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ABSTRACT

In this study, the performance of a novel configuration of the hybrid growth bioreactor in
pilot-plant scale (containing of anoxic, aerobic and sedimentation sections) was investigated
for Isfahan municipal wastewater treatment plants. The bioreactor performance was
evaluated after primary sedimentation tanks under the inlet COD concentration of 0.27 +
0.02 g/L, at different suspended biomass concentrations of about 3, 4, and 5 as g/L and
different total hydraulic retention times 4, 8, and 12 h. An industrial moving bed packing
with protected specific surface area of 350 m*/m> was used in the bioreactor with a 30% of
filling ratio. The modified Stover-Kincannon and Grau models are applied to predict the
bio kinetic coefficients of COD removal. According to the results obtained, the substrate
removal rate constant (k;) for Grau model was in the range of 8.23-10.96 (1/d), and the
saturation constant (Kg) value and the maximum total substrate utilization rate (U,,,,) for
modified Stover—Kincannon were in the range of 57.4-87.7 (g/Ld) and 62.6-91.4 (g/Ld),
respectively. Also, the results showed that the bioreactor follows the models with 98-99%

correlation coefficients.
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1. Introduction

The capacity and performance of a wastewater treat-
ment plant (WWTP) is a moving goal, which is very
important [1-3]. There is a growing interest for WWTP
owners to investigate economical and more efficient
techniques rather than conventional wastewater
treatment [1-4]. The performance of the wastewater
treatment plants can be improved by increasing the
biomass concentration in biological systems [5,6]. The
biofilm bioreactors have been used for treating of
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wastewater recently [4-17]. By adding the media, the
biomass concentrations and organic loading rate (OLR)
can be increased at these bioreactors [10,11]. The
micro-organisms/activated sludge grows on the internal
surface of the media. The micro-organisms consume the
organic matter from the wastewater. The aeration system
keeps the carriers with activated sludge in motion. The
hybrid activated sludge reactor is more efficient com-
pared with the suspended growth processes for waste-
water treatment [12-14]. These processes have high
performance and stability because of their capacity of
keeping high sludge retention time (SRT) even when
operating at low hydraulic retention time (HRT). Also
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the treatment plant requires less space and HRT can be
relatively low [14-17].

The biological treatment processes can be designed
based on the parameters such as OLR, HRT, SRT, the
food per micro-organism ratio (F/M), and biological
kinetic models [18]. The biological models are used for
the prediction of result of various inputs [18,19]. Also
these models are used to determine system perfor-
mance and optimal operating conditions [19]. There
are various models for aerobic treatment, depending
on the type of wastewater [18,19]. Each kinetic model
is only suitable for specific cases and processes [19].
These models which are applied for the hybrid growth
systems include the first-order, the Grou (second-
order), and modified Stover—-Kincannon models [18].
The aim of this study was the determination of the
kinetic coefficients of COD removal through the Grou
and the modified Stover-Kincannon models. Another
aim of this study was to introduce a novel hybrid
growth system with a simple design and a high
efficiency in the removal of contaminants that is a
modern method to design WWTP.

2. Materials and methods
2.1. Wastewater

The influent of bioreactor is pumped from south
Isfahan WWTP settling basin in to the designed biore-
actor inlet. The wastewater specifications after primary
settling tank are presented in Table 1. The south
Isfahan WWTP activated sludge is used for the
bioreactor launching.

2.2. Bioreactor

A pilot plant fabricated from carbon steel 37 is
used in this study. It has a rectangular shape, external
dimensions of 150 cm length, 100 cm width, and a
height of 150 cm. The effective height of the unit is
140 cm, incorporating a reactor total volume of 2,100
L. The clarifier position is adjusted at the end of the
system, after the aeration section is filled with lamella
plates. Aeration section is performed by a small
bubble diffuser that is located on the bioreactor

Table 1

Characteristics of the raw wastewater

Parameter Value
COD (g/L) 0.27 £0.02
BODs (g/L) 0.11 +£0.01
pH 7.2-7.7
TSS (g/L) 0.13 +£0.015
VSS/TSS 0.79
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bottom. An air line is employed at the clarifier bottom
to create an airlift system for sludge recycling and
excess sludge disposal. The novel hybrid bioreactor
apparatus is shown schematically in Fig. 1.

The industrial media is used in the pilot. The
media chosen for this investigation is made of poly-
ethylene. The technical media specifications are sum-
marized in Table 2. The media with a filling reactor
volume ratio of 30% is utilized in the anoxic and aera-
tion sections. The protected surface area is 350 m*/m®
and total surface area is 480 m?/m’>. The protected
surface area is considered for design purposes.

2.3. Experimental procedure

The anoxic and the aeration sections dissolved
oxygen are maintained less than 0.5 and between 3.6
and 5.1 mg/L, respectively. The pilot is placed in
WWTP outdoors at ambient temperature without any
insulation. The temperature, dissolved oxygen, and
pH are daily measured at different times. The amount
of COD removal efficiency is measured in a continu-
ous flow of wastewater stream at the suspended bio-
mass concentrations of about 3, 4, and 5 g/L and in
three different HRT’s of 4, 8, and 12 h, respectively.
The media are placed in a different tank for biofilm
formation. The media are inserted to the anoxic and
aeration sections after about 40 d. Then the bioreactor
performance was studied after compatibility of micro-
organisms, biofilm formation on the media, and
adjusting the suspended biomass concentration of
about 3 g/L. Due to slight changes in the attached bio-
mass concentration after the biofilm formation, perfor-
mance of bioreactor was studied by changing the
suspended biomass concentration at three levels.
Attached biomass concentration was in the range of
3.15-3.6 g/L. This way, the performance of the biore-
actor was examined by COD concentration of 0.27 +
0.02 g/L at biomass concentration of about 6g/L
(suspended biomass concentration at about 3 g/L) at
three levels of HRT of 6, 9, and 12 h. Sampling is per-
formed after achieving steady-state condition. The
sampling is carried out at the influent and effluent
wastewater from the bioreactor. All the determinations
are conducted according to the standard methods for
the examination of water and wastewater [20].

The performance of the system is evaluated in
terms of total COD removal. The flow of wastewater is
regulated proceeding from the mentioned total HRT.
The suspended biomass concentration is regulated by
the airlift system at the desired range. The gravimetric
method is applied to measure the attached biomass
concentration. The quantitative determination of the
attached biomass involves discharging 10-20 numbers
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Fig. 1. Schematic view of the novel hybrid system applied in this study.

Table 2
The media specifications

Technical specifications Industrial media

Material Polyethylene
Specific surface area (protected) 350 m*/m?>
Maximum fill 30%

Density 920-970 kg/m?
Number of units per m> 160

Average weight per media 0.5437 g

Color Natural white

of media, drying over 1 h at 105°C, and finally weigh-
ing the media and determining the difference weight
of used and unused media. The attached biomass
concentration is calculated by multiplying the weight
difference and the media bulk number density [21,22].

2.4. The Grou model

The general equation of a second-order substrate
removal kinetic model is given [23]:

ds S\ 2
a_k5~X-(S—i> 1)

Integration and linearilization of Eq. (1) result the fol-
lowing:

)

The second term of the right part of this equation is
assumed as a constant, therefore:

5 s, =n-HRT +m 3

where m = kSX and n is a constant. The ¢ s expresses

the substrate removal efficiency and is symbohzed as
1/E-X is the average biomass concentration in the
reactor (mg/L), and k; is the second-order substrate
removal rate constant (1/d). Therefore, Eq. (3) can be
written as follows:

HRT
T:n-HRTer 4)

The values of m and n are calculated from the inter-
cept and slope of the straight lines on the figures,
respectively.

2.5. The modified Stover—Kincannon model

The original Stover-Kincannon model was carried
out on a rotating biological contactor (RBC) [24]:

ds Q
@y i =

umax ( Si)

Kgp + (
where dS/dt is the substrate removal rate (g/Ld);
Q is the flow rate (L/d), V is the reactor liquid
volume (L), and S, and S, are the influent and

5)
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effluent substrate concentrations (g/L), respectively. A
denotes the total disc surface area on which there is
immobilized biomass concentration. The U, repre-
sents the maximum removal rate of substrate (g/L d)
and Kjg is the constant of saturation value (g/Ld). In
this model for RBC rotating biodiscs, the suspended
solid is neglected due to the addition of biomass
within the biofilm surface area considered for the defi-
nition of biomass. On the other hand, the biomass con-
centration is expressed by the volume in the modified
model [25,26]. However, the effective volume of the
reactor is used in this version of the Stover—Kincannon
model due to the difficulties in measuring the active
surface area which supports the biofilm growth.
The substrate consumption rate is explained as a
function of the volumetric-loaded organic in the
modified Stover—Kincannon model [27]. The modified
Stover—Kincannon model is given by:

s _Q

dar V(Si—Se) = (6)

The following equation is obtained by inverting Eq. (6):

ds\ ! 1% Kg [V 1
R .
dt Q(Sz - Se) umux Qsz Umux
3. Results and discussion
The measurement conditions and the COD

removal efficiencies’ results for each run are presented
in Table 3. The system has a more favorable efficiency
about 96% at the suspended biomass concentration of
4928 +0.174 g/L and attached growth of 2.766
+0.238 g/L, at HRT of 4 h. The results show that a
decrease in the OLR leads to reduce in the system effi-
ciency. An increase in the biomass concentration
increases the system efficiency.

The COD removal efficiency and OLR is increased
by media addition, while the HRT is decreased; hence,
decreased the tank’s volume and costs.

3.1. Kinetic modeling
3.1.1. The Grau model

Fig. 2(a)-(c) shows the effect of the total biomass
concentration on the kinetic coefficients of the Grau
model. In order to determine the kinetic coefficients
(m, n, and k;) Eq. (4) is plotted in Fig. 2. The values of
m and n are, respectively, found to be 0.0055 and
1.1064 with correlation coefficients of (R?) 0.9814. The
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substrate removal rate constant (k;) is calculated from
the equation m = So/(k;X) as 8.2367 (1/d) for the sus-
pended biomass concentration of 3.066 +0.096 g/L and
the attached biomass concentration of 2.894 +0.162 g/L.
The substrate removal depends on the second-order
substrate removal rate constant (k;) which is related to
the unit of micro-organism. The removal rate constants
are 9.9675 and 10.9663 (1/d) for the suspended biomass
concentration of 4.092 +0.112 and 4.928 +0.174 as g/L,
respectively. The results indicated that with increasing
the biomass concentration, the k, increased. In this case,
increasing efficiency was due to the increasing popula-
tion of micro-organisms in the biological systems,
which by increasing these organic materials was con-
sumed faster by micro-organisms, and thus enhance
the substrate removal rate constant (k).

3.1.2. The modified Stover—Kincannon model

Fig. 3(a)-(c) shows the effect of the total biomass
concentration on the kinetic coefficients of the modi-
fied Stover—Kincannon model. The values of Kg/U,,.x
and 1/U,,, are obtained from the slope of the line by
plotting V/QS; vs. V/Q(S;—S,) in Eq. (7). The plots the
reciprocal of total substrate removal rate, V/Q(So—S,),
against the reciprocal of V/(QS,) are shown is
Fig. 3(a)—(c) for the suspended biomass concentrations
of 3.066+0.96, 4.092+0.112, and 4.928 +0.174 as g/L
and the attached biomass concentration of (2.485—
3.056) g/L.

The saturation constant (Kp) value and the maxi-
mum total substrate utilization rate (U,,,) are calcu-
lated and are presented in Table 4. The experimental
results with high correlation coefficient were applied
to the model.

The Kp and U,,,, values obtained in Figs. 3(a)-(c)
can be used to determine the volume required to
decrease the influent organic concentration from S; to
S, or to determine the effluent substrate concentration
for a given V and S;. Substituting Eq. (7) into Eq. (6),
results in:

U ()

B+(7>

This equation can then be solved for either the volume
of the biological system in the bioreactor or the
effluent substrate concentration. Thus,

vo__ Q5% )

Umux Si _
() o
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Table 3
The investigated parameters in steady-state for the novel hybrid bioreactor at steady-state condition
Biomass
trati L HRT (mi
concentration (g/L) (min) F/M
COD Anoxic Aerobic Clarifier Total OLR SRT (gCOD/g Efficiencies
(g/L) Suspended  Attached (min)  (min) (min) (min) (gCOD/Ld) (d) MLSSd) (%)
0.27 +£0.02 3.066 +0.096 2.894+0.162 270 450 270 720 0.54 27.3 0.09 90.8
90 300 90 480 0.81 17.2 0.14 92.1
45 150 45 240 1.62 8.78 0.28 93.1
4.092+0.112 2.68+0.195 270 450 270 720 0.54 29.9 0.08 91.2
90 300 90 480 0.81 20.1 0.12 93.3
45 150 45 240 1.62 934 0.24 94.2
4928 +0.174 2.766 +0.238 270 450 270 720 0.54 342 0.07 92.7
90 300 90 480 0.81 22.6 0.10 94.6
45 150 45 240 1.62 11.3 021 96.3
0.5 0.5
7 0.4 - y = 1.1064x + 0.0055 04 -
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Fig. 2. The Grou model plot at biomass concentrations of: (a) 5.96 + 0.258 g/L, (b) 6.772 +0.307 g/L, and (c) 7.694

+0.412 g/L.

Umax S i

Se=Si— | —5< |V
(KH(%))

V and S; are obtained by substituting Kz and U, from
Table 4 in Eq. (9) and (10) for biomass concentrations
of 5.96+0.258, 6.772+0.307, and 7.694 +0.412g/L.
The results showed that with increasing the biomass

(10)
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Fig. 3. The modified Stover—Kincannon plot at biomass concentrations of: (a) 5.96 + 0.258 g/L, (b) 6.772 + 0.307 g/L, and

(c) 7.694 + 0412 g/L.

Table 4
The Grau and Stover-Kincannonmodels kinetic coefficients for a hybrid growth novel bioreactor at different MLSS
concentrations
Grau second-order Stover—-Kincannon
Substrate Biomass concentration (mg/L) n m K, (1/d) R? Upex (g/Ld)  Kp (g/Ld) R?
Domestic (COD) 5.96 +0.25 1.11 0.005 8.24 098 57.47 62.65 0.99
6.77 £0.30 1.08 0.004 9.97 099 69.44 75.75 0.99
7.69 +0.41 1.05 0.003 10.97 099 87.72 91.47 0.99

concentration, the Kz and U,,,,, increase due to increas-
ing in population of micro-organisms in the biological
systems. Thus, the organic materials are consumed fas-
ter by micro-organisms, and the Kz and U,,,, increase.
Previous studies are obtained in different pollutant
concentrations and the constant biomass concentra-
tion. In this study, kinetic coefficients are obtained for

the constant COD concentration, and the effect of
biomass concentration is investigated on the kinetic
coefficients. The constants determined from the
applied models in the previous studies are listed in
Table 5 and compared with coefficients obtained here.
The K values are larger than those reported in the lit-
erature. The difference may be explained by the fewer
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Table 5
Comparison of kinetic coefficients in the Stover-Kincannon and the Grau models cited in the literature with the present
results
Models Substrate So (g/L) HRT (d) Kinetic parameters References

umax KB
Stover-Kincannon Soybean 7.52-11.45 1.0-1.45 83.3 85.5 [28]
Stover—Kincannon Simulated 0.75-4.5 1.0 8.3 9.45 [29]
Stover-Kincannon Simulated 0.75-2.25 0.5-1.0 101.0 106.8 [30]
Stover—-Kincannon Municipal 0.27 +0.02 0.135-0.33 57.4-87.7 62.6-91.4 This study
K m N
Grau second-order Municipal 0.23-0.445 0.25-1.0 0.217 0.002 1.346 [24]
Grau second-order Molasses 2-15 0.5-2.0 10.81 0.033 1.192 [25]
Grau second-order Simulated 0.75-4.5 1.0 0.337 0.562 1.095 [29]
Grau second-order Simulated 0.75-2.25 0.5-1.0 3.582 0.047 1.007 [30]
Grau second-order Municipal 0.27 £0.02 0.135-0.33 8.2-10.9 0.0032— 1.0546-1.1064 This study
0.0055
rates of the utilized substrate and applying a real Symbols
wastewater. The real wastewater is a very .in.qportant S;  — influent substrate concentration (mg,/L)
factor., because the' sus.pended. s.ohds and 1nh1b1t'ors are g __ effluent substrate concentration (mg/L)
effective on the kinetic coefficients. The organic mat- x  _ piomass concentration (mg/L)
ters such as phenol, furfural and hydrocarbon, and HRrT — hydraulic retention time (d)
heavy metals compounds like lead, nickel, and K| — the second-order substrate removal rate constant
chromium ions as inhibitors are toxic for the micro- (1/d)
organisms in the real wastewater. According to the #n  — constant
Stover-Kincannon kinetic model, the saturation con- ™ — constant
stant Kz and the U,,, values obtained in this study E — the substrate removal efficiency (%)
are between the determined values range reported in & ~ — flow rate (L/d).
: Vv — the reactor liquid volume (L)
other studies. 3 >
A — total disc surface area (m-)
Uy — the maximum removal rate of substrate (g/L d)
4. Conclusion Kp  — the constant of saturation value (g/L d)
The results indicated that the hybrid activated References

sludge bioreactor which was investigated in this study
is capable to biodegrade the organic matter higher
than 96%. The results showed that the bioreactor have
highest efficiencies at different biomass concentrations
with OLR 1.62gCOD/Ld. The results showed by
increasing the biomass concentration in the biological
systems, the COD removal efficiency and bio kinetic
coefficients are increased. It is revealed that the modi-
fied Stover—Kincannon and the Grau models are
highly correlated with the experimental results for the
bio kinetic modeling of the hybrid growth bioreactor.
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