¢ Desalination and Water Treatment
www.deswater.com

() doi: 10.5004/dwt.2021.26982

220 (2021) 380-391
April

Residence time distribution studies and modeling of rotating biological
contactor reactor for decolorization of Congo red from synthetic dye wastewater

P. Vairavel?, V. Ramachandra Murty®*

“Department of Chemical Engineering, Manipal Institute of Technology, Manipal Academy of Higher Education (MAHE),

Manipal, Tel. +91 9036270978, email: pvairavel@gmail.com

"Department of Biotechnology, Manipal Institute of Technology, Manipal Academy of Higher Education (MAHE), Manipal,
Tel. +91 9448529691; email: murty.vytla@manipal.edu (V. Ramachandra Murty)

Received 24 July 2020; Accepted 21 December 2020

ABSTRACT

A continuous study in a rotating biological contactor (RBC) reactor was carried out using
polyurethane foam (PU) surface-immobilized live fungal biomass of Neurospora crassa with wheat
bran adsorbent/substrate for the removal of Congo red (CR) color from aqueous solutions. Residence
time distribution studies were conducted at various flow rates of water (1-6.5 mL min™) using pulse
input of tracer to explore the performance of mixing and type of flow behavior inside the reactor.
It was found that the value of dispersion number at various flow rates of water such as 1, 3, and
6.5 mL min™ was 4.36, 7.89, and 13.65, respectively, which indicates that the RBC reactor can be
modeled as a mixed flow reactor. A model for a single stage RBC reactor for the decolorization of
CR from synthetic dye wastewater has been developed using the principles of conservation of mass.
Using the developed mathematical model and experimental data, the model parameters such as
maximum specific growth rate of the attached active biomass (u__ ), Monod kinetic constant (K ), rate
constant for pseudo-second-order biosorption (K), and effluent dye concentration at equilibrium (S )
were estimated. The system of non-linear first-order ordinary differential mass balance equation was
solved by the fourth-order Runge-Kutta method and the model parameters were evaluated using
the Solver tool in Excel. The predicted and experimental values of effluent dye concentrations are
then compared. The predicted values of effluent concentrations found from the theoretical model
developed fitted well to the experimental data, suggests that the proposed model is valid for CR
dye decolorization. The results reveal that the live fungal biomass of N. crassa with wheat bran is a
suitable dual adsorbent for decolorization of CR from synthetic effluents using RBC reactor and it
can be used effectively in wastewater treatment.

Keywords: Congo red dye; Neurospora crassa; Wheat bran; Residence time distribution; Dispersion
number; Mathematical model

1. Introduction

Industrial wastewater is one of the important sources
of pollution of the water environment. Synthetic dyes
are extensively used in the textile dyeing, paper print-
ing, plastic, leather cosmetics, rubber, and photography
industries [1]. Among the various industrial sectors, tex-
tile industries are one of the most common and essential
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which generate a large volume of wastewater with varying
physicochemical characteristics [2]. These colored effluents
can be mixed with surface water streams and groundwa-
ter systems, contaminating sources of potable water [3].
The removal of toxic pollutants from the effluent before
discharging into natural water bodies is extremely import-
ant from an environmental point of view. The synthetic dye
CR is a water-soluble diazo anionic acidic dye prepared by
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coupling tetra-azotised benzidine with two molecules of
naphthionic acid. Azo dyes are highly toxic, mutagenic, car-
cinogenic, and usually constitute health hazards [4]. Most
of the azo dyes have been reported to be the main cause
for bladder cancer in humans, splenic sarcomas, hepato-
carcinomas, and chromosomal aberration in mammalian
cells [5]. CR is considered as toxic due to its metabolism
to benzidine, a human carcinogen and its exposure causes
an allergic dermatitis, skin, eye, and gastrointestinal irrita-
tion [6]. It is investigated as a mutagen and reproductive
effector. It may affect blood factors such as clotting, and
induce somnolence and respiratory problems [7]. Even
a low concentration of CR dye causes various harmful
effects such as difficulties in breathing, diarrhea, nausea,
vomiting, abdominal and chest pain, severe headache, etc.
[8,9]. It has a strong affinity for cellulose fibers and thus
is used in textile processing industries [10]. It is used as a
laboratory aid for testing free hydrochloric acid in gastric
contents, in the diagnosis of amyloidosis, as an indicator
of pH, and also as a histological stain for amyloid [11,12].
Several methods including physical, chemical, and bio-
logical treatments have been developed to treat dye contain-
ing wastewater [13]. Among these techniques, adsorption
is believed to be most promising because of its easy oper-
ation, low cost, and high performance without formation
of harmful by-products (insensitivity to toxic pollutants)
[14]. Effluents containing azo dyes from the textile indus-
try are very difficult to treat using conventional treatment
methods (excluding adsorption and biological treatment),
because dyes are structurally complex and stable aromatic
organic compounds [15]. The use of live cells for large scale
process utilization has some problems such as low bio-
mass growth rate, enzyme reutilization, and restriction of
enzyme mobility [16]. To rectify these problems, the live
cells can be immobilized on the surface of the bio-support
materials by weak van der Waals forces. The proper reali-
zation of the live cells in a real effluent treatment system
is based on the selection of a suitable reactor. Among the
various reactor systems present for wastewater treatment,
the aerobic rotating biological contactor (RBC) reactor is
the most effective in treating complex substances present
in the effluents [17]. In the RBC reactor, degrading micro-
organisms are grown by surface-immobilized live biomass
onto the rotating discs of the reactor. Various studies on
the removal of color from dye wastewater in a RBC reactor
have been reported in the literature using several fungal
species. This includes Phanerochaete chrysosporium, Trametes
versicolor, Dichomittus squalens, and Coriolus versicolor [18].
Decolorization of selected toxic dye compounds with a few
types of live fungal biomass and the use of agricultural
by-product as a low-cost adsorbent of dye molecules has
been studied [18-20]. The literature survey indicates that
the study of color removal from dye effluents using live
biomass with agricultural waste is limited. However, stud-
ies on the decolorization of CR dye from contaminated water
in a RBC reactor using Neurospora crassa live biomass with
wheat bran adsorbent/substrate is an area that has not been
explored much. Experiments need to be performed to make
use of fungus, grown in a simple, inexpensive medium
with higher growth rates and maximum decolorization
efficiency in the effluent. The conventional techniques

are not available in the literature for the evaluation of the
mixing performance of continuously operated systems
[21]. To the best of our knowledge, there are no residence
time distribution (RTD) studies in a RBC reactor available
in literature evaluating the non-ideality of the system. In
addition, there are no RBC reactor studies that have been
reported for describing the ability of surface immobi-
lized N. crassa live biomass with wheat bran adsorbent/
substrate for the removal of CR dye from aqueous solu-
tions. The combination of live biomass with wheat bran
has the advantage of both being rapid and having a bet-
ter decolorization efficiency in the removal of color from
dye wastewater as compared to the individual substances
[22]. Studies need to be conducted to make the use of N.
crassa live biomass with wheat bran for the removal of color
from CR dye wastewater in a RBC reactor. Therefore, an
effort has been made to remove color from CR dye from
wastewater using live biomass with wheat bran in a RBC
reactor. N. crassa (the common pink bread mould) is a fil-
amentous non-pathogenic ascomycete fungus that can be
easily grown in a nutrient broth medium [23]. The fungal
cell wall is composed of randomly disposed skeletal micro-
fibrils of chitin, B-glucans, and protein containing a high
percentage of the amides of aspartic and glutamic acid with
several functional groups (amino, carboxyl, etc.), which are
capable of binding toxic molecules in the effluent [24]. The
outside diameter of the pore system is 40-70 A embedded
in the matrix of the wall [25]. Wheat bran is the outer shell
of wheat grain, and an agricultural by-product of the wheat
milling operation [13]. Wheat bran is an excellent source
of hemicellulose and it is a good inducer of the cellulolytic
enzyme system. It consists of cellulose (25%), hemicellulose
(33%), starch (19%), crude protein (18%), and lipids (5%)
[26]; furthermore, it is an economically viable and widely
available natural material in India. Hence, RTD studies are
performed to investigate the type of flow and non-ideality
of the system, which has been used to develop a mathemat-
ical model. The combined biomass growth and biosorption
kinetic model in the mass balance equation is applied to
experimental data to evaluate the model parameters. With
the advancement of computer simulations, a model using
the resolution of the ordinary differential mass balance
equation has been developed. The differential equation
was solved using an appropriate numerical method and
the model parameters were estimated using the software
Excel Solver. Therefore, the present paper focuses on a
model developed to describe the behavior of single stage
RBC reactor for the removal of CR color from an aqueous
solution using PU surface immobilized live fungal biomass
of N. crassa with wheat bran adsorbent/substrate.

2. Materials and methods

2.1. Preparation of agricultural by-product wheat bran and
N. crassa live biomass

Wheat bran is procured from M/s Ganesh Flourmill
Industries, Kolkata, India. It is washed with distilled water
to remove soluble impurities. The detailed procedure for
preparation of wheat bran adsorbent/substrate and eval-
uation of optimized value of wheat bran dosage is given
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in our previous study published elsewhere [22]. The fun-
gus N. crassa (microbial type culture collection, MTCC
1852) used in this study was obtained from the Institute of
Microbial Technology, Chandigarh, India, and was stored at
277 K. The detailed procedure for preparation of live fungal
biomass is given elsewhere [22].

2.2. Chemicals required

An anionic dye, Congo red (dye content >35%, molecu-
lar formula = C,,H,,N/Na,O,S,, molecular weight = 696.66,
and A__ =498 nm) supplied by Sigma Aldrich, India is used
in the study. The dye is of analytical reagent grade, and of
99.8% purity. The analytical grade malt extract broth (MEB)
and malt extract agar are obtained from Himedia, India. All
other chemicals used are of analytical grade (Merck, India

Limited).

2.3. Preparation of CR dye stock solution

The required amount of CR dye powder is dissolved
in distilled water to prepare a 1,000 mg L™ stock solution.
This stock solution is further diluted with pH adjusted
distilled water by adding 0.1 N HCI or 0.1 N NaOH to
obtain the required concentration range. After dilution
(adjusting the pH), the final pH of the dye solution is
measured as 6 and further decolorization experiments are
carried out at pH 6, because the red color remained sta-
ble in the pH range of 6-14. Batch studies results showed
that maximum decolorization of CR is observed at pH 6.
The detailed procedure for evaluation of optimized value
of pH for CR dye removal is given elsewhere [22].

2.4. Analytical measurements

The pH of the dye solution is measured using a dig-
ital pH-meter (Systronics 335, India) and the unknown
residual concentration of CR dye solution is measured at
the wavelength (A__) of 498 nm using double-beam UV/
visible spectrophotometer (Shimadzu UV-1800, Japan).
The tracer concentration is measured using a conductivity
meter (Systronics 335, India).

2.5. Experimental setup of the RBC reactor

A laboratory scale RBC reactor is constructed from
polymethyl methacrylate sheet of 10 mm thickness. The
RBC reactor was 74 cm in length, 21.4 cm in diameter, and
19 cm in height. The detailed experimental setup, design
specifications of the RBC reactor, and the decoloriza-
tion experimental procedure are reported in our previous
study published elsewhere [20]. The % CR color removal is
determined by Eq. (1) [20]:

(S,-5)x100
S

% CR color removal =

@™

0

where 5 and S (mg L) are the influent and effluent sub-
strate (CR dye) concentrations at initial time, f, and at time,
t, respectively.

2.6. Tracer experiments in a RBC reactor

A unique technique for studying the performance of
mixing, flow pattern and non-ideality in a reactor is the
analysis of tracer-response profiles [27]. The RTD studies
are performed by the stimulus-response technique using
sodium chloride (NaCl) as a tracer (sodium chloride is an
inorganic salt electrolyte and does not interfere with the
solution) to verify the ideal behavior of the system [28].
Conductivity measurement is done at the reactor exit, with
a probe inserted into a specially designed mixing cup of
volume 100 mL. A 100 mL sample of 2.5 M NaCl solution
is injected as a pulse input (injected rapidly) in the influ-
ent stream. Effluent samples are collected immediately
after the injection and at regular time intervals, until no
tracer is detected [29]. The operation is continued until the
NaCl concentration at the outlet end reached its initial con-
centration in tracer-free tap water [30]. The tracer experi-
ments are conducted at various flow rates of water ranging
from 1 to 6.5 mL min™".

2.7. Theoretical investigation of RTD studies

The effluent concentration-time data from the stimulus
response experiments are used to obtain the RTD parame-
ters such as mean residence time, variance, and dispersion
number. Residence-time distribution function also called
as exit age distribution, E(f) describes the distribution
of times for the stream of fluid in the reactor. The RTD in
the reactor is given by the E(t) curve which describes the
change in tracer concentration at the exit of the reactor. It is
given by Eq. (2) [31]:

)
=) [rc(e)ar “

The mean residence time (t ) is defined by the aver-
age transient time the material spends in the reactor and is
calculated by the following expression [32]:

t —m—j“w(t)dt ®)

The variance (0?), that signifies spread of the tracer distri-
bution is determined by Eq. (4) [31]:

2 (%4 \?
ot = [ (t-t,) E(t)dt 4)
The normalized RTD function, E(0) can be defined as:
E0)= t,E(t) (5)
0= L (6)

m

where 6 is the dimensionless parameter. When the func-
tion E(0) is used, all perfectly mixed continuous stirred
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tank reactors (CSTRs) have numerically the same RTD.
If the simple function E(f) is used, the numerical values of
E(t) can differ substantially for different CSTRs [31]. The
tracer experiments are performed under closed vessel state
and the vessel dispersion number (D,/UL) is evaluated
using Eq. (7) [31,32]:

&_Z[Dzj_z[@j[l_e(zﬂ] o
t2 UL UL

where D, is the axial dispersion coefficient for flowing
fluid (m? s™), U is the superficial velocity (m s), and L is the
length of the reactor (m). The dispersion number character-
izes the extent of axial dispersion of tracer in the reactor [33].

2.8. Mathematical description of model development in a
continuous RBC reactor

Assume that complete mixing in the liquid volume is
achieved by the turbulence caused by the rotation of the disc.
The performance of RBC reactor for the removal of color from
CR dye wastewater using N. crassa live biomass with wheat
bran adsorbent/substrate is analyzed by a mass balance
with respect to substrate across the reactor yields [34,35]:

aM
?:Mz‘_MO-‘_RG—RC_RAd 8)

where M is the mass of component “A” (CR dye solu-
tion) in the reactor (g); t is the effluent treatment time
(h); M, is the mass flow rate of “A” entering to the reactor
(g h™"); M, is the mass flow rate of “A” leaving from the
reactor (g h™); R is the rate of mass generation of “A” by
reaction (g h™); R. is the rate of mass consumption of “A”
by reaction (g h™); R, , is the rate of mass biosorption of “A”
by wheat bran and live biomass in the reactor (g h™).

The substrate balance in the above system can be
written as [34]:

Rate of accumulation = Rate of inflow — Rate of outflow +
Rate of generation — Rate of consumption by
attached growth — Rate of consumption by
suspended growth — Rate of biosorption of
CR by wheat bran and live biomass )

The rate of mass generation (R.) of “A” is zero, because
no new substrate is generated. The rate of substrate con-
sumption by attached growth (R.) and suspended
growth (R ) are expressed by Egs. (10) and (11):

pA X

R = a w a 10
Ca Y[, ( )
n XV
R. =555 11
Cs Y ( )

s

Substituting Eqs. (10) and (11) in Eq. (9), the mathe-
matical expression for Eq. (8) can be written as [34,36]:

V(Zf]:FS _pg-HeAK XV o (12)

0 Ya Y-s Ad

Batch experiments results shows that biosorption of CR

by wheat bran and live biomass follows a pseudo-second-

order kinetic model. Assuming that the overall rate of reac-

tion is controlled by mass transfer, the kinetic rate Eq. (13)
is given as [37]:

d
i = K2(qe _qt)z

2 (13)

The mathematical representation of the parameters g,
and g, are expressed by the following equations [38,39]:

~ (S,-S. )V

qf - MLB—WB (14)
_ (So -5 ) v

qt - MLB—WB (15)

where g, and g, are the equilibrium biosorption capac-
ity and biosorption capacity at any time, f, respectively.
Differentiating Eq. (15) with respect to time to get:

_dg, _

Ad_dt

sV
dt M

(16)

LB-WB

Substituting Eqs. (16) in (13) to get change in substrate
concentration with time f based on biosorption:

_ds__ KV

dt M

(s-s.) (17)

LB-WB

Assuming that the organism decay can be neglected
because the decay rate is small compared to the growth
rate. Substituting Egs. (17) in (12) to get:

V(25| _ps, - Fs - ueXe
dt Y

pXV  KV?
Y, M

a s

(s-s) @8)

LB-WB

The consumption of substrate due to suspended growth
can be neglected because the concentration of suspended
biomass in this system is lower than that of the attached
active biomass (R, <<<R_,) [40].
where V is the volume of liquid in the reactor (L);
dS/dt is the change in substrate concentration with time
(mg L' h'); F is the flow rate of dye solution (mL min™);
S, is the influent substrate (dye) concentration (mg L™);
S is the effluent substrate (dye) concentration (mg L7);
S, is the effluent substrate (dye) concentration at equilib-
rium (mg L™); y, is the specific growth rate of the attached
biomass (h™); Y, is the apparent yield coefficient of the
attached biomass (mg biomass attached per mg substrate
consumed); A  is the total surface area of the bio-disc (m?);
X, is the mass of attached active biomass per unit area of
bio-disc (mg m™); p_is the specific growth rate of the sus-
pended biomass (h™); Y, is the apparent yield coefficient
of the suspended biomass (mg biomass produced per mg
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substrate consumed); X_ is the concentration of suspended
biomass (mg L™); K, is the equilibrium rate constant of
pseudo-second-order biosorption (g mg™ h™); M, . is the
mass of attached active live fungal biomass and wheat bran
(g) existing in the reactor system before treatment of dye
wastewater at time ¢t = 0.

Net amount of attached biomass per unit area of bio-
disc (X)) is the difference between total amount of attached
biomass per unit area of bio-disc in dye medium (X,) and
MEB medium (X):

X =X,-X, (19)
In the simplified form, Eq. (18) can be written as:
A X K,V
as 25(5075),M, 2 (SfS,)z (20)
at) vV YV Mo ‘

The group of parameters X A /V in Eq. (20) are expressed
as X;

§
X A
X, = e (21)
Therefore:
X
(55)-E5,-9)- 220 -5 (s-sy @)
dt V Yﬂ LB-WB

The yield coefficient of attached active biomass can be
written as [41]:

L 5%
“5,-S

0

(23)

where X, and X are the concentrations of attached active
biomass in dye and MEB medium (mg L), respectively.
Next, Eq. (23) is rearranged as:
X, =(S,-9)Y, +X, (24)

A Monod model (Eq. (25)) is applied to estimate cell
growth rate. It is related to growth rate and to the limiting

substrate concentration. The specific growth rate of attached
active biomass is given by the expression [42]:

B S
H’u lJ'rnax KS+S

where p__ is the maximum growth rate of attached active
biomass (h™) and K_ is the Monod saturation constant for the
rate-limiting substrate (mg L™). Substituting Eqs. (24) and
(25) in Eq. (22), the substrate mass balance equation (Eq. (26))
can be written as follows:

R e e
t) v K +S Y

14 (s-s.)

(25)

M (26)

LB-WB

Eq. (26) is a non-linear first-order ordinary differen-
tial equation (ODE). The numerical solution of ODE can be
solved by the fourth-order Runge-Kutta method and the
model parameters such as p__, K, K,, and S, were estimated
by the software Excel Solver. The sum of square error (SSE)
was estimated by Eq. (27) [43]:

(Scxpt - SPrcd )2

(Su)

Sum of square error, SSE = (27)

where S, and Slprc 4 are the experimental and predicted
values of effluent substrate concentration at time ¢,
respectively.

3. Results and discussion
3.1. Analysis of RTD studies in the RBC reactor

The RTD data obtained at various flow rates of water
are reported in Table 1. It shows that the mean residence
time (t ) is slightly higher than actual space time (t) at a
flow rate of 1 and 3 mL min™. It indicates that most of the
tracer leaves the system and a small amount of tracer may
remain stuck inside the reactor. There are a small number
of hydraulic dead spaces and stagnant eddies that may
exist in the reactor system. At a flow rate of 6.5 mL min,
the mean residence time is slightly lower than actual space
time. It signifies that a very small degree of channeling
and bypassing (no short-circuiting of fluid) may occur
in the reactor system. The above result indicates that the
RBC reactor system was working properly and efficiently
(no accumulation of tracer compound). The E-curves
obtained at various flow rates of water are shown in Fig. 1
(Figs. S1-S3). The normalized RTD function, E() at various
flow rates are shown in Fig. 2. Figs. 1 and 2 show that the
distribution curve was wider and a long tail was obtained
at various flow rates of water, which represents that, a sig-
nificant degree of dispersion may be taking place in the
reactor. Dispersion number was calculated by using the
Solver tool in Microsoft Excel. A dispersion number of zero
represents perfect plug flow (no spreading of tracer) and a
value at infinity represents completely mixed flow [31,44].
Large dispersion number signifies the rapid spreading
of the tracer curve, while smaller value represents slow
spreading [45]. The value of dispersion number gradu-
ally increased from 4.36 to 13.65 with an increase in flow
rate of water from 1 to 6.5 mL min™. This may be due to
higher degree of dispersion taking place when hydrau-
lic retention time was decreased significantly. A similar
observation has been reported elsewhere [28]. The disper-
sion number value of 0.2 represents plug flow with large
dispersion (good mixing) and a dispersion number of 0.02
represents plug flow with medium dispersion [46]. The
dispersion number in this present study was greater than
4 at various flow rates of water illustrates that the RBC
reactor can be modeled as a mixed flow reactor (concen-
tration of the tracer spreads in the effluent may be uniform
throughout the reactor). The value of the dispersion num-
ber quantitatively signifies the extent of non-ideality.
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Table 1
RTD data obtained at various flow rates of water in a RBC reactor
Flow rate of water Space time, Mean residence Variance, Dispersion
(mL min™) T (d) time, t_(d) o* (d?) number (D,/UL)
1 8.333 8.446 66.18 4.36
3 2.777 2.870 7.90 7.89
6.5 1.282 1.222 1.46 13.65
0.8—-1 —e—Flow rate = 1 mL min" 1.24 —a— Flow rate = | mL min” !
1] —e— Flow rate = 3 mL min~ . —e— Flow rate = 3 mL min" -
0741l - -
{1 ——Flow rate = 6.5 mL min 1.04 Flow rate = 6.5 mLmin'l
0.6-{4]
~ 0514 0.8
< 05 >
J]1 =
< 044 06
Eu_, i r
03 04
0.2
01 0.2+
0.0 | 0.0

0 5 10 15 20 25 30 35 40
Time (day)

Fig. 1. Comparison of exit-age distribution function at various
flow rates of water in the RBC reactor. (Volume of liquid in the
reactor: 12 L; air flow rate: 1.5 L min™; number of discs: 20; disc
rotation speed: 16 rpm; disc submergence in liquid medium:
40%; temperature: 303 K).

3.2. Evaluation of model parameters at various operating
conditions for CR dye decolorization in RBC reactor

A continuous study in a laboratory scale RBC reactor
was carried out using PU surface immobilized live fungal
biomass of N. crassa with wheat bran for the removal of
color from synthetic CR dye wastewater at ambient tem-
perature. The effect of fundamental parameters such as
initial pH, initial dye concentration, wheat bran dosage,
live biomass dosage, wheat bran particle size, and agitation
speed on CR dye decolorization were studied and opti-
mized using central composite design (CCD) to attain the
maximum decolorization efficiency; this is given in our pre-
vious paper published elsewhere [22]. The effect of various
process parameters such as number of discs, disc rotation
speed, % disc submergence in liquid medium, flow rate of
dye solution, air flow rate, wheat bran dosage, and inlet
dyestuff concentration on CR dye decolorization were stud-
ied and this is given in our previous paper published else-
where [20]. The decolorization of CR may be due to both
biosorption and enzymatic decolorization process. It also
infers that the first 2 d (48 h) biosorption is active, followed
by the enzymatic decolorization process for the rest of the
days [20]. The agricultural by-product wheat bran acts
as an adsorbent and it also may act as a substrate for the
growth of fungus which improves the decolorization effi-
ciency. RTD data revealed that the concentration of liquid

UL U U LN
00 05 10 15 20 25 30 35 40 45 50 55 60

Fig. 2. Comparison of normalized distribution function at vari-
ous flow rates of water in the RBC reactor. (Volume of liquid in
the reactor: 12 L; air flow rate: 1.5 L min™'; number of discs: 20;
disc rotation speed: 16 rpm; disc submergence in liquid medium:
40%; temperature: 303 K).

leaving from the reactor was uniform and complete mixing
was attained due to the high rotational speed of the discs.
Combined Monod and pseudo-second-order kinetic model
in mass balance equation were applied to experimental data
and the results of model parameters obtained at various
operating conditions are shown in Table 2. It shows that the
value of p__ for the decolorization of CR at various oper-
ating conditions were in the range between 1.82 x 10™ to
6.34 x 10 h™'. The value of Monod constant, K_ at various
operating conditions were in the range between 17 and
48 mg L. The rate constant, K, decreased from 0.0154 to
0.0072 g mg™ h™ and the biosorption capacity at equilibrium,
g, increased from 2.656 to 13.649 mg g with an increase in
dye concentration from 50 to 500 mg L. The decrease in
the value of K, is may be due to decreased competition at
the active sites on the N. crassa live biomass and wheat bran
dual adsorbent surface at lower concentration and increased
competition for the binding sites at higher concentrations
[38]. The increase in the value of g, is because of increase
in concentration difference among the dye concentration in
the solution and the surface of the dual adsorbent. This con-
centration gradient acts as a driving force for the diffusion
of dye molecules from bulk solution to the dual adsorbent
surface [39]. The results of biosorption at various flow rates
of dye solution which are explained here are shown in Table
2. It shows that the biosorption of CR is dependent mainly
on the flow rate. From Table 2, the equilibrium biosorption
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Table 2

Combined Monod and pseudo-second-order kinetic model parameters at various operating conditions for CR dye decolorization in

RBC reactor

Various operating parameters Model parameters
N D N D, SL Qair F MWB S 0 Himax Ks Kz S e,expt Se,pmd q.
(rpm) (%) (Lmin™) (mLmin™) (gL7) (mgL™) (h7) (mgL™) (gmg'h™) (mgl™) (mgl™) (mgg)

8 16 40 15 1 12.5 200 6.346 x10*  41.334  0.0058 82.849  79.568  8.288
14 16 40 15 1 12.5 200 3.568 x10* 25459  0.0080 67384 66386  8.413
20 16 40 15 1 12,5 200 3.224x10* 33.831  0.0082 42,655 42115  8.924
20 4 40 15 1 12,5 200 4536 x10* 25.036  0.0044 80.000  77.889  7.499
20 8 40 15 1 12,5 200 3.762x10* 30.355  0.0082 55.466  54.065  8.394
20 16 30 15 1 12,5 200 4.611x10* 35,537  0.0108 53.000 51432  6.702
20 16 35 15 1 12,5 200 4199 x10* 28.056  0.0085 46.613  44.895  7.570
20 16 40 05 1 12,5 200 4.005x10* 16.954  0.0086 56.625 55225  8.832
20 16 40 25 1 12.5 200 3.222x10* 20.218  0.0088 39.956 37918  9.189
20 16 40 15 3 12.5 200 5186 x10* 29.139  0.0078 75951  73.862  7.344
20 16 40 15 6 12.5 200 5.265x10*  25.000 0.0025 116.834 115548 4.779
20 16 40 15 1 4 200 1.825 x10*  49.998 0.0048 135542 133.776  7.240
20 16 40 15 1 8 200 2228 x10*  47.209 0.0081 95.213 92.249 8.170
20 16 40 15 1 12.5 50 2.583 x 10* 27910 0.0219 2.095 1.937 2.656
20 16 40 15 1 12,5 100 2.801x10* 39.799  0.0123 9.106 8.898 4.885
20 16 40 15 1 12,5 150 3.834x10* 35264  0.0108 28244 27376  7.097
20 16 40 15 1 12,5 500 9.573x10° 17.091  0.0064 229.359  227.658  13.649

capacity of CR decreased from 8.924 to 4.780 mg g™ with an
increase in flow rate of dye solution from 1 to 6 mL min™.
This may be due to insufficient contact time for the dye
molecules with the live biomass and wheat bran inside
the reactor and diffusional limitation of the solute into the
pores of the dual adsorbent [7]. The predicted and experi-
mental values of effluent dye concentrations at equilibrium
(S,) are compared and these values are reported in Table
2. It shows that the predicted S, values obtained from the
developed model are in good agreement with experimen-
tal S, values. The experimental and predicted values of
effluent concentration (S) at various inlet dyestuff concen-
trations of 50, 100, 200, and 500 mg L™ are shown in Figs.
3-6 and Tables S1-54, respectively. As seen in Figs. 3-6, the
predicted values of S found from the model fitted well to
the experimental values. The values of SSE are in the range
between 0.0022 and 0.0155 at various dyestuff concentra-
tions ranging from 50 to 500 mg L™ (Tables S1-54). It sig-
nifies that the combined Monod and pseudo-second-order
kinetic model is valid for CR dye decolorization. Monod
model assumes that a single substrate is growth-rate lim-
iting [47] and pseudo-second-order kinetic model assumes
that chemisorption mechanism is the rate-controlling step
in the biosorption process [48]. The regeneration of live
biomass in the desorption studies is very limited since
most toxicants are intracellularly accumulated, hence,
the biomass cannot be utilized for the next cycles [49].

4. Conclusion

The surface immobilized live fungal biomass of N. crassa
with wheat bran may be used as an effective material for

—=— Experimental S (mg L'1)

—e— Predicted S (mg L™")

Effluent dye concentration, S (mg L")
N
T

Time (h)

Fig. 3. Substrate concentration profile for real-time vs. simu-
lated values at CR dye concentration of 50 mg L™ in the RBC
reactor. (Initial pH: 6; wheat bran dosage: 12.5 g L; flow rate
of dye solution: 1 mL min; air flow rate: 1.5 L min™; number of
discs: 20; disc rotation speed: 16 rpm; disc submergence in lig-
uid medium: 40%; temperature: 303 K; effluent treatment time:
48 h; volume of liquid in the reactor: 12 L).

the decolorization CR from synthetic dye wastewater in a
RBC reactor. RTD studies showed that the value of disper-
sion number at various flow rates of water such as 1, 3, and
6.5 mL min™ are 4.36, 7.89, and 13.65, respectively (disper-
sion number increased with increase in flow rate of water)
which illustrates that the RBC reactor can be modeled as a
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100 —=a— Experimental S (mg L_1)
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Fig. 4. Substrate concentration profile for real-time vs. simu-
lated values at CR dye concentration of 100 mg L™ in the RBC
reactor. (Initial pH: 6; wheat bran dosage: 12.5 g L; flow rate
of dye solution: 1 mL min™; air flow rate: 1.5 L min™; number of
discs: 20; disc rotation speed: 16 rpm; disc submergence in liquid
medium: 40%; temperature: 303 K; effluent treatment time: 48 h;
volume of liquid in the reactor: 12 L).

—=— Experimental S (mg L_1)

—e— Predicted S (mg L'1)

Effluent dye concentration, S (mg L")

Time (h)

Fig. 5. Substrate concentration profile for real-time vs. simulated
values at CR dye concentration of 200 mg L in the RBC reac-
tor. (Initial pH: 6; wheat bran dosage: 12.5 g L™; flow rate of
dye solution: 1 mL min; air flow rate: 1.5 L min™; number of
discs: 20; disc rotation speed: 16 rpm; disc submergence in liquid
medium: 40%; temperature: 303 K; effluent treatment time: 48 h;
volume of liquid in the reactor: 12 L).

mixed flow reactor. It shows that, as the fluid flows through
the reactor, there is a significant degree of dispersion tak-
ing place and the concentration of the tracer spreads in the
effluent uniformly throughout the reactor. The predicted
values of effluent dye concentrations found from the devel-
oped model (combined Monod and pseudo-second-order
kinetic model) fitted well to the experimental data. It sug-
gests that the proposed model is valid for CR dye decolor-
ization and the parameters estimated from the model can be
used to design a large-scale reactor. The experimental results

5004

1 —a— Experimental S (mg L_1)
450 1

—o— Predicted S (mg L™

400
350 1

300

250

200

Effluent dye concentration, S (mg L)

1504

107777771
Time (h)

Fig. 6. Substrate concentration profile for real-time vs. simulated
values at CR dye concentration of 500 mg L in the RBC reactor.
(Initial pH: 6; wheat bran dosage: 12.5 g L; flow rate of dye solu-
tion: 1 mL min™; air flow rate: 1.5 L min™'; number of discs: 20;
disc rotation speed: 16 rpm; disc submergence in liquid medium:
40%; temperature: 303 K; effluent treatment time: 48 h; volume of
liquid in the reactor: 12 L).

showed that the PU surface immobilized live fungal bio-
mass of N. crassa with wheat bran adsorbent/substrate can
be used effectively to remove other anionic dyes from indus-
trial effluents. The accuracy of the predicted data suggests
that the developed model may be valid for dye wastewater
treatment.

Symbols and abbreviations

A — Mass of CR dye solution, g

A, — Total surface area of the bio-disc, m?

CR — Congo red dye

CSTR  — Continuous stirred tank reactor

Dy — % disc submergence in liquid medium

D, — Axial dispersion coefficient, m? s™

D,/UL — Dispersion number

dS/dt — Change in substrate concentration with time,
mg L' h?

E(t) — Residence-time distribution function, h™

E(0) — Normalized RTD function

F — Flow rate of dye solution, mL min!

K, — Monod kinetic constant, mg L™

K, — Equilibrium rate constant of pseudo-second-
order biosorption, g mg™ h™

L — Lis the length of the reactor, m

M — Mass of component “A” in the reactor, g

M, _ Mass flow rate of “A” entering to the reactor,
gh'

M, — Mass flow rate of “A” leaving from the reactor,
gh'

MEB — Malt extract broth

M, s — Massof attached active live fungal biomass and
wheat bran (g) existing in the reactor before
treatment of dye wastewater at time ¢ =0

M, — Concentration of wheat bran added in the

reactor, g L™
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N Disc rotation speed, rpm

N, Number of discs

ODE Ordinary differential equation

PU Polyurethane foam

Q.. Air flow rate, L min!

q, Amount of dye adsorbed on the surface of live
biomass and wheat bran at equilibrium, mg g

q, Amount of dye adsorbed on the adsorbent sur-
face of live biomass and wheat bran at any time
t, mg g™

R,, Rate of mass biosorption of “A” by wheat bran
and live biomass in the reactor, g h™!

R, Rate of mass consumption of “A” by reaction,
gh”

R, Rate of substrate consumption by attached
growth, g h™!

R, Rate of substrate consumption by suspended
growth, g h™!

R, Rate of mass generation of “A” by reaction, g h™!

RBC Rotating biological contactor

RTD Residence time distribution

S Effluent substrate (dye) concentration at time f,
mg L™

S, Influent substrate (dye) concentration, mg L™

S, Effluent substrate (dye) concentration at equi-
librium, mg L™

ot Experimental value of effluent substrate con-

centration at time ¢, mg L™

S red Predicted value of effluent substrate concentra-
tion at time ¢, mg L™

SSE Sum of square error

t Effluent treatment time at time t, h

t, Effluent treatment time at time t =0, h

t, Mean residence time, h

u Superficial velocity, m s

\% Liquid volume in the reactor, L

X, Mass of attached active biomass per unit area of
bio-disc, mg m™

X, Amount of attached biomass per unit area of
bio-disc in dye medium, mg m=

X, Concentration of attached active biomass in dye
medium, mg L

X, Amount of attached biomass per unit area of
bio-disc in MEB medium, mg m™

X, Concentration of attached active biomass in
MEB medium, mg L™

X, Concentration of suspended biomass, mg L™

Y Apparent yield coefficient of the attached
biomass

Y, Apparent yield coefficient of the suspended
biomass

Greek letters

6 Dimensionless parameter

o? Variance, h?

T Space time, h

u, Specific growth rate of the attached biomass, h™

K, Specific growth rate of the suspended biomass, h™

(VI Maximum growth rate of attached active

biomass, h™
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Supplementary information
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Fig. S1. E-curve profile of experimental data obtained from
RTD studies in a RBC reactor at a flow rate of water 1 mL
min. (Volume of liquid in the reactor: 12 L; air flow rate: 1.5
L min™; number of discs: 20; disc rotation speed: 16 rpm; disc
submergence in liquid medium: 40%; temperature: 303 K).
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Fig. S2. E-curve profile of experimental data obtained from
RTD studies in a RBC reactor at a flow rate of water 3
mL min™. (Volume of liquid in the reactor: 12 L; air flow rate:
1.5 L min™; number of discs: 20; disc rotation speed: 16 rpm;
disc submergence in liquid medium: 40%; temperature: 303 K).

Table S1

Comparison of experimental and predicted values of effluent
dye concentration (S) on CR decolorization in the RBC reactor at
inlet dye concentration of 50 mg L™

Time (h) Sexpl (mg L) SPre 4(mgL™") % CR color removal
4 34.88 37.24 30.24
8 29.27 28.61 41.46
12 23.31 22.78 53.37
16 18.66 18.32 62.68
20 15.25 14.90 69.5
24 12.47 12.23 75.07
28 9.98 10.13 80.03
32 8.29 8.46 85.42
36 7.05 7.13 87.9
40 5.82 6.07 88.37
44 5.13 523 89.75
48 4.92 4.55 90.15

Sum of square error = 0.015592
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Fig. S3. E-curve profile of experimental data obtained from
RTD studies in a RBC reactor at a flow rate of water 6.5 mL
min™. (Volume of liquid in the reactor: 12 L; air flow rate: 1.5
L min”; number of discs: 20; disc rotation speed: 16 rpm;
disc submergence in liquid medium: 40%; temperature: 303 K).

Table 52

Comparison of experimental and predicted values of effluent
dye concentration (S) on CR decolorization in the RBC reactor at
inlet dye concentration of 100 mg L~

Time (h) Sexpl (mg L™) Spw . (mgL?) % CR color removal
4 76.04 77.69 23.96
8 63.45 62.87 36.55
12 53.72 52.38 46.28
16 43.65 44.25 56.35
20 38.16 37.98 61.84
24 32.76 32.97 67.24
28 28.91 28.85 71.09
32 24.53 25.43 75.47
36 23.64 22.56 76.36
40 20.42 20.12 79.58
44 17.26 18.04 82.74
48 16.64 16.26 83.36

Sum of square error = 0.00779
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Table S3 Table S4
Comparison of experimental and predicted values of effluent =~ Comparison of experimental and predicted values of effluent
dye concentration (S) on CR decolorization in the RBC reactor at  dye concentration (S) on CR decolorization in the RBC reactor at

inlet dye concentration of 200 mg L inlet dye concentration of 500 mg L
Time (h) SCxpt (mg L) SPrc 4 (mgL™) % CR color removal Time (h) SCXPl (mg L™) Spm 4 (mgL™) % CR color removal
4 153.08 158.60 23.46 4 406.39 420.31 18.72
8 129.85 131.86 35.07 8 380.56 375.64 23.89
12 113.76 114.09 43.12 12 357.31 348.75 28.54
16 99.55 100.42 50.22 16 329.20 329.62 34.16
20 88.43 89.69 55.78 20 316.35 315.63 36.73
24 81.29 80.96 59.35 24 304.82 304.94 39.04
28 75.64 73.63 62.18 28 292.70 296.5 41.46
32 69.56 67.37 65.22 32 289.24 289.68 42.18
36 65.04 61.81 67.48 36 282.10 284.04 43.58
40 56.48 56.89 71.76 40 279.00 279.31 44.20
44 49.52 52.44 75.24 44 275.20 275.27 44.96
48 48.98 48.36 75.52 48 273.82 271.79 45.24

Sum of square error = 0.00972 Sum of square error = 0.002197
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