluent treatment where effluent is less hazardous or toxic to microorganisms.
Since an active biofilm is only a few mm thick over the rotating disc, arrangements are

made to increase the rotating disc's surface area.



Table 1.2. Various biofilm processes used for dye wastewater treatment

INTRODUCTION

Type of reactor

Advantages

Limitations

References

Packed-bed reactor

(Size: 300 mL-32L)

Ease of operation

Additional contact between solid and
liquid, which increased the high
residence time of liquid,

High yields are formed due to
increased solid/liquid contact.

The operation and maintenance,

Effective for the removal of pollutants
present in very low concentration.

Irregular contact of the
mycelium with the effluent,
thus the growth of the
microorganisms is irregular

poor mixing as in packed beds
are susceptible to channeling

Development of ineffective
regions in the reactor over the
time course.

(Priya Ak et al. 2001;
Senan et al. 2003;
Manikandan et al. 20009;
Kapdan et al. 2010;
Park et al. 1998; Mielgo
et al. 2001a)

Fluidized bed reactor
(FBR)

(Size: 1.5-20 L)

Uniform Particle Mixing and
enhances solid and liquid contact
interfacial area, which increases its
adsorption capacity.

Reduction of sludge production

give adequate mass and oxygen
transfer.

Ability to operate a reactor in
continuous State, lack of clogging of
the biomass

It increased the plant footprint.

Pumping Requirements,

Particle Entrainment and
foaming

Difficult to calculate the
complex mass and heat flows.

(Zahmatkesh et al. 2010;
Balaji and Poongothai
2012; Qiu et al. 2014,
Tisa et al. 2014;
Aghdasinia et al. 2016)
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Type of reactor

Advantages

Limitations

References

Elimination of limit on liquid flow
rates due to decoupling of the
residence time of liquid phase and
microbial cells

Rotating Biological
Contactors

(Size:1-431L)

Resistance to high hydraulic and
organic loadings

Provide a large surface area for the
development of fixed biological
culture

Short contact periods are required
because of the large active surface

They are capable of handling a wide
range of flows

Well drainable excess sludge collected
in the clarifier

Short retention time Low power
requirements

Low sludge production and excellent
process control

Frequent maintenance of bio-
drum/ biofilm,

Oxygen which is supplied into
the system by moving the bio-
drum is limited

The active biofilm layer is only
of few millimeters on the
matrix surface

Difficult replacement of the
disc

(Paolini, 1986;Banerjee
1997a; Kapdan et al.
2000; Srikattanaprom,
2000; Ak et al. 2001;
Abraham et al. 2003;
Patwardhan, 2005;
Guimaraes et al. 2005;
Sirianuntapiboon, 2006;
Di Palma and Verdone,
2009; Pakshirajan et al.
2011; Novotny et al.
2012; Pakshirajan and
Kheria, 2012; Mansouri
et al. 2012; Hassard et
al. 2015; Mathure and
Sima et al. 2016; Cortez
et al. 2008b).
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Furthermore, the active biofilm over the rotating matrix's topmost surface may wash out
due to insufficient anchoring on the matrix. Therefore, these contactors are still susceptible
to variations in organic/hydraulic loading. These limitations are overcome by improving
the design aspects of the rotating contactor. For the above analysis, a novel rotating
contactor is designed in this research work that combines the advantages of the packed bed

and rotating biological contactors.
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CHAPTER 2:
2. LITERATURE REVIEW

2.1 Introduction

This chapter deals with the extensive discussion on published literature in the field of azo
dye degradation in Rotating biological contactor (RBC). The biodegradation pathway of
azo dyes and different microorganisms are available for degradation of azo dyes are
reported. The degradation of metabolites and kinetics of azo dye is explained. The other
solids used for immobilization and different techniques for immobilizations are discussed.
As granular activated carbon was used to immobilization the microorganism cells, the dye
adsorption equilibrium and kinetic study are reported. In a bioreactor, the substrate is
contacted with the microorganisms and designed favorable conditions for the
microorganism to grow and remains in the contactor. The different bioreactor is reviewed
with their advantages and disadvantages. In this study, a novel bioreactor called "Rotating

packed disc contactor” is introduced for its use as a bioreactor.

2.2 Rotating biological contactor:

The rotating biological contactors (RBCs) are more advantageous over the mixing and
mass transfer aspects in this introduction. The RBCs are used as a secondary treatment
system in wastewater treatment plants, which are vigorous and capable of withstanding at
high flow rates in organic loading (Franzini 1980). The rotating disc supports the
development of microorganism growth. However, the pilot plant systems used in a later
stage for process development; for example, the culture's growth and optimize the
operating condition should be scalable. For this reason, it is important to know the
established 'rule of thumb' methods used frequently to scale-up and scale-down (Leon et
al., 2014; Mansouri et al., 2012). These established methods include scaling based on
hydrodynamic characteristics and gas-liquid mass transfer in the reactor (Leon et al., 2013).
The use of a particular scale-up method for a specific bioprocess depends on the maximum
growth rate, and the process condition of the bioreactor is the question. Because some of
the organisms are fast-growing such as Escherichia coli and Vibrio natriegens (Pei and
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Schmidt 2018), which may face oxygen limitation; therefore, scale-up of such bioprocess
can be designed based on maximum oxygen transfer rate (OTR) (Patwardhan 2008). Some
microorganisms exhibit a very slow growth rate, such as M. tuberculosis, M. leprae, and
M. smegmatis (Pei and Schmidt 2018), which are susceptible to shear force (Zhan et al.
2019; Mathure and Patwardhan 2005).

2.3 Characterization of the rotating biological contactors

2.3.1 Residence time distribution (RTD) in bioreactors

The hydrodynamic characteristics in the bioreactors are important for estimating the
efficiency of cell cultivation and productivity of results. Mixing plays a very important role
in the growth of fungus by controlling the unfavorable pH, temperature, nutrient, and toxin
gradients within the bioreactor. Mixing also plays a major role in the distribution of oxygen
to all parts of the bioreactor. The poor mixing can affect respiration rate and cell viability
due to the formation of dead volume and short-circuiting streams in the reactor (Mansouri
et al., 2012; Patwardhan, 2008). For a high-density cell medium, sufficient mixing is
required to prevent the cells from settling at the bottom of the reactor, which leads to
oxygen and nutrient starvation from limiting cell growth (Fogler 2010; Levenspiel 1999;
Metcalf 2003).

The hydrodynamic characteristics of a reactor measured by the tracer method assess the
degree to which bioreactor design has been achieved as expected (Fogler 2010; Levenspiel
1999). Several authors determined the hydrodynamic characteristics of the RBC using the
residence time distribution (RTD) (Kim et al. 1984; Leon et al. 2014; Raghuraman and
Varma 1974; Simaetal. 2012; Banerjee 1997b; Bintaja et al. 1975; Sassi et al. 1996; Taylor
etal. 1985). In RBC systems, the liquid film is formed on the disc surface due to its rotation.
Further, this liquid film mixes with the bulk of the liquid, thereby generates turbulence in
the bulk liquid. The authors reported the critical parameters that affect an RBC's
hydrodynamics: flow velocity, point velocity, film thickness, mixing of the film with the
bulk liquid, etc. (Leon et al. 2013; Sima et al. 2012). The RTD studies on the RBC
identified operating conditions in which the dead volume, channeling of fluid, recycling of
fluid, and poor hydraulic loading were observed (Leon et al. 2014; Patwardhan 2003,
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Raghuraman and Varma 1974; Mansouri et al., 2012; Sima et al., 2012a). Various models
have been used to describe the extent of the mixing, flow behavior, film thickness, and
liquid back-mixing in the RBC(Kim et al. 1984; Leon et al. 2014; Mansouri et al. 2012;
Raghuraman and Varma 1974; Sima et al. 2012a; Zeevalkink et al. 1978).

The single parameter dispersion number, Paclet, and Morrill dispersion index (MDI) were
used to explain the flow behavior (Fogler 2010; Levenspiel 1999; Metcalf 2003).
According to this model, the axial dispersion affected the ideal plug flow behavior. In this
case, flow behavior changed from ideal plug flow (dispersion number = 0) to the ideal
mixed flow (dispersion number = «). In the biofilm reactor, the diffusion of tracer into and
out of the liquid film can affect the RTD experiment curve. As the tracer concentration is
high, diffusion occurs into the film and, when it is low, the diffusion occurs out of the film.

Disc
Exposed

surface area
Liquid film

A
_.-'_,__,.______

R Liquid mixing

et =, region in bulk liquid

Figure 2.1. Schematic representation of the film, boundary layer, and liquid mixing

region within the liquid (Suga and Boongorsrang 1983).

This phenomenon explains the tracer output, introducing the long tail (Kim et al. 1984;
Teixeira et al. 2001). The tracer's diffusion characteristics into and out of the liquid film
defined by (Bintaja et al. 1975; Suga and Boongorsrang 1983; Taylor et al. 1985; Yamane
and Yoshida 1972; Zeevalkink et al. 1978). Bintaja et al. (1975) and Yamane and Yoshida
(1972) demonstrated that as the disc moves upward, the liquid film form on the disc surface
and is stripped off and mixes with the bulk liquid as soon as the disc re-enters the bulk
liquid. Zeevalkink et al. (1978) developed a correlation between liquid and solid called
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average film thickness (8) considering the above phenomenon. Suga and Boongorsrang
(1983) assumed that when the disc re-enters into the bulk liquid, a boundary layer is formed
on the disc surface by mixing the film with the bulk liquid. The film thickness and boundary
layer formation on the disc surface is shown schematically in Figure 2.1. Taylor et al. 1985
suggested that the film thickness variation is due to some forces such as centrifugal forces,
gravitational forces, shear force, and surface tension. Some authors suggested that both the
discs behave as a centrifuge. The liquid rotates between the boundary layer at a constant
angular velocity, and radial and axial flow results outside the boundary layer.

Kim et al. (1984a) used the four-parameter model to explain the degree of axial mixing in
the rector. The model considered two mixed regions (upper and lower mixing region with
their volume fraction), the crossflow between them, and a dead volume. Mansouri et al.
(2012) analyzed hydraulic residence time distribution using a central composite face-
centered design with four parameters. The four parameters considered were a deviation
from ideal retention time (Az), dead volume percentage, dispersion index (Morrill
dispersion index (MDI), and dispersion number, which were computed as a response by
changing the hydraulic retention time and rotational speed. They concluded that as the
rotational speed increased dispersion number increased as a result RBC behaved more like
a mixed regime with axial dispersion rather than being the plug flow regimes. Sima et al.
(2012a) investigated the mean residence time distribution and the parameter of the gamma
distribution model and the model of a stirred tank in series with the back-flow. Their results
indicated that the gamma distribution model with the number of the stirred tank in series
as a parameter showed a well-mixed regime in the reactor. Leon et al. (2014) describe the
reactor model based on single-phase RTD measurement in a multistage horizontal rotating
foam stirrer reactor. The model consisted of the stirred tank in series with back-flow and
dead volume. The parameters showed that the reactor behaved like a plug flow when six
stages were used. All the above authors suggested further improvement in the reactor
design to reduce the dead volume and improve mixing in the reactor in terms of residence

time distribution studies.
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2.3.2 Oxygen mass transfer

In anaerobic bioprocess, the overall rate of substrate conversion is controlled by the
biochemical reactions' kinetics. Oxygen the least soluble of all medium components used
in a bioprocess, and microorganisms use it for growth, maintenance, metabolite production,
and shortage of oxygen, affect performance (Garcia-Ochoa and Gomez 2009; Mathure and
Patwardhan 2005).

In a rotating biological contactor (RBC), the disc rotates upward direction; it carries the
liquid and forms a liquid film on the disc surface. This liquid film comes in contact with
the atmosphere while rotation and oxygen transfer occurs into the film through diffusion
(Matias et al., 2017; Di Palma and Verdone 2009). In the presence of biofilm, oxygen
further diffuses into the biofilm, where it is used to degrade toxic chemicals from the
wastewater (Li et al., 2019; Patwardhan 2003). However, excess attached biomass blocked
the transmission pores between oxygen and substrate, resulting in low mass transfer rate,
low biological activity, and high effluent suspended biomass that affects the process's
performance (Chern et al. 2001; Hassard et al. 2015). This limitation can be overcome by
renewing the liquid film so that oxygen transfer is more efficient in the bulk liquid. Thus,
it is important to understand the hydrodynamic parameters that affect the water's liquid
film thickness on the disc. The mass transfer rate or overall mass transfer coefficient (ki)
in various RBCs have been investigated, and empirical and theoretical models are proposed
for estimation (Kim and Molof 1982; Kubsad et al. 2004a; Zeevalkink et al. 1979; Chavan
and Mukherji 2008; Monayerie et al. 2012).

2.3.2.1 Available models for oxygen transfer

Yamane and Yoshida (1972) used a theoretical approach to solve the differential oxygen
diffusion equation applied to a liquid film covering a disc. As the fully theoretical approach
is very complex, the other authors relied on other empirical and dimensional data
interpretation analyses. Friedman et al. (1979) considering the rotational speed (o) of the
disc to develop a simple empirical model given in equation 2.1.

Ink.=1.31 Ino+14.78 (2.1)
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Where k. was represented as 10 m/s, and that of ® was represented RPM.

Ouano (1978) introduced Reynold's number as a dimensional group, which is well known
for the scale-up parameter. It is well recognized that oxygen mass transfer is a function of
the turbulence generated by the operating parameter. Further, the dimensional analysis
model to estimate overall oxygen mass transfer coefficient (k) in RBCs was performed,
and the following model has proposed equation. 2.2.

ky = % —k (Aip)a Cw- p)b 2.2)

Where k was proportionality constant, V was reactor working volume; A was a total area
of the gas-liquid interface in the system, D, was molecular diffusion coefficient, density of
the liquid (p), absolute viscosity of the liquid (m), area of the disc (Ap) and is D?*w *p/u
corresponding to Reynolds number. Sant' Anna (1980) proposed a modified version of the
Ouano model discussed in equation 2.3. In this model, additional dimensional groups were

included for better agreement with the experimental values of the mass transfer coefficient,

==k () (2 (2 e

u g
Sh = k.Re? FrP YI¢;

Where Sh, Re, and Fr were dimensional groups, and YI was the immersion factor. The
parameter (k, a, b, and c) obtain by Sant' Anna (1980) are different from Boumansour and
Vasel (1998) estimated using Sant' Anna model by using their experimental data and they
concluded that the values were obtained from Sant'Anna (1980) were not significant.

Some researchers have considered the liquid film formed on the surface of disc to be mainly
responsible for oxygen transfer in RBCs. Therefore, in the model of mass transfer
coefficient proposed by Bintanja et al. (1975), it was expected that the discs enter a water
film of uniform thickness () that was combined with the bulk of water in the trough after
the end of the revolution. For the contact between air and the water film during one
revolution, a mean contact time, tr, was defined, which depends on the angular velocity

and immersion depth. The velocity of the film was presumed the same as the velocity of
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the disc. Further, Zeevalkink et al. (1979) explained Bintanja et al. (1975) model,
considering the film thickness (d) as a function of the vertical component of peripheral
velocity (V) of the disc for proper mixing in the trough.

Zeevalkink et al. (1978) obtained the liquid film thickness () on a disc of RBC by solving
the Navier—Stokes equation and gives the following equation 2.4.

§=1.2 ()5 (10*m) (2.4)

Equation. 2.4 was further used to determine the volume renewal number used in the Kim
and molof (1982) empirical model. Kim and Molof (1982) Suggested that the mass transfer
coefficient was significantly affected by the volume renewal number (Nv, 1/min)
dependent on the rotational speed (w), disc diameter (D), and spacing between the discs
(¢/2) given in equation 2.5. Later on, this number redefined by Kubsad et al. (2004) by
adding parameters such as a number of discs (n), working volume (V), and total disc surface
area exposed to air to incorporating with volume renewal number (Nv) was shown in
equation 2.6.

Nv =1.697A n 09 *°/V (2.5)

kia = 0.02 (Nv)°-3 (2.6)

Chavan and Mukherji (2008), Proposed two dimensionless models for the prediction of
oxygen transfer coefficient in RBCs. One of the proposed model expressions estimates the
mass transfer coefficient (k. a) due to turbulence shown in equation 2.7. That was correlated
with design and operating parameters such as diameter of the disc (D), exposed surface
area of discs (Aqg), rotational speed (w), cross-sectional area of the tank (At), density (p),
and viscosity («) of water. In contrast, another model expression was correlated with all
the above parameters along with the thickness of the water film () and a working volume

of the reactor (V), as showed in equation 2.8.

(kLaH_PAd) _ %S)a (‘”‘Td“)b (i—f)c ........... 2.7)
(%) _ (%ﬁ)a (p I‘Ld“’)b (‘:_il)c (%)d ............ (2.8)
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All the above model studies reported that formed different groups of variables by using
various design and operating parameters. Analyzed these groups' effect to obtain the best

agreement between the experimental and model-projected values of k.a.

2.4 Biodegradation in RBCs:
Doman first used the rotating biological contactor in 1929. He used a series of partially
submerged discs rotating at 0.5 rpm. The effluent's retention time was 2.4 h, and the
maximum film thickness was less than 0.8 mm. The author achieved maximum BODs
removal of 28%. The first commercialization report of RBC for municipal water treatment
came from Germany in 1959. Extensive research is done on the application and design
aspects of RBCs in the past fifty years for municipal water treatment and high BOD
containing effluents such as dairy waste. Recently, (Patwardhan 2003; Cortez et al. 2008b,
Hassard et al. 2015b) critically analyzed RBCs in their review article and reported the
following important aspects.
e Discs submergence is optimum at 40- 45% level. Submergence above 50%
decreased the oxygen transfers in the bioreactor.
e Optimum rotational speeds should be 1-10 rpm for discs with 1-4 m diameter
mounted on shafts around 5-10 m long.
e Space between discs was advisable.
e The optimum staging was recommended for maximizing removal.
The major factors affecting RBC's performance are speed of rotation, dissolved oxygen
level, hydraulic loading rates, hydraulic retention time (HRT), and disc submergence. Each

factor is discussed in detail below.

2.5 Factor affecting the performance of RBC

2.5.1 Effect of rotation speed

The disc's rotational speed is a critical operational parameter for the reactor hydrodynamics'
efficiency, oxygen mass transfers from air to the liquid inside the trough. Tables 2.1
demonstrate the influence of the rotational speed of the RBC on water treatment. Leon et

al. (2014) reported that the exchange rate increases in the stagnant region within the RPM
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limiting up to 450 rpm. As a result, the dead volume decreased. Kim et al. (1984) suggested
that disc edge, trough wall, and free surface in a vessel contributed the majority in mixing
behaviors for the change in disc speed. Patwardhan (2003), Hassard et al. (2015), and Di
Palma and Verdone (2009) reported on oxygen transfer rate with increases in the rotation
speed of the discs. However, for discs attached to the biofilm, rotational speed beyond
critical point was detrimental as reported by Ramsay et al. (2006); as the biofilm is washed
out, this effluent's degradation rate reduces. Similarly, studies were reported by (Gupta and
Gupta 2001; Israni et al. 2002; Malachova et al. 2013; Nahid et al. 2001; Najafpour et al.
2005), for biodegradation of effluent waste.

2.5.2 Effect of hydraulic retention time (HRT)

Studies reported that increasing the HRT, improve the diffusion of the substrate into the
biofilm, followed by its subsequent degradation (Hanhan et al. 2005; Najafpour et al.
2005). Raghuraman and Varma (1974) reported that the liquid interconnected zones' flow
rates created turbulence and improved degradation. Pakshirajan et al. (2011) studied the
performance of a RBC for azo dye-containing effluent. They reported complete
decolorization within 48 h of HRT for wastewater containing dye concentration of 25-200
mg/L. For an above 200 mg/L dye concentration, efficiency marginally reduced to 85% for
the same HRT.

2.5.3 Effect of organic and hydraulic loading rates

Alemzadeh and Vossoughi (2001) and Cortez et al. (2008b) explained that in RBC,
increasing the organic and hydraulic loading caused the problems like excessive biofilm
production, reduction of dissolved oxygen, and reduction in liquid retention time.
Similarly, (Hassard et al. 2015; Patwardhan 2003) reported that as the hydraulic loads
increased at a constant HRT, there was a reduction in COD removal rates, BOD, and
nitrogen due to less time of contact with the biofilm as shown in Table 2.1. Banerjee
(1997a) investigated the degradation of phenol in an RBC system and observed that an
increase in the hydraulic loading lead to an increase in the phenol removal rate, but phenol

removal efficiency decreased.
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2.5.4 Effect of recycle ratio

Recirculation in the RBC system is used to improve overall efficiency. It gives the extra
aeration that influences the DO concentration and hydraulic loading rate of the system.
Studied the effect of recirculation in the RBC system to treat various wastewaters. (Confer
and Logan 1998) suggested that the recirculation helps to returned settled solid aid bacteria
and other associate biomass which carried extracellular enzymes that could help break
down complex polymers. (Ayoub and Saikaly 2004) showed that the Positive effect of
recirculation was attributed to the dilution of influent organic concentration to the RBC
system or used to improve overall performance in removing COD and BOD and improving
effluent DO concentration in the system. Klees (1992) reported that, with increasing
recirculation ratio improved removal efficiencies in COD, BOD, and NHz—N. A recent
study investigated the changes in the mode of recirculation seemed not a marked effect on
the overall removal (Calvin. P.C.Poon, 1979; G.M.Ayaub et al. 2004).
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Table 2.1.: The effect of rotational speed in the performance of RBC systems for different studies

Reactor specifications
S~ Type of Rotational
Type _of Dimensions = 98 wastewater speed Performance References
material g s
(&)
32 <
Stainless ) At 40 rpm - 30.9 mg phenol .
steel discs Diameter - 50 Sr%gtnh;ti'g 40 - 175 removed/dm®, (Isr;(r)lcl);)t al.
covered with 0.09 m wastewater rpm At 150 rpm - 114 mg phenol
cloth removed/dm?
. . At 3 rpm - 62.67% SCOD
IEE;“;,VES?; Diameter - 54 Food cannery | 3and 11 removed (Najafpour et al.
discs 0.35m wastewater rpm At 11 rpm - 93.70% SCOD 2005)
removed
(Nahid et al.
Propylene | Diameter- | ,, | Baker'syeast | 15and 17 At 15 rpm - 77% COD removed. 2001)
Pall rings 2.54 cm wastewater rpm At 17 rpm - 78% COD removed
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Reactor specifications
o Type of Rotational
Type _Of Dimensions E e\i wastewater speed Performance References
material Sa
S 2
)
At HRT =24 h and
At hydraulic liquid rate = 20
3 2
_ o dm*/ m*d, (Gupta and Gupta
Acry”C discs Diameter - 32 MU”lClpaI 5 rpm Initial feed 20 g COD/ m2 d and 2001)
0.25m wastewater 2.2 g N/m2d,
Out of which, 19.4 g COD/ m? d
removed in the 1st stage and 1.1
g N/m?d,
_ Initial feed rate 2.04 g BODs/ m?
_ Synthetic d and 0.6 g BODs/dm?3d
Propylene Diameter - 40 wastewater 3 rom (Sirianuntapiboon
squarerings | 68 mm (food P After treatment 92.5% BODs 2006
industry) removal achieved;
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Reactor specifications

o Type of Rotational
Type _Of Dimensions E e\i wastewater speed Performance References
material Sa
S 2
)
Rigid At 11 rpm OLR 0of 5.3 £ 2.9 mg
: Industrial SBODs/ m? d, with an SBODs | (Ayoob Torkian,
Diameter - 8and 11 S o
polyethylene 05m 37 fom removal efficiency was 76, 75 K. Alinejad
di ' wastewater P and 85% for COD, BODs and 2015)
iscs SBOD:s respectively.
For 50 and 100 mg/L
concentration 96%
Wood disc e Synthetic dye | 20 rpm decolourization. (Axelzsggg)et al.
At: 200mg/L, 81% is the highest
decolourization
fh5 E‘m in At: lower feed concentration
ickness, i . 0
Mild steel 28 %% Industrial dye 1-2 rpm (0.51 36_mg/L), more 'ghan 70% (Abraham et al.
30 cm in wastewater degradation. (HRT various from 2003)
diameter 1to 73 hr)
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Reactor specifications

o Type of Rotational
Type _Of Dimensions E e\i wastewater speed Performance References
material Sa
(&)
55) c
Polyurethane d?a?rTatI:r 40% Industrial dye 2 rom At 150 mg/L, complete (Malachova et al.
foam (PUF) . 0 wastewater P degradation within 20 days 2013)
1cm thick
For 0.0083 kg COD/ m?/day,
_ 60,50 | sugar effluent 91.66% removal sugar effluent | (selvakumar and
Plastic 0.1m and 40 and dairy 6 rpm ) Kumar 2007)
% effluent 0.0025 kg COD/_ m</day, 87.57%
removal dairy effluent.
For 1.56 to 10.6 g COD/m?/day
21 cmin
. . e From 1.56 to 4.05 g COD/m?/day
stainless | diameter and 0 artificial g, : (Alemzadeh and
steel 3mm in 40% wastewater 15 rpm removal efficiency increases. Vossoughi 2001)
thickness 4.05 to 10.6 g COD/m?/day
removal efficiency reduces.
synthetic
Polycyclic
polyurethane | 50% arglmzltic 5 to 20 rpm PAH removal was greater than (Zheng and
foam hydrocarbons 90% after 60 h Obbard 2002)
(PAH)

These studies indicate that rotational speed has a marked influence on the degradation rate.
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Table.2.2.: Presents HRT used for different effluents using RBCs (Hassard et al. 2015)

Initial pollutant

Removal

Organic . Degrading . HRT
ollutant concentration, species/consortia efficiency (d)
p mg L—l p (%)
Pseudomonas sp.,
Benzene 1193 Bacillus, Enterococcus 97.7 1.23
sp.
Pseudomonas sp.,
Xylene 1226 Bacillus, Enterococcus 98.5 1.23
sp.
Phenol 250 Exiguobacterium 484 | 1.00
aurantiacum
Pyridine 280 E. aurantiacum 34.2 0.50
Quinoline 280 E. aurantiacum 48.9 0.50
Benzol(a)pyrene 0.21 Phanerochaete 9%6.9 | 1172
chrysosporium
Mixed culture (MC)
Trichloroethylene 30 augmented with 98.7 2
Thiosphaera pantotropha
Mn 45 Ulothrix sp. 36.7 1
Cu 100 Ulothrix sp. 38 1
Activated sludge
Cu 100 consortium enriched by 59 1
metal spiking
Activated sludge
Zn 100 consortium enriched by 84 1

metal spiking

2.5.5 Effect of staging

Staging provides enhanced capability to manage shock loads providing the biomass as a

catalytic activity with sufficient substrate and improving removal rate and process stability.

At high effluent treatment value and higher organic loading, the staging was recommended

in the RBC system (Radwan and Ramanujam 1997; Banerjee 1997a). The mixing decrease
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gradually along the reactor, and the system behaves as the plug flow system to avoid this
situation in RBC and staging use. Tawfik et al. (2006) suggested that using staging in the
RBC system, the concentration of COD and the Escherichia coli was lower in the final
effluent of a two-stage than the single-stage. Moreover, in a two-stage system, the
nitrification efficiency was shown higher compared to the one-stage system. Andreadakis
(1987) assumed each stage of his RBC system was well mixed. The study showed that the
system's efficiency was insignificant beyond four stages due to the decrease of the total
area for constant influent substrate concentration (BOD5) and effluent substrate
concentration (BOD5) as the number of stages increases. Enayathali and Kumar (2012)
studied two stages of RBC for treating grey wastewater. The experiment was conducted at
various influent loading of COD and rotational speed from 4.5 to 6, and the maximum
treatment efficiency was 95.04% and 94.96%, respectively. Based on COD and other
effluent concentrations, staging calculations can be done using literature with the

appropriate adaptations.

2.5.6 Effect of disc submergence

The percentage of RBC medium submergence influences the microorganisms' oxygen
availability and microorganisms' contact time to the substrate. Cortez et al. (2008) Studied
that increased submergence of the RBC unit decreased the degradation rate. Moreover,
40% submergence used for municipal wastewater was insufficient for nutrient removal,
and submergence had to increase to 60%. Reports are providing additional air drive if
submergence increased above 70%. Nahid et al. (2001) found the biofilm growth over the
RBC's disc surface; the internal biofilm was growing anaerobically while the external
biofilm was growing aerobically. These reduced the overall degradation rate, which could
be overcome by providing a large surface area that increased RBC degradation
(Patwardhan 2003).

2.5.7 Effect of dissolved oxygen concentration
In most aerobic RBC systems, the dissolved oxygen is necessary to grow biofilms on the

discs. Discs with the biofilm are partially submerged in wastewater and partially exposed
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to the air. Oxygen is absorbed in the liquid film and over the biofilm surface during disc
rotation (Grady 1982). In the biofilm growth stage, the oxygen concentration reaches a
minimum level and, as increased along with the reactor substrate concentration, was low.
As the rotational speed increased at a particular submergence level, the RBC's oxygen
transfer capacity increased (Rodgers and Zhan 2003). As submergence increased at a
constant rotational speed, the oxygen transfer rate decreased (Mathure and Patwardhan
2005).

In the late 1960s, concentrations of oxygen above 100% air saturation were documented to
cause metabolism inhibition and microorganisms' respiration (Antonino 2004). Numerous
literature reports have demonstrated that the oxygen transfer rate often limits the overall
reaction rate; it controls the enzyme activity growths, which depend on the proteins and
lipids present called reactive oxygen species. Welch (1968) presented data showing a
considerable decline of treatment efficiency when operational DO concentration dropped
below 1.5 mg/L for his operating conditions of 500 mg/L COD and 30 minutes retention
time. Weng and Molof (1974) investigated the six-stage laboratory reactor and found that
nitrification took place only in the stages where DO was greater than about 2 mg/L

2.6 Selection of microorganism

2.6.1 Microorganisms degrading azo dyes

Several studies reported that for partial and complete degradation of an azo dye, a wide
range of microorganisms is found to reduce these compounds, such as bacteria, yeast,
algae, and fungi. Different bacteria groups degrade azo dyes under conventional anaerobic
and aerobic conditions. The reductive cleavage of azo bonds (—N = N-) degraded using the
microbial mechanism with the help of azoreductase enzymes under anaerobic conditions
that contained hazardous-aromatic amines (Chang et al., 2000; VVan der Zee and Villaverde,
2005; Saratale et al., 2011). Removal of azo dyes by bacterial strain requires energy, and
therefore extra organic source is provided for degradation (Pandey et al. 2007). Only a few
bacteria can grow on azo dyes as the source of carbon (Erkurt, 2010). Extensive studies
was carried out to determine the effective degradation of azo dyes through the various

groups of bacteria (Pandey et al., 2007; Erkurt, 2010; Saratale et al., 2011). Several studies
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also demonstrated a trial or wide-range of degradation of reactive azo dyes by single and
mixed bacterial strain summarized in Table 2.3.

Literature shows the very few yeast species like Issatchenkia occidentalis, Candida
zeylanoides, Debaryomyces polymorphus, Candida albicans, Candida oleophila,
Saccharomyces cerevisiae, and Candida tropicalis perform putative enzymatic
biodegradation and consequent decolorization of different azo dyes (Lucas et al. 2006;
Martins et al. 1999; Ramalho et al. 2002, 2004, 2005; Vitor and Corso 2008; Yang et al.
2003). Yeast species like Kluveromyces marxianus removed the remazol black B,
Saccharomyces cerevisiae (MTCC-463) remove Malachite Green, and Methyl Red,
Galactomyces geotrichum (MTCC 1360) decolorize triphenylmethane, Trichosporon
beigelii (NCIM-3326) decolorized Navy Blue HER with the enzymatic action and produce
toxic byproducts as reported (Jadhav et al. 2007; Jadhav and Govindwar 2006; Meehan et
al. 2000; Saratale et al. 2009). Candida kefyr and Candida catenulata degrade more than
90% of amaranth by biosorption (Camargo and Corso 2002).

Table 2.3.: Bacterial strain used for azo dye degradation

Bacterial strain Dyes Degradation References

Acinetobacter

calcoaceticus NCIM Direct brown MR (Ghodake et al. 2009)
2890
Acid Blue 25, 95-98%
Bacillus cereus DC11 Malachite Green, (Deng et al. 2008)
Basic Blue
Acid Orange 10, 100%

Bacillus fusiformis (Kolekar et al. 2008)

Disperse Blue 79

Bacillus sp. Congo red 90-100% (Gopinath et al. 2009)
0,
Bacillus subtilis HM Fast Red 99% (Mabrouk and ¥ usef
2008)
Bacillus thurengiensis Acid Red 119 50-60% (Dave and Dave 2009)
Bacillus velezensis AB Direct Red 28 - (Bafana et al. 2008a)
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Bacterial strain Dyes Degradation References
Enter . 71-85%
te .OCOCCUS Direct Black 38 85% (Bafana et al. 2008b)
gallinarum
Eschericia coli YB Acid Red 27 75% (Liu et al. 2009)

Reactive Brilliant
Red K, Remazol
Black N, Remazol
Black, Reactive

Brilliant Red X
rilliant Red X, | 20 o506 | (Asad et al. 2007; Guo
Halomonas sp. Acid Black 10B, et al. 2008c, b: a)
Acid Scarlet GR, ' Y
Acid Red B,

Sulfonyl Scarlet
BNLE, Acid Red
G,

P monas | I .
seudomonas luteola, | oo tive Red 22 (Chen et al. 2006)
Eschericia coli

Direct azo dyes,
Pseudomonas luteola | Reactive azo dyes, (Hu 2001)

-0Q0,
and leather dyes 59-99%
Methyl Orange,
P. putida, B19, B54, R91,
Pseudomonas Y87, R90, B69, (Klees and silverstein
aeruginosa, P. B15, B36, Y15, 1992)
oleovarons R34, B31, Y79,
and B86
Pseudomonas Green HE4B 100%
desmolvticum Direct Blue 6, Red (Kalme et al. 2009)
y HE7B
0,
Rhodopseudgmonas Reactive Black 5 S0% (Xingzu et al. 2008)
palustris
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Bacterial strain Dyes Degradation References
hi Anthraqui %

Sp !ngomonas nthraquinone 98% (Fan et al. 2009)
herbicidovorans dyes

Shewanella, Acid Red 88,

Aeromonas, Bacillus, | Disperse Orange 3, .
i Khal .2 ;
Pseudomonas, and Direct Red 81, (Khalid et al. 2008a; b)

Massillia spp. Reactive Black 5

Disperse Orange 3,
Reactive Black 5,
Direct Red 81,
Acid Red 88

Klebsiella oxytoca,
Citrobacter freundii,
Acinotobacter sp.

(Khalid et al. 2009)

A review of the literature recommends that algae are able to degrade azo dyes due to its
different procedures of assimilative utilization of chromatophores for the production of
biomass, CO2, and H20 as an end product (Vijayaraghavan and Yun 2007). Several algae
species, such as Chlorella and Oscillatoria, can degrade azo dyes and their aromatic amines
into simpler organic compounds or CO> (Acuner and Dilek 2004). It has been reported that
the Chlorella pyrenoidosa, Chlorella vulgaris, and Oscillateria tenuis decomposed more
than 30 azo dye toward simpler aromatic amines (Yan and Pan 2004). Moreover, algae's
biosorption process could be implemented as an effective method for dye degradation, and
gives the alternative to more costly materials (Banat et al. 1996; Daneshvar et al. 2007).
Fungi culture appears to be most appropriate, fast, and efficient in the degradation of
various azo dyes and another metallic effluent. The multiple fungi cultures and their lignin
modifying enzymes (LME) that are lignin peroxidase (LiP), manganese peroxidase (MnP),
and laccase are responsible for the wide range of organic compound degradation (Christian
et al., 2005). Literature studies that the azo dye degradation have aimed on fungal culture
from white-rot fungi, which was used to develop bioprocesses for the biodegradation of
azo dyes (Machado et al., 2006). In white rot fungi most widely studied fungi for azo dye
degradation is Phanerochaete chrysosporium. Still, others have also received significant
consideration, such as, Aspergillus ochraceus, Trametes (Coriolus) versicolor, species of

Pleurotus, Phlebia, Bjerkandera adusta, and a diversity of other fungi (Heinfling et al.,
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1998; Pointing and Vrijmoed, 2000; Saratale et al., 2006; Humnabadkar et al., 2008) are

shown in Table 2.4.

2.6.1.1 Lignin modifying enzymes (LMEsS)

White rot fungi are capable to degrade lignin by evolving a non-specific mechanism. The
fungi secrete Ligninolytic enzymes during stress conditions (carbon, nitrogen, or SuLphur
nutrient limitation), and these enzymes then degrade the lignin. LMEs being extracellular
and non-specific, have been adapted to degrade several pollutants. The extracellular nature
of these enzymes enables the fungi to tolerate higher levels of pollutants and further
eliminates the requirement of an adaptation period (Barr and Aust 1994). P. chrysosporium
and T. versicolor are well-studied white-rot fungi, and their application in the degradation

of environmental pollutants is quite wide.

Native c di
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peroxidase ) [R-OOH]
3t H,0, H,O
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substrate
(RH or Mn?")
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product, radical

. . product, radical
(R +H"orMn™)

(R +H' or Mn®")

.

substrate
(RH or Mn?")

Compound 111

Compound II

Figure 2.2. The catalytic cycle of peroxidases (Erkurt 2010)
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Figure 2.3. The catalytic cycle of Laccase (Erkurt 2010).

Both of these fungi produce oxidoreductases, that is, LiP, and MnP, and Laccase (Erkurt
2010; Wesenberg et al. 2003). These LME catalytic cycles of peroxidase and laccase are
given in Figures 2.2 and 2.3, respectively.

2.6.2 Immobilization of microorganisms

In the last two decades, several designs and techniques have been reported to suppress azo
dyes by fungi cells used. Immobilization application seems to be more encouraging than
those free cells attached within a defined area support material. There are varieties of
immobilization methods available (Karel et al. 1985) as "the physical incarceration of
intact cells to a certain area of space with preservation of some desired catalytic activity."
Mostly two types of cell immobilization are used, such as entrapment and attachment. In
the entrapment technique, natural or synthetic polymers have used for cell immobilization
(Datta et al. 2013; Markvicheva et al. 1991; Martins et al. 2013).
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Table 2.4.: White rot fungus strain used for azo dye degradation

LITERATURE REVIEW

White rot fungus Enzyme Dye Degradation References
Amido black 10B (Senthilkumar et al. 2014)
_ 90.3% o
_ Reactive Black 5 (Enayatizamir et al. 2011)
LiP ) 95-100% )
) Direct Blue 15 (Pazarlioglu et al. 2005)
Phanerochaete LiP and MnP ) 95-100% )
_ ) Diazo dyes (Pazarlioglu et al. 2005)
chrysosporium MiP ) o _
Reactive Brilliant Red K-2BP (Paszczynski et al. 1991)
Amaranth, new coccine, and Orange (Martins et al. 2001)
85-89%
G (Yu et al. 2006)
Remazol Black B, Congo red, ) )
_ (Binupriya et al. 2008)
Orange 2, and Acid Orange 6 80-100%
Trametes ) _ (Aksu et al. 2007)
_ Reactive Red 198, Reactive Blue 19 77-92.5% )
(Coriolus) Laccase ) ) (Legerska et al. 2018)
_ Reactive Black 5, Reactive Red 2 41.2-64.3% )
versicolor (Borchert and Libra 2001)
Remazol Black B 91-99% ]
) (Nilsson et al. 2006)
Drimarene Blue 70%
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White rot fungus Enzyme Dye Degradation References
Reactive Black 5, Reactive Orange 40-90% (Heinfling et al. 1997)
96, Reactive Violet 5, Reactive Blue (Novotny et al. 2001)
Bjerkandera adusta LiP, MnP 15, Reactive Blue 38, 87% (Ammjmatbmsu Heinfling
Remazol Brilliant Blue R, Reactive et al., 1998; Annette
Black 5, Reactive Blue 38 Heinfling et al., 1998)
_ - Astrazone Blue 75% (Yesilada et al. 2003)
Funalia trogii Laccase )
Drimarene Blue 75-95% (Erkurt et al. 2007)
Phanerochaete .
) MnP Reactive Red 120 (Harazono et al. 2003)
sordida 90.6%
Amaranth, new coccine, and Orange 96.8-98.5% (Chagas and Durrant
Pleurotus sajorcaju Laccase G 62-92% 2001), (Murugesan et al.
Reactive Black 5 2007)
Congo Red, Reactive Orange 16,
Congo Red, Methyl Red, Reactive 58-100% )
Irpex lacteus ) (Novotny et al. 2001)
Black 5, Black, Chicago Sky Blue,
Naphthol Blue
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White rot fungus Enzyme Dye Degradation References
Ganoderma )
) Laccase Reactive Black 5 (Forss and Welander 2009)
lucidum
Ganoderma sp. _ 100%
LiP Amaranth (Revankar and Lele 2007)
WR-1
Ischnoderma 94% . ]
_ Laccase Orange G (Eichlerova et al. 2005)
resinosum
Dichomitus Laccase and 95% . )
Orange G (Eichlerova et al. 2005)
squalens MnP
Pleurotus 91% . ]
Laccase Orange G (Eichlerova et al. 2005)
calyptratus
_ Amido Black, Trypan Blue, Congo 100%
Lentinula edodes MnP (Boer et al. 2004)
Red
Reactive Black 5, Mordant Black 11,

Strain L-25 (newly Direct-Orange 26, Direct Red 31, 84.9-99.6% o )
_ _ ) ] (Kariminiaae-Hamedaani
isolated white-rot MnP Reactive Orange 16, Direct Blue 71, tal. 2007)

etal.
fungus) Acid Red 6, Mordant Yellow 3, Acid

Orange 56, Mordant Blue 13
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Some studies reported that the microorganism is entrapped in the agar, alginate, and other
polymeric matrixes like gelatin, collagen, and polyvinyl alcohol. (Chang et al. 2000; Daéassi
et al. 2013; Enayatizamir et al. 2011; Katzbauer et al. 1995; Norton and D'Amore 1994;
Park and Chang 2000). After that, synthetic foams such as nylon polyurethane foam (PuF)
or stainless steel sponge have been used for attachment processes (Couto et al. 2004; Flint
et al. 1997; Haapala and Linko 1993; Nakamura et al. 1997; Parkar et al. 2001). Other than
this, natural supports materials such as wheat straw, jute, hemp, woodchips, and luffa
cylindrical sponge have been used to immobilized fungi cells (Erkurt et al. 2007; Rodriguez
Couto 2009; Shin et al. 2002; Yum and Peirce 1998). These materials provide then add

nutrients and increase their enzymatic activity.

Table 2.5.: Summarizes the azo dye decolorization by fungi immobilized on different

supports
Fungus Azo dye Suppgrt Degradation References
materials
Diazo dye Red Polyurethane
(Yang and Yu
533 foam
1996)
Orange 1l (PuF) >95% )
] _ (Mielgo et al.
Reactive Black 5 | Alginate beads 2001)
Acid Orange Alginate beads 90%
) (Urra et al.
Acid Red 114 Ca-ALG beads
2006)
Congo Red ZrOCI2- 90%
. . (Radha et al.
=3 Direct Yellow 12 activated 2005)
chrysosporium | Acid Black 1 pumice _
) (Pazarlioglu et
Reactive Orange PuF 95-100%
) al. 2005)
16 PuF, stainless
. (Urra et al.
Basic Blue 41 steel net, 90%
. ) 2006)
Reactive dye K- polyamide
) ) (Gao et al.
2BP fiber, fiber glass 93.5%
2008)
net
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Fungus Azo dye Supp(?rt Degradation References
materials
Activated
carbon powder,
Maple
o woodchips 95-100% (Zhang and Yu
Acid Violet 7
A " Wheat straw, 2000)
i maran
T. versicolor Jute, hemp, | 95.4-985% | (Shin etal.
Nylon, 2002)
Polyethylene
teraphthalate
fibers.
_ 66-98% (Cing and
Activated )
Yesilada 2004)
Astrazon Red carbon.
o 75-95% (Erkurt et al.
dye L. cylindrica
Ori - 2007)
i rimarene Blue sponge.
F. trogii ) P .g ) 99% (Mazmanci and
Reactive Black 5 L. cylindrica .
_ Unyayar 2005)
Acid Black 52 sponge.
90% (Park et al.
Na-ALG beads.
2006)
) 95-100% (Kasinath et al.
PuF, Pine wood
2003)
RBBR (PW),PuF ,
) 80% (Svobodova et
Reactive Orange | straw (source of
16 trients) and al. 2007)
nutrients) an
Irpex lacteus _ 50-00% (Sima et al.
Reactive Orange Al-
_ 2016)
16 Schwimmbett® .
) ) >92% (Sima et al.
plastic particles
2012b)
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Fungus Azo dye Supp(?rt Degradation References
materials
: 80-94% Axelsson et al.
Bjerkandera | Reactive Red 2 Birch wood (
sp. 2006)
Reactive Red DUE 95-100% (Casieri et al.
u
T. pubescens 243 2008)
Reactive Red BUE 96-98% (Casieri et al.
u
P. ostreatus 243 2008)
z0, and (Abadulla et al
adulla et al.
Trametes Anthraquinonic | Alumina pellets 80%
hirsuta 2000)
dyes

2.6.2.1 Dye decolorization by immobilized fungi

Immobilized cultures of Trametes versicolor with activated carbon power were
investigated for decolorization of acid violet 7 (Zhang and Yu 2000). It showed the
maximum dye removal within 6 h. The maximum decolorization rate (Vmax; mg/L h) and
half velocity concentration (Ks; mg/L) were calculated at 130.5 and 345.0 in the batch
system, respectively. The decolorization of orange Il by immobilization of Phanerochaete
chrysosporium in a continuous packed bed reactor was investigated (Mielgo et al. 2001).
In this study, PuF material used as a matrix material, and complete decolorization obtained
when working at optimal conditions [temperature 37°C, HRT of 24 h, and organic loading
rate 0.2 g/L/d]. A linear correlation was found between MnP activity and decolorization,
absence of Laccase, and LiP enzyme activity. Decolorization and degradation of azo dyes
through immobilized Phanerochaete chrysosporium and Trametes versicolor on different
supporting materials were investigated and found the highest removal rate, as shown in
Table 2.5. The mixture of these two fungi was not investigated to degrade azo dyes by
using granular activated carbon as a support material as per our knowledge. Therefore, the
degradation of reactive black 5 (RB5) azo dye is investigated in the rotating packed disc

bioreactor using mixed culture immobilized on granular activated carbon.

34



CHAPTER 3
SCOPE AND
OBJECTIVES






SCOPE AND OBJECTIVES

CHAPTER 3
3 SCOPE AND OBJECTIVES

The literature survey revealed that RBCs demonstrate plug flow behavior. The
microorganisms in the first stage would be exposed to the highest pollutant concentration,
and the ones present in the last stage would be exposed to the lowest pollutant
concentration. Therefore, small variations in the influent quality would affect the biofilm's
growth and thence pollutant removal. This requires changing the flow behavior inside the
RBC so that the performance does not reduce by varying influent concentrations. The
reports suggest the requirement of more surface area for biofilm growth for efficient
degradation of the pollutants under variable organic/hydraulic loading. It also suggests that
the recycling stream positively influences pollutant removal, but the underlying reason is
not reported. Reports suggest that white-rot fungus is the best microorganism for dye
degradation as compared to municipal activated sludge. Phanerochaete chrysosporium and
Trametes. vesicolar efficiently degrades dyes, although dye degradation efficiency and
COD removal efficiency vary for both the fungi. P. chrysosporium degrades color but does
not reduce COD as much as T. vesicolar culture. In contrast, the latter culture reduces COD
but is susceptible to inhibition by high concentrations of dyes. A mixed culture of the two
fungi may provide a solution to dye as well as COD removal. Immobilized culture proved
to be more efficient in color removal than the suspended cultures. GAC can provide a good

immobilization platform for white-rot fungi.

3.2 Based on the literature review, this research work focuses on the following
objectives,

1. Design and Development of novel horizontal trough rotating packed disc bioreactor
(RPDB)

2. Characterization of the developed bioreactor in terms of hydrodynamics and mass
transfer

3. Investigating the suitability of proposed contactor design for biodegradation of azo

dyes.
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CHAPTER 4
4. MATERIALS AND METHODS

4.1 Materials

The Reactive Black-5 dye was purchased from Sigma—Aldrich (Miluwaukee, USA), while
yeast extract and malt extract were bought from Himedia (Mumbai, India). The other
chemicals were obtained from LOBA CHEMIE Pvt. Ltd. (Mumbai, India). Granular
activated carbon (GAC) obtained from "GCARBON" Gowrishankar Chemicals Pvt. Ltd. K
B Cross, Kibbanahalli, Tumkur, Karnataka, India. This GAC is made up of coconut shells
with different techniques, which gives it strength and durability. Initially, granular
activated carbon was sieved for the desired size; particles passing through 4 mm screen
and retaining on 3.2 mm screen (average size =3.6 mm) were taken for the study. The GAC
was washed repeatedly using water to remove all dust, colour, and loose particles. Then, it
was dried in an oven for 24 h at 110" C. This dried GAC was then used for immobilization
purposes. It is some properties that were determined and used in this study shown in the
appendix Table Al.

This chapter deals with details of chemicals used, analytical techniques employed in the
present investigation, a different instrument used for analysis, and a description of the
experimental setup—the detailed specification of the contactor and operating conditions

used in the contactor were also represnted.

4.2 Contractor specifications

This research work involves the use of a modified design of rotary biological contractor
for the removal of dye degradation and reduction of COD of synthetic wastewaters. A
Rotating Packed Disc Bioreactor (RPDB) has been designing and fabricated. The

specification of contactor are given in Table 4.1.

4.2.1 Description of the experimental setup
The experimental line diagram as shown in figure 4.1(a), (b), and (c). The synthetic effluent

having the required concentration was prepared, and the feed Tank, having a capacity of
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100 L, was filled. Two peristaltic pumps, one for pumping main feed and another for
pumping recycle feed, are used. Calibrated rotameters were provided for measuring the
flow rates of main and recycled feeds. An RPDB was designed, with emphasis to provide
a well-mixed environment.

Table 4.1.: The contactor Specifications

Trough Hollow Disc Vanes on disc
v' Geometry: Rectangular | v Geometry: Circular v Geometry: Rectangular
cross-section with a v Diameter: 25 cm v Length: 12.5cm
circular bottom v" Width :3 cm v" Width: 3cm
v Length: 150 cm v’ Perforations: 3mm v Thickness: 0.2 cm
v' Width:30 cm v" Volume: 1.437 L v Total number: 8
v' Depth: 18.5 cm v Number of discs:2/3 v" Orientation: Radial
v Working volume 141618 and staggered on both
32.5/65 L v Spacing between discs sides.
25.5-19-12.5 for 2-3-4
or4-6-8 respectively.

The novelty lies in the hollow disc's design, which contains radial wanes on the outside of
the disc. The contactor made of SS 316 consists of a horizontal trough with a semi-circular
bottom with liquid flow through the trough, as shown in Figure 4.1(b). The contactor has
three sections; sections 1 and 2 would serve as reactors with overflow from section 2
entering section 3 and draining as final discharge. The contactor could be operated with
two different working volumes, 32.5 L and 65 L. Hollow circular discs were shown in
Figure 4.1(a) mounted on a shaft and were housed in the trough so that they were partially
submerged in the flowing liquid. Flat radial vanes with a 45" staggering on both flat sides
of each disc were provided to enhance radial mixing. Holes of 3 mm were provided on both
flat sides of each disc. The hollow discs were packed with polymer (LDPE) beads (shape:
oval, size: length = 5 mm, width = 2.5 mm, density =0.898 g/ml) for conducting RTD
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experiments. The packing material inside the disc provided four times more surface area
than the standard disc used in an RBC.
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The aerobic processes for municipal wastewater treatment typically employ 40-50%
submergence of discs (Cortez et al. 2008b; Gupta and Gupta, 2001; Ni, 1994). A 45%
submergence was used in this work. A 3 HP variable speed drive rotated the shaft at the
required speed.

Uo

=

Ur >
——
. >

? 0

¢ eactor Vi
j mlj
l M !

B

P2
R1 and R2 =Rotameter, P1 and P2 = Peristatic pump
* R1and P1for fresh feed
= R2and P2 for Recycle feed

4.1 (c)
Figure 4.1. Schematic diagram (a) hollow circular disc, (b) horizontal trough with a semi-
circular bottom (c) Schematic line diagram of rotating packed disc bioreactor experiment

setup.

When the contractor would be operated as a bioreactor, appropriate solids containing
microorganisms would be used. The liquid would enter the discs through holes under
submergence during rotation and reach the microorganisms. The liquid would contain
dissolved oxygen as well as nutrients needed for the growth of microorganisms. Besides,

when the discs would be exposed to ambient air during rotation, air would enter the discs
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through holes, and microbes would receive oxygen. Figure 4.1(c) show the schematic line
diagram of the experimental setup. Tap water was used for conducting experiments. Two
peristaltic pumps, one for fresh feed (P1) and the other for the recycle feed (P2), were used.
Calibrated rotameter were used to evaluate the flow rates of fresh (R1) and recycle feeds
(R2). The tracer used was 2 N potassium dichromate solutions. The required number of
discs for a given experiment was fixed onto the shaft with appropriate spacer tubes, lock,
and key arrangement. The required flow rates of fresh and recycle streams as well as shaft
speed were set and ensured that the contactor was operating under steady-state conditions.
10 mL of tracer was quickly injected as a pulse at the location where the fresh and recycle
streams were entering the trough. A pen-type calibrated conductivity meter (Hanna
Instruments, Model HI98129) was used to measure liquid conductivity at the exit for
different time intervals. The conductivity data were converted into concentration vs. time
data using the calibration plot (C =1.10't +1.30) shown in appendix Figure Al. The

following equations were used for calculations related to exit age distribution,

w =1, [, C(D).dt (4.1)
C

E(D) = o (4.2)

__ [Jtcat

= Tmrar (4.3)

0 =t/t (4.49)

E(8) = LE() (4.5)

o = [[(t—-DZLE®.dt  (4.6)

The tracer balance check was done using equation. 4.1 for each run, and if the error between
the quantity of tracer used and obtained from equation. 4.1 was more than +5%, the
experiment was repeated. The exit age distributions were generated, and the corresponding
parameters were found using equations 4.2 - 4.6. The area under each E(0) curve (in the

dimensionless form) was checked and found to be unity. The influence of time taken for
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injecting the pulse of tracer on exit age distributions was neglected because it was far less

(< 5 s) than the mean residence times observed in the contactor.

Table 4.2.: Experimental conditions used in this work

Srno Conditions Working volume (32.5 L) | Working volume (65 L)
1 Rotational speed, w 10, 15 & 20 rpm 4.6.8, 10r’plnf’ 15&20
2 Number of discs, N 2,3&4 4,6&8
Recycle Ratio, R 3.05,3.78,5.32 & 9.75 0.102, 1, 1.858 & 9.75

Experiments were conducted with working volumes of 32.5 and 65 L., using packed discs.
Both of these working volumes were conducted in a single system using the partition
provided at the middle of the bioreactor as shown in figure 4.1(b). The experiments were
carried out in triplicates, and the standard error was measured. Since the RTD studies
contained a large number of data points and the error obtained for the mean residence time
was less than + 6%, the error bars are not shown in the plots. The operating conditions used

in this study are given in Table 4.2.

4.3 Mathematical model
The model developed by Kim et al. (1982) was adopted here for analysis. Figure 4.2 shows
the model diagram. The following points were considered for deriving the model equations
used in this work.
e There were no stagnant regions in the contactor.
e A recycle would be used when this contactor would be operated as a bioreactor
later, and hence a recycle stream was included in the model equations.
e Asmentioned in Figure 4.2, the total volume of liquid (V)) in the contactor for given
submergence of discs was divided into three sections as follows.
Vi=Vo+nV+ Ve (4.7)

Where ‘n” was the number of equal-sized stages and V was the volume of each stage
in a cascade; Vo and Ve were the volumes of mixing and splitting compartments at

the inlet and outlet of the cascade, respectively.
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e The fresh and recycle feeds were mixed in Vo, and the resulting mixed stream was

fed to the first stage of the cascade.

e The exit stream from the last stage of the cascade entered Ve, where it was split into
the final exit and recycle streams.

e The volume of each stage consists of upper and lower liquid regions with a cross-
flow between these regions.

e The upper liquid region was considered to be well mixed, having a volume of a7,
where « is the volume fraction of the upper liquid region. The lower liquid region,
having the volume of (1 — «) V, was also considered to be well mixed.

e The cross-flow between the two mixed flow regions was f'vm, Where vm was the
total through flow in the axial direction and S was the volume fraction of cross-flow
between two mixed flow regions.

e The contactor operated under steady-state isothermal conditions.

e Since the fluid used was liquid, it would be a constant density system.

For tracer analysis with recycle stream, the recycle ratio, R was defined as

Uy =Vg+ U, =09+ R-vy=(1+R) v, (4.8)
Where, R = X =2
Ve Vo

In order to obtain an expression to find the inlet concentration of tracer to the first stage of
the cascade as a function of time, the following was considered as shown in Figure 4.2
(dotted section only). A pulse of the tracer of mass (w) was quickly injected into the mixing
compartment, which was considered to be instantaneously mixed in the entire volume Vo,
such that at zero time, the concentration would be,

Tracer concentration, Co = w/Vo,

From the transient mass balance of tracer across the volume Vo (Figure 4.2, the dotted
section only), the following relation can be obtained,

t

C=0Cy+* e;_o (4.9)
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Where C represent the concentration of the tracer in volume V, and To = Vo / vo. The tracer
and the recycle stream having concentration C. would get mixed to obtain the mixed feed
entering the cascade.

A mass balance of tracer in the mixed region (M) (Figure 4.2, the dotted section only)

would give the relation,

—+(Z)«c (4.10)

m ™ (R41) R+1

Substitution of equation (4.9) in equation (4.10) would give

t

Co — R
C.. = (—) * @70 + (—) * C 4.11
m R+1 R+1 € ( )
Tracer input
(Pulse)
rrrrr ——, N
C, e N U,
—_
v, av, C,’ =
11

C,\V, \'A

Mixed

Region 3 >

(fn C, Cy C, C,

po., Bu. pv, po,
v, a-ayVv, c, v, v, ( (1-a)V, C, v,
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Figure 4.2: Shows the diagram of the RTD model system for each stage in the contactor.

The transient mass balances of tracer across the two mixed flow regions in each stage
Figure 4.2 (Stage 1 - n) would be as follows.
Stage 1, Region 11

B.0mCy = f.vmCi +a. V.52 (4.12)
o at  dcj
€= Ci+ 5 (4.13)

Stage 1, Region 12

Un.Cm + B 0m.C; = v Cy + BvyCy + (1 — a).V.% (4.14)
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Since, vy, = vy (R+1) and T = UX , dividing equation 4.14 with vy, and rearranging
0

would yield,

I dcC
Cm+B.C1=(1+[3).C1+(1—oc.ﬁ.d—tl (4.15)

The following dimensionless constants were defined,

P, — a _ a(l-a) _atf p R
17 R+DB 27 B(R+D? 37 (R+DB 47 R+t

In addition, let @ = Co/(R+1)
Substitution of dimensionless parameters in equation 4.13 would yield,

Stage 1, Region 11

dt

C,=C,+P.1 (4.16)

Similarly, substituting equation.4.11 and equation.4.13 in equation 4.15 and rearranging
would give the following equation,

Stage 1, Region 12

P,.T Z.d ) dcl +Cj = d.exp (= )+1>4 C, (4.17)

Similarly, Stage 2, Region 21

Cy

C,=Ch+P.T.52 (4.18)
Stage 2, Region 22

P,.T Z.d G+ (1), dcz +C,=0C, (4.19)
Slmllarly, Stage n, Reglon nl

C, = C, d(f“ (4.20)
Stage n, region n2

P,.T Z.d S 4 (Py1.). % dc“ +Ch=Chy (4.21)

In the above model, the three parameters, o, £, and n provide information on flow behavior
in the RBC. Usually, an increasing number of stages suggest the plug flow behavior in any
given contactor. The parameter o provides the volume fraction of the upper region of the
two mixed flow regions. A higher value of o suggests a well-mixed region, whereas a lower

value of a suggests a plug flow region. The parameter  provides information on the cross-
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flow between the two well-mixed regions. Usually, as o increases, the f value would
decrease because a higher « value suggests that two different stages would merge to make
one stage. Overall, a mixed flow behavior will be observed for high «, low £, and low n

value, whereas a plug flow behavior will reduce o and increase $ and n.

" Define initial values |
Vo =(); R=(); Top=():Co =W/Vg3

3

Set values for parameter n. o and
0« a <1,
O«P <1,
n is integer such that (m>0)
!

"' Calculate P; P,.P;. P, ‘
and ®©

|

(i Obtain exit age
‘ concentration (C,) using
equation 4.18to 4.21.

[ ]

{ Calculate RMSE ’
using 4.22

]

Is error
Yes significant

No l
Report the values of n,a

and B resulting in the least
RMSE were taken

Figure 4.3: The model for estimating the model parameters followed step by step iterative

procedure

4.3.1 Estimation of model parameters

All model parameters mentioned above, namely, @, f, and n, were estimated by the
nonlinear least square method of parameter estimation. Experimental data were used, and
the root mean squared error (RMSE) was minimized using MATLAB (2015a), as given by
the following equation,

Minimize,
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Z?:l(CExp._Csim)z

RMSE = \/ (4.22)

Where Csim= simulated value of exit age concentration and Cext = experimental value of
exit age concentration. The following (Figure 4.3) step by iterative step procedure was
followed for estimating the model parameters using experimental RTD data of each

experimental run. MATLAB (2015a) was used to solve the model equations.

4.4  Oxygen mass transfer studies
The oxygen volumetric mass transfer coefficient (k.a) was measured in RPDB using a
static gassing-out method (Linek et al. 1987; Van’t Riet 1979). Figure 4.4 represents the

oxygen transfer concentration outline for the static gassing out method.

Nitrogen on

Air on

Oxygen concentration

Time
Figure 4.4: Schematic representation of the oxygen concentration for the static gassing

out a method to determine the k.a value

The trough was filled with tap water, and nitrogen gas was bubbled from the bottom of the
trough to lower the dissolved oxygen (DO) in the water. The DO was measured using a
calibrated DO meter (Lutron PDO-520, polarographic type). The probe response time was
very short in comparison with the time interval of measurement.

The probe was placed 11 cm from the water surface. At the time of nitrogen gas bubbling,
the reactor was fully covered with the steel sheet hood to reduce oxygen transfer from

surroundings into water. The flow of nitrogen gas was stopped when the DO level dropped
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below 0.5 mg-O/L. Then the reactor was operated at the given rotation, and the recycle
stream was maintained. Instantaneously DO values were measured until it reaches a
saturation state. Since all the experiments were conducted at room temperature, C* value
for each experiment was different. During the repeat experiments, the DO value was
measured by placing the DO probe at the tank's starting point and at the center. The
readings were almost the same and gave uniform mass transfer along the length of the tank.
For repeat experiments, the error was <5%. The mass balance of oxygen in water can be
described as

== ka- (C"—0) (4.23)

Integration of equation (4.7) would yield

(C*=Cy)

=] = ke (6 — 1) (4.24)

where C” is the DO concentration at saturation and C is the DO concentration at time t. k.a

was calculated from the slope of the straight line given in equation (4.24) by plotting

(€C*—Cp)
In [(C*—c)

] versus time (to-t). kea was measured for two working volumes of 32.5 and 65

L. The effects of the number of discs from 2 to 8, rotational speed from 5 to 60 RPM, and

recycle stream on kLa were investigated in batch mode.

45  Microorganisms, medium and subculturing

A pure culture of the white-rot fungus P. chrysosporium (MTCC NO: 787) and T.
versicolor (MTCC NO: 138) strains were obtained from IMTECH Chandigarh, India. Both
the strains were periodically transferred to subcultured with an interval of 30 days on
growth media. Standard (90 mm diameter X 15 mm) Petri plates (Sterilized and disposable
plates, Hemedia laboratories PVT.LTD., Mumbai-400086) were used in this study to
cultivate P. chrysosporium (MTCC NO:787) and T. versicolor (MTCC NO:138) on
respective solid media as given in Table 4.3. Which used to maintain the stock culture and
subculturing. As suggested by IMTECH Chandigarh India. But, later on, the glucose

concentration was reduced to 1% for P. chrysosporium culture. All media was autoclaved
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at 121°C for 15 min. Cultures were maintained in incubators at a constant temp of 25°C

and 30°C, as per the requirement of the experiment.

45.1 Growth and degradation on agar plates

The fungi were cultured (P. chrysosporium and T. versicolor) in a medium containing 20
10 g/L glucose, 20 g/L malt extract, 20g/l nutarian agar, and 1 g/L peptone in solid media
having pH 5 were autoclaved at 121°C for 15 min. After that, RB5 dye added inside the
laminar air flow chamber containing concentrations of 30, 60, and 100 mg/L were studied
for degradation. Growth inhibition and dye degradation were measured on the agar plates
simultaneously.

Table 4.3.: Media composition for fungus culture

Components (g/L) P. chrysosporium MTCC T. versicolor
NO-787 MTCC NO-138
Malt extract 20049 N.A.
Yeast extract N.A. 509
Glucose 2009 1009
Peptone 10¢g N.A.
Agar 2009 1509
Distilled water 10L 1.0 L

Mixed cultures are inoculated at the agar plate's edge and are grown for 7d at 30°C under
an incubator shaker. Growth and dye degradation were expressed according to the width

of the inhibition zone, which was visible.

4.5.2 Acclimatization of fungal culture

The white-rot fungus P. chrysosporium (MTCC NO:787) and T. versicolor (MTCC
NO:138) were cultivated in the malt and yeast agar medium containing 100 mL on Petri
dishes (90 mm). Cultures were incubated at 30°C in the dark. The fungi were acclimatized

with dye concentration at 30 mg/L. Spores from each plate were subcultures onto the fresh
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medium with/without the dye, and the process was repeated for five generations. Selected
and transferred to a new medium with or without dye concentration for the subsequent
generation. This process was repeated five times. The sub-strains obtained from the last

cultures were called acclimatization of fungi”.

4.6 Shake flask studies

A standard shake flask (250 mL) was used during this study. Liquid media composition
was prepared in the shake flask having the dye concentration with fungal strains. The shake
flasks were incubated in a rotary-shaken incubator, with adjustable temperature settings,
shaking velocity, and throw diameter. Samples were taken manually using a pipette with
sterile tips.

4.6.1 Dye Degradation Studies

The strains using in this study were P. chrysosporium and T. versicolor. The microbial
cultivation was carried out in malt extract medium, and yeast extract medium with specific
glucose concentration as a carbon source as shown in Table 4.3. Based on the commercial
utility as colouring agent reactive black 5 azo dye chosen in this study. The molecular
structure of this compound is shown in figure 5.12. The medium will be added in different
concentrations of reactive black 5 (30, 60, and 100 mg/L). The flow chart of the process,
as shown in Figure 4.5. The inoculum was a 0.7 mm diameter disc obtained from the 7-day
old culture of respective solid media cultures of respective fungi. The discs were made sure
to be taken from the outer periphery of the growing fungal mat. Liquid cultures were
inoculated with 4 of these discs each. In the case of inoculation by flocs, the flocs were
obtained from 7-day old liquid cultures of respective fungi. The flasks containing
individual fungal strain and mixed fungal strain with 2-2 discs of each fungi strain were
inoculated in a 50 mL culture medium containing specific dye concentration. Three
different fungal strain sets were prepared and were incubated under constant
agitation/shaking at 200 rpm (Yorko Scientific Orbital Shaker) at 30°C. All three cultures
were incubated for 10 days, and all assays were performed in triplicate. Samples are taken

at an interval of 24 hours and centrifuged at 1000 rpm for 10 min. The biomass's dry weight
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will be determined by filtering the washed culture through filter paper, drying to a constant

weight at 70°C, and measuring the biomass's dry weight.

Phanerochaete )
Chrysosporium lw"ﬁ
&
- _ % Broth Incubate
Trametes Reactive media for 7 days
Versicolor Black 5
uv . |n
TOC Analysis
CcOoD
Enzyme activity Centrifuge
LC-MS @1000tpm,
1 -Before 10 min Tncubator ™
centrifuge
2 - After
centrifuge

Figure 4.5. Flow chart of dye degradation studies
Degradation of dye was determined by monitoring the absorption spectrum changes at 597
nm using a spectrophotometer. The present sample concentration of the reactive black 5

was calibrated from the standard graph shown in appendix Figure A2

4.6.2 Acclimatization of fungal culture for bioreactor studies

The synthetic dye wastewater used for isolation of dye-decolorizing fungi have been
acclimatized for 1-2 weeks, then transfer into a 250 mL conical flask containing 100 ml
synthetic dye wastewater. After incubation of the conical flasks, the culture showed quick
and stable decolorization activity; then, it was transferred into newly prepared synthetic
dye wastewater. After successive transfers, it was plated on synthetic dye wastewater agar
containing a different concentration and incubated at 30°C for seven days. The four days
of fungal inoculum transfer to the rotating packed disc bioreactor as the startup steps
bioreactor.
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4.7 Rotating Packed Disc Bioreactor (RPDB) studies

The laboratory scale Rotating Packed Disc Bioreactor (RPDB) was first filled with
synthetic textile wastewater of the chosen concentration. And the medium containing 1 g/L
of glucose, 1 g/L malt extract, 0.05 g/L peptone, and other supplementary nutrients (0.5
g/L MgS04,0.05 g/L MnSQg4, 0.1 g/L NaCl, 0.01 g/L FeSO47H20, 0.01 g/L ZnSO4 7H>0,
0.01g/L CuSOs, 0.01g/L CoCl»,0.1 g/L NaCl, 0.1 g/L CaClz, 1 mg/L H3sBOzand 1 mg/L
Na>Mo0O4 2H20) was added into the synthetic wastewater. Then, GAC was carefully loaded
up to 70% of the volume of the hollow disc to provide space for fungal growth.

Malt
nutrient
extract

r 1 ! Incubate

El— 3

Mixed culture Reactive Black 5 Broth media

Incubate

After 3 days

Homogenized

Centrifuge i 1 l ) i
uv @1000rpm, ,Br 11} ': & B Transfered
TOC 10 min ’ , AL R M | H i, the =
COD o b " i reactor |

N

Enzyme activity

Reactor

Figure 4.6. Flow chart of the bioreactor studies

In this bioreactor, eight hollow circular discs were mounted on the shaft inside the trough
and rotated. The mixed fungal culture was inoculated onto the GAC, and the RPDB was
operated in the batch mode to immobilized fungal biomass on the disc. The fresh feed was
started in the RPDB on the 7th day onwards at a flow rate of 6 L/h (Hydraulic retention
time of 10.83 h) for continuous operation. The 30 mg/L RB5 concentration was used for
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batch and continuous studies at 10,20, and 30 rpm and having recycle ratio 1 and 9.75.for
two different working volume of 32.5 and 65 L. The total reactor volume is 73 L. The
bioreactor's effluent samples were collected at an appropriate time interval and analyzed
as per the procedures explained in section 4.8. When the dye concentration in the effluent
sample reached a constant value for a long time, it was considered the bioreactor attained
steady state and then stopped. All experiments were performed in triplicates, and the
average of triplicate experiments are reported with standard error bars. The flow chart of
the process, as shown in Figure 4.6.

4.8. Qualitative and quantitative analysis

4.8.1. Spectrophotometric Analysis

The concentration of Reactive Black 5 dye present in a sample was determined by using
absorbance measurements. A standard curve was created for Reactive Black 5 dye. A
sample containing known concentrations of RB-5 was analyzed at 597 nm using respective
media without dye as blank. The absorbance values were converted to concentration values
using a standard graph and linear equation Amax = 0.0465.* dye concentration and Amax
= 0.0466 * dye concentration for P. chrysosporium and T. versicolor respective fungi as
shown in appendix Figure A2.

The degradation percentage was calculated as =(/—F/I) x100.

Where in:

| = Initial Dye Concentration.

F= Final Dye Concentration.

The variations in Amax prior and post degradation were analyzed, taking the respective

media without dye as the reference baseline sample.

4.8.2. Chemical oxygen demand estimation

The influence and effluent waste of the system will be measured according to the standard
method for waste and wastewater examination (Metcalf & Eddy). The chemical oxygen
demand (COD) is one of the most important criteria for characterizing wastewater effluents

(Horwitz, W., 1975). The COD determines the amount of dissolved oxygen required for
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chemical oxidation of sample solution using a strong chemical oxidant, such as potassium
dichromate, under reflux conditions. The traditional method for determining COD with the
use of potassium dichromate by the American public health association (APHA) used in
this study. For testing the given wastewater sample, first the standard reagents were
prepared. Standard potassium dichromate (0.25 N) solution prepared by adding 12.259 g
of dry K>Cr20y in distilled water and diluted to 1000ml. Standard sulfuric acid reagent -
Weigh accurately 5.5 g of silver sulphate crystal to a dry clean 1000 ml beaker. To this
carefully add about 500 ml of concentrated H.SO4 and allowed to stand for 24 h. Std.
ferrous ammonium sulphate (0.1 N) was prepared by dissolving 32.2 g Fe(NH4)2(SOa)
6H-0 in about 400 ml distilled water. Add 20 ml of concentrated H>SO4 and diluted t01000
ml. The reaction mixture prepared in conical flask containing 10 ml Std. potassium
dichromate (0.25 N), 0.4 g HgSOa4, 30 ml H2SO4, and 20 ml of wastewater sample. This
reaction mixture kept in digestor for 2 h at 150 °C. Further the reaction mixture was cooled
and then the amount of dichromate was calculated by direct titration using Ferrous
Ammonium sulfate (FAS) as the titrant and ferroin as an indicator till the color changed
from blue green to red/ brown. In the titration process, the titrant (Fe?*) reacts immediately
with hexavalent chromium (Cr®) to form trivalent chromium (Cr®*) and ferric ion (Fe®").
The final hexavalent chromium level is then subtracted from the initial level to find out the
amount of hexavalent chromium decreased during digestion. The equation 4.25 used to
calculate the COD with the added glucose.

(A-B)*n+8000
Volume of sample taken

Chemical oxygen demand(COD) =

(4.25)

Where A= VVolume of ferrous ammonium suLphate for blank in mL
B= Volume of ferrous ammonium suLphate for sample in mi
n= normality of ferrous ammonium suLphate

4.8.3. Total organic carbon estimation
TOC was measured in terms of Non-Purgeable Organic Carbon (NPOC) present in water.

TOC analyser was applicable for small concentrations of organic matters. The test was
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performed by injecting the known sample amount into a high temperature (temperature
rises to 720 °C) furnace. Organic carbon was oxidized into carbon dioxide in the furnace
with a catalyst. Produced carbon dioxide was cooled and dehumidified, then quantitatively
measured using an infrared gas analyser (NDIR). Acidification and aeration of the
sample before analysis estimate the error due to inorganic carbon. The readings were
standardized using known concentrations of Hydrogen Phthalate. The test was becoming
more popular due to its fast-analysing techniques.

4.8.4. Adsorbed dye estimation

The amount of dye adsorbed onto the fungal biomass post degradation was estimated using
methanol extraction, as suggested in (Ramsay and Goode 2004). 2ml of methanol was
added to biomass post centrifugal separation. The sample was vortexed and then
centrifuged. The absorbance of methanol was taken, and its concentration of adsorbed dye

was estimated using the standard graph shown in appendix Figure A3.

4.8.5. Biomass (dry weight) Estimation

The dry weight of all cultures was primarily taken by centrifuging the flask contents
(Ramsay and Goode 2004), and the wet biomass obtained was dried at 70°C until constant
weight (1 day). The samples were dried in the centrifuge tubes themselves to facilitate the

estimation of adsorbed dye.

4.8.6. Determination of order of degradation Kinetics

The degradation amount and color removal rate were determined with 30, 60, and 100
mg/L of the RB-5. Degradation was initiated by adding fungal culture to the dye-containing
medium. At fixed time intervals, samples were collected and analyzed to determine the
remaining color. Following zero, first, and second-order Kinetic equations (Eq. 4.26, 4.27,

and 4.28, respectively) were used to determine the order of the degradation kinetics.

Ct=Co — ko't (4.26)
In (Ct)= -kut + In (Co) (4.27)
(1/ Cy) = (1/ Co) + kot (4.28)
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Dye concentration (Cy) versus time, In (Cy) versus time, and (1/Ct) versus time graphs were
plotted respectively for equations (4.26), (4.27), and (4.28) for the RB-5 dye degradation.
The equation with the highest regression coefficient (R?) at all dye concentrations was
chosen as the degradation kinetics.

4.8.7. Enzyme Assay

4.8.7.1. Manganese Peroxidase

The assay was conducted as per (Orth et al. 1991); the reaction mixture contained 50 mM
Sodium succinate (pH 4.5), 50 mM Sodium lactate (pH 4.5), 0.1 mM Manganese sulphate
(MnSO4), 50 uM Hydrogen peroxide, 0.1 mM Phenol red (€ = 4,460 / M/ cm) and 3mg of
Gelatin per ml.

The reaction was initiated by Hydrogen peroxide at a temperature of 30 °C for 4 min. MnP
activity was assayed in the presence of its substrate phenol red to obtain the product, which
was the oxidized form of phenol red that was detected at 610 nm spectrophotometrically.
Hydrogen peroxide is also a substrate of MnP, which was used to initiate the oxidation of
phenol red by the enzyme in the reaction mixture. From the total volume of 5ml, 1ml
reaction mixture at one min intervals and added 15 pl of enzyme sample. To stop the
reaction 40 pl of 5N NaOH added. The samples' absorbance was noted and calculated to
obtain the enzyme activity. 1 unit of enzyme activity was equivalent to 1 uM of product
formed per minute.

4.8.7.2 Lignin Peroxidase

Azure B was used to conduct the Lignin Peroxidase assay. The buffer constituted of 1ml
of 125 mM Sodium tartrate buffer (pH 3), 500 uL of 0.16 mM Azure B, 500 uL of culture
filtrate, and 500uL 2mM Hydrogen peroxide.

The reaction was started by adding Hydrogen peroxide; 1 unit of enzyme activity was
expressed as an O.D. decrease of 0.1 units/ min/ mL of culture filtrate at 651 nm (Archibald
1992). From the total volume of 2.5 mL, 1 mL of sample was drawn at the one-minute
interval. The O.D decrease was due to the substrate's disappearance with time and it was

caused by the hyperchromic shift of the substrate’s major visible absorbance peak.
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4.8.7.3 Laccase

Laccase enzyme oxidizes Guaiacol and forms a reddish-brown product, which was assayed
spectrophotometrically at 450 nm. As mentioned in (Sandhu and Arora 1985), the
procedure was followed. 5 mL of the reaction mixture for Laccase assay contained 3.9 mL
of 0.01 M Acetate buffer (pH 5), 1 mL of 0.00176 M Guaiacol, and 0.1 mL enzyme extract
was incubated at 25 °C for 2 h. After that, 1 mL of the sample drawn and noted absorbance
values at 450 nm. Enzyme activity was expressed in relative terms as colorimetric units per
mL.

4.9. Statistical analysis

Each experiment was performed at least three times. Means of three replicates and the
Standard deviations (SD) were calculated with Microsoft office excel 2010 spreadsheet,
and values were represented as mean + standard deviation. All figures were derived from

origin 9.0. the error bar in the figures represent standard deviation (£0.05).
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CHAPTER5
5. RESULTS AND DISCUSSION
5.1 Introduction

This research showcases mixing behavior in a modified rotating packed disc biological
(RPDB) through rotational speed, number of stages, and recycle ratio, contributing to the
variations observed in the RTD behavior. In order to account for these other elements, RTD
experiments were carried out in two different working volumes. The solids used in these
studies were polymer beds having a size of 3.2 mm and a bulk density of 0.898 g/ml. A
few runs were done in open trough without using any discs, and further empty discs were
used in the absence of solids in 65 L to understand the influence of disc, over the presence
of solids in RTD. The hydrodynamics within the reactor was modeled by developing the
three-parameter mathematical model as explained in section 4.3. The model parameters

were estimated using MATLAB software.

Figure 5.1 shows the experimental and model-predicted RTD at different operating
conditions. Results revealed that the model fitted well with experimental data at different
operating conditions, thus validating the model used in the study. The width of exit age
distribution would increase as the flow and mixing behavior of a given contactor tended
towards a well-mixed flow system. As shown in Figure 5.1 (a) and (b), the flow behavior
in 32.5 L as well as in 65 L working volume was mixed flow. Although there was an
indication of plug flow behavior in 65 L working volume at low recycle and rotational
speed (Figure 5.1 c), the behavior changed to mixed flow at high recycle ratio and rotational
speed (Figure 5.1 d). The mixing behavior of a cascade with well-mixed flow (MF) stages
in series would become more like a plug flow (PF) system as the number of stages
increased. Also, a PF system with recycling would exhibit the MF system's mixing
behavior as the recycle ratio increased Levenspiel (Levenspiel 1999).

Moreover, the presence of vanes on discs provided good mixing of liquid present between
the discs. In addition, since these vanes were extended beyond the rim of the disc, there
would be good mixing beyond the disc because of the vanes' radial flow, hence minimizing
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dead water regions in the trough. The model parameters at different experimental

conditions are given in Table 5.1 for 32.5 and 65L working volume.

a) 0.6
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Figure 5.1: Comparison between model and experimental exit age distributions at varied
conditions: a, b) for 32.5L; c, d) for 65L.

The results indicate that the new disc design provided mixed-flow behavior, which is in
stark contrast with standard RBCs, in which plug flow behavior is observed. The disc
wanes improved radial mixing. Thus, the biofilm formed on the packing material would be
exposed to the same pollutant concentration throughout the bioreactor. Hence it would be

less susceptible to variations in the influent organic loading. Since aerobic biodegradation

60



RESULTS AND DISSCUSSION

is depending on the dissolved oxygen concentration and the oxygen transfer rate from the
atmosphere into the liquid, the bioreactor was also characterized in terms of oxygen

transfer rate.

Table 5.1. Experimental parameter for RTD analysis for contactor 32.5 L and 65 L
For 32.5 L Reactor

Srno | N(n) , o, vr, Um, R a p
rpm | (Lph) | (Lph)
1 2(1) 10 6 585 |64.5 9.75 0.98 0.14
2 2(1) 10 19.16 | 58,5 | 77.66 3.05 0.94 0.32
3 2(1) 20 6 585 |64.5 9.75 0.98 0.14
4 2(1) 20 19.16 | 58,5 | 77.66 3.05 0.99 0.35
5 3(2) 10 6 585 |64.5 9.75 0.98 0.11
6 3(2) 10 19.16 | 58,5 | 77.66 3.05 0.91 0.23
7 3(2) 15 6 585 |64.5 9.75 0.98 0.10
8 3(2) 15 19.16 | 58,5 |77.66 3.05 0.96 0.24
9 3(1) 20 6 585 |64.5 9.75 0.97 0.13
10 3(3) 20 19.16 | 58,5 |77.66 3.05 0.94 0.31
11 4(2) 10 6 585 |64.5 9.75 0.96 0.10
12 4(2) 10 19.16 |58.5 | 77.66 3.05 0.91 0.26
13 4(2) 15 6 585 |64.5 9.75 0.97 0.11
14 4(2) 15 19.16 |58.5 |77.66 3.05 0.90 0.26
15 4(2) 20 6 585 |64.5 9.75 0.98 0.11
16 4(2) 20 10.98 | 58,5 |69.48 5.32 0.96 0.16
17 4(2) 20 15.46 |58.5 |73.96 3.78 0.95 0.22
18 4(2) 20 19.16 | 58,5 |77.66 3.05 0.90 0.25

For 65 L Reactor:

Vo a p
o Ny (Lph) | Lph R

(Lph)
1 |43 |6 6 585 |45 |9.75 0.89 | 0.09
2 |42 |10 6 585 |6a5 |9.75 096 | 008
3 |42 |12 6 585 |45 |9.75 0.95 | 0.08
4 4(2) 20 6 58.5 64.5 9.75 0.97 0.10
5 |65) |4 6 585 |45 |9.75 083 | 0.08
6 |65) |6 6 585 |6a5 |9.75 086 | 0.08
7 |6 |8 6 585 |645 |9.75 0.90 | 0.09
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8 6(5) 10 6 585 |645 |9.75 0.91 0.08
9 6(5) 12 6 585 |645 |9.75 0.89 0.08
10 | 6(5) 20 6 585 |645 |9.75 0.95 0.09
11 | 6(5) 10 3147 | 585 |g9.97 |1.858 0.77 0.30
12 | 6(5) 6 585 |6 645 |0.102 0.65 0.38
13 | 6(5) 6 31.47 3147 |g294 |1 0.77 0.39
14 | 8(5) 6 6 585 |645 |9.75 080 |0.08
15 | 8(5) 10 6 585 |e45 |9.75 0.88 0.08
16 | 8(5) 15 6 585 | 645 |9.75 090 | 0.09
17 | 8(5) 20 6 585 |645 |9.75 0.91 0.09
18 | 8(5) 10 3147 | 585 |g9.97 |1.858 0.77 0.30

5.1.1. Influence of the number of discs

Figure 5.2 (a) and (b) show the effect of the number of discs on the flow behavior in 32.5
L and 65 L working volume, respectively. Interestingly, observed mixed flow behavior
using the novel disc design. The number of discs had a marginal influence on the change
of the flow behavior inside the reactor at a recycle ratio of 9.75. The flow was mostly mixed
flow type for the different number of discs. This is also evident from the model predicted
values of a and f. As the number of the discs increased, the fraction of upper mixing
volume in each stage («) and a fraction of cross-flow between upper and lower mixing
volumes in each stage (f) decreased marginally for 32.5 L working volume, the values of
a and S were 0.96 £0.02 and 0.13 +0.02, respectively for different numbers of discs.
Similarly, for 65 L working volume, the values of o and  were 0.9 £0.09 and 0.09 + 0.01,
respectively. These values indicate that there was practically only one zone of mixing («
>0.9) at given operating conditions. An upper mixing volume (&) account for mixing
occurring by suction and pumping flow between the discs. Lower mixing volume accounts
for mixing occurring due to turbulence near the edges of discs and bulk flow in an axial
direction (Kim et al. 1984; Nguyen et al. 2016). The flow phenomena explained here, i.e.,
between the discs and at the edges of discs, would not be profoundly influenced by the

distance between discs.
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Figure 5.2: Influence of a number of discs on exit age distribution:
(@) for 32.5 L; (b) for 65 L.
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So, the influence of N on the E(6) was not significant to change the MF behavior to plug
flow. Moreover, radial wanes aided in MF behavior. Researchers investigated the effect of
the number of discs on the flow behavior inside a rotating biological contactor. They found
an increase in the number of discs reduced back mixing and changed the flow behavior
from mixed-flow towards plug flow (Ando et al. 1981; Leon et al. 2014). However, their
RBC did not contain vanes on the disc. Vanes acted like a radial flow impeller, which
enhanced MF behavior (H.F.Haug 1971) for the RPDC under study.

5.1.2. Influence of rotational speed of discs

Figure 5.3 (a) and (b) show the influence of rotational speed on the contactor's flow
behavior. The rotational speed employed in the study were in the range of 4 to 20 rpm. For
32.5 L working volume operating at different rotational speeds, the « and 5 were 0.96 +£0.03
and 0.14 +0.02, respectively. Similarly, for 65 L working volume, the a and $ were 0.90
+0.09 and 0.08 +0.02, respectively. Since a was more than 90% of the volume of one
cascade and S was less than 10% of the axial flow through the trough, it can be considered
as a well MF behavior, which is evident from the experimental results (Dhanasekaran and
Karunanithi, 2010). As the disc's rotational speed increased, the rate of back mixing
increased (Ando et al., 1981; Basha and Morsi, 2018; Dhanasekaran and Karunanithi,
2010; H.F.Haug, 1971). As the disc's rotation speed increased, the vortices formation rate
increased, which occupied the gap between two discs and formed MF (mixed flow) pattern
(Basha and Morsi, 2018; Kumaresan and Joshi, 2006; Sirivat, 1991).

5.1.3. Influence of recycle ratio

Figure 5.4 (a) and (b) show the effect of the recycle ratio on the RTD of tracer in 32.5 L
and 65 L working volumes. It is evident from experimental results that the recycling played
a major role in the width of distribution. Hence, the reactor's flow behavior operated at
different operating conditions, especially for 65 L working volume. As the recycle ratio
increased, the width of distribution increased (Figure 5.4 (a) and (b)); this was because the

recycle stream would contribute to back mixing, making the system well mixed.
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For 32.5L,N=3,R=9.75

For 65 L, N=6, R=9.75
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Figure 5.3: Influence of rotational speed of discs on exit age distribution: (a) for 32.5 L
(b) for 65 L.
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This is also evident from the increased a and decreased S values with an increased recycle
ratio as given in table 5.1. For the 32.5 L reactor, the « increased from 0.9 to 0.98, with an
increase in the recycle ratio from 3.05 to 9.75, whereas f decreased from 0.25 to 0.1. This
change in parameters was more pronounced in the 65 L reactor. The a value increased from
0.65 to 0.95 as the recycle ratio increased from 0.1 to 9.75, whereas £ values decreased
from 0.38 to 0.09. The axial bulk flow of liquid would be through the holes in the discs and
the space available between the disc edge and trough wall for a given opening; as the flow
rate decreased, the axial velocity and turbulence at the disc edge would decrease. The
suction and pumping flow between discs along with lower axial velocities and lesser
turbulence could result in an increase in upper mixing volume and a decrease in lower
mixing volume. A significant reduction in cross-flow could occur because of lower axial
velocities and lower turbulence. This was also evident from the number of theoretical

stages (n). At a high recycle ratio, the number of stages decreased.

In the RBC system, recirculation of effluent, up to 100 to 150% of the influent flow
improved the bioreactor's performance and minimized the negative effects of the high
concentrations in the bioreactor (Brazil 2006; Poon et al. 1979). Moreover, recirculation
avoided the excessive biofilm growth in the first stage of the RBC system and doubled the
active biofilm life (Patwardhan 2003). The results of this work indicated that recirculation
and vanes on the disc enhanced MF behavior in the bioreactor under study. Moreover, there
was a good agreement between the model and experimental exit age distributions,
indicating that the model proposed by Kim et al. (1984) could be adapted well to understand
liquid mixing behavior in the proposed contactor. . However, the following factors were
not considered in the model. In the proposed design, there was liquid in each disc; the
mixing state could be different from that of the liquid present outside the disc; this volume
would be considered the number of discs. Also, there would be axial flow into and out of
discs through the perforations provided on the discs, in addition to the bulk flow between
the disc edge and trough wall. The percentage of disc submergence in the liquid and disc
diameter would also influence the model parameters n, o, and 8, which was not considered

in this work.
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Figure 5.4: Influence of recycle ratio (R) on exit age distribution: a) for 32.5 L; b) for 65
L.
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5.2. Oxygen transfer rate studies

5.2.1. Effect of rotational speed on kLa and oxygen transfer rate

Figure 5.5 shows the effect of rotational speed on the volumetric oxygen transfer
coefficient (k.a,/min) and oxygen transfer rate (mgO./L/h). As expected, the k.a improved
as the rotational speed increased from 10 to 60 rpm. The lowest and the highest k.a was
0.01 and 0.35 min! for 32.5 L working volume as shown in Figure 5.5 (a) and 0.02 and
0.389, /min for 65 L working volume as shown in Figure 5.5 (b), under the submergence
level of 45%. Given disc submergence, the increasing rotational speed provided better
liquid mixing. It increased the direct transfer of oxygen from the air into the bulk liquid
due to turbulence created by the disc's revolution in the trough as described in the literature
(Boumansour and Vasel 1998; Chavan and Mukherji 2008; Li et al. 2019). This effect of
rotational speed is in covenant with Friedman et al., (1979), who studied the effect of
rotational speed (w) on biological contactor performance. As the rotational speed increases
at a particular disc, the oxygen transfer rate improves from 26.01 - 124.25 and 32.53 —
166.69 mgO> /L/h for 32.5 and 65 L, respectively. The effect of rotational speed on
increasing k.a is more prominent above 30 rpm. Courtens et al., (2014) studied the oxygen
transfer rate for 1.8 to 3.6 rpm speed of rotation with changing the submergence level from
40 to 80% are in the range of 2.91 to 9.167 mgO, L*h™ is comparatively lower value 19.71
- 166.69 mgO. /L/h obtained in this study. Moreover, the kia values have an extensive
range of 2.61 to 22.13 /h in this study by changing the rotational speed at a specific number
of discs. In a conventional rotating biological contactor, the value of kia in the range of
0.72 to 2.88 /h (Mathure and Patwardhan, 2005).

5.2.2. Effect of number of discs on k.a

Figure 5.6 explains the impact of a number of discs on the kia. The disc numbers varied
from 2 to 4 for 32.5 L working volume and from 4 to 8 for 65 L working volume shown in
Figure 5.6 (a) and (b). At a constant speed and particular submergence, the oxygen transfer
rate increased from 67.66 to 124.26 mgO2 /L/h for 32.5 L and 126.35 to 166.69 mg O2 /L/h
for 65 L.
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Figure 5.5: Inffluence of rotational speed and Number of the disc on k.a and oxygen
transfer rate (OTR) value for volume 32.5L (a) and 65L (b).

This is because the gas-liquid contact area, i.e., the exposed liquid film area to the

atmospheric oxygen, goes on the increase as the number of disc increases (Mathure and
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Patwardhan 2005). Bintaja et al., (1975) and Yamane and Yoshida, (1972) reported that
the liquid film thickness over the discs and rotational speed of the discs play a vital role in
enhancing the k.a. They reported that the liquid film is established on the disc while the
disc moves upwards. This liquid film formed on the disc absorbs atmospheric oxygen and
transfers to the bulk liquid in the RBC. Moreover, the discs break the water surface while
moving downwards, thus creating turbulence and also suggested to increase the gas-liquid
contactors by reducing dead-end volume (Chavan and Mukherji 2008; Mathure and
Patwardhan 2005). At a constant speed and particular submergence, the oxygen transfer
rate increased in both working volumes. Thus, the more the number of discs, the higher the
kla of a given RPDB.

5.2.3. Effect of the recycle feed on the k.a

The recycle feed effect was studied at two recycle feed flow rates 6 and 58.5 (L/h),
respectively. The results are shown in Figure 5.6. Recycle ratio had a positive influent on
the oxygen volumetric mass transfer coefficient at all operating conditions. As the recycle
ratio increased, the k.a value also increased. There was about a 10 to 15% increase in k.a
due to the recycle ratio. The high liquid flow rate created turbulence on the liquid surface,
which lead to increased oxygen transfer from air to liquid. Lewis and Borole (Lewis and
Borole 2016) Observed that mass transfer transitions were found at the low liquid flow
rate. These were alleviated using high flow rates and a combination of a high flow rate with
the recycling condition. This achieved high COD removal up to 74.2 % and improved
hydrogen production rate from a switchgrass-derived stream in the biorefinery. In another
study, the recycle feed was more effective in the oxygen and nutrient transfer in the biofilm,
and as a result, substrate removal efficiency improved (Confer and Logan 1998; Klees and
Silverstein 1992). Dutta et al. (Dutta et al. 2007), Klees and Silverstein (Klees and
Silverstein 1992), and Tawfik et al. (Tawfik et al. 2006) observed that as the recycle feed
of nitrified effluent from the 3rd stage to the 1st stage increased ammonia removal in stage
1 from 23 to 43% in the RBC system.

70



0.35

RESULTS AND DISSCUSSION

0.30 4

0.25 1

0.20 1

0.15 4

k,a per min

0.10

0.05 1

0.00

) ¥ 1 x I 1 I ' I

----- 2 Disc| —%— 2 Disc
—--0--3 Disc| —®— 3 Disc
—A— 4 Disc

0.45

Rotational speed (RPM)

()

60

0.40-.
0.35—-
0.30—.
0.25—-

0.20

k;a per min

0.15 1
0.10

0.05

0.00

I ] I » ) = I L I

---0--- 4 Disc| —=— 4 Disc
---0--- 6 Disc| —@— 6 Disc
—4--- 8 Disc| —&— 8 Disc

Figure 5.6: Inffluence of recycle stream on k.a value for volume 32.5L (a) and 65L (b).

Solid symbols indicate RPDB operation with the recycle (58.5 (L/h)), and Open symbols

10 20 30 40 50

Rotational speed (RPM)
(b)

indicate RPDB operation without the recycle.

71

60




RESULTS AND DISSCUSSION

The findings indicate that the recycle ratio has a positive influence on k.a, due to which
the performance of RPDB also improves. Moreover, the recycle feed also increases
suspended solids in the liquid, further improving RPDB performance (Neu 1994).

The obtained kia values from this study are compared with the reported values of k.a in
conventional RBCs in Table 4.2. All these studies were done using tap water and clear
discs filled with solid materials. The highest k.a of 0.48 min was reported at 55 rpm and
using 21 discs in an RBC with a working volume of 32 Liters (Mathure and Patwardhan
2005). The highest kia value of 0.389 min-1 is reported at 60 rpm using only 8 discs in the
present work as shown in Figure 5.6(b). This high k.a value is due to the modified disc
design as well as the recycle ratio. Each hollow disc was filled with 1.8 kg of spherical

low-density polyethylene beads of 4.5 mm diameter and a density of 0.45 g/cm?,

Table 5.2: Comparison of the ki a values reported by different researchers

Working )
Number | Highestkia | Lowestk.a
Authors volume | RPM ) _ _
L of discs | value(1/min) | value(1/min)
Boumansour and Vasel
2.9 35 09 0.24 0.06
(1998)

Paolini (1986) 7.4 25 11 0.23 0.017
Bintaja et al. (1975). 26 35 10 0.28 0.043
Hewawasam et al. (2017) 110 0.66 32 0.07 0.014
Chavan and Mukherji (2008) 4 60 27 0.27 0.035
Kubsad et al. (2004) 24 60 42 0.25 0.028
Present study 65 60 8 0.39 0.048

The surface area for the transfer of oxygen from the air to the water film formed on the
beads was about 1.46 m2. This was about four times higher than the surface area of a similar
size standard disc used in a standard rotating biological contactor. The vanes mounted on

the disc also improved radial mixing. Both these effects enhanced the oxygen volumetric
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mass transfer coefficient. Since fewer discs are required to achieve comparable k.a, the
effective working volume of the RPDB would be more than the conventional RBC system.
Several researchers reported empirical and theoretical models for the oxygen volumetric
mass transfer coefficient in the RBCs such as (Boumansour and Vasel 1998; Chavan and
Mukherji 2008; Kim and Molof 1982; Kubsad et al. 2004; Paolini 1986; Suga and
Boongorsrang 1983; Taylor et al. 1985; Yamane and Yoshida 1972). The most recent
model was developed by Chavan and Mukherji (2008) as shown in equation 5.1, which has
the advantage of being dimensionless and incorporates the effects of essential parameters,

as reported in the previous literature.

(kLa PAd) ()03 (p Adw)1.018 (A_d)0.624 )07 o1
wo /Ay I At L 1)

V3

The most recent model developed for RBC showed that their correlation is also valid for
the data from other literature reported. Hence, the correlation was adopted to fit the
experimental data of this work to predict oxygen volumetric mass transfer more accurately.
Equation 5.2 demonstrates the empirical model for the volumetric oxygen transfer
coefficient. In equation 5.2 the first four terms on the right-hand side are used in the Chavan
and Mukherji model. Chavan and Mukherji used the exposed surface area of the disc in the
model. Since the discs used in this study were filled with packing material, the surface area
available because of the packing material is also included in the exposed surface area of
the disc. Moreover, the recycle stream was also incorporated into the model. The following

equation was derived after incorporating the mentioned changes.

kapAqy _ (D \“0%%% 1p agw)0705 A\ (s 1ot 1 + R o045
= | 703 — T 1+-—) (5.2)
u Ag u A V3 V.w

Where, R = Recycle flow rate (L/min)

The coefficients of model terms (equation. 5.2) are different from those reported by Chavan
and Mukherjee. This could be because of the disc's modified design and the different
surface area available for oxygen transfer. The recycle stream had a positive influence on

73



RESULTS AND DISSCUSSION

kLa, which is evident from the recycle stream’s coefficient value of 0.2. Figure 5.7 shows
the experimental data with the model predicted values of kia. As Figure 5.7 shows, the
model fits very well with the experimental data as almost all data points lie within the
+20% range.
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Figure 5.7: Parity part showing experiment and model predicated value of oxygen
volumetric mass transfer coefficient (k.a) with two different recycle ratios. Solid symbols
indicate, 58.5 (L/h) recycle stream (Il (10rpm),® (20rpm), A (30rpm), ¥ (40rpm), (50
rpm), and <« (60 rpm)), Open symbols indicate, 6 (L/h) recycle ratio ((1(10 rpm),O(20
rpm), A (30 rpm), V(40 rpm),<>(50 rpm), and<](60 rpm)) and symbols for without
recycle (4 (10 rpm), X (20 rpm), % (30 rpm), * (40 rpm),XI(50 rpm), and ® (60 rpm)).

The results reveal that the novel disc design improved the oxygen transfer rate by almost
four folds compared to the standard RBC. The required number of discs were only 6 to
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achieve the highest oxygen transfer rate in the present scenario, whereas standard RBC
requires about 22 discs to achieve the equivalent oxygen transfer rate. Thus, the new disc
design also provides more liquid volume to work with because space utilization by the disc
is reduced considerably. The number of discs, revolutions per minute, and the recycle ratio
positively influenced on the oxygen transfer rate. Since aerobic degradation of any effluent
is dissolved oxygen-dependent, and the dissolved oxygen is always the limiting factor for
degradation, the present design offers four times more efficient degradation than the
conventional rotating biological contactor. The azo dye effluent was treated in the
bioreactor to assess the performance of the bioreactor. Although the increased revolutions
of the discs provide increased oxygen transfer rate, the study of biological degradation was

limited to 40 rpm only because of the effluent's spillage.

5.3. Biodegradation of Reactive Black-5

5.3.1. Growth and Dye Degradation on Solid Media

Both species showed little to no retardation in growth rate when grown on respective media
with varying dye concentration. It was difficult to notice any minor decrease in the growth
rate of P. chrysoporium because it would cover the plate within 2 days after inoculation.
However, data of the minor reduction in the growth rate of T. versicolor could be obtained.
The minor differences observed in the area covered in the presence and absence of dye
could be due to dye interference with the nutrient uptake (Barr and Aust 1994). Figure 5.8
shown the visible degradation of various concentrations of dye added to solid media. Both
species of fungi were able to degrade dye but at different rates. P. chrysosporium was able
to degrade the varying dye concentrations much before T. versicolor. Although there was
variation in the rate of degradation among triplicates, they were minor, and ultimately
degradation was achieved in all. Studied dye degradation of concentrations of 30 mg/L
(Figure 8), 60 mg/L, and 100 mg/L in solid media. Degradation was achieved for all

concentrations though the rate of degradation was different.
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Figure 5.8: Dye (30mg/L) degradation by T. versicolor, day 1(A) and day 7 (B);
P.chrysosporium day 1(C) and day 7(D), Mixed culture day 1(E) and day 7(F).

5.3.2. Growth and dye degradation in liquid media
Ideally, both fungi formed flocs when cultured in respective liquid media. The flocs were
of varying size, and varying dye concentrations had no visible effect on floc density. Both
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fungi were cultured successfully on media using different types of inoculums such as by

spores, flocs, and agar discs with dye concentration ranging from 30mg/L to 100 mg/L
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Figure 5.9: Degradation of dye by P. chrysosporium and T. versicolor (day 7)
(inoculation by discs).
Among this inoculation of liquid cultures by agar discs yielded better results than those
obtained for inoculation by flocs. Inoculation of all flasks was also uniform since the disc
size of each agar disc was the same. Moreover, it was certain that all the inoculum was in
the same stage of the life cycle since they were all bored at the external periphery of the
same culture. Figure 5.9 shows the highest degradation achieved in this form of inoculation
was 99% and 97% by P. chrysosporium and T. versicolor, respectively, 7 days post-
inoculation. At the end of the 7 days growing period with glucose concentration a huge
amount of biomass observed having compact pellet form with an average diameter of 3.05
+ 0.5 mm. Which indicate that a high concentration of oxygen tends to lead the formation
of compact pellet form of fungi. The total amount of biomass obtained in this study was
3.5+ 0.5 g/L, all in the form of pellets. Obtained biomass concentration played important
role in decolourization of dye. Methanol extraction revealed that there was the bare
minimum of dye that was adsorbed on to the fungal biomass after degradation. From the

various flasks containing increasing dye concentration (30 mg/L, 60 mg/L and 100 mg/L),
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the maximum absorbed dye concentration was up to 2mg/L for P. chrysosporium and
1mg/L for T. versicolor.

5.3.3. Degradation in the shake flask

Reactive black-5 is a complex organic compound with different aromatic rings and
functional groups (-N=N-) that make it quite resilient to the conventional form of
biodegradation (Lucas and Peres 2006). It was observed that the fungal cells show great
potential for the removal of various azo dyes from textile wastewater effluents. The
degradation of Reactive Black 5 was examined by individual fungi and mixed fungi culture
(inoculated by agar disc) in the sterile conditions with the optimum malt extract medium
at 30, 60, and 100 mg/L dye concentration. Degradation was allowed to proceed for 7 days,

but day 5 data shown in Figure 5.10.

5.3.3.1. Comparative study of the decolorization of RB-5 by using individual fungal
culture (P. chrysosporium and T. visicolour) and mixed fungal culture

Figure 5.10 shows the mixed fungal culture (P. chrysosporium and T. visicolour) with a
high decolorization efficiency of 100 mg/L RB-5 was obtained in the sterile enrichment
cultivation 5 days as compared to individual fungal strain. Figure 5.10 (a) shown that the
individual fungal strain decolourizes 90% and 80% for P. chrysosporium and T. visicolour,
respectively, was significantly lower than that observed for mixed fungal culture 5 days.
Above 90% decolourization of reactive black 5 azo dye was reached after 5 days in the
mixed fungal strain, indicating an improvement in biomass concentration compared with
the induvial fungal culture. The total biomass obtained in the mixed fungal culture was
4.02+ 0.50 g/L all in the form of pellets.

Improved decolorization efficiency of various azo dyes by using mixed fungal culture has
been reported earlier(Huijun and Xuemei 2007; Karunya et al. 2014; Nascimento et al.
2011; Przystas et al. 2013; Yang et al. 2009a). In this study, we observed that the mixed
culture decolorized 100% RB-5 within 5 days with a maximum decolorization rate of 0.04
per h; on the other hand, the P. chrysosporium 0.02 per h and T. visicolour 0.19 per h
required more time (more than 7 days) to achieve overall decolorization. The rate of

decolorization higher for mixed culture due to the synergetic action of microbial enzymatic
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activity. was observed by Saratale et al., (2009) explain that. Also observed that the
microorganisms' biodiversity helps to attack at different positions of the dye molecules and

reduced stress between connecting dye molecules (Nascimento et al. 2011; Saratale et al.
2011b; Yang et al. 2009a)
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Figure 5.10: Degradation of RB-5 studies in shake flask: (a) decolorization of RB-5 dye
(30,60 and 100mg/L) by using P. chrysosporium, T. versicolor, and mixed culture. (b)
TOC removal efficiency for different dye concentrations (30,60 and 100 mg/L) by using

P. chrysosporium, T. versicolor, and mixed culture.

The result confirmed that the mixed culture was more efficient than using individual
fungal strain (Nascimento et al. 2011; Yang et al. 2009a).

5.3.3.2. Effect of initial dye degradation

Figure 5.10 shows the percentage of decolorization of the effluent containing Reactive
black-5 dye, with the individual and mixed fungal culture with five days of treatment in
Showssterile condition. Figure 5.10 (a) observed that the treated effluent with P.
chrysosporium and T. versicolor fungal strain degrades more than 85% up to 100 mg/L
dye concentration solution. However, the mixed culture of P. chrysosporium and T.

versicolor decolorized 100% of dye in 5 days.
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The individual and mixed fungal cultures was tested for degradation of azo dye RB-5 by
using TOC analyzer. Figure 5.10 (b) indicated that the mixed culture have a higher
degradation of 100 mg/L of RB-5 with a significant TOC reduction above 75% within 5
days. The TOC removal of RB-5 by using individual culture was 62% (P. chrysosporium)
and 35% (T. versicolor ), respectively, as shown in Figure 5.10(b). However, the effluent
TOC value obtained with individual fungi culture was higher than the mixed culture due
to its synergistic effects on microorganisms to tolerate the toxic effects (Krishnamoorthy
et al. 2018; Saratale et al. 2009; Yang et al. 2009b). There was a notable difference in the
biomass obtained for both fungi; because of that, specific degradation of the fungi differed

for similar dye concentrations.
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Figure 5.11. LiP enzyme activity in the presence of RB-5 dye at 100 mg/L.

The decolorization of RB-5 over a range of concentration between 30 to 100 mg/L at 28
°C, pH 5.8, was studied with an individual and mixed culture, as shown in Figure 5.11.
This suggested Lip activity of mixed culture higher (19.17units /ml) compared to individual
fungi due to multiple substrate-binding sites. Also, Lip’s are stronger oxidants with higher
redox potential as compared to usual peroxidases and have a porphyrin ring with an iron,

which are more electron deficient than in usual peroxidases (Datta et al. 2017; Gonzalez-
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Ramirez et al. 2014; Millis et al. 1989; Moldes et al. 2012; Moldes and Sanroméan 2006;
Singh et al. 2015).

The degradation efficiency of RB-5 in mixed culture was increase with increased the LiP
activity, within 5 days as shown in Figure 5.11. Although, for P. chrysosporium, LiP was
found to be responsible for the degradation of the dyes, in agreement with the result
reported previously for P. chrysosporium (Cripps et al. 1990; Gonzélez-Ramirez et al.
2014; Podgornik et al. 1999; Spadaro et al. 1992). Whereas, degradation percentage of RB-
5by T. versicolor range was less than 50% as given in Figure 5.10 (b) due to lack of enzyme
production, or it is produced and not released from the mycelium, or that it is produced and
released, but the medium inhibits its detection (Abdel-Raheem and Shearer 2002; Egger
1986; Pointing 1999). Also, intermediate toxic metabolites formation could be the reason
for the less degradation by T. vesicular (Daveetal.,2015).

5.3.3.3. Prediction of degradation pathway of RB-5 by using LC-MS/MS

Metabolite analysis of the degradation of RB-5 dye by individual and mixed culture was
monitored by LC-MS/MS analysis. Appendix Figure B.1 shows molecular mass spectra of
intermediate products obtained from single cultures of P. chrysosporium and T. versicolor
on 5™ day. As shown in Figure B.1, the fragmentation analysis revealed peaks of higher
m/z ratio, such as 665, 405, 305, 373, and 175. The mass 175 corresponds to 8-amino-
naphthalene-1,2-diol, and 305 corresponds to 4-sulfooxyethylsulfonyl-1-phenol.

This proved that T. versicolor produced a laccase enzyme, which acts upon azo bond
present in the dye but could not completely degrade it. Accumulation of toxic phenolic
chemicals might be the reason for partial degradation and reduced TOC removal by T.
versicolor. As shown in Figure B.2, similar peaks were observed in P. chrysosporium
cultures, which confirmed enzymatic reaction by laccase. However, there was also a
significant peak of mass 209 and 94 units. These peaks suggest that the cultures further
oxidized 8-amino-naphthalene-1,2-diol to 2-amino-6-(2-carboxy-ethyl)-benzoic acid and
phenylamine. Thus, cultures of P. chrysosporium were able to degrade the dye to lower

molecular weight compounds but could not completely oxidize the residues.
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However, no significant metabolite peaks were detected in the mixed cultures suggesting
complete degradation of the RB-5. This degradation mechanism (Figure 5.12) was also
observed by Adnan et al. (2014), although they used a different WRF culture. These
findings suggest that different WRF cultures may have a similar mechanism for azo dye
degradation.

Molecular weight of RB5 = 991.82
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Figure 5.12. Mass/charge ratios detected for a degraded (by Mixed culture) RB5 sample,
post-extraction

Efficient and complete degradation of RB5 in the mixed culture was due to the synergistic
action of microbial consortia to tolerate the toxic effects (Krishnamoorthy et al. 2018;
Saratale et al. 2009; Yang et al. 2009b). Therefore, further studies were performed using a

mixed culture system.

5.3.3.4. Determination of reaction order for Reactive Black-5 degradation:

The rate constants (k) of decolorization experiments and coefficients of least square method
analysis for individual and mixed fungal cultures are tabulated in Table 5.3. The correlation
coefficients R? lies between 0.93 to 0.97, which suggests that the RB-5 decolorization at

various concentration was the first-order reaction kinetics for individual and mixed fungal
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culture. The reaction rate of decolorization is inversely proportional to the initial dye
concentration. Also, found the first-order kinetics in other literature concerning dye
concentration(Weber and Lee Wolfe 1987; Wuhrmann et al. 1980; Yang et al. 2016; Van
der Zee et al. 2001).

Table 5.3 Kinetics of decolorization of RB-5 under the various concentration

Concentration (mg /L)
Fungal culture Constants
30 60 100
Ko (mg/L/h) 0.91 0.39 0.64
R? 0.91 0.91 0.90
ky (1/h) 0.015 0.015 0.015
Phanerochaete
) R? 0.94 0.97 0.98
chrysosporium
k2 (L/mg/h) 0.0022 0.001 0.0005
R? 0.59 0.80 0.80
Ko (mg/L/h) 0.18 0.013 0.61
R? 0.96 0.93 0.93
ky (1/h) 0.013 0.014 0.012
Trametes
) R? 0.96 0.97 0.98
versicolor
k2 (L/mg/h) 0.0015 0.0008 0.0003
R? 0.55 0.77 0.77
Ko (mg/L/h) 0.22 0.43 0.72
R? 0.86 0.86 0.87
ky (1/h) 0.026 0.026 0.026
Mixed culture R? 0.91 0.93 0.89
k2 (L/mg/h) 0.0149 0.0072 0.0057
R? 0.56 0.53 0.36

5.3.4. Bioreactor studies
This section includes the biodegradation studies carried out in a rotating packed disc

bioreactor for reactive black — 5 azo dye using immobilized mixed fungal culture on
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activated carbon. The bioreactor's hydrodynamics and mass-transfer characteristics were
studied at a different feed flow rate and rotational speed with the influence of the recycle
stream. Based on hydrodynamic investigations, the recycle ration provides better mixing
by the circulation of the fluid at a high flow rate and generates turbulence in the mixed
liquor surface, increasing the surface volume mass transfer(Kalnake et al. 2020).
Moreover, the effect of rotation provides better aeration by exposed liquid film into the
air by completes its full cycle. Thus, it was decided to use this reactor consisting of
hollow discs filled with the fungi immobilized on the granular activated carbon (GAC)
to biologically degrade the synthetic azo dyes. The performance of the bioreactor is
investigated by a percentage reduction of color and COD. The bioreactor is investigated

and compared for batch and continuous operation.

5.3.4.1.Biodegradation studies in batch operation

The initial concentration of 30 mg/L reactive black-5 dye with a mixed fungus culture was
grown as a suspension culture in the rotating packed disc bioreactor. Each experiment was
continuous operation until the seventh day to maintain continuity. The effluent dye
concentration, COD, dissolved oxygen, pH, enzyme activity, reduced sugar, and TOC, was
measured. The results obtained from the bioreactor are reported in Appendix-Il. The initial
concentration was maintained constant (30 mg/L), the dissolved oxygen concentration

ranging between 2.5 to 7 mg/L for different recycle feed from 6 to 58.5 L/h.

5.3.4.1.1. Effect of rotational speed

Figure 5.13 shows the degradation of RB-5 by using a mixed culture system in a batch
mode of operation at different rotational speeds of 10 to 30 rpm. Higher rotational speed
had a positive influence on the removal of color and COD. The results reveal that the COD
removal efficiency increased from 64.5% to 90.6% for a rotational speed of 30 rpm, as
shown in Figure 5.13 (a). This increase in degradation efficiency was correlated with the
dissolved oxygen concentration and enzyme activity profile. The DO values were
consistently higher at 30 rpm as compared to 10 and 20 rpm. The DO was 3.9 - 7 mg/L at
30 rpm compared to 2.5 - 6 mg/L at 10 rpm, shown in Figure 5.13 (b). In the presence of
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oxygen, the intermediate degradation of the azo bond occurred through the laccase enzyme.
During the degradation experiments, the activities of the enzymes involved in dye
degradation were determined. LiP activity varied from 5.67 — 8.11 unit/mL at 30 rpm
compared to 5.1 — 7.14 unit/mL at 10 rpm are shown in Figure 5.13 (c). Thus, increased
DO concentrations improved the azo bond degradation. Moreover, it also improved the
diffusion of oxygen into the biomass's inner layers formed on the GAC's surface, which
imparted more active biomass. The TOC removal efficiency was around 80%, as shown in
Figure 5.13 (d). Tang et al. (2015) reported a 68% increase in chloroacetic acid's removal
efficiency by increasing the DO concentration. Israni et al.(2002) (Israni et al. 2002) also
found that as dissolved oxygen increased from 2.4 to 4.8 mg/L, an increase in the amount
of removal from 30.9 mg/L to 114 mg/L in the RBC.

5.3.4.1.2. Effect of recycle stream

In the batch reactor operation, three recycle ratios; namely, 1, 5.18, and 9.75 were
investigated. The objective was to compare the effect of the recycle ratio on the efficiency
of the RPDB. The significant COD reduction was observed at a 9.75 recycle ratio, and
therefore, only the 9.75 recycle ratio data are compared at the rotational speed of 10, 20,
and 30 rpm in Figure 5.14 (a). During seven days of batch operation, COD removal
efficiency increased as shown in Figure 5.14 (a). As the recycle ratio increased, the DO
also increased. As shown in Figure 5.14 (b). The recycle ratio improved mixing in the
trough, which in turn improved DO concentration, which helped in dye degradation. The
improved mixing provided better diffusion of dye, oxygen, and media components into the
active biomass's inner layers, which resulted in an overall increase in dye degradation by
about 10 to 12% compared to that without recycling.

The overall production of LiP and MnP enzyme activity in the recycling was relatively
high compared to that without recycle stream that helped mineralize the dye components.
Researchers also reported improved ligninolytic enzyme activities in the presence of the
recycle stream. (Asses et al. 2018; Kabbout and Taha 2014; Sarkar et al. 2017). LiP activity
was high under the carbon limiting conditions, which proved that the fungus produces more
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LiP activity under nutrient (carbon and nitrogen) limiting conditions (Pakshirajan and
Kheria 2012).

Figure 5.14 (c) reveals that at 9.75 recycle ratio and 30 rpm, LiP activity was maximum.
Also, in Figure 5.14 (d), the TOC removal efficiency was 71.3%, 78.3%, and, 86.4%, with
a high recycling ratio at 10, 20, and 30 rpm, respectively RPDB.
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Figure 5.13. Effect of rotational speed on the COD removal (a), DO(b), LiP activity (c),
and TOC removal efficiency (d) by using immobilized mixed culture in a batch

operation.

Significant variation in TOC was observed between the recycle ratio of 1, 5.18, and 9.75.
Results indicate a higher reduction of TOC (86.4%) at 9.75 recycle ratio and 30 rpm, which

correlated with the higher dissolved oxygen.
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Figure 5.15 is an SEM image of mixed culture immobilized on GAC particles. The fungal

cell's growth can be observed on GAC's surface (Samples have been collected after 7 days

from a 65-litre vessel that contains a feed concentration of 30 mg/L RB-5 dye).
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Figure 5.15 SEM of immobilized cells on granular activated carbon, the sample from 65
liters, after being fed with 30 mg/L RB-5 dye over a period of 7 days.

5.3.4.2.Continuous treatment of synthetic wastewater in RPDB

Figure 5.16 shows degradation in COD removal efficiency, DO, Enzyme activity (LiP),
and TOC removal efficiency in a continuous RPDB at 30 rpm. The RPDB operation was
started as a batch mode, and the enzyme activity was the highest on the seventh day of the
culture. The RPDB was operated in batch mode until the seventh day, and then fresh feed
was introduced with the residence time of 10.83 h. The enzyme activity and degradation
reduced for a short time as expected due to washing out of the active enzymes and
stabilized.

Researchers reported a positive effect of glucose concentrations up to 1 g/L on dye
degradation using WRF as glucose acted as a reducing agent. Therefore, the glucose
concentration in the continuous RPDB was maintained between 0.7 to 1 g/L throughout
the experiment. As continuous operation started after day 7, a decrease in COD removal
rate coincided with glucose depletion by day 10. As the glucose was added on day 10, the
COD removal rate increased as shown in figure 5.16. To maintain a high rate of COD
removal for a longer period, the fed culture of glucose adapted. In this fed-culture, a known
amount of glucose was added within 3 days of the interval as shown in the vertical dotted
line in figure 5.16 to prevent glucose depletion. The COD removal of more than 65% was
achieved for 25 days of continuous operation. Figure 5.16 showed the effect of the recycle
stream on the COD removal. The COD removal rate at 30 rpm with a 9.75 recycle ratio
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experiment was 737.9 mg/L/which was the highest degradation rate of azo dye effluent

reported so far in the literature under the given operating conditions.
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Figure 5.16. Degradation of RB-5 dye: COD removal efficiency and dissolved oxygen
concentration for “with recycle” and “without recycle” stream in the continuous

operation using immobilized mixed culture in the RPDB.

The recycle stream improved the COD removal efficiency by more than 80% due to
improved mixing and oxygen transfer rate (Zhong 2010). The recycle stream improved
steady-state DO concentrations from 4 to 6.5 mg/L, which improved dye degradation
(Figure 5.16).

Researchers reported a positive influence of the recycle stream on the degradation of dyes
in continuous RBC (Ayoub and Saikaly 2004; Klees and Silverstein 1992; Neu 1994).
Surampalli and Baumann (1997) (Surampalli and Baumann 1997) reported that the recycle
stream improved aeration, which increased the DO level in the medium due to which higher

COD removal rate was achieved in the continuous RBC. Ayoub and Saikaly (2004)(Ayoub
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and Saikaly 2004) reported that the recycle stream improves the NHz—H removal efficiency
from 64.3% to 90.6% and improves the effluent DO concentration in the RBC system.
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Figure 5.17. Enzymatic activity during continuous experiments in the RPDB with and

without the recycle stream.

As expected, the high enzymatic activity was observed in the RPDB with the recycle stream
as compared to the RPDB without the recycle stream, as shown in Figure 5.17. The results

reveal that achieved 10 to 15% higher degradation using the recycle stream within 25 days
of operation, which counts for 3665 L treated effluent. Higher recycle ratio (ve [v ;= 9.75)

provided more back mixing of liquid resulting and higher oxygen transfer, which improved
the removal efficiency. Thus, it appears that through the recycle stream, the performance
of the bioreactor improved in terms of COD removal and to maintain the amount of glucose

for the fungus to perform better in higher dye concentration loading.
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CHAPTER 6

6. CONCLUSIONS AND FUTURE SCOPE

Residence time distribution revealed that the liquid mixing behavior of the RPDC was
towards a well-mixed system for working volumes of 32.5 and 55 Liters. The recycle ratio
helped to improve the well-mixed system by increasing the back mixing. A three-parameter
mathematical model simulation predicted the mixing behavior, which was similar to
experimental results.

The gas-liquid mass transfer in the partially filled horizontal packed disc reactor mainly
occurred through the disc surface. The result revealed that the modified disc design
improved the oxygen transfer rate by eight folds compared to the standard RBC. The
highest k.a of 0.39 min™ with only 8 discs was obtained at 60 rpm due to the discs' modified
design and enhanced surface area for mass transfer. Recycle ratio further improved k.a
value by about 10 to 15%. The experimental results fitted the empirical model with a
regression coefficient of 0.96.

The mixed white-rot fungal cultures degrade the effluent within 5 days with a high
degradation rate compared to individual fungal strain, due to high LiP activity present in
the mixed culture. The COD reduction was achieved above 100% in the shake flask studies
using mixed culture. The bioreactor studies revealed that the maximum COD reduction of
more than 90% was achieved in batch mode on the 7" day. In contrast, more than 80%
COD removal was consistently achieved for 25 days with the rate of 737.9 mg/L/h at 30
rpm and 9.75 recycle ratio in the continuous operation, which accounts to 3665 Liters of
treated effluent. SEM confirmed the immobilization of the fungus, and microscopic images
were studied. It can be concluded that GAC is a suitable support for mixed culture

immobilization.
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FUTURE SCOPE

In this work, RPDB is described and characterized in terms of a working prototype
laboratory-scale bioreactor. The immobilized biomass growth would not be defined due to
the compact design of the hollow disc. Thus, it reduced the oxygen mass transfer from gas
to the bulk of the liquid also improper mixing within the bioreactor. This is due to the
capacity of the packed disc and the design of the vane’s angles.

Therefore, any future work based on the designs detailed in this thesis should include an
adaptation of the 65L RPDB, increasing the mass transfer capability, mixing and
homogeneity in the bioreactor to make it more effective for processes. The operationality

of the RPDB could be improved as follows:

Increasing the volume of the packed disc, may result in a reduction of channeling
and easy handling of immobilized biomass growth.

Changing the vanes' angle may affect the mixing characteristic within the

bioreactor.

e Reducing the length of the ‘rim” may provide a large surface area for immobilized
biomass growth.

e Using a CFD model to the bioreactor may help in investigating the effect of

hydrodynamic forces' and optimizing bioreactors performance.

e Multiple fungal species can be used for wastewater treatment using this design.

Incorporating these modifications in the design can be used as a novel method to treat the
wastewater effectively. This could enable better oxygen mass transfer rate and mixing

performance followed by improvement in the cell growth to achieve the higher potential.
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Appendix: A

Table Al.: Properties of granular activated carbon

APPENDICES

lodine Number mg/L 1000 min
Ash Content % 4.0 max
Apparent Density g/mL 0.45 to 0.55
pH 81010
Over size tolerance % 5.0 max
Undersize tolerance % 5.0 max
Moisture as packed % 5.0 max
Ball Pan Hardness 96
Number
Table A2. Potassium dichromate calibration.
Sr. No Concentration Conductivity (us)
mg/L

1 0 0

2 1 3

3 2 4

4 3 5

5 4 6

6 5 7

7 6 8

8 7 9

9 8 10

10 9 11
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Figure Al: Plot of Potassium dichromate concentration vs conductivity for Potassium

dichromate calibration.
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Figure A2. Standard curve for P. chrysosporium (a) and T. Versicolor (b) with different

RB-5 concentration vs absorbance for RB-5 calibration.
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Figure A3. Standard curve for methanol with different RB-5 concentration vs absorbance
for RB-5 calibration.
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Appendix: B

LC-MS Analysis data:

APPENDICES

Figure. B1. Molecular mass spectra of intermediate products obtained from T. Versicolor on 5™ day.

EADATASOIENO 5 18
RT: 0.00-5.01 SM: 116 RT: 0.00-501 SM: 116
ML: 27354 332 NL: 2.73E4
g 100 TIC F: ITMS - ¢ 3100 TICF:MTMS -¢
1 i APCI corona Full 5 p APCl corona Full
A ms [50.00-100000] | B ms [50.00-1000.00]
ER MS 4 R MS 4
2 50 2 50
2 ] 2 ] 1.7
g 4 o g ] oes
Y ML: 5.76E8 - NL: 5.76E8
100 TICE:TMS + ¢ 100 TICF:TMS + ¢
4 APCI corana Full ] APCI corona Full
] ms [50.00-1000.00] ] ms [50.00-1000.00]
g 1. MS 4 b M54
50 174 ] 174
7003 080 1.37 J0.02 080 1.37
L o e INLA B e i o e o e e | L I I O I NN o i o e s e o e e
0 1 2 4 5 0 1 2 3 4 5
Time (min) Time {min)
42401 RT: 3.32 AV: 1 ML 1.73E8 4#200 RT: 197 AV: 1 NL: 3.23E2

F: ITMS + ¢ APCI corona Full ms [S0.00-1000.00]

F: ITMS + ¢ APCI corona Full ms [50.00-1000.00]

1004 100+ BaT2
80-| a0
@ e ) p
g A 2
] - [} E
g 60 g 60 668.00
% 40~ é 40 64.05
T A b
14 - o 4
20 204
172 20118 ]
ALY 361.32 141048 577.67 67076 778.81  041.03 =
U =TT LI B B N DR B B B R B L B B B D B B I B B B B N B B B B B B B N B B
200 400 800 200 1000 864 665 866 667 888 669
mfz miz
4#353 RT: 239 AV: 1 ML: 1.87E3 4#472 RT: 3.20 AV: 1 NL: 8.80E1
F: ITMS + ¢ APCI corena Full ms [50.00-1000.00] F: ITMS - ¢ APCI corona Full ms [50.00-1000.00]
100 305.41 100m 37340
80 80
& 7 g
c 1 1= ]
*3 80| E 60
ES ES
o h L b
g ] g ]
20 20
L e B e L e e e e e e R B o B O e T e e e
305.2 3054 3056 3058 306.0 3062 a7z ETE] 374 375
mfz miz
4#357 RT: 242 AV: 1 ML: 2.28E3 4#404 RT: 3.34 AV: 1 NL: 1.58E3
F: ITMS + ¢ APCI corena Full ms [50.00-1000.00] F: ITMS - ¢ APCI corona Full ms [50.00-1000.00]
100+ 17204 100—
80| 80
8 1 g ]
g ] 5 3
E a0 177.10 E 60
: .
2 a0 2 ad
3 ] 179.10 3 ]
& o] 178.18 - & o] N 404.45
b 174.23 176.17 150,06 ] 37323 :
1 ] | 37440 |39_z.91 405.31 450.37
L o e I B B S LA e B e e e 0—r st
174 175 178 177 178 178 180 380 400 420 440 460
miz miz

122



APPENDICES

Figure. B2. Molecular mass spectra of intermediate products obtained from P. Chrysosporium on 5™ day
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Table no B 1: Experimental parameter for RTD analysis for contactor 32.5 L and 65 L

For 32.5 L Reactor

Number | Rotational | Recycle Tau Mean Variance T/tau
Sr of speed (®) | ratio (min) ) (min?)
No | disks(N) (V] (min)
Vo)

1 2 10 9.75 730 371.6331 77765.228 | 0.50908643
2 2 10 9.75 730 395.4551 82370.138 | 0.54171931
3 2 20 9.75 730 404.6686 110580.5 0.55434054
4 2 20 9.75 730 454.63278 | 111662.5 | 0.62278463
5 3 10 9.75 730 402.0742 75215.2 0.550786575
6 3 10 9.75 730 416.5142 78524.61 | 0.570567397
7 3 15 9.75 730 440.782 99940.68 | 0.603810959
8 3 15 9.75 730 444.4928 100440 | 0.608894247
9 3 20 9.75 730 465.3611 101011.14 | 0.63748095
10 3 20 1.858 139.180 104.6232 5243.916 0.75171052
11 4 10 9.75 730 469.6293 122702.4 0.64332780
12 4 10 0.102 74.871 60.0505 1823.23 0.80204434
13 4 15 1 139.180 91.6439 4717.023 0.65845514
14 4 15 9.75 730 418.4767 85913.17 0.57325575
15 4 20 9.75 730 455.4066 94347.99 0.62384465
16 4 20 9.75 730 461.3141 | 105527.039 | 0.63193712
17 4 20 9.75 730 494.7383 382350.6 0.67772369
18 4 20 1.858 139.180 104.9417 6676.965 0.75399892
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For 64 L Reactor

or [ oot [ ey | oo | T [ [y |
RPM time(min)

1 4 6 9.75 730 371.6331 | 77765.2282 | 0.509086438
2 4 10 9.75 730 395.4551 82370.138 | 0.541719315
3 4 12 9.75 730 404.6686 110580.5 | 0.554340548
4 4 20 9.75 730 454.632785 111662.5 | 0.622784637
5 6 4 9.75 730 402.0742 75215.2 0.550786575
6 6 6 9.75 730 416.5142 78524.61 0.570567397
7 6 8 9.75 730 440.782 99940.68 | 0.603810959
8 6 10 9.75 730 444.4928 100440 0.608894247
9 6 12 9.75 730 465.3611 101011.14 | 0.637480959
10 6 10 1.858 139.18 104.6232 5243916 | 0.751710526
11 6 20 9.75 730 469.6293 122702.4 | 0.643327808
12 6 6 0.102 74.871 60.0505 1823.23 0.80204434
13 6 6 1 139.18 91.6439 4717.023 0.65845514
14 8 6 9.75 730 418.4767 85913.17 0.57325575
15 8 10 9.75 730 455.4066 94347.99 0.62384465
16 8 15 9.75 730 461.3141 105527.03 | 0.63193712
17 8 20 9.75 730 494.7383 382350.6 0.67772369
18 8 10 1.858 139.18 104.9417 6676.965 0.75399892
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