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Abstract—Future liability considerations and stringent regulatory requirements often lead the users to choose
end product-driven processes. Over the last decade, high-rate novel reactors have emerged for wastewater
treatment, ensuring high removal efficiencies. An example is jet loop reactors offering a number of advantages
that could be even further improved by attaining thermophilic conditions. In this study, a respirometric anal-
ysis was employed in a thermophilic jet loop reactor for treating potato-processing wastewater in order to
determine the kinetic and stoichiometric parameters. The kinetic parameters namely maximum specific
growth rate (μmax), yield ratio (Y), decay coefficient (kd), and half saturation rate constant (Ks) were found to
be 0.2 L/h, 0.71 g/g, 0.02 L/h, and 25.72 mg/L, respectively. Bacillus mojavensis, Gordonia paraffinivorans,
Bacillus badius and Paenibacillus lactis strains were isolated from the thermophilic jet loop bioreactor. Con-
sidering the results, it is recommended that the estimation of kinetic and stoichiometric parameters in this
system should preferentially be performed using respirometric techniques.
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Combining environmental compliance with cost
effectiveness calls for new approaches to wastewater
treatment. With their efficiency in wastewater treat-
ment and cost-effectiveness, jet loop bioreactors are
now used as an alternative to conventional techniques
for biological treatment [1, 2]. The prominent advan-
tages of these high-rate reactors can be listed as pos-
sessing a simpler structure, easy operability, clearly
defined flow regimes, improved dispersion impact,
reduced power consumption and production of
sludge, and the higher quality of treated water with the
properties of reduced turbidity and higher mass trans-
fer [2, 3]. Among these advantages, the achievement of
high dissolved oxygen concentrations through turbu-
lence generated in the reactor is of particular impor-
tance [4]. This results in higher efficiency for the bio-
degradation of organic pollutants particularly in high-
strength wastewater [2]. All these features can be fur-
ther improved by creating thermophilic conditions in
this type of reactor.

As in thermophilic sludge digestion systems, ther-
mophilic aerobic wastewater treatment has certain
important features including faster biodegradation,
pathogenic microorganism inactivation, and reduced
production of sludge. An increase in biodegradation
rates would also reduce the retention time required for
organic matter decomposition, which would in turn

lower capital costs. Increased degradation would also
enhance the stability of the process by enabling the
system to quickly recover from unexpected conditions.
There are, however, certain disadvantages of thermo-
philic aerobic processes such as increased total cost in
relation to aeration, poor settling characteristics, and
foaming problems. In an earlier study, it was reported
that the estimated oxygen requirements were 14%
higher compared to traditional aerobic processes [5].
To overcome this problem, the authors recommended
the use of aggressive aeration equipment and deeper
tanks. The selection of the appropriate aeration equip-
ment appears to be a crucial decision related to the
design of the process [6]. Therefore, jet loop reactors
with a high mass transfer capacity and high turbulence
present as suitable media for thermophilic aerobic treat-
ment. The above-mentioned characteristics of jet loop
reactors make them promising candidates to perform
respirometric measurements, taking relatively shorter
time and being more cost effective than other kinetic
methods to determine the kinetics and stoichiometric
parameters of a biological treatment system [7].

This study aimed to determine the kinetic and stoi-
chiometric parameters of a thermophilic jet loop reac-
tor in treating potato-processing wastewater using in situ
respirometric techniques. Although there are some
publications in the literature on the kinetic studies of
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Table 1. Potato-processing wastewater characteristics (after peeling and cutting processes)

All parameters, given in Table 1, were analysed according to APHA [8].
TCOD: total chemical oxygen demand; BOD5: biochemical oxygen demand.

Parameter Unit Value Method

TCOD g/L 5.60 STM 5220 C
BOD5 g/L 4.60 STM 5210 B
pH – 6.80 –
Total Kjeldahl nitrogen g/L 0.22 STM 4500-Norg B Macro-Kjeldahl
Ammonia g/L 0.09 STM 4500-NH3 C

Sulphate g/L 0.05 STM 4500- 2
4SO −
thermophilic aerobic systems by means of a respiro-
metric analysis, the authors did not encounter any
investigation on this subject using a thermophilic jet
loop bioreactor.

MATERIALS AND METHODS
Wastewater source and characterisation. The waste-

water used in this study was obtained from a factory
that produces potato and maize chips and snacks. The
factory produces around 400 m3 wastewater per day.
Table 1 presents the characterisation of the raw waste-
water obtained after the peeling and cutting processes.
Through a pipe from the treatment plant connected to
a submersible pump, 100 L barrels were filled with the
wastewater and then transferred to the laboratory and
maintained at a constant temperature of 4°C. Upon
their arrival at the laboratory, the samples were filtered
through a sieve of 60 mesh (Thermo Fisher Scientific,
USA) and the measurements were performed imme-
diately. All parameters, given in Table 1, were analysed
according to American Public Health Association
(APHA) [8].

Equipment, instrumentation, and operational proce-
dures. The fabricated bioreactor (Fig. 1) has an outer
tube of cylindrical reactor and an inner tube of a draft
channel both made of plexiglass having a conical bot-
tom. The jet was created by the head through which
wastewater and air were introduced at different ratios
at the end of a nozzle [3, 9]. These reactors possess a
liquid jet drive that allows circulation. Liquid is
injected via a nozzle with a high velocity, resulting in a
fine dispersion of liquid and gaseous phases [10]. The
liquid and the gas inside the draft tube move down-
wards; then, after being reflected from the bottom of
the reactor, the mixture rises up between the outer and
inner tubes. At the upper end of the draft tube,
through the sucking action, part of the f luid is recycled
into the draft tube. This fact results in a homogeneous
dispersion of bubbles and biomass created in the bio-
logical reaction [11]. The activated sludge taken from
a domestic wastewater treatment plant was acclimated
to thermophilic conditions during one month by
increasing its temperature step by step to 45 ± 2°C in
the jet loop bioreactor. The concentration of thermo-
APPLIED BIOCHEMI
philic biomass was kept as 450 ± 20 mg/L during the
course of the experiments. An analysis of biomass con-
centration, mixed liquor suspended solids (MLSS),
was carried out according to a standard method,
namely STM 2540 D of APHA [8]. The temperature
was kept constant at 45 ± 2°C throughout the experi-
ments. The air and liquid f lows were measured using
flow meters (IFM Electronic GMBH, Germany). The
pH was regularly measured by pH-meter (HACH-
Lange, Germany) and found to vary between 7.4 and
7.6. Similarly, dissolved oxygen concentration (DO)
was continually measured using an oxygen sensor
(WTW Measurement Systems Inc., Germany). The
raw data was transferred to Origin (Ver. 6.1) to gener-
ate respirograms.

Allylthiourea (ATU) was used to inhibit endoge-
nous nitrification. 10 mg/L ATU was added to the
reactor to avoid nitrification according to Orhon and
Nazik [12].

Calculation of kinetic and stoichiometric parameters
by respirometric methods. Determination of certain
kinetic parameters of a process is important in estab-
lishing the mathematical model of a system. Therefore,
in this study, the kinetic and stoichiometric parameters
of the process were determined respirometrically. For a
biological removal process, significant parameters are
maximum specific growth rate (μmax), yield ratio (Y),
decay coefficient (kd), and half saturation rate con-
stant (Ks). The general stoichiometry between the
organic substrates consumed and produced by the
microorganisms is given as follows:

(1)

The first term of the right-hand side of the equa-
tion gives the growth rate of bacterial culture and the
second represents endogenous decay.

In the literature, several approaches have been
described to determine the kinetic parameters of an
aerobic system [4, 13]. One of these approaches is the
use of respirometric activity in which oxygen con-
sumption is used as a surrogate measure of biodegra-
dation. Since homogeneity of the amount of dissolved
oxygen in the jet loop reactor used in this study was
higher than in conventional activated sludge systems,

dY k .dX dS X
dt dt

= −
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Fig. 1. A scheme of the experimental setup.
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a respirometric approach was chosen to analyse the
kinetic parameters. The respirometric experiments
were conducted according to Rós [14]. In the endoge-
nous phase, when a given amount of substrate is added
to a system, a change can be seen in the oxygen con-
sumption. A respirogram can be obtained by plotting
this change against time [14].

The non-linear state equations given below are
based on Monod’s growth model [15] and demon-
strate the dynamic behaviour of the process. Accord-
ing to the Monod model, the specific growth rate is
calculated as follows:

(2)

Based on this equation, the state equation of a
batch can be given as

(3)

To calculate the respirometric kinetic parameters,
it is crucial to know the value of KLa (oxygen transfer
coefficient) [16]. Therefore, KLa was experimentally
determined as 0.28 L/min following a non-steady-
state aeration process at 45 ± 2°C. This was achieved
using Sigma Plot 9, a curve-fitting program, based on
the non-linear least squares.

Additionally, in this study, the bacteria were identi-
fied by the 16s rDNA sequencing method as described
by Taheri et al. [17].

max

s

.
K

S
S

μμ =
+

dk , .
Y
XdX dSX X X

dt dt
μ= μ − = −
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RESULTS AND DISCUSSION
Mathematical models are often utilised to provide

a better understanding cell culture systems. The
Monod equation (Eq. (2)) is the most common model
used to describe the impact of growth rate under sub-
strate conditions. In addition, a respirometer is a very
useful tool for the determination of bio-kinetic growth
constants. Therefore, in this study, the kinetic (Ks, kd
and μmax) and stoichiometric parameters (Y) that are
necessary for the achievement of effective biological
processes were determined by undertaking in situ res-
pirometric experiments.

Determination of µ, µmax and Ks. Once the substrate
is added to the activated sludge, the substrate respira-
tion rate (re) is calculated based on Eq. (4) [14].

(4)

where C and Ce are dissolved oxygen concentrations
(mg/L) under operating conditions and at the endog-
enous phase, respectively.

The re values obtained are then divided by the mean
biomass concentration, X, to calculate the Re values
representing μ. Likewise, Remax refers to μmax.

(5)

Therefore, by adding different volumes of wastewa-
ter, the μ values can be changed until reaching μmax
value. To achieve the μmax value, an adequate amount

( )= − −LK .e e
dCr a C C
dt

, (1/ ).e
e

rR T
X

=
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Fig. 2. Respirograms obtained for different volumes (1—0.1,
2—0.2, 3—0.3, 4—0. 4 and 5—0.5 L) of potato-processing
wastewater added to the reactor.
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Fig. 3. re plots obtained for different volumes (1—0.1, 2—0.2,
3—0.3, 4—0. 4 and 5—0.5 L) of potato-processing wastewa-
ter added to the reactor.
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of the substrate should be added and several trials
should be performed in the reactor [14].

Once the endogenous phase was reached, the
amount of dissolved oxygen was kept constant through
constant aeration. A known volume (0.1, 0.2, 0.3, 0.4
and 0.5 L) of the substrate taken from the same con-
tainer maintained at 4°C was added to the reactor. Fig-
ures 2 and 3 present the resulting respirograms and re
diagrams, respectively. The additions of 0.1, 0.2, and
0.3 L were found to be insufficient; therefore, the
higher volumes of substrate (0.4 and 0.5 L) were added
and very similar μmax values were obtained. The calcu-

lated μmax values were considered as the μmax value of

the system, which was 0.2 L/h. In previous studies, the
μmax values for the thermophilic treatment processes

ranged from 0.1 to 0.25 L/h, indicating that the μmax

value found in this study was consistent with those
reported in the literature [18].
APPLIED BIOCHEMI
Ks, the half saturation constant, was calculated

using Monod’s linearized model (Eq. (2)). As known,
Ks, which indicated the affinity of microorganisms to

substrate [19] and is easily obtained based on the slope
of 1/S versus 1/μ plot. The Ks value was determined as

25.72 mg/L, which shows that the potato-processing
wastewater was easily biodegraded by thermophilic
microorganisms.

Determination of kd. During the experiments, the

air supply to the activated sludge in the reactor was cut
off to prevent air leakage to the reactor. As reported in
a previous study [20], 4 h was found to be sufficient to
achieve endogenous respiration. After the endogenous
phase was attained, the air supply to the reactor was
cut off again. It is important to note that longer aera-
tion periods would result in a logarithmic curve, indi-
cating that multiple endogenous respiration rates can
be obtained for specific systems [20]. Over time, there
would also be a decrease in the kd value. The endoge-

nous oxygen uptake rate was calculated based on the
linear section of the curve of time-dependent DO
concentration as follows [21]:

(6)

The Rs value was calculated based on the slope of

the linear graph corresponding to approximately 1 h
immediately after cutting off the air supply (Fig. 4).
Then, the specific endogenous oxygen uptake rate was
determined by the following equation:

(7)

where Rs refers to the kd value.

The decay rate, kd, has been reported to vary between

0.01 and 0.03 L/h for the systems treating industrial
wastewaters [18]. Therefore, it can be said that the kd

value of 0.02 L/h found in this study was in agreement
with the literature values. It has been suggested that
microorganisms exposed to higher temperatures cannot
maintain membrane integrity; therefore, decay rates
may increase with the increasing temperature [21].

Determination of Y. To calculate Y (yield coeffi-
cient), the following equation was used as proposed by
Rós [14]:

(8)

where A indicates the area of the respirogram belong-
ing to μmax in Fig. 2.

The Y values differ based on the type of microorgan-
ism, the degree of oxidation of organic matter in the sub-
strate and the decay rate. High Y value of 0.71 g/g
obtained in this study, indicate that the conversion of
substrate to biomass is favourable owing to the nature of
thermophilic jet-loop reactors. Thermodynamically, the
Y values are obtained as a result of the balance between
the Gibbs free energy generated by organic matter oxida-

(mg/L min).s
dCr
dt

=

= 1.42
, (1/ ),s

s
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X

= − LK A
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Fig. 4. Specific endogenous oxygen uptake rate.
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tion using the oxygen present in the system and the for-
mation of new biomass [22]. It has been reported that the
Gibbs energy released is slightly affected by 15% with the
increased temperature in the transition from mesophilic
to thermophilic conditions [22].

In the literature, there is limited data regarding the
demonstration of microbial diversity through thermo-
philic aerobic wastewater treatment [6]. Some studies
have isolated cultures from thermophilic aerobic reac-
tors but only found Bacillus [23] and Bacillus-like [23]
organisms. Similar results were obtained in this study.
Bacillus mojavensis, Gordonia paraffinivorans, Bacillus
badius and Paenibacillus lactis strains were isolated
from the jet loop bioreactor used.

CONCLUSIONS

In this study, alternative industrial wastewater
treatment processes with a potential for enhanced
removal of organic matter were investigated. The
effectiveness of these processes can be further
improved by combining the advantages of thermo-
philic conditions with a jet loop reactor. For this pur-
pose, a jet loop reactor was used in this study under
thermophilic conditions. The efficacy of bioreactors is
known to be affected by changes in various parameters
throughout the procedure. Therefore, to evaluate the
performance of these reactors, it is important to deter-
mine the biodegradation kinetics. The kinetic param-
eters of the system used in this study were determined
by in situ respirometric analysis due to the properties
of the jet loop reactor. According to the results, the
kinetic parameters μmax, kd, and Ks were 0.2, 0.02,

and 25.72 mg/L, respectively and the stoichiometric
parameter Y was 0.71 g/g.
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